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Abstract: The displacement and tilt angle of an object are useful information for wireless monitoring
applications. In this paper, a low-cost detection method based on passive radio frequency
identification (RFID) technology is proposed. This method uses a standard ultrahigh-frequency
(UHF) RFID reader to measure the phase variation of the tag response and detect the displacement
and tilt angle of RFID tags attached to the targeted object. An accurate displacement result can be
detected by the RFID system with a linearly polarized (LP) reader antenna. Based on the displacement
results, an accurate tilt angle can also be detected by the RFID system with a circularly polarized
(CP) reader antenna, which has been proved to have a linear relationship with the phase parameter
of the tag’s backscattered wave. As far as accuracy is concerned, the mean absolute error (MAE)
of displacement is less than 2 mm and the MAE of the tilt angle is less than 2.5◦ for an RFID system
with 500 mm working range.

Keywords: displacement; tilt angle; ultrahigh frequency (UHF); radio frequency identification (RFID);
antenna polarization

1. Introduction

Wireless monitoring has drawn growing interest in the emerging disciplines of Smart City [1] and
Internet of Things (IoT) [2]. Automatic detection of displacement and tilt angle is widely deployed in
the supply chain industry. In logistics and transportation, some items are expensive and need real-time
location monitoring. For example, for an item with a “This side up” marker, the orientation of the item
package should be kept [3]. Compared with optical technologies that are used for the detection of
visible items, wireless radio signals or electromagnetic signals are more reasonable choices for invisible
targets, such as civil infrastructure health monitoring for a Smart City [4].

Recently, distributed wireless sensor networks (WSN) have been widely deployed for wireless
monitoring. Applications include a pervasive network of sensor nodes spread over buildings to detect
and identify damage in the building structure [5], and thousands of sensors attached to objects to
enable real-time estimation of location [6]. A WSN can provide a distributed set of data that is useful
to preventing dangerous events in civil infrastructure, or monitoring local behavior of items in supply
chain scenarios. However, limited by the cost of system deployment and the requirement of continuous
power sources (e.g., a battery), many applications are not feasible with traditional WSN technologies.

In this paper, a new detection method using radio frequency identification (RFID) technology is
proposed to highly reduce the complexity and cost of wireless monitoring systems. RFID is well known
as a remote automatic identification technology, which often includes a reader and a tag attached to

Sensors 2018, 18, 1644; doi:10.3390/s18051644 www.mdpi.com/journal/sensors

http://www.mdpi.com/journal/sensors
http://www.mdpi.com
https://orcid.org/0000-0002-9797-8165
http://www.mdpi.com/1424-8220/18/5/1644?type=check_update&version=1
http://dx.doi.org/10.3390/s18051644
http://www.mdpi.com/journal/sensors


Sensors 2018, 18, 1644 2 of 14

an object. The tag is energized and interrogated by the reader, through backscattered modulation of the
incident continuous wave [7]. An RFID system can provide a radio interface not only for data exchange,
but also for sensing capability [8]. Compared with a traditional WSN, an RFID-based sensor has two
main cost advantages as follows: Firstly, the battery-less (passive) RFID tag has inherent infinite
lifetime, which has a tremendous advantage over high-cost active devices. Secondly, RFID readers
and tags are commercial off-the-shelf (COTS) components, instead of a custom-made sensor front-end.
As shown in Figure 1, RFID tags achieve different sensing capability by use of uniform electromagnetic
information, e.g., drift of resonance frequency or variation of Received Signal Strength Indicator (RSSI)
value [9].
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work as sensors for an optional low-cost WSN solution. Different displacement detection 
approaches can be found in previous works [37–41]. In these papers, tag antennas are physically 
deformed or damaged by displacement. Unfortunately, as the tag antenna is deformed or broken, it 
is mismatched, and is hence badly (or even not at all) communicating with the reader. In such a case, 
it will be very difficult to achieve detection even by using a frequency shift technique, due to the 
limited allowed RFID bandwidth in USA (902–928 MHz) or Europe (865–868 MHz) [42]. Meanwhile, 
methods related to tilt detection also have been discussed, which exploits mutual position  
changing between two tags [43–45]. However, accurate angle measurement is difficult to achieve in  
these attempts. 

