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Abstract – The role of the orientation of the radio fre-
quency identification (RFID) reader is vital in the RFID-
based communication system. This study presents the
design and analysis of the impact of the orientation of
the RFID reader (angle of incidence of the plane wave)
on the detection and sensitivity characteristics of frac-
tal chipless RFID tags. Four fractal (irregular) shaped
tags are developed using four iterations of the Hilbert
curve filling algorithm. The full-wave EM analysis of
the designed tags in Matlab is performed by exporting
them in Computer Simulation Technologies Micro-Wave
Studio (CST MWS) in the frequency range of 2 to 20
GHz. Firstly, the performance of the tags is analyzed by
observing the radar cross-section (RCS) of the tag for
the fixed orientation of the incident plane wave in three
different polarizations (horizontal, vertical, and oblique).
Later, the variations in the EM spectrum (RCS results)
are analyzed for oblique polarization by varying the inci-
dence plane wave in both elevations (for two cases of
0◦ and 90◦) and azimuth planes (sweeping from 0◦ to
180◦ with a step size of 10◦). The analysis of the pro-
posed aggregated RCS response for all cases in oblique
polarization produces higher coding capacity (169 bits),
coding spatial capacity (16.504 bits/cm2), coding spec-
tral capacity (9.826 bits/GHz), and coding density (0.960
bits/GHz/cm2) for the realized highly irregular tag using
fourth-iteration (4T) of Hilbert curve filling algorithm.
The proposed procedure of detection based on aggre-
gated response makes the developed RFID communica-
tion system more secure and reliable.

Index Terms – Angle of incidence, chipless RFID, cod-
ing den, fractal tags, RFID readers.

I. INTRODUCTION
The popularity of chipless radio frequency identifi-

cation (RFID) tags has increased over the last decade.
Chipless RFID tags are the vital components of a wide
range of modern-day applications such as warehouse
inventory management, logistics, bio-medical, Internet
of Things (IoT), and document security [1–3].

Fig. 1. Analysis framework for different orientations
(angle of incidences of illuminating plane waveform of
RFID reader on Hilbert curve-based fractal tag).

The action of a chipless RFID tag is based on
the backscatter from the tag due to the incident signal
from the RFID reader. The RFID reader decodes the
features of the backscattered signal which leads to its
unique identification. The backscattered signal contains
the resonance frequency features (dips or notches) of the
tag which are analyzed using both time and frequency
domain techniques [4, 5]. Frequency domain tags use
the amplitude and phase of the reflected signal or radar
cross-section (RCS) of the tag for its characterization and
identification [3, 5–7].

Different resonance structures [3, 5, 8–10] of the
RFID tags are reported in the literature for different
applications. The conventional tag structures [3, 5, 8–
10], although providing good performance in terms of
coding density, lack in the development of a secure and
safe wireless communication system [11, 12]. The scat-
tered tag information could be intercepted and decoded
by predators.

Fractal chipless tags have emerged as a good solu-
tion to this problem as their resonance characteris-
tics cannot be easily interpreted by a conventional
RFID reader due to their inherent irregular structures
[7, 13–15]. The commonly reported techniques for the
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generation of fractal tags are fragmented loaded res-
onators [14], space-curve filling [12, 16–18], the game
of life theory [11], irregular natural geometries [7], and
shape-optimized fractal structures [19].

Space-filling curved (Peano and Hilbert curves)
based RFID tags have compact structures and offer
higher encoding densities which depend on the layout
of the curves [17]. The developed geometries have an
iterative nature and their planar structures offer the addi-
tional advantage of cheaper fabrication. Murad et al. [16]
developed Hilbert-curve antennas for RFID applications
at 2.4 GHz. The authors in [17] proposed RFID tags
based on the array of Peano and Hilbert curve elements.
Dual band Card-type Hilbert-curve fractal antenna for
high and ultra-high frequency range RFID applications
is reported in [15].

This study reports a detailed simulation of the
impact of the RFID reader orientation on the backscat-
tering of designed Hilbert curve-based fractal RFID tags.
Four different irregular-shaped RFID tags are developed
using the Hilbert curve filling algorithm in Matlab. The
designed tags are then imported into CST MWS using
the Matlab-CST API. The 3D geometries of the tags
with added FR4 substrate in CST are analyzed in the fre-
quency range of 2 to 20 GHz.

Each tag geometry is illuminated by a plane wave,
and its backscattered RCS responses are recorded for the
fixed and varying orientations of the illuminating plane
wave. For the fixed orientation, all tag RCS results are
analyzed in three different polarizations (horizontal, ver-
tical, and oblique). In the second case study analysis,
the incident plane wave angle of incidences is varied in
both the elevation and azimuth planes, and RCS results
are recorded for oblique polarization. Here two different
configurations of elevation plane angles, i.e. ϕ=0◦ and
ϕ = 90◦ are chosen for the analysis purpose. For each
configuration of elevation angle, the azimuth angle (θ )
is changed from 0◦ to 180◦, and RCS waveforms are
recorded for each case. Figure 1 illustrates the concept of
the different angles of incidence of a plane wave (mim-
icking the different orientations of the RFID reader) on
one of the designed fractal tags. Next, aggregated RCS
responses for both cases of elevation plane, i.e. ϕ = 0◦

(case 1) and ϕ = 90◦ (case 2) are considered to ana-
lyze the overall coding performance of tags in terms of
coding capacity (bits), coding spatial capacity (bits/cm2),
coding spectral capacity (bits/GHz), and coding density
(bits/GHz/cm2). The details of the design procedure, the
EM analysis of realized tags, and the analysis of the tags
for the configurations are given in the next sections.

Since there was no fabrication of the tags or exper-
imental validation of the simulation results, we used the
same numerical setup that was used in similar previous
papers [3, 7] where simulations were validated by exper-
imental results. This gave us confidence that our simula-

tion produces credible results. We intend to fabricate the
tags designed in this paper and experimentally validate
our results soon.

II. DESIGN OF FRACTAL TAGS
The Hilbert curve filling technique is used for

designing different irregular-shaped tags for the pro-
posed study. Four tags are designed using different itera-
tions of the Hilbert curve filling algorithm in MATLAB
and then are imported to CST MWS for full-wave EM
analysis. The details for the design and implementation
steps in MATLAB are as follows:

• CST-MATLAB application interface (API) is
installed on the system.

