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DESIGN AND SIMULATION OF FRACTAL-BASED RING ANTENNAS
FOR 5G WIRELESS COMMUNICATIONS

SUMMARY

After the rolling-out of 5G communication systems the develpement of smaller and
more effective components are still on-going since it is always important to keep up
with the development of the technology, therefore smaller and compact and easy to
fabricate components are the main aim of the sicentific community these days. Since
the 5G systems are somehow smaller than the old systems’ components it arises the
fact that the newly- designed components have to has space limitations during the
design stages. In this work, by focusing on two of the main 5G bands which are the
bands centered on 3.5 GHz and 7GHz three types of antennas were designed and
implemented by using CST Microwave studio simulator. The antennas were designed
using the fractal concept which charactarized by space-filling and self-similarity so
that no need for an extra space when we already have a limited one. The design of the
first antenna started by designing a cut-angles rectangular patch antenna that
propagates at 3.5 GHz, then by copying and then scaling-down the same patch and
later substracting it from the main patch we got a single ring cut-angles rectangular
patch antenna that propagates at 3.5 GHz with a reflection coefficient of -19 dB and a
gain of 2dBi. The second antenna was created by scaling-down the full ring of the first
antenna and create a similar inner ring that propagates at 7 GHz center frequency and
has a bandwidth between 6.25-8.1 GHz, this antenna is able to propagate at two
different 5G frequency bands centered at 3.5 GHZ and 7 GHz respectivey. This
antenna has a reflection coefficient Sy1 of around -20 dB for both resonant frequencies
of both bands, and has a gain of 2.29 dBi and 2.51 dBi for the two bands at their center
frequency. All these antennas have a microstrip feeding line with a length of 16 mm
which equal to something around A/4 of the first band’s center frequency, all the
antennas have an FR-4 substrate thickness of 1 mm and a width of the feeding line of
1.6 mm so that together they provide a 50-ohm impedance at the input port which
assure that most of the input port’s waves are being propagated. Finally, in order to
increase the gain a 4x1 antenna array was designed to propagate at the same bands,
this array has two feeding ports that designed in an inverted way to improve the
matching between the array elements, each port is connected to only two propagating
elements by a tree shaped A/4 length microstrip has a reflection coefficient of around
-45 dBi and -35 dB for both bands at their center frequencies, respectively. This array
antenna has also a gain for the 3.5Ghz centered band of 5.64 dBi for port 1 and 5.648
dBi for port 2, and for the 7 GHz band the gain was equal to 8.39 dBi and 8.4 dBi for
port 1 and port 2, respectively.
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5G KABLOSUZ ILETISIM iCIN FRAKTAL TABANLI HALKA
ANTENLERIN TASARIMI VE SIMULASYONU