This paper introduces a novel approach to detecting small displacements and tilt angles of 
RFID tags. The key idea is to exploit the phase of the backscattered tag response as a carrier of 
sensing information, while minimizing the degradation of communication performance. Although 
the phase of the tag response depends on the propagation channel of communication, it can be 
modified by processing the phase difference of arrival (PDOA) between transmitted and received 
signals [46]. The methodology of the proposed method is described. Performance testing was carried 
out with linearly polarized (LP) and circularly polarized (CP) reader antennae. With a 500 mm RFID 
system working range, the displacement results, which were obtained using an LP reader antenna, 
demonstrated that the mean absolute error (MAE) was less than 2 mm. Then, based on these 
displacement results, the tilt angle results, which have a MAE of less than 2.5°, can be obtained 
using a CP reader antenna with same 500 mm RFID system working range. 

Figure 1. Commercial off-the-shelf (COTS) system of radio frequency identification (RFID) for
identification and different sensing applications.

Up until now, the published attempts of RFID-based sensors have been focused on physical
or chemical factors, such as humidity [10–13], temperature [14–16], gas [16–18], strain [19,20], and
lab-on-chip (permittivity) [21–23]. Based on power measurements [24–26], phase detection [27–30],
antenna polarization [31], system analysis [32,33], or multiple tag cooperation [34–36], RFID tags can
work as sensors for an optional low-cost WSN solution. Different displacement detection approaches
can be found in previous works [37–41]. In these papers, tag antennas are physically deformed or
damaged by displacement. Unfortunately, as the tag antenna is deformed or broken, it is mismatched,
and is hence badly (or even not at all) communicating with the reader. In such a case, it will be very
difficult to achieve detection even by using a frequency shift technique, due to the limited allowed
RFID bandwidth in USA (902–928 MHz) or Europe (865–868 MHz) [42]. Meanwhile, methods related
to tilt detection also have been discussed, which exploits mutual position changing between two
tags [43–45]. However, accurate angle measurement is difficult to achieve in these attempts.

This paper introduces a novel approach to detecting small displacements and tilt angles of
RFID tags. The key idea is to exploit the phase of the backscattered tag response as a carrier of
sensing information, while minimizing the degradation of communication performance. Although
the phase of the tag response depends on the propagation channel of communication, it can be
modified by processing the phase difference of arrival (PDOA) between transmitted and received
signals [46]. The methodology of the proposed method is described. Performance testing was carried
out with linearly polarized (LP) and circularly polarized (CP) reader antennae. With a 500 mm
RFID system working range, the displacement results, which were obtained using an LP reader
antenna, demonstrated that the mean absolute error (MAE) was less than 2 mm. Then, based on these
displacement results, the tilt angle results, which have a MAE of less than 2.5◦, can be obtained using
a CP reader antenna with same 500 mm RFID system working range.
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The rest of this paper is organized as follows: In Section 2, we present the methodology of the
proposed method and the experimental setup. In Section 3, the displacement measurement and tilt
angle measurement are described in detail. In Section 4, the limitation conditions of these sensing
techniques mentioned above are discussed. Conclusions of the work are drawn in Section 5.

