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Abstract: A novel and compact dual-polarized (DP) chipless radio-frequency identification (RFID)
tag is presented in this paper. This tag can read both vertical and horizontal orientations within
its frequency band, which improves the robustness and detection capability of the RFID system.
The proposed tag makes use of the slot length variation encoding technique to improve the encoding
capacity. This technique can duplicate the encoding capacity, thereby reducing the overall tag size
by almost 50%. In particular, the proposed tag has an encoding capacity of 20 bits in the 3–8 GHz
frequency band and achieves data density of around 15.15 bits/cm2. Three prototypes are fabricated
and tested outside an anechoic chamber. Furthermore, one tag is tested at different distances (10 cm,
30 cm, and 60 cm) from the reader and the measured results are compared. The simulated and
measured results are in reasonable agreement, with acceptable shifts at some frequencies due to
fabrication and experimental errors.

Keywords: chipless RFID; frequency selective surfaces (FSSs); dual-polarized; length variation;
internet of things (IoT)

1. Introduction

Radio frequency identification technology (RFID) is a wireless system that uses radio frequency
electromagnetic fields to exchange data between tags attached to an object and a reader device, which
sends interrogator signals for identification. The conventional RFID tag contains an integrated circuit
(IC), which is a main source of the increase in its cost. A new RFID structure has been investigated in the
last few years. This new structure does not contain a silicon chip and it is called chipless RFID. Different
methods have been reported in recent years for data encoding in chipless RFID tags. Generally, these
encoding methods can be classified in various domains, as in time, frequency, and phase. In addition,
hybrid-domain encoding techniques can improve the tag code detection [1]. In time domain (TD)
based tags, the RFID reader interrogates the tag with a sequence of pulses. Then, the tag code can
be estimated from the echoes reflected from a set of reflectors implemented on the tag attached to an
object. In other words, existence or absence of these echoes and their time positions are used to identify
the tag code [2,3]. In frequency domain (FD) based tags, the RFID reader interrogates the tag with an
RF signal and then the tag retransmits the frequency signature to the reader. Each data bit represents
the presence or absence of a resonant frequency in the operating spectrum [4–7]. Phase domain (PD)
based encoding technique was presented in [8]. In that work, three square microstrip patch antennas
loaded with three open circuit stubs are suggested to encode three bits. Varying the length of the stub
alters the phase of the backscattered signal. In the hybrid domain (HD) encoding techniques, more
than one domain is used [9,10]. However, as mentioned in [3], for significant numbers of bits, HD

Electronics 2019, 8, 580; doi:10.3390/electronics8050580 www.mdpi.com/journal/electronics

http://www.mdpi.com/journal/electronics
http://www.mdpi.com
https://orcid.org/0000-0002-7593-5359
http://dx.doi.org/10.3390/electronics8050580
http://www.mdpi.com/journal/electronics
https://www.mdpi.com/2079-9292/8/5/580?type=check_update&version=2


Electronics 2019, 8, 580 2 of 15

techniques still require very high spectral bandwidth and the resultant configuration, in this case, will
not be matched for low-cost readers.

Back to frequency domain, chipless RFID tags can be operated either in retransmission-mode or
in backscattered-mode. Retransmission based chipless RFID tags use multi-resonator circuits and two
UWB antennas for data transmission and reception [11,12]. The retransmission-based tags suffer due
to their large size and complex structure [13].

In contrast to retransmission-mode, backscattering based tags consists only of resonating elements
(scatterers) where no separate antennas are required [14–16]. Therefore, significant area reduction
can be achieved. In addition to area saving, increasing data density is still a real challenge in the
chipless RFID systems. In literature, the number of chipless RFID tags is proposed to enhance the
data capacity and the detection methods. For example, slot length variation can be exploited in order
to double the data capacity in the same frequency band [6]. In [17,18], Multiple I- and U-slots dual
polarized resonators etched on a rectangular patch are proposed in the frequency range 6–13 GHz.
The slot resonators (I or U) are reused in both vertical and horizontal polarizations. Recently, some
dual polarized structures have been investigated, such as the L-shaped strips [19] and square loop [20].
Polarization insensitive structures, such as the triangular loops [21], circular loops [22], and multiple
L-strips resonators [23], have also been studied. The advantage of these structures is that the tag data
can be read from any orientation by the reader antennas.