• Develop the Hilbert curve filling algorithm in MAT-
LAB.

• Design the different 2-dimensional (2D) tag shapes
in MATLAB by using the developed Hilbert curve
filling algorithm.

• Import the designed 2D image into CST MWS
using the integrated CST-MATLAB API.

After the first iteration (1T) of the Hilbert space-
curve filling, a 2D image is created in MATLAB.
Figure 2 (a) depicts the tag’s shape after the 1T of the
Hilbert curve filling algorithm. The 1T of the algorithm
produces only a rectangular-shaped tag.

The second (2T), third (3T), and fourth (4T) iter-
ations of the tag can also be generated, as shown in
Figs. 2 (b-d). We note from Figs. 2 (b-d) that the
tag shape becomes more irregular in each successive
iteration.

A. Simulation environment
The tags designed in MATLAB are imported into

CST MWS as a 3D shape using the CST-MATLAB API
for the full-wave EM analysis. The full pack of an API is
required for the successful interfacing of MATLAB and
CST.

Figure 2 depicts the 3D executed tags in CST with
the addition of the substrate behind the 2D tag geome-
try. Each 2D shape of the tag is placed on an FR4 sub-
strate of 32x32x1.6 mm. The 2D tag shape is assigned to
copper material with a thickness of 0.04 mm. The hori-
zontal, vertical, and oblique polarization electrical field
probes are placed in the far-field region at 140 mm. The
far-field distance (z) satisfies the condition of z>2D2/λ ,
where D depicts the size of the tag and λ refers to the
free-space wavelength at 20 GHz. These probes are used
to record the RCS of each tag for all analyzed cases of
angular reader orientations. The RCS analysis of all tags
is performed in the frequency range of 2-20 GHz.

Each tag geometry is illuminated with the incident
plane wave at different angles of incidence, mimicking
the angular nature of the reader. Figure 3 presents the
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(a) (b)

(c) (d)

Fig. 2. Designed CST and Matlab structure of applied Hilbert curve filling on the chipless RFID tags: (a) Tag 1 (1T),
(b) Tag 2 (2T), (c) Tag 3 (3T), and (d) Tag 4 (4T).

(a) (b) (c)

(d) (e) (f)

Fig. 3. Tag 1 (1T) with different angle of incidence of plane wave excitations: (a) ϕ = 0◦,α = 0◦, and θ = 0◦; (b)
ϕ = 0◦ α = 0◦, and θ = 50◦; (c) ϕ = 0◦,α = 0◦, and θ = 150◦; (d) ϕ = 90◦,α = 0◦, and θ = 0◦; (e) ϕ = 90◦,α = 0◦,
and θ = 50◦; (f) ϕ = 90◦, α = 0◦, and θ = 140◦[11].
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selective cases of the different angles of incidence of the
angular reader for Tag 1 [11]. Figure 3 (a) refers to the
plane wave excitation with ϕ=0◦, α=0◦, and θ=0◦ which
represents the case of zero elevation and azimuth angles
of the RID reader. The cases of change in azimuth
angles to 50◦ and 150◦ of the RFID readers are shown
in Figs. 3 (b-c) with the fixed elevation orientation of
0◦. Figures 3 (d-f) show the simulation environment with
a fixed elevation angle of 90◦ for plane wave excitation
(reader orientation) with the change in azimuth angles to
0◦, 50◦, and 140◦, respectively.

The incident plane wave elevation angle (ϕ) of the
angular reader is chosen to be 0o and 90o for this study.
For each elevation angle, the value of the azimuth angle
(θ ) of the incident plane wave is changed from 0o to 180o

with a 10o step size, as illustrated in Fig. 1 and some
selective cases in Fig. 3. The incident elevation angle (ϕ)
configurations of 0o and 90o are referred to as case 1
and case 2 for brevity in the onward discussion. Table 1
summarizes the analyzed reader orientation cases.

Table 1: Analysis cases of angular reader orientations
Reader Orientation

Case # 1 ϕ = 0◦,α = 0◦, and θ = 0−180◦ (10◦ step )
Case # 2 ϕ = 90◦,α = 0◦, and θ = 0−180◦ (10◦ step )

The current distribution and RCS results are
recorded and analyzed for each case of RFID reader
incident angle for horizontal (HH), vertical (VV), and
oblique polarization for the four different realized tags
of Fig. 2 for each θ and ϕ combination.

III. ANALYSIS OF REALIZED TAGS WITH
FIXED READER ORIENTATION

An RFID reader is a wireless transceiver that reads
a code printed on a tag. The reader does not have to scan
the tag directly or have a line of sight with it. How-
ever, the tag must be within the readers’ range (typi-
cally 10-100 m) to be successfully read. The reader is
a transceiver that utilizes an antenna to emit radiofre-
quency. There is no integrated circuit on a chipless
tag. Instead, a unique pattern is printed or engraved on
the tag. This pattern (code) is usually made by metal-
lization on a dielectric (substrate). Thus, the metalliza-
tion reflects the RF energy to the reader, which is pro-
grammed to identify the unique pattern. In this work, we
study backscattered, frequency-domain, chipless RFID
tags designed using Hilbert curve-based metallization.
Specifically, we are studying the effect of RFID reader
angular orientation on the encoding capacity of the tag.
The analysis is performed for both fixed and angular
rotations of the RFID reader.

First, the analysis of the different realized tags is per-
formed in terms of their current distribution and RCS
results for the three different polarizations (horizontal,
vertical, and oblique) for the fixed reader orientation.
The excitation plane wave is incident at fixed angles (H
[horizontal]= ϕ = 0◦, α = 0◦, and θ = 0◦, V [vertical]=
ϕ = 0◦, α = 90◦, and θ = 0◦, Ob [oblique]= ϕ = 0◦,
α = 0◦, and θ = 45◦) and the results for each tag are
analyzed.

