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Abstract. A new Radio Frequency Identification (RFID) 
chipless tag based on the Substrate Integrated Waveguide 
(SIW) technology is proposed in this paper. The tag high-
lights the importance of using such technologies allowing 
a surface miniaturization, a high Q-factor and an original 
shape. Thus, the novel design consists of an Eight-Mode 
Substrate Integrated Circular Cavity (EMSICC) associated 
to an Ultra Wideband (UWB) bowtie-shaped antenna. The 
EMSICC is realized by bisecting the Quarter Mode Sub-
strate Integrated Circular Cavity (QMSICC) into two 
parts, while preserving the same resonant frequency and 
the original electric field distribution. Further, the operat-
ing frequency band is from 5 GHz to 8 GHz within a com-
pact area of 4.97 × 1.05 cm2. The proposed design is 
experimentally validated in the frequency domain. 

Keywords 
RFID, chipless tag, Substrate Integrated Waveguide 
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1. Introduction 
The RFID is a generic term for the identification 

using radio frequency waves. This wireless technology 
promises the advantages of tracking, identifying and data 
capturing by means of an RFID tag and an RFID reader. 

The presence of a silicon chip in the tag makes it too 
expensive for applications in consumer products, and  
allows the RFID technology to be applied in just few 
fields, like the military, luggage handling in some airports 
as well as the toll and traffic management. In parallel, bar-
codes have been successfully accessed in industry over the 
past 20 years thanks to their low cost as compared to the 
RFID [1], [2].  

For low cost and smart identification needs, the RFID 
chipless tag was the solution to dethrone its ancestor, the 
barcode, and works in parallel with the conventional RFID. 
It helps to meet the industrial needs for a smart RF barcode 

which benefits from the numerous innovative features of 
the conventional RFID and the low cost of the barcodes. 
The RFID chipless tag is passive, since it requires no 
electrical power and operates in read-only mode. It features 
the identification using RF waves, without a need to use 
a silicon chip (IC) to store data. Hence, with this challeng-
ing technology, the identifier (ID), which is the physical 
shape of a tag, is extracted from the tag EMS which de-
pends only on its geometry. When it receives an incident 
EMS, the electromagnetic wave will create an EMS of its 
own. Then, this EMS will be reflected to the reader and 
used as an ID, as summarized in Fig. 1. Therefore, chipless 
tags can be classified according to their feeding mode, their 
operating frequency, as well as their physical structure that 
differs from one tag to another [3], [4]. 

We need to mention that chipless tags can be classi-
fied into different encoding techniques: frequency-domain-
based tags [5], time-domain-based tags [6], phase-based 
tags [7] and image-based tags [8].  

Based on these aforementioned encoding techniques, 
there are a hundred of different designs available in the 
literature. However, the only commercialized tag ever since 
has been the Surface Acoustic Wave (SAW) tag which is 
based on a time domain approach. It consists of a piezoe-
lectric substrate and a SAW reflector which allows the 
signal attenuation. The SAW tag permits the encoding of 
256 bits, but its cost is high due to its piezoelectric proper-
ties [9], [10]. Mainly, the frequency domain approach was 
the mostly used technique in the literature.  

It is based on the control of the presence or absence 
of the resonances in the reading system bandwidth for 
particular frequencies allowing an improving data capacity 
and a short read range. 

One can classify this approach into two different 
periods. The first period features the appearance of chipless 
tags, where research focuses essentially on improving data 
density. As for the second, it focuses on improving weight, 
size and encoding capacity by using different promising 
technologies in order to obtain the equation of size and 
performance. Starting from 2005, the first prototype of the 
‘RF barcode’ consists of an array of 5 identical micro-strip 
dipoles where each dipole encodes 1 data bit [11], [12]. 
Besides, in 2009, another chipless tag was developed and it 
consists  of  35  resonators  associated  to a  transmitter and 
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Fig. 1.  Operation principle of EMSICC based chipless tag.  

