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Abstract—In this paper, a novel method for the extraction of aspect-
independent parameters (that are analogous to complex natural resonances) 
of chipless radio frequency (RF) identification (RFID) tags is presented. This 
method is based on short-time Fourier transform (STFT). The concept is 
proved by utilizing classical depolarizing tags. Owing to the proposed 
spectrogram approach, the reading success rate of chipless RFID tag is 
improved by accurate extraction of identification (ID) based on the extraction 
of quality factors. With single tag measurement (i.e., without empty 
measurement) in a practical environment, the performance of the proposed 
spectrogram method is characterized: 1) at various misalignments of the 
reader and the tag. 2) at various distances for the tag mounted on numerous 
objects. 3) at various displacements within 3D zone of reader interrogation. 
The proposed technique is computationally fast due to the inherent nature of 
fast Fourier transform (FFT) based STFT. 

 
Index Terms— Chipless radio frequency (RF) identification (RFID), matrix pencil method (MPM), quality factor, short-time 

Fourier transform (STFT), singularity expansion method (SEM). 
 

 

I. Introduction 

HIPLESS radiofrequency (RF) identification (RFID) 

technology has emerged as a potential tool for item-level 

tagging [1]. In addition to the identification, the chipless RFID 

technology is also being utilized for wireless sensing for 

environmental monitoring and industrial control. These 

sensing applications are, for example, humidity sensing [2]–

[5], temperature and CO2 sensing [6], temperature sensing [7], 

[8], fluid level detection [9], permittivity sensing of different 

materials [10]–[12] (e.g., civil structural health), strain and 

crack sensing [13], [14], submillimeter displacement sensing 

[15], gesture recognition [16], 2D localization sensing [17]–

[19], touch event sensing [20], and coating defect detection 

and corrosion prediction [21]. Many of these sensing 

capabilities are achieved by quantizing the minor shifts of the 

peak apexes associated with scatterers present in the design of 

chipless RFID tags. So, the requirement of robust detection 

techniques has appeared as one of the significant challenges 
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for the practical implementation of chipless RFID technology. 

The robust detection techniques are needed because the 

chipless tag’s response is generally very low compared to the 

backscattering response from surrounding unknown objects. 

Also, the growing interest of increasing the coding capacity of 

chipless RFID tags (see [22, Table III]) implies the 

requirement of the robust detection techniques. The reason 

behind this statement is that in frequency-coded chipless 

RFID, the high coding capacity involves the increase in the 

number of peak apexes (associated with resonant scatterers) in 

the limited ultrawideband (UWB). This congestion in the 

limited UWB would consequently narrow the allocated band 

to each peak apex that serves as a coding channel for each 

scatterer. With such narrow and closely positioned coding 

channels operating in a practical environment, the peak apexes 

might be shifted from their required position due to the 

superposition of reflections comings from the presence of 

unknown objects surrounding the chipless tag. These 

uncontrolled shifts in the position of peak apexes might lead to 

a decoding error for high density chipless tags. With less 

robust detection techniques, the increase in the coding 

capacity might not be beneficial for the operation in a practical 

environment. Furthermore, the tag identification (ID) reading 

in chipless RFID technology is much challenging as compared 

to in the ultra-high frequency (UHF) RFID technology, 

because of the absence of time modulation scheme.  

To date, most of the scientific work done in the chipless 

RFID field is based on two measurements: tag measurement 

and empty measurement (i.e., in the absence of chipless tag). 

Background normalization is postprocedure on the measured 
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signals. This postprocedure is based on the subtraction of the 

empty measurement from the tag measurement. In practical 

cases with rapidly varying background objects, the 

background normalization might be very difficult to do. In 

these conditions, merely the systematic signal distortion can 

be removed: the signals coming from static objects and the 

antenna coupling. Apart from this, a slight change in the 

aspect angle (human error) or the size of to-be-tagged object 

might also produce random shifts in the peak apexes from 

their nominal position and the spurious peak apexes. Strictly 

speaking, in practical cases, the peak apexes do not correspond 

to the frequencies of resonances of scatterers. Without robust 

detection techniques, the extracted values are not independent 

of the measurement setup and vulnerable to decoding error. 

For the rest of this paper, the signals with background 

normalization (i.e., subtraction of the empty measurement 

from the tag measurement) and the signals without 

background normalization are referred to as the calibrated 

signals and the uncalibrated signals, respectively. 

This paper proposes a simple approach to overcome the 

above-discussed challenges. The basic idea is linked to the 

fact that the backscattered field from the tag’s scatterer 

originates late in time after the coupling and structural mode 

(i.e., direct optical reflections). It will be shown that this late 

time response is linked to complex natural resonances (CNRs) 

or poles of the scatterers. Furthermore, the singularity 

expansion method (SEM) [23] states that CNRs are aspect-

independent information (i.e., not dependent on the excitation 

or aspect). Such an aspect-independent nature of the pole(s) of 

a scatterer body (i.e., late time response) can be analyzed by 

SEM in the complex frequency plane (S-plane). The positions 

of poles in S-plane are independent. So, the late time response 

of chipless tag will be used in this paper to extract the tag ID 

in a rigorous way: first extracting the aspect-independent poles 

(where each pole contains both the frequency of resonance and 

quality factor) and then deciding the accurate frequency of 

resonance in each coding channel based on the corresponding 

quality factor. This procedure is done in order to obtain better 

accuracy compatible with the reading of high density chipless 

RFID tags.  

Table I summarizes the state of the art of detection 

techniques for chipless RFID tags.  In the literature, the matrix 

pencil method (MPM) [24] is one of the methods to extract 

CNRs of a scatterer to implement SEM. For the 

characterization of tag’s ID in chipless RFID technology using 

CNRs, MPM [25] and its variant short-time matrix pencil 

method (STMPM) [26] have already been discussed. In [27], 

STMPM is applied to extract the high-dense tag code. In [28], 

the early-time and late-time modes of the transient response 

from multi-scatterer targets have been distinguished using 

STMPM. In [29], the tag code of the mobile chipless RFID 

tags is extracted using the inverse synthetic aperture radar 

(ISAR) data processing. The chipless tags are also attached to 

the plastic box filled in a controlled way with tape rolls. On 

the other hand, the mother wavelet is applied to extract the ID 

of tag mounted on various objects [30], where the tag motion 

at different stepped positions is also considered. It is important 

to note that all these works [25]–[30] are based on the 

calibrated signals (i.e., with background normalization).  

