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Abstract—While RFID has expanded to passive sensing, its
adoption is limited by constrained range and challenges like
data sparsity, temporal misalignment, phase ambiguity, and
environmental interference. We introduce TuneTag, a passive
sensing platform featuring a custom tag with a novel impedance-
matched antenna for improved precision and range, alongside
a low-complexity algorithm compatible with commercial RFID
readers and ICs. This algorithm corrects timing and phase incon-
sistencies, enabling robust differential sensing. Our evaluations
demonstrate that TuneTag achieves a 5x improvement in sensing
accuracy, a 2.4x extended range, and reduces latency to sub-
second levels, yielding a 5x improvement in response time over
State of the Art systems. The system features a graphical user
interface (GUI) for near real-time sensor output display. We
developed an Augmented Reality (AR) smartphone app that
detects sensors and overlays live camera feeds with real-time
data.

Index Terms—Impedance Matching, Passive Sensing Range,
Sensing Accuracy, Real-time sensing

I. INTRODUCTION

As data-driven automation redefines modern infrastructure,
the widespread deployment of IoT sensors will drive the next
wave of transformation in industrial and home automation. To
support this shift at scale, sensing platforms must be cost- and
energy-efficient, requiring minimal additional infrastructure
for deployment. In this regard, RFID presents a compelling
solution, offering a mature infrastructure, evolving form fac-
tors [|1]], and supporting low-cost, easily deployable tags. These
advantages have spurred growing research into using RFID
tags to sense force, temperature, moisture, and more [<2],
(31, [4], [5], [6]. While traditionally used for identification,
adding sensing functionality to RFID tags introduces energy
demands that limit sensing range and reliability. For example,
early designs with integrated ADC-based sensors [7], [8]] were
phased out due to insufficient on-chip energy to support ADC
operations.

More recently, a newer class of tags that tune their self-
impedance via an integrated varactor to maximize on-chip
RSSI (OC-RSSI) has gained both academic [9] and commer-
cial [10], [11] interest. These systems sense by monitoring
impedance changes at the antenna terminals in response to
the target stimulus, which are then translated into discrete
digital sensor codes. While these designs offer advantages over
ADC-based approaches, their functionality is constrained by
a narrow OC-RSSI operating window, a limited impedance
tuning range, and high sensitivity to environmental changes
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Fig. 1: TuneTag enables passive wireless sensing using an impedance-
matched, sensor-integrable tag and a low-complexity decoding algorithm [[16].

affecting antenna impedance—making them impractical for
passive sensing in the real-world.

Analog sensors can directly modulate the RFID carrier
signal’s phase or RSSI [12], but reliable performance in
dynamic environments often requires a colocated reference tag
[4], [5]. These setups are sensitive to angle of arrival variations
due to the presence of two distinct radiation phase centers,
leading to instability under changing conditions. To mitigate
this, prior work has explored using a single antenna shared by
two RFID ICs through isolated ports or orthogonal radiation
modes [13], [[14]. However, achieving sufficient isolation or
modal separation typically requires electrically large antennas.
Electrically small antennas, which are essential for compact
and flexible RFID tags, do not support the spatial or modal
separation needed for these configurations. ZenseTag [15]
offers a compact solution that enables two ICs to share a
single commercial RFID antenna using a Wilkinson Power
Combiner. This configuration provides the necessary isolation
while preserving a flexible form factor. However, each IC
receives 3dB less power compared to a standard single IC
tag, which limits the sensing range to < 1m. Additionally,
impedance mismatches between the COTS RFID antenna, the
5082 PCB, and the ICs reduce both range and the accuracy of
differential phase and RSSI measurements.

At the signal level, these systems [12], [15]], [17] implement
differential sensing by comparing outputs from a reference
and a sensor tag to cancel multipath effects in dynamic
environments. However, this differential sensing approach
comes with a caveat: since passive RFID tags cannot sense
the channel, commercial readers like the Impinj R700 and
ThingMagic Sargas [18]] must individually query each RFID
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Integrated Circuit (IC) using a Slotted ALOHA protocol with
a Q-algorithm to manage collisions, particularly in dense-
tag environments [19], [20]]. This creates a signal processing
challenge: the phase and RSSI streams from the two differ-
ential ICs arrive at different times, with unpredictable offsets.
These offsets depend on how much backscatter is received
from each IC, which in turn is affected by the two-way
signal attenuation unique to each tag. As a result, one IC
may take longer to harvest energy before responding, while
the other may transmit multiple backscatter signals, leading to
uneven time gaps between measurements. To ensure reliable
sensor readings in such dynamic conditions—without relying
on digital modulation—the reader must process the RSSI or
phase data from both tags in a synchronized manner. These
hardware and signal processing challenges pose a fundamental
question: How can we enable accurate, low-latency passive
analog sensing over practical ranges while maintaining a
compact, cost-effective form factor?

f

Fig. 2: TuneTag integrates a passive matching network and 502 antenna to
improve energy transfer and differential sensing range.
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Fig. 3: Compact Form Factor: TuneTag measures just 40x50 mm (next to a
US quarter for scale).

To address this challenge, TuneTag proposes a two-pronged
solution involving both Hardware and Algorithm as illus-
trated in Fig. []

« Hardware :A uniform-impedance system that connects
the sensor interface, antenna, and RFID ICs on a mono-
lithic PCB.

1) A new RFID antenna structure matched to the 50€2
input port of the Wilkinson Power Combiner, as
shown in Fig.

2) A passive matching circuit to interface the RFID
IC with the ZenseTag PCB, optimizing the match

between the IC and 50f2 transmission lines from
the Wilkinson Power Combiner (WPC) distribution
ports, resulting in improved sensing range and more
accurate differential Phase/RSSI measurements.

3) A custom flexible sensing tag measuring just 40x50
mm, printable and easily assembled at scale.

e Algorithm: A low-latency, low-compute time series

matching algorithm.

1) A sensing algorithm in SenSync [16]] that resolves
phase ambiguities and aligns time-shifted data from
multiple ICs, enabling accurate differential sensing
in real-world RFID applications.

