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Abstract
Accurately identifying materials in real-world environments is criti-
cal for applications in robotics, security screening and autonomous
systems. While more expensive approaches for material charac-
terization such as spectroscopy or ellipsometry are ill-suited for
large scale deployment, RF-based solutions present a new potential
low-cost alternative. Prior RF-based material sensing approaches
are either too invasive, suffer from lower resolution or are highly
specialized in particular materials, presenting a need for a more
general-purpose solution.

This paper presents POLySight, a mmWave radar based mate-
rial sensing solution that uses the polarization of the signals re-
flected from target objects. POLySight synthesizes a wide-aperture
bi-static mmWave radar system by synchronizing distributed com-
modity radars to extract polarimetry at large incidence angles. The
solution extracts the high-resolution polarimetric image of the
object from these synchronized measurements by performing syn-
thetic aperture radar based imaging. Finally, we leverage the ratio of
the amplitude in co-polarized and cross-polarized received signals
to classify solids, liquids and powders. Our evaluation across 36
different materials demonstrates an accuracy of 95.74%, 96.50% and
100% for classifying 23 solids, 8 liquids and 4 powders and a median
error of 1.548% in determining the concentration of a sugar-water
solution.

CCS Concepts
• Computer systems organization→ Sensor networks; • Com-
puting methodologies→ Perception; •Human-centered com-
puting →Mobile computing.
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Figure 1: POLySight develops distributed polarimetric SAR
for material detection using commodity mmWave Radars

1 Introduction
Material sensing in real-world environments plays a critical role
in a wide range of applications, including infrastructure inspec-
tion, security screening, quality control, and environmental sens-
ing [2, 5, 14, 26, 38]. While data-driven solutions using images can
segment and classify common objects, they fail to operate in opti-
cally challenging and non-line-of-sight environments. Further, the
more traditional visible light material identification solutions rely
on optical spectroscopy or ellipsometry that are costly, destructive
and only operate at small scale. Thus, recently researchers have
turned to radio frequency (RF)-based material sensing solutions as
a potential alternative.

Prior material sensing work in the RF domain has explored char-
acterizing materials via multiple approaches. Active material sens-
ing solutions [13, 29] have used acoustic waves to vibrate the object
under consideration to recover their mechanical characteristics in
the RF response and hence remain invasive. Passive pass-through
approaches for material sensing using UWB and WiFi estimate
the materials by modeling the variation in signal’s time-of-flight
(ToF) [8] and polarization [43], yet suffer from low-resolution due
to the large wavelength and require a large radar-cross section of
the material being sensed. Passive reflection-based material charac-
terization solutions [26] across the spectrum have primarily focused
on leveraging the amplitude and phase response of the material
which only works for significantly separable reflection behavior.
Thus, there is a fundamental gap in practical RF-based solutions
that can enable high-resolution non-invasive general-purpose
material sensing.

This paper presents POLySight, a first-of-its-kind reflection-
based mmWave imaging and material sensing solution that lever-
ages polarization of the received signal on commodity radars to
identify materials. POLySight achieves this by observing that the
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Figure 2: POLySight develops amulti-static imaging platform
by synchronizing spatially separated mmWave radars and
mounted them on a 2D motion stage for synthesizing a large
aperture to image and classify objects’ materials.

reflected signal from materials only expresses polarization separa-
bility at a high incident angle and develops a distributed bi-static
polarimetric imaging SAR using commodity off-the-shelf mmWave
radars to extract it. We evaluate POLySight on a motion-stage
testbed and demonstrate an overall 96.33% classification accuracy
across 23 solid materials, 8 liquids and 4 powders.

