
76 IEEE JOURNAL OF RADIO FREQUENCY IDENTIFICATION, VOL. 8, 2024
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Abstract—Grain is a major source of food, while grain security
has been considered as a strategic issue in many countries.
Temperature and moisture as the two key properties affect the
quality of stored grain. Most existing approaches for sensing
these properties are expensive, time-consuming, and are difficult
to deploy. In this paper, we design a TagSense system to sense the
temperature and moisture level of stored wheat using commodity
RFID devices, where tag’s impedance is exploited as a feature for
target sensing at a low cost. Since impedance is sensitive to the
signal propagation distance and incidence angle, we propose a
distance-independent algorithm and an angle-agnostic approach
to mitigate the impact of distance and angles on the sensing
performance. Our extensive experiment results demonstrate that
TagSense can achieve a satisfactory sensing performance at any
distance and any angle within the sensing range.

Index Terms—Radio frequency identification (RFID), radio
frequency (RF) sensing, target properties sensing, multi-class
support vector machine (SVM).

I. INTRODUCTION

W ITH the rapid growth of the global population and
the improvement of consumption level, the demand for

grain will be doubled by the year of 2050 [1]. There is a
compelling need for an effective method to preserve surplus
food to meet the increasing future demand and to prepare
for unexpected events such as war, natural disaster, pandemic,
or drought. Thus, grain storage becomes highly important for
national security. Temperature and moisture as the two key
properties of stored grain that largely determine the safety of
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grain. Therefore, how to monitor these two factors accurately
and effectively is of great importance.

The existing grain moisture detection methods belong to the
drying method [2], the capacitance method [3], the electromag-
netic microwave method [4], the resistance method [5], and
the neutron gauge method [6]. Most methods are contactful,
which is usually time-consuming, inefficient, and costly. For
temperature measurement, various wired sensors are inserted
into the wheat pile to measure the physical characteristics.
However, once deployed, these devices are hard to replace if
one node fails to work. It is also inconvenient to update and
upgrade these sensors. The traditional measurement methods
also do not meet the requirement of high accuracy for both
temperature and moisture sensing. An effective solution of
low power consumption, low cost, easy deployment, and high
accuracy would be highly appealing.

Our early works have used WiFi-CSI signals for contact-
less target sensing [7], [8], [9]. However, WiFi-CSI signals are
easily influenced by environmental dynamics (e.g., movements
of the other objects in the surroundings), which could weaken
the robustness of the RF sensing system. Compared with WiFi
CSI based systems, RFID based sensing technologies have
the unique advantages of small form factor and low cost.
RFID is also more resilient to environmental interference [10].
Therefore, it has been used in many IoT applications, such
as healthcare [11], material identification [12], vibration
sensing and identification [13], intelligent identification [14],
localization [15], [16], and human movement detection [17],
touch gesture and motion tracking [18], material recogni-
tion [19], [20], moisture measurement [21], [22], [23], [24],
material temperature sensing [20], [25], [26], [27], [28], [29]
and smart architecture [30]. Most of the applications leverage
phase, phase difference, or signal strength to sense the tar-
get’s properties, and have achieved a promising performance.
However, RFID phase and phase difference are sensitive to
the environment dynamics such that it is hard to ensure a
stable sensing performance. To this end, this paper proposes
to use RFID tag impedance to sense the target properties. We
show that the variation in RFID tag impedance is a major
factor that causes phase changes. Therefore, we find that
the impedance can better capture the physical mechanisms
behind sensing. More important, the tag impedance is easier
to obtain and is more stable than phase or phase differ-
ence. Therefore, we propose to leverage the tag impedance
for sensing the temperature and moisture level of stored
wheat.
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Fig. 1. The tag faces the Z-axis (the incident direction of the EW) and
rotates 180◦ from −90◦ to +90◦.

However, there remain many challenges for RFID-based
wheat moisture and temperature sensing. The first challenge
is the multipath signal propagation. In RFID communication
systems, the Electromagnetic Wave (EW) (e.g., RFID signal)
from the transmitter can propagate to the receiving end through
multiple paths, resulting in multipath interference. Effective
methods are needed to process the multi-path signals to obtain
clean signals. The second challenge is that the tag impedance
is highly dependent on the sensing range. Thus, we need to
eliminate the impact of distance on the measured impedance.
The third challenge is the interference of penetrating signal.
Generally, wireless EW has a strong penetration ability. It
leads to an additional interference signal in the measured
impedance, which increases the complexity of the system.
The fourth challenge is from the random sensing angles. In
practical applications, the target may be placed randomly in the
sensing area, while various sensing angles affect the measured
impedance.

