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PolarVisor: Clutter-free, Electronics-free Fiducial
Markers for mmWave Radars Printed on Paper

Junbo Zhang
junboz2@alumni.cmu.edu
Carnegie Mellon University

Pittsburgh, PA, United States

ABSTRACT

In this paper, we design and fabricate cost-effective, electronics-
free millimeter-wave (mmWave) fiducial markers that sup-
port clutter-free detection on radars. Fiducial markers are
widely used in camera-based systems to provide spatial infor-
mation in robotic navigation applications. QR-code-like fidu-
cial markers can be readily printed on paper — low-cost, easy
to produce, and electronics-free. Yet, an analogous mmWave
solution is yet to appear, which stems from the unique chal-
lenge in the mmWave context: its vulnerability to clutter. Ex-
isting solutions either trade hardware simplicity for clutter
resilience or stay simple but remain vulnerable to environ-
mental multipath. This paper seeks to solve this dilemma.
We introduce PolarVisor, where we imprint mmWave fidu-
cial markers with paper and foils. Its key insight is manip-
ulating signal polarization to enable clutter-free detection
on its markers. Meanwhile, it builds on recent advances in
passive metasurfaces where metallic patterns are readily hot-
stamped on paper with foils. PolarVisor adopts an innovative
design where the radar wears a visor (also paper-based) to
eliminate clutter, leaving the markers readily visible. We in-
clude an in-depth analysis of its design and fabrication and
we show that: (1) PolarVisor can support clutter-free detec-
tion at up to 25 m. (2) PolarVisor reports a self-localization
accuracy of 0.0297 m (mean) and 0.0232 m (median) across
multiple real-world, multipath-rich indoor environments.

CCS CONCEPTS

« Hardware — Sensor applications and deployments;
Wireless devices.
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1 INTRODUCTION

In this paper, we investigate a cost-effective, electronics-free
design of fiducial markers for millimeter-wave (mmWave)
radars by leveraging signal polarization. MmWave radars
are widely used sensing platforms in automotive, robotic,
and augmented reality (AR) applications. They are particu-
larly invaluable when traditional optics-based sensing (e.g.
cameras and LIDARs) fail due to occlusions such as mist or
smoke. In this paper, we are interested in enabling mmWave-
equipped platforms, such as robots or vehicles, to be able to
locate themselves (i.e., self-localize) relative to pre-deployed,
low-cost tags (markers) in the environment at fine-grained
accuracy. We draw inspiration from AprilTags [38], printed
on paper akin to QR codes that are used as similar fiducial
markers for cameras (e.g., on AR headsets) to self-localize
relative to the environment. Our proposed mmWave fiducial
markers draw several key attributes from the simplicity of
AprilTags: (1) Ultra-low-cost; (2) Printable on paper; (3) En-
tirely electronics- and battery-free; (4) Operating at ranges
of several meters; (5) Enabling centimeter-level localization
accuracy. Yet, quite unlike AprilTags, our design must be
resilient to obstructions such as smoke or fog and operate
within extremely cluttered environments.

Indeed, there have been several recent efforts to build
tags to support RF localization at mmWave frequencies. Yet,
none can offer the unique blend of simplicity and accuracy
that AprilTags offer in the vision context. Much of the rich
work on RF backscatter tags [6, 11, 31, 32, 34, 35, 37, 42, 50]
would require a battery, increasing hardware complexity.
More recent passive frequency-coded retroreflectors [1, 3, 7,
17, 20, 22-24, 27, 43-45] can be limited in range (e.g., a meter)
and susceptible to multipath from ambient clutter, or require
dedicated instruments like vector network analyzers (VNA).
Therefore, we ask: can we build mmWave tags (markers) for
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Normal operation:
buried under clutter. readily detectable.

Fiure 1: A normal radar might fail to detect a fidu-
cial marker (an analogous mmWave QR code) due to
background clutter. PolarVisor eliminates background
reflectors with its visor, detecting only its markers.

self-localization that are cost-effective, completely passive,
able to offer a range of several meters, and can operate in
environments with high clutter?

We present PolarVisor, a passive design for mmWave fidu-
cial markers that can be located from distances of several
meters at centimeter-level accuracy, enabling robust radar
self-localization in environments with high clutter. PolarVi-
sor offers a passive and cost-effective design — made with
paper and foils, it does not involve any electronics and sup-
ports rapid prototyping. Our detailed experiments show that
PolarVisor can provide reliable clutter suppression and sup-
port clutter-free detection at up to 25 m; meanwhile, across
multiple indoor test spaces, it reports a self-localization ac-
curacy of 0.0297 m (mean) and 0.0232 m (median).

PolarVisor tackles a key challenge in designing entirely
electronics-free tags for mmWave: ambient clutter. Specifi-
cally, in the absence of a battery, it is challenging to separate
markers in the environment from other objects that also
reflect radar signals. Telling markers apart from these back-
ground reflectors is not a problem unique to radars. In the
realm of visual sensing, AprilTags are distinguishable from
ambient objects owing to their special bar-code-like spatial
structure (i.e., spatial coding). However, instrumenting pas-
sive RF tags with similar structures does not fundamentally
solve the issue because there is no way to tell a “pixel” in
the spatial code apart from background reflectors. Indeed,
this is why traditional long-range mmWave tags are battery-
powered in order to emit on/off codes and stand out from
ambient clutter (i.e., temporal coding).

PolarVisor’s secret sauce is to manipulate mmWave sig-
nal polarization. Generally, mmWave radars are equipped
with microstrip patch antennas. They transmit and receive
electromagnetic (EM) waves along one linearly polarized
direction. Such design works well in practice because most
target objects do not change signal polarization [16, 34].
While some structures with varied orientations (e.g., tree
leaves) can scatter and depolarize radar signals, it happens in
a random manner while also weakening the reflected signal
significantly. Hence, they still manifest in the radar image,
albeit as much fainter objects, and are usually not of interest.
This opens up an opportunity: If we engineer the fiducial
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marker to deliberately shift the incident polarization by pre-
cisely 90° and observe along the perpendicular direction (i.e.,
cross-polar reception), we should only see the marker, while
having nearly all other objects in the scene extremely faint, if
not entirely invisible, in the radar image. Therefore, PolarVi-
sor’s main idea is to design a marker that deliberately shifts
polarization, and then equip commodity radars with the abil-
ity to perform cross-polar reception that distinctly observes
these markers with minimal hardware modification.

Specifically, PolarVisor consists of two main components:
a marker that manipulates signal polarization and a visor
that selects a certain polarization attached to the radar. It
is loosely inspired by the “technical visors” envisioned in
fiction and games — upon activating a visor at the radar, the
background clutter is suppressed while the marker is sharply
visible. As shown in Fig. 1, to a traditional radar, the PolarVi-
sor marker and background reflectors appear together on the
radar and may be hard to distinguish. However, with the vi-
sor “on”, background reflectors are significantly suppressed,
leaving the marker readily visible and locatable.

