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Abstract
RFID has revolutionized item-level intelligence in IoT ecosystems,
yet static localization with passive tags remains challenging due to
multipath interference inherent in RF signals. We present LuxTag,
the first system to enable visible light-based sensing and localiza-
tion using standard, commercial RFID tags by transforming them
into ambient light sensors. Our key insight leverages the discovery
that photon-induced leakage currents in passive RFID ICs modulate
their persistence time (i.e., the duration a tag remains operational
after RF excitation ceases) proportional to ambient illuminance.
LuxTag introduces two innovations: (i) a first-principles model
characterizing how ambient light alters tag persistence time, en-
abling battery-free light sensing without hardware modifications;
(ii) a differential measurement technique and zero-shot calibration
method to isolate light effects and autonomously derive tag param-
eters, ensuring robust and accurate static localization system using
COTS RFID infrastructure. Extensive experiments demonstrate that
LuxTag achieves a mean light intensity error of 3.6 lux and 60.7%
improvement over state-of-the-art static RFID localization. By syn-
ergizing the ubiquity of RFIDwith themultipath resilience of optical
sensing, LuxTag opens new avenues for static RFID localization in
smart warehouses, retails, and beyond.

CCS Concepts
• Networks→ Sensor networks; Location based services.
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Figure 1: Overview of LuxTag: Enabling a passive, standard
COTS RFID tag to do ambient light sensing and localization.
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1 Introduction
Radio Frequency Identification (RFID) has emerged as a pivotal
technology for pervasive item-level intelligence in IoT ecosys-
tems. The deployment of battery-free passive tags (<$0.02/unit)
enables cost-effective digitalization of physical objects across sup-
ply chains [21, 25, 37], access control systems [9, 33], and smart
environments [19, 30, 31]. Beyond mere identification, the poten-
tial for RFID systems to provide precise localization has spurred
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significant research interest [14, 16, 22, 28, 34]. Accurate, low-cost
item tracking within complex environments like warehouses, retail
spaces, or smart factories remains a critical challenge, driving the
development of RFID-based localization techniques.

Applications that require high-accuracy RFID localization, espe-
cially static RFID localization – where both tags and infrastructure
(reader) remain fixed – are abundant across industries. For example,
in modern warehouses, static RFID localization can improve the ac-
curacy and speed of inventory tracking by providing real-time, pre-
cise location data for each item. This allows for automatic updates
to inventory levels, reducing human error, improving efficiency, and
enhancing supply chain visibility. In retail environments, accurate
in-store product localization can aid in stock management, improve
customer experience through fast checkout and personalized ser-
vices, and streamline replenishment workflows. Additionally, static
RFID localization enables precise tracking of inventory in real-time,
reducing stockouts and theft. In libraries, static RFID localization
can help automate shelf management, reduce misplaced books, and
assist with inventory audits, ensuring that books are accurately
located and easy to find.

Existing RFID localization primarily leverages RF signal proper-
ties such as Received Signal Strength Indicator (RSSI) [14, 22], phase
difference [16, 28, 34], or Doppler shift [2, 24]. While these methods
have achieved notable progress, they fundamentally struggle with
multipath effects – an enduring problem in RF systems [8, 18, 27].
These multipath effects arise from the specular (mirror-like) re-
flection behavior of RF waves, where wavelengths (e.g., 𝜆 ≈ 0.3 m
for UHF RFID) are often significantly larger than the average sur-
face roughness at common environmental boundaries like walls or
shelving units (∼0.1 mm). Consequently, signals reflect coherently,
leading to complex superposition at the receiver that is exception-
ally difficult to model or disentangles.

To address these issues, recent efforts have employed Synthetic
Aperture Radar (SAR) and differential techniques [4, 26, 29, 34],
enhancing spatial resolution and multipath resilience through con-
trolled reader or tag movement to synthesize virtual antenna arrays.
While these approaches have advanced mobile RFID localization,
static RFID localization – where both tags and infrastructure (reader)
remain fixed – continues to be an open problem in real-world de-
ployments. The primary issue lies in the persistent impact of mul-
tipath signals, which are difficult to isolate or eliminate without
dynamic spatial sampling. Although state-of-the-art Time-of-Flight
(ToF) methods [7, 17] attempt to address multipath by extracting
direct-path signals, they suffer from narrow-band (about 20 MHz)
RFID systems, which are insufficient for fine-grained applications
demanding higher localization accuracy. Thus, improving localiza-
tion accuracy and reducing the impact of multipath effects in static
RFID settings is crucial for advancing the practical deployment of
RFID-based systems in complex, dense environments.

To overcome the fundamental limitations of static RF-based lo-
calization, this paper introduces LuxTag, a novel approach enabling
ambient light sensing and localization using passive, standard RFID
tags. Unlike RF signals, optical signals in the visible spectrum (wave-
length 𝜆 = 400 ∼ 750 nm) interact with surfaces predominantly
through diffuse reflection due to their significantly shorter wave-
length. This diffuse scattering inherently suppresses coherent inter-
ference and multipath effects, offering a more robust foundation for

spatial sensing [10, 36, 39]. LuxTag uniquely bridges two domains:
It leverages the established infrastructure and deployment advan-
tages of ubiquitous RFID systems – including battery-free tags,
standardized readers, and existing RF backscatter communication –
while exploiting the inherent multipath resilience offered by diffuse
light propagation. However, harnessing this advantage requires
measuring light intensity at the tag’s location – a capability absent
in standard RFID tags.

Bridging this gap, LuxTag establishes a physical-layer cross-
modality by transforming commercial off-the-shelf (COTS) passive
RFID tags into ambient light sensors, leveraging the sensed light
intensity to determine tag locations. As illustrated in Fig. 1, multiple
light sources (e.g., ceiling incandescent bulbs A, B, and C) illuminate
the environment. The RFID reader communicates with passive tags,
measures the light intensity incident on the tag surface, and esti-
mates the tag-to-light-source distances to enable trilateration-based
localization. LuxTag addresses two long-standing challenges: (1)
exploring a light-intensity-dependent metric that can be accessed
through the RF interface, and (2) designing a standard-compliant
measurement approach that remains robust under varying environ-
mental conditions.

The core insight of LuxTag stems from the discovery that photon-
induced leakage currents within the tag’s integrated circuit (IC) ac-
celerate the discharge rate of its internal storage capacitor. Critically,
this discharge rate – and thus the tag’s intrinsic persistence time
(i.e., the duration it sustains operation and backscattering capa-
bility after the reader’s RF signal ceases) – varies inversely with
the ambient illuminance level. LuxTag precisely formulates the
relationship between persistence time and illuminance. To ensure
robustness against environmental factors (i.e., temperature, tag di-
versity), LuxTag introduces a differential measurement technique
coupled with a zero-shot calibration method, concurrently enabling
robust light sensing and static tag localization without manual per-
tag calibration. We implement a prototype of LuxTag with COTS
RFID. Extensive experimental evaluation demonstrates that LuxTag
achieves high-precision static localization, in comparison to exist-
ing RF-based methods. In summary, by synergizing the ubiquity
of RFID with the multipath resilience of optical sensing, LuxTag
introduces a new paradigm for robust and accurate static RFID
localization. The main contributions of this work are threefold.

• We present LuxTag, the first system to transform standard,
commercial RFID tags into optical sensors for accurate am-
bient light sensing and localization, bridging the multipath
resilience of light with the ubiquity of RF infrastructure.

