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RECONFIGURABLE COMPOSITE RIGHT/LEFT-HANDED TRANSMISSION LINE

ANTENNA BASED HILBERT/MINKOWSKI STEPPED IMPEDANCE
RESONATOR FOR WIRELESS APPLICATIONS

The subject matter of the article is the analysis and design of a via free metamaterial antenna based on a com-
posite right/left-handed transmission line (CRLH-TL) structure. The goal is to design a high-gain antenna with
dual-band resonance capable of changing its resonance frequency and gain adaptively. The tasks to be solved
are creating an antenna with a high gain-bandwidth product along the operated band, achieving adaptive fre-
quency reconfiguration and creating a direct antenna modulation process using active elements. The simulation
methods used are: the proposed antenna is designed by integrating a CRLH-TL structure to a 1D array based
on two types of unit cells: The first unit cell is realized from a Hilbert curve of the 3" order, and the second one
is based on the 1%t order of Minkowski — stepped impedance resonator (SIR). The antenna parts are printed on a
Taconic RF-43 substrate with thickness = 1.57 mm. The following results were obtained: The Hilbert/Minkow-
ski-SIR antenna achieved dual-band operation with a maximum gain equal to 14 dBi and 18 dBi at 5 GHz and
5.5 GHz, respectively. Furthermore, by changing the states of the PIN diode, an amplitude shift keying direct
antenna modulation process is achieved; for instance, at 5 GHz, the antenna can change its gain directly in the
range from (12-14) dBi with good impedance matching. Finally, the proposed antenna shows a low profile and
operates at different frequency bands within sub-6 GHz applications. Conclusions. The simulation results indi-
cate that such antenna performance enhancement is the result of eliminating via conduction losses, ground plane
capacitance losses and suppressing surface wave reflections due to the Hilbert/Minkowski SIR introduction.

Keywords: Frequency reconfiguration; Hilbert; Minkowski; Metamaterial; SIR.

1. Introduction

Due to the increased demand for wireless commu-
nication systems, it has become necessary to provide
small-sized and low-cost antennas, in addition to the high
performance represented by multiband and high gain [1].
Recently, various methods have appeared to design min-
iaturized antennas through metamaterial (MTM) intro-
duction [2]. MTM structures can be manufactured using
transmission lines or resonance apertures The transmis-
sion line approach consists of CRLH structures. In con-
trast, the resonant approach consists of a split-ring reso-
nator (SRR) or a complementary split-ring resonator
(CSRR). However, the MTM-compact design resulted in
a narrow bandwidth, low gain, and low radiation effi-
ciency [3], as well as the design complexity of using via,
which restricts the use of metamaterials in various wire-
less applications [4].

1.1. Motiviation

To overcome the above problems and enhance the
antenna performance, various methods were used, in-
cluding MTMs with the antenna structure [5], such as

electromagnetic band gap (EBG), artificial magnetic con-
ductor (AMC) reflector, and frequency selective surface
(FSS) substrates. However, these multi-layer antennas
suffer from increased size, low bandwidth, low efficiency
and low gain, and the presence of via complicates the an-
tenna fabrication process [6]. Therefore, these antennas
are not suitable for applications that require higher effi-
ciency with lower complexity. These challenges repre-
sent the motivation to construct an antenna based on a
single layer MTM via free structures with high gain and
reconfigurable properties that meet modern wireless net-
work requirements.

In the proposed design, pre-fractal is used as EBG
inclusion due to its distinctive characteristics that provide
a solution to reduce the MTM limitations mentioned
above, where pre-fractals provide the following ad-
vantages:

1. The performance of impedance matching and
gain is increased rapidly after introducing the pre-fractal
structures; This is due to reduce the capacitive effects of
the ground plane that produce losses and field cancela-
tion. As a result, dual band at 5 and 5.5 GHz with a peak
gain of 14 dBi, and 18 dBi is achieved, respectively.
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2. Frequency reconfiguration with multiple bands
is achieved with pre-fractal structures, where its geomet-
rical shape and path discontinuity help extend the reso-
nance frequency with good impedance matching. Up to
five bands with moderate to high gain are achieved.

3. The design is via free, which eliminates the
losses generated from using in addition to reducing its
complexity.

1.2. State of the Art

CRLH-TL has been used in many applications for
their properties; this section presents some current state
of the art in this field.