To address the first two challenges, we choose the relatively
‘cleaner’ channels in resonance frequencies within 860 MHz
to 960 MHz to collect RF data. Then, a distance-independent
algorithm is developed to reduce the impact of multi-path
interference and distance dependence. To address the third
challenge, consider the setup shown in Fig. 1, where the z-axis
represents the direction of the EW.The RFID tag is put in
front of the reader antenna at line-of-sight (LOS) with the
angle ranging from −90◦ to +90◦. This way, the interference
of penetrating signals can be mitigated. In addition, we place
a microwave absorbing sponge behind the wheat sample to
further reduce the interference of the penetrating signal. To
address the fourth challenge, we utilize a circularly polarized
antenna with a beamwidth 65◦, which helps to greatly reduce
the sensitivity to direction. Also, the tag’s impedance period-
ically changes as it rotates like a cosine function. We use a
multi-class support vector machine (SVM) to identify rotation
angles to reduce the impact of sensing angle.

In this paper, we propose the TagSense system, which is
a novel target sensing system designed for monitoring the
temperature and moisture level of stored wheat [31]. The
unique advantage of TagSense is that we do not need to attach
the tag to the target tightly, but just put the tag on a bag,
a box, or other containers. TagSense can sense the material
properties within the container, including moisture level and

temperature. Within the maximum sensing range, TagSense
can work well at any specific sensing distance or angle.
Unlike existing systems [32] that use customized hardware or
specially designed high-frequency signals to sense material,
TagSense uses tag’s impedance and resonance frequency that
is easy to measure at a low cost. The deployment of TagSense
is easy with COTS RFID tag, in which the S-parameter and
frequency are displayed on a computer from a Vector Network
Analyzer (VNA) device.

To make TagSense robust, we design a distance-independent
algorithm and an angle-agnostic approach to allow effective
sensing of wheat samples at any distances and any angles
within the range. This study provides a novel method to
achieve robust sensing of target’s properties with cheap COTS
devices. The three contributions of this work are summarized
as follows.

• We take stored wheat as the sensing target, and achieve
robust sensing of temperature and moisture level using
tag’s impedance with a single passive RFID tag. This
is a novel approach that leverages tag impedance for
simultaneously determining the target’s temperature and
moisture.

• In order to obtain robust impedance measurements at any
distance and any angle, we present a distance-independent
algorithm based on EW reflection theory and an angle-
agnostic method utilizing a multi-class support vector
machine (SVM).

• We conduct extensive experiments with real stored wheat
in various scenarios. The efficacy, accuracy, and robust-
ness of TagSense are verified.

The remainder of this paper is structured as follows. In
Section II, we introduce a study of RFID tag modeling
and discuss the challenges on system design. We present
the framework of TagSense in Section III and evaluate its
performance in Section IV. Section V concludes this paper.

II. PRELIMINARY STUDY AND DESIGN CHALLENGES

In this section, we present our preliminary study of RFID
sensing and the feasibility of the TagSense system. We also
examine how the surroundings impact the system performance.
Finally, we describe two challenges that need to be addressed
in the TagSense system design.

A. Preliminary Study

An RFID Tag consists of two parts, i.e., the chip and
the tag antenna connected to the chip. Its impedance can
be represented by an equivalent impedance, which is the
ratio of the complex voltage to complex current at a certain
point on the transmission line. Tag’s impedance is related
to the incident and reflected wave, and can be expressed
using the S-parameter, which, however, is difficult to be
determined with the S-parameter directly. To assess the tag’s
sensitivity to the surroundings, we introduce a measurement
method of tag antenna impedance based on the S-parameter.
This will indirectly reveal the mechanism by which the tag
senses the target. We will approximate the tag’s impedance
by introducing the concept of equivalent load impedance and
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Fig. 2. Illustration of how to measure the tag antenna impedance based on
the S-parameter. The chip is removed from the tag.

present the relationship between the tag antenna impedance
and the tag’s impedance, which will be discussed in detail in
the following.

1) Tag Antenna Impedance: We present a measurement
method of tag antenna impedance based on the measured
S-parameter using a VNA device. The goal is to test the
sensitivity of the tag when it is used to sense the environment,
which will validate the feasibility for using RFID tags to sense
targets at different temperatures and moisture levels.

First, the chip is removed from RFID tag, while the two
ports of the antenna are each connected to one of the two ports
of the VNA. The VNA will then measure the S-parameter
of the tag antenna, which will be used to obtain the tag
antenna impedance, as shown in Fig. 2(a). More details can
be found in [33]. In the figure, SMA represnts Sub-Miniature-
Version-A, which is used for the connection between the
test fixture and the test cable to the VNA device. Fig. 2(b)
illustrates the measurement method, where Iport1 and Iport2
respectively denote the current received from the two ports of
the VNA, Uport1 and Uport2 denote the voltages of the two
ports, respectively, and Z0 is the characteristic impedance of
the ports (i.e., 50�).