• We build the theoretical and experimental model of how am-
bient light modulates a tag’s persistence time and introduce
a zero-shot calibration method that concurrently enables
robust light sensing and tag localization without manual
per-tag calibration.

• We implement LuxTag using COTS RFID. Extensive experi-
mental evaluation demonstrates that LuxTag achieves mean
light intensity errors of 3.6 lux, and mean localization errors
of 22.5 cm, outperforming the state-of-the-art.
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2 Overview
In this section, we analyze the fundamental limitations of RF-based
localization and demonstrate the distinct advantages of optical
localization, establishing the core principles underlying our design.

2.1 Multipath in RF-Based Localization
Existing RFID localization methods rely on RF signal properties
such as Received Signal Strength Indicator (RSSI) [14, 22], phase
difference [16, 28, 34], or Doppler shift [2, 24]. While these tech-
niques achieve meter- to decimeter-level accuracy in controlled
settings, they fundamentally suffer from multipath interference.
These limitations stem from the specular (mirror-like) reflection
behavior of RF waves (e.g., UHF RFID’s 𝜆 ≈ 0.3 m), where common
building materials like drywall (surface roughness ℎ ≈ 0.1 mm),
concrete (ℎ ≈ 1 mm), and metal surfaces (ℎ ≈ 0.01 mm) all satisfy
the Rayleigh criterion for mirror-like reflection (ℎ < 𝜆

8𝑐𝑜𝑠𝜃 ) [38],
where 𝜃 is the incident angle. This results in coherent reflections
that create complex signal superposition at the receiver, introduc-
ing unpredictable errors – especially in cluttered environments like
warehouses or smart factories [27].

To address these issues, recent efforts have employed Synthetic
Aperture Radar (SAR) and differential techniques [4, 26, 29, 34],
enhancing spatial resolution and multipath resilience through con-
trolled readermovement to synthesize virtual antenna arrays.While
these approaches have advanced mobile RFID localization, static tag
localization – where both tags and infrastructure (reader) remain
fixed – still remains an open problem in real-world deployments.
The primary issue lies in the persistent impact of multipath signals,
which are exceedingly difficult to isolate or eliminate without dy-
namic spatial sampling. Although state-of-the-art Time-of-Flight
(ToF) methods [7, 17] attempt to address multipath by extracting
direct-path signals, they achieve only a median localization error
of ∼57 cm in narrow-band RFID systems, which are insufficient for
fine-grained applications demanding higher localization accuracy.
These limitations stem from fundamental physics rather than im-
plementation details – as long as localization relies on RF signals
with wavelengths much larger than surface roughness, multipath
will remain an insurmountable challenge, especially for static

2.2 Optical Spectrum
The optical spectrum offers a fundamentally different propagation
paradigm that inherently avoids the multipath challenges of RF-
based systems. Visible light wavelengths (𝜆 = 400 ∼ 750 nm) are
approximately six orders of magnitude smaller than UHF RFID
signals, changing the fundamental interaction with surfaces. At
these scales, even smooth-appearing materials like painted drywall
(ℎ ≈ 0.1 mm) present surface roughness hundreds of times larger
than the wavelength, satisfying the condition for diffuse reflection
where incident light is scattered in all directions rather than re-
flected coherently. This diffuse scattering behavior has three key
advantages for localization: First, it eliminates the standing wave
patterns and fading effects caused by coherent interference; second,
it makes received light intensity primarily dependent on LOS dis-
tance from the source following the inverse square law (𝐼 ∝ 1/𝑟 2)
rather than being dominated by reflection paths; third, it enables

Specular reflection Diffuse reflection

𝜃𝜃

Figure 2: Specular reflection vs. diffuse reflection.

simple geometric models for light propagation that remain accurate
even in complex environments.

We quantitatively validate the multipath characteristics of RF
versus optical signals under the same laboratory conditions. Theo-
retical values (benchmarked at 1 meter) are provided according to
the inverse-square law. As shown in Fig. 3, the measured values of
the optical signal closely match the theoretical values as distance
increases. At a distance of 1 meter, the light intensity is 125 lux.
At 2 meters, the measured intensity reduces to 34.58 lux, deviating
from the theoretical value (125/4 = 31.25 lux) by only 3.33 lux. At
3 meters, the measured intensity is 14.8 lux, differing from the the-
oretical value (125/9 = 13.89 lux) by only 0.91 lux. In contrast, the
RSSI values of the RF signal exhibits significant errors at 2 meters
and 2.5 meters. Theoretically, the RSSI at 2.5 meters should have
decreased by 3.88 dB compared to that at 2 meters, but the actual
measurement shows an increase of 6.6 dB due to multipath effects,
resulting in an error of 10.48 dB (nearly a tenfold difference). The
experimental results well indicate that optical localization is less
affected by multipath interference than RF-based localization.

Furthermore, visible light’s inability to penetrate most materials
(attenuation > 20 dB/cm for walls) naturally confines localization to
line-of-sight scenarios where accuracy is highest, unlike RF signals
that propagate through obstacles but with unpredictable distortions.
The combination of these properties makes light an ideal medium
for precise localization. However, harnessing this advantage for lo-
calization requires measuring light intensity at the tag’s location – a
capability absent in standard RFID tags. Bridging this gap, enabling
a physical-layer cross modality where an RF communication device
performs optical sensing for localization, presents a significant and
underinvestigated challenge.

3 Design of LuxTag
In this section, we convert billions of deployed passive RFID tags
into light sensors, requiring no hardware changes to existing RFID
infrastructure (readers, antennas, and tags).

3.1 New Optical Metric: Persistence Time
LuxTag’s innovation lies in transforming standard passive RFID
tags into optical sensors by exploiting their persistence time – the
duration a tag remains operational after the RF excitation field is
removed. This persistence time [1], typically being a few seconds
for EPC Gen2 tags, is determined by the discharge rate of the tag’s
internal storage capacitor that powers the IC between RF bursts.
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Figure 3: Different propagation characteristics.

More specifically, passive RFID tags operate without an internal
power source, instead harvesting energy from the electromagnetic
RF signals emitted by the reader. Structurally, each tag comprises
two key components: (1) A carefully designed antenna optimized
for UHF frequencies, and (2) a microchip containing the tag’s logic
circuitry and memory. The microchip is directly connected to the
antenna terminals, forming an integrated system where incident
RF energy is converted to operational power through electromag-
netic induction. When the tag enters the reader’s RF field, the
antenna captures electromagnetic energy, inducing an alternating
voltage across its terminals. This voltage powers the tag’s oper-
ations through a process analogous to an RC (resistor-capacitor)
charging circuit. If RF power is interrupted, the system transitions
to a discharging mode. This discharge current maintains the chip’s
operation temporarily: a phenomenon we term the persistence time
– a property LuxTag exploits for ambient light sensing.

We discovered that ambient light induces measurable changes in
this persistence time through photon-generated leakage currents
in the tag’s CMOS circuitry. When photons with energy exceed-
ing the silicon bandgap strike the IC, they generate electron-hole
pairs that create additional discharge paths across reverse-biased
junctions. This photon-induced leakage current accelerates the ca-
pacitor discharge, resulting a reduction of the persistence time as
the light intensity increases. Fig. 4 plots the relationship between
the persistence time and the light intensity, where the persistence
time is measured through SQM [6] with a COTS RFID reader. As
we can see, when light intensity increases from 0 to ∼350 lux, the
persistence time drops from 1.05 s to 0.66 s. The general trend ac-
cords with our expectation, which validates the feasibility of optical
sensing. This discovery effectively converts billions of deployed
passive RFID tags into light sensors, requiring no hardware changes
to existing infrastructure.