This paper presents a 20 bits compact very high density chipless RFID tag by using inverted
M-shaped multiple slots resonators. This compact tag uses the dual polarized technique to improve
the detection method, and slot length variation to double the encoding capacity in the same frequency
band. A tag of 20 bits encoding capacity is designed and analyzed. The proposed tag is simulated using
a computer simulation technology (CST) EM simulator as an infinite structure. This paper is organized
as follows: Section 2 presents the proposed chipless RFID tag. Section 3 presents the simulation
results of some Inverted-M chipless RFID tags. In Section 5, three prototypes of the proposed tag are
experimentally validated. Finally, concluding remarks are given in Section 6.

2. Proposed Chipless RFID Tag

Figure 1 shows the proposed DP chipless RFID tag. This tag consists of a conductive rectangular
patch overloaded with sets of inverted M slots. The resonance frequency of a half wave slot resonator
can be calculated approximately using the expression [24]:

f =
c
2l

√
2

1 + εr
(1)

where l is the total physical slot length of the M-shaped resonator, c is the speed of light, and εr is the
permittivity of the substrate. In this paper, the tag is designed using Rogers RT5880 substrate having
thickness (h = 0.256 mm) and permittivity (εr = 2.2).

As shown in Figure 1, l and w are the length and width of the rectangular patch. sx is the
separation distance between the vertical slots, while sy is approximately defined as the separation
distance between the slanted slots, and ws is the width of all slots. Each slot resonator can be positioned
in either the active or the passive mode of operation. A diagram of ten slot resonators in the active
mode is presented in Figure 2a. The slot resonators can be made inactive by adding five short circuits
at different parts of the resonator, as shown in Figure 2b.
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Figure 2. Ten inverted-M chipless RFID tags (a) active mode and (b) passive mode.

The main physical dimensions of the tag shown in Figure 1 are listed in Table 1. All slot resonators
have the same separation distances between the vertical slots (sx) and different separation distances
between the slanted slots (sy) as indicated in Table 2.

Table 1. Main design parameters.

Parameter l W dx dy ws sx

Value (mm) 12.4 11.4 0.2 0.2 0.2 0.3

Table 2. Separation distances between the slanted slots.

Parameter sy1 sy2 sy3 sy4 sy5 sy6 sy7 sy8 sy9

Value (mm) 0.69 0.49 0.44 0.49 0.44 0.44 0.34 0.39 0.29
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The length of each slot resonator is determined by the following formula (i = 1, 2, . . . , 9, 10):

li =
c

2 fi

√
2

1 + εr
(2)

li represents the total length of the ith slot resonator and can be written according to the notation in
Figure 1 as:

li = 2(li′ + li′′ )(i = 1, 2, . . . , 7, 8), (3)

l9 = 2(l9′ + l9′′ + l9′′′ ), (4)

l10 = 2(l10
′ + l10

′′ + l10
′′′ + l10

′′′′ ). (5)

The designed tag is optimized to produce deep notches at the desired frequencies in the operating
frequency range from 3 GHz to 8 GHz. Initially, one novel inverted-M-shaped slot resonator is designed
to obtain one notch in the desired frequency range. Afterwards, by optimization, inverted-M resonators
are added to obtain multiple notches in the mentioned frequency range. By this process, the number
of notches can be controlled by adding or removing the inverted-M slot resonators. In our case, ten
optimized inverted-M slots were utilized to obtain ten notches. To ensure the compactness of the
structure, the available area was utilized efficiently by twisting the last two slot resonators. The length
of the slot resonator decreases as the value of the resonance frequency increases. The resonance
frequencies can be calculated using Equation (1), depending on the physical dimensions of each slot.

