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Figure 1: Reflector mechanisms. Red: rotational motion. Green: translational motion. Blue: flow motion.

ABSTRACT
Smart environment sensing provides valuable contextual informa-
tion by detecting occurrences of events such as human activities
and changes of object status, enabling computers to collect per-
sonal and environmental informatics to perform timely responses
to user’s needs. Conventional approaches either rely on tags that re-
quire batteries and frequent maintenance, or have limited detection
capabilities bounded by only a few coarsely predefined activities.
In response, this paper explores corner reflector mechanisms that
encode user interactions with everyday objects into structured
responses to millimeter wave radar, which has the potential for
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integration into smart environment entities such as speakers, light
bulbs, thermostats, and autonomous vehicles. We presented the
design space of 3D printed reflectors and gear mechanisms, which
are low-cost, durable, battery-free, and can retrofit to a wide array
of objects. These mechanisms convert the kinetic energy from user
interactions into rotational motions of corner reflectors which we
computationally designed with a genetic algorithm. We built an
end-to-end radar detection pipeline to recognize fine-grained ac-
tivity information such as state, direction, rate, count, and usage
based on the characteristics of radar responses. We conducted stud-
ies for multiple instrumented objects in both indoor and outdoor
environments, with promising results demonstrating the feasibility
of the proposed approach.

CCS CONCEPTS
• Hardware → Sensors and actuators; Sensor applications
and deployments; • Human-centered computing→ Human
computer interaction (HCI).
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1 INTRODUCTION
Detection of occurrences or changes in events, such as human activ-
ities, object statuses, and environmental conditions, offers powerful
insights about physical and social contexts, enabling computers in
the environment to respond or anticipate to users’ needs. Recog-
nizing these events has long been of great interest to researchers.
One straightforward approach is to equip sensors onto users or
objects and examine unique signals resulted from activities of in-
terest [4, 35, 36]. However, there exist challenges in massively de-
ploying these sensors in the environment due to their reliance
on batteries which often necessitate frequent maintenance. Other
approaches include remote sensors that detect signals traveling
through spaces, such as WiFi [40, 43, 57], sound [1], vibration [56],
and light [17, 26] to infer event changes in the environment. How-
ever, these approaches usually rely on complicated learning-based
inference techniques to leverage the implicit signal features, and
are only capable of detecting a coarsely predefined set of activi-
ties, which limits their practicality due to the high diversity and
granularity of activities in the environment.

All of the above factors hinder the large-scale implementation
of sensors for smart environment sensing, prompting this research
to explore alternative methods. Upon examining various activities
and events in the environment, we observed that the occurrence
of an activity usually involves physical movements of objects that
users interact with. Prior research has been able to detect the pres-
ence of activities by the installation of tagging mechanisms that
can be triggered by motions of objects. In a pioneering research,
Mechanobeat [58] first introduced interaction-powered harmonic
oscillation taggingmechanisms to highlight the use of objects’ phys-
ical movement for activity recognition. However, only presence of
activities can be detected while fine-grained information such as
motion direction and speed is missing. This fine-grained informa-
tion often constitutes an important contextual clue which is critical
for smart devices to make better inferences about their users and
surrounding environments.

We are inspired to expand the sensing capability by transform-
ing movements of objects into encoded RF responses, from which
fine-grained information about users and environments can be
extracted using a millimeter wave radar from centralized sensor
locations such as a smart light bulb on the ceiling or smart speakers
on a countertop. Millimeter wave radar, typically used in automo-
bile and security applications, has recently drawn the attention
of researchers in HCI for its potential to be integrated into smart
devices such as speakers, light bulbs, and thermostats to localize
users and enable gestural input [23, 42]. Specifically, we explored

using 3D printed corner reflector mechanisms to encode user inter-
actions with everyday objects. These mechanisms do not rely on
electronics or batteries, and can retrofit to a wide variety of every-
day objects hitchhiking their inherent mechanical structures (e.g.,
gears, hinges, tracks). By decoding radar responses, fine-grained
activity characteristics such as state, direction, rate, and usage can
be inferred. We investigated effective corner reflector mechanism
designs and developed the corresponding detection algorithm based
on first-principle signal analysis. We demonstrated our system with
15 everyday objects (Figure 1) in indoor and outdoor environments.

2 RELATEDWORK
2.1 Activity and Event Detection
Prior works detect occurrences of events that generate different
types of signals, including visible light [33, 75], vibration [56, 78],
RF broadcasts [5, 37, 62], acoustic signals [1, 36], electromagnetic
interference (EMI) [8, 22, 79] and air pressure [46, 65]. In terms of
sensor locations, researchers have developed wearable sensors to
detect human activities [9, 31, 52]. Commercially available wearable
sensors have seen success in health and fitness applications (e.g.,
smart ring [54]). Alternatively, sensors can be instrumented on
objects of interest such as doors, microwaves, faucets to monitor
their status [34, 77, 78].

These sensors are often powered by batteries, making their in-
evitable maintenance a significant cost of deploying them in the
long run. To eliminate the reliance on batteries, researchers turned
to develop self-powered sensors and systems that can harvest en-
ergy from environments [20, 75, 77] or from people [11, 68] to
supply the power for sensing. Another approach to addressing
power issue is to design sensors that contains no electronics and
leverages material properties (i.e., type, geometry, motion pattern)
for passive sensing [27, 30, 41, 58], with which our research shares
the same scope.