2) A graphic user interface that can plot the sensor
output in real-time which can even be overlaid
on a camera-feed or Augmented-Reality (AR) as
described in [21]]

We evaluated TuneTag for sensing multiple modalities in-
cluding known inductance, capacitance, and resistance (LCR)
values, and demonstrated that within a specific range, it
achieves measurement reliability comparable to wired instru-
mentation. Building on the ZenseTag [15] architecture and
leveraging the SenSync [16] algorithm, TuneTag delivers
notably improved performance: a 5x improvement in sensing
accuracy, a 2.4x increase in range, and sub-second sensing
latency on par with SenSync, resulting in a 5x faster response
time than other existing passive sensing systems.

II. RELATED WORKS

Ubiquitous, and passive environmental sensing has moti-
vated the development of numerous tag-based sensor plat-
forms, as seen in both academic literature and commercial
products [22]. However, the lack of a ubiquitous energy
source makes it challenging to read and transmit sensor data
over meaningful ranges. Traditional digital-sensing topologies
[2], [8] operate within a very limited power budget, due to
significant energy consumption by ADCs and MCUs whose
efficiency, despite significant research, remains fundamentally
constrained [23[]. This creates a major barrier to battery-free
digital sensing. Alternative solutions, such as using photo-
voltaic or piezoelectric energy sources [24], [25], have been
explored, but these require specific external conditions (such as
sunlight or vibration). In environments without such sources
(for example, indoors or in densely vegetated farms), these
platforms cannot operate, limiting applicability.

An obvious choice in such scenarios, is harvesting energy
carried by wireless signals since all sensing systems require
a wireless carrier for data transmission. Thus RF energy
harvesting, an inherent capability of passive RFID ICs, offers
a promising route to achieve battery-free sensing. Recent
works [4]], [26] have utilized harvested RF energy for fully
analog sensing, thus enabling both identification/tracking and
additional sensing tasks. Expanding on this concept, [4]], [27]]
demonstrate that multiple tags, even without direct sensor
integration, can be used to infer physical properties such as soil
moisture or material composition. However, these approaches
face important limitations. Tags placed too closely may in-
terfere with each other, leading to collisions [28|], while in-
creasing the distance between them alters the wireless channel
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and introduces phase errors due to variations in signal angle
of arrival (AoA) [29]. As a result, determining optimal tag
placement becomes a complex tradeoff. Similarly, other RFID-
based sensing systems have used changes in impedance [3]],
[9I, RSSI [12]], and phase [6]], [15] to measure environmental
stimuli. Impedance-based sensing [9] is another alternative, but
it requires careful matching of the sensor’s impedance to the
RFID IC and maintaining the on-chip RSSI within tight limits
[30]. Additionally, impedance measurements are sensitive to
tag-reader distance and may need frequent recalibration. If
different conditions lead to similar impedance values, this
method can also struggle with accurate identification [3[]. Some
studies have combined multiple parameters for sensing [|17].
Although both RSSI and phase can be used for sensing, phase
provides finer granularity and real-time sensitivity [6] com-
pared to amplitude, making it a better parameter to measure
different phenomena.

Despite these novel ideas, several key hardware and algo-
rithmic shortcomings remain unaddressed in the literature.
(i) Algorithmic: While phase offers finer sensing resolution
but poses significant implementation challenges on commer-
cial off-the-shelf (COTS) RFID readers. These readers per-
form pseudo-random frequency hopping to reduce channel
congestion [19], [20]. However, each channel transition in-
troduces abrupt phase discontinuities, typically in multiples of
7 as noted in [[15]], [17]]. These artificial phase jumps make
it difficult to distinguish between environmentally induced
phase changes and those caused by hopping [33]], rendering
phase an unreliable sensing parameter. To address this, [6]
proposes tracking phase variation over short, stable intervals.
While effective in static conditions, this approach breaks
down in dynamic environments where channel conditions shift
rapidly, such as with moving sensors. Recent single-antenna
architectures [15]], [[17] aim to reduce sensitivity to multipath
and channel variability by assuming a consistent backscatter
channel. However, these systems rely on key assumptions:

o Concurrent reception and transmission from multiple
RFID ICs.
o Synchronous alternation between IC responses.

In practice, these systems achieve read rates of about 100 RF
ICs per second [15], [17]. By contrast, commercial readers
like the Impinj R700 can handle 800-1000 RF ICs per second.
Since differential sensing requires pairing responses from two
ICs to produce a single measurement, current methods yield
only about 50 sensory samples per second—well below the
throughput capacity of modern readers. This highlights a sig-
nificant under-utilization of existing RFID reader capabilities.
(ii) Hardware: While connecting two tags to a single phase
center as in [[15]], [[17] does alleviate the problem of ambiguous
Ao0A and coupling, these designs rely either on the distinct
polarizations of a large antenna [[13] or a Wilkinson Power
combiner to isolate the two tags. The former is incompatible
with the desireable small form factor of RFID tags, while the
latter loses energy due to impedance mismatches in the system.
Passive sensing systems inherently suffer from RF path loss
and the limited efficiency of electrically small antennas [34],
making energy conservation a critical concern, particularly for

miniaturized, RF-powered sensors. A comprehensive compara-
tive analysis of various RFID based analog sensing approaches
is provided in Tab.

In TuneTag, we address these limitations to maximize
sensing range under strict energy and size constraints, and
demonstrate our solutions via hardware implementation. In the
following sections, we model these challenges and highlight
the caveats of differential sensing using commercial RFID
readers and tags. We then propose signal processing techniques
to resolve phase ambiguities and fully leverage the reader’s
maximum read rate.

III. SYSTEM MODEL

The following section formalizes the energy and link-
budget constraints of passive RFID tags, and explains their
impact on sensing range and accuracy. We also formalize the
design constraints that drive the algorithm design derived from
Sensync [|16].

A. Energy Constraints of a Commercial Passive RFID Tag

The read range of a passive RFID tag relying on harvested
energy can be estimated using the Friis equation. [35]]:

A P, th GTT
r=-——\—0 (1)
4 P
Here, r is the read range (in meters), Py is the transmitted
power (in watts), Gy is the transmit antenna gain, G, is the
tag antenna gain (often set to 1), 7 is the power transmission
coefficient, and Py, is the chip’s threshold activation power.
The coefficient 7 accounts for impedance mismatch between
the RFID IC and antenna, and is given by:

__ _AR.R,
| Za+ Zc?

where Z¢c = Reo + jX¢c and Z4 = Ra + jXa are the
chip and antenna impedances, respectively. Ideally, conjugate
matching (Z¢ = Z7) yields 7 = 1, which ensures maximum
power transfer and read range. However, in designs such as
[15]], where a sensing PCB with a 502 microstrip line is
attached to a commercial RFID antenna, this mismatch results
in suboptimal energy transfer.