We define the tag antenna impedance as the equivalent
impedance at the input port. If current is denoted by I0
and voltage by U, the impedance Zd is dependent on the
S-parameter [33]. Tag antenna impedance is given by Zd =
(Uport1 − Uport2)/I0. Based the Z-parameters [34], we have{

Uport1 = Z11Iport1 + Z12Iport2

Uport2 = Z21Iport1 + Z22Iport2,
(1)

where matrix {Zij} consists of impedance coefficients: Z11 is
the forward transfer impedance of Port 1 when Port 2 is open,
Z12 is the reverse transfer impedance when Port 1 is open, Z21
is the forward transfer impedance when Port 2 is open, and Z22
is the impedance of Port 2 when Port 1 is open. Considering

Iport1 = I0 and Iport2 = −I0, we have Ud = Uport1 − Uport2 =
(Z11−Z21−Z12+Z22)I0, and the impedance of the tag antenna
is given by

Zd = Ud

I0
= (Z11 − Z21 − Z12 + Z22). (2)

The Z-parameters are related to S-parameters as [35]

Zd = 2Z0(1 − S11S22 + S12S21 − S12 − S21)

(1 − S11)(1 − S22) − S21S12
, (3)

where Z0 = 50 � is the characteristic impedance related to
the cables used for measurement. For a symmetric, balanced
tag antenna, i.e., S11 = S22 and S12 = S21, we have

Zd = 2Z0
(
1 − S2

11 + S2
21 − 2S21

)
(1 − S11)

2 − S2
21

, (4)

where S11 and S21 denote the reflection corresponding to Port
1 and Port 2, respectively, which can be obtained from the
VNA. Since the tag antenna is connected to the two VNA
ports, the distance from tag to transmitting antenna (i.e., the
RFID reader antenna) is not considered here. Thus, the tag
antenna impedance can be obtained by (4).

2) Impedance Variations Caused by Surroundings: We
next show how the surroundings affect tag antenna impedance.
Specifically, we consider temperature and the distance from
tag to reader antenna as two major factors that affect the tag
antenna impedance.

To study how temperature affects tag antenna impedance,
we attach an RFID tag to the container that holds the wheat
samples, and put the wheat sample in a refrigerator to freeze
it to −10◦C. We observe and record the S-parameter when
temperature gradually rises from −10◦C to 20◦C, and calculate
the tag antenna’s impedance using (4). From Fig. 3(a), we find
that the impedance clearly changes with temperature following
a strong linear relationship [28].

Next, we put the tag antenna at, and then far away from
the wheat sample, to observe the impact of distance on tag
antenna impedance. Fig. 3(b) and Fig. 3(c) show the changes
in the real and imaginary parts of the measured tag antenna
impedance over different frequencies, respectively, when the
tag antenna is placed at and away from the wheat. We
find that both real parts (near and far) decrease with the
increase of frequency, and both imaginary parts exhibit an
increasing trend with the increase of frequency. Through the
above experiments, we conclude that tag antenna impedance
is sensitive to both temperature and distance.

B. System Design Challenges

In the previous study, the tag antenna impedance is mea-
sured by directly attaching an SMA to the tag antenna. In
practice, (i) the distance between the tag antenna and the SMA,
and (ii) the angle of the tag with respect to the reader antenna,
pose two challenges for designing a robust system.

The purpose for testing the impedance of chip-less tags is
to verify their sensitivity to environmental factors, such as
temperature and moisture. However, in practical applications,
there are distances between tag (with chip) and RFID reader
that is different from the scenario in Section II-A. Therefore,

Authorized licensed use limited to: Auburn University. Downloaded on January 13,2025 at 20:38:38 UTC from IEEE Xplore.  Restrictions apply. 



SHEN et al.: TagSense: ROBUST WHEAT MOISTURE AND TEMPERATURE SENSING USING RFID 79

Fig. 3. How the tag antenna impedance is affected by the surrounding temperature and tag-antenna distance.

Fig. 4. Illustration of a typical TagSense deployment scenario and the
equivalent circuit model. Load impedance measurement is based on the
reflection coefficient. For a single port network, the impedance Zd(z′) is a
function of the tag position z′.

in the following, we will first propose an equivalent circuit
model for tag (with chip) based sensing system to illustrate
the parallel impedance between tag antenna and chip, and then
examine these two challenges in detail. Note that tag refer to
tag with chip in the subsequent sections.

1) The Equivalent Circuit Model of TagSense : Fig. 4
illustrates a practical scenario where TagSense is deployed,
along with the equivalent circuit model. The tag attached to
the wheat box communicates with the reader antenna over a
distance. The channel between the tag and reader antenna can
be equivalent to a transmission line (i.e., a lossy medium),
and the tag, along with its surroundings (wheat moisture
and temperature), can be considered as an RF terminal. The
transmission line and RF terminal function as the load of the
circuit model, marked by the red dashed box in the figure.
Fig. 4 also illustrates the model of EW propagation with the
equivalent circuit model, where parameter O represents the
input and output ports of the load, d is the distance from tag
to reader antenna (i.e., the transmitting antenna), AC denotes
the source of wireless signal, I is the current measured by
the Single Port Network, V denotes the voltage, and z′ is the
position of the tag (wheat sample) along the Z-axis.

