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Abstract

Autonomous vehicles rely heavily on vision-based sensors that
struggle in poor visibility in harsh weather and beyond line-of-
sight. While mmWave radars work reliably in these conditions,
they suffer from extremely sparse point clouds due to mirror-like
reflection where most signals bounce away rather than returning
to the radar. We present EyeDAR, a low-power mmWave tag de-
ployed as roadside infrastructure that captures these lost reflections.
The tag extracts arrival directions and sends these data back to the
radar, providing additional point clouds to enhance radar percep-
tion. Like the human eye that uses a lens to map light angles onto
different photoreceptors, EyeDAR uses a Luneburg lens to opti-
cally map arrival angles to different antennas, replacing O(N?)
direction-finding algorithms with O(N) detection. Combined with
backscatter communication, the system operates at low power with-
out power-hungry RF components. Our early prototype achieves
5.4° effective angular resolution with >15 dB passive gain at $7 fab-
rication cost. We experimentally demonstrate direction-of-arrival
estimation error of —0.2° + 1.8° with commercial 24 GHz radar.
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1 Introduction

Recent deployments of autonomous vehicles have faced critical
failures in severe weather, including Tesla’s Autopilot crashes in
fog [22] and Waymo’s navigation failures during heavy rain [18].
Currently, autonomous vehicles depend heavily on visual sensors,
including cameras and LiDAR, to reconstruct 3D maps of sur-
roundings while simultaneously locating their position. However,
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Figure 1: System Overview: (a) vehicle radar suffers from sparse
point clouds because most signals bounce away rather than re-
turning; (b) EyeDARs capture some of the missed reflections from
different angles; (c) EyeDARs backscatter their point cloud mea-
surements to the vehicle using on-off keying modulation, thereby,
illuminating objects invisible to the vehicle radar; (d) radar merges
distributed point clouds for dense, accurate 3D perception.

(c) Backscatter Modulation

these sensors are inherently vulnerable to obstructions and adverse
weather conditions, causing deviations in vehicle localization and
inconsistencies in mapping [5].

Radar systems operate reliably in all weather conditions along
with the ability to see through obstacles and to detect in long-range.
Among radar technologies, millimeter-wave (mmWave) radar sys-
tems offer significant advantages over lower frequency radars, in-
cluding finer distance discrimination due to their large bandwidth
(up to 4 GHz in the 77-81 GHz automotive band) and improved angu-
lar resolution from smaller antenna dimensions. However, mmWave
radars create point clouds two orders of magnitude sparser than
LiDARs [19]. At mmWave, signals exhibit specular reflection, behav-
ing like light bouncing off mirrors rather than diffused scattering in
the visible light spectrum. Consequently, most reflected signals do
not return to the radar, leaving vast area invisible. Also, ghost points
due to multiple signal bounces, sidelobes from strong reflectors, and
ground clutters create false detections that pollute the sparse point
cloud [16, 19]. Combined with their narrow field-of-view, current
radar systems cannot serve as primary perception sensors.

In this work, we introduce EyeDAR, a low-power mmWave tag
deployed as roadside infrastructure to enhance automotive radar
perception. As illustrated in Fig. 1, EyeDARs capture reflection
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Figure 2: Lens-based direction finding with O(N) complexity.
Like human eyes where the lens focuses light onto photoreceptors,
EyeDAR consists of (1) a Luneburg lens to focus signals from any
direction and (2) miniaturized antennas to detect the focal point
and determine direction-of-arrival.

(a) Our inspiration

signals that would otherwise bounce away due to specular reflec-
tion and send their point cloud measurements back to the radar
to increase point cloud density. Also, EyeDAR point clouds could
serve as spatial anchors to filter ghost points. Our work addresses
three design challenges for practical deployment: (1) high-gain ar-
chitecture to capture weak non-line-of-sight (NLoS) reflections and
extend communication range, (2) milliwatt-level power consump-
tion through novel optics-based direction-finding and backscatter
communication, and (3) cost-effective fabrication using standard
PCB and 3D printing. Our key innovation lies in joint sensing and
communication: each tag extracts direction-of-arrivals (DoAs) from
reflected radar signals, then encodes this data via backscatter mod-
ulation that eliminates need for power-hungry RF components.