The rest of this paper discusses the key challenges in Po-
larVisor. First, designing a polarization-shifting reflector that
can be printed on paper is not trivial. Without the manufac-
turing precision in printed circuit boards (PCB), polarization-
shifting structures based on Van-Atta arrays [4, 6, 11, 21,
34, 35, 37, 50, 53] are hard to realize. PolarVisor draws from
metasurfaces, where sub-wavelength structures are arranged
on a surface to manipulate the amplitude and phase of EM
waves. Specifically, a fast prototyping method has been pro-
posed [15, 25, 33, 48] where paper, foils, and laminating
machines are used to produce THz and mmWave metasur-
faces with relatively simple structures. These single-layer
metasurfaces are low-cost and electronics-free, but none of
them can realize the function PolarVisor needs — completely
shifting signal polarization by 90°. Meanwhile, researchers
have looked into polarization-shifting structures (i.e., polar-
izers) [5, 8, 9, 14, 18, 28-30, 36, 40, 54, 56, 57, 62, 64], but their
sophisticated, multi-layer designs are only realized with pre-
cise PCB prototypes. Can we build mmWave polarizers with
high performance while being inexpensively printable on
paper? In Sec. 4, we dive deep into the design of our marker
(reflective polarizer) and visor (transmissive polarizer).

While a polarizer-based marker effectively suppresses clut-
ter, it introduces a new problem: RF waves that bounce off
its flat surface follow the laws of specular reflection. As a
result, the cross-polar reflection from the PolarVisor marker
will never be observed unless it perfectly faces the radar,
rendering our design impractical. To resolve this, our marker
must be re-designed to be retroreflective, i.e., it must reflect
the radar signal along the incident direction. We build on
the well-known retroreflective geometry of corner reflectors
to achieve this. Specifically, we propose a corner reflector
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with one face in the form of a reflective polarizer. In Sec. 5,
we elaborate on this marker design.

Finally, we demonstrate how multiple PolarVisor markers
work with the visor in synergy to facilitate self-localization
in real-world environments in Sec. 6. Thanks to the clutter-
free design, a PolarVisor marker is significantly easier to
identify among background reflectors, making standard spa-
tial coding (akin to bar codes) viable. PolarVisor hence per-
forms spatial coding by arranging multiple markers that
can be deployed at fixed and known locations within in-
door spaces (e.g., attached to natural wall corners) to encode
room/floor/building information. The radar, equipped with
the visor, then moves around this indoor space and localizes
itself by looking for pre-deployed spatial patterns of markers.

We detail PolarVisor’s fabrication and experimental setup
in Sec. 7 and we evaluate its performance with a COTS 24
GHz radar [10] in multiple real-world, multipath-rich envi-
ronments in Sec. 8. PolarVisor achieves 0.0297 m (mean) and
0.0232m (median) self-localization accuracy across three
practical indoor test spaces. We include a comprehensive
study of PolarVisor’s performance where we vary multiple
factors, such as range, blockage, and test environment. Mean-
while, we also investigate PolarVisor’s clutter suppression
performance with two micro-benchmarks. We show that a
PolarVisor marker can suppress clutter and be robustly de-
tected at up to 25 m from the radar. These promising results
validate PolarVisor’s unique and novel design.

2 PRIMER

In PolarVisor, metasurfaces manipulate mmWave signal po-
larization. We briefly introduce signal polarization (Sec. 2.1),
metasurfaces (Sec. 2.2), and their connection (Sec. 2.3).

2.1 Polarization of Wireless Signals

RF signals are polarized in different ways. We limit our dis-
cussion to transverse EM (TEM) waves propagating in homo-
geneous, isotropic media as seen in mmWave radar contexts.

A propagating EM wave is essentially an EM field traveling
along a certain direction k.1t can be further decomposed into
an electric field E and a magnetic field H oscillating along
the direction indicated by Eand H, respectlvely According
to Maxwell’s equations, k // E x H follows right-handed
law. The plane spanned by E and H is hence traverse to k.
We refer to this plane as the traverse plane. Further, the
direction of E is defined as the polarization direction.

In practice, antennas determine the signal polarization.
Common antennas (e.g., monopole, dipole, patch) all gener-
ate linear polarization, where E direction is time-invariant. If
two such antennas orient perpendicularly to each other, they
cannot talk to each other. This is referred to as polarization
mismatch. COTS mmWave radars generally adopt patch
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Figure 2: PolarVisor in a nutshell.

antennas, so their Tx and Rx antennas align to the same
polarization direction. In other words, they support co-polar
operations but not cross-polar operations.

2.2 Electromagnetic Metasurface

An electromagnetic metasurface refers to a surface (usually
2D) with specific repetitive elements that manipulates the
properties of an incident EM wave, such as its amplitude,
phase, and propagation direction. A simple intuition of its
working principle is a macro-scale realization of individ-
ual micro-scale operating elements. The individual element,
usually at a sub-wavelength scale, is also known as the meta-
atom and interacts with an incident EM wave.

2.3 Metasurface Manipulating Polarization
How can a metasurface manipulate signal polarization? Here,
we provide an intuitive example. Suppose we have an inci-
dent wave with k = —Z and a 45° linear polarization, i.e., its
E can be decomposed into two equal-amplitude, in-phase
components E, along the x-axis and E_> along the y-axis (i.e.,

A= [ED:
surface that does not react to Ex but selectively delays E

by 180°, effectively flipping the sign of the field: Ey = —El,.
The resulting electric field E = E_)x/ + E;I = E; - E; will be

perpendicular to E. This can also be interpreted as a counter-

Now imagine a certain meta-

clockwise 90° shift on E, so this metasurface is a polarization
converter, or in short, a polarizer for E in effect.

This example shows how selectively manipulating the
phase of electric field components effectively shifts polariza-
tion. In summary, designing a polarizer mainly explores: (1)
how to realize selectivity along different directions; (2) how
to apply the correct phase shift to the desired direction.
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3 POLARVISOR OVERVIEW

PolarVisor is a cost-effective, passive fiducial marker solu-
tion for mmWave radars. As shown in Fig. 2(a), it has two
important components: the marker and the visor.
Marker: A PolarVisor marker is a reflector that can dis-
tinguish itself from background reflectors by manipulating
signal polarization. Therefore, it is both a reflector and a
polarizer (i.e., reflective polarizer). We further design it as
a retroreflector to make it visible within a sufficiently large
field of view across both azimuth and elevation angles.
Visor: A PolarVisor visor is designed to enable cross-polar
reception on COTS radars, which by design only support
co-polar reception. It is a planar structure with two sides
(e.g., denote them as A and B). A and B are polarization
filters allowing only certain polarization E4 or Eg to pass.
An incident wave at A with E4 polarization is converted to
its cross-polar direction Ep (i.e., Es L EB) before exiting
from B. This process is reversible, so only EM waves with
Eg polarization can enter from B and will be converted to
Ex polarization before exiting from A. We call this a trans-
missive polarizer, where a polarization conversion is cast
on the EM wave passing through the structure. The visor
is installed at either the radar transmitter (Tx) or receiver
(Rx) - it should not cover both. In Fig. 2’s example, it covers
Tx, but covering Rx also works. The side (A/B) closer to the
radar should share the same polarization as the antennas.
Relationship Between the Marker and Visor: Fig. 2(b)
explains how PolarVisor works. When the radar is equipped
with a visor (e.g., at its Tx), signals from the Tx are converted
to the cross-polar direction immediately after transmission.
Hence, signals in the environment are all cross-polar rela-
tive to the radar. Thus, background reflectors, which do not
significantly change polarization, respond with cross-polar
reflections. This will not be perceived by the Rx due to po-
larization mismatch. In contrast, the PolarVisor marker, as a
reflective polarizer, converts polarization again in its reflec-
tion. This effectively shifts signal polarization back to the
co-polar direction and hence will be perceived by the radar.
The PolarVisor marker and visor share the same building
blocks — components we call diversifier and selector. Hence,
we organize our design sections following their architecture.
In Sec. 4, we start by describing the selector (Sec. 4.1) and
diversifier (Sec. 4.2), then build reflective polarizers (Sec. 4.3)
and transmissive polarizers (Sec. 4.4) upon them. Next, in
Sec. 5, we complete the PolarVisor marker as a retroreflector
with a detailed geometric analysis.
End-to-end Operation: In Sec. 6, we describe how PolarVi-
sor supports self-localization. Specifically, we leverage mul-
tiple markers to form a spatial code that embeds certain
room/floor/building information similar to a QR code. Fur-
ther, the mmWave radar, equipped with the PolarVisor visor,
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Figure 3: (a) A classical SRR. (b) A DSRR’s parameters.
(c) A DSRR rotated by 45° counterclockwise.

searches this known spatial pattern in an unknown envi-
ronment. Upon detecting a certain pattern in its database, it
localizes itself relative to the spatial code to infer its location.

