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Abstract—In this paper, we demonstrate how the power-
on-tag-forward (POTF) and reverse (POTR) resonance
frequencies can be estimated simply by measuring changes in
the autotune (AT) code of RAIN RFID chips capable of making
capacitance adjustments for enhanced antenna impedance
matching. We show how this approach allows us to reliably
estimate these characteristic frequencies — and, by extension,
the dielectric and magnetic properties — of objects using a
simple reading of the AT state values in the chip memory.
Therefore, we eliminate the need for full POTF and/or POTR
curve measurement and the need for read distance estimation
and environmental calibration. The proposed method shows
repeatability using 6 diverse RAIN RFID tags with T-matched
antenna designs and self-tuning ICs, deployed on 7 dielectrics
and 1 magnetic material. Current limitations and future research
directions are also discussed.

Index Terms—Auto-tuning ICs, material sensing, RAIN RFID
tags, power-on-tag-forward, power-on-tag-reverse.

I. INTRODUCTION

RFID technology has been well established in supply
chains for low-cost, mass identification of products.

Reduction in tag costs has contributed to an increase in
the granularity of RFID tag deployment [1]. Recently, major
retailers, such as Walmart, have mandated item-level tagging
for more products [2]. RFID tags on product packaging could
be used to sense the underlying material and improve the
quality control of material recovery after disposal. With only
9% plastics recycled in the US [3], there is a dire need to
improve the efficiency of material recovery in the circular
economy.

The T-matched dipole antenna, where a dipole antenna
is coupled to a loop [4], is one of the common antenna
structures used in RAIN RFID tags because it provides a good
impedance match on various materials. RAIN RFID tags are
characterized by threshold sensitivity and backscatter, called
threshold power-on-tag-forward (POTF) and power-on-tag-
reverse (POTR) as introduced by Voyantic [5]. As explained
by Nikitin et al. [6], T-matched tags have three resonant
frequencies (c.f. Fig. 1): two are minima of POTF (fa and fb)
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Fig. 1. General POTR and POTF curves of a T-matched RAIN RFID tag
with resonances marked. Shifts in these can be related to εeff and μeff .

and the third is the maximum of POTR (fc). These are related
to the natural resonant frequency of the dipole antenna, f1 and
of the loop portion of the tag, f2 [6].

Nikitin et al. subsequently demonstrated how shifts in the
POTR resonance frequency, fc, are used to determine effective
dielectric permittivity (εeff ) of tagged materials [7] and shifts
in fa, fb and fc can be used to estimate effective magnetic
permeability (μeff ) [8] (see Table I). However, identifying
resonance frequencies involves the use of a precision tag power
measurement reader [5] as well as environmental calibration.

There also exist several commercial chips (ICs) which have
a self or auto-tuning feature, where IC impedance automati-
cally adjusts to antenna reactance by applying an appropriate
capacitance. The capacitance value is stored as a digital code in
the user accessible tag memory. Recent generations of Impinj
ICs apply a capacitance adjustment of 200 fF in 4 steps (known
as the Auto-Tune (AT) code) [9]. There exist other chips with
similar features, such as recent generations of NXP ICs, which
have capacitance adjustment of 160 fF in 2 steps [10] and
the Magnus IC from Axzon, which has a larger adjustment
range of 1 pF in 511 steps [11]. Another IC, the AS2313
IC by Asygn has a 10-bit ADC and can measure an external
capacitance in the range between 1 and 7 pF [12].

As listed in Table I, sensors using the Magnus IC have been
used to detect fill-level [13], dielectric property estimation and
material identification [14], [15], [16], [17], [18], potentio-
metric sensing [19] and AC current detection [20] based on
capacitive code value changes. The AS2313 IC has also been
used for strain [21] and humidity sensing [22]. In addition,
Zannas et al. used Impinj IC AT code changes with a custom
antenna for temperature sensing [23]. However, to the best of
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TABLE I
REPORTED SENSING APPROACHES USING AUTO-TUNING ICS

our knowledge, Zannas’ work is the only prior art exploiting
the capacitive code of Impinj chips. The Magnus IC and the
AS2313 IC, while being more versatile and even marketed for
sensing purposes, are also more expensive due to the increased
complexity of the onboard electronics [24].

