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Abstract—This work demonstrates how open dipole (OD)
RAIN RFID tags and tag-arrays can be used for material
characterization in a standard compliant way. Unlike T-matched
antennas, OD designs exhibit reduced resonance complexity, with
a single minimum in the power-on-tag-forward (POTF) and a
single maximum in the power-on-tag-reverse (POTR) response.
We introduce a setup-invariant metric based on the transmitted
and received reader powers at tag threshold, which preserves
resonance information while eliminating the need for calibration.
In addition, we demonstrate that auto-tune (AT) code changes in
self-tuning ICs of OD tags provide clear and narrowband min-
max transitions that remain stable over a wide range of transmit
powers, providing high tuning flexibility and enabling sensing at
fixed reader power. Building on this, we propose a novel approach
for material sensing, leveraging the AT-code transitions within
the narrow UHF RFID band using arrays of individually tuned
OD tags. We demonstrate the repeatability of open dipole-based
sensing using 6 commercial OD RAIN RFID tags to estimate
the effective dielectric permittivity of 7 materials, obtaining
lower variance than T-matched antennas for high ¢, dielectrics.
Furthermore, we propose a custom three OD tag array capable
of discriminating between four specific materials and air within
the UHF band, demonstrating the sensing capability of this new
method in compliance with regulatory standards.

Index Terms—Open dipole antenna, material sensing, RAIN
RFID tags, auto-tuning ICs, power-on-tag-forward, power-on-
tag-reverse

I. INTRODUCTION

Radio-frequency identification (RFID) has grown into a
large-scale industrial technology, with billions of passive UHF
tags deployed annually across retail, logistics, and manufactur-
ing sectors [1]. Continued reductions in tag cost and advances
in chip and antenna design are pushing RFID into new sectors
such as structural health monitoring [2], biomedical industry or
smart agriculture [3], among others. This widespread deploy-
ment creates an opportunity to leverage RFID tags as low-cost,
ubiquitous sensing elements, rather than only as identifiers [4].

Concurrently, waste management and material recovery
systems are undergoing active modernization, driven by reg-
ulatory pressure, such as Walmart’s mandate for item-level
tagging [5], and sustainability targets [6]. Material recovery
facilities worldwide increasingly rely on advanced sensing,
automation, and data-driven sorting to address contamination
and material complexity [7]. However, many of these tech-
niques are slow, and often require line-of-sight, which can
limit their throughput and accuracy [8]. Embedding sensing
capabilities into RFID tags already present on packaging offers
a practical pathway to leverage the inherent wireless benefits of
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this technology, improving material identification and sorting
efficiency without the need for additional sensing hardware.

RAIN RFID tags are commonly characterized by threshold
sensitivity and backscatter responses, referred to as threshold
power-on-tag-forward (POTF) and threshold power-on-tag-
reverse (POTR), respectively [9]. While T-matched antennas
formed by a dipole coupled to an inductive loop [10] are well
suited for ARC (RFID Assessment and Certification) scenarios
involving multiple item types [11] due to their broadband
impedance matching, their resonance behavior is inherently
complex. As demonstrated by Nikitin et al., POTF resonances
of T-matched tags are complicated functions of dipole, loop,
coupling and chip impedance characteristics. T-matched tags
exhibit three distinct resonant frequencies, f,, fp and f. (see
Fig. 1) [12]. Building on this, Nikitin et al. also demonstrated
that shifts in f. can be used to extract the effective dielectric
permittivity €.y of tagged materials [13], [14], while shifts
in f,, f» and f. enable estimation of effective magnetic
permeability jiorr [15].
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Fig. 1. Representative POTR (blue) and POTF (red) curves of a T-matched
(T-M) RAIN RFID tag (dashed) and its open dipole (OD) version (solid) with
their resonances marked.

Recently, the same authors derived original closed-form
formulas for open dipole (OD) RFID tag resonances [16],
showing that the absence of a loop eliminates coupled resonant
modes, resulting in simpler POTF and POTR responses with
only two resonances f, and f. (see Fig. 1). Although the
operational frequency bandwidth of ODs is narrower than that
of T-match designs, the measured resonance shifts reported in
[16] for OD RAIN tags placed on different material types,
suggest that their direct relationship to dielectric permittivity
and permeability could simplify and make material sensing in
the UHF RFID band more practical. Besides, ODs can be made
more compact (e.g., miniature tagging) because no inductive
matching loop is needed [17], [18].

In practice, RFID measurements are challenged by factors
like propagation noise, the geometry of the measurement
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setup, and variations in the surrounding environment [19]
[20]. Consequently, acquiring the POTF and POTR curves
typically requires careful environmental calibration using a
reference tag, along with a precision wideband tag power
measurement reader [9]. Calibration based on a reference tag is
only valid within a limited spatial region around the reference
location; when sensing tags are displaced from this region,
POTF and POTR values inferred from such calibration may
become inaccurate. Therefore, eliminating the need of calibra-
tion is particularly appealing for practical sensing scenarios
with moving tags, such as conveyor-belts, or with spatially
distributed tags and tag arrays.

To mitigate these limitations and enable more robust ex-
traction of the analog information from the tag, alternative
approaches that avoid POTF and/or POTR curve measurement
have been proposed. Notably, Nikitin et al. derived a setup-
independent relationship between the transmitted power and
the reader sensitivity by combining the forward and reverse
link budgets, showing that the product of these quantities
depends only on tag (chip and antenna) parameters and is
valid for arbitrary propagation environments as was shown in
[21] and discussed later in [22]. Similarly, Marrocco et al.
introduced the concept of an Analog Identifier (AID) [23]-
[26], a setup-invariant metric that also combines forward and
reverse link information and depends only on the antenna and
chip impedances, rather than on the reader—tag geometry or
environment. These metrics have been used for sensing [27]-
[29]. However, they have not been used explicitly for tag
resonance behavior characterization.

As an alternative metric, our previous work introduced a
sensing approach based on the auto-tune (AT) code feature
available in some RAIN RFID chips (e.g., recent generations
of Impinj ICs [30]) which support adaptive capacitance adjust-
ments for antenna impedance matching [31]. We demonstrated
that transitions of the AT code across frequency can be used
to estimate the POTF resonance frequencies (f, and f;) and
dipole resonance frequency (f;) of antennas with a T-match
structure without the need for generating the POTF and POTR
curves. Furthermore, we showed that the POTR resonance (f.)
and loop resonance frequency (f2) can be derived from these
markers and used to estimate both €.y, and pi. 7y of materials.
This method did not require to precisely measure reader output
or received power, have knowledge of the environment or read
distance, nor disable the auto-tune functionality in order to
determine the resonance frequencies [32], [33].