4 CRAFTING A PAPER POLARIZER

In this section, we walk through how a PolarVisor polarizer
is built. While researchers have explored PCB polarizers,
in PolarVisor, we design unique paper polarizers that offer
high performance while being extremely tolerant of manu-
facturing imperfections. As mentioned in Sec. 2.3, a polarizer
design breaks down into a metasurface that selects a certain
polarization and a mechanism to apply a desired phase shift.

4.1 Selector: the Foundational Structure

PolarVisor’s key building block is a selector — a meta-surface
that permits only one polarization. Specifically, it is engi-
neered to let signals polarized along one specific direction
to pass through and the orthogonal direction to be reflected
back. As we will later discuss, the selector is a foundational
structure on which PolarVisor’s other elements are built.

In PolarVisor, the selector is based on a variant of classical
split ring resonators (SRR). Fig. 3(a) shows a classical SRR.
It has two symmetry axes — the u-axis passing through the
splits and the v-axis perpendicular to u. SRRs have been ex-
tensively studied in the metasurface literature. A metasurface
with SRR meta-atoms is known to be capable of selecting po-
larization directions at its resonant frequencies — determined
by its effective perimeter L, and the wavelength A [49].

Instead of a single split as seen in classical SRRs, PolarVisor
implements two, which is sometimes called a double-split
ring resonator (DSRR). However, we note that DSRR is also
interchangeably used in the metasurface literature to refer
to a pair of two single-split ring resonators, which is not
the case for PolarVisor. The DSRR structure in PolarVisor
possesses similar properties and its design procedure does
not significantly differ from that of an SRR. In the following
discussion, we denote its resonant frequency as f and it
corresponds to the radar operating frequency.

For the DSRR in Fig. 3(b), upon perfect resonance at f, a
u-polarized EM wave will be completely reflected, while a
v-polarized EM wave can completely pass through. If we use
rij to express the reflection coefficient where a j-polarized
incident EM wave becomes an i-polarized reflection (i.e., j
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to i conversion), then at f;, r,,, = 1 and r,, = 0. Le., the meta-
surface acts as a mirror for u-polarized waves. We can also
define the transmission coefficient t;; where a j-polarized
incident EM wave becomes an i-polarized wave after passing
through the metasurface, then at f;, t,, = 0 and t,, = 1, i.e.,
the metasurface is transparent for v-polarized waves.
While various meta-atom designs exist in the metasurface
literature, PolarVisor’s is designed for maximum tolerance
of manufacturing imperfections.
(1) Meta-atom Shape: We recommend avoiding sharp cor-
ners - it is empirically observed in our fabrication that it is
easier to produce round shapes than to imprint acute corners.
Therefore, although L-shape resonators are also popular in
the metasurface literature, we choose C-shape ones instead.
(2) Meta-atom Size: It is intuitive to understand that a
smaller meta-atom generally leads to a smaller metasurface.
Thus, to design a compact metasurface, if a meta-atom struc-
ture can meet a target effective perimeter while occupying
less surface area, it should be preferred. In this case, struc-
tures based on SRRs are favored compared to simple rod or
compass needle structures, although they have also been
demonstrated as effective resonators in the literature.
(3) Trace Length: The SRR structure is a single metallic trace,
which has a higher risk of breaking during manufacture.
Hence, a DSRR structure is chosen.
(4) Printer Resolution: A printer’s resolution translates to
its DPI (dots per inch). To accommodate most printers, the
trace in a meta-atom should not be too thin. This applies to
the spacing between adjacent traces as well. In practice, we
found an empirical value of 0.3 mm. It is recommended that
both the trace width and spacing be larger than this value.
Table 1 shows PolarVisor’s 24 GHz DSRR parameters.

Outer Radius Ry, | 2.4 mm Ring Width w 1mm

Inner Radius R;;, | 1.4mm Split Angle o 30°

Element Spacing P | 7mm | Metal Thickness & | 40 um

Table 1: Geometric parameters of PolarVisor’s selector.

4.2 Diversifier: Building Block of Polarizers

What happens when the meta-atoms are rotated in a selector?
The metasurface will become a diversifier — it generates
diverse polarizations. This is the building block of polarizers.

Consider the 45° orienting meta-atom in Fig. 3(c). We
define a new coordinate system x, y. In this paper, we keep
u and v defined as the symmetry axes of the ring no matter
how it rotates. Hence, in Fig. 3((:) X/t —9dand §//a+0.

An incident x-polarized wave Ey can be decomposed into
two equal arnphtude components along u and v: Ex = E,+E,

and (|E

reflected and E, completely passes through. Hence, in ef-
fect, half of the incident power is reflected and the other
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Figure 4: (a) A Fabry —Pérot cavity with two mirrors A
and B at the top and bottom. (b) PolarVisor’s reflective
polarizer. (c) PolarVisor’s transmissive polarizer.

half is transmitted. Further, since the reflection is Eu, which

can be re-written as Eu = E + T we know that half of

\/’

the reflection is a u wave and the other half is a v wave. A
similar analysis can be performed for the transmission. In
summary, the 45° orienting meta-atoms form a “splitter”:
It splits the incident x wave into four quarters — a pair of
co-polar reflection/transmission and a pair of cross-polar
reflection/transmission. This provides a way to generate y
components with pure x incidence and vice versa.

4.3 Reflective Polarizer for Markers

A reflective polarizer is designed to reflect only and mean-
while change the polarization in the reflected wave. Yet,
simply employing a 45° diversifier from Sec. 4.2 does not
suffice, since it produces four E-field components. Instead,
for an x incidence, we desire only the y reflection and wish
to eliminate the other three. How can we achieve this?
PolarVisor leverages a concept widely used in optics and
THz: the Fabry—Pérot resonant cavity [47]. Fig. 4(a) shows its
basics. A Fabry—Pérot cavity consists of two reflective mir-
rors A and B facing each other and separated by a distance
Lrp. EM waves enter the cavity (e.g., from A) and bounce
back and forth. A and B are partially transmissive, allow-
ing a small portion of waves to pass through. As the wave
undergoes multiple reflections, constructive or destructive
interference can happen inside the cavity. When a construc-
tive one happens, the wave builds up and leads to a strong
transmission at the exit B. When a destructive one happens,
a strong reflection is observed at the entrance A. As one can
imagine, the dominating interference depends on Lpp.
Now, imagine A being a 45° diversifier and B being a
fully reflective metallic sheet. We can build a Fabry—Pérot-
like cavity for polarization conversion purposes. Specifically,
suppose we have an x incidence, and Lgp is chosen such
that x components inside the cavity will keep bouncing until
they are converted by the diversifier mirror to y components
when they can finally exit the cavity, then such a cavity can
effectively serve as an x-to-y polarizer. In this case, the cavity
needs to make sure that the co-polar components not only
vanish eventually inside but also experience a destructive
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Figure 5: (a)-(b) The performance of a reflective polarizer varies with substrate height. (c) Rotating the meta-atoms
changes polarizers’ performance. (d)-(e) The performance of a transmissive polarizer varies with substrate height.

interference outside of A, such that the total field outside of
the cavity is dominated by the cross-polar components.
Cavity Design: To see if an Lgp for such a cavity exists, we
perform a simulation using ANSYS HFSS. We examine the
x-to-y reflective coefficient r,, and polarization conversion
"

—. We vary

ro+ri,
Lrp (here, the substrate height) from 20 milys (= 508 um) to
100 mils (= 2540 um) with a step size of 20 mils.