2.2 RF Sensing in HCI
Radio Frequency (RF) sensing has long been sought after, with a
majority of work focusing on the microwave range (e.g., WiFi, 2.4-
5 GHz) [60, 74] and millimeter wave range (30-300 GHz) [42, 53, 62].
Operating at these special frequencies, RF signals enables high-
fidelity sensing while preserving their innate advantages of being
non-contact and not constrained by lighting conditions [76, 80].

RF sensing has been used in a wide array of applications includ-
ing communications [44, 48], user identification and localization
[55]. Other sensing modalities of prior works center around human
activity recognition such as posture detection [32, 80], fall detection
[63], vital signal [59, 70], eating behavior [66] and sleeping posture
monitoring [71]. RF signals has also been used for sensing environ-
mental facets such as sound [45], humidity [12], temperature[7],
material [64, 72], and vibration [28].

The recent development of compact and solid-state millimeter
wave radars such as Google Soli [42] opens up opportunities to
enable interactive sensing such as hand gestures recognition [23],
tangible interaction sensing [21], and interactive controls [25, 69].
Our system builds upon this growing interest but differs by shifting
its focus from sensing human to sensing objects.

https://doi.org/10.1145/3586183.3606744
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3 SENSING PRINCIPLE
3.1 FMCW Radar
Millimeter wave (mmWave) radar, has drawn attention from re-
searchers in HCI due to its potential to enable a wide array of
sensing modalities with a compact sensor form factor and limited
privacy implications. At a frequency as high as 77 GHz, mmWave
signals are less affected by interference from other sources such as
Wi-Fi and Bluetooth signals, making it applicable for both indoor
and outdoor environments. Radars can reveal rich information of
targets including range and velocity, and those with beamforming
capabilities can even sense multiple concurrent activities on targets
scattered throughout the environment. Though radars are not as
high-resolution as cameras, they can still yield sufficient informa-
tion about targets such as shapes, deformation, posture changes for
activity detection.

Radars that feature mmWave are usually modulated with Fre-
quency Modulated Continuous Wave (FMCW) technology, which
has been documented in prior work [23, 42, 76] and will not be
detailed in this paper. In short, FMCW radar emits signals with
linearly varying frequency, called chirps, and gets range and ve-
locity of the target by measuring frequency and phase shift of the
reflected signals. This chirp mechanism allows the detection of tiny
displacement within a short duration (`𝑠 level), which is ideal for
sensing moving objects. Besides, the power of received signals in
a radar system with transmission power 𝑃𝑡 , transmitter gain 𝐺𝑡 ,
receiver gain 𝐺𝑟 and wavelength _, measured by Equation 1 [49],
depends on the distance𝐷 between radar and the target, specifically
its radar cross section (RCS) 𝜎 of the target and a loss factor 𝐿.

𝑃𝑟 =
𝑃𝑡𝐺𝑡𝐺𝑟_

2𝜎

(4𝜋)3𝐷4𝐿
(1)

Though the reflectivity of a target (i.e., its RCS) is not the only
factor that affect the magnitude of received signals, we found in
practice that it is the dominant signal that explains the variance
of received signals in the case of objects deployed in the environ-
ment. This is the main sensing principle we leverage in this paper –
correlating the power of received signal with the RCS change of a
target. Of note that the innate reflectivity changes of objects due
to their movements in response to user interactions are modest,
ambiguous, and heavily affected by variances in user motions, and
thus we designed reflector mechanisms to encode these movements
to facilitate their detection.

3.2 RF Reflector
RF reflectors are conventionally used to enhance RF reflections.
They have been used for communication [44], localization [55],
redirection [48], along with many novel use cases in research (e.g.,
CubeSense [69]). RF reflectors can be as simple as a flat metal
sheet which appears as "a mirror" to incident waves. Leveraging
the rapid development of wireless technologies such as Wi-Fi and
radar, recent research has innovated reflectors with unique shapes,
structures and materials that allow specific control of signal propa-
gation, such as metasurfaces [2, 48], 3D-fabricated reflectors [67],
frequency selective surface (FSS) reflectors [29].

Figure 2: A: Front view of a triangular corner reflector. 𝜑
is the Azimuth angle. B: Side view of the reflector. \ is the
Elevation angle. C: Effective aperture area (highlighted in
green) with an incident angle of 𝜑 = 45◦, \ = 15◦, 35◦, 55◦, 75◦.

Retro-reflectors are a common type of RF reflectors that reflect
RF waves back to their source. Van Atta array is a common retro-
reflector that uses conductive antenna pairs with strategically de-
signed lengths on planar surfaces to adjust the phase of incoming
RF signals [55]. Corner reflectors, commonly made up of three
mutually perpendicular plates, are often used in radar systems for
detection [13, 73] and calibration [19]. Incident waves undergo mul-
tiple reflections within the "corner" and eventually reflected back to
their sources. Note that this redirection of waves can happen only
when incident waves land on certain areas of a corner reflector,
denoted by effective aperture area 𝐴𝑒 𝑓 𝑓 . The effective aperture
decides RCS, which describes the reflectivity of a corner reflector
and is estimated by Equation 2, where _ is wavelength and 𝑅 is the
reflection coefficient derived from Fresnel equation [15, 16, 50].