At the heart of POLySight’s approach lies the observation that
the polarimetric behavior of materials only expresses itself in re-
flections at a large incident angle (i.e. Fresnel reflection). Extracting
this behavior requires a large distance between the transmit and
the receive antennas of an imaging radar that is infeasible for a
single commodity radar. Thus, we develop a distributed bi-static
mmWave radar configuration that uses the direct path between the
radars to synchronize and image the surface of the material using
synthetic aperture radar. The rest of this paper presents the above
observations and system design in more detail.
1. How do materials express their behavior in reflected sig-
nal’s polarization at mmWave frequencies? (Sec. 3)We con-
duct a measurement study using mmWave radars to determine the
polarization of the reflected signal from common materials. Our
observations demonstrate that the reflected polarization ratio is
exactly the same for multiple solid materials which does not help
for material sensing. Further, simply using amplitude and phase are
not enough to differentiate between many such materials. Finally,
we demonstrate that the polarization ratio starts diverging as the in-
cident angle increases and gets closer to the Brewster’s angle which
increases the contrast between similar materials. We back these
measurements with EM simulations to validate the findings. These
observations show that common materials are smooth at 77 GHz
and interactions with materials mostly follow the Fresnel reflection.
To the best of our knowledge, this is the first measurement study
and demonstration of polarimetry-based material classification at
the mmWave frequencies.
2. Designing a distributed mmWave platform to extract po-
larization at high incident angles. (Sec. 5) Given the need for
a large incident angle to extract separable polarization from the
materials, the transmit and receive antennas of the radar need to be
separated by a large distance (a meter). Yet, there are no commodity
mmWave platforms today that can support such operation. Hence,
POLySight seeks to develop a distributed mmWave platform by

synchronizing multiple small radars into a synchronized large radar.
POLySight designs this platform by engineering a direct path be-
tween the radars over-the-air to calibrate and synchronize at both
coarse and fine-grained levels. POLySight achieves a synchroniza-
tion calibration error of 138 Hz between the radars.
3. High-Resolution Imaging and Material Sensing (Sec. 6) We
use a 2D linear motion stage for high resolution imaging via SAR
to image the target at a resolution of 4.9 mm × 2.8 mm. At the
receivers, we align the two images across the axes and capture
the polarization ratios between the radars. We then use image
segmentation techniques to separate the objects and characterize
their materials by observing the polarimetric ratio distribution
across their surface.

We implement and evaluate POLySight using 3 commodity TI
AWR2243 mmWave radars and a 2D motion stage for SAR imaging
and material characterization of 36 materials spanning 23 solids, 8
liquids as well as 4 powders. Our evaluation demonstrates:

• 95.74% accuracy in classifying 23 solid materials, improv-
ing to 99.34% with multiple incident angle measurements.
(48.46% w/o POLySight)

• 96.5% accuracy in classifying 8 liquids (72.87% w/o
POLySight)

• 1.548% concentration detection accuracy for sugar solution.

Contributions: This paper’s contributions are as follows:
• We propose a novel material identification framework at
mmWave frequencies based on polarization-dependent re-
flectivity, and validate its effectiveness through proof-of-
concept experiments.

• We design and implement the multi-static SAR system ca-
pable of capturing linear polarization channels at arbitrary
angles using spatially separated and distributed commodity
mmWave radars.

• We developed a phase-level synchronization technique for
distributed radars, achieving sub-wavelength precision for
SAR imaging.

Limitations: Given the nascent nature of our work, our simplified
single interface specular reflection model has several limitations.
(1) First, the current system assumes a relatively flat surface on
the material to ensure the specular reflection. While SAR improves
imaging resolution, the effects of curved surfaces and roughness
levels are not considered in this study. (2) Further, the thickness
of the material can affect the result of reflectivity. This work only
classifies the surface reflections and only considers the reflection
from the first interface.

2 Related Work
Material Sensing Using Commodity Devices: Several prior
works such as TagScan, LiquID and LiqRay [8, 30, 33] have focused
on sensing materials by capturing the changes in wave propaga-
tion speed and attenuation through materials, yet remain too bulky
and have strict constraints on the container’s geometry, thereby
limiting their practicality. Other approaches [17, 32, 41] rely on
the surface tension, vibration signatures or tracking air bubbles to
classify liquids. At the mmWave frequencies, non-contact mmWave
vibrometry solutions [13, 18, 29] have detected micrometer-level
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Spectrum Method
Non-

Invasive
Polarimetry

Imaging
(Resolution)