Slot number 1 gives the lowest resonant frequency because of its longest length and as it
corresponds to the most significant bit (MSB). By contrast, the least significant bit (LSB) is related to the
smallest slot length (slot number 10) that resonates at maximum frequency. The reflection coefficients
are computed when the tag is excited with vertically and horizontally polarized waves. These waves
are incident normal to the chipless RFID tag surface. When the plane wave excites the tag, a much
higher surface current is induced around the slots at its resonant frequency. These orthogonal polarities
are utilized to double the encoding capacity [25,26].

Therefore, the proposed structure shows a frequency-selective behavior with deep notches at
all resonant frequencies. These notches (resonance frequencies) can be controlled by adding short
circuits in each slot. In the developed tag, ten bits are achieved using ten vertically polarized slots
and another ten bits are accomplished from the ten horizontally polarized slots on the conductive
rectangular patch. Logically, the active slot resonator represents logic 1 and the passive resonator
represents logic 0. Therefore, the designed tag in Figure 2a denotes logic (1111111111) and the tag in
Figure 2b indicates logic (0000000000).

3. Simulation Results

The proposed tag is designed and simulated using CST Microwave Studio. Backscattered chipless
RFID tags can be analyzed either using monostatic or bistatic reader system. Bistatic systems use
two antennas—one for transmitting and one for receiving. However, monostatic systems use a single
antenna for both interrogating and reading purposes, and therefore they are usually less expensive
than bistatic systems.

The simulation setup of the DP chipless RFID tag is shown in Figure 3. The tag can be excited by
either a vertically or horizontally polarized plane wave. In each case, the backscatter field is received
and the frequency signature of the tag can be identified from the reflection coefficient response S11.
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Figure 3. Simulation setup for the proposed tag.

To validate the concept, four different passive tags are designed and simulated. The proposed tag
with four different bit configurations 1111111111, 0000000000, 0101010101, and 1010101010 is shown in
Figure 2a,b and Figure 4a,b, respectively.

 Electronics 2019, 8, x FOR PEER REVIEW  5 of 15 

 

Figure 3. Simulation setup for the proposed tag. 

To validate the concept, four different passive tags are designed and simulated. The proposed tag with 

four different bit configurations 1111111111, 0000000000, 0101010101, and 1010101010 is shown in Figures 

2a, b and 4a, b, respectively. 

   
(a)  (b) 

Figure 4. Designed tag with two different bit combinations: (a) “0101010101” and (b) “1010101010”. 

Figure 5 shows the reflection coefficients S11 of the designed chipless RFID tag structures that have all 

ones  (1111111111) and all zeros  (0000000000)  for both vertically and horizontally plane waves. Table 3 

illustrates  the  total  length and  the corresponding  frequency of each slot resonator  (using Equation  (1)). 

Twenty resonances are observed in the backscattered signal from the designed tag of the all‐ones state. Ten 
frequency signatures are related to the vertically polarized wave and ten signatures from the horizontally 
polarized wave. These resonance frequencies are listed in Table 3, where we observe that the maximum 

Figure 4. Designed tag with two different bit combinations: (a) “0101010101” and (b) “1010101010”.

Figure 5 shows the reflection coefficients S11 of the designed chipless RFID tag structures that
have all ones (1111111111) and all zeros (0000000000) for both vertically and horizontally plane waves.
Table 3 illustrates the total length and the corresponding frequency of each slot resonator (using
Equation (1)). Twenty resonances are observed in the backscattered signal from the designed tag of the
all-ones state. Ten frequency signatures are related to the vertically polarized wave and ten signatures
from the horizontally polarized wave. These resonance frequencies are listed in Table 3, where we
observe that the maximum difference between the resonance frequencies for both polarizations is
approximately 104 MHz and the minimum difference is approximately 8 MHz.
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Figure 5. Amplitude reflection coefficients of the vertical (VP) and horizontal (HP) polarizations for
states “1111111111” and “0000000000”.

On the other hand, Figures 6 and 7 show the frequency responses of two other tags with alternating
ones and zeros: (1010101010) and (0101010101), respectively. These responses are achieved under
vertical and horizontal plane-wave excitations. The shift in frequency between the two responses is
necessary to achieve a very sharp peak-to-peak difference between the two curves [14]. Figure 8 shows
the difference in dBs between the vertical and horizontal polarized S11 of Figure 5 (code: 1111111111).
Additionally, the difference between the vertical and horizontal polarized S11 for the codes 1010101010
and 0101010101 is reported in Figures 9 and 10, respectively. Sharp peak-to-peak response is observed
for all-ones codes.