A. Surface current distribution analysis
Figures 4 (a-d) depict how the current distribution

changes as the tag structure changes in horizontal polar-
ization. These results correspond to Tag 1, Tag 2, Tag
3, and Tag 4 at resonance frequencies of 4.25 GHz,
8.16 GHz, 8.25 GHz, and 8.16 GHz, respectively. The
RCS peaks can be easily identified by considering the
noise level. The used level of noise is around 5-10 dB,
which is the difference between the lowest RCS value
and the highest RCS value of resonant frequency. With
the change in the fractal geometry, we observe signifi-
cant variations in the spreading of the current around the
metallic structures of the tag. The change of the irreg-
ular copper shape of the tag with each successive itera-
tion of the Hilbert curve filling algorithm brings out the
variations in the resonance characteristics of each tag, as
evident from the results of Figs. 5 (a-d) for the fixed hor-
izontal polarization for all tags.

The red color, which represents highly concentrated
surface current areas, shows the most exciting parts of
the tags at the selected frequencies. The metallic islands
of the tags resonate at different frequencies depending on
their size compared to the wavelength. The change in the
tag’s metallic structure varies its electrical size and thus
changes its resonance characteristics. The observed max-
imum value of current Jmax (corresponding to red color)
is 0.114 A/m, 0.060 A/m, 0.106 A/m, and 0.275 A/m for
Tag 1, Tag 2, Tag 3, and Tag 4, respectively, at their men-
tioned unique resonance frequencies.

The change in polarization significantly impacts the
current distribution around the metallic islands of the
fractal tags. This is observed when the tag’s current dis-
tributions are analyzed for vertical and oblique polariza-
tion under the same settings as the incident plane wave.
Figures 5 (e-h) illustrate the current distribution of the
realized four tags for vertical polarization. The resonance
frequencies of all tags changed to 6.9 GHz (1T), 7.85
GHz (2T), 19.42 GHz (3T), and 6.23 GHz (4T).

A similar observation in the tag’s current distribu-
tion characteristics is observed for the oblique polariza-
tion. The results for the oblique polarization are depicted
in Figs. 4 (i-l). The comparison of oblique polarization
results with earlier cases confirms that the realized fractal
tags are sensitive to polarization changes even with the
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B. RCS analysis 

The RCS results of the four tags are analyzed for the 

three horizontal, vertical, and oblique polarizations for 

the fixed angle of the illuminating plane wave. Figure 5 

shows the obtained results of Tag 1, Tag 2, Tag 3, and 

Tag 4, respectively, in the three analyzed polarizations. 

The resonance frequencies of each tag can be observed 

from the dips in the respective waveform results  

Tag 1 (1T) Tag 2 (2T) Tag 3 (3T) Tag 4 (4T) 

Horizontal Polarization 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Vertical Polarization 

 
(e) 

 
(f) 
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(h) 

Oblique Polarization 
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Figure 4. Surface current distribution of realized chipless RFID tags (Tag 1, Tag 2, Tag 3, and Tag 4) of Fig. 2 with the plane 

wave illumination angle of α=0. (a) Horizontal polarization: 1T at f=4.25 GHz, Jmax=0.114 A/m; (b) Horizontal polarization: 

2T at f=8.16 GHz, Jmax=0.060 A/m; (c) Horizontal polarization: 3T at f=8.25 GHz, Jmax=0.106 A/m; (d) Horizontal polarization: 

4T at f=8.16 GHz, Jmax=0.275 A/m, (e) Vertical polarization: 1T at f=6.9 GHz, Jmax=0.038 A/m; (f) Vertical polarization: 2T 

at f=7.85 GHz, Jmax=0.064 A/m; (g) Vertical polarization: 3T at f=19.42 GHz, Jmax=0.042 A/m; (h) Vertical polarization: 4T at 

f=6.23 GHz, Jmax=0.216 A/m, (i) Oblique polarization: 1T at f=8.41 GHz, Jmax=0.038 A/m; (j) Oblique polarization: 2T at 

f=9.00 GHz, Jmax=0.041 A/m; (k) Oblique polarization: 3T at f=19.19 GHz, Jmax=0.030 A/m; (l) Oblique polarization: 4T at 

f=18.78 GHz, Jmax=0.041 A/m. 

 

Fig. 4. Surface current distribution of realized chipless RFID tags (Tag 1, Tag 2, Tag 3, and Tag 4) of Fig. 2 with the
plane wave illumination angle of α = 0◦. (a) Horizontal polarization: 1T at f = 4.25 GHz, Jmax = 0.114 A/m; (b)
Horizontal polarization: 2T at f = 8.16 GHz, Jmax = 0.060 A/m; (c) Horizontal polarization: 3T at f= 8.25 GHz, Jmax
= 0.106 A/m; (d) Horizontal polarization: 4T at f = 8.16 GHz, Jmax = 0.275 A/m, (e) Vertical polarization: 1T at f =
6.9 GHz, Jmax = 0.038 A/m; (f) Vertical polarization: 2T at f = 7.85 GHz, Jmax = 0.064 A/m; (g) Vertical polarization:
3T at f = 19.42 GHz, Jmax = 0.042 A/m; (h) Vertical polarization: 4T at f = 6.23 GHz, Jmax = 0.216 A/m, (i) Oblique
polarization: 1T at f=8.41 GHz, Jmax = 0.038 A/m; (j) Oblique polarization: 2T at f=9.00 GHz, Jmax = 0.041 A/m;
(k) Oblique polarization: 3T at f = 19.19 GHz, Jmax = 0.030 A/m; (l) Oblique polarization: 4T at f=18.78 GHz, Jmax
= 0.041 A/m.

fixed angle of incidence of the plane wave for all tags.
Therefore, the significant changes in the resonance char-
acteristics of the tag for each polarization increase the
coding density of the tags.

B. RCS analysis
The RCS results of the four tags are analyzed for the

three horizontal, vertical, and oblique polarizations for
the fixed angle of the illuminating plane wave. Figure 5
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horizontal (HH), vertical (VV), and oblique (Ob) 

polarizations. We observe that Tag 1 (1T) has resonance 

frequencies of 4.25 GHz, 6.43 GHz, 8.3 GHz, and 12.4 

GHz in horizontal polarization; 6.90 GHz and 11.34 GHz 

in vertical polarization; and 4.34 GHz, 3.85 GHz, 6.48 

GHz, and 8.41 GHz in oblique polarization, respectively. 

The difference in resonance characteristics in different 

polarizations is due to the change in the current 

distribution of the tags, as shown in Figs. 4 (a,e,i), 

respectively, for Tag 1. The performance of each tag is 

also analyzed in terms of the coding capacity (bits), 

coding spatial capacity (bits/cm2), coding spectral 

capacity (bits/GHz), and coding density (bits/GHz x 

cm2) of the tag. 