receiver antennas allowing an encoding capacity of 35 data 
bits [13]. In 2011, a new design consisting of a coplanar 
strip resonator making a ‘c’ shape and operating in the 
terahertz domain is presented, with an encoding capacity of 
3.3 bits per cm2 [14]. From 2012, the second period has 
been triggered. In [15], a new chipless prototype is demon-
strated based on a nested circular ring patch insensitive to 
the polarization. It provides a significant improvement in 
terms of detection and can reach 19 bits of the encoding 
capacity. Moreover, a chipless tag using the RF MEMS 
switch is proposed in [16], giving a reduced size and 
a distribution of 3 bits information over one period of the 
signal transmitted by an RFID reader. In [17], a 3-bit 
chipless tag is designed using a screen printing technique 
which enables a fast and thick tag production and exploits 
the frequency shift encoding proposed in [18] and [19]. 
The proposed chipless RFID tag is based on 3 dipoles like 
strips which are properly arranged at particular distances. 
Recently, in [20] and [21], a new concept of design is 
demonstrated based on the SIW technology. The tag en-
codes the data by changing the effective permittivity of the 
substrate integrated resonator which gives a unique fre-
quency signature without any need to increase the tag size. 
Up to now, the RFID SIW-based chipless tag was not 
studied sufficiently.  

In this paper, the SIW technology is used allowing the 
proposition of a novel chipless tag based on the EMSICC. 
The tag is designed, tested and validated to give us a com-
pact size and a high quality factor using an effective min-
iaturization technique which enables the miniaturization of 
the tag to 1/8 of its real size.  

In Sec. 2, the basic principles of the EMSICC chipless 
tag are presented. The SICC, its Half-Mode, the Quarter-
Mode and the Eight-Mode are simulated, designed, and 
measured. Besides, a bowtie UWB antenna is designed to 
be associated to the EMSICC. In Sec. 3, measurement 
results of the tag test are shown, and a comparison with 
some existing tags is finally discussed in Sec. 4. 

2. EMSICC-based Chipless Tag 
Behavior 

2.1 Eight-Mode Substrate Integrated 
Circular Cavity 
The SIW  is  a  promising  technology  which has been 

 
Fig. 2. The description of the circular cavity geometry. 

widely employed in microwave components and circuit 
designs in order to reduce the fabrication complexity and 
facilitate its integration with planar circuits [22], [23]. 
Therefore, it is well known as a representative technique 
which performs the same functions as the rectangular 
waveguide. However, it has a much better integration den-
sity which makes it more compact. As a result it has been 
extensively studied in recent years. Also, many passive and 
active components based on the SIW technology have been 
designed and experimentally verified like filters [24], an-
tennas [25], [26], couplers [27], oscillators [28], amplifiers 
[29], leaky-wave antennas and circulators [30], [31]. 

The choice of the SIW technology is not made at ran-
dom since it offers various advantages, namely, high qual-
ity factor, low loss and ease of process fabrication. It also 
allows a significant reduction in size and weight which 
ensures the improvement of our chipless tag performance. 
In this section, a circular resonating cavity based on the 
SIW technology is studied. It consists of a circular patch 
and a circular row of metalized via connecting the solid 
metallic top and bottom plates. The circular cavity offers 
a number of radiation pattern options which are not readily 
founded using a rectangular cavity. 

The radius R has a driving point location at a, and 
makes an angle ɸ with an axis x, as shown in Fig. 2. Then, 
the electric field in the circular cavity is described as 
follows: 

 
Z 0 J ( ) cos( )nE E ka n .   (1) 

The magnetic field components are described as 
follows: 
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where k is the propagation constant in the dielectric which 
has a constant ε = ε0 εr and Jn is the Bessel function of the 
first kind of order n. Jn´ is the derivative of Bessel function 
with respect to its argument and ω is the angular frequency 
(ω = 2πf).  

Further, the open-circuited edge condition requires 
that Jn´(kR) = 0, and for each mode of a circular cavity 
there is an associated radius which depends on the zeros of 
the derivative of the Bessel function. Bessel functions in 
this  analysis  are  analogous to sine and cosine functions in 
the rectangular coordinates. E0 is the value of the electric 
field at the edge of the patch across the gap [32]. 
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Fig. 3. Electric field distribution of the SICC.  