2

B. Loss of Signal Strength in Differential Sensing

As discussed in §l] reliable sensing with a dynamic channel
often requires an additional RFID IC as a reference. Previous
methods typically use one of two approaches:

1) Two Tags Using Dual Polarization: Losses due to polar-
ization mismatch are sometimes overlooked since most com-
mercial tags are electrically small and linearly polarized. Some
works use dual-polarized patch antennas, powering two ICs
via orthogonal modes. Assume the RFID reader transmits a
right-hand circularly polarized (RHCP) wave, whose forward-
propagating electric field is:

Eruce(z,t) = Eqy (2 cos(kz — wt) + gsin(kz — wt))  (3)
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TABLE I: Comparative analysis of Analog Sensing techniques using RFID

Attribute PV Sensing [31] Co-located tags [4], [32] This work
Universal Sensing Interface (different stimuli) No No Yes
Robustness to wireless environment Not evaluated Poor High
Commodity RFID compatible No (needs USRP) Yes Yes
Battery-free No Yes Yes

Prototype Evaluation Wired (bench-top only) Wireless Wireless

Timing synchronization for switch Reader-MSW Sync Required No Sync No Sync

Tag Modification Significant None Moderate (new PCB)
Additional Implementation Cost High None Low (flex-PCB+ WPC)

The electric fields exciting the two ICs are only half of the
total incident field:

E, = Eycos(kz —wt), E,==xEjsin(kz —wt) (@)

1
,P
5 Lcp &)

Each tag receives only half the incident power (a 3dB loss).
Moreover, as discussed in these tags’ highly directive pat-
terns perform poorly in non-line-of-sight settings—the typical
case for sensing.

2) Dual Tags Using Wilkinson Power Combiner: Another
approach is to isolate the two ICs using a Wilkinson power
divider [15], [17]. Here, the received signal is split equally,
so each IC also receives %PCP, resulting again in a 3dB loss.
According to Eq. [1} this further reduces sensing range.

Additionally, some designs (e.g., “ZenseTag”) use ICs with
impedance Z; = 22 — 71952, which mismatches with the
system impedance (Zp = 502). The resulting mismatch loss
can be calculated as:

|EP = B> + B, =B = P.=P=

Z1, — 7,
Mismatch (4B) = ~10log;(1 - [I[?), T = 222
L 0

(6)

This leads to about a 10dB loss, substantially degrading
sensor range. We address these two-stage mismatch problems
in TuneTag by developing a matching network and a 502
matched RFID antenna.

C. RFID Reader Operation

As discussed in SenSync [16], RFID readers—such as the
Impinj R700—process parameters like RSSI, phase, and oper-
ating frequency. SenSync notes that these readers must comply
with FCC regulations based on the EPC UHF Gen2v3 protocol
[19], which restricts channel usage to avoid congestion [20)].
In the US, readers operate from 902 MHz to 928 MHz, divided
into 50 channels [20]. SenSync highlighted that frequency
hopping (switching channels about every 200 ms) distributes
use across the spectrum, but introduces unpredictable phase
artifacts that complicate downstream processing.

D. Constraints on Differential Sensing

SenSync identified that EPC protocol-compliant readers
communicate using framed Slotted ALOHA [19], [20]. Each
tag transmits in a randomly assigned slot, making reads se-
quential and introducing time lags (§t) between IC responses.
Fluctuations in energy harvesting, as well as reader protocol
timing, can cause some ICs to transmit more frequently
than others. According to SenSync, these timing differences

degrade the reliability of differential sensing, since signals
representing the same physical stimulus may be out of sync.
Furthermore, SenSync observed that if the reader does not
estimate the tag population, it defaults to a 16-slot frame, po-
tentially wasting time in underpopulated systems [36]. Abrupt
m phase jumps from channel hopping also interfere with
interpreting meaningful sensory data.

E. Addressing System Challenges

To address these issues, SenSync proposed that ambiguous
7 phase jumps, introduced during frequency switching, require
differentials to be computed only within samples from the
same frequency channel. Combined with a slow typical sample
rate (about 50 samples/s [15]], [17]), and a 200 ms channel
dwell time [20], SenSync found that only around 10 usable
samples could be obtained per channel per interval. They also
noted that data sources may transmit unevenly; for example,
one IC might produce 7 samples while another produces 3,
with only overlapping periods (in this case, 3 values) usable
for differential analysis.

Therefore, SenSync concluded that a longer time window
is required to gather enough samples for accurate measure-
ment. While these systems are often described as ‘“real-
time,” SenSync highlighted that, in practice, they require a
5-10 second window to reliably report sensor readings—a
significant latency that undermines true real-time operation.

By addressing these constraints, SenSync demonstrated that
TuneTag enables the next generation of RFID-based sensing,
offering improved accuracy and performance even in dynamic
and challenging environments.

IV. DESIGN

In this section, we present the steps taken to design the
TuneTag platform to enhance sensing range and overcome the
limitations identified earlier. The design follows a two-step
impedance standardization process: first, creating a matching
network to match the IC for maximum power transfer, and sec-
ond, designing an antenna that is matched to the transmission
line impedance.

A. Matching Network Design

To maximize the energy delivered to the RFID ICs, we
use conjugate impedance matching—a standard technique for
matching RFID ICs with electrically small tag antennas [35]].
Transmission lines connected to Ports 2 and 3 of the Wilkinson
Power Combiner (WPC) are designed for Z; = 50€. A
simple two-component matching network ensures the IC sees
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its conjugate matched impedance (Zg,;,), while the rest of the
system maintains a 50¢2 load, minimizing reflection loss.