For the fixed orientation case, the coding capacity is 

computed by adding all the resonant frequencies (dips in 

the analyzed RCS spectrum) for all polarizations 

(horizontal [HH] + vertical [VV] + oblique [Ob]) for the 

analyzed fixed orientation of the reader as shown in (1): 

 

𝐶𝑜𝑑𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑓𝑖𝑥𝑒𝑑 𝑜𝑟𝑖𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛

= ∑ 𝐴𝑙𝑙 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑖𝑒𝑠 (𝐻𝐻 + 𝑉𝑉 + 𝑂𝑏) . (1)
 

Figure 5 (a) shows that for Tag 1, there are 4, 2, and 

4 resonance frequencies in the HH, VV, and Ob 

polarizations, respectively, resulting in a coding capacity 

of 10 bits for the analyzed frequency range. The coding 

spatial capacity is computed by dividing the coding 

capacity by the tag area, as depicted in (2): 

 

𝐶𝑜𝑑𝑖𝑛𝑔 𝑆𝑝𝑎𝑡𝑖𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
𝐶𝑜𝑑𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑇𝑎𝑔 𝐴𝑟𝑒𝑎 (𝑐𝑚2)
 . (2) 

 The coding spatial capacity for Tag 1 comes out to 

be 0.997 bits/cm2 (10/10.24). The division of coding 

capacity by the investigated frequency spectrum of dips 

(resonance frequencies) produces the coding spectral 

capacity (see (3)): 

 

𝐶𝑜𝑑𝑖𝑛𝑔 𝑆𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
𝐶𝑜𝑑𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝐺𝐻𝑧
 , (3) 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5. RCS results of realized chipless RFID tags with the plane wave illumination angle of α=0o: (a) 1T, (b) 2T, 

(c) 3T, and (d) 4T. 
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Fig. 5. RCS results of realized chipless RFID tags with the plane wave illumination angle of α=0o: (a) 1T, (b) 2T, (c)
3T, and (d) 4T.

shows the obtained results of Tag 1, Tag 2, Tag 3, and
Tag 4, respectively, in the three analyzed polarizations.
The resonance frequencies of each tag can be observed
from the dips in the respective waveform results horizon-
tal (HH), vertical (VV), and oblique (Ob) polarizations.
We observe that Tag 1 (1T) has resonance frequencies of
4.25 GHz, 6.43 GHz, 8.3 GHz, and 12.4 GHz in hor-
izontal polarization; 6.90 GHz and 11.34 GHz in ver-
tical polarization; and 4.34 GHz, 3.85 GHz, 6.48 GHz,
and 8.41 GHz in oblique polarization, respectively. The
difference in resonance characteristics in different polar-
izations is due to the change in the current distribution
of the tags, as shown in Figs. 4 (a,e,i), respectively, for

Tag 1. The performance of each tag is also analyzed in
terms of the coding capacity (bits), coding spatial capac-
ity (bits/cm2), coding spectral capacity (bits/GHz), and
coding density (bits/GHz x cm2) of the tag.

For the fixed orientation case, the coding capacity is
computed by adding all the resonant frequencies (dips in
the analyzed RCS spectrum) for all polarizations (hori-
zontal [HH] + vertical [VV] + oblique [Ob]) for the ana-
lyzed fixed orientation of the reader as shown in (1):

Coding Capacity f ixed orientation

= ∑All resonance f requencies (HH +VV +Ob).
(1)
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Table 2: Resonance frequency (in GHz) of characteristics of realized chipless RFID tags of Fig. 1 for fixed orientation
of RFID reader

Polarization
Tag # HH VV Ob

1 4.25, 6.43, 8.3, 12.4 6.90, 11.34 4.34, 3.85, 6.48, 8.41
2 3.21, 5.26, 6.32, 8.16, 11 5.26, 6.36, 7.24, 7.85 3.22, 5.26, 6.27, 9.00, 11.14, 14.80, 17.08
3 6.97, 8.25, 9.13, 9.83, 10.41,

15.27, 15.77, 17.71
2.83, 3.76, 4.74, 5.92,

6.99, 11.77, 19.42, 17.97
6.36, 7.10, 7.36, 8.41, 9.36, 9.94, 14.6, 16.08,

19.19
4 4.21, 4.64, 5.20, 6.55, 6.97,

7.96, 8.16, 10.57, 11.90, 16.09
4.23, 6.23, 6.54, 8.23,

9.13, 15.99
4.27, 7.11, 8.10, 9.06, 9.99, 10.84, 11.86,

12.91, 16.09, 18.78

Figure 5 (a) shows that for Tag 1, there are 4, 2,
and 4 resonance frequencies in the HH, VV, and Ob
polarizations, respectively, resulting in a coding capac-
ity of 10 bits for the analyzed frequency range. The cod-
ing spatial capacity is computed by dividing the coding
capacity by the tag area, as depicted in (2):

Coding Spatial Capacity =
Coding Capacity
Tag Area (cm2)

. (2)

The coding spatial capacity for Tag 1 comes out
to be 0.997 bits/cm2 (10/10.24). The division of cod-
ing capacity by the investigated frequency spectrum of
dips (resonance frequencies) produces the coding spec-
tral capacity (see (3)):

Coding Spectral Capacity =
Coding Capacity

GHz
, (3)

Coding Density =
Coding Capacity

GHz×Tag Area (cm2)
. (4)

The spectral range of resonance dips for Tag 1 is
from 3.85 GHz to 12.4 GHz. Therefore, the coding spec-
tral capacity becomes 1.170 bits/GHz (10/8.55). Lastly,
with the help of (4), coding density can be calculated at
0.114 bits/GHz x cm2 (10/8.55x10.24) for Tag 1.