2. Materials and Methods

As shown in Figure 2, the conventional UHF RFID system consists of a passive tag and an RFID
reader, which support fully coherent demodulation of the tag signal. The reader operates in full-duplex
mode, and transmits a continuous wave to energize the passive tag. The tag sends a modulated
response by alternating its reflection coefficient between two states: State 0 and State 1. State 0 is
the matching state between the input impedance of the tag antenna and the tag chip. State 1 is
a mismatching state and is caused by shorting the internal circuit of the tag chip. As shown in Figure 2,
the tag signal can be divided into an I/Q synchronous sample sequence in the time domain through
a phase shifter and a band-pass filter (BPF).
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2.1. Model

Since the RFID reader can measure both the amplitude and phase of the tag signal by complex
demodulation, the tag response can be processed by the reader receiver and transformed into
a baseband signal, which can be analyzed on the I–Q vector plane. As shown in Figure 3 [47],
it is composed of three components:

→
V =

→
V leakage +

→
Vscattering +

→
V tag. (1)

where
→
V leakage is caused by leakage from the reader transmitter to the receiver;

→
Vscattering is caused by

scattering from the surrounding environment; and
→
V tag is caused by backscattering of the RFID tag,

and varied with the states of the tag chip.
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Meanwhile, the baseband signal
→
V can also be represented by the in-phase and quadrature

components, denoted as I(t) and Q(t) in the time domain, respectively. Both components are composed
of DC and AC parts, which can be shown as follows:

I = Idc + Iac, Q = Qdc + Qac. (2)

After removal of the DC part, the reference point of the AC part shown in Figure 2 is centered at
zero, and symmetric on the axis of the baseband signal voltage. For illustration, the same reference
point shown in Figure 2 can be located at the midpoint between the tag constellation points of State 0
and State 1. Thus, the phase of the received tag signal is defined as follows:

ϕ = ](
→
V

1

tag −
→
V

0

tag) = arctan
(

Qac

Iac

)
, ϕ ∈ (−π, π). (3)

It has been observed that, when the tag is moved away from or towards the reader, both vectors
→
V

1

tag and
→
V

0

tag rotate simultaneously and cause change to the phase ϕ of the received signal. Similarly,
ϕ varies with the relative rotation of the tag antenna linearly, with respect to the reader antenna.

In order to study the phase displacement and phase angle characteristics, we propose the
measurement model shown in Figure 4. As shown in Figure 4a, the reader antenna is assumed
to be a right-hand circular polarization (RHCP) antenna, and the tag antenna is assumed to be a linear
polarization antenna. It is assumed that the surface center of the reader antenna is at the origin (0, 0, 0)
of the (x, y, z) coordination system. The tag antenna, which is located on the x–y plane, is parallel
to the surface of the reader antenna. Both the reader antenna and the tag antenna are centered and
symmetrical on the z axis. The distance d between the reader and the tag antenna is measured along the
positive z axis. In order to estimate the tilt angle of the tag antenna, we consider the vector

→
m along the

tag antenna in the linear polarization direction, and the vector
→
n in the orthogonal direction, as shown

in Figure 4b. The angular relationship toward
→
m is referred to as the tilt θ, defined by counterclockwise

rotation beginning at the positive x axis.
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2.2. Experimental Setup

In order to verify the calculation mentioned above, we conducted displacement and tilt angle
experiments based on the measurement model outlined in Figure 4. All the experiments were
carried out in a real-life lab environment with reflecting surfaces (desks, cabinets, and books, etc.),
and a photograph of the test scene is shown in Figure 5a. Therefore, the environmental effects, such as
multiple paths, noise, and scattering factors, are a realistic part of the scene.

In these experiments, we used a Laird reader antenna [48] tuned to 902–928 MHz (RHCP and
9 dBic gain) and a Voyantic Field Engineer Kit [49] to simulate the process of an RFID system supporting
fully coherent detection. As shown in Figure 5a, a reference RFID tag was parallel to the surface of
the reader antenna, and accurately controlled for displacement away or towards the reader antenna,
at a step size of 2.54 mm. At each step, the reference tag was interrogated by a carrier power of 20 dBm,
and replies were sampled continuously by the Voyantic Field Engineer Kit. The same procedure was
repeated for a number of tag angular positions at 5◦ intervals. For illustration purposes, we marked
the passive reference tag on a compass of cardboard, as shown in Figure 5b.
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According to the propagation characteristics of the RHCP wave in free space, the electric field

intensity
→
E of the carrier wave, traveling in the positive z direction, can be written as [50]