Figure 3 shows the electric field distribution in the 
circular SIW cavity simulated on Ansoft HFSS.  

The maximum electric fields are concentrated inside 
the cavity limited by the metalized via and symmetric 
along all planes (AB, CD and EF). 

TM010 is selected as the operating mode in the SICC. 
When the SICC height and radius meet with h < 2.1R, the 
corresponding resonant frequency of the TM010 mode for 
the SICC is: 

 
010

r

0.383c
f

R 
      (4) 

where c is the speed of light in a free space, R is the radius 
of the SICC, and εr is the relative permittivity of the 
substrate. 

Our SICC is a metal disk with a radius of 
R = 10.75 mm and metalized via which are arranged with 
a spacing angle of p = 11.25°, as shown in Fig. 4(a). The 
cavity presents a notch with a length of ns = 4.26 mm. 

Moreover, it was designed to operate at a frequency of 
5.8 GHz, on an FR4 substrate with εr = 4.6 and with 
a thickness of h = 0.8 mm.  

The distribution of the TM010 mode inside the SICC 
proved that electric fields are symmetric along AB, CD and 
EF planes, and each plane can be considered as an equiva-
lent magnetic wall.  

Consequently, and along the AB plane, the SICC can 
be bisected into two semi-SICCs. Each half is called Half 
Mode SICC(HMSICC), which enables size reduction by 
half, with conservation of the original distribution of elec-
tric field. Further, along the CD plane, and when dividing 
the HMSICC into two parts, the QMSICC is obtained of-
fering the quarter of the cavity size. In order to obtain the 
main structure in our study, bisecting the QMSICC into 
two semi-quarter SICCs through the EF symmetric plane 
allows getting the Eight Mode Substrate Integrated Circu-
lar Cavity (EMSICC) which has practically the same elec-
tric field distribution as that of the SICC, the HMSICC and 
the QMSICC. 

The size of the EMSICC is then 1/8 of the SICC with 
an identical resonant frequency as proved in Fig. 4 with the 
evolution process to obtain the miniaturized cavity. The 
configuration of the EMSICC is shown in Fig. 4(d) with 
a width of WEM = 10.5 mm, and a length of LEM = 17 mm. 
d2 = 1 mm is the distance between the edge and the cavity 
shape, and ns = 1.052 mm represents the cavity notch 
length. The spacing by millimeter between the 2 metalized 
vias is s = 1.89 mm, and the diameter of the via is 
d1 = 1.4 mm. Moreover, a 50-Ohm microstrip is designed 
as a feeding line which allows the measurements of the 
EMSICC and permits to connect the EMSICC to the an-
tenna in order to form the complete chipless tag.  

It operates in a sub band of the UWB from 5 GHz to 
8 GHz, giving a resonant peak in 5.8 GHz as the SICC, the 
HMSICC and the QMSICC. Figure 5 shows the 4 cavity 
responses  and  as  already  seen,  the  resonant  peak  of the 

 
Fig. 4.  Evolution process of the proposed EMSICC-based tag: a) SICC structure, b) HMSICC c) QMSICC, d) EMSICC. 
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Fig. 5.  Simulated S11 response using four different 

configurations.  

 
Fig. 6. Prototype photograph of the EMSICC configuration.  

 
Fig. 7. Simulated and measured responses of the EMSICC 

configuration. 

four configurations is the same with a slight difference in 
the bandwidth.  

The EMSICC prototype is shown in Fig. 6. Also, 
a good return loss characteristic is obtained at the operating 
frequency which exhibits a quality factor equal to 264 at 
a frequency of 5.81 GHz. Therefore, the measurement is 
realized using the Agilent technology N5247A PNA-X 
network analyzer which covers the frequency range of 
10 MHz to 67 GHz. 

The comparison between the measured and simulated 
responses of the EMSICC shows a good agreement, as 
shown in Fig. 7. Besides, the measured return loss has 

a lower adaptation due to the fact that the via metallization 
is done manually. 