OZET

Dogada bulunan karmasik yapilart agiklamak i¢in klasik geometrik yoOntemler
uygulanamazdi, bu nedenle Mendelbort kitaplarindan birinde fraktaldan bahsetmisti
ve o zamandan beri elektronikte simsek, yaprak, kiy1 kenarlar1 ve giiriiltii gibi karmagik
dogalar1 agiklamak i¢in yaygin olarak kullaniliyordu. sistemler. Bu fraktal geometrik
sekiller, bilimsel agiklamalarda etkili bir sekilde kullanilabilecek tekrarlayan bir desen
olusturan parcanin biitiiniin 6lgekli bir kopyast oldugu, kendi kendine benzerlik ve
bosluk doldurma ile karakterize edilir. Bunu diizensizligi agiklamanin bir yolu olarak
diisiinebiliriz. 6rnegin aydinlatmalarin bir ana govdesi vardir ve daha sonra ana
govdeye benzer ancak daha kiiciik bir kopya olarak daha kiigiik olanlar ve ardindan
ana govdeye benzer liclincii daha kii¢iik olanlar ve benzer parcalardan olusan karmasik
bir sekil olusturmak i¢in alt aydinlatma vardir. Sekiller, benzer sekilde, agag¢ yapragi,
tiim yaprak seklini olusturmak icin tekrar tekrar kiiciiltiilmiis bir ana sekilden olusur,
bagka bir ornek de kesirli sekilli kar tanesinde gorebildigimiz, pargalarinin
kiigiiltiilmiis bir kopyast oldugu yerde. daha biiyiik olanlar Bununla birlikte, tim bu
kiigiiltiilmiis sekillerin kendi yineleme faktorii ve yineleme sayisi vardir; burada
yineleme sayisi, bu seklin ka¢ kez kiiciiltiildiigiinii ve yineleme faktorii, bu sekillerin
ne kadar 6lgeklendigini gosterir. Genellikle yineleme sayisi "n" ile ve yineleme faktori
"i" ile temsil edilir, bu nedenle kendi fraktalimizi olusturmak istiyorsak "n"nin "i"
tarafindan ka¢ kez uygulanacagimi se¢gmemiz gerekir. Fraktal sekiller dogrusal
fraktallara ve dogrusal olmayan fraktallara ayrilabilir. Artimli Fonksiyon Sistemi
dogrusal olan1 olusturmak i¢in kullanilir. dogrusal olanlara 6rnek olarak Koch egrisi,
Cantor egrisi, Minkowski egrisi, Sierpinski contasi ve digerleri verilebilir. Bosluk
doldurma ve kendine benzerlik, fraktal sekillerin ana 6zellikleridir, 6rnegin bulutlar,
simsek, agaclar, kar taneleri ve kiyr seritleri fraktal geometri kullaniimadan
modellenemez. Ayni prensip, daha fazla elektrik uzunluguna ihtiya¢ duyuldugu ancak
kiiclik bir hacmin mevcut oldugu anten tasarim endiistrisi gibi bazi uygulamalarda
kullanilabilir. Fraktal sekiller, anten tasariminda uygun bir minyatiirlestirme teknigi
olarak kullanilabilecek ¢ok benzersiz 6zelliklere sahiptir. Tiim fraktal sekillerin iki
ozelligi vardir; iterasyon faktorii 1' ve iterasyon sayis1 'n', ¢linkii bunlar yinelemeli
olarak ftiretilirler. Birkag¢ fraktal tabanli mikroserit yama anteni, tek kutuplular, UWB
ve diger bircok anten, yillar i¢inde tasarland1 ve arastirildi, ¢linkii bu tiir fraktal tabanl
antenler, kompakt boyut, diisiik seviye gibi normal eski moda klasik tasarima gore
tercih edilen bazi ozelliklere sahiptir. profili, cok bantli ve/veya genis banthi ve
uygulanmasi kolay. Mikroserit yama antenleri, en yaygin baskili devre antenlerdir.
Genel tasarimin tiimii tek bir kazinmis baskili devre olabilir. Bir yama anteni, adini
temel olarak bir yer diizlemi {izerinde asili duran metal bir yamadan olusmasi
gerceginden alir. Bir yama anteninde, yayilmanin ¢cogu yer diizleminin iizerindedir ve
yiiksek yonlii kazanca sahip olabilir. Mikroserit antenler, serit besleme hatti, dielektrik
sabiti olan bir alt tabaka ve iletken bir zemin diizlemi olmak {izere ii¢ ana parcaya
sahiptir. Herhangi bir anten tasarlamaya baslamanin anahtari, bu antenin hangi bantta
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calisacagini belirlemektir, ¢linkii tiim boyut ve malzeme se¢imi antenin hangi frekans
bandinda ¢alisacagina baglidir. Bizim durumumuz i¢in 6nerilen ii¢ anten Bu boliimde
ele alinacaklar, ana 5G bantlarindan ikisi olarak kabul edilen 3.1 — 4.1 GHz ve 6.1 —
8.1 GHz bantlar1 i¢in 6nerilmistir, 3.1 — 4.1 GHz band1 farkli bantlara ayrilmistir,
ancak bu alt bantlarin neredeyse tamami -bantlar, 5G iletisim sistemlerinin ¢alisma
spektrumu i¢in gercekten Onemli kabul ediliyor. Ozellikle Giiney ve Kuzey
Amerika'da uluslararasi mobil telekomiinikasyon (IMT) simdiden bu bantlara
kaydiriliyor. Ve heniiz kullanilmadiysa, en azindan kullanilmak iizere analiz ediliyor,
ayni zamanda 5G orta bant spektrumu olarak da adlandiriliyor. Diger 6nemli bant,
gelecekteki 5G uygulamalart i¢in ¢ok umut verici oldugu disiliniilen 6.5 ile 8.5
arasindaki bantlar olan Wi-Fi6 etrafindaki spektrum bandidir. Herhangi bir fraktal