𝜎 = 4𝜋𝑅𝐴2
𝑒 𝑓 𝑓

/_2 (2)

This equation shows three following factors that can change the
magnitude of RCS, which we considered in the design of reflector
mechanisms that encode user interactions into RCS changes. We
selected corner reflectors to implement our reflector mechanisms
for their following merits:

(1) They offer a relatively large RCS compared to their size,
leading to a high Signal-to-Noise Ratio (SNR) and consequently
improved detection capabilities.

(2) They provide wide-angle reflection, making them suitable
for applications involving moving objects or unpredictable radar
locations in the environment.

(3) Their RCS can be described mathematically, enabling the com-
putational design of reflectors through first-principle approaches.

(4) Their simple structure and passive operation ensure durability,
affordability, and ease of manufacture.
Factor 1: Material Interface materials can affect magnitude of
reflected waves due to the difference in electrical properties, which
can be measured in Equation 3 by the reflection coefficient:
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𝑅 =

�����−Y𝑟 cos\𝑖 +
√︁
Y𝑟 − sin2 \𝑖

Y𝑟 cos\𝑖 +
√︁
Y𝑟 − sin2 \𝑖

�����2 (3)

where \𝑖 is the incident angle, and Y𝑟 is the relative complex
permittivity of a material given by Y𝑟 = Y′ − 𝑗 𝜎

2𝜋 𝑓 Y0 with the real
part associated with degree of polarization of a material and the
imaginary part the dielectric loss, 𝜎 is conductivity of the material,
Y0 is the vacuum permittivity, and 𝑓 is the frequency of RF waves
[16]. At radio frequencies, conductive materials such as metals ex-
hibit a dominant imaginary part in their relative permittivity Y𝑟 due
to their high conductivity, which leads to higher reflectivity of radio
waves [47]. Dielectric materials such as plastic, however, absorb
radio waves due to lack of free electrons to radiate incoming signals
as opposed to metals, and thus result in greater loss and smaller
RCS [3]. In practice, we found that material is not an effective factor
for tuning RCS because of the limited dynamic range resulted from
common materials (e.g., plastic and metal).
Factor 2: Orientation 𝐴𝑒 𝑓 𝑓 is orientation-dependent and can be
calculated as intersection between the open aperture and an in-
verted image aperture of corner reflector using geometric optics
model [15]. Figure 2 shows an example of aperture area varying as
the angle of the incident RF signal changes. To verify RCS changes
with orientation, we ran a simulation with CST studio [10]. Specifi-
cally, we modeled a square corner reflector made of 5 cm perfect-
electric-conductor (PEC) and swept both azimuth and elevation
around 0-90◦. Figure 3 A shows the simulated radiation pattern in
3D space. There are three side lobes besides the main lobe due to
reflection on the three unit plates when the incident waves land
perpendicular to them. This is aligned with the signal pattern we
measured in the real world which we will discuss in Section 4.
Factor 3: Geometry Geometry includes the shape as well as the
size of the unit plate on a corner reflector. Common shapes of a unit
plate include triangular, circular and square. With the same shape,
RCS varies with the edge length 𝑎, which decides the size of the unit
plate and that of the overall corner reflector. Prior work has also
proven 𝜎 (𝑎) ∝ 𝑎4 at boresight [13–15]. To verify the correlation of
RCS with 𝑎, we ran simulations for corner reflectors of 1-5 cm (at
an 1 cm interval) edge length, and plotted RCS along the azimuth
plane (with an Elevation angle of 35◦). The result is shown in Figure
3 B, indicating that RCS increases with 𝑎 for most incident Azimuth
angles (i.e., 10 - 80◦).

Furthermore, among these three factors (i.e., material, orienta-
tion, and geometry) on RCS of corner reflectors, we utilized orien-
tation and geometry to induce RCS changes. Compared with these
two factors, changes of material induce a narrower dynamic range
of RCS and therefore was skipped in the implementation of our
reflector mechanism. Our observation, as shown in Figure 3, un-
veils that rotations of a single corner reflector could induce RCS
changes from a static radar’s perspective. The rotation of one single
corner induces periodic peaks of RF reflection which could reveal
the status (i.e., on/off) and rate (i.e., speed and frequency) of activi-
ties. To encode richer information (e.g., direction), we concatenated
multiple corner reflectors with different geometries along the pe-
riphery of a rotatory platform. The platform’s rotation is driven by
the movements of objects powered by user interactions through a

Figure 3: Simulation results. A: Radiation pattern of a square
corner reflector (upper left: corner reflector model). B: RCS
of corner reflector with different sizes (\ = 35◦).

Figure 4: A: A pipe mechanism using magnetic coupling to
enable an external rotation driven by the internal flow. The
other set of magnets (shown at bottom left) is attached to the
underside of the reflector. B: Radar sensor setup.

linkage gear mechanism. Depending on the direction of rotation,
the RF reflection will manifest as distinct time sequences, which
can be exploited by a detection algorithm to decode directional
information

4 IMPLEMENTATION
4.1 Overview
Before detailing our system, we discuss some design considera-
tions of reflector mechanisms that should be taken into account for
achieving better sensing performance.