(1) Human-eye inspired optical direction finding. Direction
finding is expensive both computationally and in power consump-
tion. Current radars use linear antenna arrays that measure phase
difference across antennas to determine DoAs. However, angular
resolution directly scales with array size and power. Commodity
mmWave radars typically achieve only 15-30° resolution, [11, 12],
while reaching <2° requires 20 W power and bulky form factors [13].
Processing also requires computationally intensive algorithm like
the multiple signal classification (MUSIC) with O(N?) complex-
ity [21]. We overcome these limitations using passive optics inspired
by human eyes. As illustrated in Fig. 2, EyeDAR uses a Luneburg
lens whose gradient refractive index focuses incident radar signals
to angle-dependent, focal points on its opposite surface. This is
similar to human eye’s lens that focuses light from different angles
onto specific locations on the retina. Antennas surrounding the
Luneburg lens detect these focal points through simple power mea-
surement, reducing O(N?) processing to O(N) threshold detection.
Our design breaks the trade-off: angular resolution now depends
on antenna spacing rather than array size. Also, the lens provides
>15 dB passive gain through beam focusing, eliminating the need
for amplifiers. With current patch antennas, we achieve 5.4° effec-
tive resolution, with potential for sub-2° using denser metamaterial
antennas.

(2) Integrated backscatter sensing and communication. Backscat-

tering enables ultra-low power communication by modulating and

Table 1: Comparison to existing mmWave backscatter sys-
tems.

Works Design Local. & Ident. ~ Comm.  Env. Sensing
MilliMetro [24] VAA v X X
BiScatter [17] VAA v v X
Milback [15] LWA v v X
UniScatter [20]  Luneburg v v X
EyeDAR Luneburg v v v

reflecting existing signals back to the source rather than generat-
ing new signals. Prior mmWave backscatter tags use retroreflec-
tors so that vehicles can locate and receive transportation updates
from the tags [15, 17, 20, 24]. In contrast, EyeDAR tags sense sur-
rounding objects and communicate these observations to vehicle via
backscattering. Our architecture seamlessly integrate sensing and
communication through two modules: the front-end has a Luneb-
urg lens and antennas that capture spatial information, while the
back-end uses an RF switch, power detector, and microcontroller
(MCU) to process and communicate this data. The tag alternates
two modes. During sensing, the switch sequentially connects each
antenna with the power detector to measure signal strength and
identify DoAs. During communication, the MCU encodes tag ID,
location, and detected DoAs using on-off keying (OOK) where bit
’0” absorbs radar signals by connecting antennas to RF detector and
bit ’1’ retro-reflects them by grounding antennas. This backscat-
ter communication allows uninterrupted radar operation while
simultaneously delivering EyeDAR point cloud data.

We build early prototype hardware of EyeDAR using in-lab 3D
printing and PCB fabrication. We test our prototype with a com-
mercial 24 GHz automotive radar to demonstrate accurate DoA
estimation (-0.2° + 1.8° error) and reliable backscatter communi-
cation. We propose a resonant metamaterial antenna to reduce
antenna spacing from 1/2 to 1/6, enabling 3x denser arrays for
sub-2° resolution and wideband operation.

2 Background and Related Works

This section provides background on mmWave backscatter com-
munication and metamaterials.

2.1 Backscatter Communication

Backscatter enables ultra-low power communication (tens of W)
by modulating existing signals (e.g., switching between reflecting
them back and absorbing them), rather than generating new signals.
MilliMetro [24] proposes long-range tag localization using Van Atta
antenna (VAA) arrays, allowing vehicles to identify road signs in
fog, but only transmits tag ID. BiScatter [17] and MilBack [15] add
downlink capability for bi-directional communication between the
radar and tags. However, these retroreflector antennas often suffer
from low gain, narrow bandwidth, and limited angular coverage.
While UniScatter [20] uses a Luneburg lens to provide high gain,
ultra-wide bandwidth, and full 3D angular coverage, it still uses
tags as simple reflectors for tag localization and roadside signage.
EyeDAR is the first to use tags as environmental sensors, extracting
and communicating DoA information to provide dense 3D point
clouds for radar perception.



2.2 Metamaterials

Metamaterials are artificially-engineered structures that provide
electromagnetic properties that do not exist in natural material.
We categorize them into two classes: resonant metamaterials and
gradient index (GRIN) metamaterials.