Fig. 5. The tag impedance changes periodically at a period of λ/2.

2) Distance Dependence: With the transmission line
model, we can capture the relationship of load impedance and
distance d as follows.

S11
(
z′) = Zd

(
z′) − Z0

Zd(z′) + Z0
, (5)

where S11 denotes the reflection coefficient at O, which can
be read from the analog VNA/reader device as a complex
number, Zd(z′) denotes the load impedance at position z′,
and Z0 denotes the tag chip’s impedance, which is (28.3 −
j204.2)�. When S11 is a constant, the load impedance Zd(z′)
is directly related to position z′. By introducing the equivalent
circuit model, the load’s impedance can be directly obtained
from (5).

Fig. 5 shows the circuit’s load impedance obtained at a
frequency of 960 MHz. The impedance periodically changes
with distance d, at a period of half of the wavelength (i.e., λ/2).
The impedance amplitude decreases with increased distance
d, and the signal attenuation increases rapidly after the first
wavelength. It can also be seen in Fig. 5 that the real and
imaginary curves exhibit similar trends, except that the real
part lags π/4 behind the imaginary part.

To make TagSense more robust, the impact of dis-
tance d should be effectively mitigated. We will present
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Fig. 6. When the tag rotates from −π/2 to +π/2, the load impedance (both
real part and imaginary part) changes periodically.

Fig. 7. Effect of the tag rotation angle on tag impedance at different
frequencies.

a distance-independent algorithm based on the Fresnel-
reflection-coefficient in Section III-D to address this issue.

3) Angle Interference: Next we examine how the angle
of the tag (with respect to the reader antenna) affects the
impedance measurement. We place the wheat container (made
of organic glass) at random angles, and observe the change in
load impedance. Fig. 6 shows that the load impedance (both
the Real Part and Imaginary Part) changes periodically with
the angle at a period of 4π/5.

We also examine the effect of frequency on load impedance.
Fig. 7 shows how the impedance changes when frequency
is increased from 928 MHz to 945 MHz and the tag angle
is at {−π/2,−π/3, 0,+π/3,+π/2}. It is noticed that the
curves at certain angles are very close (e.g., −π/3 and +π/2,
and +π/3 and −π/2). Through the above observations, it
can be concluded that the tag angle affects the robustness of

Fig. 8. System architecture of TagSense.

TagSense. We will propose an angle-agnostic method based on
a multi-class SVM to address the angle dependence problem
in Section III-E.

III. THE TAGSENSE SYSTEM DESIGN

We present the design of TagSense in this section, which is
a radio frequency (RF)-based wheat moisture and temperature
sensing method using COTS RFID. We shall propose a three-
layer model for the RFID transmission process, followed
by the distance-independent algorithm and the angle-agnostic
method. Finally, we present the temperature and moisture
sensing methods.

A. TagSense Architecture

The TagSense system consists of a VNA/reader device
connected to a reader antenna through a cable, and a passive
tag attached to the container of wheat. A copper plate is
attached to the back side of the container. The VNA/reader
device queries the tag, and receives the tag response from
the antenna to extract useful information. A desktop computer
is connected to the VNA/reader to analyze and visualize the
sensory data. Fig. 8 illustrates the architecture of TagSense,
which includes four parts: (i) RF data acquisition, (ii) data
pre-processing, (iii) multi-class SVM based classification, and
(iv) moisture level and temperature sensing.

Specifically, when the tag is activated by the EW from
the reader antenna, it generates a response signal, which is
received by the reader antenna and sent to the VNA/reader
device. Then the VNA/reader device obtains the S-parameters
and resonance frequency, which are sent to the computer
for preprocessing. The data preprocessing module calculates
the load of circuit model to obtain a stable impedance
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measurement using the proposed angle-agnostic and distance-
independent algorithms. Finally, the moisture level and
temperature of the wheat sample are derived from the mea-
sured impedance data.

B. RF Data Collection

1) Sensing Distance: For data acquisition, the reader
antenna transmits EW to the sensing space. The Tag is
activated after receiving the EW, and then returns a response
signal back to the VNA/reader. The S-parameter and frequency
of the response are then measured by the VNA/reader device,
and sent to desktop for pre-processing.

In this module, the maximum sensing distance R is a key
factor, which can be obtained by

R = λ

4π

√
PReGTrGReτ

PTh
, (6)

where GTr and GRe denote the gain of the transmitting and
receiving antennas, respectively, PRe denotes the energy of the
tag reflected signal, τ denotes the transmission coefficient, and
PTh denotes the threshold power of the micro chip. According
to the hardware configuration of the system, the theoretical
sensing distance is about 10 m.