(1) The reflector mechanisms should generate signals with suf-
ficient SNR to make it distinguishable in an environment, where
stationary and dynamic objects (e.g., people and appliances in a
home environment; moving cars and pedestrians in a city environ-
ment) constantly exist in the background. Strong and distinctive
signals bolster the system’s accuracy and reliability, ensuring its
performance amid unpredictable background noise.

(2) The reflector mechanisms should encode different object sta-
tus (e.g., on/off, direction, magnitude) with different signal charac-
teristics (e.g., frequency, amplitude, phase). The difference between
these signal patterns should be distinct and easy to be recognized
by the radar receivers.

(3) The reflectormechanisms should be easy to fabricate, versatile
to be instrumented on various host objects. They should be flexible
and low-cost to deploy, and ideally have compact form factors for
minimum intrusiveness.
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Based on these considerations, we designed a series of electronic-
free, 3D-printed reflector mechanisms for everyday objects, which
can communicate with an millimeter wave radar wirelessly with
rich information of their host objects. Specifically, to avoid interfer-
ence of usermovements, we encode speed ofmotions into frequency
of signals, at a range much higher than human body movement
(e.g., 1-3 steps/s while walking, running or jumping). Gear ratios
were carefully selected in designing gear mechanisms that convert
user interactions (i.e., object movements) into the rotation of our
reflector mechanisms.

To detect direction of movements, we encode the direction of
the reflector mechanism’s rotation into the slope polarity of the
envelope signal containing the reflection peaks induced by corner
reflectors. By changing the geometry of the corner reflector facing
toward the radar through the rotation of the reflector mechanism, it
exhibits a gradual increase or decrease of RCS depending on the ro-
tation direction (i.e., clockwise vs. counter-clockwise). We adopted
a computational design approach to finalize the configurations of
the reflector and proved its superiority against alternative designs.

4.2 Reflector Mechanism
4.2.1 Motion Transformation. We found three common types of
movements on objects deployed in the environment: translational
(i.e., sliding contact), rotational (i.e., hinged contact), and flow (i.e.,
fluid contact). These motions can be transformed by using mecha-
nisms to achieve a desired rotational speed of the reflector mecha-
nism.

To ensure optimal signal quality, the rotating speed (or fre-
quency) of our reflector, denoted as 𝑓𝑟𝑒 𝑓 𝑙𝑒𝑐𝑡𝑜𝑟 in revolutions per
second (or Hz), must have a high value that gives its motion sig-
nal a sufficient margin against signals induced by human body
motion, denoted as 𝑓ℎ𝑢𝑚𝑎𝑛 , and a maximum value that does not
exceed 𝑓𝑟𝑎𝑑𝑎𝑟 /2𝑛, where 𝑓𝑟𝑎𝑑𝑎𝑟 /2 is the Nyquist frequency of the
maximum frame rate threshold of the radar 𝑓𝑟𝑎𝑑𝑎𝑟 , and 𝑛 is the
number of reflectors in the reflector mechanism. This relationship
is captured by Equation 4. Additionally, the reflector must revolve
at least one complete turn at every trial of the activity so that the
signal can exhibit a gradual change in RCS.

𝑓ℎ𝑢𝑚𝑎𝑛 ≪ 𝑓𝑟𝑒 𝑓 𝑙𝑒𝑐𝑡𝑜𝑟 < 𝑓𝑟𝑎𝑑𝑎𝑟 /2𝑛 (4)

Thus, for short-stroke motions such as hinged objects, which
typically operate at a quarter revolution (for opening or closing), we
design a mechanism with a 1:16 gear ratio to simultaneously satisfy
both criteria. This allows the transformation of rotational motion
to output a valid 𝑓𝑟𝑒 𝑓 𝑙𝑒𝑐𝑡𝑜𝑟 by multiplying the interaction speed
by 16, ensuring a high enough frequency to be discriminated from
human motion while allowing the reflector mechanism to revolve
4 times in a single operation. On the other hand, for long-stroke
motions such as sliding objects or continuous stroke motions such
as fluid flow, we design a mechanism with a 1:1 gear ratio, which
we found sufficient to yield high-SNR signals.

4.2.2 Magnetic Coupling. The mechanism for the flow motion of
liquid running inside pipes requires a special design (Figure 4 A).
For example, the mechanism instrumented on an outdoor faucet

Figure 5: Geometry and signals of different reflectors. The
weight and printing time are approximated based on the
printing parameters used with the Ultimaker S5 3D Printer
[51], including a layer height of 0.2 mm and 10 % infill. A:
Reflector with cone-shaped shield. B: Hemisphere-shaped
reflector with four parallel pockets. C: Hemisphere-shaped
reflector with computationally designed pockets.

has one end attached to the valve and the other end to the hose. We
used magnetic coupling to facilitate movement between the water
wheel driven by the internal water flow and the external fixture that
rotates the reflector without having gaps that often cause leakage
in our early iterations. The water wheel was 3D printed with PLA.
We found that the mechanism could achieve high radial movement
with minimal resistance, further reducing the risk of leaks and
increasing durability over time.