→
E = E0ej(−βz+ϕi)

(→
a x − j

→
a y

)
. (4)

Here, E0 is the carrier amplitude, and ϕi is the initial phase. The phase constant is β = 2π
λ , and λ

is the carrier wavelength.
For the tag antenna to have linear polarization in the

→
m direction, the received tag signal must

have a projection on the
→
m direction. That is,

→
Etag = AE0ej(−ϕd+ϕi)(cos θ − j sin θ)

→
a m = AE0ej(−ϕd−θ+ϕi)

→
a m. (5)

Here, A is the carrier wave propagation attenuation, the signal phase difference is ϕd = 2π
λ d,

and d is the distance of the reader to the tag.

According to the characteristics of a linear polarization antenna, the electric field intensity
→

Ebc
of the arriving wave at the surface of the reader antenna, backscattered by the linearly polarized tag
antenna in the

→
m direction, can be written as

→
Ebc = A′AE0Stej(−2ϕd−θ+ϕi−ϕbc)

→
a m. (6)

Here, A′ is the attenuation of the backscattered path, and ϕbc is the phase delay during the
backscattering process of the tag. St is the reflection coefficient of the tag response, which is decided
by tag states. If the tag is in matching state (State 0), then St = S0. Otherwise, when the tag is
in mismatching state (State 1), St = S1. It is assumed that the total reader-to-tag-to-reader path is
a monostatic channel and has no multipath effect. Thus, the reader-to-tag and tag-to-reader distances
can be assumed to be d. Hence, the phase difference of the total propagation path is 2ϕd.

The electric field intensity
→

Ebc of the linearly polarized arrival wave can also be represented as
→

Ebc =
→

EbcL +
→

EbcR.
→

EbcL and
→

EbcR are, respectively, the left-hand circular polarization (LHCP) and
RCHP wave components in the negative z direction. According to Equation (6), they can be written as

→
EbcL = 1

2 A′AE0Stej(−2ϕd−θ+ϕi−ϕbc)(
→
a m − j

→
a n)

→
EbcR = 1

2 A′AE0Stej(−2ϕd−θ+ϕi−ϕbc)(
→
a m + j

→
a n).

(7)

The two orthogonal vectors,
→
a m and

→
a n, are related to the x–y coordinate system by

→
a m =

→
a x cos θ +

→
a y sin θ

→
a n = −→a x sin θ +

→
a y cos θ.

(8)

Since the reader antenna is assumed to be an RHCP antenna and only receive the RCHP

component of the arriving wave, we only consider
→

EbcR. For coordinates transformed by Equation (8),
this can be expressed as

→
EbcR =

1
2

A′AE0Stej(−2ϕd−2θ+ϕi−ϕbc)(
→
a x + j

→
a y). (9)
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According to Equation (9), the instantaneous scalar expression of the received signal arriving at
the reader can be illustrated as [42]

y(t) =
1
2

A′AE0St cos(ωt− 2ϕd − 2θ + ϕi − ϕbc). (10)

Meanwhile, considering Equation (3), the in-phase and quadrature component of the received
signal can also be written as 

I = 1
4 A′AE0S cos ϕ

Q = 1
4 A′AE0S sin ϕ.

(11)

Considering ϕd = 2π
λ d(t), we compare Equation (10) with Equation (11), and draw a conclusion

that the received tag signal phase ϕ(t) is related to the reader-to-tag distance d(t) and the tag tilt angle
θ(t) by

ϕ(t) =
4π

λ
d(t) + 2θ(t)− (ϕi − ϕbc − ϕo). (12)

Here, ϕo is a constant phase offset of the demodulation process, and ϕ(t) has an unknown integer
number of 2π radian offsets, due to the cycle ambiguity.