In this model, the EMSICC is the encoding area of 
our chipless tag. The frequency domain approach is here 
adopted as an encoding approach using a simple frequency 
shifting technique which depends on the position and the 
nature of the via (air via or metalized via) inside the cavity 
substrate. 

Accordingly, for each missing air via inside the sub-
strate integrated cavity resonator in [20], the frequency is 
decreased by 0.1 GHz. 

In this work, adding the air via one by one allows 
a low frequency shift of 0.06 GHz. For example, adding 
the first air via allows obtaining a resonant peak at 
5.75 GHz. Hence, a second air via shifts the frequency to 
5.69 GHz. In the other hand, adding a row of four via holes 
engenders a decrease in frequency of around 0.3 GHz and 
5.57 GHz. This leads to the conclusion that via holes 
slightly shift the frequency. Also, adding a second row of 
air via perpendicular to the first increases the frequency to 
6 GHz, as shown in Fig. 8 which describes the encoding 
area and its different constituents. 

Hence, to achieve a major shift frequency, we can re-
place the air holes by metalized vias. Starting with the first 
row, metalizing the first air hole gives a significant shift of 
6.7 GHz, while metalizing the second gives a greater shift 
of 7.13 GHz. Thus, metalizing the third air via shifts the 
frequency to 7.55 GHz. 

As seen below, the EMSICC can guarantee the shift-
ing technique mainly with an air via diameter of 
dair = 1.2 mm, an angular pitch of P1 = 10° and a spacing 
between the two air vias of the second row of S1 = 1.5 mm. 

Hence, the measured and simulated responses of 
different encoding states of the EMSICC show a very good 
agreement, as seen in Fig. 9 which in turn validates our 
design. 

Subsequently, it is important to mention that the re-
lative permittivity  of the FR4  substrate varies significantly 

 
Fig. 8. Shifting technique based EMSICC. 
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Fig. 9. Simulated and measured return los response using the 

shifting encoding technique. 

with frequency, with fiberglass and with resin contents, 
which is an important topic and has a significant impact on 
measurement results in our case, if there are substantial 
changes in the material parameters. 

So, if the necessary information on materials param-
eters is inaccessible in knowledge bases, the relative per-
mittivity at the assumed frequency band should be deter-
mined experimentally using some methods as T and modi-
fied ring resonator technique detailed in [33]. 

2.2 Bowtie-shaped Antenna-based Chipless 
Tag 

The second part of our chipless tag is the UWB 
antenna. The chosen structure is a bowtie shaped antenna 
that ensures the wideband operation. We used the same 
FR4  substrate  as  used  for  EMSICC.  The  tag  antenna is 

 
Fig. 10. Photograph of the chipless tag antenna. 

 

Symbol Value (mm) 

Lb 32.7 

Wb 10.5 

ba 9.7 

WL 1.9 

lm 3.7 

Wm 0.5 

Wp 1.2 

Lf 4.8 

Wf 1.2 

LGround 16.6 

Lmeander 10.5 

Tab. 1. Dimensions of the bowtie shaped antenna. 

 
Fig. 11. Simulated and measured return loss of the bowtie 

shaped antenna. 

simulated, optimized and finally designed as shown in 
Fig. 10 using the design parameters shown in Tab. 1. It 
presents some meanders lines which help to extend the 
band and have an UWB antenna. 

Also, the antenna gain is about 1.1 dBm. This is an 
acceptable result because it is proposed for near-field 
applications. 

Figure 11 shows the measured return loss of the pro-
posed antenna with a matching above 10 dB from 3.1 GHz 
to 8 GHz. 

3. Chipless Tag Association 
The association step is the main part that will result in 

an RFID chipless tag based on an EMSICC and an UWB 
bowtie antenna. The whole size of the tag is about 
4.9 × 1.05 cm2. In this section, we analyze the system per-
formance. Our prototype is shown in Fig. 12.which also 
shows that the metallization is done manually at the begin-
ning. It is characterized by a compact size and an original 
shape and it can be inserted in credit cards or personal ID 
cards thanks to its reduced thickness. 