Translating the light-persistence effect into a practical light sens-
ing and localization system presents two major challenges. (1) Lack
accurate modeling of nonlinear relationship between persistence
time and illuminance. LuxTag combines empirical characterization
of tag-specific parameters with physical modeling of the leakage
current mechanisms, achieving accurate illuminance estimation. (2)
Environmental factors like temperature and tag diversity introduce
significant measurement noise [5, 6]. The need for per-tag cali-
bration would normally prevent large-scale deployment. LuxTag

No light
(0 lux)

Bright light
(~350 lux)

Dim light
(~40 lux)

0.66 s

1.05 s

0.98 s

Figure 4: Persistence time vs. light intensity.

presents a zero-shot calibration method that solves this by lever-
aging differential measurement and invariant intensity ratios of
multiple light sources, regardless of the temperature varies and the
tag diversity.

3.2 Modeling Persistence Time and Light
Intensity

RFID tags utilize numerous electronic components within their
circuitry, including the widespread use of capacitors, inductors,
diodes, and transistors. These components enable the tags to man-
age energy and execute complex logical operations. If light affects
the internal components within an RFID tag, it could influence the
associate tag function and be observed through an RFID reader. The
persistence time is just a function that we want. Specifically, Fig. 5
shows a typical circuit that can enable persistence of a tag. When
the reader charges the circuit, it applies a voltage (𝑉𝑖𝑛), charging
a target capacitor. When charging stops, the capacitor starts dis-
charging through the tag circuit, creating a discharge current (𝐼𝑠 ).
If the voltage across this capacitor drops below the tag’s minimum
operating voltage (𝑉0), the tag will lose function, causing what we
called persistence time.

To prevent stored charge from leaking back into the charging
path during discharge, the circuit employs a diode. This diode can
significantly reduce unwanted reverse current (𝐼𝑘 ), effectively block-
ing it and protecting the intended discharge time. In dark environ-
ment (without light), 𝐼𝑘 is very small. This is because the diode’s
internal ‘depletion region’ acts like a barrier, lacking the free charge
carriers (electrons and holes) needed to easily conduct current in re-
verse. However, when light hits the diode, photons provide energy
that generates new pairs of free electrons and holes (electron-hole
pairs). As a result, 𝐼𝑘 flows much more easily. The capacitor voltage
drops faster toward the threshold 𝑉0. This faster discharge means a
shorter persistence time.

According to the circuit shown in Fig. 5, we can establish the
relationship between persistence 𝑇 and light intensity:

𝑇 =
𝐶Δ𝑉

𝐼𝑠 + 𝐼𝑘
, (1)

where𝐶 denotes capacitance, Δ𝑉 =𝑉𝑖𝑛−𝑉0 is the voltage drop from
initial charge to minimum operating voltage 𝑉0, 𝐼𝑠 is the designed
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Figure 5: The persistence circuit of a tag.

discharge current, and 𝐼𝑘 represents the light-sensitive reverse cur-
rent of the blocking diode. 𝐼𝑘 can be further decomposed into two
components:

𝐼𝑘 = 𝐼𝑑𝑎𝑟𝑘 + 𝐼𝑙𝑖𝑔ℎ𝑡 , (2)
where 𝐼𝑑𝑎𝑟𝑘 is the baseline dark current, while 𝐼𝑙𝑖𝑔ℎ𝑡 = 𝜅𝑃light is
the light-induced current proportional to light intensity 𝑃light with
coefficient 𝜅. Substituting into Eq. (1) yields:

𝑇 =
𝐶Δ𝑉

𝐼𝑠 + 𝐼𝑑𝑎𝑟𝑘 + 𝜅𝑃light
=

1
𝛼𝑃light + 𝛽

, (3)

where 𝛼 = 𝜅
𝐶Δ𝑉 and 𝛽 =

𝐼𝑠+𝐼𝑑𝑎𝑟𝑘
𝐶Δ𝑉 . Without environment variations,

𝛼 and 𝛽 are constants determined by the tag’s hardware structure.
This confirms a linear relationship between 𝑇 ’s inverse and light
intensity, which can be written as:

1
𝑇

= 𝛼𝑃light + 𝛽. (4)

To validate the derived relationship between persistence time
(𝑇 ) and illuminance (𝑃light), we conduct controlled experiments
where a COTS RFID tag is exposed to varying light intensities.
The illuminance is systematically adjusted by positioning the tag
at different distances from a calibrated 200 W LED bulb, while
an industrial-grade illuminance meter records ground-truth 𝑃light
values. For each position, we measure the tag’s persistence time
𝑇 through precise RF power cycling at the reader. As shown in
Fig. 6, the inverse persistence time ( 1

𝑇
) exhibits a strong linear

correlation with measured 𝑃light across the tested range, confirming
our theoretical model.

3.3 Light Sensing
In theory, determining the parameters 𝛼 and 𝛽 requires two distinct
measurements of persistence time under different light intensities
𝑃light1 and 𝑃light2: 

1
𝑇1

= 𝛼𝑃light1 + 𝛽,

1
𝑇2

= 𝛼𝑃light2 + 𝛽.

(5)

Solving this system of equations yields the values of 𝛼 and 𝛽 . While
straightforward in principle, both 𝛼 and 𝛽 are highly sensitive to
temperatures and tag diversity, which lowers the sensing accuracy.
We conducted experiments to quantify these effects, measuring

𝛼 and 𝛽 for ten tags under identical system setups while varying
temperature. As shown in Fig. 7, both parameters of the same
tag exhibit significant variation with temperature changes. For
instance, 𝛼 decreases by approximately 19.5% and 𝛽 increases by
12.8% as temperature rises from 10◦C to 40◦C. Moreover, Fig. 8
shows tag diversity introduces additional variability: under the
same temperature and light conditions, 𝛼 and 𝛽 values of 5 tags
vary largely due tomanufacturing tolerances in components such as
capacitors and diodes. This dual dependency necessitates separate
calibration for each tag at multiple temperatures, forming a pre-
calibrated lookup tables for later use.

However, we do not know the environmental temperature in
practical use. To address this problem, we develop a dual-tag cali-
bration approach, utilizing one shielded RFID tag (covered by light-
resistance material such as black tape) as a temperature sensor to
measure ambient temperature, and then applying the temperature-
corresponding parameters to calibrate another tag for accurate light
intensity measurement. In our method, the temperature sensor is
itself a standard RFID tag, which employs the Thermotag [6] for
reliable temperature monitoring. Using an RFID tag rather than a
dedicated sensor offers several advantages. First, the entire process
includes both temperature and light measurements, which can be
seamlessly handled by a single commercial RFID reader, eliminating
the need for battery replacement or additional hardware mainte-
nance. Second, the per-unit cost of an RFID tag is extremely low
($0.02), making this solution economically viable for large-scale or
cost-sensitive applications.