€C_ 9

seklin olusturulmasi iki faktore baghdir; yineleme sayisi “n” ve yineleme sayisi fraktal
seklin ka¢ kez kiiciiltiildiigiinii temsil ettigi yineleme faktori “i” veya yukari
Olceklendirilmis ve yineleme faktorii nasil dlgeklendigini tanimlar. Birkag fraktal
tabanli mikroserit yama anteni, monopoller, UWB ve diger pek ¢ok anten gibi yillar
icinde tasarlandi ve arastirildi, ¢linkii bu tiir fraktal tabanli antenler, kompakt boyut,
diisiik gli¢ gibi normal eski moda klasik tasarima gore tercih edilen bazi1 6zelliklere
sahiptir. profili, ¢ok bantl ve/veya genis bantli ve uygulanmasi kolay. Minkowski ve
Koch fraktallar1 mikrogerit yama anten tasarimlarinda daha once birgok aragtirmada
uygulanmis olsa da, iterasyon faktorii “i” degistirmenin etkisi bir¢ok arastirmada da
incelenmistir. Benzer sekilde, fraktal antenleri tasarlarken, ilk antenimiz i¢in prosediir,
calisma bandinmi belirlemekle baslar, ¢iinkii antenimiz 5G orta bandinda yayilmaya
yoneliktir, bu nedenle rezonans frekansi 3.5 GHz civarinda olmalidir. Antenin
parametreleri, hangi anten tipine ve hangi bantlarda calisacagina gore dikkatlice
secilmelidir, bizim durumumuzda segilen tip mikroserit yama antendir ve ¢alisma
band1 3.5 GHz'dir, bu nedenle besleme yontemi olarak tasarimda basitlik ve
kompaktlik saglayan mikroserit hat beslemesini (MSL) sectik. Bununla birlikte,
mikroserit besleme hattinin (Lf) uzunlugu, rezonans frekansinin A/4'i civarinda
olmalidir. Mikroserit yama antenlerde bilindigi gibi birbirine kazinmis ti¢ katmandan
olustugu i¢in ilk katman zemin katmani, ardindan altlik katman1 ve son olarak da en
iistte yayilan yamadir. Ancak FR-4 substrati olan orta tabakanin kalinligi 1 mm ve
mikroserit hattinin genisligi 1.6 mm olarak se¢ilmistir, bdylece anten portunda birlikte
50 ohm'luk bir empedans saglarlar. daha iyi yayilim i¢in, bu mikroserit hat besleme
empedanst hesaplamalari mikroserit antenlerin hesaplamalarina gore yapilmistir.
Ayrica, yayilan yamanin tahmini genisligi ve uzunlugu ayni hesaplamalara gore
hesaplanmustir. yaklasik 3x10™® m/s'ye esittir, fo yayilmanin rezonans frekansidir, r
dielektrik sabitidir, FR-4 substratinin kalinligidir ve W yamanmn genisligidir.
denklemlere gére 16 mm genisliginde ve 11 mm uzunlugunda dikdoértgen sekilli bir
yama. Daha sonra dikdortgen yamanin dort agisimi inceltildi. Bu anten, -22 dB
civarinda S11 ile 3.1- 4.9 GHz arasinda yayilir ve yansima katsayisinin 1.97 dBi
kazancina sahiptir. Daha sonra, fraktal konsept kullanilarak, antenin bu ayn1 yayilan
yamasi kopyalandi ve i=0.8 kadar kiiciiltiildii, ardindan elde edilen kiigiiltiilmiis yama,
tek halkali anteni olusturmak i¢in ilk yamadan ¢ikarildi. ayrica yaklasik -18 dB'lik bir
S11'e sahip olan 3.5 GHz'de bir rezonans frekansi ile 3.1 — 4.3 GHz arasinda yayilir.
Ancak antenin 6nden, yandan ve arkadan goriiniisiinii gostermektedir. Anten arkadan
goriiniimiinde de gorebilecegimiz gibi, zemin katmaninin iist kismi1 hem sagdan hem
de soldan ayna gibi inceliyor. Zemin katmanindaki bu incelmeler, antenin yayilmasin
ve S11 performansini iyilestirmeye yardimci olur. Bu fraktal tabanli tek halkali anten,
iyi bir radyasyon modeline ve 2.0 dBi civarinda bir kazanca sahiptir. Tek halkal
antenin ayni parametreleri kullanilarak, ancak bu sefer iki farkli bantta yayilma elde
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etmek icin ana halkanin i¢ine daha kiiciik bir halka daha eklenerek, i¢ halka, dis
halkanin 0,75 oraninda kii¢iiltiilmiis bir kopyasidir. Her halkanin ¢evresi, bu halkanin
merkez frekansindaki frekans bandina karsilik gelir. simiilasyonlar CST mikrodalga
stiidyo simiilatorii kullanilarak gergeklestirilmistir. Onerilen anten kendine benzeyen
iki yayilan halkasi nedeniyle, merkez frekanslari sirasiyla 3.5 GHz ve 7 GHz olan 3.1
— 4.1 GHz ve 6.1 - 8.1 GHz'lik ana 5G caligma bantlarindan ikisini kapstyor.
Tasarlanan anten, ayni bantlarda ¢alisan diger antenlerden daha kiiciik kabul edilen
27x16 mm? darbe boyutuna sahiptir. Ayrica, mikroserit hat beslemesinin genisligi 1.9
mm'ye ayarlanmigtir ve FR4 substratinin kalinlig1 1 mm'ye ayarlanarak 50 ohm'luk bir
empedans uyumu olusturulur. Anten, -20 dB civarinda iyi bir yansima katsayis1 (S11),
genis bant genisligi, her iki bant i¢in iyi bir radyasyon modeli ve birinci ve ikinci
bantlar igin sirasiyla 2.29 dBi ve 2.51 dBi kazang gosterdi; 5G uygulamalari igin iyi
bir adaydir. Son olarak, zemin katmanina iki simetrik tiggen kesim eklemenin etkisi,
farkli kesim boyutlarinin yani sira daha kii¢iik halkanin 6lgek faktoriiniin ve zemin
katmaninin uzunlugunun degistirilmesi i¢in incelenmistir. Dual-ring dual-band anteni
gelistirmek icin 4x1 MSL MIMO (Multi Input Multi Output) anten yapisi
gerceklestirilmis, anten 6nceki antenlere benzer sekilde dielektrik sabitli FR-4 substrat
lizerinde tasarlanmustir. 4.3"in 90.70 x 42.50 x 2.2 mm? boyutuna sahip. iki yayilan
eleman arasindaki mesafe, rezonans frekans1 3.5GHz'de diisiik frekans bandinin
M8'ine esit olacak sekilde ayarlanir. Her antenin toplam MSL'sinin uzunlugu, alt
bandin rezonans frekansinin A/4'ii civarinda bir seye esit olacak sekilde ayarlanmistir.
Bu MIMO antenin S11 performansi, daha 6nce bahsedilen ¢ift halkali antene gore ¢ok
daha iyi, goriildiigii gibi bu anten ilk bandinda hem S11 hem de S22 i¢in -45 ile -55
dBi arasinda bir yansima katsayis1 degerine sahip. merkez frekansi. Ikinci bantlarin da
S11 ve S22 performansi, merkez frekansinda -30 ila -35 dBi civarinda bir degere
yiikseltildi.
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1. INTRODUCTION TO ANTENNAS