Nevertheless, one of the main limitations of using the AT
code with T-matched antennas is that their inductive loop
introduces coupled resonant modes, resulting in broadband,
irregular AT-code transitions that do not always span the
full AT range and may lead to ambiguous and distorted
resonances, increasing false detections and sensing errors
[31]. Additionally, this approach relies on sweeping a wide
frequency range (600-1300 MHz) in order to capture all the
relevant AT-code transitions of T-matched antennas. Moreover,
because the chip input impedance depends on the incident
power level, measurements must be performed at tag threshold
power, whose determination is time consuming. Together,
these constraints limit direct applicability of the AT-based

method with standard commercial readers, which typically
operate over narrow UHF bands (860-960 MHz), and provide
fixed or coarsely adjustable output power [34].

With the goal of making RAIN RFID-based material sensing
more accurate, practical and standard compliant, this work
proposes using open dipole RAIN RFID tags and tag-arrays
for material characterization. The material sensing approaches
demonstrated in this paper are summarized in Table I and are
as follows:

1) We first validate that the effective dielectric permittivity,
€ctf, of materials can be directly estimated from the f,
and f. resonance shifts detected in POTF and POTR
measurements of OD tags.

2) We then propose using a setup-invariant metric for sen-
sing, which we denote as Power Product (PP) and is
based on the transmitted and received reader powers at
tag threshold (Prx - Prx). We prove that this metric
preserves resonance information and does not depend
on the reader-tag configuration, eliminating the need of
measuring POTF/POTR curves. The PP also decreases
data and processing complexity by enabling identification
of multiple resonances from a single curve.

3) We demonstrate that AT-code changes in OD tags with
self-tuning ICs exhibit sharp and clear narrowband min-
max transitions at f, and fi, providing high tuning flexi-
bility through dipole length trimming and finer resonance
detection precision than T-matched tags. Additionally, we
further prove that, AT-code changes remain stable over a
wide range of transmit powers, enabling calibration-free
sensing at fixed reader power.

4) Finally, we propose a novel approach for material sensing
within the narrow FCC UHF RFID band (902-928 MHz)
by leveraging the consistent narrowband AT-code transi-
tions of OD tags, which we intentionally tune to respond
to different materials.

The rest of the paper is organized as follows. Section II
validates the use of open-dipole RAIN RFID tags for material
sensing using three complementary methodologies. Section III
introduces the proposed custom-designed array approach for
narrowband sensing. Section IV describes the tags used,
materials tested, hardware setup and the data capture pro-
cedure. Sections V and VI present material sensing results
using individual open dipoles and custom-designed OD tag
arrays, respectively. Finally, Section VII presents the main
conclusions and future research directions.

II. MATERIAL SENSING WITH OPEN DIPOLE RAIN TAGS
A. Material sensing from POTF and POTR curves

As discussed in the introduction, RFID tags employing open
dipole antennas exhibit a simpler resonance behavior than tags
based on T-matched antenna structures. T-matched tags have
three characteristic resonant frequencies f,, f, and f. that
originate from the interaction between the natural resonant
frequency of the dipole (f;) and that of the inductive loop
(f2), as captured by the closed-form circuit expressions for
the characteristic angular frequencies (w = 2x f) derived in
Eq. (4) and (8) in [12] and summarized in Table II.
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TABLE I
MATERITAL SENSING APPROACHES DEMONSTRATED IN THIS PAPER USING OD RAIN TAGS WITH/WITHOUT AUTO-TUNING ICS.

. Require Require | Require | Measurable at .
Monitored How are they Number of tags calibration with reading | disabling | fixed transmit What chips Exa¥nples .Of
parameters monitored? known tag? AT? AT? power? can be used? specific chips
No, if only the . .
Threshold POTF ) . Any (with or Without AT: any
and POTR curves |  Single or multiple res"“i’;gcngee;‘e“dc“m’ No Yes No without AT, as | With AT: Monza
(wideband equipment long as AT can | R6, M700, M800,
Tag Threshold Prx needed) be disabled) U8, U9*
and Prx curves No No Yes No
esonances | (power Product)
Single or multiple
(wideband equipment Chips with AT With AT:
AT code needed) No Yes No Yes where AT code | Monza R6, M700,
transitions Multiple individually is readable MS800, Magnus2
tuned tags (can use
narrowband reader)

1 NXP U8, U9 ICs have AT feature (i.e., self-adjust) but AT state is not readable.
2 AT of Magnus IC cannot be disabled (but AT code can be read).

In contrast, OD tags do not include an inductive matching
loop and therefore do not exhibit a loop-related resonance. As
a result, they are characterized by only two resonances, f, and
fe- As shown by the analytical expressions derived in Eq. (1)
and (4) [16] and reported in Table II, for most RFID tags, f.
coincides exactly with f; (see Appendix A).

TABLE 11
COMPARISON OF CHARACTERISTIC ANGULAR FREQUENCIES OF RFID
TAGS WITH T-MATCHED AND OD ANTENNA STRUCTURES

" Formula
Definition
“ ™ T-matched [ oD
w Natural res. o = 1
L | freq. of dipole L= VLG
w Natural res. . 1
2| freq. of loop w2 = TG, B
wa | Lower POTF o wiiw? n Wa = wix/1+ gl
res. freq. Yab = 2(1-k2) P
wp Higher POTF (w%7w3)+4k2w%wg _
res. freq. + 2(1-k2)
POTR res. 2 w?
we freg. We = 152 We = w1
. 2
k Coupling k=./1— ] _
coefficient witwi—w?

To illustrate these differences, we performed full-wave elec-
tromagnetic simulations in HFSS of the commercial Beontag
A701 T-matched RFID tag [35], as well as a modified version
of the same antenna in which the inductive loop trace was
removed to realize an OD configuration in air (see overlays
in Fig. 1). Based on the antenna impedances obtained in the
simulations, the corresponding POTF and POTR responses
were computed in Matlab using the analytical expressions in
[12], specifically Eq. (2) for POTF and Eq. (5) for POTR.

Fig. 2 shows the resulting POTF and POTR curves for
both antenna configurations when loaded with an Impinj
Monza M700 series IC, assuming a base load capacitance
(chip + mount) of C,y = 1.04 pF and a chip sensitivity
of —21.85 dBm (-24 dBm plus the gain of an ideal dipole
antenna (2.15 dBi) [36]). In the calculations, the antenna gain
was assumed constant across the band (G = —0.75 dBi),
the polarization mismatch factor was set to p = 1, and the
modulation resistance was assumed to be R,,,q = 30 €.
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Fig. 2. Computed (a) POTF and (b) POTR curves of the Beontag A701 RAIN
RFID tag with a T-matched (T-M) antenna (orange) and its open dipole (OD)
version (blue), with the resonances detected from the POTF/POTR curves
marked with dashed lines.