Simulations were run in Keysight Advanced Design System
(ADS) with the load impedance set to ZC"‘hip (i.e., 224+7195Q).
Based on the results, a two-capacitor network was selected
(Compl = 3.8pF, Comp2 = 1.0pF), moving the impedance
point to the center of the Smith chart. This matching circuit
was then included in Ansys HFSS simulations together with
the antenna to confirm its impact. Some energy is inevitably
lost in the matching network, resulting in a 4 dB improvement
(versus a theoretical 10 dB, see Fig. [I0a). Nonetheless, the
received RSSI from the RFID ICs is approximately 6 dB
higher than without impedance standardization.

Zo WPC
(e ) e
Zr:hip r 9 ‘—|
Z;hip 'gl ZO
K
Comp2 o—| |
Zenip r § Zy
Zenip = Adsensor

Fig. 4: Impedance matching to improve energy delivery to RFID [37]

Fig. 5: Antenna impedance matched to 502 to maximize energy transfer.

B. Antenna Design

The second step of impedance standardization in TuneTag
is antenna design. Unlike typical RFID tags, which are conju-
gately matched to the IC [35]], TuneTag enforces a system
impedance of 502 at the WPC ports. Traditional antenna
designs are unsuitable due to mismatch (§III). We therefore
designed a novel, electrically small, omnidirectional antenna
matched to 50 €2 at its input, as shown in Fig. @ Our antenna
is single-ended since the WPC only has one port. The other
terminal connects to system/RF ground, shared by the PCB
and all components. The antenna design was validated using
Ansys HFSS simulations before fabrication as seen in Fig. [

C. TuneTag Fabrication

As discussed in TuneTag is designed for easy deploy-
ment, low cost, and scalability. We fabricated the tag on a 4 mil
(0.1016 mm) thick flexible polyimide substrate (Dj = 3.2),

making it suitable for applications such as soil moisture or
in-shoe force sensing. The PCB can be manufactured using
standard photolithography and etching, similar to rigid PCBs.

The total component cost is under $2. Future versions
could leverage low-cost or biodegradable materials such as
PET or paper, and simple, solder-free assembly. The platform
is compatible with any 2-terminal sensor that changes its
terminal impedance.

V. ADDRESSING LIMITATIONS IN DIFFERENTIAL SENSING
WITH TUNETAG

Below, we summarize the design contributions of Tune-
Tag that address the limitations of single-antenna differential
sensing highlighted in §ITI} Our hardware design improves on
the architecture proposed in ZenseTag [15]], but with major
improvements in software derived from Sensync [16].

A. Addressing Temporal Mismatches

Earlier works [15], [17] did not address temporal mis-
matches caused by sequential tag reading, energy harvesting,
and varying backscatter timing. As shown in §VTI| these
mismatches resulted in large phase variation when analyzing
unmatched sequences.

To solve this, an algorithm was developed in SenSync
[16] that collects signal parameters from individual channels,
temporally aligns them, and then computes phase differences.
As detailed in SenSync, Dynamic Time Warping (DTW)—a
dynamic programming method originally created for matching
time series of varying speeds/lengths in speech recognition
[38]—was used to align the data streams (see Fig. [f] and
Algo. [I).

1) Mathematical Model of Backscatter from SST: This
algorithm has been introduced in [[16]. Consider the response
that the reader receives from individual tags as independent
channel (both RSSI and Phase) states hi, he for a given
channel c :

hS = |h§le™I%L, RS = |hgle™IP> ¢85 € (—m,m)

The differential amplitude (RSSI) and Phase can be repre-
sented as:

RSSIgiff = |h§| - |h§|7 Cpgiff = ‘I)f - ‘I’S

The two sequences ®; and @, represent phase values
captured by the reader for the two tags over multiple channels.
The input sequences are defined as:

Oy = {0}, D7,..., 05}, ke {1,2},

where C is the number of channels, and ®f =
{®5(t1), ®§(t2), ..., PS5 (tn)} is the phase sequence for chan-
nel c at different time instances tq,%s,...,tN.

The number of channels, C' has been fine-tuned based on
hyperparameter optimization of the channel state for phase
stability during the channel hops. Empirical data has shown
that the arbitrary phase jumps of 7 happen approximately
15% of the time. Now, we have observed that having at least
3 stable channels is sufficient for our algorithm to correctly
detect the response from the sensor and remove the effects of
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Fig. 6: Diagram showing data packets received from different RF ICs and their temporal alignment using DTW [16].
these arbitrary non-idealities. From binomial probability, 90% Algorithm 1 Dynamic Time Warping (DTW) [16]
of 4 channel hops yield at least three reliable channels. Thus, Require: Two sequences ®; = 1(t1), d1(ta), .-, P1(tn)

we define each DTW time frame as 4 channels, corresponding
to 0.8s of data, making our sensory response time 5x faster
than current differential sensing algorithms [15]], [[17]]. This
aligns with stimulus variation and human perception rates.

The temporally misaligned phases can be represented as
@4 (t + 7),P2(t) where 7 represents the time shift introduced
between the two streams in the same channel. Note that as
the RFID reader hops channels, and communicates with the
two tags, not necessarily in a sequential/deterministic order,
the time-shift 7 will also vary. Consequently, the objective is
to align ®; and P, by removing the shift 7 over the mini-
mum frame size (Algo. [I)) within which the DTW algorithm
computes the phase difference ®g4r. The phase difference is
given by:

sy (ti) = [P1(ti) — Pa(ts)],

where W is the warping path obtained using DTW [[T].

In Fig.[6] the left side of the diagram represents unprocessed
input sequences from two tags (®; and ®5) across four
channels:

o, = {1},

Vt, € W,

@?,@?,@%}7 P, = {(I)%’(I)g’q)g’q)g}'

Each sequence is time-indexed and contains noisy or mis-
aligned data. Dynamic Time Warping is applied to each pair
of sequences ®f and ®§ per channel c, aligning the sequences
and ensuring that the indices ¢; match optimally.

After alignment, the processed output on the right side of the
diagram represents the computed phase differences ®gig(t;)
for all aligned timestamps:

aire(t1) = [ @7 (t:) — @5(E:)],

The final output is a consolidated matrix of ®g; values for
all channels, ready for subsequent analysis.