4.2.3 Reflector Geometry Design. First, we ensured the visibility
of reflectors to radars at arbitrary deployment positions by having
an array of corner reflectors on a hemisphere-shaped platform (i.e.,
a hemisphere-shaped reflector). Our reflector was designed with
a hemisphere shape without sharp edges to be less intrusive to
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Figure 6: A: Top view of the hemisphere-shaped reflector,
pocket arrangement and incident waves. B: Objective values
of 18 solutions. C: Top view of reflector with radius=4.4, 4.0,
3.6, 2.8, 2.6 cm for pocket 1 - 5. D: Simulated RCS (i.e., 𝐻 ) of
the reflector, peaks and the fitted model.

both users and environment, making it more practical in real-world
applications. The corner reflectors on it ensure a wide range of
workable incidence angles, allowing our reflector mechanisms to
work with many radar locations (e.g., smart speakers, light bulbs).

Second, we select the approach to change reflectivity of the
hemisphere-shaped reflector as it rotates. One straightforward ap-
proach is using a shield with various sizes of vents in front of a
corner reflector to control the reflection of incoming signals. Specif-
ically, we designed a cone-shaped shield with see-through vents
that can rotate with gears, and a stationary corner reflector po-
sitioned inside the shield (Figure 5 A). We eventually abandoned
this design for its delicate mechanical components, making it more
challenging to set up (i.e., printing time, material consumption, and
installation); and comparatively lower SNRs than the rest of the
candidate designs.

We found it more feasible to leverage orientation and geometry
factors discussed in Section 3, by concatenating multiple corner
reflectors on a rotatory platform to get expected RF reflectivity
pattern. In the following discussions, we use "pocket" to denote
a single corner reflector on the hemisphere-shaped reflector. Our
first prototype divided a hemisphere into four pockets with various
sizes, and each with its edges parallel to those of its adjacent pocket
(Figure 5 B). However, we found that it often yielded many side
spikes of RF reflection, which we suspected were resulting from
their unit plates when they were perpendicular to radar incident
waves and from the margins between pockets. These side spikes
pose challenges to our signal processing and information decoding
algorithms and should be minimized, for which we decided to
conduct another round of iteration.

We took a computational design approach for which we revised
our design goal into: determining a concatenation of 𝑛 pockets,
with each pocket having an edge length of 𝑟𝑖 , to have a monotonic
RCS change across incident azimuth angles ranging from 0 to 360◦.

Each pocket is described by 𝑃𝑖 = (𝐶𝑖 , 𝐸𝑖 , 𝐸𝑖 ′) with two edge vec-
tors ®𝑣𝑖 and ®𝑣𝑖 ′. Edge vectors point from centers 𝐶𝑖 to points on
the hemisphere periphery 𝐸𝑖 (Figure 6 A). Of note that 𝐸𝑖+1 = 𝐸𝑖

′.
For each incident wave ®𝑣𝐼 (𝜑𝐼 ∈ [0, 2𝜋]), we calculate RCS of the
reflector across 0 - 360◦ by Equation 5, where 𝑢 (·) is the unit step
function neglecting pockets pointing away from the radar, 𝑟𝑐𝑠 (·) is
derived from simulation in Section 3 and→ is a vector projection.
Specifically, RCS of a corner reflector is symmetric along the bore-
sight (i.e., Azimuth angle = 45◦, Elevation angle = 35◦), so we only
consider the azimuth plane on the boresight. We further assumed
that only those pockets, whose two edge vectors each form an angle
between 0 and 90◦ with the incident vector, are capable of inducing
a reflection back to the radar.

𝑅𝐶𝑆 (®𝑣𝐼 ) =
𝑛∑︁
𝑖=1

𝑢 ( ®𝑣𝑖 · ®𝑣𝐼 )𝑢 ( ®𝑣𝑖 ′ · ®𝑣𝐼 )𝑟𝑐𝑠 (𝑟𝑖 , ®𝑣𝐼 → 𝑃𝑖 ) (5)

Corner reflectors, even a small one, can induce strong reflection
to the radar compared to environmental noise, resulting in a "peak"
of radar response as it rotates. Pockets with different edge lengths
yield different "peak" characteristics, which are what we leverage to
encode information. This encoding mechanism is akin to amplitude
modulation which has been widely used in communication. We
define a new term to describe the hemisphere-shaped reflector that
has a pocket array:

𝐻 = 𝑅𝐶𝑆 ( ®𝑣𝐼 )
𝑟1,𝑟2,...,𝑟𝑛

(6)

We define peaks (𝑝𝑘1, 𝑝𝑘2, ...) induced when 𝐻 rotates with cer-
tain constraints (i.e., the length of the peak array should be greater
than 3) and fit them with a linear regression model using coeffi-
cients 𝑚, 𝑏 and fitting error 𝑟𝑚𝑠𝑒 . Then we solve the following
constrained multi-objective optimization problem to find the opti-
mal combination of pockets 𝑝𝑖 ,

argmin
𝑟1,𝑟2,...,𝑟𝑛

𝑚,−𝑏, 𝑛𝑟𝑚𝑠𝑒

subject to 𝑟𝑚𝑖𝑛 ≤ 𝑟𝑖 ≤ 𝑅,

0 ≤ 𝑟𝑖+1 − 𝑟𝑖 ,

𝑛∑︁
𝑖=1

2𝜋𝑟𝑖
4

≤ 2𝜋𝑅.

