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ABSTRACT Chipless radio-frequency identification (RFID) has been studied as an alternative technique
to conventional chipped RFID. However, chipless RFID tag backscatter signals are affected by motion and
especially when they are attached to different objects. In this paper, we performed a comprehensive analysis
of the backscattered chipless tag signal in two different stages. At the first stage, we performed an analysis
of the backscattered signal in the nonanechoic environment when the frequency-coded tags were moving
at different stepped positions. Then we continued to identify the response of signal where the chipless tag
was attached to highly scattering objects. The results showed the variation in amplitude and shifting in the
frequency of tag resonant when the tag was moving at different stepped positions. The variation was more
prominent when the tag was attached to random objects. In order to address the issue, we conducted an
experiment on orientation insensitive ground plane tag to solve the frequency shifting problem and proposed
a robust detection method based on mother wavelet for the detection of tag IDs. The overall results show
that the proposed technique reduces uncertainty in frequency-based chipless RFID tag signal response due
to the variation in amplitude. The technique also helps in detecting the tag data bits with better resolution
and has a good arrangement between time and frequency resolution for high-frequency signal components.
The throughput of 90% is obtained even when the tag is attached to highly scattering objects. Finally,
to validate the performance, a ground plane tag is implemented and the proposed algorithm is experimentally
demonstrated.

INDEX TERMS Chipless RFID, radar cross section (RCS), horn antennas, backscattered signal, detection
algorithm, continuous wavelet transforms.

I. INTRODUCTION
The chipless RFID is the future technology of identification,
which relies entirely on backscatter communication of radio
signal [1]–[3]. This technology is the cheapest among all
RFID technologies because it does not possess any electronic
component in the design [4]–[7]. Thus, this technology can
be used for item-level tagging in terms of tracking, sensing,
monitoring and identifying of various items [8], [9]. The
chipless RFID tag is coded mainly in time [10], [11] and
frequency domains for the successful identification of the tag
ID. Currently, the best performance is achieved by frequency-
domain chipless tags where the tag data bits are represented
in the frequency spectrum with specific signature for each
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bit [12]–[14]. For a real-world implementation of chipless tag
for numerous applications, the tag IDs need to be detected
when the tag is attached to different objects for item-level
tagging in a robust environment.

However, the practical application of chipless RFID is
still challenging. The received signal information of chipless
RFID tag consists of a tag signal along with various static
and dynamic sources of interference [15], [16]. It includes
the backscattered received signal from the static and moving
object present in the environment along with the interference
from nearby radioswhich operate on the same frequency band
as the chipless RFID reader. In addition, the next source of
interference is detected when the tag is attached to different
items. The reflected signal of an item could include a stronger
interfering signal than the tag RCS, which ultimately sup-
presses the tag information. The chipless tag is very sensitive
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when it is attached to different items, which affects the tag
resonance. The propagation of an electromagnetic signal is
defined based on the permittivity of an item. When the chip-
less tag is attached to an itemwith low permittivity, it is easier
to detect the tag signature, whereas the item with high per-
mittivity results in the noticeable fading [17], [18] of the tag
signal. As the backscatter signal response of an object can be
stronger than the tag signal response, it results in variations of
amplitude level, whereas permeability or permittivity induces
shifting of frequency or phase [19]–[21].

Numerous detection techniques have been proposed in
the literature for decoding the chipless RFID tag signature.
However, most of the techniques do not provide flexibility
in detecting tag signal for item-level tagging in complex
scenarios. The common detection technique based on the
threshold [22], [23] consists of a fixed threshold level for
detection of the signal and does not possess the flexibility
during detection because the interrogation signal is not uni-
form in nature, and thus results in errors during detection.
Similarly, another detection technique based on the Short
Time Fourier Transform (STFT) has a fixed resolution in
time and frequency [24]. In addition, moving average filtering
technique [25] is based on the signal denoising technique
with a fixed threshold level. The signal space representation
technique [26], which is also known as geometrical repre-
sentation technique, increases the complexity of the system
and makes it difficult in hardware implementation. In addi-
tion, a maximum likelihood (ML) detection technique [27]
is based on comparing the backscattered signals with all
the available combinations. The likelihood technique has a
throughput of 90% - 99.9% but it is not practically appli-
cable due to high computation complexity. All these tech-
niques are complex and not adaptive, there is no available
guideline to address the issue related to amplitude variation
and frequency shifting when the tag is attached to highly
scattering objects. In addition, a number of experimental
works have been conducted to analyze the detection per-
formance but very limited analysis has been done to iden-
tify the real world implementation challenge of the chipless
RFID.