As these sequences represent channel and stimulus effects,
DTW was shown in SenSync to effectively align them despite
time mismatches. This approach, solves the hidden challenges
in single-antenna differential sensing. Additionally, the algo-
rithm is not limited to phase and can be used for other signal
parameters (RSSI, impedance), as noted by its authors.

Importantly, this deterministic approach does not require
training data and can generalize to any environment without
site-specific calibration, as highlighted in SenSync. Thus,
according to its findings, TuneTag reliably addresses channel
variability and enhances sensing robustness, which is detailed
in the evaluations in §VII|

ce{1,2,3,4}

and ©3 = ¢a(t1), da(ta), - .., P2(tur)
Ensure: The DTW distance and the optimal warping path W

Initialize the cost matrix D of size N x M:
D(0,0)=0
D(i,0) = oo for all i >0
D(0,5) = oo for all j >0
for each i from 1 to N do
for each j from 1 to M do

Calculate the cost d(¢1(t;), p2(t5)) = |d1(ti) — d2(t;)]

Update the cost matrix:

D(i.j) = d(é1(t), (t;)) +min (D(i — 1.,),
D(’ij - 1)a

D(i—l,j—l))

end for
end for
Initialize the warping path W = {(N, M)}
Seti=N,j=M
while ¢ > 1 or j > 1 do
Find the direction of the minimum cost:

(i',7") = arg min {D(ifl,j),D(i,jfl), D(z’fl,jfl)}

Update (i, j) <= (i',j')
Append (i,5) to W
end while

Reverse W to obtain the final warping path
return D(N, M) and W =0

TuneTag, as demonstrated by SenSync, enables robust dif-
ferential sensing while dealing with common issues in com-
mercial RFID readers (§III). Since the algorithm works for
multiple parameters, TuneTag serves as a universal solution for
RFID-based differential sensing. SenSync’s work also showed
that the increased throughput reduced sensing latency to sub-
second levels, representing about an 80% improvement over
existing state-of-the-art systems [15]].

Authorized licensed use limited to: Univ of Calif San Diego. Downloaded on September 26,2025 at 21:42:06 UTC from IEEE Xplore. Restrictions apply.
© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Journal of Radio Frequency Identification. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JRFID.2025.3614590

VI. IMPLEMENTATION

A. General Compute Specifications

As described in [16]], SenSync was implemented as a
software package built upon the hardware based on the design
in ZenseTag [[15]. The authors of SenSync further note that
the complete system can be installed on any general-purpose
computer running common operating systems [16].

The TuneTag software, as developed for SenSync, is a
standalone Java application that uses the Impinj Octane SDK.
This application features a graphical user interface (GUI) built
with Java Swing, designed to display real-time sensor data and
automatically detect nearby sensors. Users are also able to
select specific sensors directly from the GUI. To demonstrate
its compatibility with other programming languages, a Python
program was also created for SenSync using the JPype library.

Performance of the SenSync system was evaluated on two
distinct computing systems. As reported in [[16]], on a Windows
11 system with an Intel(R) Core(TM) EVO i7-1355U CPU
(3.7GHz peak clock speed), the application operated effi-
ciently, utilizing less than 20% of the CPU’s peak capacity and
under 2 GB of memory. It also ran with similar effectiveness
on an Ubuntu 20.04 machine, which has an Intel(R) Core(TM)
i7-1165G7 CPU (2.8GHz peak clock speed). These findings
demonstrate TuneTag’s robust cross-platform operability, as
highlighted in SenSync. The code for the implementation can
be found here: https://github.com/ucsdwcsng/SenSync| [39]

B. Reader - Compute Interface

Most recently published works rely on Python-based open-
source Low Level Reader Protocol (LLRP) libraries for in-
terfacing the RFID reader with compute devices; however,
these approaches are bottlenecked in terms of throughput
due to limited packet sizes, resulting in significantly reduced
sampling rates of 100 RF ICs (or 50 sensory samples) per
second [15]], [[17]. Instead, in TuneTag’s design as presented
in SenSync, the Impinj R700 reader is interfaced with general-
purpose compute devices using the Octane SDK provided by
Impinj. A custom Java application was developed for SenSync
using the existing SDK to handle RFID data acquisition and
processing. It implements SenSync’s algorithms for improved
data interpretation and visualization.

Preset configurations were provided for the reader in Sen-
Sync, defining expected tag population and reader mode to set
the correct frame size in the Query field [20]]. Setting the cor-
rect reader mode optimizes resource allocation, allowing the
reader to focus on decoding backscattered signals containing
RFID parameters instead of evaluating its environment. Using
this direct approach, SenSync reported that throughput was
boosted to 800 RF ICs (or 400 sensory samples) per second.

By tailoring the software to the system’s specific needs,
SenSync created a robust platform for RFID data collection
and analysis that enhanced throughput by 8 (as per Table ),
enabling more efficient and accurate processing of complex
RFID data streams.

Algorithm ‘ Is ‘ 2s ‘ Ss ‘ 10s ‘ 30s ‘ 60s ‘ Average
SenSync 771 | 1457 | 3607 | 7204 | 21259 | 42407 | 786 Hz
State of Art | 114 199 478 947 2838 5744 99 Hz

TABLE II: Data points collected from SenSync and State of Art for different
time intervals [16].

C. Augmented Reality App

We tested our application using commercial off-the-shelf
RFID tags and a separate commercially available Impinj
R700 RFID reader. To demonstrate our algorithm’s real-time
capability, we developed an augmented reality Android App
that can automatically detect sensors in the device’s live
camera feed or selected images, displaying sensed stimuli
in real-time as was also shown in a short demo abstract in
[21]], [40]. Built on Google’s MLKit library, the app runs on
Android 9 (API level 28) or newer. It requires initial setup
to link sensory tag identities with their purpose, which is
then used to match objects and display live sensory data.
Once configured, the app identifies objects in the camera
view using object detection and optical character recognition
(OCR), and displays corresponding sensor data directly within
an augmented reality (AR) environment [21]].

VII. EVALUATION

We will now evaluate the performance of TuneTag in a real-
world setting (laboratory) with ample multipath and show that
we are able to achieve significantly better range and superior
sensing accuracy.