All published works using auto-tuning ICs, whether from
Impinj, Axzon or Asygn, focus on monitoring the associated
capacitive code value at POTF resonance frequencies, fa/b

(see Table I). However, as seen in [6], POTF resonances
are complicated functions of dipole, loop, coupling and chip
impedance characteristics. Reliably determining these reso-
nances therefore requires disabling the auto-tune adjustment
feature on the chips prior to re-engaging it for sensing
purposes. These procedures are cumbersome and add latency
to the sensing process. Besides, relating the digital output of
the IC to variations in the sensing stimuli at fa/b, often involves
solving complex optimization problems with advanced math-
ematical modeling and computational resources [19].

In this paper, we demonstrate how the shape of the AT code
variation with frequency can be used to reliably determine
or derive fa, fb and fc without the need for generating the
POTF and POTR curves. This obviates the need to use
precision power measurement equipment and reduces reliance
on environmental calibration and reader-tag read distance. We
also demonstrate how AT code markers may therefore be used
for both εeff and μeff estimation of materials. Our approach
can be viewed as a form of near-field sensing since AT code is
not affected by the far-field reader-tag channel characteristics
and is affected only by interaction of the tag antenna with a
dielectric or magnetic object in its near field.

The rest of the paper is organized as follows. Section II
discusses our hypothesis of how AT code markers can be
used to detect the resonance frequencies in the POTR and
POTF curves. Section III presents the tags used, materi-
als tested, hardware setup and the data capture procedure.
Sections IV and V discuss dielectric and magnetic sensing

TABLE II
CHARACTERISTIC ANGULAR FREQUENCIES (ω = 2π f ) OF RFID TAGS

WITH T-MATCHED ANTENNA STRUCTURE. ALSO SHOWN ARE THE

DEPENDENCE ON MATERIAL PROPERTIES (ε AND μ)

results, respectively, using AT code markers in both idealized
and real-world environments. Finally, Section VII presents the
main conclusions and future research directions.

II. HYPOTHESIS: AT CODE MARKERS FOR RESONANCE

FREQUENCY DETECTION

Nikitin et al. presented closed form circuit equations of the
characteristic frequencies of a T-matched antenna structure [6].
These are summarized in Table II.

Nikitin et al. also presented the equivalent circuit parameters
of a generic T-matched tag with a specific geometry [25]. We
therefore use the circuit model in [6] and parameters from [25]
to illustrate our hypothesis. Computations are based on the
Impinj Monza M700 series of IC, with 1.04 pF base Cp and
±40 fF, ±100 fF capacitance adjustments with AT codes from
0 to 4 [26]. Fig. 2 illustrates the computed tag characteristics
and how they relate to AT code states when the tag is in air:

• Fig. 2(a) presents the computed POTF and POTR curves
using Eq. (5) in [6]. POTF is obtained using Eq.(2) in [6].

Authorized licensed use limited to: University of Washington Libraries. Downloaded on June 20,2025 at 20:41:50 UTC from IEEE Xplore.  Restrictions apply. 



342 IEEE JOURNAL OF RADIO FREQUENCY IDENTIFICATION, VOL. 9, 2025

Fig. 2. Computed circuit parameters of a generic T-matched tag in [25]: (a) POTF and POTR curves (b) Antenna impedance Za (c) Chip capacitance needed
to conjugate match antenna reactance (d) AT code state.

We assume the antenna gain, G = –2 dBi, constant across
the band, polarization mismatch factor, p = 1, and a
modulating resistance of 50 �.

• Fig. 2(b) presents the antenna resistance and reactance
using [6, Eq.(7)] .

• Fig. 2(c) presents the chip impedance required to con-
jugate match the antenna reactance. Also shown in the
figure are 5 capacitance auto-tune adjustments that can
be applied by the chip (AT code 0 through 4).

• Fig. 2(d) illustrates the change in AT state as a function of
frequency. When the required capacitance for matching is
either too high or too low, the chip applies the maximum
or minimum adjustment capacitance corresponding to
AT = 4 and AT = 0 respectively. When the required
capacitance is within the adjustment band, however, an
appropriate AT code is chosen.