Next, the uncalibrated signals (i.e., without background 

normalization) based techniques are discussed. A time and 

frequency domains (TD-FD) analysis [31] and a scalar method 

[32] are presented without attaching the tag on objects and 

without considering aspect angles. Two works in the literature 

[33], [34] are based on the short-time Fourier transform 

(STFT). The tag is attached to the metallic object and also 

held in the hand in [33]. The tag is attached to wooden slab 

and the reader-tag polarization and rotation angle are studied 

in [34].  In [35], a mathematical model is presented to decode 

the tag ID, where the tag is mounted on a plastic jig placed in 

front of a metallic plate.   

In this paper, a novel method for the extraction of aspect-

independent parameters (that are analogous to CNRs) is 

presented. The proposed method is based on STFT, which is 

referred to as the spectrogram method. The concept is proved 

by using depolarizing chipless RFID tags. A summary of 

previous work on the depolarizing chipless RFID tags and 

STFT is as follows: 1) in [36], the depolarizing chipless RFID 

tags have been proposed to suppress the effect of clutter from 

the reflective background objects. The tag ID is extracted 

using two-measurements. 2) A technique based on STFT has 

been proposed for the chipless RFID tag detection. With this 

technique, the tag ID is extracted using a single tag-

measurement (i.e., without background normalization). 

However, the error range of the extracted peak apexes due to 

the different aspect angles (human error) and the irregular to-

be-labeled objects has not been discussed in [33]. Therefore, 

the focus of this paper is to show that the method presented in 

[33] can be extended to extract aspect-independent parameters 

such as frequency of resonance and damping factor. However, 

these parameters extracted by the proposed spectrogram 

method (extended STFT averaging method) reflect the same 

information as CNRs. For the first time, we bring the proof 

that this method can be used to obtain CNRs. The extraction 

of quality factor Q is not discussed in [33]. Although Q (i.e., 

alternatively damping factor) is not used in information 

coding, it is extremely beneficial in the decoding of the tag ID 

as introduced in this paper. The spurious peak apexes can be 

ignored using the extracted Q. Hence, Q is useful in the 

decoding of tag ID. This concept is introduced for the first 

time in this paper. 
 

TABLE I 
STATE OF THE ART OF DETECTION TECHNIQUES FOR CHIPLESS RFID 

TAGS. 

Techniques Signals Objects Aspect angles 

MPM [25] Calibrated No No 

STMPM [26]–[28] Calibrated No No 

ISAR processing [29] Calibrated 
Plastic box filled 

with tape rolls 

Tag motion on a 

conveyer belt 

Mother wavelet [30] Calibrated Various 

Tag motion at 

different stepped 

positions 

TD-FD analysis [31] Uncalibrated No No 

Scalar method [32] Uncalibrated No No 

STFT [33] Uncalibrated 
Metallic object, and 

tag held in the hand 
No 

STFT [34] Uncalibrated Wooden slab 

Reader-tag 

polarization and 

rotation angle 

Mathematical model [35] Uncalibrated 
Plastic jig in front 

of a metallic plate 
No 

Spectrogram method 

(this work) 
Uncalibrated 

Various including 

worst cases 

Various including 

worst cases 
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For the first time, we present the tag ID detection and 

decoding method using uncalibrated signals with tag mounted 

on various objects presenting various aspect angles. In this 

work, the tag is directly attached to a water tank (highly lossy) 

and a metallic plate (highly reflective), in contrast to [35], 

where the tag is not directly mounted on the metallic plate. 

Also, we will see that compared to the proposed spectrogram 

method, MPM (or STMPM) is not so simple to implement for 

single tag measurement. Also, MPM is a time-consuming 

approach that is not compatible with real-time reading.  

The organization of this paper is as follows. Section II 

explains the employed chipless tags along with the 

measurement setup in a realistic room environment. Also, this 

Section discusses the tag reading challenges and the extraction 

of a priori parameters. Section III introduces the algorithm of 

the proposed spectrogram method. For comparison with the 

proposed method, a brief introduction of MPM is also 

presented. Section IV presents an analytical description of 

various kinds of superpositions between the tag mode and the 

structural mode. Next, this Section presents the performance 

of the proposed method to extract the tag code independent 

from the orientation of the reader (or orientation of the tag). 

The minimum detectability limit of the distance between the 

tag and antenna and the tag azimuth angle is characterized. 

Subsequently, the tag code independent from various to-be-

labeled objects and the tag code for the signals measured on 

3D measurement bench are presented. Section V draws 

conclusions. 

II. CHIPLESS RFID TAGS, MEASUREMENT SETUP, AND TAG ID 

DECODING CHALLENGES 

In this work, the employed chipless RFID tag is the 

depolarizing RF Elementary Particle (REP) tag. This tag is 

based on shorted dipoles oriented at 45° presented in [36]. The 

layout of this tag is depicted in Fig. 1(a). The mutual coupling 

among such scatterers is discussed in [37], where two identical 

resonators are coupled along x with distance r1 and along y 

with distance r2 as shown in Fig. 1(b) and (c), respectively. 

For the resonators coupled along x, with r1 ranging from 

15 mm to 40 mm, the mean value of peak apex of electric field 

equals to 0.43 V/m with a variability of around 0.1 V/m. On 

the other hand, the magnitude of peak apex of the electric field 

varies from 0.49 to 0.57 V/m (1.1 dB), while r2 varies from 

25 mm to 40 mm for the resonators coupled along y. 

Furthermore, the scatterers [see Fig. 1(a)] are designed and 

optimized for the radar cross section (RCS). Each scatterer is 

realized from multiple coupled dipoles. The same resonance 

characteristics can also be achieved from a patch scatterer 

exhibiting a size equal to the overall size of the multiple 

coupled dipoles scatterer. One main reason for coupling the 

multiple dipoles is to suppress the spurious resonance peak 

which happens due to the currents propagating in the direction 

x in a microstrip patch [see local xy coordinates system in 

Fig. 1(a)]. A detailed discussion on the selection criteria of the 

number of dipoles to make a scatterer can be seen in [37, 

Chap. 4]. 

The measurement setup used in a realistic room 

environment is shown in Fig. 2. For the experimental results, 

an Agilent N5222A vector network analyzer (VNA) with an 

output power of −5 dBm is used as a reader. The frequency 

sweep ranging from 2 to 8 GHz with 10001 points is used. An 

open boundary quad-ridge dual-polarization antenna (Satimo 

QH2000) is connected to VNA on ports 1 and 2, in vertical 

and horizontal polarization, respectively. The isolation 

between ports of this antenna is greater than 30 dB. The 

distance between the tag and the antenna is r = 10 cm. The 

measured quantity is the transmission coefficient S21. For these 

initial measurements, the tag is attached to foam support 

which does not backscatter any part of the incident signal. The 

antenna can rotate with reading interrogation angle αT keeping 

the tag fixed at its position.  