The purpose of this paper is to identify the maximum and
minimum variations in amplitude and shifting of frequency
by performing several experiments, and to propose a method
for neutralizing the interference to improve detection effi-
ciency of the chipless RFID tag.

We introduce ground plane based chipless tag to minimize
the shifting of frequency and propose an adaptive wavelet-
based technique in order to identify the tag signature and
to improve the detection of false signature caused by the
variation in amplitude when the tag is used for item-level tag-
ging. An adaptive wavelet has a good arrangement between
time and frequency resolution and helps in detecting the tag
data bits with better resolution, for high-frequency signal
components [28]–[30]. The frequency signature is decoded
by comparing the wavelet coefficients to identify the bits
accurately. It provides the flexibility for the optimization

of the algorithm for real-time implementation of a chipless
RFID tag.

The organization of this paper is as follows. Section II
presents the experimental analysis of the backscatter signal
when the tag is in step motion and attached to highly scatter-
ing objects. It helps in providing the detailed guideline for the
implementation of chipless tag for real-world applications.
In section III, we present the ground plane chipless tag on
Taconic CER 10 substrate and the measurement results for
item- level tagging. Section IV proposes an adaptive Morlet
wavelet-based detection algorithm and the results. Finally,
Section V summarize the key finding and conclude the study.

II. EXPERIMENTAL ANALYSIS OF BACKSCATTERED
CHIPLESS TAG SIGNAL UNDER DIFFERENT
ENVIRONMENT
The main aim of this experiment is to identify the maxi-
mum and minimum variations in amplitude and shifting in
frequency when the tag is kept in step motion at a different
distance from the receiver. As the readability of frequency
domain, RCS data depend on the orientation as well as the
distance between transmitter and receiver. It is essential to
identify the backscattered tag signal behavior of frequency
based tag. For this, we chose a frequency domain chipless
tag which used the Taconic TLX-8 substrate to analyze the
behavior of the backscatter signal. Initially, we performed our
experiment by moving the tag with respect to a fixed antenna
in a different stepped motion in XY-coordinate. It analyzed
themaximum andminimumvariations in amplitude and shift-
ing of the frequency of different resonant defined at specific
frequency points within a defined frequency range.

Further, the measurement was taken by attaching the tag
with highly scattering objects with a different level of per-
mittivity and conductivity to identify the behavior of the tag
signature, and to explain how the undesired signals coming
from the individual object suffered the backscatter signal
response.

A. MOVING AT DIFFERENT STEPPED POSITIONS
This experiment which analyzes the tag response of a mov-
ing tag at the different stepped positions in XY-coordinates
was conducted. We used the chipless RFID tag as shown
in Figure 1 with ‘1’ shaped slot resonators [31]. The tag
was simulated in CST (computer simulation technology)
software using Taconic TLX-8 with a permittivity of 2.55,
the thickness of 0.13 and loss tangent of 0.0019 [31]. TheCST
simulated result of the tag is shown in Figure 2. Similarly, for
receiving and transmitting the signal, we used two horn anten-
nas of dimensions (24 X 14) cm square. This type of antenna
is widely used for different microwave range applications due
to its high gain, moderate bandwidth and low voltage standing
wave ratio [32]. The signal behavior was recorded in E8361A
Vector Network Analyzer (VNA).

For the experiment, initially, we placed our tag at a horizon-
tal distance dh apart from receiving and transmitting antennas
and varied our tag placement vertically at every step ‘1r’ to
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FIGURE 1. Chipless RFID tag simulated on Taconic TLX with permittivity
2.55, thickness of 0.13 mm and loss tangent 0.0019 with all tags bits. Left
hand side figure show the N-bit 1 slot resonator loaded tag and a right
hand side figure show the tag with six identical patches [27].