As shown in Fig. 5(a) and (b), when Lgp is close to its opti-
mal value (in this case, roughly around 60 mils ~ 1524 pm),
both ry, and PCR, are maximized. If Lrp is far from its op-
timal value, the performance becomes unstable, especially
towards higher frequencies. In addition, the polarizer has a
wide operating bandwidth when operating optimally. This
is especially important since we are targeting a maximum
tolerance of manufacturing imperfections.

For this reflective polarizer design, the required substrate
height can be approximated by stacking multiple pieces of
paper together. At first glance, one may wonder if such a
method is inaccurate since an air gap might exist between
adjacent pieces of paper. Hence, we carried out a simulation
where a 100 pm-thick air gap insulates multiple layers of
paper. The simulation results showed negligible diversion
from Fig. 5(a) and (b). In practice, as we detail our fabrication
in Sec. 7, air gaps are minimized by lamination sealing.
Optimizing the Diversifier: To better understand if our
reflective polarizer design is optimal, we next analyze key
design parameters for our diversifier. For example, we began
with a diversifier with meta-atoms oriented at 45° — but is
this choice optimal? Suppose in Fig. 3(c), the angle between
unit vectors @ and X is 30° instead of 45°. We will have
X = 7312 + %6 Then, an x-polarized incident wave Ei = ax

ratio (PCR) for x-to-y conversion PCR, =

with an amplitude of a can be re-written as Ei = %aﬁ + %aﬁ.
The reflection will thus be Er = ﬁaﬁ — 144, which can

2 2
\/’

be written in xy-coordinates as E = %ay% + 73611). One can
readily infer that instead of 90°, such a vector ]::r is a 60°
counterclockwise rotation of E; with PCR, = (‘/75)2 = 75%.
We carry out a simulation where the angle between unit
vectors 7 and X varies from 0° to 90°. As shown in Fig. 5(c),
when this angle is 30°, the simulation indeed suggests a PCR
of 75%, validating our analysis. Hence, reflective polarizer

will only work as a 90° shifter if the incident EM wave has
an equal-amplitude decomposition onto the u and v axes,
meaning that a 45° diversifier is indeed the best choice.

4.4 Transmissive Polarizer for Visors

Designing a transmissive polarizer leverages Fabry—Pérot
cavities as well - this time, we would like to maximize trans-
mission at B instead of reflection at A in Fig. 4(a). To achieve
this, PolarVisor leverages two cascaded Fabry—Pérot-like
cavities to form a sandwich structure where a diversifier is
in between two grate mirrors as shown in Fig. 4(c).

A grating pattern can be viewed as the simplest polariza-
tion selector. An incident wave with perpendicular polariza-
tion to the grate passes through. It is reflected otherwise. For
an x incidence, an x-to-y polarizer has A as an x filter and B
as a y filter. In this case, unconverted x components cannot
exit at B. Meanwhile, successfully converted y components
cannot escape from A but exit through B. The key to suc-
cessful polarization conversion is controlling Lrp such that
x components inside the cavity keep bouncing until they get
converted to y components and exit the cavity at B.

Similar to Sec. 4.1, PolarVisor took multiple practical fac-
tors into consideration when designing its grating patterns.
(1) Pattern Choice: Since we need two semi-transmissive
mirrors for surfaces A and B, at first glance, one may pro-
pose using the DSRR selectors in Sec. 4.1. In fact, we imple-
mented this idea both in ANSYS HFSS simulations and in
real-world fabrications and we observed complex coupling
effects among these three layers of DSRR structures. As a
result, the transmissive polarizer could not function as ex-
pected. One possible explanation for such a phenomenon
could be that the resonant nature of DSRR structures would
divert them from acting as pure semi-transmissive mirrors.
Hence, we chose simple grates as semi-transmissive mirrors.
(2) Printer Resolution: The printer’s DPI affects both the
minimum possible trace width and spacing. We conducted
an in-depth simulation where we studied the performance of
the grating pattern relative to the width of individual grates
wy and the number of grates N in a single unit cell, which
contains a single meta-atom and has a width/length of P.
The grate spacing is then implicitly determined as P/N. The
evaluation metric is intuitive: a better pattern corresponds
to more transmission and less reflection. Our simulation



PolarVisor: Clutter-free, Electronics-free mmWave Fiducial Markers Printed on Paper

suggests: (a) wy should be as thin as possible. (b) N should
not be too large. While the latter is easy to satisfy and we
set N = 5, PolarVisor sets w, to be 0.3 mm, the thinnest
possible trace that a general printer can handle - a practical
constraint that does lead to some performance loss.

We verify our design in ANSYS HFSS. This time, the eval-
uation metrics are the x-to-y transmissive coefficient #,

2
. We let

£y
ottty

the two cascaded cavities have an equal Lgp (i.e., substrate
height) and vary its value from 10 mils (= 254 um) to 70
mils (= 1778 pm) with a step size of 15 mils (= 381 um). As
shown in Fig. 5(d) and (e), when Lgp is close to its optimal
value (around 40 mils ~ 1524 um), both t,, and PCR, are
maximized. Again, an unstable performance is observed to-
wards higher frequencies if Lgp is far from its optimal value.
A similarly high bandwidth is seen at the optimal Lrp. This
validates PolarVisor’s polarizer design.

and the polarization conversion ratio PCR, =

5 DESIGNING A RETROREFLECTOR

While the reflective polarizers in Sec. 4 hold promise in re-
moving background clutter, a new issue arises. As a 2D planar
structure, metasurfaces generally follow the law of specular
reflection, similar to a mirror reflecting light. Since PolarVi-
sor is not designed to induce phase shift gradient, it obeys
this law. As a result, a reflective polarizer has a limited field
of view — it is only visible when the mmWave radar is nearly
perfectly facing it. It disappears with even a tiny misalign-
ment, limiting the practicality of our design.

PolarVisor’s solution is to implement retroreflective mark-
ers, which reflect EM waves along their incident direction.
Since mmWave systems are designed to be highly directional,
researchers have proposed various retroreflective structures,
such as corner reflectors (CR), Van-Atta arrays, and Luneburg
lenses. So which one works best for PolarVisor?

5.1 Determining a Retroreflective Structure

A Van-Atta array is an interconnected array of antennas
where transmission lines are designed to inverse the phase
gradient of an incident wave — a tiny fabrication mismatch
could cause the reflection to faint. Hence, it is challenging
for paper-based PolarVisor, which is expected to suffer from
large manufacturing imperfections. Likewise, Luneburg lens,
which relies on designing precise refractive index gradients,
is hard to realize in PolarVisor as well.