where 𝑛𝑟𝑚𝑠𝑒 is the normalized fitting error, which we used to
facilitate comparison between models. 𝑟𝑚𝑖𝑛 is the radius of the
smallest pocket bounded by environmental factors such as distance
to the radar and ambient noise to ensure certain SNR (Equation
7). 𝑅 is the radius of the hemisphere-shaped reflector. Of note that
we assume that the hemisphere-shaped reflector rotates starting
with the largest pocket facing the radar, and thus𝑚 needs to be as
small as possible for yielding distinctive slope polarity, facilitating
the direction detection. In the opposite rotation direction,𝑚 will
guarantee to be the largest, assuring that one solution is optimal
for both directions. We also reward a large 𝑏 which is equivalent
to a strong reflection when the largest pocket is facing the radar,
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Figure 7: Reflectors made of Aluminium, Steel, and PLA;
their fabrication details; and their signals collected from a
mmWave radar positioned at 2.6 m away.

facilitating the detection of activity presence. This optimization
problem is solved by a genetic search algorithm [6] in Matlab.

𝑚𝑖𝑛 𝑟𝑖 ∝ 𝜎𝑖 ∝
(𝑆𝑁𝑅)𝑃𝑛𝑜𝑖𝑠𝑒 (4𝜋)3𝐷4𝐿

𝑃𝑡𝐺𝑡𝐺𝑟_
2 (7)

We empirically choose 𝑛 = 5, 𝑟𝑚𝑖𝑛 = 1 𝑐𝑚, 𝑅 = 4.4 𝑐𝑚 for our
reflector design, and a step of 0.2 cm for the searching space of 𝑟𝑖
given our fabrication resolution. Figure 6 B shows objective func-
tion values at 18 different solutions. We selected one of the solutions
by manually examining their simulated RCS patterns and picked
the radius set of 4.4, 4.0, 3.6, 2.8, 2.6 cm for our design (Figure 6
C, D). This decision was based on design considerations such as
RCS pattern including the number and magnitude of spikes, peak
characteristics as well as the space efficiency of the pocket arrange-
ment on the hemisphere. This computational design of reflectors
strengthened their signal characteristic and facilitated their detec-
tion, for which we design a first-principle-based algorithm, as we
will discuss in Section 4.4.

4.2.4 Reflector Material Selection. According to the discussion in
Section 3.2, metals generally create stronger reflection than di-
electric materials such as plastic, allowing more compact reflector
designs that can be used in productization. We reached out to man-
ufacturers and made reflectors out of aluminum alloy and steel
with our computationally designed reflector geometry. Figure 7
shows results indicating that metal-printed reflectors induce strong
reflection (2 - 4 times stronger than that of PLA + aluminum foil)
and exhibit more distinctive signal patterns. However, metal fabri-
cation was time- and cost-intensive due to its limited accessibility
to the general public. This issue could become negligible once the
fabrication of these reflectors transitions to a mass production scale.
In this research, we followed a fabrication approach found effective
in a prior work [69] to implement our reflector mechanisms, taking
advantage of 3D printing as a rapid and cost-effective fabrication
approach to yield complex and customized shapes. Specifically,

we first 3D-printed reflector substrates out of PLA. To enhance
reflectivity, we then attached a thin, conductive aluminum foil to
the pockets of the hemisphere-shaped reflector. Our end result is
low-cost, durable, and flexible to be deployed in various sizes.

4.3 Hardware
Our sensing system is based on TI’s AWR1843 radar operating at 77-
81 GHz. The sensor has three transmitters and four receivers with a
120◦ and 30◦ field of view in the Azimuth plane and Elevation plane
respectively. We configured this radar to operate at a frame rate
of 500 by sequentially emitting 1 chirp per transmitter per frame.
We used this configuration to achieve a high frame rate of RCS
sensing while being insensitive to velocity (i.e., speeds of object
movement and reflector rotation) by not having multiple chirps
within a frame. This is because our sensing principle is based on
RCS changes rather than movements which often constitute noise
(i.e., human motion) to our sensing. To ensure the separation of
reflector mechanisms (∼9 cm diameter) among objects, we used a
chirp configuration of bandwidth = 1.8 GHz, chirp time = 60 `𝑠 , adc
samples = 256, resulting in a maximum sensing range of 22 m and
a range resolution of 9.7 cm. At this resolution, multiple objects
could be easily separated so long as their reflector mechanisms are
not sharing the same range-azimuth bin. Specifically, we measured
that signals from a reflector are attenuated by -20dB in a bounding
box (i.e., a potential location for another reflector) if the bounding
box is placed 29 cm, 38 cm, 45 cm apart from the reflector at 1 m,
2 m and 3 m ranges. This measurement confirmed that our radar
configuration is adequate for detecting multiple objects, since many
household appliances (e.g., drawer, door) are spaced more than
1 m apart. The complex (I/Q) data samples are streamed by the
DCA1000EVM data capture module to a laptop over an Ethernet
cable for further processing.