The results of Tag 2 are depicted in Fig. 5 (b). The
observed resonances for this case are 3.21 GHz, 5.26
GHz, 6.32 GHz, 8.16 GHz, and 11 GHz in horizontal
polarization; 5.26 GHz, 6.36 GHz, 7.24 GHz, and 7.85
GHz in vertical polarization; and 3.22 GHz, 5.26 GHz,
6.27 GHz, 9.00 GHz, 11.14 GHz, 14.80 GHz, and 17.08
GHz in oblique polarization, respectively. We notice that
the change in the tag metallic geometry with the second
iteration brings a notable change in the resonance prop-
erties of the tag. Also, it is observed that 2T has more
unique resonance frequencies as compared to 1T, which
increases its coding capacity to 16 bits as to the 10 bits of
the 1T tag. Similar observations regarding the enhanced
coding capacities of Tags 3 and 4 can be made from the
increased number of resonances in their RCS results in
Figs. 4 (c) and (d), respectively. Table 1 summarizes the
resonance frequency of all four tags in Fig. 5.

The comparison of different characteristics of the
realized tags in terms of coding capacity (bits), cod-
ing spatial capacity (bits/cm2), coding spectral capac-

ity (bits/GHz), and coding density (bits/GHz x cm2) is
given in Table 1. We observe that Tag 3 exhibits a cod-
ing capacity of 25 bits in the resonance frequency range
of 2.83-19.42 GHz. The resonance frequency range of
the most complex shape Tag 4 is 4.21-18.78 GHz with
the highest coding capacity of 26 bits. Tag 4 also has
the highest values of coding spatial capacity (2.539
bits/cm2), coding spectral capacity (1.784 bits/GHz), and
coding density (0.174 bits/GHz x cm2). These results
infer that the increase in the number of iterations of the
Hilbert curve filling algorithm makes the tag structure
more irregular and thus increases its overall coding prop-
erties as compared to earlier iteration tags.

IV. ANALYSIS OF REALIZED TAGS WITH
DIFFERENT READER ORIENTATION
The second case study is the investigation of the res-

onance and coding properties of the four realized tags
in oblique polarization with the change in the horizontal
angle (theta) of an incident plane wave in the range of
0-180◦ for two different cases in Table 1. At first (case
1), angles phi (ϕ) and alpha (α) are fixed at zero degrees
(0◦), and theta (θ ) takes values from 0◦ to 180◦. For case
2, ϕ and α take the values of 90◦ and 0◦ while θ is varied
as before.

As with the results for the fixed orientation of the
RFID reader in Section III, current distribution and RCS
results are analyzed for the four investigated tags with
the different outlined orientations of the incident plane
wave in oblique polarization.

A. Surface current distribution analysis
The RFID reader orientation, like polarization, plays

an important role. The current distribution results of the
four realized tags for two selectively different orienta-
tions of the RFID reader (orientations of the incident
plane wave) are depicted in Fig. 6.

Figures 6 (a) and (b) show the surface current distri-
bution of Tag 1 for illuminating plane wave orientations
ϕ = 0◦/θ = 150◦ and ϕ = 90◦/θ = 180◦, respectively.
Figure 6 (a) shows the result at the resonance frequency
of 12.96 GHz with a maximum current value of 0.031
A/m. The change of the incident plane wave elevation
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Table 3: Comparison of different characteristics of the realized four iterations of Hilbert curve filling
Tag
#

Iteration Frequency
Range (GHz)

Coding
Capacity (bits)

Coding Spatial
Capacity (bits/cm2)

Coding Spectral
Capacity (bits/GHz)

Coding Density
(bits/GHz*cm2)

1 1T 3.85-12.4 10 0.977 1.170 0.114
2 2T 3.21-17.08 16 1.563 1.154 0.113
3 3T 2.83-19.42 25 2.441 1.507 0.147
4 4T 4.21-18.78 26 2.539 1.784 0.174

(a) (c) (e) (g)

(b) (d) (f) (h)

Fig. 6. The surface current distribution of four iterations of tags of Fig. 2 with the plane wave illumination angle of
α = 0◦. (a) 1T at 12.96 GHz: ϕ = 0◦ and θ = 150◦, Jmax =0.031 A/m; (b) 1T at 2.13 GHz: ϕ = 90◦ and θ = 180◦,
Jmax = 0.012 A/m; (c) 2T at 2.13 GHz: ϕ = 0◦ and θ = 90◦, Jmax = 0.032 A/m; (d) 2T at 13.41 GHz: ϕ = 90◦ and
θ = 180◦, Jmax = 0.031 A/m; (e) 3T at 2.07 GHz: ϕ = 0◦ and θ = 180◦, Jmax = 0.026 A/m; (f) 3T at 3.75 GHz:
ϕ = 90◦ and θ = 140◦, Jmax = 0.022 A/m; (g) 4T at 6.10 GHz: ϕ = 0◦ and θ = 180◦, Jmax =0.078 A/m; (h) 4T at
10.33 GHz: ϕ = 90◦ and θ = 180◦, Jmax =0.050 A/m.

angle to 90◦ and azimuth angle to 180◦ changes the res-
onance frequency of the tag to 2.13 GHz.

Figures 6 (c) and (d) represent the distributed cur-
rent results of the 2T tag (Tag 2). Tag 2 exhibits the reso-
nance frequency of 2.13 GHz for the plane wave having
ϕ=0◦ and θ=90◦, as depicted in Fig. 6 (c). It changes
to 13.41 GHz when the reader is oriented to the posi-
tions of ϕ=90◦ and θ=180◦, as shown in the changed
pattern of the distributed current of Tag 2 in Fig. 6 (d).
The comparison of the surface current distribution of the
four tags in Figs. 6 (a-h) reveal significant variation with
different orientations of the incident plane wave. Also,

we can notice that the metallic shape of the tag impacts
the induced current on the structure and thus produces
a unique backscattered response for each tag, even for a
fixed reader orientation.

B. RCS analysis
Figure 7 shows the RCS results of Tag 1 in oblique

polarization for the two defined cases of elevation angles.
The RCS results of the 1T tag for an incident plane
wave with ϕ = 0◦ and a change in azimuth angle from
0-180◦ with a step size of 10◦ are shown in Figs. 7 (a-
c), respectively. The plane wave orientation of ϕ = 0◦,
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(a) (b) (c)

(d) (e) (f)

Fig. 7. RCS results of Tag 1 (1T) for oblique polarization with α = 0◦: (a) ϕ = 0◦, θ = 0-50◦; (b) ϕ = 0◦, θ =
60-110◦; (c) ϕ = 0◦, θ = 110-180◦; (d) ϕ = 90◦, θ = 0-50◦; (e) ϕ = 90◦, θ = 60-110◦; (f) ϕ = 90◦, θ = 110-180◦.