A. Antenna Performance

The antenna was designed and simulated in Ansys HFSS.
The simulation results show a reasonable match at around
915 MHz (center frequency of the UHF RFID band). The
frequency response of the fabricated antenna was measured
using a Keysight Vector Network Analyzer, while the radiation
pattern was characterized using an anechoic chamber and a
standard gain horn antenna.

The measured standalone antenna exhibits a resonance
shifted upward to approximately 1100 MHz, representing a no-
table deviation from the intended design frequency. This shift
is consistent with variability inherent to flexible Polyimide
substrates, where fabrication processes such as thermal cycling
and lamination can significantly alter the effective dielectric
properties, effects that are difficult to capture precisely in sim-
ulation. While the resonance mismatch reduces the achievable
sensing range compared to a perfectly matched design in the
UHF RFID band, it does not affect the sensing accuracy of
the system.

When the antenna is integrated with the PCB, however, the
resonance shifts downward into the intended UHF RFID band.
This tuning effect arises primarily from the influence of the
PCB ground plane, which strongly affect both resonance and
radiation characteristics. Thus, although the fabricated antenna
alone exhibits a resonance (matching) offset, the complete
system operates effectively within the desired band once the
PCB environment is included. An improved integrated antenna
design in the future, where the RFID IC is explicitly modeled
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along with the antenna and PCB ground effects [41]], could
further mitigate such mismatches. The simulated and measured
return loss (S71) responses are shown in Fig.

In contrast to the standalone antenna, the reflection coeffi-
cient (S11) of the composite tag cannot be measured directly,
as such a characterization would require a specially designed
PCB with measurement ports substituting the RFID ICs.
Consequently, to assess the performance of the composite tag
consisting of the Wilkinson combiner, two RFID ICs, and the
proposed antenna, we adopted a comparative evaluation based
on the received signal strength indicator (RSSI). Specifically,
the RSSI of the twin tag single antenna architecture with
modified commodity RFID tag antennas reported in [15] is
compared against that of the current design, measured across
varying reader to tag distances (Fig. [§).

The measured radiation pattern of the fabricated RFID
antenna is shown in Fig. 0] Patterns were recorded in both co-
polarized (V-pol) and cross-polarized (H-pol) configurations
relative to a reference horn. Comparable peak gain in both
cases indicates negligible polarization selectivity, which is
favorable for operation with right-hand circularly polarized
readers. Localized nulls are observed in the measured patterns,
attributed primarily to residual feed imbalance and secondarily
to PCB ground asymmetry, but their impact is limited to
narrow azimuthal regions when the antenna is connected to
the differential sensing PCB.
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Fig. 7: Antenna characteristics: Simulated and measured S-parameters.

Range based RSSI: TuneTag vs ZenseTag

=—e= TuneTag
= ZenseTag

RSSI (dB)
5

50 100 150 200 250
Range (cm)
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Fig. 9: Antenna radiation patterns for both H-pol and V-pol orientations.

B. Sensor Estimation Accuracy

The secondary goal of TuneTag is to improve the reliability
of the sensing. Improving the SNR of the signal that reaches
the RFID IC’s will also ensure that the phase can be decoded
more reliably at the reader end. To do this, we assembled
a TuneTag without using any sensor to evaluate both the
“differential-RSSI” and “differential-phase”.

Past works [6]], [15]], [[17]] have relied on differential RSSI
and Phase as the sensed metric, to measure quantities like
contact (keyboard), force, soil moisture. The goal of this eval-
uation is to ascertain whether the impedance standardization
process reduces the uncertainty in both parameters. Figures
[[0al and [TOB] show the standard deviation of both the measured
RSSI values and the differential RSSI observed between the
two RFID ICs. Notably, differential RSSI approaches the ideal
value of 0 dB and differential phase approaches 0°.

C. Range Enhancement

To demonstrate the improvement in range achieved by
TuneTag, we use the setup shown in Fig. [[T(a), where the
reader and the tag are mounted on tripods. The RFID antenna
(Alien 9dBi gain) is fixed, while the tag bearing tripod is
moved, till the tags are no longer read by the RFID reader
software (ItemTest, which logs the tag RSSI and phase) on
the HostPC. This helps us accurately measure the maximum
range up to which the sensing platform will reliably function.
Simultaneously, we also measure the sensing range of the
state-of-the-art "ZenseTag”. In order to ensure a fair com-
parison, both the platforms were evaluated without using any
sensor. Also, TuneTag is measured without using matching
network components, since the fabricated composite board
(Antenna+PCB) had defective vias (large punchthrough). We
notice from Fig. [TT](a), that for TuneTag even without the tag-
PCB matching, sensing range improved nearly 2.4x to 2.4m
compared to ZenseTag [|15].

D. Measurement of RLC components using TuneTag

1) Measurement Methodology: We systematically varied
known values of standard resistive, inductive, and capacitive
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Fig. 10: Performance improvement in differential measurement due to improved matching between RFID IC and TuneTag PCB for (a) RSSL and (b) phase.

Fig. 11: (a) Setup to evaluate range of TuneTag. (b) TuneTag prototype using
flexible polyimide substrate. (c) Matching network added to ”ZenseTag” PCB.
(d) "ZenseTag” prototype used for comparison.

components connected to the TuneTag system. For each com-
ponent type (resistors, inductors, and capacitors), the differen-
tial signal (a derived signal parameter representing the tag’s
output response to the change in the component) was mea-
sured. These experimental measurements were then compared
against simulated data which represents theoretical predictions
derived from electromagnetic and circuit simulations, serving

as the ideal benchmark as seen in Figs.

2) Resistance Measurement: As shown in Fig. [I2a] the
plot of Differential Amplitude versus Resistance demonstrates
strong agreement between simulated values and evaluated
results. One thing to note here is that while measuring
resistance, differential RSSI proved to be the better metric
showcasing the breadth of TuneTag in evaluating different
signal parameters for sensing. This strong correlation confirms
that TuneTag can accurately detect and quantify changes in
resistance by observing variations in the differential amplitude
of the backscattered signal. The minimal deviation between
measured and simulated values underscores the effectiveness
of TuneTag’s impedance matching and signal processing in
capturing subtle resistive variations with high fidelity, as
amplitude is strongly influenced by resistance changes.