FIGURE 2. Simulated response of frequency domain based chipless tag
within the frequency range of 3-10 GHz [27].

measure the tag signal response from the position at dv=0 cm
to dv=nv cm, as shown in Figure 3. The length Lv covered
by the main beam of the antenna which radiates linearly
polarized radio waves, in the direction of tag moving at a
different stepped positions, is given by [33]

Lv = 2dh tan
(
θ

2

)
(1)

where θ represents the 3-dB beam-width of an antenna [33].
Considering the main beam of the antenna, we positioned

our tag, ranging from dv=0 cm to dv=nv cm. The tag position at
dv=0 was considered as the bottom position or initial position
of the tag placement. Similarly, dv=15 was the midway of
the tag position, and dv=30 was the final position or the top
position of the tag. For the experiment, we measured the
tag signal response at 11 different positions at every 1r =
3 cm interval vertically. Similarly, we moved the chipless tag
horizontally at dh = 15cm distance apart from the antenna
placement, and the same procedure of vertical variation of
tag position was carried out for the subsequent step. This
process continued for other horizontal positions at 20, 25,
30 and 35cm respectively. Our analysis was mainly based on
the S21 parameter received from the VNA. The transmitting
and receiving antenna gain in terms of S-parameter is given
by [34]

|S21|
2
=

(
1− |τ1|2

) (
1− |τ2|2

)( λ

4πD

)2

G1G2 (2)

FIGURE 3. Experimental setup for moving tag vertically and horizontally
at different stepped position. The use of chipless tag with two horn
antennas of dimension (24x14) cm square and E8361A VNA is used to
record the signal behavior.

where (1 − |τ1|2)(1 − |τ2|2) are the mismatch antenna loss
with G1 and G2 representing the gains of the transmitting
and receiving antenna, D is the distance between antennas
and λ is the wavelength. For measurement initially, we per-
formed background subtraction of the captured signal in VNA
to remove an unwanted strong scattered signal component,
which created difficulty in the extraction of the tag signal. The
clutter signals were determined as multi-path reflection from
the air-ground interface, and the coupling between emitting
and receiving antennas [35] which were subtracted for proper
calibration to isolate the tag signal. We chose the tag bits
within the frequency range of 4-6 GHz, as shown in Figure 4.
The tag signal response within the radiation range of the
reader antenna was recorded in terms of the S21 parame-
ter. Then, the position of the tag was changed horizontally
(x-plane) and vertically (y-plane) as explained to capture
the different tag signal responses. In real time measurement
environment, we observed some distortion in the signal dur-
ing movement at the bottom and top positions along with
frequency shifting as shown in Figure 4 and Figure 5. The
minimum variation in amplitude is around−4.06 to 4.36 dB,
whereas the maximum variation is around−7.69 to 8.33 dBs.
There are several factors that affect the signal. Some of them
might be the RCS pattern of the tag, radiation antenna and
distance between the tag and the antenna. The variation of
amplitude was further analyzed by taking root mean square
error (RMSE) of tag response at a different position given by

RMSE=

√√√√1
n

n∑
i=1

(Simulatedvalue−Measuredvalue)2 (3)
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FIGURE 4. Measured‘1’ shaped slot resonators [27] chipless RFID tag
response, when the tag is moving vertically from dv=0 cm to dv=30 cm at
every 3cm interval.

FIGURE 5. Measured‘1’ shaped slot resonators [27] chipless RFID tag
response, when the tag is moving horizontally from dh=0 cm to dh=35 cm
at every 5cm interval.

TABLE 1. RMSE variation at the specific resonance frequency points.

The n sample of data at a distinct position from dv=0 cm
to dv=nv is taken at a different distance dh from the reader
as shown in TABLE 1 [36]. The table shows that there is
a variation of amplitude at the specific resonance frequency
points. The variation in amplitude response is very critical in a
chipless RFID system because a slight variation in amplitude
response can decode a different ID and results in a false detec-
tion of tag signature. Similarly, from the experimental results
shown in Figure 4 and Figure 5, we observed that in addition
to amplitude variation, there was also shifting in frequency
at specific tag resonant points. In frequency domain based
chipless RFID tag, each tag resonant was assigned a particular
frequency point within an Ultra-Wide Band (UWB) range.
The change in resonant frequency point ended in overlapping
with other tags resonant frequency point, which resulted in
missing of bits during detection. The observed minimum

FIGURE 6. Photograph of experimental setup when the chipless RFID tag
is attached to different objects. The left side of the figure shows the VNA
and antenna for reading the tag whereas right side of the figure
represents when the tag is attached to different objects.