As expected, for the T-matched antenna, the POTF response
exhibits two minima corresponding to f, and f;. When the
inductive loop is removed in ODs, the lower-frequency POTF
resonance associated with the loop, fp, disappears, leaving
only the upper POTF resonance f,, which is associated
with the dipole mode and remains at a similar frequency. In
addition, the maximum of the POTR response for the OD shifts
with respect to the T-matched case and coincides with the
natural resonance of the dipole, (f. = f1), in agreement with
the analytical expressions for OD tags in Table II. As expected,
the POTF resonance of the RFID tag with OD antenna is
higher than its POTR resonance [16] (see Appendix A).

Because the dipole natural resonance f; is determined
by the equivalent series inductance L; and capacitance C}
of the dipole around its main resonance, and since C7 is
strongly influenced by the surrounding material, this direct
correspondence enables a simplified estimation of €.y from
the measured POTR resonance. In particular, for dielectric
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materials (p, ~ 1), €5y can be estimated directly from the
shift of f. on a Material Under Test (MUT), fMUT | relative
to its value in air, f&*", as

1 g — T
Eeff = 7w gs Where Ay = =“——==—— (1)
(1—Ay)? é
which can be simplified as
IF
Eeff = (W) : 2

Alternatively, simultaneous detection of the resonance fre-
quencies f, and f; from the POTF and POTR responses of
an OD tag enables direct extraction of L; and C7 which can
then be used to estimate both e.;¢ and pcyps [15]. From the
expression of w, in Table II for ODs, we obtain:

w2
= G2 - 1), 3
1 p w% ( )
which allows C to be determined when the chip capacitance
Cp is known. Once C; is known from above, L; follows
directly from ws:

Ly = 1/wiC;. 4)

B. Power Product for material sensing from Prx and Prx
curves

In addition to extracting material information from POTF
and POTR curves individually, further simplification can be
achieved by considering their product, here referred to as the
Power Product (PP)

PP = POTF - POTR (5)
PPys = POTFyg + POTR4p (©6)

in linear scale and logarithmic scale, respectively. The PP
combines threshold sensitivity and backscatter responses into
a single curve while preserving all antenna resonance features,
thereby reducing the amount of data to be processed and
simplifying resonance identification.

Beyond processing simplicity, a key advantage of the PP is
that it can be obtained directly from reader-side measurements
without the need of computing POTF and POTR. As shown in
Appendix B, the product of the transmit and received powers
at the reader when the tag is operating at threshold, Prx and
Prx, respectively, satisfies

Prx - Ppx = POTF - POTR. @)

Importantly, Prx and Prx are quantities directly available
at the reader, whereas explicit determination of POTF and
POTR typically requires knowledge of the reader—tag distance
and propagation environment. The latter is further proven in
Appendix C, resulting in

|Ze + Zal?
16 R2
which depends only on the antenna and chip impedances,

Zg = Ry + j X, and Z. = R, + jX., and IC sensitivity
P;., and thus can be considered setup independent.

|Z.|*
|Zal?”

POTF - POTR = P2 - (8)

Furthermore, it can be seen that the power product preserves
all characteristic resonance frequencies of the tag. The extrema
of (8) are determined solely by the ratio |Z. + Z,|/|Zal-
POTF is minimized when the antenna and chip impedances are
closest to complex conjugate matching, i.e., when |Z. + Z,|
is minimized. Consequently, minima of |Z. + Z,| directly
correspond to minima of the POTF curve. Similarly, POTR
reaches a maximum when |Z,| is minimized, which occurs at
the antenna’s natural resonance where the reactance vanishes
(Xo = 0). Hence, the minima of |Z,| correspond to maxima
of the POTR response [12]. As a result, we hypothesize that
the PP allows resonance extraction and subsequent material
parameter estimation without POTF and POTR measurements,
thus without calibration.

900 1100 1200
Frequency (MHz)

Fig. 3. Computed PP= POTF,;p + POTR;p for the POTF and POTR
curves in Fig. 2 for T-matched (T-M) and OD tags. The relative extrema of
the PP coincide with the resonances detected from POTF/POTR (marked with
dashed lines).

Fig. 3 presents the PP curves for both the T-matched and
OD tags discussed in Section II-A. For T-matched antennas,
the PP exhibits three relative extrema, close to f,, f, and
fe frequencies. In contrast, for OD tags only two extrema
are observed, associated with f, and f.. In both cases, the
resonance frequencies can be identified directly as stationary
points of the PP response, i.e., as zeros of its frequency
derivative. Once the PP extrema are identified, the resonance
frequency f. can be extracted and used to estimate e.y; of
the MUT using the frequency-shift relationship in (2).

C. Material sensing from AT-code transitions

While AT-code transitions have previously been used to
extract resonance frequencies in T-matched RFID tags, in
practice, the approach often produced broad, irregular tran-
sitions that failed to span the full AT range, leading to
ambiguous resonance identification [31]. We demonstrate that
this principle is more robustly and simply applied to open
dipole tags.

Fig. 4(a) shows the simulated POTF and POTR responses
of the OD tag introduced in Section II-A. As discussed earlier,
these curves exhibit a single POTF minimum at w, and
a single POTR maximum at w. = wj. Fig. 4(b) presents
the corresponding antenna input impedance, Z,, where R,
and X, denote the antenna series resistance and reactance,
respectively. As expected, the series reactance crosses zero
(X, = 0) at the dipole resonance wy.

In AT-enabled RFID chips, impedance matching is achieved
by adjusting the chip’s effective parallel capacitance in order
to approach a complex-conjugate match with the antenna
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Fig. 4. Beontag A701 with an OD antenna: (a) POTF and POTR curves with
detected resonance frequencies in magenta, (b) Z, with dipole resonance
Xa = 0 in green, (¢) M750 IC capacitance needed, with discrete C
adjustments and crossing points in black, (d) AT code with resonances from
POTF/POTR in magenta, X, = O in green and C' adjustment levels in black.

[37], [38]. As deduced in Appendix D, what determines the
matching condition is the antenna parallel reactance, X,
which depends on both the series resistance and reactance
of the antenna. Then, the capacitance required to conjugately
match the antenna reactance can be expressed as:

1 X,
wXpa W (RE+X3)

Fig. 4(c) shows the frequency dependence of Cpeedeq in
(9) together with the discrete capacitance values available
through the AT code of the Impinj Monza M700 IC. The chip
provides a base parallel capacitance C},, = 1.04 pF and five
discrete adjustment states corresponding to capacitance offsets
of +40 fF and £100 fF, encoded by AT codes from O to 4.