 
Fig. 1.  (a) Layout of the employed depolarizing chipless tag. The order 
of scatterers is taken as ascending order from the largest scatterer to 
the smallest scatterer. Two similar resonators are (b) coupled along x 
and (c) coupled along y. A local xy coordinates system is attached to 
the resonators. 
 

 
Fig. 2.  Measurement setup used in a realistic room environment.    is 
the reader interrogation signal angle. 

 

In frequency coded chipless RFID tags, ID is generally 

coded with the position of the peak apex (extracted from the 

magnitude of the backscattered signal), which are supposed to 

correspond to the frequency of resonance fri of ith scatterer 

[36]. Each peak apex is expected to appear in resolution 

frequency slot df = 100 MHz within the bandwidth of a coding 

channel Δf = 500 MHz. Resolution frequency slot df is an 

error margin bandwidth of peak apex around its nominal 

position. As explained in Section I, these peak apexes are 

aspect-dependent quantities that are affected by the operating 

environment. So, in a realistic environment, these peak apexes 

do not occur precisely at the positions of fri. These 

uncontrolled shifts of peak apexes imply that the bandwidth of 

the coding channel associated with each scatterer must be 

enlarged to compensate for these variations of the peak 

apexes. This action is eventually reducing the coding capacity. 

Otherwise, a decoding error might happen in the reading 

process. One solution to reduce the decoding error is to use 

background normalization. Even so, the background 

normalization would not aid in the detection of tags in 

practical cases with mobile objects in the background, where 

the background is changing instantly or if the tag is attached to 
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an unknown object. To show such changes in the reading 

process, for example, Fig. 3 shows the calibrated |S21| for REP 

based chipless tag (see inset of Fig. 2) measured in a realistic 

room environment at three reader interrogation signal angles 

αT: 0°, 15°, and -15°. For the background normalization, the 

empty measurement (i.e., measurement in the absence of the 

tag) is measured at αT = 0°. In the inset of Fig. 3, zoom for the 

third scatterer of REP chipless tag is presented. As αT changes 

from 15° to -15° (i.e., reading error due to changes in the 

environment), the shift between the peak apexes is around 

19 MHz, while the shift between the dips is 82 MHz. This 

happens due to the superposition of antenna mode and 

structural mode, which will be explained later in this paper in 

Section IV. Thus, the peak apexes of signals with slight 

reading error do not correspond precisely to fri of the 

scatterers, as these responses still contain the aspect-dependent 

information: the coupling and the structural mode (i.e., direct 

reflections). 

 
Fig. 3.  The calibrated responses |S21| for REP chipless tag measured 
in realistic room environment at three reader interrogation signal 

angles   : 0°, 15°, and –15°. Inset: zoom for the third scatterer of REP 
chipless tag showing the shifts in the peak apexes and the dips. 

 

Apart from the shifts in the peak apexes, the emergence of 

spurious peak apexes within each Δf can also be observed. 

Such spurious peak apexes can cause significant decoding 

errors because some spurious peak apexes exhibit larger 

magnitude than the actual peak apexes. For this reason, 

postprocessing techniques are required to extract the aspect-

independent parameters for robust detection. 

In this paper, we will show that the spurious peak apexes 

can be ignored by calculating the quality factors (i.e., 

alternatively damping factors). For this purpose, the initial 

guess of the quality factor within each Δf must be known. In a 

tag reading process, the general design of target tag is always 

known that can provide specific a priori information. From 

our knowledge, in practice, the best way to discard the aspect-

dependent information and then to extract a priori information 

is by considering the following conditions:  

 The signals are measured in an anechoic environment 

with a VNA-based chipless RFID reader, where the 

measurement setup is precisely the same as shown in 

Fig. 2, but inside an anechoic environment. 

 The signals are postprocessed by using background 

normalization (where both tag and empty measurements 

are done without changing the reader configuration) and 

time windowing [to discard the early time response that 

exhibits a low signal to noise ratio (SNR)].  

Table II presents the extracted a priori parameters 

associated with each scatterer of REP chipless RFID tag (see 

the inset of Fig. 2). The positions of the peak apexes of signal 

processed by the above-discussed procedure are used as 

reference a priori frequencies of resonances    
  

. The 

reference a priori quality factors   
  

 are extracted by using 

  
  

 =    
  

        , where BW-3 dB is bandwidth at –3 dB. 

The reference a priori damping factors   
  

 are calculated as 

found in [38]: 
 

  
  

 
   

  
 

   
  

 
 (1) 

 

where    
  

      
  

. These extracted parameters can be 

considered as the closest to the parameters that can be 

obtained using simulation results and also to CNRs. In this 

paper, the extracted parameter    
  

 is also used for comparison 

to show the accuracy of tag reading success of the proposed 

method.  

 
TABLE II 

EXTRACTED A PRIORI PARAMETERS ASSOCIATED WITH EACH SCATTERER 

OF REP CHIPLESS RFID TAG 

a priori 

parameters 

Scatterers  

1 2 3 4 5 6 7 8 

   
  

 (GHz) 3.18 3.69 4.19 4.69 5.23 5.79 6.29 6.77 

  
  

 82.42 97.1 87.66 61.93 61.41 43.92 43.74 38.32 

  
  

 (× 108) 1.21 1.19 1.50 2.38 2.67 4.14 4.52 5.55 

 

III. PRINCIPLE OF EXTRACTION OF ASPECT-INDEPENDENT 

PARAMETERS 

Using the SEM theory, the backscattered field of an 

unknown radar target can be modeled as: 
 

 ( )   
  

    

  ( ) (2) 

 

then s1 = -σ1 + jω1 (σ1 is the damping factor and ω1 is the 

angular frequency) is CNR of a second order pole. As 

previously explained, CNRs are aspect-independent 

information which means that these are the key parameters for 

target identification. R denotes the residue. For a radar target 

exhibiting sufficiently large quality factor Q, the simplified 

expressions of   ,    and    are      ,    
  

  
, and 

      (   
 

  
). ω0 corresponds to the natural frequency. 

For   , the angle θ1 is          

  
. In (2), the first summand 

is related to the resonant nature of the target and the second 

summand F(s) is, in chipless RFID, a non-essential part of the 

response that might be the structural mode of the target.  

For (2), the inverse Laplace transform can be calculated. 
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 ( )   |  | ( )         (        )   ( ) (3) 
 

where h(t) is a time domain (TD) response that is constituted 

of a damped sinusoid including a summand for an 

uncharacterized response f(t), that is related to structural 

mode. u corresponds to the unit step function. 

Similarly, the transfer function for a multi resonant target 

can be modeled as the following expression: 
 

 ( )   ∑
  

    

 

   

  ( ) (4) 

 

where M is the number of resonances. si = σi + jωi is CNR 

associated with ith resonance. In a CNR, σi is the damping 

factor associated with ith resonance and ωi is the angular 

frequency associated with ith resonance. 