While straightforward in principle, this method suffers from
large pre-calibration overhead. In what follows, we propose a zero-
shot calibration localization method that obtains 𝛼 and 𝛽 without
requiring any temperature-dependent and tag-specific calibration.
Such a method must eliminate the overhead of multiple light inten-
sity measurements per tag while compensating for environmental
and hardware variations dynamically.

3.4 Calibration-free Localization
Our zero-shot calibration method dynamically determines tag

parameters 𝛼 and 𝛽 using minimal measurements from known-
position light sources, eliminating the need for exhaustive manual
calibration. The core insight leverages two key principles. (1) Dif-
ferential measurement: By toggling a light source and measuring
persistence times in “on” and “off” states, we isolate 𝛼𝑃light without
prior knowledge of 𝛽 or ambient conditions. (2) Invariant inten-
sity ratios: For incoherent light sources, intensity ratios remain
invariant under parameter miscalibration, enabling distance ratio
estimation and tag localization. This approach not only calibrates
𝛼 and 𝛽 but also concurrently estimates tag positions, turning cali-
bration into a dual-purpose process.

(1) Determining 𝛽 via Light Source Switching.We propose
a calibration-free approach that eliminates 𝛽 through differential
measurements under switched lighting conditions. Let 𝑇off denote
the persistence time measured in complete darkness (𝑃light = 0; the
case of 𝑃light ≠ 0 will be discussed in Sec. 3.5). Under this condition,
Eq. (4) reduces to:

1
𝑇off

= 𝛽, (6)
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which directly gives the value of 𝛽 . When a light source is turned
on, the corresponding persistence time𝑇on is measured. This yields:

1
𝑇on

= 𝛼𝑃light + 𝛽. (7)

Since 𝛽 has already been determined by Eq. (6), we can substitute
it into Eq. (7) to obtain:

𝛼𝑃light =
1
𝑇on

− 1
𝑇off

. (8)

The differential term 1
𝑇on

− 1
𝑇off

eliminates 𝛽 from the calibration pro-
cess. If 𝛼 is known, the current illuminance 𝑃light can be computed,
and vice versa.

(2) Determining 𝛼 and Tag Location via Multiple Light
Sources.While the differential measurement method yields 𝛽 , de-
termining 𝛼 requires knowledge of 𝑃light, which depends on the
unknown tag-to-source distance. To address this, we leverage mul-
tiple light sources at known positions. Our key insight is that il-
luminance ratios remain invariant under miscalibration of 𝛼 . For
example, if true illuminance values are 200 lux and 400 lux, an
incorrect 𝛼 might report them as 150 lux and 300 lux, but their ratio
(1:2) remains unchanged. This invariance stems from the linear
proportionality between photocurrent 𝐼light and illuminance.

Combining this with the inverse-square law (𝑃 ∝ 1/𝑑2), we de-
rive distance ratios 𝑑1 : 𝑑2 from illuminance ratios 𝑃1 : 𝑃2. For two
light sources, this defines an Apollonius circle [32] of possible tag
locations. With three or more sources, the intersection of these
circles uniquely determines the tag’s position. Once the location
is known, absolute distances 𝑑1, 𝑑2, . . . are computed, enabling ac-
curate calculation of 𝑃light via the inverse-square law. Substituting
𝑃light into Eq. (8) then gives 𝛼 . This approach simultaneously re-
solves 𝛼 and localizes the tag, turning calibration into a positioning
problem without additional overhead.

More specifically, for two light sources 𝑆1 and 𝑆2, we have:
𝛼𝑃1 =

1
𝑇on,1

− 1
𝑇off

,

𝛼𝑃2 =
1

𝑇on,2
− 1
𝑇off

.

(9)

Taking the ratio cancels 𝛼 :

𝑃1

𝑃2
=

1
𝑇on,1

− 1
𝑇off

1
𝑇on,2

− 1
𝑇off

. (10)

For a point source radiating equally in all directions, the light in-
tensity follows the inverse-square law:

𝑃 =
𝐴

4𝜋𝑑2
, (11)

where 𝑑 is the tag-to-source distance and 𝐴 represents the radi-
ant intensity, a constant specific to the light source. According to
Eq. (10) and Eq. (11), 𝑃1/𝑃2 = 𝑑22/𝑑21 , which gives the distance ratio
𝑑1/𝑑2.

𝑑1

𝑑2
=

√︂
𝐴1

𝐴2

𝑃2

𝑃1
=

√√√
𝐴1

𝐴2

1
𝑇on,2

− 1
𝑇off

1
𝑇on,1

− 1
𝑇off

, (12)

where 𝐴1 and 𝐴2 are the transmit powers of the two light sources.
If the two light sources have the same power, the distance ratio
𝑑1/𝑑2 can be further reduced to:

𝑑1

𝑑2
=

√√√ 1
𝑇on,2

− 1
𝑇off

1
𝑇on,1

− 1
𝑇off

. (13)

Given the coordinates of two light sources:𝐴(𝑥1, 𝑦1) and𝐵(𝑥2, 𝑦2),
and tag 𝐶 (𝑥,𝑦) with distance ratio

𝑑1

𝑑2
= 𝑘 , where 𝑑1 = ∥𝐶 − 𝐴∥,

𝑑2 = ∥𝐶 − 𝐵∥, we have:√︁
(𝑥 − 𝑥1)2 + (𝑦 − 𝑦1)2√︁
(𝑥 − 𝑥2)2 + (𝑦 − 𝑦2)2

= 𝑘. (14)

After rearranging terms, the equation becomes the standard form
of a circle:

𝑥2 + 𝑦2 + 𝐷𝑥 + 𝐸𝑦 + 𝐹 = 0, (15)

where: 

𝐷 =
−2(𝑥1 − 𝑘2𝑥2)

1 − 𝑘2
,

𝐸 =
−2(𝑦1 − 𝑘2𝑦2)

1 − 𝑘2
,

𝐹 =
𝑥21 + 𝑦21 − 𝑘2𝑥22 − 𝑘2𝑦22

1 − 𝑘2
.

(16)

The equation satisfies the conditions for a circle because coefficients
of 𝑥2 and𝑦2 are equal (= 1−𝑘2) and there is no 𝑥𝑦 cross-term. Thus,
the locus of tag 𝐶 (𝑥,𝑦) is a circle, known as an Apollonius circle.
This ratio defines an Apollonius circle of possible tag locations.
With three or more light sources, the intersection of these circles
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yields the exact tag position. Once the location is known, 𝑃light is
computed for each source, and 𝛼 is derived via:

𝛼 =
1

𝑃light

(
1
𝑇on

− 1
𝑇off

)
. (17)

This approach offers three key benefits: (1) Minimal overhead,
requiring only some persistence time measurements (dark and illu-
minated) through standard RFID air interface commands, eliminat-
ing the need for physical tag manipulation or dedicated hardware;
(2) ambient light resilience, where subtracting on/off measurements
cancels out constant ambient light interference (see Sec. 3.5); and
(3) temperature independence, as both 𝑇on and 𝑇off are measured
under identical thermal conditions, inherently compensating for
temperature-induced variations in 𝛽 . These features collectively en-
able robust, efficient calibration without environmental constraints
or complex instrumentation. We stress that “zero-calibration” in
this context refers specifically to the absence of pre-deployment
characterization of light source properties or explicit temperature
modeling, while still requiring some steps that involves toggling
lights and collecting the lights’ positions.
3.5 Localization under Ambient Light
Ranging and tag localization can be achieved even under ambient
light conditions using the method introduced for determining 𝛼 .
Crucially, this process does not require total darkness (𝑃env = 0) to
estimate 𝛽 . Under ambient light (𝑃env > 0), toggling a light source
yields: {