Table 4: Resonance frequency characteristics of Tag 1 (1T) for different angle of incidence of plane wave excitation
in azimuth range for ϕ=90◦

Theta Resonance Frequencies
(GHz)

# of Resonance
Frequencies Theta Resonance Frequencies (GHz) # of Resonance

Frequencies
0◦ 4.25,6.45,8.30 3 100◦ 4.25,6.43,8.39 3

10◦
4.27,6.45,8.26,

12.57,19.26 5 110◦ 4.23,6.41,8.41,12.42 4

20◦
4.29,6.45,8.28,

12.69 4 120◦ 4.21,6.41,8.44,12.51 4

30◦ 4.30,6.46,8.30 3 130◦ 4.21,6.43,8.44,12.71,17.03 5
40◦ 4.322,6.5,8.354 3 140◦ 4.20,8.44,13.11,17.08 4
50◦ 4.34,6.48,8.66 3 150◦ 4.16,8.44,12.96,17.12 4
60◦ 4.41,8.86,19.59 3 160◦ 4.12,8.44,16.31 4
70◦ 4.68,6.59,9.00 3 170◦ 3.40,3.82,8.43,16.78 6
80◦ 5.11,5.58,9.18 3 180◦ 2.18,2.58,2.99,6.30,13.16,16.76 4
90◦ 2.20,2.61,3.03 3 4

θ = 0◦ produces three significant resonance dips at 4.25
GHz, 6.45 GHz, and 8.30 GHz, respectively. The reso-
nance frequencies change to 4.27 GHz, 6.45 GHz, 8.26
GHz, 12.57 GHz, and 19.26 GHz when θ is changed to
10◦, as shown in Fig. 6 (a). Table 4 lists all significant
resonances of Figs. 7 (a-c) waveforms for the complete
sweep of azimuth angles with elevation angle (ϕ)=0◦.

The heights of the resonances are recorded for the
azimuth angles of 10◦ (5), 130◦ (5), and 180◦ (6). The
metallic islands of the realized fractal tags are sensitive
to the angle of incidence of the illuminating plane wave
and thus show different resonance behavior even for a

slight change in the orientation in the sweep range of the
azimuth plane. The angular coding capacity for this case
is computed using (5):

All resonance frequencies in oblique polarizations
are added together for all different orientations of the
reader (i.e. change in α , ϕ , θ ). The coding spatial capac-
ity, spectral capacity, and coding densities are calculated
using (2)-(4). For this study, the focus is to demonstrate
the proof-of-concept of the angular nature of the RFID
reader on its detection performance. For the sake of sim-
plicity, we assumed that angular encoding status was
independent in this study. The coding capacity represent-
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Table 5: Resonance frequency characteristics of Tag 1 (1T) for different angles of incidence of plane wave excitation
in azimuth range for ϕ = 90◦

Theta Resonance Frequencies (GHz) # of Resonance
Frequencies

Theta Resonance Frequencies
(GHz)

# of Resonance
Frequencies

0◦ 6.90, 11.34, 15.91, 2.22 4 100◦ 6.90 2
10◦ 6.91, 11.36, 2.22 3 110◦ 6.91 1
20◦ 6.90, 2.22 2 120◦ 2.22, 6.90, 15.45 3
30◦ 2.22, 6.91, 15.41 3 130◦ 2.22, 11.13, 15.88 3
40◦ 2.22, 11.11, 15.88 3 140◦ 2.23, 11.16 2
50◦ 2.23, 11.14, 15.97 3 150◦ 2.23, 11.18, 18.36 3
60◦ 2.13, 2.38, 2.63, 2.88, 3.13,

3.40, 3.66, 3.93, 6.41, 9.25,
10.66, 13.39

12 160◦ 2.23, 11.20 2

70◦ 2.23, 11.20 2 170◦ 2.23, 2.58, 11.20, 15.43 4
80◦ 2.23, 2.58, 11.20, 15.43 4 180◦ 2.09, 2.56, 2.77, 3.01,

3.22, 3.46, 3.67, 3.91,
4.16, 4.41, 4.65, 4.86,

5.11, 11.56, 15.79

15

90◦ 2.09, 2.56, 2.77, 3.01, 3.22,
3.46, 3.67, 3.91, 4.16, 4.41,

4.65, 4.86, 11.56, 15.79

14

ing the total number of resonance dips for this case is 70
bits, which produces the coding spatial capacity of 6.836
bits/cm2.

Coding Capacity angular =
360◦

∑
θ=0◦

360◦

∑
ϕ=0◦

360◦

∑
α=0◦

All Resonance Frequencies (Oblique (Ob)). (5)

The RCS waveforms of the same tag in oblique
polarization for the second case of zapping plane wave
elevation angle, i.e., ϕ=90◦ are depicted in Figs. 7 (d-
f). For the θ = 0◦ orientation of the plane wave, the
observed resonance frequencies are 6.90 GHz, 11.34
GHz, 15.91 GHz, and 2.22 GHz which are different
when compared to the same case resonance of ϕ = 0◦.
Similar observations can be made for the other cases of
the azimuth angle by comparing the respective wave-
forms for each case in Fig. 7. The summary of the res-
onance frequencies for this case is given in Table 5. A
larger number of resonances are obtained when the tag is
excited with an incident plane wave with azimuth angles
of 60◦ (12), 90◦ (14), and 180◦ (15). The total number of
resonances for the complete azimuth sweep with ϕ = 90◦

is 85. The computed coding spatial capacity for this case
is 8.301 bits/cm2, which is higher than the first case, i.e.,
ϕ = 0◦.

Figure 8 illustrates the RCS waveforms of Tag 2 for
the two analyzed cases of elevation angles. The first case
results with ϕ = 0◦, and the change in θ is depicted in
Figs. 8 (a-c). The observed resonance frequencies of the
θ = 0◦ waveform in Fig. 8 (a) are 3.21 GHz, 5.26 GHz,

6.32 GHz, 8.16 GHz, and 11 GHz. These frequencies
change to 3.24 GHz, 5.29 GHz, 6.34 GHz, 8.36 GHz,
and 11 GHz when the incident plane wave is oriented to
ϕ = 0◦ and θ = 10◦. Table 6 lists all resonance frequen-
cies for Figs. 8 (a-c) waveforms. We can observe from
Table 6 that the number and location of the resonance
dip change with the variation in the incident plane wave
orientations from θ = 0◦ to θ = 180◦ with a fixed ϕ = 0◦.
The illuminating plane wave orientations of θ = 90◦ and
θ = 180◦ produce maximum resonances of the metallic
tag structures. The coding capacity for this first analyzed
case of Tag 2 is 103 bits, which makes the coding spatial
capacity 10.059 bits/cm2.