Then, TD backscattered field from a target based on multi-

resonances can be written as a sum of damped sinusoids 

including a summand for an uncharacterized response f(t): 
 

 ( )  ∑ |  | ( )         (       )

 

   

  ( ) (5) 

 

Let us now consider chipless RFID applications, and how in 

such applications, it is possible to extract aspect-independent 

information from the tag’s measurement. To do that, the entire 

measurement system must be taken into consideration, that is 

to say, the transmitting and receiving paths, and the 

surrounding objects’ response. To illustrate linear and 

systematic errors arising in a polarimetric measurement, a 

block diagram of the channel model was developed in [33], 

[36]. Note that the antennas effect is taken into account in the 

transmitting and receiving paths. It is also important to note 

that due to the presence of the uncharacterized response f(t), in 

most cases, it is not possible to extract    and    from the 

backscattered signal. Indeed, antennas' effect or the 

surrounding objects’ response is most often higher in 

amplitude than the contribution of the tag. This is all the truer 

when it is not possible to obtain a calibrated signal. Thus as 

illustrated in Section II, at best (in a favorable environment, 

that is to say, an environment without objects outside the tag 

with known antennas) it is possible to detect the peak apexes 

of the modulus of the backscattered signal and to associate 

them to the resonant frequencies of the tag.  

To solve this issue, it has been discussed in [33] that by 

applying the time windowing to the backscattered TD signal 

from a depolarizing chipless tag (like tags introduced in [36]), 

the backscattered signal measured by the reader can be 

approximated as: 
 

 ( )    (     ) 
  (     )    (  (     )) 

          
(6) 

 

where (6) corresponds to the late time response of chipless tag. 

A determines the amplitude that depends on the coupling 

coefficient between emitted pulse and tag, as well as antennas 

effects.    is the free-space propagation delay on the distance 

from antenna to tag. TLB and TLE are the beginning and ending 

time of the time window. This result has been obtained based 

on the block diagram of the channel model, and by using a 

simplified model for the time domain behavior of each block. 

In the same way, the approximation of antenna mode for 

multi-scatterers based tag can be written as:  
 

 ( )  ∑    (     ) 
   (     )    (  (     ))

 

   

  

          

(7) 

 

Hence, by making the analogy between (5) and (7), the 

significant result is that this approach, based on depolarizing 

tags, allows extracting    and    from the backscattered signal 

in real scenario, that is to say, the aspect-independent 

information of the tag. 

Note that the choice of TLB is made after the time instant 

exhibiting sharp peak apex in TD backscattered signal. This 

sharp peak apex is associated with the structural mode. Then, 

TLE is selected such that the time duration of the time window 

is sufficient to extract the tag mode. According to [26], at least 

five cycles of each pole is enough.  

Note also that the surrounding objects can be resonant, but 

we assume that their corresponding frequencies of resonances 

are not inside the frequency range of operation, and their 

corresponding quality factors are minimal as compared to 

quality factor Q of the target we want to identify.  

As discussed in [33], the use of a spectrogram 

representation of the backscattered signal is a compelling way 

of implementing the time windowing approach. It is why, for 

the rest of the paper, we will call it spectrogram method.  

Finally, to conclude this part, it can be observed that the 

spectrogram method (7) and SEM (5) reflect the same 

information as CNRs (i.e., fri and σi). For the first time, the 

accuracy of the extracted parameters using the spectrogram 

method would be compared to the accuracy of the extracted 

CNRs using MPM later in this paper. 

A. Extraction with Spectrogram Method 

Next, the general procedure of the spectrogram method for 

employed chipless tags is explained. The basic definition of 

STFT of a given signal s(t) can be found in [39], [40] as:  
 

 (    )  ∫  ( ) (     )
  

  

         (8) 

 

where ω = 2πf is the angular frequency, w(t) is a weighting 

function or time window and   is the time across sliding time 

window w(t). The effect of the length of the window w(t) to 

the tradeoff of the resolution between time and frequency has 

been discussed in [33]. 

Fig. 4(a) shows the calculated STFT for REP chipless RFID 

tag measured at αT = 20° in a realistic room environment (see 

Fig. 2). This measurement is chosen particularly to show the 

robustness of the proposed method because this measurement 

exhibits multiple spurious peak apexes. The uncalibrated 

frequency domain (FD) signal measured from VNA is 

transformed into the uncalibrated TD signal by using inverse 

fast Fourier transform (IFFT). The uncalibrated TD signal 

(truncated at 100 ns) is supplied to the spectrogram method 

algorithm, where a hamming window of 16 ns with 99% 

overlap is used to compute STFT. The hamming window of 

16 ns is found the best choice for employed chipless RFID 
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tags.  

In this proposed spectrogram method, we used multiple 

averaging windows AvgWi dedicated to each scatterer in 

contrast to one averaging window used in [33]. These AvgWi 

are limited in both frequency bandwidth and time duration 

[see the inset of Fig. 4(a)]. The bandwidth of each AvgWi is 

chosen equal to coding channel bandwidth Δfi, as each Δfi is 

dedicated to each ith scatterer in FD coded chipless RFID 

technology. To calculate the time duration of each averaging 

window TavgWi, the beginning time TavgBi of each TavgWi can be 

defined with respect to τ of w(t) used in the calculation of 

STFT. This TavgBi can be defined as the first-time instant of τ 

or soon after a few early time instants of   to avoid coupling 

[33]. Here, we have chosen TavgBi equal to the first-time instant 

of  . The ending time TavgEi of each TavgWi is calculated from 

the decaying envelope generated by using a priori extracted 

damping factors   
  

 (see Table II): 
 

          
  

       (9) 
 

where aeni and      are the amplitude and time of the decaying 

envelope. 

Then, (9) can be rearranged as 
 

      
  (    )

   
    (10) 

 

By fixing aeni to a threshold value aeni = 10
-3

 in (10), it is 

certain that the envelope has sufficiently decayed. So, the 

ending time of TavgWi is taken as: 
 

              |              (11) 
 

Then, the column vectors of AvgWi are averaged. fri related 

to ith scatterer is extracted from the peak apexes of STFT 

averaged (STFTavgi) signal above -3 dB level. This -3 dB value 

is chosen to select only the significant peak apexes.  

 

 
Fig. 4.  Extraction of CNR by spectrogram method using uncalibrated 
signal measured in a realistic environment. (a) The calculated STFT 
and multiple dedicated averaging windows AvgWi limited in both 
frequency bandwidth and time duration. Detection of peak apexes from 

STFTavgi above -3 dB level and then (b) extraction of     based on the 
(c) extraction of    from the damping time signal   ( ) selected at each 
peak apex inside TavgWi. 

