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Abstract—The article proposes a new type of broadband patch antennas based on micro QR codes with
integrated metamaterial cell as a marker. In this research, several design options were considered that
used the variation of the metamaterial cell parameters. For their analysis, the numerical modeling
methods of the Ansys EM Suite program were used due to the complexity of describing the interaction of
antennas of non-Euclidean geometry with radio waves. Evaluation and comparison of proposed antennas
was conducted by the following characteristics: amplitude-frequency response and voltage standing
wave ratio. To expand the frequency band of the synthesized antenna has been implemented the split
square marker is an element of micro QR. This approach enables the expansion of the relative bandwidth
of the corresponding printed antenna to the value of 1.7267 under the condition of the continuous
transmission band having a width of 167.935 GHz within the range from 13.29 to 181.225 GHz. In this
case, cutouts of the split square marker are located along the line coaxial with the power supply line, and
the cutout for the outer “ring” is located below. To synthesize micro QR code, the word “antenna” was
used.

Keywords: amplitude-frequency response, Ansys HFSS, metamaterial, micro QR, patch antenna, power
supply, return loss, voltage standing wave ratio, VSWR
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1. INTRODUCTION

The development of communication systems of the 6th generation (6G) is based on the application of
new approaches and technical solutions. Further evolution of the antenna systems with regard to 6G trend
will imply the following courses [1]—[3]: an increase of the number of antenna elements within the antenna
array in Massive MIMO and Super-Massive MIMO systems (32x32 and so on); the transfer to the working
frequencies of terahertz range, integration of several broadband frequency ranges within one antenna design,
including the terahertz range as well; photonic technologies and neural networks for the beamforming and
signal processing; combination of the functionality of the radar and communication system for observing
and steering of the unmanned swarm systems, such as unmanned air vehicles (UAVs), unmanned ground
vehicles (UGVs), unmanned surface vehicles (USVs).

One of the approaches to creating 6G systems is the use of intelligent reflective surfaces (IRS) [4]. IRS
can be used as an intelligent repeater for multiple transmitters in complex cellular communications and radar
systems [5]. At the same time, placing the IRS on the walls of buildings and public access facilities, as well
as on interior furniture and equipment inside the premises, will expand the functionality of IRS by creating
various advertising images using reflective elements.

Particularly, IRS is proposed to be used as a platform to collect multiple QR codes, providing access to
various websites containing advertising content. In this case, the forming of images of QR codes can be
performed based on the principle of hierarchy when one or several large sized QR codes, formed by the mass
of smaller QR codes, are visually reproduced at a sufficient distance. In turn, these smaller ones can be
formed based on QR codes which will be perceived while being only in close proximity to the IRS surface.
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In cases when the monotypic QR codes are used at different levels of the hierarchies, factually, it refers to
the fractal approach which can be formalized as a matrix using the Kronecker product of matrices. For
example, if the primary QR code is represented as a matrix of pixels 4, then the fractal system of three
iterations of such codes can be represented as follows:

H=A®A ®A, (1)

where ® is a symbol of the operation of Kronecker product.

In this case, each pixel of the large image is replaced by the matrix of the same QR code within the limits
of a single pixel. The same procedure takes place again during the next iteration.

If a separate code is used for each iteration, then the expression (1) should be restated as follows:
H=A ®B ®C. 2)

Matrices A, B, and C can represent not only different coded pieces of information within the same QR
code connected, for example, semantically, but different types of codes as well: QR, micro QR, and so on.

When moving to the lower level of micro QR codes, the penetrating face product of matrices [6], [7] can
be used to describe pixel topologies. According to the definition [6], the penetrating face product of a
(pxg)-matrix A and an n-dimensional tensor B expanded into a block matrix containing (pxg) blocks (B =
[B,], n>1) is the following matrix type:

AlB=[A°B,], 3)

where A oB , is the Hadamard product.