4.4 Software
The raw ADC data, stored as a stream of 256x8 matrices, is pro-
cessed with FFT to obtain range-azimuth profiles, allowing us to
locate reflector mechanisms in the environment. We measure the
average received power within a region of interest (ROI) over time
and obtain a time sequence, to which a sliding window with 512
window length (WL) is applied to examine the signal character-
istics and estimate the object status in real-time. Specifically, we
used the following algorithm to determine the presence of an event,
direction, speed, angle, and uses of target objects, where 𝑇ℎ𝑟𝑒𝑑ℎ𝑖𝑔ℎ
and 𝑇ℎ𝑟𝑒𝑑𝑙𝑜𝑤 are threshold values determined by host object and
its environment, 𝑃𝑊 is minimum peak width used to eliminate
spikes of noise. All the above parameters as well as the ranges
and angles of the reflectors instrumented in the environment are
obtained during system calibration. We developed Algorithm 1 for
the detection of the presence and other rich information of events.

To demonstrate the effectiveness of our algorithm, we used data
collected from one instrumented object (i.e., a CNC enclosure) as
an example. Figure 8 shows the raw signals from a single trial of
opening and closing, from which we can see that the event occur-
rence can be segmented by applying thresholds to the frequency
spectrum. Figure 8 C and D show detailed characteristics of the
time series, wherein the envelopes of peaks from an opening trial
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Figure 8: A: Signals of a single trial of opening and closing
the CNC enclosure. B is obtained by applying FFT to signals
within a window (size=512) that slides along the time axis
and sums the high frequency components (> 50 Hz). C and D
are signals from the two specific regions of A, with orange
crosshairs representing the detected peaks.

feature a triangular wave pattern with a large peak followed by a
decreasing ramp while a closing trial shows an increasing ramp
followed by a sudden drop in signal magnitude. Furthermore, we
collected data for different interaction scenarios including opening
the CNC enclosure door at angles of 45◦, 90◦, 135◦ and 180◦ as
well as at low, medium and high speed respectively. The results are
shown in Figure 9, indicating the feasibility of sensing these fine-
grained information about activities with our encoding mechanism
and detection algorithm.

5 EVALUATION
We deployed 14 mechanisms in two indoor environments (i.e.,
maker space and office) and one outdoor environment (i.e., house

Figure 9: Fine-grained information about activities including
direction (A), angle (B), and speed (C) can be detected.

Algorithm 1 Event detection algorithm
Input: signal sequence𝑤1,𝑤2, ...,𝑤𝑛

Output: 𝑃𝑟𝑒𝑠𝑒𝑛𝑐𝑒, 𝑆𝑝𝑒𝑒𝑑,𝐴𝑛𝑔𝑙𝑒, 𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛
1: while𝑤𝑖 received do
2: 𝑓𝑤𝑖

= 𝐹𝐹𝑇 (𝑤𝑖 ), apply a low pass filter on 𝑓𝑤𝑖

3: sum high frequency bins of 𝑓𝑤𝑖
to obtain 𝑓ℎ𝑓

4: if 𝑓ℎ𝑓 ∈ (𝑇ℎ𝑟𝑒𝑑ℎ𝑖𝑔ℎ,𝑇ℎ𝑟𝑒𝑑𝑙𝑜𝑤) then
5: presence = true -> presence
6: end if
7: 𝑝𝑒𝑎𝑘𝑠 = 𝑓 𝑖𝑛𝑑𝑃𝑒𝑎𝑘𝑠 (𝑤𝑖 , 𝑃𝑊 )
8: calculate derivative of 𝑝𝑒𝑎𝑘𝑠 , count number of positive de-

rivative 𝑁𝑃𝑜𝑠 and negative derivative 𝑁𝑁𝑒𝑔

9: end while
10: obtain𝑤𝑒 from all𝑤𝑖 with 𝑃𝑟𝑒𝑠𝑒𝑛𝑐𝑒 = 𝑡𝑟𝑢𝑒

11: while𝑤𝑒 exists, window size𝑊𝐿𝑒 do
12: 𝑝𝑒𝑎𝑘𝑠𝑒 = 𝑓 𝑖𝑛𝑑𝑃𝑒𝑎𝑘𝑠 (𝑤𝑒 , 𝑃𝑊 )
13: calculate derivative 𝑝𝑒𝑎𝑘𝑠𝑑𝑖 𝑓 𝑓
14: get 𝑖𝑑𝑥 =𝑚𝑎𝑥 (𝑎𝑏𝑠 (𝑝𝑒𝑎𝑘𝑠𝑑𝑖 𝑓 𝑓 ))
15: direction ∝ polarity of 𝑝𝑒𝑎𝑘𝑠𝑑𝑖 𝑓 𝑓 (𝑖𝑑𝑥) -> direction

16: angle ∝ max(𝑁𝑃𝑜𝑠,𝑁𝑁𝑒𝑔)
𝑊𝐿𝑒

-> angle
17: speed ∝ 𝑓ℎ𝑓 -> speed
18: end while

backyard), as shown in Figure 10. Details of these mechanisms can
be found in Figure 1. Of note that we omitted the anemometer for
the difficulty of inducing its ground-truth signals in the study. At
each location, the radar sensor was affixed at a certain location and
went through a calibration process prior to the testing. This process
included adjusting orientation, selecting a region of interest, and
setting thresholds. Two experimenters conducted three rounds of
testing for each object at each location. Specifically, one round of
testing started with a 10-minute data collection during which ob-
jects were idle and experimenters performed daily activities such as
working, talking, eating, walking, and exercising. Then, an experi-
menter performed 10 trials of operation on one object (i.e., one trial
includes one complete opening and one closing operation) with
approximately 2 seconds interval, until all objects were tested. The
environments were occupied and exposed to users and elements
expected to be seen in everyday settings (e.g., users walking in the
maker space, windy weather in the backyard).