(€))

Cnccdcd =

Fig. 4(d) shows the resulting AT code as a function of
frequency. When the required matching capacitance falls out-
side the available tuning range, the chip saturates at the
minimum or maximum AT code (AT = 0 or AT = 4). When
Cheeded lies within the adjustment range, the chip selects
the AT code that provides the closest impedance match. Two
distinct AT-code transitions are clearly observed in Fig. 4(d):
a negative transition whose midpoint is around f,, and a
positive transition at fi. In fact, the positive AT transition
coincides with the frequency at which X, = 0 in Fig. 4(b)
(see green vertical dashed line), which is the dipole resonance
frequency. We can also notice that this positive AT transition
occurs around the resonance detected in the POTR curve (see
magenta vertical dashed line, at a slightly higher frequency
than the green line). Therefore, these transitions can be used
as estimations of the two resonance frequencies of the antenna
and, since w; = w, for ODs, all resonance frequencies relevant
to material sensing (Table II) can be extracted directly from
the AT-code response.

The frequency-shift relations introduced in Section II-A
can now be used to estimate both €. and pes. Importantly,
this AT-code method avoids the need for POTF/POTR curve
generation or more complex analytical derivations required
for T-matched antennas (see Eq. (1)-(2) in [31]). Besides, in
contrast to broadband T-matched antennas, which often exhibit
gradual AT-code transitions that do not consistently span the
full min-max range and may lead to distorted responses
and ambiguous resonance detection [31], OD antennas, due
to their narrowband resonance behavior, produce clear and
sharp AT-code transitions between minimum and maximum
states, enabling not only more reliable and precise resonance
identification, but also finer resonance frequency tuning.

However, this method still requires a wideband reader. In
the next section, we investigate whether practical AT-code
transition-based sensing using OD tags can be used with
commercial RFID readers working in the UHF band.

ITI. NARROWBAND MATERIAL SENSING WITH OPEN
DIPOLE RAIN TAG ARRAYS

A. Concept of material sensing with OD tag arrays

As a step forward to enable material sensing using standard
narrowband commercial RFID readers, we leverage the tuning
simplicity of OD RAIN RFID tags, characterized by their
distinct, narrowband AT-code transitions. We propose design-
ing arrays of OD tags with intentionally tailored resonance
frequencies. By customizing dipole lengths, the free-space
resonances of the tags in the array can be distributed such
that, for a given dielectric material, at least one tag in the
array exhibits a resonance (i.e. an AT-code transition) within
the UHF band.

A conceptual diagram of the proposed approach is illus-
trated in Fig. 5, featuring an array of three OD tags. As shown,
when the array is placed on MUT 1, only Tag 1 (optimized
for that dielectric) exhibits an AT-code transition within the
UHF band. Similarly, Tag 2 provides the transition for MUT
2, and so forth. Since each digital ID (e.g., EPC) is pre-mapped
to a specific material profile, the MUT is identified simply by
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detecting which tag ID triggers a transition during narrowband
measurement. Besides, since the AT code method is used, no
calibration with a reference tag is required and the reader can
transmit a fixed power.

B. Resonance frequency tuning for RAIN OD tag array design

Let fMUT? denote one resonance frequency (either f, or
f1) of a given tag i when the tag is attached to a given MUT
1. The array design condition is that, at least for one tag in
the array,

z‘MUTl S [fminafmaxL (10)

where [fmin, fmax] = [902,928] MHz is the UHF RFID band.

Because most standard RAIN RFID tags exhibit a resonant
frequency fMUYT? lower than the minimum UHF operating
frequency (finin) When loaded with a MUT, the condition
in (10) can be met by progressively shortening the dipole.
This reduction in length increases fMUT? until the resonance
shifts into the detectable UHF band. Analytically, this tuning
procedure is expressed as:

MUT MUTi . ¢(UHF
i AL =

mid

(11)
UHF

where f--7 = 915 MHz represents the center of the UHF
band, and AfMUT? s the positive frequency shift resulting
from the reduction in physical dipole length, L;, required to
detect MUT%4.

To ensure continuous sensing coverage across a wide range
of material properties, each dipole lengths L; is calculated
to compensate for a specific dielectric load, effectively ’pre-
tuning’ each tag so that its resonance enters the UHF band only
when a material within a target permittivity range is present.
While L; is typically optimized to shift the positive transition,
f1, into the UHF band, a tag can be further tailored to utilize
the negative transition marker f,. This flexibility allows a sin-
gle tag to potentially identify multiple materials: for instance,

exhibiting a positive transition for a lower-permittivity MUT
and a negative transition for a higher-permittivity MUT.
Furthermore, the physical separation between adjacent OD
tags in the array is optimized to minimize mutual coupling,
ensuring that the AT-code transition of the active tag remains
sharp and independent of the surrounding array elements.

IV. EXPERIMENTAL SETUP

This section describes the RAIN RFID tags and materials
used, the reader hardware, the measurement environment, and
the data acquisition procedure.

A. RAIN RFID tags

The Beontag A701 RAIN RFID tag was used as the primary
platform to experimentally validate the proposed material
sensing approaches described in Sections II for the single-
tag configuration and in Section III for the tag-array imple-
mentation. This tag was selected due to its well-characterized
impedance behavior, availability of an AT-enabled Impinj
Monza M750 chip and stable performance across different
material loadings. Although the original A701 tag employs a
T-matched antenna structure, the inductive loop was removed
(i.e., cut), as illustrated in Fig. 6, to convert the antenna into an
open dipole configuration consistent with the proposed sensing
framework.

(b)

Fig. 6. (a) Original Beontag A701 with a T-matched antenna and (b) modified
open dipole version with the loop cut.

Reader OD tag array Reader OD tag
antenna Tag 1+ antenna array
MUT Tag 2+
OD Tag 1
tuned for MUT 1 Tag 3+
] i
MUT 1 MUT 2
OD Tag 2 Measured AT code Measured AT code
tuned for MUT 2 4 4
Tag 1
Tag 1 | Tag3 N S Tag3
ag
OD Tag 3 Tag 2 by
tuned for MUT 3
UHF Band UHF Band
(a) (b) ()

Fig. 5. Conceptual diagram of the proposed narrowband material sensing approach using OD RAIN tag arrays: (a) An array of three OD tags, where each
tag is optimized to shift f; into the UHF band upon contact with a specific target material. (b) Illustrative response when the array is attached to MUT 1;
only the EPC associated with Tag 1 exhibits an AT-code transition within the operational bandwidth, enabling material identification. (c) Response when the
array is attached to MUT 2; in this case, MUT 2 shifts the resonance of Tag 2 into the UHF band, while Tag 1 and Tag 3 remain out-of-band. The resulting

transition in Tag 2’s AT code provides a unique identifier for MUT 2.
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In addition to the A701 tag, several other commercial
RAIN RFID tags were tested to provide broader experimental
validation of material sensing with OD tags. These tags,
included in Table III, feature different antenna geometries
and incorporate three distinct RFID chips with auto-tuning
capabilities (AT codes O through 4 and parallel capacitance
adjustments of up to £ 100 fF). All tags originally employed
T-matched antenna designs [39] and were similarly modified
by removing the inductive loop to form OD antennas.