2) Dataset Collection: We first record the impedance when
the rotation angle is set to 0◦, which is used as the target of
training. Second, we rotate the wheat container along with the
attached tag from −π/2 to π/2, as shown in Fig. 1, and record
the impedance for every 5◦. A total of 37 impedance values are
recorded. Between the frequency of 860 MHz and 960 MHz,
impedance samples are recorded every 0.5 MHz. Thus we
obtain a total of 201 samples. Then, we record impedance per
1 cm when the distance d is increased from 3 cm to 100 cm,
and a total of 98 samples are recorded. In the same way, we
record six groups of wheat samples at different moisture levels,
and repeat the above steps for 20 times for each group to obtain
more training samples. Last, a total of 87,459,120 data samples
are obtained (10 (moisture levels) ×37 (rotation angels) ×201
(frequencies) ×98 (distances) ×20 (repeated times)).

Furthermore, we choose one or two “clean” channels out of
the 201 frequencies. We randomly divide the chosen dataset
into three parts, where 60% of samples are for training, 20%
are trained after adding noise to enhance the robustness, and
20% are used for testing.

C. Three-Layer Model

We propose a three-layer model to better describe the
EM transmission and scattering process in different mediums.
Consider the air, tag and wheat, and the copper plate as
three different layers of media, in which the EW propagates,
scatters, and reflects at the boundary of different layers with
different dielectrics, as shown in Fig. 9. We assume the Fresnel
reflection coefficient and transmission coefficient of the copper
plate as -1 and 0, respectively, which means that the signal
will be completely reflected on the surface and nothing will
go through the copper plate. Let Ef1i, H1i, and K1i denote the
incident electric field, incident magnetic field, and direction
of wave propagation in layer 1, respectively; Ef1r, H1r, and

Fig. 9. The three-layer model consisting of the open space between the
reader antenna and tag, the wheat with a tag, and the copper plate placed at
the back side of the container. The tag’s impedance is obtained by the Fresnel
reflection coefficient.

K1r denote the reflected counterparts in layer 1, respectively.
The electromagnetic waves in layer 2 and layer 3 are defined
similarly. The copper plate placed behind the container can be
removed according to the experimental requirements.

Let μi denote the permeability of layer i with dielectric
constant ηi, i = 1, 2, 3. In Fig. 9, �1 denotes the Fresnel
reflection coefficient of the boundary from layer 1 to layer
2, which is also the tag’s reflection coefficient. The tag’s
transmission coefficient is τ1. Moreover, the corresponding
parameters for the interface from layer 2 to layer 1 are �2
and τ2, respectively; and for the interface from layer 2 to layer
3, the corresponding parameters are �3 and τ3. To simplify
the EW propagation model, we use the following notations,
{air → wheat} : {�1, τ1}, {wheat → air} : {�2, τ2}, and
{wheat → copper plate} : {�3, τ3}.

The three-layer model provides the basis for the RF sensing
design in this study. Next, we discuss the theoretical founda-
tion of TagSense.

D. Distance-Independent Impedance Algorithm

From the previous discussion, it can be seen that although
load impedance can be obtained using the reflection coefficient
at position O, it is an weak feature as it is affected by distance
d. However, if we can obtain the reflection coefficient for the
tag position, we could indirectly obtain the tag’s impedance.
Thus, the tag’s impedance will not be related to distance d
anymore (since d = 0 now), but only to the surroundings of
the tag. Motivated by this observation, we propose a Fresnel
reflection coefficient algorithm in this section.

1) Fresnel Reflection Coefficient: According to the electro-
magnetic reflection theory [36], we have

�1 = Zchip − Z∗
d

Zchip + Zd
, (7)
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where �1 denotes the reflection coefficient at the boundary of
layer 1 and layer 2, i.e., Fresnel reflection coefficient of the tag
from wheat → air; Zchip is the impedance of the chip, which
takes a constant complex value; and Zd is the tag’s impedance.

The S11 parameter of Port 1 can be expressed as

S11 = Ef1r

Ef1i
= �1 + τ1τ2�3e−2γ l

1 − �2�3e−2γ l
, (8)

where l denotes the thickness of the container (in meters),
γ is the propagation constant, which is usually a complex
number. Define F(l) = e−2γ l and τ = τ1τ2. Then (8) can be
simplified as

S11 = �1 + τ�3F

1 − �2�3F
, (9)

where �2 and �3 denotes the reflection coefficient from
wheat → plate and the reflection coefficient from plate →
wheat, respectively.

We have now established the model for the S-parameter
and � by (9), which does not involve distance d. Therefore,
if we use � to obtain the impedance value, it will not vary
with the distance. Next, we present the distance-independent
impedance algorithm based on �.

2) Distance-Independent Algorithm: The �-based
distance-independent impedance derivation algorithm consists
of the following steps.