Aiming at fast prototyping, PolarVisor thus adopts corner
reflectors (CR). We construct CRs with a simple 3D-printed
corner model (more in Sec. 7) for fast substitution of polarizer
samples and easy installation. However, in practice, one can
easily construct a CR with cupboard boxes or even by simply
gluing sheets of paper together. This can greatly reduce the
effort needed to construct a PolarVisor marker from scratch.
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While normal CRs are well-known retroreflectors, will
they work as polarization-converting retroreflectors if we
attach a polarizer? Below, we detail our theoretical analysis.

5.2 Geometrical Analysis

We consider trihedral corner reflectors formed by three mutu-
ally perpendicular, intersecting flat surfaces. This geometry
ensures that incoming radar waves are reflected multiple
times within the structure, causing the waves to exit the
reflector parallel to the direction they entered, regardless
of the incident angle. CRs have been serving as reference
targets in radar systems for calibrating the radar’s accuracy
and sensitivity because their radar cross section (RCS), al-
though closely correlated with the physical dimensions, can
be significantly larger [46]. The maximum RCS is reached
when the radar illuminates the CR from the direction of the
symmetry axis (i.e., boresight).

PolarVisor builds on top of a standard CR. Hence, it shares
the pros and cons of common CR structures: (1) The RCS is
fundamentally correlated to the physical size of the CR. (2)
The radar has to illuminate the CR within its field of view,
and vice versa, the CR has to be within the radar’s field of
view (both azimuth and elevation). In the following analysis,
we assume the field of view condition.

Mathematical and physical analyses have shown that a
normal CR does not change signal polarization during the
multi-reflection process [16] — the electric field E may flip
sign upon reflecting off a surface, but will not change its
direction. Hence, to construct a polarizer CR, PolarVisor
can substitute either one or three surfaces in a CR with a
reflective polarizer to have an odd number of polarization
conversions. However, note that our reflective polarizer is
not an ideal, perfectly reflective surface — dielectric loss is
inevitable when EM waves travel back and forth inside the
substrate (paper). Hence, PolarVisor chooses to substitute
only one of the three surfaces in a CR.

How should the reflective polarizer be oriented relative to
the radar? To see why its orientation can make a difference,
we look at Fig. 6. All objects are shown in their isometric
view, and we assume the incident EM wave travels in the
-z direction (i.e., k = —2) and is y-polarized (i.e., E//g). The
radar faces the xy-plane (i.e., the traverse plane), having its
patch antenna arrays aligning parallel to the y-axis (Fig. 6(a)).
Consider a reflective polarizer () lying in the xy-plane with
its symmetry axes u and v following @ /x + § and 3 ) =% + §.
This orientation leads to 100% polarization conversion.

To construct a CR while keeping 2 as the boresight direc-
tion, the reflective polarizer (D) will be rotated around the

x-axis as shown in Fig. 6(b). The rotation angle 6 = arcsin %.

Due to this rotation, vectors # and 9 are also rotated; hence,
they are no longer in the xy-plane. The CR can be constructed
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Figure 6: (a) A radar, whose traverse plane is parallel to
the xy-plane, illuminates a reflective polarizer (D) with
y-polarized signals. (b)-(c) To construct a polarization-
converting CR, (D is rotated around the x-axis by 0,
then we add two normal reflective surfaces (2) and 3).
The CR’s boresight direction aligns with the z-axis. (d)
The CR is further rotated around the z-axis by 120°. (e)
Simulation result of traverse plane rotation.
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Figure 7: The RCS of (a) a normal CR and (b) a PolarVi-
sor marker (polarization-converting CR).

by adding two normal reflective surfaces (2) and ®) as in
Fig. 6(c). In this case, if an EM wave is incident along -z, the
CR should be able to achieve its maximum RCS. To verify that
it still functions as a corner reflector, we carried out a simula-
tion study in ANSYS HFSS. As shown in Fig. 7, with the same
dimensions, the total RCS of our polarization-converting CR
structure is roughly the same as a normal CR. This indicates
that replacing one surface of a CR structure with a reflective
polarizer does not impact its function as a corner reflector.
What happens to the polarization? As one can imagine,
since its propagation direction k is not perpendicular to the
polarizer surface, analyzing its polarization boils down to
projecting its electric field onto the polarizer plane. More
specifically, we need to calculate the inner products (E,0)
and (E, %) to determine the respective strengths along the
symmetry axes of the polarizer. If these two components

), then the
reflective polarizer can operate as expected. For Fig. 6(c),

this holds true. It can be intuitively understood by looking
at the yz-plane and the metasurface plane. Since they are

have an equal amplitude (i.e., H(E, 12)” = “(E, 0)

perpendicular to each other and E is a vector in the yz-plane,
its projection onto the metasurface plane will align with
4 + 9. Hence, the reflective polarizer works as usual. Next,
we analyze the impact of four possible radar movements.
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Linear Translation: If the radar moves along the x, y, or z
axis, it will no longer illuminate the CR from its boresight
direction (i.e., k# —2%), leading to a decrease in the observed
RCS. Yet, as long as the radar is readily in the field of view
of the CR (and vice versa), the CR will still function as a
retroreflector and will be observed. Meanwhile, since the
electric field still aligns with the y-axis (i.e., E /), the inner
products (E 7) and (Eﬁ) remain unchanged. Hence, the
reflective polarizer will function as expected.

Azimuth Rotation: An azimuth rotation is equivalent to a
rotation around the y-axis. Again, the radar will no longer
illuminate the CR from its boresight direction. Yet, if we
assume that the radar is in the field of view of the CR and
vice versa, the CR will still function. In addition, since such
a rotation around the y-axis does not change the direction of
the EM wave, we still have E//g Therefore, the inner products
(E o).
and the reflective polarizer will function as expected.
Elevation Rotation: As seen in Fig. 6(a), the axis which an
elevation rotation happens around is parallel to the x-axis.
In this case, the radar plane will always be perpendicular to
the yz-plane no matter how it rotates. Therefore, although
the incident electric field E might no longer be parallel to the
y-axis, the inner products (E 1) and (E 0) will still have an
equal amplitude. The reflective polarizer thus will function.
Traverse Plane Rotation (Polarizer Installation): Finally,
we consider rotating the radar within the traverse plane (i.e.,
around the z-axis). When there is only one object of interest
(i.e., the CR), this is equivalent to rotating the CR around
the z-axis. In addition, it also coincides with analyzing the
CR where the same polarizer is not installed on the bottom
surface () as in Fig. 6(b) but on one of the other two surfaces.
As shown in Fig. 6(d), it is equivalent to rotating the CR in
Fig. 6(c) around the z-axis by § = 120° counterclockwise. In
this case, 0 is parallel to the yz-plane. A simple calculation
(]:f wy|| = % ) (E 9)||, leading to a PCR of 80%.

The above example shows that a CR with one of its sur-
faces as a reflective polarizer should not be rotated after
installation. This can be intuitively explained as a result of
breaking the symmetry of a CR - around the z-axis, it is no
longer rotational symmetric. Will this be an issue?

We carry out a simulation study in MATLAB where we
rotate the CR in Fig. 6(c) around the z-axis by an angle of § €
[0°, 360°]. Fig. 6(e) shows the PCR experiences fluctuation,
where a low PCR indicates reduced polarization conversion.
In practice, it is very unlikely that a radar will rotate within
the traverse plane drastically during normal operation, e.g.,
when it is mounted on a platform like a car or a robot. Thus,
the variation in PCR does not have a significant impact from
a deployment perspective. However, we acknowledge this

will still have an equal amplitude (i.e., ||(E ﬁ)“ =

reveals that
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limitation in Sec. 9 and evaluate traverse plane rotation as a
micro-benchmark in Sec. 8.8. We show that the range of §
in which our marker works as expected is reasonably large.
When deploying a marker, one only needs to make sure it is
installed with an appropriate choice of 8.