In [7], a frequency-pattern reconfigurable antenna
was designed, and the reconfiguration process was
achieved using an electrical switching mechanism with
four PIN diodes. The antenna operates at 2.45 GHz,
3.1GHz, 41GHz, 3.8GHz, 7.8GHz, and 9.5 GHz,
which is suitable for various wireless applications. Fur-
thermore, a pattern reconfigurable microstrip antenna
with a dual-band operation was presented in the
study [8]; the antenna operates at 2.4 GHz and 5.8 GHz
with omni and directional radiation patterns, respec-
tively. Additionally, a dual-band pattern reconfigurable
antenna for beam steering applications was proposed [9];
an EBG structure was used to achieve reconfiguration at
2.45 GHz and 5.8 GHz with beam steering of (0°, +26°,
and —26°). Furthermore, a frequency-pattern reconfigu-
rable antenna with beam steering capability was designed
[10], 8 PIN diodes were used to control antenna perfor-
mance, and the proposed design can operate at various
sub-6 5G bands, including 2.6 GHz, 3.5 GHz, 4.2 GHz,
4.5 GHz, and 5 GHz with good gain across the operated
bands. In the studies [11, 12] a phased array antenna with
a CRLH phase shifter is proposed. The beam scan con-
trolled magnetically using an integrated magnetic prac-
tice; this reduces the complexity of the biasing system
and is very useful in MIMO systems; however, the mag-
netic control mechanism is under study, and its charac-
teristics are not fully controlled.

Furthermore, an optimization technique for radar
cross section (RCS) estimation in a planar antenna array
is presented in [13]. The results show the ability of the
proposed technique to enhance the scatterometric radar
requirements associated with planar-phased antenna ar-
rays. Finally, a simulation study is presented in [14], take
into account different dielectric substrates and various
patch shapes where the design parameters are changed,
and their effect is studied in each case.

From the above research [7—10], the antenna suffers
from low to moderate gain arising from the capacitive ef-
fect of the ground plane in addition to using via [9] that
produces losses and affects the radiation pattern. To elim-
inate the losses resulting from such a technology, it has

become necessary to present new designs that reduce
these losses; This is the focus of this research.

1.3. Objective

This research introduces an MTM-TL antenna with
a new structure to achieve high gain and efficiency at the
operating frequency bands. The proposed design consists
of an asymmetric T-shaped CRLH unit cell structure as
an interdigital capacitor (Cioc) coupled to a T-stub induc-
tor (Lts) to realize gain-bandwidth product enhancement.
Additionally, nine-unit cells of the Hilbert curve are in-
terlocked with eight Minkowski-SIR unit cells on the
substrate backside to avoid via losses. Thus, the total
number of the CRLH-TL is seventeen-unit cells fed with
an asymmetric coplanar waveguide (CPW). As a result,
the proposed antenna shows dual frequency bands of op-
eration with a gain of 14 dBi and 18dBi at 5 and
5.5 GHz, respectively.

This paper is organized as follows: First, the Hil-
bert/Minkowski SIR antenna design and all geometrical
details are discussed. Next, a parametric study is dis-
cussed, and the effects of the antenna dimension variation
on the relative performance are analyzed in detail. Next,
a frequency reconfiguration is discussed. Next, a compar-
ison between the proposed antenna performances with
the latest relative research activities is discussed.
Finally, the conclusion is followed later.

2. Antenna Design Based
on Hilbert/Minkowski SIR Structure

The CRLH unit cell is presented in Fig. 1; the unit
cell consists of an interdigital capacitor Cipc in series
with a stub inductor Lys. This series produces the LH
branch, while the parasitic effects realize the RH branch,
reducing the antenna efficiency. Thus, a structure based
on a 3"-order Hilbert unit cell is introduced to eliminate
the impact of RH branches incorporated with a 1%-order
Minkowski-SIR cells. Such introductions amplify the
magnetic field effects, which increases the displacement
current flow toward the unit cell and thus enhances the
antenna performance. The CRLH structure was fed by an
asymmetric CPW feeding technique where the ground
plane dimensions differed on both sides of the feeding
structure. Taconic RF-43 substrate with &=4.3 and
thickness = 1.57 mm was used for the design. The CRLH
unit cell is attached to a rectangular pad, as seen in Fig.
1, d. One PIN diode is inserted in each pad to control the
antenna performance by changing the applied bias volt-
age; as a result, the plasmonic surface current fluctua-
tions on the metamaterial surface are changed, which re-
sults in shifting the resonance frequency and producing
multiple bands suitable for various applications. The fol-
lowing sections provide extra details about the other an-
tenna parts.
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Fig. 1. Antenna geometrical details: (a) — top-view, (b) — back-view, (c) — coplanar waveguide feeding structure,
(d) — rectangular pad, (e) — matching impedance