A proper design of such a critical component as the antenna in wireless systems can
relax system requirements and improve overall system performance. However, its size
may differ from 100m by 100m to parts of millimeters but, in general all antennas hold
the same importance in their corresponding systems. Today, we enjoy much benefit
from wireless, and the significant contributions of antennas should not be
underestimated. An antenna is an electromagnetic transducer, used to convert, in the
transmitting mode, guided waves within transmission lines to radiated free-space

waves, or to convert, in the receiving mode, free-space waves to guided waves [1].

1.1 Antenna Selection Considerations

Any Wireless gadget contains an antenna that changes the electric flows produced by
the handset circuits into electromagnetic (EM) waves, and as shown in figure 1.1 the
full duplex communication systems contains of a transmitting (Tx) antenna and a
Receiving (Rx) antenna. The Tx antenna transmit the EM waves to the Rx antenna.
However, Antennas has different shapes, sizes, gains, and impedances. Choosing the
right Antenna for an application can significantly affect the general exhibition,
propagation range, and size of the wireless hubs. This segment surveys the essential
standards of antennas just as qualities of various Antennas.

Tx Antenna Rx Antenna
Electric Current : :: : : Electric Current
\/\ﬁ Direction of EM waves u\J
Transmitter Receiver

Figure 1.1: Transmitting and receiving antennas.



1.1.1 Gain

Comparing different types of antennas must be done according to a reference, where
there are specific considerations that are ideal, so whenever we need to measure the
performance of an antenna, we compare it with this hypothetical or in other words
Isotropic antenna which is not feasible in real life. The isotropic antenna is considered
to have the same transmitted power in any direction at distance d. However, in real life
there are directional antennas where the strength of the signal is stronger in some
directions and weaker in the others. Accordingly, the antenna’s gain is the ratio of the
signal strength in the direction of strongest radiation to that of an ideal isotropic
antenna. Giving “i” and “d” refers to isotropic and half wavelength dipole gain
respectively, the gain is usually measured by dBi or dBd [2]. It should be mentioned
that the radiated power in one direction is less than that of an isotropic antenna,
meaning that no matter how perfectly the antenna is designed it has some losses and
radiation in other directions. As the radiated frequency of an antenna changes the gain

changes as well, usually, higher frequencies have lower gains.

1.1.2 Radiation pattern

To graphically comparing different antennas there is nothing better than radiation
pattern graph. Figure 1.2 shows the radiation pattern of a chip antenna for different
angles. therefore, for non-isotropic, i.e., real-life antennas the gain changes with the
angles from the antenna, from the figure we can notice that it goes above 0 dBi at some
angles and below it in others to ensure that it does not exceed the gain of the isotropic
ideal case. Also, each operating frequency should have its own radiation pattern graph.
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60
around 2 dBi at \
300 degree angle/_l—"” \ \
270 : N _5x

Antenna Itself

240 120

(Chip Ani
This is the antenna gain 210 160
at different angles for a 180

specific frequency

Figure 1.2: Radiation pattern [1].



1.1.3 Efficiency

The main idea of a receiving antenna is to change the electromagnetic waves into
electric signals inside the receiving circuit, and in a transmitting antenna, changing the
electric signals inside the transmitting circuit into electromagnetic waves to the space.
Now, how effectively the antenna is applying these conversions is called the
efficiency. The efficiency is taken into considerations in calculating the gain. So,

providing the gain in some designs is enough sometimes [3].

1.1.4 Impedance

In a lot of analyzing tasks, an antenna can be replaced with a grounded for example,
50-ohm resistor, and it should be mentioned that this value is different for different
types of antennas and according to the operating frequency. Antenna impedance is also
known as radiation resistance. Usually, the antenna designers specify the resistor’s
value of their antenna in its equivalent circuit. Usually, the values of these impedances
vary from 50 to 200 Ohm. On the other hand, we have the VSWR value which
indicates how efficient the power source is in transferring RF power to the load. Part
of the power will reflect back to the source if an impedance mismatch occurs in the
design stage. An ideal VSWR value is 1, which means no undesired reflections is
happening because of the impedance mismatch.

1.1.5 Tuning

Antenna’s shape and size have high effect on the impedance. Changing the shape and
the size of the antenna is called tuning. Matching on the other hand, is series or parallel
connecting passive components to the antenna in order to change the impedance of the

transmitting/ receiving circuit.