  

In this spectrogram method, we propose that the spurious 

peak apexes in AvgWi can be avoided by calculating the 

damping factor σi from the decaying time signal Ai(τ) residing 

inside AvgWi at all the peak apexes in STFTavgi signal. In each 

AvgWi, the peak apex presenting σi closest to   
  

 are chosen 

as fri. For example, Fig. 4(b) and (c) show the extraction of fr5 

and σ5. The calculation of σi related to ith scatterer is carried 

out by the least square method of solving the overdetermined 

linear system of equations of exponential model Ai(τ) = Ao 

exp(σi τ) for amplitude Ao and damping factor σi. From 

Fig. 4(b), it can be observed that the multiple spurious peak 

apexes frsup1 and frsup2  along with the correct peak apex f5 can 

emerge. In such a case, the choice of the correct peak apex is 

made based on the extracted values    from the damping time 

signals    ( ). The extracted values are            , 

              , and                for   ( ), 

     ( ), and      ( ), respectively. From these extracted 

values,    is closer to the a priori information   
  

       

   . For this reason, in Fig. 4(c), two spurious peak apexes 

frsup1 and frsup2 are ignored. 

The extracted parameters are fr5 = 5.06 GHz and Q5 = 28.62 

which are closer to the extracted a priori parameters    
  

 = 

5.23 GHz and   
  

 = 61.41. 

For the rest of this paper for the proposed spectrogram 

approach, the selected position of the peak apex based on 

damping factor σi (alternatively quality factor) and the 

frequency of resonance fri corresponding to each scatterer will 

be used interchangeably.  

Finally, a second order bandpass filter model is used for the 

reconstruction of signals as discussed in [41]: 
 

  ( )  ∑

     
  

 

  
     
  

  (
  
  

)
 

 

   

  (12) 

 

where ωi = 2π fri. M is the number of resonances. The 

extracted fri and σi parameters by the proposed spectrogram 

method (presented next in Fig. 5) are analogous to CNRs. 

It is realistic to imagine that the type of to-be-detected tag is 

known and   
  

 can help in deciding the actual peak apex and 

discarding the spurious peak apexes within each coding 

channel Δfi. Even if the frequency code of a specific scatterer 

will be different within each coding channel Δfi (with a 

reduction in the metal strip),   
  

 might slightly change. 

However, in such a case too, it is still helpful in ignoring the 

spurious peak apexes.  

B. Extraction with Matrix Pencil Method 

The algorithm of MPM for calculating the complex poles 

and residues is explained in [24]. For the implementation of 

total-least-squares MPM, a data matrix [Y] (see [24, eq. (16)]) 

is formed by using TD signal. The singular values of the data 

[Y] are then used to define the desired number of poles M by 

comparing the ratio of each singular value δ to the largest 

singular value δmax, to a threshold value: 
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      (13) 

 

where p is the number of significant decimal digits. In this 

paper, we have used p = 3 to generate enough M. 

First, the uncalibrated FD signal measured from VNA is 

transformed to the uncalibrated TD signal by using IFFT. 

Then, a time windowing procedure is applied to extract the 

sufficient late time response by using a window with the 

beginning of late time TLB chosen right after the sharp peak 

apex in TD signal. Then, the subsequent time duration of 14 ns 

is chosen as the width of late time window TLW = 14 ns. For r 

=10 cm and αT = 0, the beginning of late time is TLB ≈ 1 ns and 

the ending of late time is TLE ≈ 15 ns. Such a choice of TLB 

makes the time window selection independent from r. This 

extraction of late time is carried out to discard the early time 

that is due to the direct reflections from the tag and its holder 

(the structural mode). Note that early time elimination is 

mandatory to obtained accurate results. Windowed TD signal 

is supplied to MPM for the poles’ extraction. After extracting 

the poles, the filtering of the poles is carried out: 

1) The poles with positive damping factors σ (i.e., 

exponentially increasing envelopes) are discarded. 

2) The poles that do not exhibit their corresponding complex 

conjugates are discarded. Further, the complex conjugate 

poles are also discarded and merely the poles with 

positive ω are kept. 

3) If multiple poles fall in a specific Δfi: 

(a): (b): 

the pole with closest σi to 

  
  

 is selected. This 

filtering is the same as 

applied in the spectrogram 

method. 

the poles are filtered out 

with strict filtering 

bandwidth of 100 MHz, 

BW100 MHz, in a range of –

 50 MHz ≤    
  

 ≤ 50 MHz 

instead of step 3-a.  
 

It is important to note that the key difference between the 

implementation of MPM in this paper and [25] is the pole 

filtering procedure. 

For the uncalibrated signal measured at αT = 0° in a realistic 

room environment, the aspect-independent parameters are 

extracted using the spectrogram method and MPM with poles 

filtering step 3-a and step 3-b. The signal measured at αT = 0° 

is chosen to first compare the performance of both methods 

without any aspect angle. Fig. 5 shows a comparison of 

reconstructed FD responses from the spectrogram method and 

MPM with filtering step 3-a and step 3-b along with the 

uncalibrated response. Spectrogram method has successfully 

decoded the tag, while MPM with poles filtering step 3-a 

remained unsuccessful, as its numerous poles fall out of their 

known resolution frequency slots    
  

  On the other hand, 

MPM with poles filtering step 3-b is successful. A zoom for 

7
th

 scatterer is presented in the inset of Fig. 5.  

It is very important to mention that the application of MPM 

is not direct because it needs some skills such as choice of TLB, 

TLE, p. We have tried our best to select suitable parameters for 

getting the full performance of MPM. However, for the 

uncalibrated signals, the decoding inaccuracies of MPM with 

poles filtering step 3-a are very frequent. For MPM, the poles 

filtering step 3-b is not realistic, as    
  

 is dependent on the tag 

code. We have applied such strict filtering (poles filtering step 

3-b) to provide better information about the extraction with 

MPM. 

 
Fig. 5.  Comparison of spectrogram method and MPM along with 

uncalibrated signal. Shaded areas are in the range of – 50 MHz ≤    
  

≤ 

50 MHz. 

 

IV. EXTRACTION OF THE ASPECT-INDEPENDENT TAG CODE 

In this Section, first, an analytical description of various 

kinds of superpositions between the tag mode and the 

structural mode is presented. An example of such 

superpositions is explained above in the inset of Fig. 3. Then, 

the extractions of tag code in various realistic configurations 

are presented.  