2.1.CRLH-MTM Unit Cell

The CRLH-TL antenna is fed with an asymmetric
CPW feeding structure where the ground plane dimen-
sions differ on both sides of the CPW feeding technique.
The proposed CRLH-TL antenna consists of an interdig-
ital capacitor based on five fingers on each side that acts
as a series capacitor. The proposed T-stub inductor rep-
resents a shunt inductor combined with the capacitor to
produce the LH branch, as seen in Fig. 2. The ground
plane stores energy, representing an interactive (capaci-
tive effect) [15]; Hilbert/Minkowski SIR inclusions are
printed on the substrate backside to eliminate the ground
plane reflected energy with minimum conduction loss,
thus reducing the losses and balancing the capacitive ef-
fects. However, the conductive and dielectric parts create
the parasitic effects of the RH branch, which limits the
antenna performance.

Additionally, the ground plane, represented by a
layer of copper, acts as a reflector [16], reflecting the sig-
nal with a phase opposite to that of the source wave. Gen-
erally, the source wave represents the wave flowing
along the radiator; the reflected wave differs in phase
from the source wave, resulting in destructive interfer-
ence with the source wave. This interference cancels out
the main wave or limits significantly, which reduces the
radiation efficiency; as a result, gain decreases due to
miss-matching caused by field cancelation. These un-
wanted effects are minimized by placing the ground
plane at A/4 from the radiator [17], as shown in Fig. 3.

B S S

B i4mm

Fig. 2. CRLH cell dimensions

In the proposed design, the Hilbert/Minkowski SIR
unit cells replaced the ground layer, and thus the losses
caused by the ground plane are significantly reduced,;
This can be understood from the surface current distribu-
tion, first with the ground plane and second with the pro-
posed SIR structure, as shown in Fig. 4, a,b. The pro-
posed SIR structure reduces the back reradiation and re-
flections caused by the ground plane, which results in
better current distributions and hence better matching
and radiation pattern.
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Fig. 3. Antenna separation: (a) closed, (b) at A/4 from the ground plane
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Fig. 4. Surface current density: (a) without SIR structures, (b) with SIR structures

2.2.SIR Structure

SIR structures can be periodic or semi-periodic ar-
rays printed on dielectric materials [18]. They have been
used for their distinctive properties in reducing surface
waves in many applications to improve general perfor-
mance. In this design, the proposed MTM array consists
of two types of unit cells, as shown in Fig. 5. The first
type corresponds to nine-unit cells of the Hilbert curve
printed on an area of 8 mm? from the substrate back

panel; the second type fills the space between the cells of
the first array with eight-unit cells of an area of 8 mm?
each.

A capacitive gap is created between array adjacent
cells, and is given by the following relationship [19]:

go(1+e — +
¢ = REolPer) °(n 2 cosh 1(—pgg).

(1)

where p is each SIR width, and g is the gap between SIR
cells.
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Fig. 5. Hilbert/Minkowski SIR curve dimension

The proposed SIR structures show their capacitive
behavior by acting as a high-pass filter that allows the
high frequencies to pass through and suppresses the low
ones [20]. Note that the capacitive effect is equal on both
sides of the cell because the cell is balanced according to
the length of the stub. Therefore, the capacitive reactance
of adjacent cells has an equal impact on suppressing sur-
face currents, which is given by the following relation-
ship:

X = ——. ®)

~ 2mfc

3. Parametric Study

This section analyses the design process and exam-
ines the fundamental parameters used to achieve the final
design. The simulation evidence indicates that such an-
tenna performance enhancement is due to eliminating via
conduction losses, ground plane capacitance losses, and
surface wave suppression due to the Hilbert/Minkowski
SIR introduction. These operations are explained as fol-
lows:

3.1.Cipc influence

A detailed study was performed on the influence of
fingers number on antenna performance. First, the finger
number is changed from 1 to 5 to monitor the gain spec-
tra and Sy; variation. It is found that by increasing the
number of fingers, a significant reduction in the storing
losses is attributed to the structure by equalizing the ca-
pacitive reactance to the inductive reactance within the
circuit, which results in better impedance matching.
However, the antenna gain does not affected by the in-
crease in finger number; this is due to the insignificant
electric current gradient on the miniaturized unit cell, as
seen in Fig. 6.