From Fig. 2, we notice that reactance values that fall within
the capacitive tuning band exhibit noticeable changes about
the resonance frequencies ωa and ωb and ω1. Specifically, ωa

and ωb align with the middle of a decrease of AT from 4
to 0, while ω1 aligns with an increase of AT from 0 to 4.
These three values can therefore be estimated by the AT

shape features, i.e., the two magenta and blue marker lines
in Fig. 2(d).

Now that we have found frequencies ωa and ωb and ω1
(from AT code transitions), the remaining two resonance
frequencies listed in Table II, can be derived as follows:

ωc =
√

ωa
2 + ωb

2 − ωa
2ωb

2

ω1
2

(1)

ω2 = ωaωb√
ωa

2 + ωb
2 − ωa

2ωb
2

ω1
2

. (2)

In the subsequent sections, we will examine if this hypoth-
esis can be generalized using 6 different RFID tags with
different antenna designs and ICs with AT capabilities. The
only constraint is that all tags need to have a T-matched
antenna design, which is the prevailing design of antennas in
RFID inlays. We will also determine the effect of attaching
the tag to materials with different ε and μ and verify if the
hypothesis can be used for εeff and μeff estimation and hence
material detection.
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TABLE III
T-MATCHED RAIN RFID TAGS USED IN THIS STUDY

III. EXPERIMENTAL SETUP

The RAIN RFID tags and materials used, the reader hard-
ware, environmental setup, and data capture procedure are
discussed in this section.

A. RAIN RFID Tags

Table III shows the tags used in the study. The tags have
different antenna shapes and utilize at least 3 different chips
with AT adjustment capabilities (AT code 0 through 4 and ±
100 fF Cp adjustments). All tags have a T-match structure,
which is found across a plurality of ARC certified tags [27].

Note that Tags 2 and 3 are modified antenna versions of
Tag 1. Cutting meander sections reduces the length of the
dipole, therefore changes dipole response and allows one to
create a large number of differently tuned antennas.

B. Materials Tested

We use the reference material kit provided by Voyantic
for εeff estimation [28]. The materials and their dielectric
properties are summarized in Table IV. The materials are
available in 130 x 130 mm sheets, 4 mm thick. For magnetic
sensing, we used 130 x 65 mm magneto-dielectric sheets of
a flexible absorbent material (FAM) from Delevan, which are
0.12 mm thick [29]. All materials are shown in Fig. 3.

C. Reader Hardware and Test Setup

We use the Voyantic Tagformance Broadband kit [5], which
is capable of testing tags in the 600-1300 MHz band, as the
reader for all our experiments. For the dielectric sensing, we
conduct two sets of tests:

• We conduct 3 experiments using Tags 1-3 in an anechoic
chamber on PTFE, PVC, Rubber, POM and PVC. This is

TABLE IV
MATERIAL PROPERTIES IN THE VOYANTIC KIT

Fig. 3. Materials used for εeff and μeff sensing.

meant to represent idealized performance (c.f. Fig. 4 (a)-
(b)). The tag under test (TUT) is placed on the material
under test (MUT) with the antenna side facing down and
a constant even pressure is applied using the foam spacing
to press the tag firmly against the surface, ensuring it lies
flat and eliminating any air gaps.

• We conduct 4 experiments using Tags 1 and 4-6 on all
7 materials in an open warehouse environment (c.f. Fig. 4
(c)). We eliminate clutter around the setup but do not
take any steps to mitigate environmental reflections. Clear
adhesive tape is used to apply the TUT to the MUT.
The MUT is mounted vertically with the antenna facing
to a side. This scenario is meant represent real world
conditions. As an example, Fig. 5 shows some of the
utilized tags attached to FR-4 and FAM sheets.

For the magnetic sensing, we conduct experiments using
Tags 5 and 6 by measuring their performance on the FAM
material. The tests are conducted in an idealized environment
and the TUT is placed on the FAM sheet with the antenna
side facing down. A constant even pressure is applied using
the foam spacing to eliminate any air gap.

It is important to note that polarization matching between
the reader and tag antennas is not strictly necessary for the
proposed approach. Changing the polarization of the reader
antenna will affect the propagation loss between reader and tag
antennas and hence the power levels of the measured POTF
and POTR curves, but it will not alter their shape. Therefore,
the behavior of the AT code transitions will remain consistent
regardless of polarization alignment.