1.1.6 Polarization

If a combination of perpendicular travelling Electric (E) and Magnetic (M) fields are
in the same speed they are called Electro Magnetic (EM) wave. the direction of E
specifies the antenna’s polarization. The type of antenna’s polarization is according to
the changes in phase and amplitude during the wave propagation. Depending on how
the antenna is propagating the EM waves into space, along the electric field
propagation if we have straight line moving E, rotating same-speed-changing phase
causing circular E field or changing amplitude and phase elliptically rotating E, they



are called Circular, Vertical, Elliptical or Horizontal polarization, respectively.
Antenna, especially in Line of Sight (LOS) Applications should have the same
polarization in receiving (Rx) and transmitting (Tx) antennas. Figures 1.3 and 1.4 show

the EM wave propagation and polarization respectively.

Direction of Electric Field

*,5'_ Electric Field

Magnetic Field

Direction of Magnetic Field Propagation

Figure 1.3: EM Wave Propagation [2].

Electric Field Rotating
Electric Field Rotating with with an Elliptic Pattern
Constant Amplitude
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Figure 1.4: EM Wave Polarization [2].
1.2 Common Antennas

In the EM research field, any conductor is a radiating candidate and can be considered
as an antenna [2]. In this section we listed some of the common types antennas that are

widely used in the wireless communication field.

1.2.1 Dipole antenna

Two middle-fed 0.25 wavelength-long segments with a theoretical gain of 2.14dB can
represent the dipole antenna [2]. Sometimes they are called half-wave dipoles because
the antenna’s length is 0.5 the wavelength. 73-ohm resistance usually used to represent

the dipole antennas in their equivalent circuit [4].

1.2.2 Monopole antenna

The 0.25 lambda-long antennas that are portable on a reflective ground plane are often
called monopole antennas, it usually has an impedance of 0.25 wave antenna is 36

Ohms. The ground plane can be thought of as a nonideal complexation that acts as the



other half of a half-wave dipole. However, as long as the 0.25 electrical length is
satisfied the antenna can physically be shortened. Helix antenna can present a good
example of the shortened-monopole antenna that used for VHF as well as UHF radios
[5]. At the same time these antennas can have -3dB less gain than the regular 0.25
wave antenna. But, adding a large conductive ground plane can accordingly improve

the antenna’s performance.

1.3 Microstrip Patch Antennas

The microstrip patch (MSP) is the most common printed-circuit antenna. As shown in
figure 1.5 it contains a rectangular or circular patch of metal with a microstrip feeding.
The overall design can all be a single etched printed-circuit board.

Microstrip Patch

Microstrip Feed

Port
Substrate

Ground

Figure 1.5: MSP Antenna [3].

The microstrip patch is the most common printed-circuit antenna. The overall design
can all be a single etched printed-circuit. A patch antenna gains its name from the fact
that it basically consists of a metal patch suspended over a ground plane [3]. In a patch
antenna, most of the propagation is above the ground plane and can have high

directional gain. Microstrip antennas have three main parts, a strip feeding line, a

substrate with a dielectric constant €, and a conductive ground plane.






2. FRACTAL SHAPES

To explain complex structures that are found in nature the classic geometric ways were
inapplicable, therefore Mendelbort in [6] said fractal once in one of his books and since
then they were widely used to explain such complex natures as lightening, leaves,
coastal sides, and noise in electronic systems. These fractal geometrical shapes are
characterized as seen in figures 2.1 and 2.2 by self similarity and space-filling, where
the part is a scaled copy of the whole that creates a repetitive patterns that can be used
effectively in the scientific explanations. We can think of it as a way to explain
irregularity. As shown in figures 2.1 the lightening have a main body and then smaller
ones similar to the main body but as a smaller copy, and then third smaller ones that
are similar to the main body and the sub-lightening, to form a complex shape that

consist of similar shapes, similarly in figure 2.2 the tree leaf is consist of a main shape

that is repetitively down-scaled to form the whole leaf shape, another example is what

Figure 2.1 : Fractals in Lightening [6].



Figure 2.2 : Fractals in tree leaves [6].

we can see in figure 2.3 that the snowflake is also fractional shaped where its parts are
a down-scaled copy of the bigger ones. However, all theses down-scaled shapes have
their own iteration factor and iteration number, where the iteration number represent
how many times this shape is down-scaled and the iteration factor represent how scaled
are these shapes are. Usually, the iteration number is represented by “n” and the
iteration factor by “i” so if we want to form our own fractal we need to choose how

(3312
|

many times “n” is going to be applied by “I”. Fractal shapes can be divided into linear
fractals and non-linear fractals. The Incremental Function System is used to generate
the linear one. An example of the linear ones is the Koch curve, Cantor curve,
Minkowski curve, Sierpinski gasket, and many others. Space-filling and self-similarity
are the main characteristics of fractal shapes, for instance, clouds, lightening, trees,
snowflakes, and coastlines cannot be modeled without using the fractal geometry [7].
The same principal can be used in some applications for example antenna design
industry when more electrical length is needed but a small volume is available. Fractal
shapes has very unique properties that can be used as a viable miniaturization
technique in designing antennas. All the fractal shapes have two characteristics, the

iteration factor ‘i’ and the iteration number ‘n’ since they are generated in an iterative



process that leads to self-similar structures. Generating fractal shapes starts with an
initiator and by keep adding the generator with an iteration function ‘i’ for a specific
number of times ‘n’. Figure 2.3 shows the generating process of some fractal shapes.
Fractal antennas as same as the fractal shapes mentioned above have subdivisions or
parts that are reduced copy of the whole antenna shape. Fractal antennas are
characterized by self-similarity, low profile, compact size, good radiation pattern and
can be operated in multiband and/or broadband [8]. Because of their self-similarity
property fractal antennas can be designed to have more electrical length without
degrading the antenna’s performance [9]. Using a repetitive pattern and by keeping the
self-similarity process, antennas with fractal shapes can be designed.