3.2. L+ Effects

The proposed T-stub dimensions have been
changed to clarify the impact of Lts dimensions on the
antenna design; the inductor length is increased from
12 mm to 18 mm. As a result, it was found that the pro-
posed antenna gain increased from 6.69 dBi to 8.8 dBi at
5.4 GHz. Additionally, the proposed T-shaped compo-
nent at the end of the inductor acts as a small patch that
helps distribute the electric current with high energ, thus,
increasing the gain to reach a maximum value of 9.5 dBi
for 2-CRLH unit cells, see Fig. 7.

3.3.CRLH Unit Cell

The proposed CRLH unit cell can be decomposed
into four parts representing a model. For example, model
1 represents the transmission line TL only. Model 2 is
based on TL and Cipc. Model 3 is realized based on TL,
Cioc, and Lts, where the proposed T-stub acts as a capac-
itive tuner. Finally, model 4 is the proposed unit cell of
the Hilbert/Minkowski SIR structure, as seen in Fig. 8.
The evaluated S;1 and realized gain are calculated for
each model, as shown in Fig. 9. A considerable reduction
in the cell size is observed after the introduction of the
Hilbert/Minkowski SIR structure through the shift of the
second frequency resonance from 5.5 GHz to 2.9 GHz.
An equivalent circuit model for the proposed unit cell us-
ing PathwWave ADS 2019 software is given in Fig. 10
with S11; a good agreement is obtained between CST Stu-
dio Suite 2017 and ADS results.

3.4. Antenna Array with And Without SIR

The proposed SIR results from creating an array
with two types of pre-fractals. First, the Minkowski SIR
structure is inspired by [21] to obtain a dual band using
a single resonator. This structure was constructed in two
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Fig. 10. ADS results: (a) — ADS equivalent circuit, (b) — S11

steps; the SIR technique was first added to all sides of a
square loop resonator. Next, 1%-order Minkowski pre-
fractal curves were added. Finally, this pre-fractal was
combined with the Hilbert curve to create the proposed
SIR defects.

This section studied the effect of MTM SIR struc-
ture on antenna performance. Two cases were taken: one
with SIR defects and the second with the absence of SIR
defects. As a result, the resonance frequency is shifted
with better matching, resulting in higher performance.
Furthermore, the gain reached the highest value at
5.5 GHz with 16 dBi and 13.3 dBi at 5 GHz; this is due
to the introduction of SIR structure that reduces the sur-
face waves resulting in better gain and Si1, as shown in
Fig. 11. Fig. 12 shows the radiation pattern in each mode.
It is good to note that the proposed design shows two
main lobs at 5.5 GHz by splitting the main beam into two
lobs. This feature is desirable in many 5G system appli-
cations to track more than one object simultaneously in
orthogonal frequency-division multiplexing (OFDM) al-
gorithms [22-24].

3.5.SIR Defects study

Finally, to clarify the effect of increasing the num-
ber of SIR rows on antenna performance, the number of
rows was increased from one to three, and a comparison

is made in terms of Si1 and gains spectra. It is observed
that when the number of rows increases, the number of
modes increases; this is due to the path discontinuity of-
fered by each SIR unit cell, in addition to a noticeable
decrease in antenna gain due to the storing losses caused
by the SIR cells, which decrease the antenna efficiency.
Depending on this fact, one row is used as the basis for
the antenna design, see Fig. 13.

4. Frequency Reconfiguration

Metamaterials consist of resonant structures whose
behavior varies according to the resonant frequency.
They are characterized by negative constitutive parame-
ters at frequencies lower than the resonant frequency and
positive constitutive parameters at frequencies above the
resonant frequency. This feature presents a drawback
since most wireless applications must have fixed and un-
changing working frequencies. To obtain a multi-charac-
teristic antenna capable of working in different wireless
applications and at different frequencies. The antenna
must be reconfigurable, where the operating frequency is
controlled by changing the applied voltage. In this de-
sign, T-symmetric CRLH -unit cells are periodically
used to create the metasurface, a gap is inserted in each
unit cell, and one pin diode is placed at each gap for fre-
guency reconfigurability, see Fig. 14.
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Different bands at different frequencies can be
obtained by changing the input sequence of the PIN
diode. Table 1 shows the input sequence of the diode, the
corresponding operating frequency, and the number of
created bands.