The response of the second order scatterer exhibits a peak 

apex along with a dip, where the peak apex and dip occur due 

to the in-phase superposition and out-of-phase superposition 

of the tag’s antenna mode and the structural mode, 

respectively. It has been discussed in [42] that the time 

windowing (or gating) is a solution to remove part of the 

structural mode from the response, thus to obtain only one 

peak apex. This new peak apex should be close to the nominal 

peak apex but more precisely between the nominal peak apex 

and the dip. To model both the tag mode and the structural 

mode of second order scatterer tag, a transfer function based 

on two bandpass filters can be used. For the sake of clarity and 

to introduce the notations, (12) is rewritten as:  
 

 ( )   
    

      
   

         

  
      

   
  (

  
   

)
  

    
      

   
         

  
      

   
  (

  
   

)
  (14) 

 

where, ϕsc, ωsc and σsc correspond to the phase, angular 

frequency of resonance and damping factor of the scatterer, 

respectively. ϕst, ωst and σst correspond to the phase, angular 

frequency of resonance and damping factor of the structural 

mode, respectively. The gains Gsc and Gst determine the 

amplitude level of both the tag and the structural modes, 

respectively. Fig. 6 illustrates the emergence of dip between 

the mode associated with the scatterer modesc (solid red line) 

generated by first summand of (14) and the mode associated 

with the structure modest (dashed blue line) generated by 

second summand of (14). From the combined response 

modesc+st generated by (14), it can be observed that the dip 

emerges due to the destructive interference between modesc 
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and modest at the point when the phase difference between 

them is 180°. 

To generalize (14) for multi-scatterers tag more summands 

like first summand of (14) can be added.  
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Fig. 6.  Illustration of the destructive interference between the mode 
associated with the scatterer modesc generated by the first summand 
of (14) and the mode associated with the structure modest generated 
by the second summand of (14). (a) Magnitude responses. (b) Phase 
responses. The parameters used to generate the responses using (14) 

are:     = 4 GHz,     = 7 GHz,     =     = 0.001,     = 4.4 × 10
9
 (i.e., 

    = 30) and     = 4.19× 10
8
 (i.e.,     = 5). Both modesc and modest 

are taken initially in phase thus     =     = 0. 

 

In Fig. 6, the addition of modest [second summand of (14)] 

to modesc [first summand of (14)] leads to a shift in the peak 

apex of resultant modesc+st from the peak apex of modesc |Δfsc to 

sc+st| around 6 MHz. Thus, variations of the parameters of (14) 

can produce significant |Δfsc to sc+st|. Fig. 7 presents a parametric 

study of variations of two parameters of (14): variation of Gst 

in Fig. 7(a) and variation of ϕsc in Fig. 7(b). The variation of 

Gst in (14) with numerical values equal to 0.005, 0.01, and 

0.02 is producing |Δfsc to sc+st| equal to 30.55 MHz, 37.94 MHz, 

and 40.44 MHz, respectively [see Fig. 7(a)]. On the other 

hand, the variation of ϕsc in (14) from 0° to 270° with a step of 

90° is producing |Δfsc to sc+st| equal to 30.55 MHz, 151.92 MHz, 

46.98 MHz, and 4.75 MHz, respectively [see Fig. 7(b)]. 

Symbols × show the peak apexes. 

In Fig. 7(b), it can be observed that as ϕsc changes from 0° 

to 180°, the dip associated with the peak apex shifts from right 

to left. For this reason, such an aspect-dependent dip cannot be 

used to encode the tag. A similar phenomenon of various 

kinds of superpositions can be observed in Fig. 3. Each 

modesc+st exhibits different types of superposition, where the 

shifts of the dip associated with the peak apex can also be 

observed. 

A. Extraction of the Orientation-Independent Tag Code 

 In practical cases, if the tag is affixed or printed on the to-

be-identified object, it might be impossible to detach the tag to 

take an empty measurement for background normalization. 

However, even if the background normalization is possible, a 

change in the orientation of the reader (or orientation of the 

tag) might lead to uncontrolled shifts in the peak apexes 

corresponding to fri, as explained experimental measurements 

in Fig. 3 and by the principle of superpositions in Fig. 7. These 

shifts in the peak apexes could further impact the extraction of 

tag code as the depolarizing tags (see the inset in Fig. 2) are 

coded based on the position of the peak apexes. To circumvent 

such a challenge, the extraction of the aspect-independent 

parameters is necessary. Fig. 8 shows the extracted fri using 

MPM with poles filtering step 3-b and spectrogram method for 

-20° ≤ αT ≤ -20° measured in a realistic environment using the 

measurement setup shown in Fig. 2. The spectrogram method 

is applied as explained in Section III-A, and MPM is applied 

with poles filtering step 3-b as explained in Section III-B. It 

can be observed that the performance of the spectrogram 

method is better than MPM, as the spectrogram method is 

successful for all aspect angles -20° ≤ αT ≤ -20°. MPM with 

poles filtering step 3-b is unsuccessful at two aspect angles αT 

= [-20°, 10°]. Conversely, MPM with poles filtering step 3-a is 

unsuccessful for all aspect angles -20° ≤ αT ≤ -20°. 
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Fig. 7.  Variations in the position of peak apex generated by using (14). 

(a) Variation due to the change in the gain of structural mode    , 
where     = 0.001 and     = [0.005, 0.01, 0.02]. (b) Variation due to the 
change in the phase of scatterer mode    , where     = 0.001,  
    = 0.005,     = 0 and     = [0°, 90°, 180°, 270°]. The rest of the 
parameters in (14) are taken exactly as shown in the caption of Fig. 6. 
Symbols × show the peak apexes. 

 

 
Fig. 8.  Extracted     using MPM with poles filtering step 3-b and 
spectrogram method for -20° ≤    ≤ -20°. Shaded areas are in the 

range of – 50 MHz ≤    
  

 ≤ 50 MHz. 

 

The variation of extracted fri in the range -20° ≤ αT ≤ -20° 

(calculated from the absolute difference between the minimum 

and maximum values of fri) defines resolution frequency dfi for 

each ith scatterer. The calculated dfi for the spectrogram 

method is outlined in Table III. 
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TABLE III 
THE CALCULATED RESOLUTION FREQUENCIES dfi USING SPECTROGRAM 

METHOD WITH – 20° ≤ αT ≤ 20° 

 

 

dfi (MHz) 

Scatterer i 

1 2 3 4 5 6 7 8 

5.86 11.72 5.86 29.3 58.6 35.16 11.72 46.88 

 

The number of combinations NB (number of bits – coding 

capacity) for such depolarizing tags can be calculated by using 

the expression found in [36]: 
 

    (
  

  
)

 

 (15) 

 

where Δf is the bandwidth of coding channel and df is 

resolution frequency. In [36], the calculated NB is equal to 

390625 (18.5 bits) by using the following values: 

Δf =500 MHz, k = 8, and df = 100 MHz. For the spectrogram 

method, it can be observed in Table III that the worst value of 

resolution frequency is df5 = 58.6 MHz. If we take 

df = 60 MHz in (15), a value of 24.4 bits can be calculated. 