6 DEPLOYING POLARVISOR IN PRACTICE

In this section, we describe how PolarVisor markers work
as equivalent pixels in an analogous mmWave QR code. The
clutter-free design of each marker unlocks spatial coding for
PolarVisor, which can be challenging for normal reflectors,
especially in highly cluttered scenes. With its visor clearing
out background reflectors, PolarVisor can readily identify
a spatial pattern formed by multiple markers. We note that
spatial coding has been explored in multiple fields (e.g., cam-
eras [38] and mmWave [19]) and there have been dedicated
papers to study its design and performance. In PolarVisor,
we complete the system with a simple form of spatial coding,
but the design of spatial codes is not considered as a main
contribution and hence is not evaluated separately.

6.1 Spatial Code Functions

In PolarVisor, we form an analogous mmWave QR code by
arranging mmWave reflectors according to a specific 2D/3D
pattern to provide the following two functions.
Identification: Contextual information, such as geometric
information (e.g., room/floor) or navigation information (e.g.,
stop/detour), can be embedded. For example, an L shape can
be formed with 3 reflectors to represent “lobby”, or a cross
with 5 reflectors can indicate “no trespassing”. As this is not
related to PolarVisor’s performance, it is not evaluated.
Localization: Spatial codes are deployed at known locations.
In addition, in a certain spatial code, the relative positions
between markers are also known. This information (e.g.,
coordinates of each marker), along with other necessary
complements (e.g., maps and floor plans), is stored in a data-
base. Later, when a radar tries to perform self-localization,
upon successful detection of a certain spatial code, it first
estimates its relative position w.r.t. this code, then queries
the database to fetch the location of this code, and finally
combines these two to figure out its location.

6.2 Practical Operation

During a practical operation, the radar roams around a scene
and tries to localize itself by detecting spatial codes that
are pre-deployed. This is a two-step procedure. It starts by
detecting potential markers, then tries to reconstruct spatial
codes in its database with these detected markers.

Recording Potential Markers: As one can imagine, there
is no mechanism for the radar to tell between a PolarVisor
marker and a normal reflector if the latter is strong enough
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to stand out even after suppression (which will then signifi-
cantly contribute to the localization error). Hence, the radar
would simply look at all strong targets and record their rel-
ative positions w.r.t. itself. Further, it updates the recorded
relative positions by tracking its own movement with the
help of other sensing units (e.g., IMU modules).
Reconstructing Spatial Codes: The radar tries to recon-
struct spatial codes in the database with some or all of the
recorded markers. For example, if the radar has detected
four potential markers and there is an L-shape code with
three markers is in its database, it will try to form a similar
L-shape code using three of the four potential markers. This
might not succeed because the L-shape code in the database
requires the markers to arrange according to predetermined
relative positions (as mentioned in Sec. 6.1) - in that case,
the radar will simply proceed and try to detect more poten-
tial markers. Note that this procedure does not necessarily
require that all markers that make up a certain spatial code
manifest simultaneously. For example, if a rectangular code
has its markers deployed at the four corners of a wall, the
radar might not see all of them at once. However, since the
radar tracks its relative position to all detected potential
markers, it can try reconstructing a spatial code at any time.
Evaluating PolarVisor: We consider several real-world,
multipath-rich environments. In each environment, we de-
ploy a spatial code with a certain number of reflectors at
known locations. The location of this spatial code can be
defined as the center of all reflectors. Meanwhile, we eval-
uate two systems — a baseline system, where the reflectors
are normal CRs, and PolarVisor, where the reflectors are Po-
larVisor markers. In either of the two, the radar first tries to
detect potential markers, then tries to reconstruct the spatial
code with detected markers. Once it determines that it has
successfully reconstructed the spatial code, it outputs the es-
timated location of itself. The localization error is calculated
as the difference between this esimated location and the true
location obtained with laser rangefinders. Compared to the
baseline, PolarVisor is expected to be less vulnerable to back-
ground clutter, and hence should have a higher chance to
reconstruct the spatial code with PolarVisor markers (instead
of mistakenly using background reflectors).

7 IMPLEMENTATION
7.1 Fabrication

Metasurfaces: Multiple fabrication methods exist for meta-
surfaces, including PCB drilling [39], laser cutting [52], 3D-
printed PCB [55], microfluidic circuit [13], CVD [61], and
LPD [66]. We chose hot-stamping due to its low cost and the
flexibility of paper substrates. We envision that similar to
fiducial markers for cameras, PolarVisor can also be made
and used easily. To start, single-layer metasurface patterns
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are first printed with a laser printer (Konica Minolta Bizhub
300i) on 48-pound glossy brochure paper (HP Q1987A). Next,
we place a heat transfer foil (Cricut) on top of the printer
pattern and stack another piece of 48-pound paper. This sand-
wich structure is fed into a laminating machine (SINCHI Pro-
Lami F3410) using the 10-mil lamination mode. After the foil
cools down, we gently peel it off to get a paper metasurface.
Reflective Polarizer: A reflective polarizer has three basic
layers from top to bottom. (1) A diversifier metasurface: A
single piece of printer paper, facing up. (2) Substrate: We
find the best configuration is stacking 5 pieces of 65-pound
paper (Recollections Cardstock Paper). (3) A metallic sheet:
We use the same heat transfer foil as this reflective layer,
with its shiny face facing down. All materials are trimmed
to a proper size before we put them into a 3-mil laminating
pouch and perform a standard lamination. Each reflective
polarizer in PolarVisor measures 5.5X5.5 inch?.
Transmissive Polarizer: A transmissive polarizer has six
layers. (1) A grating pattern: A single piece of printer paper,
facing up. (2) Substrate: We recommend stacking 3 pieces
of 65-pound paper, or alternatively, stacking 2 pieces of 110-
pound paper. (3) A piece of blank glossy printer paper to
ensure structural symmetry. (4) A diversifier metasurface: A
single piece of printer paper, facing up. (5) Substrate: Another
stack of thick paper, identical to step (2). (6) A grating pattern:
Perpendicular to the one in step (1), facing down. We then
trim, seal, and laminate same as above. Each transmissive
polarizer in PolarVisor also measures 5.5X5.5 inch?.
Corner Reflectors: We 3D-print a corner mold with three
mutually perpendicular faces, each measuring 3 mm in height
and 15 cm in width/length. A single piece of reflective polar-
izer is installed on one of the inner walls. On the other two,
we install reflective surfaces — we trim a piece of heat trans-
fer foil, encapsulate it in a laminating pouch, and perform
a standard lamination. To better hold the CR, a 3D-printed
base is attached by hot gluing to facilitate deployment.

7.2 Experimental Setup

Radar: We evaluate PolarVisor’s performance with EVAL-
TINYRAD from Analog Devices [10]. It operates within 24-
24.25 GHz with 2 Tx and 4 Rx antennas co-located. We cover
only its Tx with the visor (as shown in Fig. 2).
Environments: We consider 3 indoor environments (Fig. 8(b)-
(d)). (1) A conference room: There is a slight blockage from
the tables. The metallic window frames and the table legs
contribute to clutter. (2) An office: It has relatively scattered
background reflectors. (3) A lab space: It is densely occupied
with tables, shelves, and equipment. In addition, a fourth
testbed, a semi-indoor parking complex on the university
campus (photo omitted), is used for blockage experiments
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Figure 8: (a) PolarVisor components. (b)-(d) Test envi-
ronments with clutter — a conference room, an office,
and a lab. Four markers are shown in each photo.

and micro-benchmarks since our blockage experiments in-
volve a fog generator, which cannot be used indoors.