FIGURE 7. Measured signal response in RCS (dB) versus frequency (GHz)
of ‘1’ shaped slot resonators [1] showing the minimum variation around
−1 to 5 dB to maximum variation of −7 to 13 dB when the tag is attached
to different items.

shifting was around 0.056 GHz to maximum shifting up to
0.32 GHz. In our experiment, as the tag was moving hori-
zontally (dh) towards the linearly polarized receiver antenna,
and also our results showed the apparent change of frequency
shifting. In this case it may be essential to understand the
Doppler shift of moving objects. Theoretically, the Doppler
shift is 4.21 Hz for a velocity of 2.35 m/s. Here, the frequency
spread within the hertz (Hz) range whereas our operating
frequencies are in the GHz range. Thus, the Doppler spread
has insignificant effect on the chipless RFID tag detection
performance.

The experiment was further continued to find the real-
time environmental variation in amplitude and shifting of
frequency when the tag was attached to a different object,
which is discussed in Section B.

B. ATTACHED TO DIFFERENT OBJECTS
In this section, the experimental analysis of chipless tag RCS
was done by attaching the tag with different objects as shown
in Figure 6. For the experiment, we used VNA and two
patch antenna for transmitting and receiving the tag signal
information when the tag was attached to different objects,
and the results were compared based on the S-parameters.
We select the same ‘1’ shaped slot resonators [31] chipless
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FIGURE 8. Measured signal response in RCS (dB) versus frequency (GHz)
of ‘1’ shaped slot resonators [1] showing the minimum frequency shifting
from 0.18 GHz to maximum shifting up to 0.39 GHz when the tag is
attached to different items.

tag as shown in Figure 1. In this case, we extended our
analysis for 4 resonant elements of the tag which lied within
the frequency range from 5.5-7 GHz. Figure 7, shows the
4-bit hexagonal tag [31] response obtained from VNA with
resonant frequency points at 5.58, 5.91, 6.2, and 6.5 GHz
respectively. Considering the obtained tag signal responses as
the reference, we performed several experiments by attach-
ing the tag with various objects with different permittivity
and conductivity, such as Tm(heavy metal), Tc(ceramics),
Tbook(book), Tpb(plastic bottle), Tbp (biscuits packet).
Figure 7 indicates the minimum and maximum variations of
amplitude when the tag was attached to different objects.
The minimum variation was around −1 to 5 dB, whereas
the maximum variation was around −7 to 13 dB from the
reference resonant frequency points. Similarly, the analysis
was also done based on frequency shifting as shown in Fig-
ure 8. From the experiment, we observed that the minimum
frequency shifting was around 0.18 GHz to maximum vari-
ation up to 0.39 GHz. From the analysis, it shows that there
is a variation of amplitude as well as shifting in frequency
when the tag was attached to different objects. Since the
RCS of the tag becomes very small in comparison to the
backscattered response from objects with high conductivity
and permittivity, it eventually affects the electromagnetic
response of the tag signal [37]. Themeasurement results show
that the chipless tag suffers heavily in practical applications
in item-level tracking when the tag was attached with high
permittivity and conductivity objects. In order to overcome
the challenges, we would introduce ground plane chipless
RFID tag, which is discussed in section III.

III. ANALYSIS OF TAG RCS ON DIFFERENT OBJECTS
USING GROUND PLANE TAGS
The analysis of tag RCS on different objects in section II
(B) shows the variation in amplitude and shifting in the
frequency of the backscattered signal. In order to minimize
this variation, we used the ground plane tag. The experiment
was done by attaching the fabricated orientation insensitive

FIGURE 9. Photograph of fabricated ground plane tag etched on
microwave laminate using Taconic CER-10 substrate tag with a dimension
of 2.5 cm x 2.5 cm and resonant frequency points within the frequency
range of 4.5-5.5 GHz. (a) represents tag with logic ‘1111’ and
(b) represents tag with logic ‘1011’.