To validate the design of the proposed EMSICC 
based tag, 6 chipless tags configurations were tested. Each 
tag has been interrogated separately to identify its signature. 
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Fig. 12. Photograph of the EMSICC based chipless tag. 

 
Fig. 13. The chipless tag response for six different frequencies. 

The interrogator antenna and tags were separated by 
a distance of 4 cm. It can be seen that a very good agree-
ment is achieved between the measured results of the 
encoding area ‘EMSICC’ and the whole tag structure. 
Figure 13 shows the tag response which is verified for 6 
different frequencies when adding the air via rows or the 
metalized posts. 

Further, concerning the transmitted data during the 
test, we choose to encode using the shifting of single fre-
quency in the band of 5 GHz to 8 GHz, as previously de-
tailed. So, in each prototype test, we should find a single 
frequency in the desired band. 

In our case, it is clearly seen that there is a parasite 
frequency at 5.4 GHz in the test of the tag with two metal-
ized vias. It can be caused by the manual via metallization, 
or also by the substrate permittivity change after realiza-

tion. And certainly, the improvement of metallization and 
test conditions will lead automatically to the absence of the 
parasite minimum at frequency 5.4 GHz and the appear-
ance of the desired resonant peak only. 

4. Comparative Analysis 
The RFID chipless tag EMSICC-based offers the ad-

vantages of a low weight, a reduced size, a simple fre-
quency, and a shifting technique which allows a frequency 
shift from 5 to 8 GHz. The FR4 substrate with εr = 4.6, 
a loss tangent of 0.025, and thickness of h = 0.8 mm, yields 
good results as well as a good agreement between the sim-
ulated and the measured results. A comparison between the 
proposed tag and the existing SIW-based tag is presented 
in Tab. 2. It can be seen that an improved essay is pre-
sented as far as the tag surface is concerned. The technique 
used is a recent application in the chipless technology (1/8 
of SICC surface). Further, the UWB antenna, which is the 
second parts of the tag, is a novel bowtie meander antenna. 
Also, the encoding principle in [21] and [22] is based re-
spectively on the missing air via in the substrate and the 
added metalized posts to ensure the shifting encoding. In 
this paper, we exploit the two techniques at same time, 
proving that we can find many frequencies and that each 
frequency defines an encoding state in a reduced sub-band 
of UWB. The comparison shows that our EMSICC-based 
chipless tag gives reasonable results, a compact size and 
an original shape. For the purpose of obtaining a better per-
formance and an appropriate size, an immense contribution 
is still to be done in order to more apply the SIW technol-
ogy in RFID chipless and get more improved performance. 

5. Conclusion 
In this paper, a new RFID chipless tag design based 

on an EMSICC is presented. First, a SICC was studied and 
simulated on the Ansoft HFSS. The SICC was then bi-
sected into two parts to obtain the HMSICC, into four parts 
to obtain the QMSICC and into eight parts to obtain the 
wanted shape which is the EMSICC. Besides, the cavity 
was associated to bowtie-meander-shaped antenna forming 
the complete chipless tag. A very good agreement is ob-
tained between the results. The test of the chipless system 
validates our design and shows that a compact chipless tag 
is realized with a dimension area of (4.9 × 1.05) cm2, and 
a quality factor equal to 264. 

 

Chipless TAG based 
SIW 

Tag Size  
(mm2) 

Area of encoding 
cavity (mm2) 

Principle  
of Encoding 

Encoding 
technique 

Operation 
frequency (GHz) 

Substrate 
Thickness (mm) 

Rectangular cavity 
based tag [20] 

15 × 30 10.5×10.5 Air via Frequency shifting 10.5-11 1.524 

Rectangular cavity 
based tag [21] 

50 × 
108.5 46×46 Metalized via Frequency shifting 3.1-4.8 0.5 

EMSICC based tag 10.5 × 49 10.5 × 17 Air via and 
Metalized via Frequency shifting 5 – 8 0.8 

Tab. 2. Comparison between some RFID chipless tags   SIW based found in the literature 
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