3. Results

3.1. Displacement Experiment

We first investigated the received tag signal phase ϕ(t) as a function of displacement. The original
distance from tag to reader was fixed at d̂(0) = 50 cm, and displacement was defined as
∆d̂ = d̂(t) − d̂(0), ∆d̂ ∈ (− λ

4 , λ
4 ]. Meanwhile, the tilt angle was defined as ∆θ̂ = θ̂(t) − θ̂(0),

∆θ̂ ∈ (−π
2 , π

2 ]. For consistent estimation, the tag tilt was fixed to θ̂(t) ≡ 90
◦
, which leads to ∆θ̂ = 0.

It is clear from Equation (3) that the estimated phase ϕ̂(t) is unambiguous, and that ϕ̂(t) ∈ (−π, π].
Considering ∆d̂ ∈ (− λ

4 , λ
4 ] and ϕ̂(t) ∈ (−π, π], the estimation range is given by

− 2π <
4π

λ
∆d̂ + ϕ̂(0) ≤ 2π. (13)

According to Equations (12) and (13), the estimated phase ϕ̂(t) can be expressed by

ϕ̂(t) =


4π
λ ∆d̂ + ϕ̂(0) + 2π,

[
4π
λ ∆d̂ + ϕ̂(0)

]
∈ (−2π,−π]

4π
λ ∆d̂ + ϕ̂(0),

[
4π
λ ∆d̂ + ϕ̂(0)

]
∈ (−π, π]

4π
λ ∆d̂ + ϕ̂(0)− 2π,

[
4π
λ ∆d̂ + ϕ̂(0)

]
∈ (π, 2π].

(14)

Here, the carrier wavelength λ can be seen as constant, and the estimated phase ϕ̂(t) is then
proportional to ∆d̂.

As shown in Figure 6a, the sampled peak–peak voltages at the I/Q channel are given at each step
of displacement. We found that sampled curves of the I channel and Q channel are both sine wave
curves, and are orthogonal to each other. Moreover, the maximum amplitude of the sine wave curves
attenuates quickly with the increase of ∆d.
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With the measurement method of Figure 6a, original data can be obtained for the displacement
measurement, which leads to Figure 6b,c. Based on these sampled voltages in Figure 6b, we can obtain
the measured estimate ϕ̂(t) by Equation (3), as shown in Figure 6c. Meanwhile, according to Equation
(14), we can calculate the estimate ϕ̂(t) as a function of truth displacement ∆d, plotted in Figure 6c.
There is a reasonable agreement between the measured and calculated estimates for the received signal
phase ϕ̂(t). The measured estimate results seem to follow a linear trend, and have estimation errors
at both ends of the truth displacement ∆d due to the phase error accumulation effect. These results
primarily validate the correctness of Equation (14), and we can obtain the measured estimate ∆d̂ from
the measured estimate ϕ̂(t) by using Equation (14). As shown in Figure 7, the measured estimate ∆d̂
appears to be fairly linear, and approaches truth displacement ∆d. Therefore, it is apparent that the
phase parameter of the RFID received signal can be measured for detection of displacement variation,
which makes an RFID tag into a displacement sensor.
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3.2. Tilt Angle Experiment

In the following, we consider the received tag signal ϕ(t) as a function of tilt angle. The definitions
of displacement and tilt angle are the same as in the previous measurement. For consistent estimation,
we fixed the reader-to-tag distance at d̂(t) ≡ 0.5 m, and then ∆d̂ = 0. Considering ∆θ̂ ∈ (−π

2 , π
2 ] and

ϕ̂(t) ∈ (−π, π], the estimation range is given by

− 2π < 2∆θ̂ + ϕ̂(0) ≤ 2π. (15)

From Equation (12) and Equation (15), the estimated phase ϕ̂(t) can be expressed by

ϕ̂(t) =


2∆θ̂ + ϕ̂(0) + 2π,

[
2∆θ̂ + ϕ̂(0)

]
∈ (−2π,−π]

2∆θ̂ + ϕ̂(0),
[
2∆θ̂ + ϕ̂(0)

]
∈ (−π, π]

2∆θ̂ + ϕ̂(0)− 2π,
[
2∆θ̂ + ϕ̂(0)

]
∈ (π, 2π].