1
𝑇off

= 𝛼𝑃env + 𝛽

1
𝑇on

= 𝛼 (𝑃env + 𝑃light) + 𝛽.
(18)

Subtracting these equations eliminates 𝛼𝑃env and 𝛽 :

𝛼𝑃light =
1
𝑇on

− 1
𝑇off

, (19)

which is identical to the dark-condition formulation Eq. (8). This
simplicity arises from the incoherence of ambient light sources.
Unlike RF waves, where phase differences (Δ𝜙) cause constructive
or destructive interference (e.g., 𝑃total = 𝑃𝐴+𝑃𝐵+2

√
𝑃𝐴𝑃𝐵 cos(Δ𝜙)),

incoherent light exhibits random phase fluctuations that average
to zero over time. Thus, intensities add linearly: 𝑃total ≈ 𝑃𝐴 + 𝑃𝐵 .
This enables direct isolation of 𝑃light via subtraction, regardless
of ambient conditions. Using this invariant differential measure-
ment, we derive distance ratios 𝑑1 : 𝑑2 from illuminance ratios
𝑃1 : 𝑃2 via the inverse-square law. With four light sources, the
intersection of Apollonius circles uniquely determines the tag’s
position, concurrently enabling calibration of 𝛼 and localization
without dark-environment constraints. This robustness to ambi-
ent light ensures practical deployment in real-world settings with
environmental illumination.

The differential measurement removes the large calibration over-
head, but it needs to toggle individual light sources, which may be
infeasible in some deployments. To address this, we extend LuxTag
with a complementary fingerprint-based localization mode that
operates without any light control. The fingerprinting method con-
sists of two phases. In the offline phase, the system constructs a
fingerprint database by placing reference tags at known calibra-
tion points. For each point, the system records a fingerprint 𝑃light,
which is the light intensity derived from the tag’s persistence time.

During the online phase, a target tag measures its own fingerprint
vector, which is then compared (e.g., via k-Nearest Neighbors) to
the fingerprint database to estimate its position. This fingerprinting
approach requires neither knowledge of light source positions nor
the ability to toggle lights. This extension demonstrates the versa-
tility of the persistence-time light sensing primitive. The system
can be deployed in either a high-precision, controlled mode (using
differential measurement with toggled lights) or a flexible, uncon-
trolled mode (using fingerprinting), depending on the infrastructure
constraints of the target environment.

4 Implementation
In this section, we detail the implementation of LuxTag, focusing on
three critical components: (1) the precise measurement of tag per-
sistence time via RFID reader commands, (2) techniques to expand
angular and range limits using optical films and lenses, and (3) the
selection criteria for light sources optimized for tag responsivity
and environmental compatibility.

4.1 Measurement of Persistence Time
As aforementioned, the persistence time of an RFID tag, defined
as the duration the tag remains operational after RF power is re-
moved, is a critical parameter that LuxTag exploits for ambient
light sensing. This measurement is achieved by modeling the tag
as an RC circuit, where the internal storage capacitor discharges
once the reader’s RF field is turned off. The key innovation lies in
leveraging the tag’s volatile memory, specifically the inventoried
flag specified in the EPC Gen2 protocol [1]. By setting this flag
to state ‘B’ during RF excitation and monitoring when it resets
to ‘A’ during discharge, the system can precisely determine the
persistence time. The process involves three phases: charging the
tag’s capacitor, allowing controlled discharge, and verifying func-
tionality through Gen2 Query. This method provides high accuracy
while requiring no hardware modifications, making it practical for
real-world deployment. More details can be seen in [6].

To scale the measurement for multiple tags, LuxTag employs
a parallelized approach that significantly reduces time overhead.
Instead of testing tags individually, the system initializes all target
tags simultaneously using batched Select commands, then moni-
tors their discharge characteristics collectively. This optimization
reduces measurement time by up to 90% for typical tag popula-
tions. The technique also accounts for environmental variables
such as temperature, which affects leakage current and discharge
rates, through differential measurements between adjacent tags.
By combining these methods, LuxTag achieves robust persistence
time characterization that forms the foundation for its light-based
sensing and localization capabilities, all while using standard, com-
mercial RFID hardware.

4.2 Expanding Angular and Range Limits
The tag’s light sensitivity exhibits directional dependence, achiev-
ing accuratemeasurements when light strikes at near-perpendicular
angles (incident angle 𝛾 ≈ 0◦). For oblique incidence (𝛾 > 0), the ef-
fective light-receiving area decreases according to Lambert’s cosine
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Figure 9: Expanding angular and range limits.

law, resulting in measured power:

𝑃tag = 𝑃light · cos𝛾 . (20)

To reliably assess light intensity at a point in space (regardless
of the tag’s orientation), we need to mitigate this angular depen-
dency. In this paper, we propose two complementary solutions. (1)
Position-aware compensation: If the tag and light source positions
are known (e.g., in positioning tasks), 𝛾 can be calculated to adjust
the reading. (2) Light enhancement film: For stand-alone light sens-
ing (as in this work), we attach a specialized film to the tag surface.
As shown in Fig. 9(b), this film uses micro-prism arrays to redirect
high-angle incident light (𝛾 > 60◦) toward the normal direction
(𝛾 ≈ 0◦), mimicking ideal cosine response. Our experiments show
this extends accurate measurements to ±40◦, vastly reducing ori-
entation constraints. More evaluation details can be seen shortly
later in Sec. 5.

For low-power light sources or scenarios requiring wide cover-
age, we boost detection range by adding a lens to concentrate light
onto the tag. A conventional convex lens amplifies intensity at the
tag according to:

𝑃tag =

[
𝑓 2

(𝑓 − 𝑑)2

]
× 𝑃light, (21)

where 𝑓 is the lens’s focal length and 𝑑 is the tag-to-lens distance.
However, bulky convex lenses (typically > 5 mm thick) are imprac-
tical for compact deployments. Instead, we adopt a Fresnel lens
(Fig. 9(c)), which compresses the optical profile of a convex lens into
a flat, ultra-thin plate (∼0.5 mm thick). This design dramatically
expands the tag’s effective sensing radius with minimal added bulk.
For example, a Fresnel lens boosts the illuminance by 2.2× at the
tag side. More evaluation details can be seen in Sec. 5.