TABLE III
OD RAIN RFID TAGS USED IN THIS STUDY
Size R, |Cpt
Model | mm) | 1€ | conm) | @P)
Impinj
Beomas | 42 x 16 | Monza | 2800 | 1.04
M750
Arizon
AZ-MR71 | 42X 16
Impinj
Beontag Monza | 2800 | 1.04
E702 | 7O* 14| M730
Arizon
AZ-HRTG 71.5x 18
Arizon
AR-61F | 0% 15 .
Impinj
Monza | 1200 1.44
R6
Beontag
H61 50 x 30

1 Total load capacitance: Cpr = Cp+ Cmount, where Cp is the intrinsic
capacitance of the IC and Ciyount is the mounting capacitance.

B. Materials tested

We use the Voyantic material kit in in Fig. 7 for €.z
estimation [40]. Their size is 130 x 130 mm, thickness is 4 mm
and their dielectric properties are summarized in Table IV.

s @ [ &R

CARDBOARD

Fig. 7. Materials in the Voyantic kit used for sensing.

TABLE IV
MATERIAL PROPERTIES IN THE VOYANTIC KIT
Material e | tan(6)
PTFE 2.05 | 0.0002
Cardboard (CB) | 2.57 | 0.0717
POM 2.96 | 0.0450
PVC 3.00 | 0.0079
FR4 4.87 | 0.0141
Rubber 6.73 | 0.0247
Glass 7.11 0.0098

C. Reader hardware and test setup

The experimental setup for material sensing is illustrated
in Fig. 8. For RFID tag characterization and demonstration
purposes, we employ the Voyantic Tagformance Broadband kit
[9] to take measurements over the 600-1300 MHz frequency
range. The RFID tags are attached to the MUTs using adhesive
tape and mounted vertically at a distance of 30 cm from
the horizontally positioned reader antenna. A foam spacer is
used to ensure consistent separation and to maintain the tags
flat against the surfaces of the MUTs. Foam absorbers are
placed behind the tag to mitigate environmental reflections
around the setup. The behavior of the resonances will remain
consistent regardless of polarization alignment between the
reader antenna and the tags [31].

Fig. 8. Experimental setup.

D. Data capture procedure

The measurement procedure consists of the following steps:

« First, a threshold power sweep is performed with the AT
feature enabled. During this sweep, the POTR response
and the corresponding AT-code variation are recorded
over the 600-1300 MHz frequency range.

e Second, the AT feature is disabled and the threshold
sweep is repeated to extract the POTF curve. This step is
required because, as indicated in Table II, w, depends on
the chip impedance, which can be modified when AT is
active. The transmitted and received powers at the reader,
Prx and Pgrx, are recorded.
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Experiments are conducted using the Read 640K FMO mode
of the Voyantic system, which corresponds to the highest read-
rate mode supported by the EPC Gen2 protocol. This mode
enables rapid access to the tag memory, thereby improving the
efficiency and throughput of the measurement process.

V. RESULTS OF MATERIAL SENSING USING AN OD TAG
A. Validation of resonance monitoring methods

Fig. 9 experimentally demonstrates the validity of the res-
onance monitoring methods in Section II using the A701 OD
tag shown in Fig. 6(b), evaluated in air, on PVC, and on
glass just to give some examples. Fig. 9(a) and (b) show
the measured POTF and POTR curves, where the detected
resonance frequencies (i.e., POTF minima, f, and POTR
maxima, f.) for each material are marked with vertical lines.

— Air =PVC —Glass|

e

POTF (dBm)
S

20k ‘ | ) | & |
600 700 800 900 1000 1100 1200
Frequency (MHz)
(a)
’E" -10
o)
S -20
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(o=
2 30 —

800 900 1000 1100 1200
Frequency (MHz)

(b)

600
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Fig. 9. Measured (a) POTF, (b) POTR, (¢) PP = POTF - POTR and (d)
AT code state for the OD Beontag A701 RAIN RFID tag. The resonance
frequencies detected from POTF/POTR are marked with dashed vertical lines
and coincide with the PP extrema and are close to AT-code transitions.

Fig. 9(c) shows the computed Power Product (PP) curve
from both expressions in (7) (i.e, POTF - POTR = Prx -
Prx). Both products in (7) yield equivalent curves with
relative extrema around the POTF minima and and POTR

maxima from Fig. 9(a) and (b) (see vertical dashed lines).
Fig. 9(d) shows the measured AT codes across frequency. The
vertical dashed lines correspond to f, and f., detected from
POTF/POTR curves. The f, marker aligns with the midpoint
of the negative AT slope. For all MUTs, the f. marker shows
a small offset towards higher frequencies with respect to the
positive AT transition. This aligns with the simulations in
Fig. 4, where the offset is driven by R,,,q4 (see Appendix A).

Table V quantifies the values of f, and f. = f; detected
using the three methods in Section II (summarized in Table I):
(1) directly from POTF/POTR curves, (2) from the derivatives
of the PP curves, and (3) from AT-code transitions, for all
the dielectric materials in Section IV-C using the Beontag
A701 OD. We use these detected frequencies to compute the
estimated values of equivalent L; and C; using (3) and (4),
respectively. Finally, we estimate the e.7; of the materials
with all the obtained variables applying (2) and compare the
accuracy of the results obtained with each method.

25¢ T
o POTF/POTR o7 gt
* PTX*PRX T
2+ ¢ AT changes s
% ///4/’//3 ]
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157 y 4
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> 7
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Fig. 10. Relationship between estimated €.y and MUT e, for the Beontag
A701 OD using the three proposed methods.

Fig. 10 shows the relationship between the estimated .y
values and the relative permittivity €, of the dielectric materi-
als for the Beontag A701 OD. The expected linear relationship
is observed for all the methods. The AT-code based monitoring
gives slightly higher €. values, especially for higher ¢,.

To demonstrate that material sensing with ODs is applicable
across a range of commercial RAIN tags, c.¢; has been
estimated for the six OD tags in Table III using their POTF and
POTR measurements. Fig. 11 shows the mean and standard
deviation of the e.s; values estimated as a function of the
relative permittivity ¢, of the dielectric materials. The rela-
tionship is linear and consistent for both tested methods. The
estimated €.yy show slightly larger standard errors for higher
values of ¢,.. This can be attributed to increased sensitivity to
small air gaps between the tag and high £, material surface,
which may result from slight sagging of flexible samples or
minor imperfections in tag attachment.