FIGURE 10. Snapshot of experimental setup for 4-bit chipless RFID tag
attached to corn flakes box.

circular ground plane tag etched on microwave laminate
using Taconic CER-10 substrate, with a dimension of 2.5 cm
x 2.4 cm and a resonant frequency within the frequency range
of 4.5- 5.5 GHz, as shown in Figure 9. For an experiment,
we chose two different ground plane tags of 4 bits (1111 and
1011) and VNA to find the response of tag resonance in a fre-
quency domain. Firstly, the ideal response of the tag, without
attaching to any item, was measured and recorded by placing
the tag in front of the antenna in a nonanechoic environment,
whichwas considered as the standard tag response throughout
the analysis. Finally, the experiment was done by attaching
the tag to different objects (Tm,Tpb,Tbp,Tc,Tbook and Ttb).
From the experiment, in this paper, we selected a chipless
tag on three different objects: Tbook, Tc, and Tflakes. An item
like (cleaning foam) Tc had high permittivity which showed
the noticeable change in amplitude and frequency shifting
when the chipless tag without a ground plane was attached
to it. Whereas, Tbook and Tflakes had a comparatively low
permittivity and showed minimum variation in comparison to
Tc. To verify the readability and to ensure the response of the
tag, the repeatability of the experiment was performed several
times.

Figure 10 shows the experimental setup when ground plane
chipless RFID tag was attached to low permittivity item
such as a corn flakes box. The VNA was used to measure
the tag response in terms of s-parameter, which is shown
in Figure 11. In Figure 11, we observed that the measured
frequency point for tag with logic ‘1111’ at 4.80, 4.95, 5.26,
and 5.47 GHz had minimal shifting in frequency. To validate
the above results, an experiment was performed on another
ground plane tag having logic ‘1011’ whose response is
shown in Figure 12. Comparing Figures 11 and 12 with
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FIGURE 11. Measurement results of 4-bit tag response with tag ID
(‘1111’), when tag attached to corn flakes box.

FIGURE 12. Measurement results of 4-bit tag response with tag ID ‘1011’
when tag attached to corn flakes box.

FIGURE 13. Snapshot of experimental setup for 4-bit chipless RFID tag
attached to book.

Figure 8, we found that tag without the ground plane had high
shifting in frequency which was around 0.40 GHz whereas
after using the ground plane tag, the shifting was reduced
drastically as shown in the measured results.

The similar experiment was performed by attaching the
ground plane tag to a book as shown in Figure 13.
Figure 14 and Figure 15 show the measured tag signal
response of a 4-bit (1111 and 1011) ground plane chipless
tag attached to the book. From both the results, we observed
a similar response, as shown in Figure 11 and Figure 12.

Figure 16 shows the experimental setup after attaching the
tag with a cleaning foam full of liquid on it, which increased
the density results in an item with high permittivity. The item

FIGURE 14. Measurement results of 4-bit tag response with tag ID
(‘1111’), when tag attached to book.

FIGURE 15. Measurement results of 4-bit tag response with tag ID
(‘1011’), when tag attached to book.

FIGURE 16. Snapshot of experimental setup for 4-bit chipless RFID tag
attached to high permittivity item such as cleaning foam full liquid on it.

with high permittivity affects the microwave signal response
[18] and executes misreading of the tag signal response.
Figure 17 shows the measurement results of 4-bit (1111)
ground plane tag attached to the highly dense item (cleaning
foam). From the result, we noticed the high variation in ampli-
tude but a very negligible shifting in frequency. Similarly,
the measurement was done for a 4-bit tag with tag IDs ‘1011’
attached to cleaning foam as shown in Figure 18. From both
the results, we obtained a similar response.

The measurement result after using the ground plane tag
helped us to identify the tag resonance for the frequency based
tag, and ease the detection algorithm by reducing the com-
plexity for successful detection of resonance at a particular

66826 VOLUME 7, 2019



G. Khadka et al.: Analysis of Artifacts on Chipless RFID Backscatter Tag Signals for Real World Implementation

FIGURE 17. Measurement results of 4-bit tag response with tag ID
(‘1111’), when tag attached to cleaning foam full of liquid on it.

FIGURE 18. Measurement results of 4-bit tag response with tag ID
(‘1011’), when tag attached to cleaning foam full of liquid on it.

frequency. However, by using the ground plane tag, we still
had the variation in amplitude as shown in Figure 17 and
Figure 18 for highly dense objects. As shown in Fig-
ures 17 and 18, when the tags were attached to Tc,
we observed that the amplitude decreased drastically in com-
parison to those of Tbook and Tflakes. These changes in ampli-
tude resulted in difficult detection of tag bits during commu-
nication between the tag and reader in a noisy environment.
Thus, these issues would be addressed in section IV by using
the detection algorithm for the frequency based tag.