(16)

Here, the carrier wavelength λ can be seen as constant, and the estimated phase ϕ̂(t) is then
proportional to the tilt angle ∆θ̂.

As shown in Figure 8a, the sampled peak–peak voltages at the I/Q channel are given at each
interval of the tilt angle, and the reader-to-tag distance maintains constant at d̂(t) ≡ 50 cm. Based on
these sampled voltages in Figure 8a, we can obtain the measured estimate ϕ̂(t) by Equation (3),
as shown in Figure 8b. Meanwhile, according to Equation (16), we can calculate the estimate ϕ̂(t) as
a function of the truth tilt angle ∆θ, plotted in Figure 8b. There is a reasonable agreement between
the measured and calculated estimate for the received signal phase ϕ̂(t), except between the positions
∆θ = π/4 and ∆θ = π/2. The significant fluctuations occur due to the polarization mismatch of the
reader antenna. These results primarily validate the correctness of Equation (16), and we can obtain
the measured estimate ∆θ̂ from the measured estimate ϕ̂(t) by using Equation (16). As shown in
Figure 9, the measured estimate ∆θ̂ appears to be quite linear, and agrees well with the truth tilt angle
∆θ, except between the positions ∆θ = π/4 and ∆θ = π/2. If we consider the antenna polarization
mismatch effect, the RFID received signal phase can be seen as robust for the detection of angular
variation, and can serve as an angular sensor.
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4. Discussion

In previous experiments, measurement results of displacement were tested with a fixed tilt
angle, and tilt angle data were tested with a static distance. It is necessary to consider the proposed
method with different limitation conditions. Experimental results are illustrated in Figure 10. With the
increments of initial tilt and distance, the displacement and tilt angle curves are shifted to the left.
It should be noted that due to the variation of the limitation condition, the received tag signal phase
will not remain unique at a certain position, as shown in Figure 10. It is very difficult to separate the
angular effect from displacement effects. Thus, the location results by using the phase-based RFID
technique [37,38] are not robust, since they did not consider the effect of tag antenna polarization
direction. For consistent purposes, it is desirable that the displacement sensor works with fixed tilt,
and the angular sensor with static distance. As shown in Figure 10c, assume that the variation of the
tilt angle is less than 30◦; then, the MAE of the tilt angle is less than 2.5◦ for an RFID system with
500 mm working range.
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As shown in Table 1, the sensing capability and measurement precision of this paper were
compared with previous works. With different system schemes and different measurement methods,
a passive RFID system can be used in different sensing applications.

Table 1. Comparison of sensing capability and measurement precision.

Measurement Methods Displacement Sensing Tilt Angle Sensing Measurement Precision
of Displacement

Measurement Precision
of Tilt Angle

Double phase
difference [36] Yes NA 6◦ (phase) 1 NA

Transmitted power
monitoring [37] Yes NA 2% (Power) 1 NA

Received signal
strength [43] NA Yes NA 7◦

Antenna polarization [44] NA Yes NA 15◦

[this paper] Yes Yes 2 mm 2.5◦

1 Conversion is required for displacement data.

5. Conclusions

In this paper, a novel method for displacement and tilt detection has been validated through
theoretic analysis and experiment. A conventional RFID tag attached to an object and an UHF RFID
reader were used to compose the proposed detection system. The displacement and tilt angle were
estimated respectively using LP and CP reader antennas. With a linear polarization reader antenna,
the relation between the phase parameter of the received RFID tag signal and displacement can be
proved to be approximately linear through experimental results. Based on previous displacement
results, the phase–angle relation of the tag’s backscatter wave, which is close to linear, can also be
obtained by a circular polarization reader antenna. Thus, the proposed method can obtain not only
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the displacement, but also the tilt angle of the tag. It is a reliable and low-cost solution for wireless
monitoring applications.
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