HH F

o k-

Figure 2.3 : Generating process of fractal shapes: (a) Sierpinski gasket (b) Koch
snowflake and (c) H-fractal [10].







3. FRACTAL ANTENNAS - A LITERATURE REVIEW

Antennas are required for military, industrial and civil communication networks. The
compact overall size and multi-band capabilities of antennas are critical in their design.
Fractal antennas as similar as the fractal shapes are distinguished by characteristics
such as self-similarity and space-filling which is an effective way to achieve the
required miniaturized size and multi-band or even broad-band characteristics. the self-
similarity of fractal configuration to end up causing multi-frequency and then
designing multiband antenna; increasing bandwidth on the core principle of multi-
band to obtain broadband. Fractals' space-filling characteristic results in curved longer
electrical lengths that suit a small physical region. Fractal geometries can provide a
huge surface area or a long length in a small volume or space, for example, the
increment in electrical paths in microstrip patch antennas leads to a reduction in
frequency and, as a result, a downsizing of the antenna's electrical length [10]. The
number of bands defined by the fractal iteration number broad-banding monopole
antennas to meet UWB standards has indeed been done using the fractal approach [11,
12, 13].

3.1 A Review On Fractal-Based Antennas

The usage of fractal’s repetitive characteristic has been implemented in [14] to create
a simple-in-design Crown Hexagonal fractal shaped metal unit cells and then create

adjacent regular hexagons as shown in figure 3.1. In [15] the zero iterative structure

W, -

A

) O 4

(0™ 1teration 1* iteration 25 jteration 3" jteration.

Figure 3.1 : Crown hexagonal fractal shape [14].

was a straight line, as shown in figure 3.3 by Y-shaping the straight line, i.e., applying
the first stage of fractal structure, in other meanings n=1, then changing the second

iterated into Y-shaped structure as well meaning n=2 now, then by keep repeating the

11



same process until n=3 we get the antenna shown in figure 3.2. Similarly until n=4 the
antenna in [7] has been designed as shown in figure 3.3.

R

(a) (b) (c) (d)

Figure 3.2 : (a) Zero iteration. (b) First iteration. (c) Second iteration. (d) Third
iteration of the tree shaped antenna in [15].
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Figure 3.3 : Tree-shaped antenna stages [16].
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Also, a fractally tapered square shaped antenna has been implemented until n=2 in
[11], as shown in figure 3.4. By using the same concept, and by applying Hilbert
curves concept, the antenna in figure 3.5 (a) is designed, and by using moore pre-
fractals the antenna in figure 3.5 (b) was implemented in [17].

Figure 3.4 : Fractally-tapered square-shaped antenna [11].
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(b)

Figure 3.5 : Creating stage-4 of (a) Hilbert and (b) Moore pre-fractal curves-based
antennas [17].

In figure 3.6, 3.7 and 3.8 the creation of six stages of Sierpinski carpet fractals, the
creation of the Giuspe-Peano fractals and the Giuspe-Peano fractals applied to

antenna’s patch is shown [12], respectively.

Step 0: Initiator Step 1: Generator Step 2
Step 3

Figure 3.6 : Sierpinski carpet fractal shape creation [12].
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Figure 3.7 : Initiator and generator of the Giusepe-Peano fractal [12].

Secon! iteration

Initiator Firstiteration

Figure 3.8 : Giusepe-Peano fractals applied on the edges of patch antenna [12].
3.2 Performance of Fractal-Based Microstrip Patch Antennas

Several fractal based microstrip patch antennas were designed and investigated over
the years, monopoles, UWB and many other antennas, since these type of fractal-based
antennas have some characteristics that are preferable over the regular old-fashioned
classic design such as compact size, low profile, multi-band and/or broad band and
that they are easy to implement. An example of such fractal antennas is the design in
[15] were the Minkowski and Koch fractals were implemented in the design of
microstrip patch antennas, the proposed Minkowski fractal antennas has a bandwidth
of 64% (5.52 —10.72 GHz) and a gain of 4.9 dBi, the effect of changing the iteration
factor “i” is shown in figure 3.9 below. The effect of changing the iteration factor ‘i’
for this antenna for when n=1 were on the S11 performance of the antennas when i was
0.33 the antenna had four resonance frequencies between (6-12) GHz with S of
maximum -30 dB, then when i was 1 the antenna had four resonance frequencies for
the same bands but with best S11 value of -20 dB at 6 GHz while when i was 1.67 the
antenna had three resonance frequencies between (5-10) GHz with best Si1 at 7 GHz
of -15 dB, then by increasing the iteration number n=2 the performance got affected a
little bit so when i was 0.42 the antenna had four resonance frequencies between (6-
12) GHz with Si1 of maximum -35 dB, then when i was 1 the antenna had three
resonance frequencies between (6-10) GHz with maximum Sy value of -20 dB at 6.1
GHz while when i was 1.67 the antenna had three resonance frequencies between (6.5-
12) GHz with best S1; at 11.5 GHz of -15 dB.
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i=033 i=1.67

i=0.42 i=1 1=1.67

Figure 3.9 : The antenna in [15] with different “i” values and n=1 (Above) and n=2
(Below).