Step 1: The reflection coefficient and transmission coeffi-
cient at the boundary of {air→wheat} and {wheat→air} are
{�1, τ1} and {�2, τ2}, respectively. Let ηai and ηwh denote the
air and wheat dielectric constants. We have

�1 =
√

ηai − √
ηwh√

ηai + √
ηwh

= 1 − √
ηwh

1 + √
ηwh

(10)

τ1 = 2
√

ηai√
ηai + √

ηwh
= 2

1 + √
ηwh

, (11)

since ηai = 1.0005898 ± 0.0000005 ≈ 1 at normal pressure
and temperature. Similar to (11), the parameter τ2 is expressed
as

τ2 = 2
√

ηwh√
ηai + √

ηwh
= 2

√
ηwh

1 + √
ηwh

. (12)

It follows (10), (11), and (12) that

�2
1 = 1 − τ1τ2. (13)

Recall that �1 is the reflection coefficient of {air → wheat},
while �2 is the reflection coefficient of {wheat → air}. We
thus have �1 = −�2, where the negative sign indicates the
opposite direction.

Step 2: A copper plate is placed behind the wheat container.
When the wave incident on the surface of the copper plate,
it will be completely reflected due to the high reflectivity of
metal. Thus we have �3 = −1. According to (8) and (9), the
S-parameter on the copper surface is given by

S′
11 = Ef1r

Ef1i
= �1 − τF

1 − �1F
. (14)

Step 3: Another scenario is when the copper plate is
removed, and the signal penetrates the wheat and enters into

the air behind the container, i.e., {wheat → air}, and thus we
have �1 = −�3. According to (9), the S-parameter S′′

11 can
be written as

S′′
11 = Ef1r

Ef1i
= �1 + τ�3F

1 − �2�3F
= �1 − τ�1F

1 − �2
1 F

. (15)

Step 4: Putting (13), (14), and (15) together, we have⎧⎪⎪⎨
⎪⎪⎩

S′
11 = �1 − τF

1−�1F

S′′
11 = �1 − τ�1F

1−�2
1 F

�2
1 = 1 − τ1τ2 = 1 − τ.

(16)

The S-parameters S′
11 and S′′

11 are known, since they can be
measured by the VNA/reader device. There are three equations
with three unknown variables, so the tag Fresnel reflection
coefficient �1 can be solved from (16), and the impedance of
the tag can be computed as in (7), which is independent of
the distance d.

E. Angle-Agnostic Method

As discussed, the tag angle is another major factor affecting
the accuracy of impedance measurement. To make TagSense
work steadily at any tag angle, we propose an angle-agnostic
method based on multi-class SVM in this section.

1) Circular Polarization Antenna: A polarization of the
antenna can be used to infer the direction of the electric
field intensity when the antenna radiates, which describes
the parameters of the spatial direction of the wave vector
radiated. Specifically, the circular polarization antenna is used
in this study, which can receive the level value at any direction
of linear polarization. A suitable beam width can reduce
the sensitivity of the tag to the angle in space. The angle-
agnostic method leverages a circular polarization antenna with
a beamwidth of 65◦ to achieve sufficient resilience to different
tag angles, thus reducing the dependence of the system on tag
angle.

2) Multi-Class SVM: In addition to using the polarized
antenna, we propose a multi-class SVM model to further
mitigate the dependency on tag angle. We construct M binary
SVMs, termed one-against-the-rest (each one class is corre-
sponding to a certain moisture level). Each binary SVM is
constructed to separate a class n from the other (M−1) classes,
by solving the following quadratic programming problems.

min
wn

t ,w
n
h,ξ

n

1

2

(
wn

t

)T
wn

t + C
N∑

t=1

ξn
t (17)

s.t.
(
wn

t

)T
O(Xt) + wn

h ≥ 1 − ξn
t (18)(

wn
t

)T
O(Xt) + wn

h ≥ −1 + ξn
t (19)

ξn
t ≥ 0, (20)

where subscript t is the index of samples and superscript n ∈
{1, 2, 3, . . . , M} is the index of classes; wt and wh are the
weight parameters of the hyperplane; ξ is Lagrange multiplier;
C is a constant; and O(Xt) represents the optimal hyperplane
function of sample Xt.

The M binary SVMs are trained by solving the quadratic
programming problems with n variables. In this study, we set
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Fig. 10. Algorithm flow chart of TagSense, with the proposed distance-independent and angle-agnostic methods to obtain a stable impedance value, which
is then used to determine the temperature and moisture level of the wheat sample.

M = 10 (different moisture levels) for wheat samples with
different tag rotation angles (from −π/2 to π/2). The decision
function is given by

f (Xnew) = argmax
n∈{1,...M}

⎧⎨
⎩

∑
Xt∈ sv

ytα
n
t κ〈Xt, Xnew〉 + wn

h

⎫⎬
⎭, (21)

where sv stands for the support vectors, κ〈·, ·〉 is the kernel
function, α is a dimensional weight vector, and y is an
augmented vector of samples. If a new data sample Xnew

achieves the largest value for class n (n = 1, 2, 3, 4, 5, . . . 10),
then f (x) = n and Xnew will be classified to class n. The multi-
class classification includes the following six steps.

Step 1: TagSense collects data from different angles and at
different distances, to establish a sample database for training.