3) Inductance Measurement: Similarly, per Fig. [12b] ex-
perimental validation for inductance shows that TuneTag is
adept at measuring circuit inductance to a high degree of
accuracy. The measured differential phase tracks the changes
in inductance with precision and accuracy. This is crucial for
applications sensitive to magnetic field variations or changes in
inductive coupling, where phase provides a direct and highly
sensitive indicator of the reactive component of the impedance
arising from inductive changes.

4) Capacitance Measurement: The results for capacitance
measurements, Fig. further corroborate TuneTag’s robust
performance, again by focusing on the differential phase.
Across a wide range of capacitive values (e.g., from picofarads
to nanofarads), the experimental measurements show near-
perfect alignment with both the simulated and estimated data
curves. This high degree of conformity validates TuneTag’s
precision in detecting and quantifying capacitive changes. The
ability to accurately sense capacitance is vital for numerous
applications, including fluid level detection, proximity sensing,
and material characterization.

The consistent and highly accurate alignment between
experimental measurements, simulated data, and algorithmic
estimations across resistance (using differential amplitude),
inductance, and capacitance (using differential phase) proves
that TuneTag is a versatile passive wireless sensing platform
for most common sensor impedances.

E. Combining SenSync with TuneTag

To evaluate the technique proposed in SenSync [16]], the
authors of that work developed a Simulatory Stubbed Tag
(SST) device, based on ZenseTag but adapted for a rigid
PCB implementation, as shown in the inset of Fig. T3] Unlike
ZenseTag’s sensor-impedance dependent phase modulation,
SST utilizes a transmission line stub to introduce a fixed
phase shift. The PCB incorporates two RFID ICs at known
electrical lengths (calculated at effective wavelength A.fr
inside the substrate) from a shared antenna and Wilkinson
Power Combiner, creating distinct path lengths.

This design induces a natural phase difference between
incident and backscattered signals, enabling accurate phase-
based sensing with a known ground truth. This calculated
difference was 5.95° for each signal, resulting in a net phase
difference of 11.9° for the backscattered signal, as confirmed
using a Vector Network Analyzer (VNA). Using SST, SenSync
compared its performance against ZenseTag [15]]. This SST
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Fig. 12: Measurement of different passive components using TuneTag: (a) resistance, (b) inductance, and (c) capacitance.
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Fig. 13: CDF plot showing the error margins in static conditions. (Inset:
Simulatory Stubbed Tag)

served as a benchmark to compare both methods’ perfor-
mance in two scenarios: optimal conditions without multipath
interference, and challenging environments with significant
multipath effects.

The authors of SenSync tested ZenseTag in dynamic condi-
tions using their improved software and a simple differential
technique on raw data, where they subtracted the phase of the
reference without further processing, as described in [15]], [[16].
They evaluated both data collection methods using SenSync’s
DTW algorithm.

TuneTag, however, fuses the techniques given by ZenseTag
and SenSync [[15[], [16] and significantly enhances the capa-
bilities of the hardware by improving range 2.4 x. The results
presented showed that accurate real-time sensing in dynamic
conditions requires TuneTag’s complete system.

1) Performance under Static Conditions: In SenSync’s
evaluation under optimal conditions, the SST was positioned
at 50cm from the RF antenna in an environment with static
metallic and non-metallic objects nearby, but not in the Line
of Sight (LOS) path.

The performance of both SenSync and ZenseTag was eval-
uated using the SST under these optimal conditions. Based on
their observations, SenSync concluded that it provides signif-
icantly better accuracy and more precise results compared to
ZenseTag. Fig. [[3] from SenSync reveals that the median error
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in computing phase difference is 0.2° lower when using the

algorithm proposed compared to the one suggested in [[15].
2) Performance under Dynamic Conditions: For the dy-

namic scenario in SenSync, significant disturbances were

introduced in the LOS path, including moving people. Ad-

ditionally, the SST was vigorously moved laterally relative to

its platform.

Experimental Setup for Dynamic Movement Test:

To assess the system’s resilience to localized tag movement

while minimizing radial velocity effects, the tag underwent
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controlled oscillatory motion.
Movement Parameters: The SST was vigorously shaken back-
and-forth, mimicking bottle-shaking:

o Average Speed: ~ 1 m/s

o Peak Speed: Up to 2 m/s

o Type: Oscillatory, linear, within a constrained plane.

Rationale behind the movement restrictions: The shaking
was strictly confined to the plane of the reader antenna’s main
radiation lobe. This ensured:

o Consistent Tag-Antenna Distance: Minimized direct
physical distance changes.

« Mitigated Radial Doppler Effects: With motion per-
pendicular to the LoS (@ = 90°), the radial velocity
component (v, = v - cos(f) = 0) was negligible.
This isolated the system’s performance from Doppler-
induced phase distortions, allowing focus on temporal
misalignments.

SenSync individually evaluated ZenseTag under these real-
world conditions, focusing on their data collection and al-
gorithmic capabilities. Specifically, ZenseTag was tested with
SenSync’s channel-wise DTW algorithm and with their
improved data collection technique (VI-B), which was equiva-
lent to evaluating ZenseTag without the DTW algorithm. This
approach demonstrated the independent impact of SenSync’s
design enhancements and detailed the optimal method for
differential sensing.

SenSync achieves the lowest error, as shown in Fig. [T4]
with each individual enhancement also contributing significant
improvement. It demonstrated substantial accuracy gains in
measuring true differential phase. Under harsh simulation
conditions, median error was only 0.79°, marginally higher
than the 0.6° observed in static conditions (VII-ET). ZenseTag
with DTW, although a distant second, demonstrated DTW’s
effectiveness in matching time sequences for each channel
and managing EPC protocol constraints. Furthermore,
SenSync’s findings showed that omitting DTW matching (rep-
resenting a throughput-enhanced ZenseTag) improved overall
error but led to a more sporadic spread of values due to the
absence of temporal sequence alignment.