Resonant metamaterials. They consist of periodic arrays of sub-
wavelength elements (typically 1/6 or less) that interacts with EM
waves through local resonances. Each element commonly resembles
split-ring resonators (SRR) and/or complementary LC resonators
(CSRR), fabricated as copper patterns on planar PCB substrates.
Loading these structures with active components, such as varactors
or PIN diodes, make them reconfigurable. Recent works demon-
strate resonant metamaterials that alter existing signals in the en-
vironment with precise control over phase, amplitude, polarization,
and propagation direction [6-8, 14, 23, 26]. While they provide
strong wave manipulation, resonant metamaterials often suffer
from narrow bandwidth.

Gradient-Index (GRIN) metamaterials. Gradient index (GRIN)
metamaterials manipulate waves through spatially varying refrac-
tive index rather than resonances. A key example is the Luneburg
lens, a spherical structure where the refractive index gradually de-
crease from 2 (center) to 1 (surface). As waves propagate through the
lens, this gradient continuously bends waves until they converge
at a focal point on the opposite side. Unlike resonant metamateri-
als, they are fully passive and operate omni-directionally (identical
response from any angle) with extremely wide bandwidth and high
focusing gain. Luneburg lenses are currently used in various appli-
cations. Military aircraft like the F-22 and F-35 use them as radar
reflectors to control visibility [10], and automotive radar companies
use them as a radar to expand field-of-view and range [28]. Bahr
et al. [3] used them as retroreflectors to create a radio-frequency
equivalent to optical motion capture systems like Vicon. UniScat-
ter [20] recently used them for wideband mmWave retroreflection in
backscatter communication. However, all existing applications treat
the lens simply as a reflector or beam director. EyeDAR exploits the
Luneburg lens’s focusing property as a passive computational ele-
ment, transforming incident angles into detectable focal positions.
This allows our tag to extract and communicate DoA information
without O(N?) signal processing.

3 EyeDAR System Design

Figure 1 illustrates the system overview of EyeDAR. Our design
consists of two integrated modules: a human-eye-inspired sensor
that extracts DoA information from incident radar signals, and a
backscatter communication module that encodes and transmits this
spatial data back to the radar.

3.1 Human Eye-Inspired Sensor Design

To design the most efficient direction-finding system, we draw in-
spiration from the human eye, which achieves 290 um resolution at
1 meter [4] across a 150° field-of-view [9] while processing 400-790
THz bandwidth [27]. The key principle is simple: a lens focuses
incoming light from different angles onto specific location on the
retina, where photoreceptors detect the spatial pattern. We apply
this using a Luneburg lens to focus radar signals and surrounding
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Figure 3: Luneburg lens design and characterization. (a) unit
cell design with different cube dimension a that controls permit-
tivity; (b) permittivity across radial distance: theoretical (red line)
vs. simulated values (red dots) with corresponding a values (blue
markers); (c) permittivity across frequency for different a values
(0.5-2.5 mm).

antennas to detect focal positions. This approach replaces compu-
tationally intensive algorithm with O(N?) complexity [21] with
simple power detection in O(N).

Luneburg Lens Design. The Luneburg lens is a spherical gradient-
index structure where the refractive index n varies radially accord-
ing to n = ye = v2 - (r/R)?, where € is the permittivity, R is
the lens radius, and r is the distance from any point to the sphere
center. The permittivity profile of the Luneburg lens is shown in
Fig. 3a. This profile causes incident plane waves from any direction
to converge at a focal point on the opposite hemisphere.

Instead of layering multiple materials with different permitivi-
ties to create the gradient, we discretize the lens into unit cells of a
single material and vary each cell’s geometry to achieve the desired
permittivity profile. As shown in Fig. 3a, each unit cell consists
of six fixed rods with a variable central cube (size a) that controls
permittivity. Specifically, increasing the cube size a increases the
permittivity. Fig. 3b validates our design accuracy as simulated
permittivity of our unit cells (red dots) closely match the theoret-
ical profile (red line), with corresponding a values indicated by
blue markers. Fig. 3¢ shows the permittivity remains stable across
frequencies up to 32 GHz for various a values (0.5-2.5 mm). We
fabricated a 40 mm radius lens using our in-lab 3D printer with
resin that costs approximately $7.