IV. APPLYING MORLET WAVELET BASED DETECTION
ALGORITHM TO FREQUENCY BASED TAG
In section III, we were able to solve the frequency shifting
problem using ground plane tag but still, there is variation
in amplitude when the tag was attached to different objects.
In order to address this issue, we proposed the adaptive
wavelet-based detection algorithm for the detection of fre-
quency IDs. It used the mother wavelet within the whole fre-
quency range to identify the abrupt change of tag resonance
at different frequency points.

Figure 19 shows the flowchart of frequency based chipless
RFID tag detection for the ground plane tag. Initially, system
calibration and background measurement were performed.
Then the backscatter signal from the tag attached to different
objects was measured in terms of S-parameter data. From the

FIGURE 19. Flowchart of proposed detection algorithm.

S-parameter data, the unwanted scattered signal components
were removed by subtracting the baseline estimate from the
data. After the baseline removal, the process was completed
and the data were used by the detection algorithm for the
detection of frequency IDs of the particular tag.
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FIGURE 20. Morlet wavelet. (a) Wavelet in time domain with real and
imaginary part represented by solid and dashed line. (b) Wavelet in
frequency domain [23].

As described, we moved to the detection technique, where
the signal resonance was detected with the help of Morlet
wavelet-based detection method. The wavelet transform of a
continuous signal is defined by [28].

Wϕ f (a, b) =
(
f , ϕa,b

)
=

∫
f (t)

1
√
b
ϕ∗
(
t − a
b

)
dt (4)

where ϕ∗ is the wavelet basic complex conjugate function
with a time shifting factor and b a scaling factor to construct
a amplitude versus scale with the variation in time. Among
different wavelets techniques, we chose Morlet wavelet [29]
as a mother wavelet to identify the amplitude information of
chipless RFID tag signal. The Morlet wavelet in time and
frequency domains is shown in Figure 20, which is formed
by modulating a Gaussian function with a sinusoidal signal.
The time domain Morlet wavelet is given by [38]

ϕ (t) =

(
eiω0t − e

−ω20
2

)
e
−t2

2σ2 (5)

which is mapped to the frequency domain as shown below:

ϕ (ω) =

√
2πσ
2

(
e−(ω−ω0)

2/2σ 2
+ e−(ω+ω0)

2/2σ 2
)

(6)

The equation is further computed as follows:

ϕ (ω) =


Ae
−(ω−ω0)

2

2σ2 ω > 0

Ae
−(ω+ω0)

2

2σ2 ω < 0
0 ω = 0

(7)

where A is the amplitude parameter, σ is the bandwidth
smoothing parameter and, ω0 is the center frequency position
of themother wavelet, used for maximizing the level of detec-
tion. The mother wavelet is adaptive, where the detection
efficiency can be increased by rectifying amplitude, band-
width, and frequency position of the wavelet. The coefficient
of mother wavelet was defined after multiple experiments of
the tag at different environments. The experiment at different
circumstances, provides the minimum (Rmin) and maximum
(Rmax) coefficients value to define the condition band. After
defining the condition band, the mother wavelet was shifted
within the whole bandwidth to cover the complete tag signal.

FIGURE 21. Measurement of 4-bit tag signal response with logic ‘1111’
after using proposed algorithm. It shows the original tag signal without
attaching item and signal when the tag is attached with cleaning foam.
The tag bits with logic 1 lies within the condition band.

FIGURE 22. Measurement of 4-bit tag signal response with logic ‘1011’
after using proposed algorithm. It shows the original tag signal without
attaching item and signal when the tag is attached with cleaning foam.
The tag bits with logic 1 lies within the condition band whereas logic ‘0’ is
out of the condition band.

The condition band helped to remove the unwanted signal
response, and the mother wavelet was used to correlate with
the tag signal for the whole bandwidth to give on better
prediction of tag resonance. The frequency IDs of a particular
tag was then decoded based on the coefficient value. If the
coefficient value is within the reader interrogation zone and
in between the condition band, we decode it as a bit ‘1’s,
otherwise ‘0’s. Finally, the decoded data were displayed, and
the process was terminated.

Based on the algorithm, we presented the experimental
results obtained to show the performance of the Morlet
wavelet-based detection technique. The experiment focused
on detecting the tag resonance when the tag was attached to
different objects. As the tag was attached to the item with dif-
ferent levels of permittivity and conductivity, it degraded the
quality of frequency domain tag signals and made it difficult
in the separation of the actual tag signal. Thus, we chose the
two different tagswith four data bits, ‘1011’ and ‘1111’, when
they were attached to Tc (cleaning foam) from Section III,
Figure 17 and 18. The results showed that the tags which were
attached to highly scattering objects such as cleaning foam
had the worst performance.