If matrix A represents pixels of the micro QR codes at the low level, and the block matrix B represents the
pixels clusters of the micro QR or QR codes at the high level, then the topology of results is described as
follows:

By Bpp -‘ {A Byy AeBpp - AcBpg
B B AoB AoB -« AoB
AT =A[] :21 :22 G |_| 21 :22 ) By |, @
Bpy Bpy J LAOBM AoBpy - AOBPGJ
As an example,
a4
A=lay ap|
[a31 ang

{bm bior bi12 by b1z bz
B=|by11 boyy baia boxp bz bz
me b1 b31n b3y b33 b323J

app by ap-bior an b app by ay bz apn b
AleB =|ay-byy any by azi-baia apxp by ax -byz ax -bys |
azy-b3;p aszy b3y azy-bijy azp by azy-bijz azp by

If it is necessary to use different QR codes within the same fractal iteration, then it is necessary to apply
the block Kronecker product of matrices [8] to formalize the topology of such IRS. At that, the primary
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matrix of QR code is divided into M modules, either of which is multiplied then by its corresponding matrix
of the next iteration using the direct Kronecker product:

H=[4, 4, .. 4y][®[B, B, .. By]I®[Ci C, ... Cyl (5)

where [®] is a symbol of the operation of the block Kronecker product.

The combination of both indicated options with the monotypic pixel filling within one iteration as well as
diversified one at the other levels of hierarchy is possible, for example:

H=([41 4y ... 4y]®B)[®]C; C; ... Cyl (6)

H=[4, 4y ... Ay](®[4 4y ... 44]®C; Cy ... Cy): (7)

and so on.

Given that IRS can be both passive and active, the proposal is to coat the IRS surfaces with the QR codes
made of conductive materials and thus create printed antennas in the form of QR code.

It should be noted that the idea of application of QR codes for the topology of antennas is not a new one.
For example, publication [9] can be noted among the first ones in this regard. The further development of
this direction about the printed antennas was represented in works [10]-[14]. Specifically, in paper [10] the
option of the antenna with the power supply leads switched to one of the internal pixels within the body of
QR code had been considered. Such a decision has limited possibilities with regard to the antenna
arrangement, which has impeded the possibility of obtaining a return loss level less than —8 dB, moreover,
within a very narrow frequency range.

The same approach with intrapixel switch of the power supply leads has been studied in [11]. In this case,
the authors of the paper [11] were able to obtain rather low values of the return loss (-21.48 dB) within the
narrow frequency range at 2.4 GHz utilizing the smart choice of the code phrase as well as optimization of
the positioning of the connecting modules in the topology of QR code considering 7-percent mistake
correction during its decoding.

Paper [12] has made a further step for the development of the concept of optimization of QR-antenna
parameters with the intrapixel supply based on the input of the intentional distortions in the topology of QR
code. According to it, the conventional antenna of RFID tag was integrated with the topology of QR code,
and as a result, the return loss was obtained at the level of —15.4 dB at the resonant frequency of 2.45 GHz,
along with the widening of the working frequency transmission band from 2.3 to 3.08 GHz.

Meanwhile, it should be noted that the concept of the input of intentional distortions into the structure of
QR code for the optimization of antenna parameters, proposed in [11], [12], has limited possibilities about
the widening of their bandwidth. The application of the supply lines, external to the topology of QR
antennas, provides more degrees of freedom concerning obtaining broadbandness.

For example, the option of such supply leads deployment in the form of a strip line outside the outline of
QR code, performing the function of the external resonator, which enables us to widen the operating band of
the antenna, has been proposed in paper [13]. The switch of the strip supply line to several pixels of the
external outline of QR code described in the paper [14] is worth noticing in the context of the approach
reviewed in the present article.

As it was previously mentioned, the micro QR codes can be used along with QR codes for the design
synthesis of printed antennas within IRS. The potential options for the topology of such antennas are
proposed and studied in the paper [15]. Let us consider further development of the present antenna solutions
in the frame of the hypothesis, formulated in the paper [15], concerning the appropriate use of metamaterial
unit structure elements of the reference segment of micro QR code.