Step 2: The tag’s impedance measured at 0◦ is set as the
training target.

Step 3: The input data is normalized to the range of [0, 1].
Step 4: The Gaussian radial basis function (RBF) is used

as kernel function, and the model parameters are initialized.
Step 5: The SVM is trained using a randomly selected

dataset, while 60% of data is used for training, 20% of data
with noise is used for retraining to make the model more
robust, and 20% of data is used for testing.

Step 6: The trained model is used for classification of a new
tag’s impedance sample at a random angle.

F. Temperature and Moisture Sensing

Through the distance-independent algorithm, we obtain
a stable tag impedance value disregarding the distance d.
Through the angle-agnostic method, we reduce the impact of
tag angle. Then, the stable impedance value will be obtained,
which is used to determine the temperature and moisture level
of the wheat sample.

For temperature sensing, we measured the tag impedance at
different temperatures and obtained a mathematical model for
predicting temperature through polynomial fitting. For wheat
moisture sensing, because there is no clear linear relationship
between tag impedances and sample moisture levels, we
consider using a machine learning method to predict the
moisture content. Due to the simple structure of the multi-
class SVM, overfitting is less likely when dealing with small
datasets. Therefore, the multi-class SVM is also used to predict
wheat moisture. TagSense collects tag impedances of wheat

Fig. 11. TagSense experiment configuration.

at different moisture content levels. To enrich the dataset,
TagSense collects tag impedances of the same moisture lev-
els from various angles. It then utilizes the collected tag
impedance as training data and wheat moisture levels as the
training target to train a model for predicting unknown wheat
moisture. The algorithm flow chart is given in Fig. 10, it
presents the process of the algorithm design.

IV. EXPERIMENTS AND RESULTS

A. TagSense Deployment

The TagSense system consists of a passive RFID tag (Higgs
3 chip of Alien NO.9640), a receiving/transmitting antenna
(S9028 PCR of Laird_2), an analog VNA/RFID reader device
(Model TTR506A of Tektronix), a desktop computer, and a
1 mm thick copper plate (which is removable). The copper
plate is used as a reflective device, which can be easily
removed during the experiments. A container made of organic
glass is used to hold wheat samples, with a size of 31.5 ×
18.0 × 18.0 cm3. The tag is attached to the outside of the
container facing the reader antenna. As shown in Fig. 11,
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in order to eliminate or reduce interference, the container
is covered with RF absorbing material, leaving an opening
of the same size as the tag at the place where the tag
is attached. The absorbing material can effectively absorb
signals with frequencies ranging from 100 MHz to 6 GHz.
This configuration helps to minimize the impacts of both
container size and wheat sample cross-sections on the system
performance.

The container is placed in the sensing area on a rotating
table. The distance between the antenna and the tag is
varied from 3 cm to 100 cm. The tag communicates with the
reader antenna, and the reader antenna is connected to the
VNA/reader device through a cable. The VNA/reader device
measures the S-parameter and frequency from received tag
response signals, and then sends the measured data to the
computer for preprocessing and visualization. The antenna
communicates with the tag on different frequency channels
(ranging from 860 MHz to 960 MHz). As for temperature
sensing, the real part of the tag impedance is leveraged
to estimate temperature. For moisture sensing, a machine
learning method is utilized to identify the moisture level.

B. Robustness Improvement

We conduct extensive experiments in a laboratory at the
room temperature about 20◦. Wheat samples at different
moisture levels are put into the container to which the tag is
attached, and the container is rotated from −π/2 to π/2 in
steps of 5◦, while tag impedance is calculated and recorded.

The ten curves in Fig. 12(a) correspond to ten wheat
moisture content levels, demonstrating the variations of tag’s
impedance during the rotation from −45◦ to +45◦. Note that
there are no intersection of the ten curves in the range from
−27◦ to +12◦, which means that the system can identify
angles well in this range. As the angle increases, there are more
intersections, and the system performance will be affected.
Therefore, we consider that the system performs the best
within [−27◦,+12◦].

To verify the performance of the distance-independent algo-
rithm, we conduct experiment with distances within 100 cm,
and then calculate the tag’s impedance at steps of 2 cm. The
results of the experiments are plotted in Fig. 12(b), which
shows the impedance variations under different distances. It
can be seen that the impedance remains around 60 � for
distances up to 80 cm, while the impedance fluctuates when
the distance is larger than 80 cm. Therefore, the TagSense
system performs well within a range of 80 cm.

To further validate the system’s performance, we selected
another two different types of tags, as depicted in Fig. 11
(represented by tags 1 and tag 3). Utilizing the algorithm
proposed in this paper, we can obtain stable tag impedance
values, as shown in Fig. 12(b). This indicates that once the tag
is activated by the system and establishes communication with
the RFID reader, the system can obtain tag impedance values,
which can then be utilized to map the target’s information.

Fig. 12. Tag’s impedance over various distances and angles.