Overall, these effects and trends are in agreement with
expected .7y values [41], with open dipole tags showing
lower variance (0.16) than the T-matched configuration (0.18)
[13]. Thus, they support the conclusion that open dipole tags
can be used effectively and reliably for dielectric sensing.
From a practical standpoint, resonance detection with ODs
is less ambiguous than with T-matched antennas and avoids

Authorized licensed use limited to: University of Washington Libraries. Downloaded on April 03,2026 at 21:14:07 UTC from IEEE Xplore. Restrictions apply.
© 2026 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.2026.3680834

JOURNAL OF RADIO FREQUENCY IDENTIFICATION, VOL. X, NO. X, JANUARY 2026

TABLE V
DETECTED VALUES OF fq AND f1 = fc, COMPUTED C1 AND L1 VALUES USING (3) AND (4), WITH BASE C)y =1.04 PF (AUTOTUNE TURNED OFF), AND
ESTIMATED €.y s FOR THE A701 OD TAG ON DIFFERENT MUTS USING THE THREE PROPOSED RESONANCE MONITORING METHODS.

Resonance monitoring Parameter Materials

method Air [ PTFE | CB | POM | PVC | FR4 | RUBBER | GLASS

fi(MHz) | 970 855 850 805 800 720 645 640

fo(MHz) | 1095 980 975 930 925 835 775 765

;}t‘;‘;ﬁg‘,’;ﬁ I:l(l)rl;fs L mH) | 372 419 421 443 446 537 521 547

C1(fF) 285 326 328 348 350 358 461 446

Eess 1 129 130 145 147 181 2.26 2.29

fi(MHz) | 960 845 835 795 795 705 640 640

Threshold Prx fo(MHz) | 1095 980 985 940 930 830 780 770

and Pryx curves LimH) | 346 390 352 382 412 501 784 524

(PP) C1(fF) 313 359 407 414 383 401 505 465

Eoff 1 129 132 146 146 185 2.25 2.25

fi(MHz) | 953 838 829 778 782 698 613 612

AT-code fo(MHz) | 1085 975 963 920 917 840 770 762

transitions LimH) | 357 387 400 399 419 440 743 766

C1(fF) 308 368 363 414 390 466 601 572

Coff 1 129 132 150 148 186 2.42 242

their associated limitations [31]. The narrowband nature of
OD resonances, together with the absence of coupled resonant
modes, prevents distorted AT-code change trends, resulting in
clearer and less ambiguous resonance markers and offering
high flexibility for individual tag fine-tuning.

B. Dependence of the AT-code on transmit power

Finally, we demonstrate here an additional practical advan-
tage of the AT-code-based sensing approach by examining
the dependence of the AT-code on transmit power. Fig. 12
shows the AT state of a Beontag A701 RFID OD tag in air
as a function of frequency and reader transmit power Prx,
visualized as a colored surface. AT = 4 is shown in yellow, AT
= 0 in dark blue, and white regions correspond to frequencies
and power levels below the IC activation threshold, where the
tag does not respond. From these plots, it is evident that below
a certain transmit power level, P4 (marked by a dashed
line), the AT-code transitions remain unchanged and follow
the same frequency-dependent trends observed at threshold.
At higher transmit power levels, the AT-code transitions begin
to change. This behavior indicates that resonance extraction
can be performed at a fixed transmit power below Par,
but not necessarily at threshold, further simplifying practical
deployment and enabling fast sensing measurements using
standard reader power settings.

VI. IMPLEMENTATION OF AN OD TAG ARRAY FOR
MATERIAL SENSING

This section details the practical implementation of an OD
tag array designed for material sensing within he UHF band.
We first examine the resonance tuning of a single OD tag in
air and demonstrate the specific design adjustments required
to shift the tag’s resonance into the UHF band when loaded
with a low-permittivity dielectric, such as PTFE. Finally, we
describe the integration of these individually tuned elements
into a multi-tag array, providing a robust solution for material
identification through narrowband AT-code monitoring.

A. Resonance characterization of OD tags in air

From a practical design perspective, the tuning procedure
described in Section III-B is implemented by progressively
trimming the meandered dipole sections of a commercial
RAIN RFID tag.
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Fig. 11. Relationship between estimated €.yy and MUT e, for six OD
versions of RAIN tags.
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Fig. 12. Wideband AT code measurements of the Beontag A701 RAIN RFID
tag with an OD antenna for different Prx power levels. The color scale
corresponds to the AT code values and the power under which the AT code
does not change across frequencies is marked with a dashed line.
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Fig. 13 illustrates this process using a Beontag A701 OD tag
in free-space. The dipole length was reduced in incremental
stages: one long segment (—2.1 cm), two long segments
(—4.2 cm), a combination of two long and two short segments
(—4.6 cm), three long and two short segments (—6.5 cm), and
finally four long and three short segments (—9 cm).

2 long + 2 short segments cut out

Original OD tag
_ (-4.6cm) _

03 cm

2.1 cm
L
L
L
L
L
L
L
| |
L
L
L

1 long segment cut out 3 long + 2 short segments cut out
(-2.1cm) _ (-6.5cm) o o pr b

2

2 long segments cut out 4 long + 3 short segments cut out
(-4.2 cm) (-9 cm) !

=)=

(a)
4r
3t -9cm
3 ——-6.5cm
S o -4.6 cm
~ -42 cm
< | m21em
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0
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Frequency (MHz)
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Fig. 13. Tuning process of Beontag A701 OD tag: (a) trimmed progressively
2.1,4.2,4.6, 6.5 and 9 cm by cutting the dipoles at the dashed lines, (b) AT-
code responses in air shift to higher frequencies as the dipole length decreases.

As quantified in Table VI, both the positive AT-transition
frequency (f1) and the negative transition frequency (f,) shift
upward as the physical length decreases. While this trimming
detunes the tag in air, it effectively compensates for the
dielectric loading of dielectric materials, shifting the resonance
back into the UHF band upon deployment.

TABLE VI

B. Dielectric loading and tuning: case study on PTFE

As a representative case, we demonstrate the tuning of a
single OD tag for PTFE detection. Fig. 14 compares the POTF,
POTR, and AT-code responses of an untrimmed Beontag A701
tag in free-space and on PTFE (dashed lines). For the original
tag, the dielectric loading of PTFE shifts the resonance f; to
855 MHz, with the AT-code transition occurring at 838 MHz
(Table V). Consequently, the AT code remains constant across
the UHF band, as the resonance falls below the reader’s
operational range.

To shift this transition into the UHF band, specifically from
838 MHz to approximately 915 MHz, a positive frequency
shift of 60—75 MHz is required. According to the characteriza-
tion in Table VI, shortening the dipole arms by 4.2 cm provides
the necessary offset. The solid lines in Fig. 14 illustrate the
response of this 4.2 cm trimmed tag. The POTR resonance now
aligns with the UHF band when placed on PTFE, resulting in
a distinct, measurable AT-code transition. This confirms the
tag has been successfully tuned for PTFE, enabling reliable
material discrimination with a narrowband reader.