The rest of the paper is organized in a structured manner, with several sections to help readers navigate
the content. Section 2 describes the approach taken by the authors to develop and test their printed antenna
design. This includes a detailed description of the Ansys EM Suite software used to create the design, as well
as specific parameters and variables used in the model. Section 3 presents the findings of the study, including
the VSWR and return loss values of the synthesized antenna, as well as its radiation pattern at a frequency of
25 GHz. The authors compare their results to previous studies and discuss the implications of their findings
in Section 4. Finally, the paper concludes with a discussion of the main contributions of the study, its
limitations, and areas for future research.
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Thick Ring In J, mm
(example 0.43 mm)

Vyrez_thickness In
(example
Vyrez_thickness In
= Vyrez_thickness)

Angle Rotat
(example 0 deg)

Vyrez_thickness

(example 0.617 mm)
———_ Thick Ring Out
(example 0.43 mm) 0 15 30 x, mm
Fig. 1. SRR-frame around reference square pattern Fig. 2. Design of patch antenna.
of micro QR code.
Table 1. Design parameters

Parameter Variable Value
Width of inner ring Thick Ring In 0.43 mm
Width of outer ring Thick Ring Out 0.43 mm
Width of cutout in inner ring Vyrez_thickness In 0.617 mm
Width of cutout in outer ring Vyrez_thickness 0.617 mm
Rotation angle Angle rotat 0 deg

2. PROPOSED DESIGN OF PATCH ANTENNA BASED ON MICRO QR CODE

For the research execution, the authors have developed the base model of the patch antenna based on
micro QR code containing the word “antenna” in Ansys EM Suite software package [16]. The formation of
the topology corresponding to the specific code had been performed similarly to [15] using services [17] and
[18]. The choice of the word “antenna” enables us to preserve the continuation of the results of the paper [15]
as well as to perform the comparison of the features of previously synthesized antennas with their new
topologies.

The novelty of the proposed approach lies in the fact that within the indicated base model, the unit of
metamaterial in the form of a pair of dissected square patterns (SRR-resonator [19]-[21]) has been used,
outlining the reference square pattern in the left upper corner of the microcode matrix (Fig. 1). At that, the
width of the cutout can be changed within SRR (variables Vyrez thickness (cutout) — outer ring,
Vyrez_thickness In (cutout) — inner ring). All variables are set in mm. As a default, it is established that
Vyrez_thickness In = Vyrez thickness. The orientation of the cutout in SRR is set for the outer ring of the
variable Angle rotat (0,90, 180, 270 deg), and for the inner ring it is replaced by the variable Angle rotat In
within the default set of the similar values: 0, 90, 180, 270 deg.

In this case, 0° corresponds to the location of the cutout for the outer and inner rings below the frame, on
the axis parallel to the power supply line.

The width of SRR frames (in mm) within the model is set up by variables: Thick Ring In—for the inner
ring, and Thick Ring Out—for the outer one. In this case, the main requirement is to meet the following
condition:

(Thick_ Ring In+Thick Ring Out) <128 mm.
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Fig. 4. RL of antenna in Fig. 2.

It is connected with the provision of the possibility for the decoding of micro QR codes in typical
smartphone applications. Instead of the standard frame width of the reference square pattern of 1 mm, the
width of 1.28 mm has been set up, which is connected with the scaling of micro QR code for binding it with
the result of the authors’ other publications [15].

The general view of the proposed printed antenna is presented in Fig. 2. The cutout in the outer ring is
located below. Both cutouts are positioned along the line coaxial to the power supply line. The values of the
key parameters of the design are presented in Table 1.

Regarding the parameters of the power supply line and configuration of the screen, all the topology
options reviewed here, have been set up as identical to the antennas [15].

The modification of the code matrix (Fig. 2) was tested about the possibility of decoding by the scanner of
iPhone 11 Pro, following the condition of the color change for all the pixel elements of the code to black.
Then, despite the cutouts in the reference frame, the word “antenna’ had been scanned even in case of minor
disturbances in the harmonization of the flat surface and smartphone orientation towards the surface of the
display engaged into the projection of the antenna topology in Ansys EM Suite program.