8 EVALUATION
8.1 Localization: Evaluation Metric

In Sec. 8.2, 8.3, 8.4, and 8.5, we evaluate PolarVisor’s local-
ization performance. As outlined in Sec. 6.2, we evaluate
PolarVisor with PolarVisor markers and a baseline system
with normal CRs. As the radar moves to different locations,
both systems try to reconstruct predetermined spatial codes
with detected reflectors and report their self-localization es-
timates. We calculate the localization error at each radar
location using their self-localization estimate and their true
position (obtained using laser rangefinders). Each environ-
ment is evaluated in a semi-static manner - the radar moves
along a fixed trajectory with roughly 20 predetermined loca-
tions and captures 10 frames at each location. We then report
the cumulative distribution function (CDF) of this error.

8.2 Localization in Different Environments

Method: We deploy spatial codes with 3 or 4 reflectors in
the conference room, office, and lab environment.

Result: In Fig. 9(a), 3 reflectors are used. We see that the base-
line has higher errors across all 3 environments. Meanwhile,
PolarVisor is confused by a strong background reflector in
the lab even after clutter suppression. It reports an average
error of 0.0557 m, 0.0426 m, and 0.0639 m for the conference
room, office, and lab environment, respectively, while the
baseline reports 0.211m, 0.392 m, and 0.238 m. The issue is
resolved in Fig. 9(b) with 4 reflectors. The localization ac-
curacy of both PolarVisor and the baseline is considerably
improved, while PolarVisor still outperforms the baseline
across all environments. Specifically, the average localization
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errors are 0.0279m, 0.0290 m, and 0.0322 m for PolarVisor
and 0.0693 m, 0.064 m, and 0.07 m for the baseline.

8.3 Localization with Multiple Markers

Method: We deploy spatial codes consisting of up to 7 re-
flectors in the lab environment.

Result: As shown in Fig. 10(a), when the number of markers
increases from 2 to 5, an impressive improvement in localiza-
tion accuracy is observed. However, since in PolarVisor, we
do not deliberately implement angular resolution enhance-
ment techniques (e.g., synthetic apertures), reflectors in the
environments cannot be placed too close to each other —
otherwise, they cannot be independently detected. Hence,
the radar will only see a subset of markers at a time even
when abundant markers are deployed (Sec. 6.2). A complex
spatial code with more markers can help the radar robustly
detect and identify the code, but the improvement gradually
becomes marginal. More advanced spatial codes can further
improve PolarVisor’s performance (Sec. 9).

8.4 Localization with Blockage

Method: Normal reflectors are known to be operable un-
der blockage for mmWave radars, so in this experiment, we
only consider PolarVisor. We consider four types of block-
age: (1) Fog generated from a fog machine using fog liquids.
(2) Clear acrylic sheet (5 mm thick). (3) Wood board (2 mm
thick). (4) Cardboard delivery package box (3 mm thick). We
deploy 3 markers in the parking complex due to security
considerations (dense fog may trigger indoor fire alarms).
Result: As shown in Fig. 10(b), different blockages do not
pose a significant challenge. The acrylic sheet is relatively
thick (5 mm) and hence it slightly affects PolarVisor’s perfor-
mance. Overall, PolarVisor remains robust across different
NLOS scenarios where it is expected to operate robustly.

8.5 Localization vs Varying Range

Method: We deploy spatial codes with 3 reflectors in the
office and lab and sample the scene with different spatial
code locations, leading to different distances to the radar.

Result: Fig. 11 shows the comparison between PolarVisor
and the baseline where we group the range values into bins
of 1m. At first glance, one will intuitively think the distance
from the reflectors to the radar will impact the localization ac-
curacy because a farther reflector will have a weaker strength
detected by the radar. This is verified in the baseline results -
when the normal CRs are farther from the radar, the localiza-
tion error is slightly worsened. Meanwhile, we see PolarVisor
does not fluctuate much across different ranges. This can be
attributed to its clutter-free design. Although the PolarVisor
markers will also become weaker in strength as they get
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Figure 9: PolarVisor has lower localization error com-
pared to the baseline across three real-world indoor
environments with (a) 3 markers and (b) 4 markers.
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Figure 10: (a) PolarVisor’s localization performance in
the lab environment with up to 7 markers. (b) PolarVi-
sor remains robust in multiple NLOS scenarios.

farther from the radar, as long as the background clutter is
suppressed, it is not negatively impacted.

Large variances are observed in both PolarVisor and the
baseline. This is because the distance between the reflectors
and the radar is not the only factor impacting the localization
accuracy — in fact, a more significant impact comes from the
location of background reflectors. If some of them are very
strong, then no matter where we place our spatial code, the
radar will be misled. Since we do not deliberately control
this, they can appear anywhere, making the variance large.
Meanwhile, we see PolarVisor has a lower variance compared
to the baseline, indicating a more stable performance.

8.6 Clutter Suppression: Evaluation Metric

In Sec. 8.7 and 8.8, we evaluate PolarVisor’s clutter suppres-
sion performance with two micro-benchmarks. We analyze
a single reflector in the parking complex, where we roughly
align the radar along the reflector’s boresight direction. We
consider the following three scenarios. @: A normal CR and
a normal radar. ®: A normal CR and a visor-equipped radar.
(©: A PolarVisor marker and a visor-equipped radar.

We first define relative amplitude as the reflector’s signal
strength on the radar after background noise subtraction
to see how strong the reflector manifests. Next, we define
reflector suppression as the difference of relative amplitude
between (@ and () to visualize how much a normal CR is
suppressed because of the visor. Finally, we define clutter
contrast as the difference of relative amplitude between (&
and (© to show how much brighter a PolarVisor marker is
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compared to a normal CR with visor equipped. State-of-
the-art markers without cross-polarization do not separate
themselves from clutters as reported in [50].

8.7 Suppression vs Varying Range

Method: In this micro-benchmark, we evaluate the influ-
ence of distance (i.e., range) between the radar and a single
reflector — a normal CR or a PolarVisor marker. We report
reflector suppression and clutter contrast w.r.t. distance.
Result: As shown in Fig. 12(a), PolarVisor can successfully
suppress clutter at a range of up to 25 m. We did not evaluate
beyond 25 m because the normal CR already performed sim-
ilarly to obstacles near the radar (e.g., load-bearing pillars
in the parking complex). The reflector suppression curve
shows an average of 17.87 dB clutter suppression. Mean-
while, the clutter contrast curve indicates an average gain
of 9.49 dB across all distances. The effective total gain curve
is calculated as the sum of these two, whose intuition is a
combination of the suppression we get from the visor and
the gain we get from the marker. It drops slightly when the
distance is far, but largely remains more than 20 dB.
Summary: An average of 17.87 dB clutter suppression val-
idates our visor design — it is very effective in suppressing
normal reflectors. Meanwhile, an average of 9.49 dB clutter
contrast ensures that a PolarVisor marker is always signifi-
cantly brighter than a suppressed normal reflector.