C. Moisture and Temperature Sensing Results

Once a stable impedance measurement is obtained, we can
use it as a feature to infer the properties of wheat, such as
temperature and moisture. Wheat samples at moisture levels
of {7.5%, 7.7%, 9.5%, 9.7%, 10.1%, 10.6%, 14.0%, 16.0%,
16.6%, 17.2%} are used to conduct this experiment. The
room temperature is set to 20◦. We randomly put ten kinds
of wheat samples with different moisture contents in the
sensing area, and obtain ten impedance measurements (taking
the real part as an example). Fig. 13(a) presents the tag’s
impedances versus moisture levels. We find that the variation
of tag impedance is consistent with the moisture level, i.e.,
the impedance increases with the increase of moisture level.
Therefore, we use tag’s impedance to characterize wheat
moisture.

We next examine the other properties of wheat, i.e., tem-
perature. The wheat moisture level of 14.0% is taken as an
example here. We put the wheat sample into a refrigerator
to freeze it to −10◦C. The laboratory room temperature is
set to 20◦C. Then the wheat sample is taken out of the
refrigerator and placed in the sensing area. We record the
tag’s impedance until its temperature rises to 20◦C. Fig. 13(b)
represents the relationship between temperature and the real
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Fig. 13. Wheat moisture and temperature versus tag impedance at the resonance frequency.

TABLE I
ACCURACY OF DETECTING TEN MOISTURE LEVELS AT VARIOUS SENSING ANGLES

TABLE II
ACCURACY OF TEMPERATURE SENSING FOR WHEAT SAMPLES WITH DIFFERENT FITTING CURVES

part of tag’s impedance. It can be seen that there is a strong
linear relationship between temperature and tag’s impedance.
The curve fitting yields x = 3y − 233.3, with R2 = 0.996,
and the relative error RE is only 4.4%. Note that R2 is a
parameter that represents the performance of data fitting (R2 =
1 indicates a prefect fit).

Table I represents the accuracy of TagSense for ten moisture
content levels at various tag angles, as achieved by the angle-
agnostic method. We can see that TagSense can achieve a
satisfactory accuracy in this experiment. The accuracy is 100%
for the moisture content level of 16.0%. When the angle is set
from −π/2 to +π/2, TagSense still achieves the minimum
accuracy of 83.6%, which is a satisfactory result. Table II
presents the accuracy of temperature sensing for wheat using
different fitting curves, where a Conic curve is given by ax2 +
bxy + cy2 + dx + ey + f = 0, and a Linear curve is given by
y = ax + b. From the above two tables and Fig. 13(c), we
conclude that tag’s impedance can well represent the trend of
temperature, with a fitting accuracy higher than 0.96.

Fig. 14 presents a 3D graph of wheat moisture, temperature,
and tag’s impedance. We project red triangular marks and
yellow circular marks on the X_Z plane (i.e., temperature
vs tag impedance) and the Y_Z plane (i.e., moisture vs
tag impedance), respectively. It shows that the impedance
increases with temperature at the resonance frequency, and

Fig. 14. The relationship among temperature, moisture, and tag impedance
at frequency of 942.5 MHz.

indicates there is a linear relation for temperature and
impedance on the X_Z plane. Also, the slopes of correspond-
ing curves over different moisture contents are similar. For
the Y_Z plane, as the increase of moisture, tag impedance
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TABLE III
COMPARISONS OF DIFFERENT RFID-BASED SENSING SYSTEMS

approximately increases, but the linear relationship is not
obvious.

In order to demonstrate the efficacy of the TagSense
system, Table III presents our comparison study with other
four baseline systems. It can be seen that all the five systems
can sense wheat temperature, but TagSense achieves the
highest accuracy with an average error of 1.1◦C. Furthermore,
only RFIDHacking [26] and TagSense can sense temperature
as well as other properties of the target, such as gesture
and moisture. Specifically, TagSense uses tag’s impedance
to sense the target property, which helps to obtain more
stable features, making it robust to environmental interference.
The RFID based systems also have the advantages of hav-
ing a low cost and robust to environmental dynamics and
interference. All the four systems can be used for online
testing. The RFThermometer [28], RTSense [29], and the
proposed TagSense systems have the desirable advantage of
using off-the-shelf devices.

V. CONCLUSION

In this work, we presented the TagSense system for
contact-less sensing target’s properties (i.e., moisture level and
temperature) using a single passive RFID tag. We validated
the feasibility of using tag’s impedance as a feature to sense
the target, and then developed the TagSense framework,
including data acquisition, data pre-processing, SVM-based
classification, and temperature and moisture determination.
To mitigate the influence of distance and angle, a distance-
independent algorithm and an angle-agnostic method were
proposed for robust sensing performance. Our extensive exper-
iments validated that the system can obtain a stable impedance
at any angle and distance within the sensing area, which can
be used as a feature to accurately infer target properties such
as moisture level and temperature.
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