Note that, while this example optimizes the dipole length
to shift the positive resonance marker f; into the UHF band,
the design can also be tailored to shift the negative transition
marker, f,, into the reader’s window. Furthermore, a single
tag can be strategically optimized to provide multi-material
detection: for instance, showing a positive AT-code transition,
f1, for one material and a negative transition, f,, for another,
effectively expanding the sensing range of an individual array
element. By applying this systematic tuning to multiple tags,
an array can be constructed where each element is tailored to
a specific e.g range, as detailed in the following section.

C. Design and evaluation of a multi-material OD array

To demonstrate the practical utility of the proposed narrow-
band sensing approach, we designed a three-element OD tag
array capable of discriminating between air and four distinct
materials. The array consists of three Beontag A701 OD tags,
individually optimized for a specific material by adjusting their
dipole lengths to bring either the f; or f, marker into the UHF
band, as shown in Table VII.

TABLE VII
TARGET MATERIALS FOR EACH TAG IN THE ARRAY, TUNING LENGTH, AND
SPECIFIC TRANSITION MARKERS FOR IDENTIFICATION

DETECTED SHIFTS OF fq AND f1 OF THE TAG IN AIR AS THE DIPOLE Array Trim | Target | In-band AT'C,Ofle
LENGTH DECREASES. tag length | MUT | resonance | transition
Tag 1 (top) 9 em PVC fi Positiye
Threshold POTF AT-code Rubber fa Negative
and POTR curves transitions Tag 2 (middle) | 42 cm | PTFE fi Positive
. . AT | AFST | AT | AFST Tag 3 (bottom) | 6.5 cm | Glass o Negative
Dipole trim (Mfﬁz) (Mfﬁz) (Mffllz) (Mfﬁz) B2 Corom) ! :
(;r;glcl:l?l 305 305 306 303 Fig. 15(a) and (b) show the tag arrangement, with an inter-
4:2 om 70 65 62 &7 tag spacing of d = 4.5 cm, chosen so that the spacing between
4.6 cm 30 30 75 35 the tags (each of which has height 16 mm, see Table III) and
6.5 cm 115 115 119 115 spacing from the tag edges to the edges of Voyantic reference
9 cm 205 180 141 190 material sheet (130x130 mm) are all about the same, i.e.,

10-12 mm. This strategic design allows the array to cover a
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Fig. 14. (a) POTE, (b) POTR and (c) AT-code responses of a Beontag A701 ” ‘ i
OD tag in air, and on PTFE. Dashed lines correspond to the unmodified tag "1\
and solid lines to the tag trimmed 4.2 cm. The positive AT-code transition on — =
PTFE for the trimmed tag falls within the UHF RFID band (in yellow).
broad range of permittivities while maintaining distinct, non- Tag 3
overlapping AT-code signatures for each material and no in- :
band resonances in the baseline air condition, as presented in L |.“
the graph in Fig. 15(c). r
Fig. 16 displays the measured AT-code responses obtained o
by sequentially interrogating each tag’s EPC when placing the (b)
designed array on the four MUTs in Table VII. The AT-code A
transitions occur within the UHF band only when the array :%g; IF 1
is in contact with the corresponding target material. When o 3|l Tag3 I 1
the array is on PVC, only a positive transition from Tag 1 is 3 | 1
. . St
read in the UHF band, whereas when the array is on Rubber, [ 2 I 1
only a negative transition from Tag 1 is visible. Similarly, < 1t |
when the array is on PTFE, only a positive transition from Tag I ‘L
2 is read. Finally, for the glass sample, a negative transition %00 900 1000 1100 1200
is observed from Tag 3. Additionally, a negative transition Frequency (MHz)
from Tag 1 partially enters the UHF band. However, this does ©
C

not compromise material differentiation, as the identification
is based on the combined AT code transitions of all three tags
in the array, rather than the response of a single tag, so the
combined signatures remain distinct for each material.

These results confirm that the implemented OD tag array
generates material-dependent, reproducible AT-code signatures
and enables robust material discrimination using standard

Fig. 15. (a) Designed OD tag array composed by three Beontag A701 OD
tags tuned for four material detection and with an inter-tag spacing d = 4.5
cm, (b) photograph of the OD tag array on the PTFE sheet from Voyantic, and
(c) individual AT-code responses of each tag in air with no in-band transition.
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narrowband readers by simply mapping the active transition
in the UHF band to the specific tag’s EPC.
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(a) OD Tag Array on PVC
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(d) OD Tag Array on Glass

Fig. 16. Measured AT-code responses of the implemented OD tag array
attached to (a) PVC, (b) Rubber, (c) PTFE and (d) Glass. Since each tag is
pre-tuned to a specific MUT, material identification is achieved by detecting
which tag (i.e., EPC) undergoes a transition within the UHF RFID band (in
yellow).

VII. CONCLUSIONS AND FUTURE WORK

In this paper, we investigated and experimentally demon-
strated that RAIN RFID tags and arrays based on open
dipole (OD) antennas offer a simplified, accurate, and practical
solution for material sensing within the regularized UHF

RFID band. By leveraging the inherent properties of the OD
structure, we showed that these tags exhibit narrowband reso-
nances free from the coupled modes and frequency-dependent
distortions often found in traditional T-matched structures.
This results in clear, predictable resonance markers (f, and
f1) that provide enhanced flexibility for fine-tuning.

First, we showed how the effective permittivity, .5y of
seven dielectric materials can be directly estimated from shifts
in the f, and f, resonance frequencies extracted in three dif-
ferent ways. We evaluated these progressively more practical
methods using six different RAIN RFID tags with distinct OD
antenna designs and chips. In all cases, the estimated e.s
values are consistent with those in the literature, with lower
variance than those obtained using T-matched antennas on high
e, dielectrics.

Secondly, our implementation of a three-element tag array
demonstrated that by systematically trimming dipole lengths,
distinct material signatures in the AT code changes across the
UHF band can be mapped to specific tag IDs. We further
showed that a single tag can provide bimodal sensing using
a positive f1 transition for one material and a negative f,
transition for another, thus increasing the information density
of the array. These properties highlight the practical advan-
tages of OD tags for robust, real-time material identification
for standard, narrowband RFID infrastructure.