A novel UWB microstrip patch antenna is presented in [16] using a Pythagorean tree-
shaped fractal design to get more bandwidth and get a multi-band performance.
Increasing the n factor of the design more resonance frequencies will appear, the
proposed design is considered compact in size since it is 25 x 25 mm?, it resonates at
2.6 and 11.12 GHz with good radiation pattern, the proposed designs are shown in
figures 3.10.
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4— 25.00 mm —»
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Figure 3.10 : Pythagorean tree-shaped MSL patch antenna [16].
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The design in [18] is used to get double the BW, the design is consist of fractal-based
square shaped log periodic small in-size patches printed on an FR-4 substrate for ultra
wide band application which are the frequency band between 3.1 to 10.6 GHz, the

design is shown in figure 3.11, this design showed multiband performance.

Coax Feed |« L >

Figure 3.11 : Log-Periodic square shaped antenna in [18].

The classic fractal shapes of classic Koch Island and Giusepe-Peano fractals as well as
Minkowski and T-type shaped design were investigated in [12] as 20 x 13 mm? sized
designs, the four investigated designs are shown in figure 3.12. all these antennas
shown in figure 3.12 except the T-type one have multi-band performances between (4-
14) GHz and Si: that varies between (-25 to -45) dB.

20 mm

¢ N ¢

Koch Minkowski Tee-Type Giusepe Peano

13 mm

Figure 3.12 : The antennas investigated in [12].

Each one of these antennas has a good radiation pattern, gain and efficiency. However,
by differently applying the fractal concept on MSL Patch antennas such antennas as
the ones shown in figures 3.13 and 3.14 can be designed, each one of these antennas
is explained in [13] and showed good S11 performance, which indicates that they are
good candidates for applications between 2-16 GHz.
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Figure 3.13 : (a) Lower (b) Upper and (c) Fractal square monopole [13].
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Figure 3.14 : (a) Lower, (b) Upper, (c) same vertex, (d) same slope fractal
monopoles [13].

The phased array antennas have limitations such as that they operate narrow-bandy
which results in more sidelobes and coupling issues a good solution were proposed as
a poly-fractal arrays in [42] that provide the antenna a wide-band operating
capabilities.
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3.3 Comparing Between Different Fractal Antennas Performance And Designs

In this part in table 3.1 below we have listed some fractal based antenna designs and

showed which fractal geometry have been used an how many times it has been applied

in the design, and what was the performance of such antennas.

Table 3.1 : Comparison between fractal-based antennas.

Ref Fractal i Freq. Band Size B.W.
Geometry (Simulated) (Simulated)
a) Rectangular a) 48X40 a) 9.68 GHz
(31 b) Triangular uwB b) 40X30 b) 9.1 GHz
hexagonal (0.61, 1.26,
[10]  crown fractal 3 2.31, 5.35, 340x340 mm -
structure etc.) GHz
Four resonant
frequencies
between
modified 1GHz-20GHz;
A The lower 88.7x16xX76.
[19] Sierpinski- 3 -
carpet band 3mm
P bandwidth
covers from
1.1GHz-
10.8GHz
[20] Giuseppe Peano 1 600 MHz - -
S LTE: (700, 2
[21] Sierpinski 2600) MHz 76 X 33 mm -
a) sub-
terahertz band
(0.22—0.32 a) 0.1 THz
[22] DNA Shaped THz) 500x400 um
b) Terahertz b) 1.51 THz
(1.38-2.89
THz) Band
modified WZLQ)'\(';@?' 14.46%
[23] Sierpinski 2 WiIMAX - 27.78%
gasket (3.10-
4.10GHz)
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Table 3.1 (Continued): Comparison between fractal-based antennas.

Ref Fractal i Freq. Band Size BW
Geometry (Simulated) (Simulated)
: UHF RFID 88x30.8x1.5 25% (630MHz-
241 Treedliked 4 g500mpz) mm 1050MHz)
o 41%
psy PNkl gggocH, 2O 536z .80
shaped mm
GHz)
Koch-Like PCS, V.VI.‘AN’ 67x84x1.0
[19] Bow-Tie WIF, mm i
WIMAX
Radiolocation,
deep space
research,
Aeronautical
Radio
Navigation
services
[26] Half T-Square (ARNS), 26x20x1mm -
Maritime
Radio
Navigation
services
(MRNS), and
Fixed Satellite
Services (FSS)
[27] Minkowski 5G Wireless 40x40x1.6 3.01 GHz
Fractal mm
Nested Square 2.4/4.8/7.8/11.
[28] Shaped Ring 7/16.5 GHz 36x32 mm 3.23 GHz
Hexagonal- UWB (2.1-
[29] square shaped 13.5) GHz 54x35 mm 11.4 GHz
a) 1.8 GHz a) 160 MHz
[30]  Hilbert Curve b) 3.3 GHz 18X1rf]5'rﬁ’(1'6 b) 410 MHz
c) 5.5 GHz c) 2670MHz
3y Minkowski-like 214GHz  68x48 mm -
sided
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Table 3.1 (Continued): Comparison between fractal-based antennas.