D. Data Capture Procedure

The dielectric sensing tests in the idealized environment
and the magnetic sensing tests are conducted using the Read
640K FM0 mode in Voyantic, which represents the highest
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Fig. 4. Experimental setup: (a) diagram of ideal test setup, (b) laboratory
test setup with foam removed for visibility, and (c) real world setup.

Fig. 5. Examples of tags attached to material sheets using clear tape: Tag 4
on FR-4 and Tag 1 on FAM.

read speed mode available in the Gen2 protocol. This mode
enables data to be read from the tag memory at the maximum
achievable speed, enhancing the overall efficiency and speed
of the testing process. The dielectric sensing tests conducted
in the real world scenario (Fig. 4(c)), are done at a different
mode Read 40K FM0, just as a point of comparison. For
each TUT on each MUT, the testing procedure occurs as
follows:

• First, the threshold sweep is conducted with AT enabled.
The POTR curve and AT code over the 600-1300 MHz
band is recorded.

• Second, the AT feature is disabled and the threshold
sweep is run again so that ωa and ωb can be extracted
from the POTF curve as the ground truth. This is
necessary because from Eq. (4) in [6], we see that both
are dependent on the chip impedance, which can be
masked if AT is enabled.

IV. DIELECTRIC SENSING USING AT CODE MARKERS

Fig. 6 demonstrates the working of our hypothesis in an
experimental setting. Here the performance of the A701 tag
(Tag 1 in Table III) is examined in an idealized environment
on air, PVC and rubber as a backing material:

• The top row shows the change in AT code vs. frequency.
The markers corresponding to the estimated values of fa
and fb are marked with magenta vertical lines and f1 with
a red vertical line. In order to standardize the positioning
of this line, we assume it goes through the midpoint of
the positive AT slope increase.

• The middle row shows the POTF curves with the true
values of fa and fb. We observe that the AT markers align
very well with these.

• The bottom row shows the POTR curve with the true peak
value marked. Also shown is the estimated value corre-
sponding to Eq. (1) (marked with a blue vertical line). In
general, the true and estimated values align very well but
there is a small discrepancy that may be caused by minor
fluctuation of f1 due to small positional uncertainties of
the marker line, environmental and material influences.

Table V highlights the estimated values of fa, fb and f1 using
the AT marker method for all the dielectric tests conducted in
Section III-C. We use these to compute the estimated value
of fc using Eq. (1). Finally, this is compared to the true value
of fc extracted from the POTR curve. Table VI summarizes
the discrepancy between the true and estimated value of fc for
each TUT and MUT for the results in Table V. The results
are separated by experiments conducted in real vs. idealized
settings. While it is expected that idealized tests perform better,
real world performance degradation is not that significant.
This indicates that the approach works even in the presence
of complicating factors such as environmental reflections and
when the tag is covered with adhesive tape — at least in
situations where the tag and reader are close (40 cm) to one
another.

Finally, the dielectric permittivity of the MUT is estimated
using both the true and estimated values of fc [7]:

εeff = 1

(1 − �1)
2
, where �1 = f air

c − f MUT
c

f air
c

, (3)

and

εeff = 1 + εr − 1

2

K2

K1
(4)

where K1 and K2 depend on the size and εr of the dielectric
material and geometry of the tag antenna [30]. However,
since most T-matched UHF RFID tags utilize flat, center-
fed meandered dipole antennas, K1 and K2 are not strongly
dependent on antenna geometry for common UHF RFID
tags [7]. Variations in dielectric slab thickness are expected
to influence K1 and K2, and thus the standard error of the
estimated εeff for a given material. To mitigate this effect,
we have used the well-characterized materials in the Voyantic
testing kit, with uniform area and thickness.

Fig. 7 shows the relationship between εeff and the relative
permittivity εr of the dielectric slab in both idealized and real-
world testing environments. A consistent linear relationship
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Fig. 6. Hypothesis tested with A701 tag on 3 dielectrics in an idealized environment.