Table 3. Physical lengths and the corresponding resonance frequencies of the slot resonators.

Total Length Calculated Resonant
Frequency (GHz)

Simulated Resonant Frequency
(GHz) ∆ (MHz)

Parameter Value (mm) Vertical Horizontal

l1 35.36 3.351 3.256 3.272 16

l2 33.02 3.589 3.536 3.568 32

l3 30.56 3.878 3.872 3.904 32

l4 28.08 4.220 4.328 4.336 8

l5 25.66 4.618 4.928 4.936 8

l6 23.18 5.112 5.384 5.280 104

l7 20.74 5.714 5.880 5.848 32

l8 18.18 6.518 6.536 6.544 8

l9 17.62 6.726 6.896 6.872 24

l10 16.7 7.270 7.400 7.384 16
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“0101010101”.

4. The 20-Bit Dual Polarized Tag

The resonance frequency of the slotted line is inversely proportional to the slot length. Thus,
increase in the slot length will decrease its resonance frequency and vice versa. Therefore, each
resonator can be represented by one of the four possible states: 00, 10, 01, and 11. The first state, 00, is
obtained when the resonator is short-circuited. No resonance can be observed in the band of operation.
The second state (11) is related to resonator’s length li and subsequently resonance frequency fi. In the
third case (10), the length of the slot “i” is slightly increased. This slight modification results in a shift
in the resonance frequency from fi to fi−. A slight decrease in slot “i” length will result in a shift in the
resonance frequency from fi to fi−. This is the fourth state (01). Therefore, the encoding capacity (bits)
and encoding density (bits/cm2) will be doubled within the fixed frequency band. Table 4 illustrates
the all-possible states. The simulated S11 for these cases are illustrated in Figure 11 for all 10 active
resonators. Table 5 figures out the corresponding frequencies for the proposed tag with increasing and
decreasing slot lengths. As listed in Table 5, the maximum difference between the resonance frequencies
for both variations is approximately 280 MHz and the minimum difference is approximately 40 MHz.
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Table 4. Possible states for a single resonator.

Configuration Possible States Resonance Frequency Code

Resonator with short circuits First state No resonance 00
Normal resonator Second state f 11

The slot length l increased by
factor of ∆L+ Third state f− 10

The slot length l decreased by
factor of ∆L− Fourth state f+ 01
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Table 5. The corresponding resonance frequencies of the slot variation resonators.

Existing Frequencies Decreasing Frequencies Increasing Frequencies
∆− (MHz) ∆+ (MHz)

Parameter Value (GHz) Parameter Value (GHz) Parameter Value (GHz)

f1 3.24 f1− 3.168 f1+ 3.296 72 56

f2 3.512 f2− 3.472 f2+ 3.568 40 56

f3 3.896 f3− 3.816 f3+ 4.008 80 112

f4 4.376 f4− 4.288 f4+ 4.496 88 120

f5 4.944 f5− 4.848 f5+ 5.04 96 96

f6 5.384 f6− 5.216 f6+ 5.64 168 256

f7 6.0 f7− 5.824 f7+ 6.28 176 280

f8 6.784 f8− 6.6 f8+ 6.976 184 192

f9 7.168 f9− 7.04 f9+ 7.36 128 192

f10 7.656 f10
− 7.472 f10

+ 7.856 184 200

5. Experimental Validation

In order to validate the proposed concept, three prototypes were fabricated and measured
in a normal environment. The ID codes of these prototypes are 11111111111111111111,
11001100110011001100, and 00110011001100110011. The simulated reflection coefficients were the
results of an infinite array of the proposed tag. However, the manufactured tags were reduced to a
finite 3 × 3 array of unit cells in order to decrease the physical size as much as possible. The physical
dimensions of the 3 × 3 array of unit cells were 37.6 × 34.6 mm2, as illustrated in Figure 12. The three
fabricated tags, shown in Figures 12 and 13, were measured in both vertically and horizontally polarized
orientations using the measurement setup depicted in Figure 14. The frequency responses of the
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fabricated tags were measured using the two-port PNA-X microwave network analyzer (N5242A) and
a broadband horn antenna operating from 1 to 18 GHz.
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The measurements are performed in a normal environment (outside an anechoic chamber).
In this case, the back scattered signal received by the reader (horn antenna connected to the network
analyzer) consists of the reflected signal from the horn antenna impedance mismatch, the required