An example of signals from one round of testing (i.e., 10-minute
data and 20 trials) for the storage container is shown in Figure
11. We found that signals resulting from reflector mechanisms
(i.e., the thick oscillations in Figure 11 B and C) were much more
distinctive than idle signals (i.e., signals in between oscillations). We
also observed that activities involving RF reflective materials, such
as opening or closing a laptop (spikes in Figure 11 A), had a higher
chance of triggering false positive detection. This observation was
common across all objects we tested in this study and validated the
effectiveness of our reflector design.

Our dataset consisted of 840 trials of operation, and the results
showed a low false positive rate (only 5 times out of all the 10-
minute idle data collection from the 14 mechanisms, counting 7
hours in total) and a true positive rate of 98.25% for use detection.
On average, direction detection accuracy was 80.2%. The table at
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Figure 10: Deployment details. Left: Floor plans of the three locations in the evaluation. Colored dots are objects instrumented
with mechanisms as shown in Figure 1. The orange stars denote the radar sensor with the number indicating its height to the
ground (in meters). Right: Detection accuracies. Note that the treadmill and faucet are unidirectional objects and were excluded
from the evaluation of the direction detection.

the right side of Figure 10 shows the detection accuracies for each
object. We found a minimum impact from the variations in envi-
ronments and object locations on the detection of object use. A
more significant impact was found on the detection of direction.
As the distance between objects and the radar sensors increased,
the direction detection accuracy decreased, for the lower SNR due
to the larger path loss of radar signals during the transmission.

6 DISCUSSION
One obvious limitation is the limited sensing capability on objects
out of radar’s line of sight. The penetration capability of RF waves
decreases with their wavelength in the GHz frequency bands assum-
ing a constant power. However, shorter waves enable sensing with
higher spatial resolutions that allow better differentiation between

Figure 11: A round of testing for the storage container. Ten
minutes of data collected when no objects were in use in an
occupied environment (A). One minute of 10 trials of opera-
tion in a quiet environment (B) and in a busy environment
where people were walking around (C).

multiple objects in the environment as well as smaller reflector
form factors. To mitigate this limitation, one possible solution is to
leverage reflections of RF waves on everyday surfaces. This solution
has shown promise in prior works demonstrating Non-line-of-sight
(NLOS) radar sensing techniques [18, 24, 61].

Currently, reflectors are registered to locations (i.e., unique com-
binations of Range, Azimuth, and Elevation) of their host objects,
thus necessitating a manual calibration process. However, this cali-
bration is only required at the installation or when object location
changes, which is often infrequent for many objects (e.g., facets,
doors, windows). The effort required for calibration is comparable
to setting up new IoT devices. Nonetheless, we recognize this as
a limitation of our current approach. Sensing movable objects is
unachievable through this location-based identification. Looking
ahead, hybrid sensing approaches (e.g., with RFID) and advanced
signal processing could potentially facilitate the identification of
objects and thus eliminate the need for calibration.

Another challenge is the design of gear mechanisms that retrofit
existing environments. Particularly for hinged objects, the axis of
rotation is difficult to locate. We expect sensor-aided approaches
using vision or IMU sensors on mobile devices to be possible, as
shown in prior work [38, 39]. Additionally, the gear mechanisms are
bulky in our current design, however, smaller gearboxes exist and
could be achieved with superior fabrication methods (e.g., metal
printing). A long-term solution to eliminate a user’s installation
effort and to minimize the reflector form factor is to integrate the
reflector mechanism into the manufacture of everyday objects, or
to be provided as accessories by the manufacturers as an optional
enhancement (akin to the furniture wall straps).

Though we did not demonstrate concurrent activity sensing, we
noted that activities that are sufficiently separated should be able to
be independently detected due to the minimal interference caused
by overlapping of reflection on the range-azimuthmap. Nonetheless,
further research is necessary to extensively explore its feasibility.
Future work could utilize advanced beam-forming approaches to
distinguish signals from various sources in complex environments
that involve multi-path interference, as well as overcome security
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challenges including spoofing and MITM attacks, both of which
are limitations of our sensing approach.

7 CONCLUSION
We introduced a new method of utilizing mmWave radar for detect-
ing activities in user environments. Our approach enables various
sensing modes that take advantage of low-cost reflector mecha-
nisms which are entirely passive to encode activities to charac-
teristic RF reflections. With a careful computationally generated
design, these reflectors can facilitate a wide range of smart environ-
ment applications that currently rely on more expensive and high-
maintenance infrastructure. In addition to detecting the presence
of activities, our approach also detects the direction and speed/rate
of activities yielding richer contextual information. The study con-
ducted at three different locations demonstrates the robustness of
our approach with extremely low false positive rates across dis-
tances and angles. We envision our approach to be incorporated
into future IoT devices such as smart light bulbs, speakers, ther-
mostats, and service robots, to enhance their capacity to infer user
context and thus improve their capability to serve.
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