Model-
based

Material

TagScan [33] RFID Penetration 4 6 4 (dm) 4 Liquids, Solids
LiquID [8] UWB Penetration 4 6 6 4 Liquids
WiMi [10] WiFi Penetration 4 6 6 4 Liquids
LiqRay [30] WiFi Penetration 4 6 6 4 Liquids
LiqDetector [34] mmWave Penetration 4 6 6 4 Liquids
Counterfeit Liq. [32] Camera Bubble Movement 6 6 N/A 4 Liquids
PowDew [42] Camera Droplet Movement 6 6 N/A 6 Powders
CapCam [41] Camera Vibration 6 6 N/A 4 Liquids
Vi-Liquid [17] IMU Vibration 6 6 N/A 4 Liquids
RFVibe [29] mmWave Vibration 4 6 6 6 Object-speci�c
MiLTOn [13] mmWave Vibration 4 6 6 6 Ceramic Cups
RadarCat [40] mmWave Range Pro�le 4 6 6 6 Object-speci�c
IntuWition [43] WiFi Backscatter 4 4 6 6 Solids
SiWa [45] UWB Backscatter 4 4 4 (cm) 6 Solids
TagTag [36] RFID Normal Re�ection 4 6 6 4 Liquids
mSense [35] mmWave Normal Re�ection 4 6 6 4 Object-speci�c

WiPainter [37] WiFi Re�ection 4 4
4 (dm)

(w/o/ phase)
4 Solids

POLySight (Ours) mmWave
Re�ected SAR at large

incident angle
4 4 4 (2.8 mm) 4

Fine-grained
Liquids, Solids,

Powders
Table 1: Comparison of related methods. ( Model-based : 4 -physics inspired model was used, 4 -physics constant were calculated)

Figure 3: Fresnel simulation of common materials highlighting the increased separation near the materials' Brewster angle

accuracy of vibration, solid material classi�cation as well as detect-
ing breakage. These solutions require active mechanical activation
of the object which remains too invasive.

Researchers have also explored classifying liquids [34] and
solids [35, 37, 43, 45] using the re�ected signals from the objects.
IntuWision, SiWa, M-Sense and WiPainter [35, 37, 43, 45] utilize
backscattered signals and polarization signatures, but due to limited
accuracy and resolution, some of them rely heavily on machine
learning, which reduces interpretability and generalizability.

In contrast,POLySight operates on mmWave SAR imaging and
polarimetry, enabling millimeter-level spatial resolution and polar-
ization dependent material sensing.POLySight moves the burden
of sensing e�ort from the object or material to the sensor. Hence,
our system has no strict geometric constraints and works for both
liquids and solids.

Radar Polarimetric Sensing: Radar polarimetry has been used
in the remote sensing communities over multiple decades for ex-
tracting the scattering coe�cients of the earth and has been applied
to various areas including climate [31], agriculture [25], and mili-
tary [7]. Ocean �ow, vegetation categories and urban areas can be
classi�ed by polarimetry SAR (polSAR) [6, 15]. polSAR was also
used in weapon and crack detection [3, 4]. POLySight develops a

polSAR at mmWave frequencies taking advantage of higher reso-
lution of imaging for �ne-grained material classi�cation. Unlike
remote sensing, everyday materials behave di�erently at 77 GHz as
shown in our measurement study in Sec. 3.2.POLySight develops a
multi-static imaging solution at mmWave frequencies by measuring
these Fresnel re�ections.

Bi- and Multi-Static Radar: Around the early 2000s, bi- and multi-
static SAR systems were �rst introduced for military surveillance
applications as they are inherently di�cult to detect [16]. Later, the
�rst space-based bi-static SAR system, TanDEM-X, was launched
for Earth observation and topographic mapping [1, 19]. These prior
works operate at small incidence angles by capturing the volu-
metric re�ections of di�erent land types. For commodity devices,
multiple-input multiple-output (MIMO) radar has gained signi�-
cant attention in recent decades due to its ability to achieve higher
angular resolution [11]. Further,[44] proposed a scalable phased-
MIMO architecture to reduce the cost and improve the scalability,
enabling more �exible and accessible MIMO radar deployments.

Unlike prior work, POLySight combines distributed COTS
FMCW mmWave radars that are originally designed for mono-
static operation to form a multi-static radar system. We achieve
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