TABLE V
ESTIMATED VALUES OF fa , fb AND f1 USING AT MARKER METHOD, COMPUTED VALUE OF fc AND TRUE VALUE OF fc

FOR DIFFERENT TUTS AND MUTS

is observed for both the true and computed fc values. The
estimated εeff show larger standard errors for higher values of εr

(e.g., εr = 6.73 and 7.11), which is consistent with theoretical

expectations. As indicated by Eq. (4), higher εr increases the
influence of the K2/K1 term, amplifying sensitivity to parameter
variations and resulting in greater estimation uncertainty.
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TABLE VI
DISCREPANCY BETWEEN TRUE AND ESTIMATED VALUES OF fc IN REAL

AND IDEALIZED ENVIRONMENTS

Fig. 7. Relationship between εeff and slab εr using computed and actual fc
in idealized and real-world environments.

There is good agreement between the real world and
idealized tests for materials with lower εr. For materials with
higher εr, there is more of a difference, which can be explained
as follows: the rubber sheet is somewhat flexible and it tends to
sag slightly especially when mounted vertically (c.f. Fig. 4(c)).
This introduces a slight curvature which could delaminate the
tag that is attached to the sheet using tape, thus introducing a
small air gap. The glass tends to pick up adhesive residue from
the tag or tape that is used to attach the tag to the surface. This
residue was cleaned between successive tests using acetone.
While we did our best to wait a sufficiently long amount of
time between successive tag tests, it is possible that remnant
acetone affected the attachment adhesive of the next TUT
manifesting as a small air gap here as well. The introduction
of these micro air gaps could explain why the mean values
of εr were consistently lower than those observed in the
idealized tests. These effects and trends are consistent with
prior observations (Fig. 8 in [7]) and support the conclusion
that AT code transitions can be used effectively for dielectric
sensing, even in the presence of real-world variability.

V. MAGNETIC SENSING USING AT CODE MARKERS

We examine the applicability of our hypothesis to detect
magneto-dielectric materials, specifically the FAM ferrite sheet
in Fig. 3. Note that the FAM sheet has both μr and εr different
from air. Both parameters have not been characterized for this
material as reported by [8]. Furthermore, apart from fa, fb
and fc, the coupling coefficient (k in Table II) will also be
influenced by the magnetic material.

We therefore select Tag 5 to first validate our hypothesis.
As seen in Table V, Tag 5 is the unmodified tag with the
highest POTR peak frequency in air that we had available
for testing and should therefore be able to accommodate the
largest downshift in AT marker movement while still staying
within the 600-1300 MHz band.

TABLE VII
COMPARISON OF ESTIMATED μeff OF THE FAM USING POTF AND POTR

CURVES [8] AND AT CODE MARKERS

Fig. 8 shows the performance of Tag 5 in the following
situations:

• The first column shows the AT markers, POTF and POTR
curves for air. The fa and fb marker positions, real and
computed values of fc align well with the ground truth.

• The second column shows the performance for the tag
placed on FAM material. We notice a significant down-
shift in all resonance frequencies. Furthermore, the AT
markers, while following the same shape, do not neces-
sarily transit through all 4 AT code states. Nevertheless,
there continues to be good agreement between the real
and AT predicted resonance frequency values.

• The third column shows the performance of the
tag sandwiched between the FAM and FR4 material.
Unfortunately, it appears that both AT step markers cor-
responding to fa and f1 have shifted below the 600 MHz
lower bound of the Voyantic system and that the chip
capacitance required to match the antenna reactance is
too high.

In order to examine the repeatability of the approach, we
also test Tag 6 (very different antenna shape and different chip
as seen in Table III) in air and on the FAM material. The f2
values computed from the AT code markers and from fa, fb and
fc in the POTF and POTR curves (as done in [8]) are presented
and compared in Table VII. We estimate the effective magnetic
permeability μeff in both cases using [8]:

μeff = 1

(1 − �2)
2
, where �2 = f air

2 − f MUT
2

f air
2

. (5)

From Table VII we see that the μeff values between the
2 tags computed using both methods align well, indicating
the potential of the proposed AT-based approach for sensing
magneto-dielectric materials as well.

VI. CURRENT LIMITATIONS

It is important to acknowledge the limitations associated
with this work that are related to the capacitance matching
capabilities of the Impinj ICs used in this paper.

Fig. 9 presents the results of two counter examples that we
were able to find in our testing. In both tests, the positive
AT step marker from 0-4 (corresponding to f1) that should be
present to the left of the POTR peak is not visible:

• The 1st column of Fig. 9 are for the Avery Dennison
Dogbone tag with the Monza R6 chip [31] in free space.
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Fig. 8. Use of AT markers for resonance frequency estimation on magnetic materials.