The variability in readings for each experiment was also
studied in SenSync, as seen in Fig.[T3] As indicated by the dark
green bar in their findings, SenSync outperformed others with
lower error, reduced variability, and improved consistency.
Its higher throughput (Table |l enabled sub-second stimulus
resolution, achieving a 5x improvement over existing methods
131, 6], [15]1, [17]. Under these controlled planar oscillations,
the system demonstrated exceptional stability and accuracy in
differential phase measurements. This robust performance is
attributed to effective radial Doppler mitigation, enabling Sen-
Sync’s algorithm to address phase variations from sequential
reads and non-radial interferences. Thus, TuneTag has been
demonstrated to have significantly improved range, robustness
and reliability compared to state-of-the-art.

FE. Evaluation with Commercial Sensors

We also developed an Android application, as seen in Fig.
[I6] that detects sensors in a live camera feed or still images,

Ground Truth
Sensor ‘\/\
Soil Moisture [t
TuneTag .

Fig. 16: TuneTag’s AR Smartphone App: Visualizing Sensing in Real-time.

augmenting them with real-time sensory values [21]]. This ap-
plication, as described in TuneTag, combines object detection
with real-time sensory data acquisition, transforming phones
into sensor hubs. As a result, users can remotely monitor met-
rics like soil moisture or container fill levels without physical
presence. This technology, presented in [21]], redefines remote
sensing, making it accessible and user-friendly for everyday
applications, from kitchen shelves to garden pots, enabling
effortless and intelligent monitoring of one’s environment.

G. Overall Significance and Implications

These comprehensive validations indicate several key
strengths:

1) Adaptive Impedance Sensing: TuneTag’s ability to
intelligently leverage the most sensitive signal param-
eter—differential amplitude for resistive changes and
differential phase for reactive changes—demonstrates an
effective approach to generalized impedance sensing.
This is crucial because many physical phenomena (e.g.,
pressure, strain, humidity, material composition) can be
transduced into changes in R, L, or C.

2) Confidence in System Design: The near-perfect align-
ment validates the entire TuneTag design, including
the novel impedance-matched antenna, the passive tag’s
integration, and the sophisticated algorithms for signal
processing and estimation. It confirms that the system
behaves precisely as predicted by theory across both
resistive and reactive domains.

3) Reliability and Robustness for Applications: The high
prediction accuracy across diverse conditions indicates
that TuneTag can provide consistent and precise data for
battery-free passive sensing in varied environments.

4) Foundation for Complex Sensors: By accurately sens-
ing R, L, and C using their most sensitive indicators,
TuneTag lays the groundwork for seamless integration
with a wide array of existing RLC-based passive sensors,
simplifying their deployment and enabling miniaturized,
battery-free solutions.
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VIII. CONCLUSION

In TuneTag, we demonstrate that standardizing impedance
across the differential sensing platform significantly enhances
both range and accuracy. By using a novel RFID antenna with
a 50Q) terminal and matching the RFID ICs to this common
impedance, we enable practical, long-range passive sensing.

Wireless, battery-free solutions for ubiquitous remote sens-
ing face numerous challenges, particularly in multipath-rich
environments with static and non-static objects and people. We
presented TuneTag with SenSync, an algorithm designed to ad-
dress real-world non-idealities through a theoretical approach.
Being a deterministic algorithm, SenSync requires no pre-
training or post-deployment recalibration, making it suitable
for any environment. We demonstrate this by developing a
GUI that can capture and visualize real-time sensory outcomes,
offering an intuitive model for RFID-based sensing.

TuneTag serves as a universal solution for RFID-based
differential sensing, applicable to phase, RSSI, or impedance
as sensing mechanisms. The current operation of TuneTag
is constrained by sensor speed. Since we define the DTW
time frame based on limitations imposed by commercial RFID
readers, we are restricted to detecting stimuli that do not
change more rapidly than the frame size. Another potential
limitation is the use of handheld RFID readers. While TuneTag
can account for tag movement, all our experiments have
involved stationary readers.

As RFID readers improve in size, computing power, and
become free of the arbitrary phase jumps introduced during
frequency hopping, TuneTag can become more powerful.
This advancement could potentially enable truly ubiquitous
passive sensing, achieving the long-sought deploy-and-forget
paradigm in remote sensing.

IX. FUTURE WORK
A. Antenna Pattern Nulls

We note that the radiation pattern of the fabricated an-
tenna exhibits certain null, which can create blind spots in
its field of view specifically close to range limits. In these
directions, the tag may fail to receive communicate with the
reader, potentially leading to inconsistent tag reads or reduced
communication reliability.

Future research can focus on refining the antenna design to
minimize or eliminate these pattern nulls, thereby improving
angular coverage and ensuring more uniform performance
regardless of tag orientation or placement. Additionally, further
tuning of the antenna geometry and material properties could
enhance impedance matching, leading to more efficient power
transfer between the antenna and RFID IC and ultimately
extending the effective read range of the tag. Furthermore,
in two-way backscatter based sensing, the key bottleneck is
often the sensitivity of the RFID IC itself [37]. The uniform
impedance tag idea presented in this work could support
sensing at even longer ranges as the sensitivity improves.

B. Fabrication Complexity and Cost

The designed PCB is fabricated using a flexible polyimide
substrate and requires manual soldering of key components,

including the matching network, Wilkinson Power Combiner
(WPC), and RFID ICs. While effective for prototyping and
performance validation, this fabrication process introduces
complexity and limits scalability for mass production.

Future research could explore simplifying the assembly
process by adopting manufacturing techniques that are more
compatible with large-scale production. For instance, using
wet-inlay RFID ICs, where chips are pre-mounted on flexible
substrates—along with printed or adhesive-based passive com-
ponents, could eliminate the need for soldering altogether. This
would pave the way for cost-effective, roll-to-roll fabrication
of flexible sensing tags suitable for widespread deployment.

C. Tag environment

We acknowledge that even with the use of a reference tag
as in [15], environmental factors can still pose challenges,
particularly when the antenna itself becomes significantly de-
tuned by its surroundings. This issue is especially pronounced
for RFID antennas, which are electrically small and typically
lack a metallic ground plane (to preserve efficiency), making
them highly susceptible to detuning when placed near metallic
objects or reflective surfaces.

D. Impact of Radial Motion

While valuable, this test’s planar restriction did not include
significant radial tag motion. Future work is needed to quantify
the impact of substantial Doppler frequency shifts, inherent in
unconstrained tag movements, on differential phase stability
and accuracy, and explore mitigation strategies for these com-
plex scenarios.
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