In order to solve the variation problem in amplitude
observed in Figure 17, we used the adaptive wavelet detection
algorithm as shown in Figure 21. Initially, we defined the
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TABLE 2. Comparison of proposed detection technique with existing technique.

condition band and threshold level based on the repetitive
experiment in a real environment. After several measure-
ments, we defined the condition band coefficient value to
be between −2 to −20 and the threshold limit to be at −10
for a 4-bit tag with IDs 1111. After applying our proposed
algorithm, we observed that the tag resonance with lower
amplitude was detected successfully within the condition
band and above the threshold level, as shown in Figure 21.

We also present the result of different tag with the same
number of bits but different resonance having logic ‘1011’
within the reader interrogation zone with variation of ampli-
tude at different resonance bits as shown in Section III,
Figure 18. Figure 22 shows the detected signal after apply-
ing the adaptive Morlet wavelet detection algorithm for tag
‘1011’ bits shown in Figure 18. In this case, we succeeded
in detecting the tag bits. The above analyses for two different
tags ‘1111’ and ‘1011’ illustrate that our proposed adaptive
wavelet detection technique is adept at detecting the tag signal
in a robust environment.

To validate our proposed algorithm, we performedmultiple
measurements when the tag was attached to highly scattering
object. We carried out nearly 100 measurements in a robust
environment to compute the throughput of our proposed tech-
nique which is defined as:

Throughput =
Nsucess
NTotal

∗ 100% (8)

where Nsucess is the number of successful reading of the
tag and NTotal is the total number of times the tag reading
performed during the experiment. From the experimental
analysis, we obtained the throughput of 90% when the tag
was attached to highly scattering objects.

Table 2 shows the comparison of existing technique with
proposed technique. The existing techniques, such as Max-
imum Likelihood (ML), select the particular tag with the
highest probability as the detected signal after comparing
all the possible tag combinations. Similarly, Signal Space
Representation (SSR) technique finds the minimum distance
between the received frequency signature points with respect
to each of the other fixed points. It eventually increases
the computational complexity of the system. The techniques
with higher computation complexity requires a RFID reader
with higher computational capability, and thus increase the
computation time. Hence, the previous techniques are not fea-
sible for practical application. Whereas, using the proposed
technique, we are successful to obtain a high throughput

even when the tag is attached to highly scattering object.
In addition, the proposed technique uses the mother wavelet
to correlate within thewhole bandwidth to predict the absence
and presence of tag resonance, which requires low compu-
tation and shows better performance when using chipless
tag in item-level tagging. Therefore the proposed detection
technique is computationally feasible and shows the better
reading performance.

V. SUMMARY AND CONCLUSION
This paper presents the analysis of frequency based chipless
tag in practical scenarios. The experiment is based upon
the analysis of tag RCS on stepped motion and analysis of
tag signal with and without the ground plane when the tag
was attached to a different object. We have found that the
maximum variation in amplitude and shifting of frequency
are around 8.33 dB and 0.32 GHz, respectively, when the tag
is moved within the reader interrogation zone. The variations
of amplitude and frequency shifting even increase more,
which is around 13 dB and 0.39 GHz, if the tag is attached
to highly scattering objects. The change in amplitude and
the shifting of frequency of tag RCS increase the detection
error rate. In addition they also increase the complexity for
proper detection of tag resonance with higher data density.
In order to minimize the detection error rate and complexity,
at first, we use the ground plane chipless tag to reduce the
shifting of frequency. Our experimental results show that
the frequency shifting has drastically reduced after using
the ground plane chipless tag. We have observed that the
throughput of the proposed technique is 90% even when the
tag is attached to a highly scattering object. From the obtained
result, we have deduced that our proposed technique detect
even a tag attached to highly scattering objects and can be
used in the detection of tag in motion.

The major challenges in this study are the finding of miss-
ing bits in high-density tag and detection of tag in motion
for different practical applications. In the future, we will con-
centrate further on improving the robustness of tag detection.
We intend to find the missing bits using orientation insensi-
tive chipless tagwith higher data capacity and inmotion using
different probabilistic and machine learning approaches.
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