For the given cases of the input sequences, the gain
and Sy; are calculated. The array gain reached a maxi-
mum value (Table 2) with gain equal to 18 dBi at
5.5 GHz and 14 dBi at 5 GHz. It is good to mention that
the proposed antenna shows a noticeable change in the
evaluated gain spectra at 5 GHz and 5.5 GHz, as seen
later in Fig. 15 and summarized in Table 2. These varia-
tions make the antenna a perfect candidate for direct am-
plitude antenna modulation.

Table 1

Frequency Reconfiguration

Antenna characteristic

Input sequence (cases) Number | Resonance fre-

of bands guency, GHz
00000000000000000 2 5,55
11111111000000000 5 4,4.4,4.9,5.4,

5.9

11000000000000000 4 4,455,5.6
111111111111111112 4.8,5.3,5.7
11111111001011011 3 45,54,58




Radioelectronic systems

87

S-Parameters [Magnitude in dB]

= i :
-5 \//‘ e H H o . s —
\/ I Y N7
\ i : :
-15 Cﬂﬁe 1 4 Hal..
@ Case 2 | :
2 2 g ¢ {1 : it
o Case 3 i N 1 ‘
[ R SRt l i i : i H
Case § i 5
-35 : i
40+ H : H
1 1.5 2 25 3 35 4 45 S 5.5 6
Frequency / GHz
(a)
Gain (IEEE)
20
15 i3
N 5
10 ....... ‘777!,..
g -/
) -~
.C
© i
O i
-10 : :
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

Frequency / GHz

(b)

Fig. 15. Frequency reconfigurable antenna parameters
for the different cases (see Tab. 1): (a) — S11, (b) — gain

Table 2
Direct Antenna Modulation
Input sequence > GHz 5.5 GHz
p q S11, Gain, S11, Gain,

(cases) dB | dBi | dB | dBi

00000000000000000 | -11 13 -18 16
11100000000000000 | -13 | 14 -32 17.4
11111111000000000 | -13 | 13.4 | -12 14.5
00000000000111111 | -10 | 12 -13 15

5. Comparison with The Latest Research

A comparison with the field of interest is
summarized and presented in Table 3. In [25], the
researcher used a PIN diode on the ground plane to
reduce the reflections to the main radiator. The researcher
also reduced the ground plane area to enhance the
antenna gain. In [26], the researcher used eight cross slots
to produce four beams simultaneously, in addition to an
electrical switching mechanism to control beam steering.
In [27], an array of patches with superstrate enhanced the

overall performance, and 2 PIN diodes were used to
achieve polarization reconfiguration. In [28], truncated
square patches with 16 PIN diodes were used to achieve
polarization reconfiguration. It is obvious from the
comparison that the proposed design achieves the highest
gain with good impedance matching across the operating
bands, in addition to the capability of reconfiguration and
amplitude shift keying (ASK) direct antenna modulation
process that suits the current state of the art.

6. Discussion

In this section, the effect of each part of the design
is explained briefly and sequentially, as given by the par-
ametric study:

— Cipc effect:- the storing losses are equalized by
adding the Cipc to the design. This can be understood
from the increase in impedance matching with increasing
the number of fingers, as shown in Fig. 6;