Antenna Design. Like how photoreceptor spacing determines
the angular resolution of the human eye, antenna spacing around
the Luneburg lens dictates our angular resolution. Currently, we
surround the half of lens with patch antennas with 1/2 spacing. To
improve resolution beyond the physical spacing, we implement a
simple centroid-based interpolation. We first select only antennas
with signal power above a threshold, then take the three strongest
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Figure 4: Design consideration. (a) the human eye achieves wide
bandwidth and high resolution through densely packed cone pho-
toreceptors, each sensitive to red, green, or blue lights; (b) our
metamaterial antennas with 1/6 spacing around Luneburg lens,
where different antennas are tuned to specific frequencies for wide-

band operation.

and compute their weighted center: xp.qx = X Xiyi/ X yi, where
x; is antenna position and y; is signal strength. This allows sub-
antenna resolution when the focal point falls between elements.

Current antenna design faces limitations in large spacing and
narrow bandwidth. Fig. 4 illustrates our proposed solution. Res-
onant metamaterial antennas (e.g., SRR) reduce element spacing
from A/2 to 4/6, fitting 3X more antennas in the same area. Each
metamaterial antenna consists of a metallic ring with a gap that
forms an LC resonant circuit, and we can load varactor diodes on
this design for dynamic phase control. By adjusting phases to create
constructive interference at the radar receiver, our tag can extend
communication range beyond conventional backscatter limits.

For bandwidth enhancement, we draw inspiration from the hu-
man eye’s trichromatic vision, where different cone types respond
to specific wavelengths (blue, green, red). Similarly, we propose
interleaving metamaterial antennas tuned to different center fre-
quencies, creating a wideband array that matches the Luneburg
lens’s wide frequency response.

3.2 Backscatter Communication Design.

The communication module encodes detected DoA information
for transmission back to the radar. As shown in Fig. 5, this module
contains three key components: RF switch network, power detector,
and microcontroller (MCU).

The system alternates between sensing and communication
modes through RF switches. The MCU sends control signals through
its DAC output pins to operate these switches, connecting each
antenna to either the power detector (sensing) or ground (backscat-
tering). In sensing mode, the MCU cycles through all antennas,
connecting each one to the power detector in sequence. The de-
tector measures how much signal each antenna receives, and the
MCU reads these measurements through its ADC input pins and
determines DoAs. For communication, the MCU encodes tag ID, tag
location, and detected DoAs using on-off keying (OOK). To send a
’1’ bit (on state), the switch connects the antenna to ground, creating
a strong reflection back to the radar. To send a ’0’ bit (off state), the
switch connects the antenna to the power detector, which has 50Q
impedance matching, absorbing the signal instead of reflecting it.
This reflection-absorption pattern creates a 15 dB difference, which
is sufficient for reliable detection at the radar.
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Figure 6: EyeDAR prototype hardware and implementation.

Owing to Luneburg lens’s omni-directional focusing, EyeDAR
can handle signals from multiple paths simultaneously. Signals from
different angles focus at distinct points on the lens surface, where
corresponding antennas independently retro-reflect each beam to
its source. This provides both path redundancy and significant gain
for weak NLoS signals. The lens contributes >15 dB gain in each
direction, yielding >30 dB round-trip gain without power-hungry
components.

While this work considers a single radar scenario, our future
work will explore bi-directional communication where each radar
sends a unique ID in its downlink transmission, allowing tags to
differentiate between multiple radar sources.

4 Implementation

This section presents our prototype hardware and experimental
testbed. Fig. 6a shows our fabricated 40 mm radius Luneburg lens
with integrated patch antenna array. We 3D-printed the lens using
our in-lab 3D printer with resin (¢, = 2.65). Our custom enclosure
holds the antenna array covering the half of hemisphere. There
are 45 patch antennas, arranged in 3 rows x 15 columns, uniformly
spaced at 8.5° intervals. They are fabricated on Rogers substrate,
providing 120° field-of-view. We validated the antenna design us-
ing ANSYS HFSS. The prototype uses Analog Devices ADRF5020
RF switches [2] operating up to 30 GHz to route signals between
sensing and backscattering modes. The switch connects an antenna
to either a power detector [1] or ground. The Texas Instruments
MSP430FR6989 microcontroller [25] controls the system with 125
ns switching speed.