8.8 Suppression vs Traverse Plane Rotation

Method: In this micro-benchmark, we evaluate the influence
of traverse plane rotation. Since there is only one reflector,
rotation of the radar is equivalent to that of the reflector.
We deploy the reflector at three different distances from
the radar and perform a 360° traverse plane rotation with
a rotary motor. We report the relative amplitude w.r.t. the
rotation angle. We consider (®) and (¢) - since the visor is
on for both, any discrimination between them reveals the
difference between a normal surface and a polarizer, and the
main goal of this micro-benchmark is to see this difference.
Result: As shown in Fig. 12(b), a PolarVisor marker (PV, (©)
experiences more fluctuation compared to a normal CR ().
As the distance between the radar and the reflector increases,
both objects appear weaker, but (©) is still brighter than .
Certain 6 values, at which the marker appears weaker than a
normal CR, can be due to the imperfection of our polarizers.
Summary: The observed pattern validates our analysis in
Sec. 5 Fig. 6(e). We will have more discussion in Sec. 9.

9 DISCUSSION

Practical Visor Operation: Although cross-polarization
can be easily achieved by re-designing the radar PCB, Po-
larVisor chose a visor design to avoid altering COTS radars.
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Figure 12: (a) Across various ranges, PolarVisor pro-
vides reliable clutter suppression. (b) PolarVisor expe-
riences fluctuation with traverse plane rotations.

More importantly, the radars can still function normally
when the visor is off. In practice, when a radar-equipped ro-
bot is in action, mechanical systems (e.g., robotic arms) can
be implemented to help the radar wear the visor only when
needed to support both co-polar and cross-polar operations.
Radar and CR Intrinsic Limitations: PolarVisor currently
builds on COTS radars and standard CRs; hence, it shares
their intrinsic limitations: (1) PolarVisor’s scalability is lim-
ited by radar angular resolution. However, algorithms that
improve angular resolution can help PolarVisor deploy dense
markers to support high-density localization. (2) PolarVisor
markers, as CRs, cannot support extremely slanted viewing
angles. (3) Although PolarVisor remains robust with blockage
(Sec. 8.4), extremely cluttered and dynamically obstructed en-
vironments are still challenging; we plan to further improve
and evaluate PolarVisor there as future work.

Rotational Symmetry: As we have elaborated in Sec. 5, a
PolarVisor marker does not have rotational symmetry along
its boresight direction. Hence, its installation should follow
Fig. 6(e) to ensure it operates correctly. Meanwhile, this also
implies that the radar should not rotate drastically within the
traverse plane. Although a radar with a fixed position (e.g.,
mounted on a car or a robot) is unlikely to experience such
a rotation, we admit that a handheld device is an exception.
In application scenarios where an operator holds the device,
PolarVisor can seek help from inertial measurement units
(IMU) and guide the operator to adjust the device’s orienta-
tion for a live scan. Meanwhile, an alternative approach is to
leverage spherical structures (e.g., lens) and wrap a PolarVi-
sor polarizer around. New design and fabrication challenges
will arise there and we leave it as future work.
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Spatial Coding: Although PolarVisor, in its current form,
does not include an in-depth investigation into spatial code

design, we believe this can be an important future direction.
A properly designed spatial code can potentially improve

PolarVisor’s localization performance. For example, if a cer-
tain arrangement of reflectors is unlikely to appear for back-
ground reflectors, then PolarVisor has a higher chance to

correctly identify the markers constituting this spatial code.
System Complementation: PolarVisor can complement

multiple mmWave methods. For example, radar adaptive

beamforming [12, 51] can improve the signal quality from

specific directions, from which PolarVisor can benefit if the

marker is beamformed towards. Machine learning [26] and

super resolution algorithms [41] can also improve the detec-
tion accuracy and working range of PolarVisor. Electronically-
assisted and frequency-coded [58] design can improve Po-
larVisor’s performance, if an ultra-long range is needed.

10 RELATED WORK

MmWave Backscatter: There has been extensive research
on mmWave backscatter communication where low-power
tags modulate their reflection with information bits (i.e.,
temporal coding) [6, 11, 31, 32, 34, 35, 37, 42, 50]. A chip
and a battery are commonly seen because these tags are
dedicated to communicating arbitrary information. Retrore-
flective structures are also widely used to compensate for the
well-known high path loss in order to improve communica-
tion range, such as Van-Atta arrays [6, 11, 17, 34, 35, 37, 50]
and Luneburg lenses [42]. PolarVisor focuses on a solution
for fiducial markers where it only needs to convey predeter-
mined geometric and spatial information instead of arbitrary
bits. This opens up an opportunity to implement markers
without chips and batteries, but only with paper and foils,
highlighting a convenient, cheap, and unique manufacturing
procedure rarely seen in the literature.

Passive mmWave Retroreflectors: Passive retroreflectors,
even without embedded bit information, are shown capable
of supporting a variety of sensing applications, such as cor-
ner reflectors (CR) [59, 60] and Van-Atta arrays [4, 21, 53]. To
further encode information, frequency coding has been iden-
tified as an alternative to temporal coding when a battery is
not present. This includes CRs [27, 44, 45], lenses [3, 7, 20, 22—
24, 43], reflectarrays [17], and resonator arrays [1]. In addi-
tion, [19] implements spatial coding with CRs in a compact
form factor. Since frequency coding is sensitive to environ-
mental multipath, PolarVisor adopts spatial coding. On top of
that, it leverages signal polarization to improve the detection
of PolarVisor markers even in cluttered scenes. Compared to
previous solutions, PolarVisor features achieving clutter resi-
lence at a longer range (several meters) with COTS hardware
instead of dedicated instruments like VNAs.
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Metasurfaces: PolarVisor is closely related to passive meta-
surfaces (i.e., without active components), in which a rich
literature exists. PolarVisor draws its inspiration on meta-
surface manufacture from [15, 25, 33, 48], which introduced
and demonstrated an effective and convenient approach of
prototyping single-layer metasurfaces with paper, foils, and
laminating machines. Meanwhile, PolarVisor’s meta-atom
has a double split-ring resonator structure (DSRR), which is
based on the classical split-ring resonator (SRR) that has been
demonstrated to have a good performance for mmWave and
THz applications [28, 49, 56, 63]. We build upon this literature
and propose to use metasurface polarizers as the building
block for clutter-free, electronics-free fiducial markers.
Polarization Manipulation: While signal polarization has
been explored in mmWave communication as a potential
way to perform MIMO, it has been studied for sensing appli-
cations as well, for example, [2, 17, 65] design mmWave po-
larization tags. Polarization manipulation is also a hot topic
in metasurface research. Multiple passive polarizer designs
have been proposed for microwave [8, 9, 18, 28-30, 36, 64],
mmWave [5, 56], and THz [14, 40, 54, 57, 62] applications.
PolarVisor builds upon these and dedicates its efforts to de-
signing passive, clutter-free fiducial markers where it does
not enjoy the precise manufacturing process commonly seen
in printed circuit board (PCB) technologies.

11 CONCLUSION

In this paper, we present PolarVisor, an electronics-free fidu-
cial marker solution for mmWave radars to support accurate,
clutter-free robotic self-localization applications without any
hardware modification to COTS mmWave radars. PolarVisor
designs passive, polarization-manipulating metasurfaces that
can be rapidly manufactured with paper and foils without
any electronics or batteries. It adopts an innovative design
where the radar wears a visor as a polarization filter to sig-
nificantly suppress background reflectors while highlighting
PolarVisor markers in the scene. An in-depth evaluation
shows that PolarVisor can provide robust clutter suppres-
sion at a range of up to 25 m. Meanwhile, a comprehensive
investigation into its localization accuracy reveals 0.0297 m
(mean) and 0.0232 m (median) localization error across mul-
tiple real-world, multipath-rich indoor environments.
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