3. RESEARCH RESULTS OF BASIC ANTENNA MODEL

The results of the calculation of voltage standing wave ratio (VSWR) and the return loss (RL) of the
synthesized antenna, which are the conventional parameters for the analysis of characteristics of antennas
[22], [23], are presented in Figs. 3 and 4, respectively.
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Fig. 5. Radiation pattern of antenna under consideration at 25 GHz.
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Fig. 7. E- and H-fields distributions on upper surface of antenna under consideration at 25 GHz.
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location of cutouts in reference element.

The application of the metaunit as the reference element made it possible to eliminate the peaks within
the range of 19-20 GHz, which were present in printed antenna in the form of the primary micro QR code
[15]. It provided the continuous transmission band with a width of 167.935 GHz within the range from 13.29
to 181.225 GHz. In this case, the relative bandwidth [24]:

F:21f1—f2|

_1.7267, )
f1+/2

where /] and f; are the values of the frequencies at which VSWR = 2.
Therefore, the obtained modeling data confirmed the hypothesis about the efficiency of the application of
SRR metaunit in the form of a passive element within the printed antenna. The frequency range from 13.29

to 181.225 GHz covers all possible millimeter ranges of 5G and 6G waves, such as FR2 spanning from
24.25 to 52.6 GHz (NR Rel-15), [25] and FR2-2 from 52.6 to 71 GHz (NR Rel-17) [26].

The radiation pattern of the antenna under consideration for a frequency of 25 GHz is shown in Fig. 5 in
3D and 2D formats. It is important to emphasize that the radiation pattern will vary depending on the
bandwidth, and this may affect the use of such elements in IRS.

As an additional illustration of the properties of the antenna, Figs. 6 and 7 show E- and H-fields
distributions on the surface of the substrate and the upper surface of the antenna.

As follows from Fig. 7, the main contribution to the antenna radiation comes from micro QR code
elements localized in the feeder zone. In this case, SRR acts as a passive element that corrects the main
radiation field.
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Fig. 14. Alternative design of antenna with angular separation of cutouts by 90° and its VSWR.
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Fig. 15. Distribution of H-field at 25 GHz for entire scope of antenna topologies.

4. RESEARCH RESULTS FOR VARIOUS SRR ORIENTATIONS

Further investigation has been focused at the research on the influence of the cutouts’ orientation in the
SRR frame, integrated into the reference square pattern of the micro code, on the features of the patch
antenna.

Figure 8 shows an orientation of the cutouts, which is an alternative to the above-described Fig. 2. In this
case, the cutout of the outer “ring” is located above the reference point. As a result of the simulation, it turned
out that the configuration in Fig. 8 is worse than that in Fig. 2.

The dependence of VSWR for an antenna in Fig. 8 is presented in Fig. 9. Along with the sharp rise of
VSWR higher than level 2 in the frequency interval 34.43-35.1 GHz, insignificant exceedance of the
threshold level of VSWR = 2.0303 can be seen at the frequency level of 22.468 GHz (Fig. 9).

The horizontal orientation of the cutouts in Fig. 10 option also separates the indicated frequency area of
167.935 GHz into several segments, limiting the first of its sectors by the interval from 13.52 to 33.1997
GHz (Fig. 11). Nevertheless, the presence of the continuous transmission bandwidth enables the estimation
of the design in Fig. 10 to be more effective in comparison with Fig. 8.

The turn of the outer cutout of SRR to the right enabled us to obtain a slight shift of the upper level to
33.7576 GHz (Fig. 12) from 33.1997 GHz of the antenna in Fig. 10. Also, the bottom level of the
corresponding range was slightly lowered (13.224 GHz). The total width of the working area of frequencies
amounted to 20.53 GHz. In general, such a spectral segment covers the millimeter range of 5G waves
[25]-[27], particularly NR operating bands n257 (26.5-29.5 GHz), n258 (24.25-27.5 GHz), n261
(27.5-28.35 GHz), and n260 (37-40 GHz), as well as the frequencies of the satellite communication Starlink
of SpaceX company [28], [29].

Along with the classical design of square SRR, where the cutouts in frames are located along one axis
[19]-[21], the modified options with the angular separation of the cutouts by 90° only, have been
investigated as well. One such option is presented in Fig. 13. The cutout of the outer frame is located below,
and the leftwards orientation of the cutout of the inner ring corresponds to the variable Angle rotat In=90°.