— T-stub effect:- the T-stub equalizes the capaci-
tive effect and reduces the storing losses, which resulted
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Table 3
Comparsion with the latest research
Ref lgﬁi Re;g;lgg " | Technique used gain dBi va:;;l:ng D:?;inrgnpf /
[4] 3.3-4.2, Frequency | CRLH/ Hilbert 3.74/ 7.24 Electrical Array /
4.86-5.98 + EBG defects (17 PIN) 40*240
continuous
scanning
[7] 3.1,4.1, | Frequency/ | Hexagon shape- 4.24 Electrical Single
3.8, 2.45, pattern patch-CPW (2 PIN) element /
7.8,9.5 30 X 20
[8] 2-3, Frequency Slots -10 Electrical Single
5.2-6.6 (2 PIN) element/
30*35
[9] | 24&5.8 Pattern EBG structure Simulation Electrical Single
(5.52 /6.66 6.66/ 6.73) (14 PIN) element/
Measured 113*113
(3.53/ 3.24 3.26/ 3.59)
[10] | 2.6,3.5, | Frequency/ | parasitic patches | 1.72/1.94/2.51/2.81/3.66/3.8 Electrical Single
4.2, 4.5, pattern (8 PIN) element/
and 5, 5.5 31 *27
[25] | 4.66,5.2, | frequency V-Shape 6 Electrical (2 Single
53,58 microstrip PIN) element/
16 * 16
[26] 5.8 Pattern Slots 4.33 Electrical Single
(2 PIN) element
[27] 5.8 Polarisation | superstrate/array 3.7 Electrical Array/
of patches (2 PIN) 84*50
[28] 5.8 Polarisation | truncated square 11.9 Electrical Array/
patch (16 PIN) 70%70
[30] | 4.8to6 | Polarisation | truncated patch/ 7.3 Electrical Single
metasurface (2 PIN) element/
48*48
[32] Frequency ACS-FED 0.69/1.278 Electrical
2.32 Asymmetric (1 PIN) 16.5*% 10.5
3.5 coplanar strip-
fed
This frequency | CRLH/ Hilbert/ 14/18 Electrical Array /
work 5,5.5 Minkowski — (17 PIN) 40*240
SIR EBG
inclusion z

— in an increase in antenna gain from 6.69 to
8.8 dBi at 5.4 GHz, the cross shape patch at the end of
the inductor increases the current distribution with good
energy that maximize the gain to 9.5 dBi, as seen
in Fig. 7;

— to build the equivalent circuit model for the pro-
posed design and extract the L-C parameters that provide
the resonance frequency. The circuit model for the CRLH
antenna is designed using ADS 2019 software tool; An
excellent agreement is found in Si1 results between the
CST software tool and AD, as seen in Fig. 10;

— SIR effect:- adding the SIR as inclusion replaces
the ground plane and reduces its storing losses, thus re-
sulting in better matching and gain. The gain reaches a
peak value of 16 dBi at 5.5 GHz and 13.3 dBi at 5 GHz,
as seen in Fig. 11. However, an increase in the number of
EBG rows increased the number of modes; as a result,
reducing the overall gain, thus one row is selected for the
design, as shown in Fig. 13;

— by changing the PIN input sequence; the surface
current distribution can be changed, which affects the
overall performance. As a result, various resonance fre-
guencies can be obtained with good gain and impedance
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matching. as shown in Fig. 15. It is good to note that var-
ious gain values are obtained at 5.5 GHz, which candi-
date the antenna for ASK direct modulation, as seen
in Fig. 15, b.

7. Conclusion

A pre-fractal-MTM -via a free antenna is proposed
in this paper. The antenna is organized by loading 17 unit
cells of the Hilbert/Minkowski SIR curve on the CRLH-
MTM structure. The design occupies an area of 40*200
mm? and is printed on a Taconic FR-4 substrate. The an-
tenna performance is controlled using an electrical
switching technique, where the antenna characteristics
can be changed according to the bias voltage. Further-
more, the ground plane creates a capacitive effect, result-
ing in losses and reducing the antenna efficiency. There-
fore, EBG inclusion is used to replace the ground plane
and minimize its effect. Additionally, the pre-fractal
structures help in providing multiple bands with good
matching due to their path discontinuity as a result. It is
found that the proposed antenna has a dual-band opera-
tion at 5 GHz and 5.5 GHz with a peak gain of 14 dBi
and 18 dBi, respectively. Finally, the equivalent circuit
model using ADS software was built and compared to the
CST; a good agreement was obtained between the results.
Therefore, the proposed design can be used in various
wireless applications. Finally, increasing the antenna ef-
ficiency and reducing the bias complexity is one of the
research concerns that should be considered in future re-
search. Therefore, using an alternative tool to control an-
tenna performance without bias wires becomes an urgent
need. For future work:- Methods of magnetic control and
optical control will be selected to reduce biasing circuits.