Table 7 summarizes all observed resonance fre-
quencies for Tag 2’s second analyzed configuration i.e.,
ϕ=90◦ and sweeping of azimuth angle from 0◦ to 180◦.
Figures 8 (d-f) show the waveforms of the Table 6
results. The observed number of resonance frequencies
when Tag 2 is illuminated with an incident plane wave of
ϕ=90◦ and θ=0◦ is four (5.24 GHz, 6.36 GHz, 7.24 GHz,
and 7.83 GHz). A total of nine resonance frequencies are
noted for the case of θ=90◦, θ=170◦, and θ=180◦ for
this case. The observed number of resonance frequen-
cies for these three cases of θ=90◦, θ=170◦, and θ=180◦

is the highest in the complete sweep of azimuth angles.
The coding capacity and coding spatial capacity for this
second case of Tag 2 are 106 bits and 10.352 bits/cm2,
which are higher than case 1 of the same tag. It is noted
that as the Tag 2 geometry is more irregular as compared
to the Tag 1 geometry, a higher number of resonances
and thus higher coding capacity are observed for Tag 2.
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(a) (b) (c)

(d) (e) (f)

Fig. 8. RCS results of Tag 2 (2T) for oblique polarization with α = 0◦: (a) ϕ = 0◦, θ = 0-50◦; (b) ϕ = 0◦, θ =
60-110◦; (c) ϕ = 0◦, θ = 110-180◦; (d) ϕ = 90◦, θ = 0-50◦; (e) ϕ = 90◦, θ = 60-110◦; (f) ϕ = 90◦, θ = 110-180◦.

Table 6: Resonance frequency characteristics of Tag 2 for different angles of incidence of plane wave excitation in
azimuth range for ϕ=0◦

Theta Resonance Frequencies (GHz) # of
Resonance

Frequencies

Theta Resonance Frequencies (GHz) # of
Resonance

Frequencies
0◦ 3.21, 5.26, 6.32, 8.16, 11 5 100◦ 3.21, 5.26, 8.08 3

10◦ 3.24, 5.29, 6.34, 8.36, 11 5 110◦ 3.21, 5.26, 7.99 3
20◦ 3.22, 5.26, 6.28, 11.02, 17.52 5 120◦ 3.21, 5.26, 7.92, 15.68, 17.79 5
30◦ 3.22, 5.26, 6.27, 8.73, 11.09,

14.31
6 130◦ 3.21, 5.26, 7.87, 14.10, 15.93 5

40◦ 3.22, 5.26, 6.27, 8.80, 11.14,
14.74

6 140◦ 3.21, 5.28, 7.81, 14.49, 15.91 5

50◦ 3.22, 5.26, 6.27, 9.00, 11.16,
14.85, 16.92

7 150◦ 3.19, 5.29, 7.74, 14.60, 15.84 5

60◦ 3.22, 5.24, 6.25, 9.06, 14.89,
16.35

6 160◦ 3.17, 5.29,7.63, 14.65, 15.75 5

70◦ 3.22, 5.26, 6.23, 9.04, 14.64,
16.15

6 170◦ 3.17, 5.31, 6.57, 7.06, 7.38,
14.67, 15.73

7

80◦ 3.24, 5.28, 6.19, 9.07, 14.11 5 180◦ 2.18,2.50, 2.83, 3.60, 5.53,
12.35, 14.83, 15.90, 17.30

9

90◦ 2.22, 2.56, 2.88, 3.46,9.29 5

Figures 9 and 10 show the RCS waveforms for
both cases of elevation angle for Tags 3 and 4, respec-
tively. The variations in the resonance characteristics of
both tags could be noted by comparing the results of

successive orientations. Tag 3 has six resonances at 6.97
GHz, 8.25 GHz, 9.13 GHz, 9.81 GHz, 10.39 GHz, and
15.28 GHz for ϕ = 90◦ and θ = 0◦ incident plane wave
orientation. While six dips at 6.55 GHz, 6.99 GHz, 8.17
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Table 7: Resonance frequency characteristics of Tag 2 for different angles of incidence of plane wave excitation in
azimuth range for ϕ=90◦

Theta Resonance Frequencies
(GHz)

# of Resonance
Frequencies

Theta Resonance Frequencies
(GHz)

# of Resonance
Frequencies

0◦ 5.24, 6.36, 7.24, 7.83 4 100◦ 5.26, 7.22, 7.89 3
10◦ 5.26, 7.24, 7.81 3 110◦ 6.34, 7.22, 7.98 3
20◦ 5.26, 7.80, 17.46, 19.37 4 120◦ 5.24, 6.32, 8.03, 17.37 4
30◦ 5.26, 7.78, 13.20, 16.11,

18.74
5 130◦ 5.26, 6.34, 8.10, 12.98,

16.11,19.95
6

40◦ 5.28, 7.79, 13.52, 16.22 4 140◦ 4.65, 5.24, 6.32,
8.17,13.27, 14.20, 16.17

7

50◦ 5.28, 7.80, 13.59, 16.31,
19.48

5 150◦ 4.65, 5.24, 6.30, 8.21,
9.78, 11.32, 13.32

7

60◦ 5.29, 7.00, 7.80, 16.51,
17.41

5 160◦ 2.11, 4.65, 5.22, 6.28,
8.26, 9.85, 13.34, 14.29

8

70◦ 2.13, 5.29, 7.00, 7.78, 13.88,
15.57

6 170◦ 2.13, 4.65, 5.20, 6.28,
8.34, 10.14, 11.34, 13.34,

14.29

9

80◦ 2.13, 5.13, 7.00, 9.61, 14.04 5 180◦ 2.70, 2.95, 3.28, 5.01,
6.16, 8.89, 13.41,16.13,