4.3 Light Source
The photoelectric sensitivity of RFID tags is fundamentally deter-
mined by the semiconductor material properties of their integrated
circuits. As shown in Fig. 10, through systematic testing with four
distinct light sources: a 300 nm Ultraviolet (UV) lamp (commonly
used for disinfection, 400-500 nm fluorescent light (cool white light),
>600 nm incandescent bulb (primarily yellow/red light with some
infrared), and 900 nm infrared light (IR) illuminator, we observed a
clear wavelength-dependent pattern in persistence timemodulation.
Tags show negligible response to white LED or UV and fluorescent
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UV lamp White led Incandescent bulb IR led

R
es

po
ns

iv
ity

 (A
/W
）

Figure 10: Tag’s sensitivity to four light sources.

sources but demonstrate strong sensitivity to incandescent and
IR illumination. This pattern arises because the photon-induced
leakage effect occurs when photon energy exceeds the bandgap
of silicon (1.1 eV, corresponding to wavelengths shorter than 1100
nm), but is most pronounced in the near-infrared (NIR) to IR range
(800–1000 nm) where silicon absorption remains high and ambi-
ent noise is lower. Based on this, light sources in the 850-950 nm
NIR band are optimal for LuxTag, offering three advantages: (1)
alignment with silicon’s peak responsivity, giving strong modula-
tion; (2) immunity to interference from most artificial lighting; and
(3) better penetration through plastics and fabrics. Two practical
options are IR LEDs (efficient, directional) and incandescent bulbs
(broad NIR-rich spectrum). In contrast, common phosphor-coated
white LEDs, which emit primarily in the visible band with minimal
NIR output, are unsuitable for LuxTag, as they induce only a weak
photoelectric response in silicon-based RFID tags.

4.4 RF Interference
LuxTag’s persistence-time measurement exhibits strong resilience
to RF interference. We clarify this from two perspectives. In the
charging phase, the Low-Dropout (LDO) regulator in the tag’s
power management unit ensures that the storage capacitor charges
to a fixed, stable voltage before the measurement begins. This regu-
lated charging eliminates dependence on received RF power level,
distance from the reader, or the presence of ambient RF signals dur-
ing the charging phase. Consequently, the capacitor’s initial voltage
at the start of discharge is consistent across different environments
and interference conditions. In the discharging phase, our mea-
surement protocol operates within Session S1 in EPC Gen2, where
inventory commands (e.g., Query, QueryRep) do not recharge the
tag [6]. This allows the tag to discharge freely while being repeat-
edly inventoried, isolating the discharge process from additional
RF energy. Therefore, during the discharge window, the tag is not
being actively powered by the reader or by ambient interference in
a way that would alter its discharge dynamics.

4.5 Deployment Comparison
LuxTag’s deployment consists of three key components: a stan-
dard EPC Gen2 RFID reader with a single antenna, multiple light
sources (e.g., incandescent bulbs or IR LEDs), and battery-free pas-
sive tags. The reader and antenna are positioned to cover the target
area, while light sources are strategically placed to ensure ade-
quate illumination overlap. Notably, LuxTag requires no specialized
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Figure 11: System setup.

hardware modifications: all components are commercial off-the-
shelf. The light sources operate on standard power circuits without
needing synchronization or modulation, significantly reducing in-
frastructure complexity compared to specialized RF-based systems.
Existing static RFID localization approaches face greater deploy-
ment cost. Trilateralion methods [14, 34] typically require multiple
reader/antennas precisely positioned around the perimeter, with
careful cable management and phase synchronization. Angle-of-
Arrival (AoA) systems [16, 28] demand expensive antenna arrays
with precise geometric calibration and specialized signal processing
hardware. Both approaches necessitate extensive site surveys and
higher hardware cost, comparison to LuxTag.

5 Evaluation
In this section, we set up the LuxTag system and evaluate its per-
formance, in terms of the accuracy of light sensing, the impact of
environmental factors, the ranging accuracy, and the accuracy of
static localization.

5.1 Evaluation Setup
In our experiments, we deploy an Impinj R420 reader [11] con-
nected to a TE S9028 antenna [23] to measure the persistence time
of RFID tags. The tag model used in the experiment is the Impinj
R6P (ER62) [11], which serves as LuxTag devices. A DLY-1802 lu-
minance meter is used as the ground truth reference. A host laptop
(Intel Core i7-14650HX, 5.2 GHz, 16 GB RAM) controlled the reader
via Java-based software implementing the EPC Gen2 Low-Level
Reader Protocol (LLRP) for standardized communication. We use
the absolute error between the estimated value and the ground
truth as the performance metric, defined as the ‘Estimation Error’.
Two real-world scenarios (corridor and office room) are tested for
light sensing, ranging, and localization.

Light Source. To identify optimal illuminants for LuxTag, we
measured the persistence time of an Impinj R6 tag at distances of
0.5 m and 1.0 m under four light sources: a 300 nm UV lamp, a 400-
500 nm white LED, a >600 nm incandescent bulb, and a 900 nm IR
LED. As shown in Fig. 12, IR-rich sources (incandescent and IR LED)
produce strong persistence-timemodulation, decreasing by 35% and
31%, respectively, when the distance is halved. In contrast, UV and
white-LED sources induce negligible change (<1%) because their

spectra fall outside the silicon IC’s high-responsivity band. These
results confirm that LuxTag performs best with IR-rich illumination;
we therefore use an incandescent bulb as the default source in all
following experiments.

5.2 Accuracy of Illuminance Sensing
We begin by evaluating the performance of LuxTag for illuminance
sensing. The experimental setup is illustrated in Fig. 11(b). An in-
candescent bulb is used to control the light intensity incident on
the tag. To establish the baseline, we first use a luminance meter
at various distances (e.g., 1 m, 2 m, 3 m) from the bulb to model its
radiation pattern and determine parameter 𝐴 in Eq. (11). The tag
and the bulb are typically placed at the same height; however, it is
important to note that LuxTag does not require such alignment in
practical light sensing applications. This controlled setup is primar-
ily adopted to ensure the accuracy of the ground-truth illuminance
values derived from Eq. (11).

Sensing Accuracy: In the first experiment, we study the ac-
curacy of LuxTag when sensing the illuminance, where the tag-
to-source distances (light intensities) range from 1.5 m to 4 m. To
derive the parameter 𝛼 , we utilize the calibrated radiation model
of the bulb to calculate its light intensity (𝑃light) at 1 m. Then, we
measure the persistence time (𝑇on and 𝑇off) by switching the bulb.
Substituting these three parameters into Eq. (17) allows us to derive
𝛼 . Using 𝛼 together with 𝑇on and 𝑇off measured at other locations
and substituting into Eq. (8), we can determine the current illumi-
nation intensity, which will be used to compute the accuracy. As
shown in Fig. 13, the mean measurement errors of LuxTag are 4.6
lux, 3.35 lux, 3 lux, 3.11 lux, 4.7 lux, 6.19 lux, at the six testing dis-
tances respectively. The positive results reveal that LuxTag achieves
remarkable illuminance sensing accuracy across varying distances
while demonstrating predictable performance characteristics. More
specifically, the system maintains stable illuminance estimation
errors between 3-4 lux at distances ranging from 1.5 to 3 meters,
indicating robust performance within this operational range. This
consistency demonstrates the effectiveness of our persistence time-
based sensing model under typical deployment conditions. Beyond
3meters, we observe a gradual increase in estimation error, reaching
approximately 6.2 lux at 4 meters.

Taking a deeper look at the sensing accuracy, we also plot the cu-
mulative distribution function (CDF) of measurement errors across
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all distances. As shown in Fig. 14, the 50% of themeasurement errors
are bounded within 3.3 lux, while 90% of the measurement errors
are within 6.3 lux. This confirms LuxTag’s practical viability for
real-world deployment, sufficient for centimeter-level positioning
accuracy when combined with our localization algorithm.