Hence, the proposed spectrogram method shows an 

improvement of 5.8 bits in the coding capacity of REP 

chipless RFID tags [see Fig. 1(a)]. Conversely, the 

improvement achieved by MPM is not realistic because of the 

strict poles filtering step 3-b. 

In terms of the reading interrogation angle    (or the 

misalignment of chipless tag), the minimum detectability limit 

of the employed chipless tag is     45°. This is because at 

    45°, the employed chipless RFID tag does not behave as 

a depolarizing scatterer. In such a case, the microstrip coupled 

dipoles might be aligned vertically or horizontal producing a 

null cross polarization response     (by ignoring the 

backscattered response from the nonsymmetrical shape of the 

tag, if any).  

Next, we have analyzed the minimum detectability limit of 

the distance between the tag and antenna    and the tag 

azimuth angle  . For this purpose, the experimental 

measurements of the chipless tag are done by varying    and   

as shown in Fig. 9. The measurement parameters and 

equipment such as antenna, vector network analyzer (VNA), 

output power, and frequency sweeping along with the number 

of sweep points are precisely the same as discussed for the 

measurement setup shown in Fig. 2. The    is varied from 

15 cm to 40 cm with a step of 5 cm and the   is changed from 

-60° to 60° with a step of 10°. For each variation, the 

spectrogram method and MPM with poles filtering step 3-a are 

applied. The MPM with poles filtering step 3-a is unsuccessful 

for all steps. For this reason, Fig. 10 shows only the tag 

reading performance of the spectrogram method. It can be 

observed from Fig. Fig. 10 that at      (i.e., without any 

aspect angle), the minimum detectability limit of the distance 

  
  is 25 cm for the employed chipless RFID tag mounted on 

the Polystyrene foam. For the variation of  , the     15 cm is 

most suitable, as the tag is detectable up to    40 . At     

20 cm and     25 cm, the detection is successful up to    -

10  and    40 , respectively. We have also applied both 

detection techniques (the spectrogram method and MPM with 

poles filtering step 3-a) by considering the six first peaks 

apexes (i.e., six first resonators), due to the lower SNR 

observed for the higher frequencies for distances    greater 

than 10 cm. In such a case, the tag detection is also possible at 

   60  for     15 cm. For     20 cm and     25 cm, the 

tag is also detected at              and    10 , 
respectively.  

 

 
Fig. 9.  Measurement setup presenting the tag attached to polystyrene 
foam in a realistic room environment. 

 

 
Fig. 10.  Measurement setup presenting the tag attached to 
polystyrene foam in a realistic room environment. 

 

B. Extraction of the Object-Independent Tag Code 

In practical cases, 1) variations in the size of to-be-labeled 

object might produce variations in the gain of structural mode. 

2) irregularity (or asymmetry) of to-be-labeled object might 

produce a phase difference between the tag mode and the 

structural mode. 3) variations of the distance of an object from 

the reader antenna might produce both gain and phase shift. 

These variations can produce random shifts in the peak apexes 

of measured response from their nominal positions, which can 

further lead to a decoding error. Again, to circumvent this 

challenge, extraction of the aspect-independent parameters is 

necessary. To explain this challenge, we have done 

experimental measurements with an asymmetrical dielectric 

slab of phenolic resin laminate (CARP) behind the chipless tag 

in a realistic room environment as shown in Fig. 11. The 

thickness of dielectric slab of CARP is 10 mm. The 

asymmetry is produced by displacing the slab by 3 cm from its 

center. The distance d between the tag and the dielectric slab 

of CARP is varied from 0 to 5 cm by keeping dielectric slab 

fixed at 15 cm from the reader antenna. The parameter S21 is 

measured at each displacement in a cross-polarization 

configuration. The rest of the measurement parameters such as 

VNA, output power, and frequency sweeping along with the 

number of sweep points are precisely the same as discussed 

for the measurement setup shown in Fig. 2. It is important to 

note that we have performed measurements using various 

kinds of dielectric slabs such as polyurethane, PET, PTFE, and 

CARP. However, we have chosen the results for a dielectric 
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slab of CARP to present in this work due to its high 

permittivity of 5.7. 
 

Rx15 cm

Tag

Txd = 0 to 5 cm

Dielectric slab

E

H

3 cm

Asymmetry 

 
Fig. 11.  Measurement setup for varying the distance between the 
dielectric slab of CARP (εr = 5.7 and thickness = 10 mm) and the tag d 
in a realistic room environment. 

 

Fig. 12 shows the extracted fri using MPM with poles 

filtering step 3-b and spectrogram method with d ranging from 

0 to 5 cm. The spectrogram method is applied as explained in 

Section III-A, and MPM is applied with poles filtering step 3-

b as explained in Section III-B. It can be observed that the 

performance of the spectrogram method is better than MPM, 

as the spectrogram method is successful for all values of 

distance d from 0 to 5 cm. MPM with poles filtering step 3-b 

is only successful at two values of d = [3 cm, 4 cm]. 

Conversely, MPM with poles filtering step 3-a unsuccessful 

for all values of distance d from 0 to 5 cm. The calculated dfi 

for spectrogram method is outlined in Table IV. 

 
Fig. 12.  Extracted fri using MPM with poles filtering step 3-b and 
spectrogram method while d is ranging from 0 to 5 cm. Shaded areas 

are in the range of – 50 MHz ≤    
  

 ≤ 50 MHz. 

 
TABLE IV 

THE CALCULATED RESOLUTION FREQUENCIES dfi USING SPECTROGRAM 

METHOD WITH 0 ≤ d ≤ 5 CM 

 

 

dfi (MHz) 

Scatterer i 

1 2 3 4 5 6 7 8 

≈ 0  19.53   9.77  19.53   9.77  97.66  39.06  48.83 
 

 

We are limited in terms of the maximum possible dielectric 

constant and different sizes of the dielectric slabs. Therefore, 

we have tested the worst possible cases. Fig. 13 shows 

measurement setups presenting the tag attached to various 

objects in a realistic room environment: Polystyrene foam 

spacers [Fig. 13(a)], metallic plate [Fig. 13(b)], spray bottle 

[Fig. 13(c)], and water tank [Fig. 13(d)]. Here, too, the 

measurement parameters and equipment are precisely the 

same as discussed for the measurement setup shown in Fig. 2. 