18.07

9

90◦ 2.47, 2.70, 2.95, 3.40, 4.95,
7.17, 8.97, 10.26, 14.17

9

(a) (b) (c)

(d) (e) (f)

Fig. 9. RCS results of Tag 3 (3T) for oblique polarization with α=0◦: (a) ϕ=0◦, θ=0-50◦; (b) ϕ=0◦, θ=60-110◦; (c)
ϕ=0◦, θ=110-180◦; (d) ϕ=90◦, θ=0-50◦; (e) ϕ=90◦, θ=60-110◦; (f) ϕ=90◦, θ=110-180◦.
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(a) (b) (c)

(d) (e) (f)

Fig. 10. RCS results of Tag 4 (4T) for oblique polarization with α = 0◦ : (a) ϕ = 0◦,θ = 0−50◦; (b) ϕ = 0◦,θ = 60−
110◦; (c) ϕ = 0◦, θ = 110−180◦; (d) ϕ = 90◦,θ = 0−50◦; (e) ϕ = 90◦,θ = 60−110◦; (f) ϕ = 90◦,θ = 110−180◦.

Table 8: Comparison between the four realized chipless tags for two different cases of oblique polarization
# Tag Frequency

Range (GHz)
Coding

Capacity
(bits)

Coding Spatial Capacity
(bits/cm2)

Coding Spectral
Capacity (bits/GHz)

Coding Density
(bits/GHz x cm2)

1-case 1 2.18-19.59 70 6.836 4.021 0.393
1-case 2 2.09-18.36 85 8.301 5.224 0.510
2-case 1 2.18-17.79 103 10.059 6.598 0.644
2-case 2 2.11-19.95 106 10.352 5.942 0.580
3-case 1 2.07-18.78 113 11.035 6.762 0.660
3-case 2 2.13-19.21 167 16.309 9.778 0.945
4-case 1 2.04-19.10 138 13.477 8.089 0.790
4-case 2 2.04-19.24 169 16.504 9.826 0.960

GHz, 10.55 GHz, 16.09 GHz, and 18.34 GHz in the
RCS waveform of Tag 4 are observed for the same case
as shown in Fig. 10 (a). As for Tag 2, the maximum
number of resonances in RCS waveforms is noted for
the zapping plane wave orientation of θ=180◦ for both
configurations of elevation angle for both Tags 3 and 4,
respectively. The tabular summaries of Figs. 9 and 10
results as in Tables 4–8 are not reported here for brevity.
Table 8 presents the comparison of the performance of all
analyzed tags for both cases of elevation angles (ϕ=0◦

for case 1 and ϕ=90◦ for case 2) in terms of their fre-
quency range of the resonance spectrum, coding capacity
(bits), coding spatial capacity (bits/cm2), coding spec-

tral capacity (bits/GHz), and coding density (bits/GHz
x cm2).

The coding capacities for Tags 3 and 4 are 113 bits
and 167 bits and 138 bits and 169 bits for case 1 and case
2, respectively. It is observed that, as expected, the higher
the irregularity in tag geometry, the higher the coding
density. The highest coding capacity of 169 bits is noted
for case 2 of Tag 4. The spectrum range of 2.04-19.24
GHz of Tag 4 is also wider as compared to less-fractal
tags.

The observed coding spatial capacity for the sec-
ond case of Tag 1 is 8.301 bits/cm2, which changes to
10.352 bits/cm2 for Tag 2, 16.309 bits/cm2 for Tag 3, and
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16.504 bits/cm2 for Tag 4, respectively. A similar trend
is observed for the increase in the fractal nature of the
tag with increasing coding spectral capacity. The heights
of the coding densities are observed for Tag 4, which
are 0.790 bits/GHz x cm2 and 0.960 bits/GHz x cm2 for
cases 1 and 2, respectively. The lowest levels of coding
densities (0.393 bits/GHz x cm2 and 0.510 bits/GHz x
cm2) are noted for Tag 1, owing to its simplified structure
in the 1st iteration of the Hilbert curve filling algorithm.
Due to its highly irregular tag geometry, Tag 4 perfor-
mance is the best in terms of all compared parameters
for all tags.

Table 8 results depict that the coding performance
of the fractal (and even simple) tags can be comprehen-
sively increased by incorporating the effect of reader ori-
entation in the detection process. Lowering the step size
of the azimuth sweep or adding more cases of elevation
angle in the incident plane wave orientation will further
enhance the coding capacity and coding density of the
tag with the increased number of overall resonances in
the analyzed spectral range.

The comparison of RCS results for realized fractal
chipless RFID tags reveals that coding and detection per-
formance is affected by reader orientation. The detection
using different orientations of an RFID reader (different
angles of incidence of the illuminating plane wave) fur-
ther increases the security of the communication between
the reader and the tag.

Although the fractal geometry of chipless RFID tags
provides inherent advantages for secure communication,
such tag responses are difficult to decode using a stan-
dard RFID reader. The detection of the tag based on the
collected backscattered tag response with different ori-
entations of the reader further increases the security of
the communication as the backscattered RCS response
is highly sensitive to slight variations in the reader ori-
entation. The coding capacity and security performance
of the realized tags could be further enhanced by incor-
porating the effect of the polarization factor into the
analyzed RCS response of the tag along with the plane
wave orientation factor without any change in the tag
geometry.

V. CONCLUSION
The study has presented a comprehensive analysis

of the impact of the RFID reader orientation (angle of
incidence of an illuminating plane wave) on the sensing
and detection capabilities of the realized fractal chipless
RFID tags. The analysis is performed on four irregular
chipless RFID tags developed based on the Hilbert curve
filling algorithm for the two different elevation angles of
an incident plane wave in oblique polarization. The anal-
ysis suggested that higher coding and detection perfor-
mance of the tag in terms of coding capacity, coding spa-

tial capacity, coding spectral capacity, and coding den-
sity is obtained when the aggregated backscattered RCS
responses of the tag are analyzed in the azimuth range of
0◦ to 180◦ for two cases of elevation angles (0◦ and 90◦).
The detection based on the proposed aggregated anal-
ysis approach not only enhanced the coding and sens-
ing performance of the tag but also made the commu-
nication highly secure. The proposed strategy could be
used for the development of future highly secured RFID-
based communication systems for smart cities, confiden-
tial documents, and Internet of Things (IoT) applications.
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