Impact of ambient light: A critical capability in tag-based lo-
calization is accurately measuring the illumination from a specific
light source. To achieve this, we introduce a differential measure-
ment approach: the light bulb is switched on and off sequentially,
and the difference between the two readings is used to isolate the
target source’s contribution. We evaluate the method under realis-
tic conditions, including strong ambient sunlight. If the measured
values are accurate enough for distance estimation, the extracted
light intensity should follow the theoretical inverse-square law,
i.e., when the distance doubles, the intensity should drop to one
quarter of its original value. The results are summarized in Fig. 15.
As shown, the differential measurements (blue bars) correspond
closely to the theoretical curve. At 1 meter, the measured intensity
is 124.9 lux. At 2 meters, the theoretical value is 31.2 lux, while our
measurement yields 37.8 lux, a deviation of only 6.6 lux. In contrast,
the raw measurement under sunlight (red bar) is 122.9 lux, which
is clearly unsuitable for ranging due to strong ambient interfer-
ence. This experiment confirms the effectiveness of our approach
in suppressing environmental light.

Impact of temperature: Temperature has a significant impact
on persistence time, which represents a core challenge for the practi-
cal application of our method. Below, we compare the performance
of using fixed parameters versus computed parameters under vary-
ing thermal conditions. In the experiment, we first calibrate the
parameters at 0◦𝐶 and then use them to estimate the light intensity
at 30◦𝐶 . As shown in Fig. 16, this approach introduce a maximum
error of 25 lux at 1 meter. Overall, the error decreased as the light
intensity diminished. When the intensity approached zero, the mea-
surement error become comparable to that obtained with correct

parameters, though a slight increase occurred due to diffuse reflec-
tion. We also derive the parameters through calibration at 1 meter
and applied them to measurements taken at 2, 3, and 4 meters. The
results show that the errors are all bounded within 7 lux, signif-
icantly reducing the measurement errors caused by temperature
variation.

Impact of tag orientation: The relative angle between the tag
and the light source plays a critical role in its light capture capability.
LuxTag using a brightness-enhancing film on the tag to enhance
the measurement. In the experiment, we rotate a tag for −90◦ to
+90◦ and measure the corresponding illuminance. After deriving
all measurements, we compute the ratio of the measured value
to the maximum measured value. As we can see in Fig. 17, with
cosine correction (brightness-enhancing film), LuxTag achieves
a 100◦ angular range within which it can stably measure up to
80% of the maximum light intensity. Without the film, the tag’s
measurements are highly sensitive to angle variations, with the
peak value occurring at around +40◦. The angular range of 80% is
only 50◦. LuxTag achieves 2× performance gains.

Impact of tag diversity: We then study the impact of tag di-
versity. In the experiment, we first calibrate the tag parameters at a
distance of 1 meter, and then used these registered parameters to
measure the light intensity from 1 to 4 meters. In Fig. 18, we plot the
cumulative distribution function (CDF) of the differences between
the measurements from the 5 tags across various distances. The
results show strong agreement between the 5 tags under the same
conditions: the average difference in measured light intensity is 2.85
lux, and the median error is 2.20 lux. Given a reference value of 125
lux at 1 meter, a deviation of 2.2 lux corresponds to a spatial error
of only 0.88 cm. These results indicate that the inter-tag variation
in light measurement is negligible.

Impact of tag model: To verify the generality of the photoelec-
tric effect, we test four COTS tag models: Impinj R6 [13], Impinj
Monza 4 [12], NXP UCODE 8 [20], and Alien Higgs 3 [3]. Each

984



LuxTag: Ambient Light Sensing and Localization via Passive RFID SenSys ’26, May 11–14, 2026, Saint Malo, France

2 3 4 5
Distance (m)

0.0

0.3

0.6

0.9

1.2

Es
tim

at
io

n 
er

ro
r (

m
)

Without lens
With lens

Figure 20: Ranging accuracy.

0.0 0.5 1.0 1.5
Estimation error (m)

0.0

0.2

0.4

0.6

0.8

1.0

C
D

F

Our method
POLAR-NB

Figure 21: Localization accu-
racy.

tag is exposed to an incandescent bulb at two distances. As shown
in Fig. 19, all models exhibit a consistent, significant reduction in
persistence time under stronger illumination. While absolute per-
sistence times varied due to differences in internal capacitance and
baseline leakage, the relative change remained substantial and mea-
surable for every tag model. This confirms that the photon-induced
leakage current (a fundamental property of the silicon PN junc-
tions used in passive RFID ICs) is universally present across com-
mercial designs, establishing LuxTag’s broad compatibility with
off-the-shelf hardware.

5.3 Ranging & Localization Accuracy
We next study the ranging and localization accuracy. As shown
in Fig. 11(c), six light bulbs with known positions are mounted on
the ceiling. During the experiment, LuxTag is used to measure dis-
tances or distance ratios to enable conventional triangulation-based
localization. We then present the performance of our system for
both single-bulb distance measurement and multi-bulb localization
scenarios.

LuxTag-based ranging:We first evaluate the ranging accuracy
of our system. After calibrating a tag to determine its parameters,
we estimate the distance between the tag and a light source across
a range of distances from 2 to 5 meters. As shown in Fig. 20, LuxTag
achieves high ranging accuracy with a mean error of 18.7 cm when
enhanced with an optical lens. This lens significantly amplifies
received light intensity, enabling reliable distance estimation even
at larger distances. In contrast, the tag without a lens receives
insufficient light, resulting in poor ranging performance due to
inadequate signal strength.

LuxTag-based localization:We next compare our system with
POLAR-NB [7], the state-of-the-art static RFID localization method
based on ToF using narrowband signals. The CDF of localization
errors (Fig. 21) demonstrates that LuxTag significantly outperforms
POLAR-NB under the C1G2 standard, which strictly limits available
bandwidth. LuxTag achieves a mean error of 22.5 cm, a substantial
improvement over POLAR-NB’s 57 cm. This enhancement stems
from LuxTag’s inherent robustness to multipath interference by
leveraging optical sensing principles immune to RF-specific arti-
facts. Notably, while POLAR-NB could achieve higher accuracy
with larger bandwidth, such configurations violate C1G2 compli-
ance and are impractical for commercial RFID deployments. LuxTag
thus provides a standards-compliant, high-accuracy solution for
static tag localization. Note that while methods like Tagoram [34]
and RF-Chord [16] represent significant advances in RFID localiza-
tion, they are not suitable as direct baselines for our work due to

fundamental incompatibilities with our problem setting. Tagoram
relies on tag movement to resolve phase ambiguities (i.e., the 0-2𝜋
jumps in phase measurements) through synthetic aperture radar
techniques; however, it fails to use fixed reader to localize static
tags because the phase information remains ambiguous without
spatial diversity. In contrast, LuxTag targets static tag localization,
where both tags and infrastructure are fixed. On the other hand,
RF-Chord utilizes a wide bandwidth (up to 200 MHz) for time-
of-flight (TOF) measurements, which theoretically supports static
tag localization. Yet, this approach violates the FCC regulations
for commercial UHF RFID systems, which are limited to a narrow
bandwidth of 28 MHz. Consequently, RF-Chord is incompatible
with standard COTS RFID hardware and cannot be deployed in
practical scenarios. Given that POLAR-NB operates under the same
narrowband constraints as LuxTag and addresses static localization
within C1G2 standards, it serves as the most appropriate and fair
baseline for comparison. This choice ensures that our evaluation re-
flects real-world deployability and highlights LuxTag’s advantages
under standardized conditions.