Fig. 9. Counterexamples illustrating the limitations of our hypothesis.

We surmise that the antenna reactance at f1 is too high so
the required matching chip capacitance is too low. This
is why the AT code is consistently at the lower bound of
0 in this region.

• The 2nd column of Fig. 9 shows the results of testing
the Arizon AZ-HR7A with the M730 chip [32] on glass
substrate. Here we theorize that the antenna reactance at
f1 is too low so the chip capacitance required is too high
and this is indicated by the AT code assuming the upper
bound of 4 in this region.

We also noticed that not all tags in Table III generated the
AT markers when deployed on the FAM material. The POTR
peak of tag 1, for instance, shifted close to the 600 MHz lower
bound cutoff and, as a result, the markers for f1 and fa were
not visible. This tag could, therefore, not be used for μeff

estimation.

Confirming our reasoning above would require
electromagnetic simulations with TUTs, which is beyond the
scope of this paper. However, these findings do indicate that
the hypothesis is not universally applicable to all T-matched
tags, and that every tag of interest (with specific antenna and
specific IC) needs to be explicitly evaluated for the MUTs.
Nevertheless, as one can see from Table V, it works well for
many T-matched tags on moderate dielectrics.

VII. CONCLUSION AND FUTURE WORK

In this paper we demonstrated how AT code changes
could be used as markers to estimate the POTF res-
onance frequencies (fa and fb) and dipole resonance
frequency (f1) of antennas with a T-match structure. We
also demonstrated how the POTR resonance frequency
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(fc) and loop resonance (f2) could be derived from these
markers.

Our approach simply requires reading the AT code across
the frequency band and does not need to precisely measure
reader output power or received tag RSSI, nor have knowledge
of the environment or read distance. It can be viewed as a form
of near-field sensing since AT code is not affected by the far
field channel characteristics and is affected only by interaction
of the tag antenna with a dielectric or magnetic object in its
near field.

We showed how fc values derived from our method could be
used to reliably estimate effective dielectric permittivity (εeff )

of the material to which the tag is attached using 6 different
tags with different antenna designs and attached chips. We
also showed that our approach worked well in both real and
idealized testing scenarios. Additionally, we demonstrated how
f2 values derived from AT markers could be used to estimate
the effective magnetic permeability (μeff ) for at least 2 tags
placed on a FAM magneto-dielectric substrate in an idealized
environment. The estimates from the two tags were in good
agreement with one another.

There are several avenues of future work that are being
considered. First, we have pointed out the reasoning for the
limitations of our work and would like to verify those by
electromagnetically simulating the performance of antennas
that do not conform to our hypothesis. In the process, we
would also like to estimate the true μr and εr of the FAM.

Second, we would also like to see if chips with additional
capacitance states, such as Axzon’s Magnus, could be used
to generalize the hypothesis to more antenna geometries.
Designing new tag antennas for those chips, which would have
both POTF and POTR resonances on several dielectrics visible
inside Voyantic 600-1300 MHz band, would be an interesting
experiment for our hypothesis. We would also like to see
if tags that have POTR peaks (in air) significantly higher
than Tag 5 could be used to sense more magneto-dielectric
materials, such as tags encased in 2 FAM sheets as presented
in [8].

We would also like to investigate the dependence of chip
impedance on input power. Specifically, if there are frequency
regimes where the chip impedance is not significantly depen-
dent on input power, and if those frequencies can be aligned
with the tag antenna’s resonance frequencies, then one does
not need to take measurements at threshold power levels.
Threshold power determination is time consuming and there-
fore taking measurements at arbitrary transmit power settings
would speed up the sensing measurements. This would also
allow to use a simple low-cost wideband software defined
radio (SDR) RFID reader with fixed output power to do AT
code measurements described in this paper.

In addition, our approach still requires sweeping the 600-
1300 MHz band, which necessitates the use of broadband
reader equipment. To enable the use of commercial RFID
readers for sensor readings, we aim to examine arrays of tags,
each having AT code markers that fall within the ISM band
when attached to different MUTs.

Finally, we would also like to expand the testing to addi-
tional materials with higher εr and loss tangent tan(δ).
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