We evaluate EyeDAR using an Analog Devices TinyRad FMCW
radar [11] operating at 24 GHz with 250 MHz bandwidth. The radar
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features two transmit and four receive antenna arrays. For wide-
band characterization, our microbenchmark uses a signal generator
producing from 10 to 20 GHz signals, followed by a frequency dou-
bler to reach from 20 to 40 GHz. The doubled signals are transmitted
through a WR-28 horn antenna. For all measurements, we place
the transmitter 17 inches from the EyeDAR prototype.

5 Evaluation

In this section, we first present microbenchmark results characteriz-
ing the Luneburg lens performance. We then demonstrate EyeDAR’s
feasibility in direction finding and backscatter communication.

5.1 Microbenchmarks

We evaluate our Luneburg lens’s gain across different frequencies
and incident angles. All measurements are scaled such that 0 dB
corresponds to the detector noise floor.

Lens Gain. Figure 7 (left) shows power measurements with and
without the Luneburg lens from 20 to 32 GHz. The patch antenna
alone operates from 21 to 28 GHz with peak gain at approximately
24.5 GHz. Adding the lens provides >15 dB gain improvement from
21 to 29 GHz, with maximum improvement of 18.3 dB at 23 GHz.
While our simulations show lens operation to 32 GHz, measured
bandwidth is limited by cables and antenna losses, not the lens.

Lens Coverage. Figure 7 (right) shows the lens’s focusing gain as
we rotate the lens in different azimuth (theta) and elevation (phi)
angles at 24 GHz. The gain remains consistent, varying by less than
0.7 dB across all measured angles, validating the Luneburg lens’s
omnidirectional focusing capability.

5.2 Direction-of-Arrival Estimation

Figure 8 evaluates EyeDAR’s DoA estimation accuracy using our
3 X 15 antenna array with 8.5° spacing. We sweep the incident
beam angle from -60° to +60° in 5° increments and compare two
estimation methods: peak detection and centroid-based interpo-
lation (described in Section 3). The peak-based method achieves
0.68° + 2.7° error. The centroid-based method significantly improves
accuracy, achieving -0.2° + 1.8° error, showing that simple weighted
averaging can effectively interpolate between adjacent antenna
positions. This 1.8° precision corresponds to an effective angular
resolution of approximately 5.4° (30).

Figure 10 shows the power distribution across all antennas for
incident beam angles of 0°, 30°, and -45°. With the lens, incident
signals focus to a sharp peak spanning only 1 or 2 antennas, while
without the lens, power spreads across most antennas with minimal

based method.
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variation, making DoA estimation nearly impossible. Note that
without the lens, the strongest signal often doesn’t appear at the
antenna directly facing the transmitter, as seen in Fig. 10b and
Fig. 10c, likely due to signal interference.

5.3 Backscatter Performance

Figure 9 shows radar’s digital beamforming response over range and
azimuth during backscatter modulation. In the "off” state (top), the
center antenna absorbs signals through the 50Q detector, creating
a null in the beamformed response while surrounding reflections
remain visible. In the ’on’ state (bottom), the same antenna retrore-
flects strongly, producing a dominant peak in the spatial map. This
clear distinction in the beamformed response demonstrates reliable
OOK modulation for backscatter communication. Without the lens,
no distinguishable change occurs between two states.

Figure 11 shows the tag’s backscattered bit sequence (top) and
the radar’s decoded signal (bottom). Each bit is backscattered over
a 2 ms duration, while the radar samples at 1 ms frame. For each



radar frame, we extract the maximum value from the digital beam-
formed map to quantify backscatter strength. It shows detected
peaks closely align the transmitted sequence, demonstrating that
the tag successfully modulates bit-0 and bit-1 with 18 dB modulation
depth.

6 Conclusion and future works

This paper presents EyeDAR, the first mmWave tag that performs
environmental sensing for enhanced radar perception. Our proto-
type achieves 5.4° resolution with >15 dB passive gain, demonstrat-
ing the feasibility of infrastructure-deployed sensing tags. In future,
we will explore several directions:

o We will develop tunable metamaterial antennas to achieve
<2° angular resolution, wideband operation via frequency-
diverse elements, and extended communication range.

e While our current system provides only angular informa-

tion, complete 3D point cloud reconstruction requires range

information. We will investigate range extraction techniques
to estimate distances between environmental reflectors and
the tag.

We will implement lightweight algorithms that fuse mea-

surements from multiple tags with vehicle radar data. By

pre-computing geometric transformation matrices based on
known tag positions, the system can merge distributed ob-
servations through simple matrix operations.
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