6 Related Work
RFID localization provides unparalleled advantages for item-level
tracking in indoor environments, offering inherent identification
capabilities and battery-free operation that traditional wireless
systems like WiFi and bluetooth cannot match. Traditional RFID
localization primarily leverages RF signal properties such as Re-
ceived Signal Strength Indicator (RSSI) [14, 22], phase difference
[16, 28, 34], or Doppler shift [2, 24]. While these methods have
achieved notable progress, they fundamentally struggle with non-
line-of-sight (NLOS) conditions and multipath propagation – an
enduring problem in RF systems [8, 18, 27]. These multipath ef-
fects arise from the specular (mirror-like) reflection behavior of
RF waves, where wavelengths (e.g., 𝜆 ≈ 0.3 m for UHF RFID) are
often significantly larger than the average surface roughness at
common environmental boundaries like walls or shelving units.
Consequently, signals reflect coherently, leading to complex super-
position at the receiver that is exceptionally difficult to model or
disentangle, particularly for narrow-band RFID systems.

To address these issues, in recent years, Synthetic Aperture Radar
(SAR) techniques [4, 26, 29, 34] have been adopted to enhance spa-
tial resolution by synthesizing a virtual antenna array through
controlled reader movement. These methods fundamentally rely on
capturing RSSI or phase measurements from multiple spatial posi-
tions along the reader’s trajectory. By analyzing the RSSI or phase
difference between these positions, they achieve precise position
estimation. Some advanced work has been developed in the last
decade. Yang et al. [34] propose a Differential Augmented Hologram
(DAH) algorithm to achieve millimeter-level accuracy by virtually
synthesizing an antenna array from tag motion. Bernardini et al.
[4] propose a robot-assisted SAR method for UHF-RFID tag lo-
calization, using multiple trajectories to enhance spatial diversity
and improve accuracy in complex indoor settings. Tripicchio et al.
[26] develop a synthetic aperture UHF-RFID technique combining
phase unwrapping and hyperbolic intersection to resolve phase
ambiguities and achieve precise tag positioning. Nevertheless, these
methods demand not only specialized hardware, precise motion
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control, and extensive environmental profiling, but also inherently
rely on dynamic spatial sampling to construct a continuous phase
profile—a condition fundamentally absent in static deployments,
where tags and infrastructure remain stationary.

Accurate and scalable static RFID localization remains an open
problem in real-world settings. Recent attempts have drawn inspi-
ration from Ultra-Wideband (UWB) systems by employing Time-of-
Flight (ToF) measurements in RFID systems [17]. These efforts aim
to achieve decimeter-level accuracy by estimating signal propaga-
tion time through direct path propagation timemeasurement. Subse-
quent work incorporate polarization diversity to reduce orientation-
dependent errors [7]. However, a fundamental limitation arises from
the spectral regulations imposed by the FCC: commercial UHF RFID
systems are restricted to narrowband operation (e.g., 902–928 MHz
with limited channel bandwidth), whereas UWB requires several
gigahertz of bandwidth for high time-resolution. This bandwidth
constraint severely limits temporal resolution, with state-of-the-art
systems achieving median localization errors of approximately 57
cm [7] – insufficient for applications requiring higher accuracy.

In contrast to RF-based methods, our work LuxTag introduces
a paradigm shift by leveraging optical signals to overcome multi-
path and bandwidth limitations. The core advantage of LuxTag lies
in its ability to perform accurate localization under a fully static
infrastructure, where both the RFID reader and all tags remain com-
pletely stationary. This stands in direct opposition to SAR-based
methods that require controlled movement to resolve spatial ambi-
guities. By exploiting the persistence time of COTS RFID tags as a
proxy for ambient light intensity, we enable accurate ranging im-
mune to RF-specific artifacts. Our approach requires no hardware
modifications, operates within FCC-mandated narrow bands, and
achieves a low localization error of 22.5 cm, all while maintaining
full compatibility with existing RFID infrastructure. This capability
to deliver high precision without any dependency on motion makes
LuxTag uniquely suited for real-world deployments where tags are
fixed and reader movement is impractical. This fusion of optical
sensing and RF communication bridges a critical gap in scalable,
high-accuracy RFID localization for static scenarios.

Compared to traditional ambient light localization systems [10,
15, 35, 36], LuxTag also offers distinct advantages: (1) Battery-free
operation using standard RFID tags eliminates power constraints
and hardware costs; (2) compatibility with ambient light sources
(e.g., IR LEDs, incandescent bulbs) minimizes infrastructure re-
quirements; (3) preservation of native RFID identification capabili-
ties enables simultaneous ID resolution and precision localization
without additional instrumentation. This unique combination of
battery-free operation, minimal infrastructure requirements, and
dual-purpose identification/localization distinguishes LuxTag from
prior ambient light systems and underscores its practical utility in
real-world deployments.

7 Conclusion, Limitation, Future Work
This paper has introduced LuxTag, a novel system that enables
accurate, low-cost light-based localization using standard commer-
cial off-the-shelf (COTS) passive RFID tags. By exploiting the dis-
covery that ambient light modulates a tag’s persistence time, we
transformed standard passive tags into optical sensors without

hardware modifications. The core innovation lies in modeling the
photon-induced leakage current in tag circuitry, which accelerates
capacitor discharge proportionally to illuminance, and establish-
ing the inverse-linear relationship between persistence time and
illuminance. We further propose a zero-shot calibration method
that dynamically determines system parameters using differen-
tial measurements, eliminating the need for laborious per-tag or
temperature-dependent manual calibration. This method not only
enables robust calibration under ambient light but also concur-
rently estimates tag positions through multi-source triangulation
based on invariant illuminance ratios, effectively turning calibra-
tion into a dual-purpose localization process. LuxTag bridges the
gap between RF infrastructure and optical sensing, combining the
deployment simplicity and ubiquity of RFID with the multipath
resilience of light-based ranging. This work opens new avenues for
low-cost, high-precision indoor localization in applications such as
warehouses, smart factories, and retail environments.

While LuxTag demonstrates high accuracy in controlled envi-
ronments, its real-world deployment faces inherent challenges and
opens avenues for broader application. A fundamental limitation
of LuxTag, and all optical systems, is its reliance on a direct line-
of-sight (LOS) between the light source and the tag. This restricts
its use to open environments like warehouses with open shelving
or retail spaces with well-placed lighting. A promising direction to
overcome this limitation is the development of a hybrid RF-light
localization framework, wherein ubiquitous yet coarse-grained RF
measurements (e.g., RSSI or phase) provide continuous tracking
and coarse position estimation for non-LOS tags, while LuxTag’s
high-precision light-based ranging serves as a correction or refine-
ment layer. We emphasize that LuxTag is not intended to replace
existing RF-based localization methods but rather to complement
and enhance them, offering an alternative and highly accurate so-
lution for static RFID localization in suitable deployment scenarios.

Another exciting and natural extension of LuxTag is its potential
for optical communication. Our method demonstrates that a stan-
dard RFID tag can be used as a crude but functional light intensity
sensor. This capability can be repurposed to receive data by mod-
ulating a light source. The primary challenge lies in the low data
rate constrained by the relatively slow discharge and measurement
cycle of persistence time. Future research will focus on optimizing
the modulation scheme and developing novel, higher-speed meth-
ods to measure the photocurrent’s effect, potentially pushing data
rates into the tens or hundreds of bits per second, sufficient for
many practical command-and-control applications.
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