The distance between the tag and antenna    is varied from 

15 cm to 40 cm with a step of 5 cm. For each variation, the 

spectrogram method and MPM with poles filtering step 3-a are 

applied. The MPM with poles filtering step 3-a is unsuccessful 

for all steps. For this reason, Fig. 14 shows only the tag 

reading performance of the spectrogram method. For the 

Polystyrene spacers placed between the antenna and tag [see 

Fig. 13(a)], it can be observed from Fig. 14, the minimum 

detectability limit of the distance   
  is 25 cm. The   

  is equal 

to   
  as observed in Fig. 9 at     . For the chipless tag 

mounted on the metallic plate [see Fig. 13(b)], the minimum 

detectability limit of the distance   
  equal to 20 cm can be 

observed in Fig. 14. The   
    

  due to the large reflections 

from metallic plate. For the chipless tag mounted on the spray 

bottle [see Fig. 13(c)], the detection of tag is only successful 

for     [15 cm, 25 cm]. The minimum detectability limit of 

the distance   
  is 25 cm. For the chipless tag mounted on the 

water tank [see Fig. 13(d)], the detection of tag is only 

successful for     25 cm. However, if we consider only the 

six first peak apexes, the detection of tag is also successful for 

    20 cm for the tag mounted on the spray bottle [see 

Fig. 13(c)]. 

 
Fig. 13.  Measurement setups presenting the tag attached to various 
objects in a realistic room environment. (a) Polystyrene foam spacers. 
(b) Metallic plate. (c) Spray bottle. (d) Water tank. 

 

 
Fig. 14. Tag reading performance of the spectrogram method for 
measurement setups shown in Fig. 13. 
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C. Extraction of Tag Code on 3-Dimensional Reading 
Zone 

We have also compared the performance of both 

spectrogram method and MPM for the signals measured on 3D 

measurement bench. The measured signals are obtained from 

the measurements used in [43]. The antenna is fixed and the 

chipless tag is moving in 3D volumetric space (i.e., defined as 

𝑥 ∈ [−10; 10] cm, 𝑦 ∈ [−10; 10] cm and 𝑧 ∈ [0.2; 20] cm) with 

a step size of 1 cm for each axial parameter (only the first step 

for z is from 0.2 to 1 cm). More details about the measurement 

setup can be seen in [43].  

The spectrogram method is applied as explained in Section 

III-A, and MPM is applied with poles filtering step 3-a and 3-

b as explained in Section III-B. It is important to note that 

MPM with pole filtering step 3-b is not realistic in terms of 

application (as described previously). However, it allows us to 

illustrate the extraction with MPM. 

3D representations of the performance of spectrogram 

method and MPM with pole filtering step 3-a are shown in 

Fig. 15. Each point shows the reading success. Additionally, 

the percentage of reading success area is calculated for each 

step along z for full 3D characterization of the performance. 

For spectrogram method, the maximum and minimum reading 

success is 25.62% and 4.76% at z = 10 cm and z = 20 cm, 

respectively. Furthermore, for spectrogram method, the 

reading success in full volume is 15.60%. For MPM with pole 

filtering step 3-a and 3-b, the reading success in full volume is 

0.6% and 23.8%, respectively. Even if we use calibrated 

signals (i.e., with background normalization) for MPM with 

pole filtering step 3-a, the success rate in full volume merely 

improves to 1.4%.  

Finally, we have also implemented the spectrogram method 

without improvement in the accuracy of extraction of 

frequency of resonance in each coding channel based on its 

corresponding quality factor. This implementation is similar to 

the STFT averaging method presented in [33], except the 

multiple averaging windows AvgWi dedicated to each 

scatterer in contrast to one averaging window. In such an 

implementation, the emergence of multiple peak apexes 

(including the desired and spurious peak apexes) in a coding 

channel results in the unsuccessful decoding of the tag ID. 

This implementation is referred to as the conventional 

spectrogram method. 

At y = 0, 2D representations of the performance of the 

proposed spectrogram method and the conventional 

spectrogram method are shown in Fig. 16(a) and (b), 

respectively. Each black square with a size of 1 cm
2
 shows the 

reading success. At y = 0, the percentages of reading success 

area for the proposed spectrogram method [Fig. 16(a)] and the 

conventional spectrogram method [Fig. 16(b)] are 40.36% and 

6.12%, respectively. For conventional spectrogram method in 

3D volumetric reading space, the maximum and minimum 

reading success are 4.3% and 0 at z = 9 cm and z = [15, 17, 18, 

19, 20] cm, respectively. Furthermore, for conventional 

spectrogram method, the reading success in full volume is 

1.65%. Conversely, at y = 0, the performance of MPM with 

filtering step 3-a and 3-b is 0.9% and 48.1%, respectively. 

Hence, the proposed spectrogram method has better reading 

success than conventional spectrogram method and MPM with 

poles filtering step 3-a (which is comparable to the proposed 

spectrogram method in terms of implementation).  

For spectrogram method, the maximum reading success 

(25.62%  at z = 10 cm) and the volumetric reading success 

(15.60%) seem low. This is because of the large 3D 

volumetric reading space. If we reduce the 3D volumetric 

space such that 𝑥 ∈ [−3; 3] cm, 𝑦 ∈ [−3; 3] cm and 𝑧 ∈ [5; 

15] cm, the maximum reading success is 89.79% at z = 10 cm 

and 36.73% at z = 9 cm for the proposed spectrogram method 

and the conventional spectrogram method, respectively. The 

volumetric reading success is 81.63% and 18.55% for the 

proposed spectrogram method and the conventional 

spectrogram method, respectively. 

In general, the computational time for spectrogram method 

is faster than MPM, because it is based on fast Fourier 

transform (FFT). 

 

 
Fig. 15.  3D representation of reading success at all displacements of 
z. (a) Proposed spectrogram method. (b) MPM with poles filtering step 
3-a. 

 

 
Fig. 16.  Reading performance at y = 0. (a) Proposed spectrogram 
method. (b) Conventional spectrogram method. 

 

V. CONCLUSION 

In this paper, robust detection of the depolarizing REP tags 

using fast Fourier transform (FFT) based spectrogram method 

was demonstrated. The robustness of the proposed technique 

was proved by reading the identification (ID) of the chipless 

tag: 1) at various misalignments of the reader (and the tag). 2) 

at various distances for the tag mounted on several objects. 3) 

at various displacements using 3D measurements. We have 

demonstrated that for frequency-coded chipless RFID 

technology, the spectrogram method is an efficient and 

possibly fast choice. The extraction of complex natural 

frequency(ies) using the spectrogram was never done earlier in 

the field of frequency-coded chipless RFID. With an operation 

of a single measurement, the proposed technique is very 
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promising for the practical implementation of the chipless 

RFID technology, as the tags ID can be decoded accurately 

using the extracted quality factor information. Furthermore, 

the proposed technique is computationally less expensive due 

to the inherent fast property of FFT. Thus, the proposed 

technique requires fewer resources and effort. 
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