Contribution of authors: development of theoret-
ical formalism and performance of numerical simulations
— Marwa M. Ismail; the final version of the manuscript
— Marwa M. Ismail and Taha A. Elwi; project manage-
ment — Taha A. Elwi and Ali J. Salim.
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PEKOH®II'YPOBAHA KOMITO3UTHA ITPABO/JIIBOCTOPOHHS JITHIMHA AHTEHA
T'IVIBBEPTA/MIHKOBCBKOT'O 31 CTYIIIHYACTHUM OIMIOPOM
JJIs1 BE3APOTOBUX 3ACTOCYBAHb
Mapea M. Icmain, Taxa A. Enei,
Ani [{ne. Canim

IIpeameTom cTaTTi € aHANI3 1 TPOEKTYBaHHS HACKPi3HOI aHTEHH 3 BUILHOIO MeTamaTepialy Ha OCHOBI CTPYK-
TYpH KOMITO3UTHOI MpaBoi/niBocTopoHHboi niHii nepenadi (CRLH-TL). Meta nonsirae B ToMy, 1106 po3poOUTH aH-
TEHY 3 BUCOKUM KOe(iIli€HTOM IiJICHJICHHS 3 JBOJAIalla30HHUM PE30HAHCOM, 3JIaTHY 3MIiHIOBATH CBOKO PE30HAHCHY
YacTOTy Ta aJIalTUBHE ITiACHICHHS. 3aBIAHHIMM, SIKi BUPIIIYIOTHCS, € CTBOPEHHSI aHTEHU 3 BUCOKUM JIOOYTKOM ITi-
JICWJICHHS Ha IIUPHHY CMYTH 110 KEPOBAHMX Jliala3oHax; MOCSITHEHHS alalTHBHOI peKOH(]Irypallii 4acToTi Ta CTBO-
PEHHSI TIPSIMOT'O TPOIECy MOYJIALIT aHTEHH 3a JIOTIOMOI'OI0 aKTHBHHX elleMeHTiB. Bukopucrani metomm. I[Ipornono-
BaHa aHTeHa po3pobJeHa nursixoM inrerpaiii crpykrypu CRLH-TL 1o ogHOBHMipHOT penriTku Ha OCHOBI JIBOX THIIIB
eJIeMEHTapHUX KOMIpOK: Iepllia eleMeHTapHa KoMipka pealizoBaHa 3a kpuBoto ['ins0epra 3-ro mopsiaky, a apyra —
Ha OCHOBI CTYMiHYacTOro immnenancuoro pesonaropa (SIR) MinkoBcbkoro 1-ro nopsky. Jlerani aHTeHH HaJpyKo-
BaHi Ha migkmamimi Taconic RF-43 toeumHoro 1,57 mMMm. Bynu oTrpumaHni HacTynHi pe3ysbTaTH: aHTeHa [inb-
6epra/MinkoBcbkoro—SIR gocsriia nBoxiana3oHHOi pOOOTH 3 MAKCUMAJILHUM ITiICHIICHHM, piBHUM 14 nbi ta 18 nbi
Ha 5 [T ta 5,5 I'T BignosigHo. Kpim Toro, 3mintoroun cranu PIN-mioma, gocsraeTbest mporec mpsiMoi MOMYIIALT
AHTEHHU 3MIIIEHHM aMIUTITYIM; HAlpUKIaa, Ha yactoTi 5 [T aHTeHa Mo)ke 3MIHIOBATH ITiACUIICHHS Oe310CePEIHbO
B niana3oHi (12-14) nbi 3 XopolmM y3romkeHHsM iMrieancy. Hapeniri, 3anpornoHoBaHa aHTeHa AEMOHCTPY€E HU3b-
K1t npo(ijib 1 mpaltoe B pi3HUX Aiana3oHax 4actoT Hik4e 6 T BucHoBKkH. Pe3ynbrat MonentoBaHHs BKa3yloTh
Ha Te, II0 TaKe MOKPAalICHHs XapaKTePUCTUK aHTEHH € Pe3yJIbTaTOM YCYHEHHS BTpAT 4yepe3 IpOBiJHICTh, BTPAT €M-
HOCTI Ha IUIOIIMHI 3a3eMJICHHS Ta YCYHEHHS BiIOMTTS TOBEpXHEeBOI XBIJII 3aB/siku BBereHHI0 SIR Innbepra/Min-
KOBCBKOT'0.

Kuarouogi cioBa: Yacrorna pekondirypaiis; I'inb6ept; MinkoBcbKuii; Meramarepiai; SIR.
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