It was found out that such a technical decision enables us to decrease the eruption at the frequency level of
34.3854 GHz to the level of VSWR = 1.9956, which formally implies that the bandwidth is still continuous
at this frequency level as well.
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The alternative option (Fig. 14) is characterized by the presence of spikes in VSWR values above 2.0 at
19 and 23.5 GHz.

The performed studies made it possible to establish the regularity in terms of the distribution of the
electric and magnetic field components along the antenna surface, which characterizes the influence of the
cutout orientation within the reference element on the quality of the antenna arrangement (VSWR level).
The options of the H-field distribution at the frequency of 25 GHz for all reviewed antenna topologies are
presented in Fig. 15, as the illustration of such dependency, including their corresponding VSWR values. As
it follows from the presented distributions, the minimum VSWR value corresponds to the minimum
radiance of the H-field in the region of reference SRR. The SRR presented in Fig. 2 possesses such minimum
amplitude of H-field.

The present effect provides the engineers with an additional tool enabling them to improve the antenna
arrangement based on the analysis of the distribution of H- and E-fields using optimization of the gap
position in combination with the SRR lines width and the distance between them.

5. CONCLUSIONS

The key contribution of this study is the proposal of a novel approach for the design and synthesis of
printed antennas using micro QR codes and metamaterial unit structures. The authors have shown that the
use of SRR resonators as metamaterial unit structures can eliminate peaks in the frequency response,
resulting in a continuous operating range with significantly higher bandwidth.

In particular, the formation of the metamaterial unit based on the reference element of the micro QR code
enables us to expand the relative bandwidth of the corresponding printed antenna to a value of 1.7267 as
compared to 0.8877 in paper [15]. This is important for the use of such antennas in 6G wireless systems.

The article describes studies conducted on the distribution of electric and magnetic field components
along the surface of an antenna, which affects the quality of the antenna arrangement, as measured by a
VSWR level. It was found that the distribution of the H-field at a frequency of 25 GHz varied across different
antenna topologies, with the minimum VSWR value corresponding to the minimum radiance of the H-field
in the region of a reference SRR. This finding provides engineers with an additional tool for improving
antenna arrangement by optimizing the gap position, SRR line width, and distance between them based on
the analysis of the distribution of H- and E-fields.

Since the estimation of the H-field brightness level is subjective, the optimal solution for optimizing the
proposed antennas can involve the use of neural networks to determine the H-field brightness level in
combination with a genetic algorithm for selecting metamaterial cell parameters.

The results of the study suggest that the proposed approach can be an effective solution for the design of
patch antennas for use in radio frequency identification (RFID) tags and other wireless communication
devices that require a small and efficient antenna for a wide range of applications. A similar approach has
been summarized by the authors taking into consideration the cases of the synthesized antennas based on QR
codes as well, however, the results of the corresponding studies deserve separate publications due to their
significant volume.

The consequent efforts should be applied to the research of the influence of parameters of SRR-element
on antenna characteristics. Moreover, attention should be paid to the investigation of other topologies of
antennas of such types taking into consideration the coding of different phrases within micro QR code and
different shapes of SRR elements. At that, the preferable ones are the codes possessing a symmetrical
graphic structure toward the power supply leads.

The choice of the location of the switch point of the power supply leads has significant meaning as well,
and during the scaling of the synthesized printed antennas concerning terahertz frequency range—the
registration of the specific effects is important and attributable to nanoantennas [30]. Such specific effects in
nanoantennas of terahertz frequency range include quantum confinements, localized surface plasmon
resonance, nonlinear effects, etc.

The proposed concept of multi-layer integration of multiple micro QR patch antennas combines
technological innovation and artistic design, providing the ability to create a platform that uses a fractal
approach to form a hierarchical structure of QR codes. This fractal system, characterized by the use of the
Kronecker product, the penetrating face product or block Kronecker product of matrices, allows for
multi-level embedding of some QR codes into other QR codes, exponentially increasing the density of
information and interaction possibilities within a single visual space.
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