Electronics 2019, 8, 580 11 of 15

frequency signature signal from the tag, the reflected signal from the metallic structure of the tag, the
clutter noise from the surroundings, and the white noise. The effect of the horn impedance mismatch
and the clutter noise can be approximately removed by an appropriate calibration technique [23,27,28].
In this work, the calibration method is employed by subtracting the reflection coefficient (S11) of the
measurement system without a tag from the reflection coefficient (S11) with a tag.

The simulated and measured results for the fabricated prototypes are compared in Figure 15
(horizontal orientation) and Figure 16 (vertical orientation). The tag was positioned at a distance of
10 cm from the horn antenna (chipless RFID reader). Figure 15a shows the presence of ten nulls (code:
11111111111111111111) for horizontal polarization over the desired frequency band. The measured
results are in reasonable agreement with the simulated ones, with slight shifts at some frequencies.
This frequency shift may be attributed to material parameters variations and fabrication accuracy.
Therefore, the frequency shifts of a given slot in the various states (01, 10, and 11) occur approximately
in the same way. In this case, calibration using some samples (prototypes) could be used in practical
applications to reduce errors due to any frequency shift.
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Figure 15. Simulated and measured S11 under horizontal polarization for 10 cm distance from the RFID
reader: (a) ID: 11111111111111111111, (b) ID: 11001100110011001100, and (c) ID: 00110011001100110011.
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For further validation, the all-ones tag was tested for different distances (10 cm, 30 cm, and 60 cm).
The measured results are compared in Figure 17. The effectiveness and accuracy of the tag can be
seen from Figure 17, as the tag is distinguishable even up to a distance of 60 cm. A comparison of the
designed tag with some of the existing chipless RFID tags is reported in Table 6. According to our
knowledge and the comparison in Table 6, the proposed tag is the best in terms of coding density
(bits/(GHz·cm2)) and number of bits in backscatter technique.
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Table 6. Comparison with different chipless RFID designs.

Resonator
Frequency

Range
(GHz)

Coding
Capacity

(bits)

Coding
Density

(bits/cm2)

Spectral
Capacity

(bits/GHz)

Coding
Density

bits/(GHz·cm2)

Read Range
(cm)

Square loop [29] 2–8 5 1.23 0.83 0.21 55
Stepped impedance [27] 3.1–10.6 NA 7.9 NA NA 50

U strips [6] 7–12 16 16.67 3.2 3.33 20
C-shaped [30] 2–5 15 1.25 5 0.416 80

U-folded dipoles [31] 2–4 20 0.77 10 0.385 25
Multiple L [23] 3.1–10.6 6 0.3 0.8 0.04 40
Plus loop [28] 3.8–8.8 20 1.25 4 0.25 25
L-shaped [19] 4.8–10 9 12 3.46 2.31 10
Proposed tag 3–8 20 15.15 4.44 3.37 60

6. Conclusions

A novel and compact inverted-M chipless RFID tag was presented in this paper. The coding
capacity was duplicated in the fixed operating bandwidth of 3 GHz to 8 GHz for the same tag size and
the coding density was approximately 15.15 bits/cm2. Three prototypes were fabricated and tested
outside the anechoic chamber environment with a fixed distance of 10 cm between the RFID reader
and the tag being tested. Furthermore, an all-ones tag was tested at different distances from the reader
(10 cm, 30 cm, and 60 cm) and the measured results were compared. The simulated and measured
results were in reasonable agreement, with an acceptable shift at some frequencies due to fabrication
and experimental errors. The tag response was recognized even at a distance of 60 cm.
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