Future work will focus on extending and generalizing the
proposed sensing framework in several directions. First, we
plan to validate the robustness of AT-code-based resonance
detection method under more realistic deployment conditions,
such as using a commercial narrowband RFID reader with a
fixed output power, measurements on real packaging materials
with varying shapes and thicknesses, as well as dynamic
scenarios where tagged items move through a conveyor-belt
system. We also aim at exploring the use of the proposed
methods for estimating the effective dielectric and magnetic
properties of magneto-dielectric materials, such as flexible
absorptive magnetic (FAM) sheets [15]. Further experimental
studies will consider materials with higher relative permittivity
and loss tangent, in order to assess the impact of material
losses on features like POTF/POTR resonance magnitude and
damping or AT-code transition slopes. In addition, we also
aim to investigate the applicability of the presented techniques
to other antenna geometries, with the goal of identifying
resonance-based sensing principles beyond T-matched and
open dipoles. With respect to the array-based approach, future
efforts will examine the achievable dielectric and magnetic
property sensing resolution as a function of tag tuning and
array size, including exploring tag-to-tag coupling effects
through simulations. Understanding these effects will allow
us to design more scalable tag arrays that are not limited by
spatial constraints such as material dimensions, for example
through 3D arrangements of planar 2D tags or 3D tag struc-
tures [42]. Last but not least, we also plan to examine distinct
machine learning approaches that will help automate material
sensing.
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APPENDIX
A. Effect of the modulation resistance on POTR

Fig. 17 shows the narrowband circuit model of an RFID tag
with an open dipole antenna introduced in [16], where the IC
is modulated by R,,,q < R,, for most RFID chips.

J‘C

1
1
i
I
1
! ' Rp P R
R \Y | mod
1
——
1

Antenna | Chip

=]

Fig. 17. Equivalent circuit of an RFID tag with an open dipole antenna [16].
R, 04 is highlighted.

When R,,,q — 0, the IC’s components C,, and R, are
shorted out, leaving C as the only capacitive element in the
LC-tank. This results in f. (the POTR maximum) aligning
with f1. On the contrary, when R,,,q > 0, the total capaci-
tance becomes a series combination of C and Cy,. In this state,
fe shifts to align with f, (the POTF minimum). Intermediate
values of R,,,q result in f,. falling between f; and f,.

To illustrate the frequency-domain sensitivity of the POTR
peak to R,,.q variations, Fig. 18 presents the POTF/POTR
curves for the A701 OD tag with an M700 IC. As R,,04
increases, C), starts affecting the POTR response, causing an
upward shift in the resonant peak ( f. moves towards f,) and a
reduction in the quality factor (Q)). As long as R,,.q < R, the
POTR resonance frequency, f., remains the same as the dipole
resonance frequency, fi (which is POTR resonance frequency
when R,,,q — 0). The POTF remains stationary, since it
depends only on the antenna impedance and chip sensitivity,
both of which are independent of the backscatter modulator.

=——Rmod = 1 Ohm Rmod = 100 Ohm
0 I Rmod = 30 Ohm =—Rmod = 300 Ohm
E .10l POTF
a 10 /
S POTR
=20+
g N
5
A -30
40 | | | |
800 900 1000 1100 1200

Frequency (MHz)

Fig. 18. POTF and POTR plots for A701 OD tag with M700 for different
hypothetical R,,,4. As R4 increases, it affects POTR resonance while
POTF remains the same.

B. Power Product equivalence

We consider a monostatic RFID reader with an ideal circu-
lator (0 dB losses). Let G, denote the reader antenna gain, and
let L, denote the one-way propagation path loss between
reader and tag.

The power incident on the tag antenna is

Pinc = PTX Gr Lpath- (12)

By definition, the threshold POTF is the incident power
required to activate the RFID chip, i.e.,

POTF = P,.. (13)

The power backscattered by the tag at the antenna terminals
is denoted as POTR, and the power received at the reader is
therefore

Prx = POTRG; Lpath- (14)
Multiplying (12) and (14) yields
Prx - Prx = POTF - POTR. (15)

Equation (15) shows that the product of transmitted and
received reader powers at tag threshold is equal to the product
of POTF and POTR.

C. Independence of Power Product on the propagation path

The power absorbed by the RFID chip at threshold (i.e., IC
sensitivity) can be written as

P =POTF pGiag 7, (16)

where Gi,e is the tag antenna gain, p is the polarization
mismatch factor between reader and tag antennas, and 7 is the
impedance matching coefficient between antenna impedance
Z, and chip impedance Z., given by

4R.R,

=<2 17
T ASAL (17)

The backscattered power can be expressed as [12]
POTR = POTF K, (18)

where K is the backscatter coefficient
1

K = Mp°Gt,, = 1|AF|2p?G§ag. (19)

Here, M = %|AF|2 is the modulation factor, where the
constant 1/4 depends on the reader Received Signal Strength
Indicator (RSSI) definition and is typical for most RFID read-
ers [43]. AT is the difference between the complex reflection
coefficients, p corresponding to the chip’s two modulation
states,

AT = p. — ppm, (20)
with
 Z.- 7 -7 on
pc—Zc+Za7 pm_Zm+Za

Under the common assumption that the modulating impedance
satisfies Z,,, — 0 [12],

Z*
m N — =2 22
P Z. (22)
Substituting into A" yields
2R, Z,
ATl = ————. 2
Zo(Ze+ Zy) 23)
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Using (16)—(23), the power-product expression becomes

P2 |AT|?
POTF - POTR = —< | — | , (24)
4 72
or equivalently,
Zo+ Za|* | Z|?
POTF - POTR — p2 . (2t 2l 12 25
1 16 R2 | Za |2’ 25)

which depends only on the antenna and chip impedances and
IC sensitivity, and is independent of the propagation path and
tag antenna gain.

D. Conjugate matching of the antenna reactance

Fig. 19 shows two analogous representations of an RFID
tag with an auto-tuning (AT) IC. In the top circuit, the
antenna impedance is represented as a series impedance,
Z., = Rg + jX,, whereas the in the bottom one, it is
represented as a parallel impedance, 1/Z, = 1/Rpo+1/7 X pa.
The latter allows to better observe the complex conjugate
matching condition between the antenna and the IC: to achieve
impedance matching, the chip’s effective parallel capacitance,
Cheeded, Needs to be adjusted to conjugately match the antenna
parallel reactance, X .

N
altr

§ R,

Chip impedance with
Auto-tuning (AT) capabilities

Antenna series

1
1
1
1
1
: needed
1
1
1
|
impedance, Z_ |

@ Z=R+X =R ||iX
a a a pa’ pa

Antenna parallel
impedance, 1/Z,

Chip impedance with
AT capabilities

~_ Conjugate
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1

:

1

. ! —

= H Xt ¢ R
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|

1
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1

1

Fig. 19. Equivalent circuits of an RFID tag with AT capabilities with series
antenna impedance, Z, (top) and parallel antenna impedance 1/Z, (bottom).

From the top circuit,

I 1 B R, iXa 26)
Zy Ro+jXe R:Z+X2 RZ4XZ
and from the bottom circuit,
1 1 1 1 ]
== 27)
Za Rpa ]Xpa Rpa Xpa

From (26) and (27), it can be deduced that X, depends on
both the series resistance and reactance of the antenna, such
that

R2 4+ X2
[ Xpo = ] —2—2. 2
JApa =] X, (28)
Finally, to achieve impedance matching,
1
—— = —JjXpa, (29)
]cheeded I
which leads to (9) in the paper:
1 X
Cheeded = h (30)

wXpe  w(RZ+X2)
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