Ref Fractal Freq. Band. Size B.W.
Geometry (Simulated) (Simulated)
[32] Hilbert Curve 200 - 300 9x4x1.6 mm 100 MHz
MHz
Novel 8x5x0.245
[33] Snowflake 28 GHz mm 3.76 GHz
Tree-Shaped SWB (0.66 —
[34] Elliptical 35.4) GHz 170x150 mm 34.74 GHz
C/X/Ku and K
Bands: a)3.46 a) 81
Hexagonal b) 8.28, b)152
[35] Sierpinski 4 c) 12.26, 50x50 mm c)179
Gasket d) 17.21, d)330
e) 23.40, e)82
f) 26.01 GHz f)160 GHz
S and C Bands
[36] DGS 3 (205-488)  S2SOL6  oeh MHZ
mm
GHz
E; gg a) 0.315
51 b) 3.220
6.5
Modified c) 8.3
[37] Hilbert Curve 2 0.5 50x60x3 mm c) 2.957
10
10.7
d)13
GHz d)1.940 GHz
Fractal slot (3.1-4.7)
[38] structure ) GHz ) 1.6 GHz
(1.488 —
[39] Koch Curves 2 1.520) GHz 90x90 mm 31.52 MHz
[op Koch-Sierpinski 10 GHz 50x50 mm ~9 GHz

Gasket
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4., DESIGN AND SIMULATIONS

The fifth-generation (5G) of communication systems has already been rolled out in
some countries worldwide. However, the development of smaller and more practical
components is still in need. In this work, the design of three different microstrip patch
based fractal antennas have been designed and simulated, First a fractal-based single
ring patch antenna, then a double-ring dual-band patch and finally a fractal-based
MIMO antenna for 5G systems have been proposed, these three antennas implemented
by using the principle of fractal geometry so that single ring antenna propagates at 3.5
GHz and both the double ring and 4X1 MIMO antennas propagates at two bands with
center frequencies the 3.5 GHz and 7GHz. This chapter has been dedicated to sow the

design and the simulations of these three antennas.

4.1 Operating Bands of The Proposed Antennas

The key to start designing any antenna is to specify in which band this antenna is going
to operate, since all of the dimension and materials selection depends on which
frequency band tis antenna is going to operates in. For our case, the three proposed
antennas that will be discussed in this chapter are proposed for the 3.1 — 4.1 GHz and
6.1 — 8.1 GHz bands which are considered two of he main 5G bands, the 3.1 — 4.1 GHz
band is sub divided into different band , however, almost all of these sub-bands are
considered really important for 5G communication systems operating spectrum.
Especially in South and North Americas the international mobile telecommunications
(IMT) is already being shifted to these bands. And if it has not yet then at least it is
being analyzed in order to e used, it is also being called the 5G mid-band spectrum.
The other important band is the spectrum band around Wi-Fi6 which is the bands

between 6.5 to 8.5 which are considered very promising for the future 5G applications.
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4.2 Single Ring Fractal-Based Microstrip Patch Antenna

As it has been discussed in the previous chapters, the creation of any fractal shape

[13%2]
1

depends on two factors, the iteration number “n” and the iteration factor “i”” where the
iteration number represent how many times the fractal shape is being down-scaled or
up-scaled, and the iteration factor define how it is being scaled. Similarly, in designing
fractal antennas, for our first antenna the procedure starts with specifying the operating
band, since our antenna is intended to propagate at the 5G mid-band therefore the
resonance frequency should be something around 3.5 GHz. The antenna’s parameters
should be chosen carefully according to what type of antenna and in which bands the
antenna is going to operate, in our case the chosen type is the microstrip patch antenna
and the operating band is the 3.5 GHz, therefore, as a feeding method we chose the
microstrip line feeding (MSL) which provides simplicity in design and compactness.
However, the length of the microstrip feeding line (Lf) should be around A/4 of the
resonance frequency. As it is known in the microstrip patch antennas that it is
constructed from three layers etched to each others, the first layer is the ground layer
and then the substrate layer, and finally the radiating patch on the top. However, the
thickness of the middle layer which is the FR-4 substrate was chosen to be 1 mm and
the width of the microstrip line was chosen to be 1.6 mm so that together they provide
a 50 ohm impedance at the antennas port which provide a better propagation, these

microstrip line feed impedance calculations were done according to figure 4.1

equations.
()<
_ 2
Eeff _ exz 1 ERZ 1[ '1+::'2(£) + 0.04 (1 - (%)) ‘|
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= n(s((2) + 025 ()
ey \ W) J_
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eff ~ 73 z\f—un(%) PO Jeerrlgr1393+ 2 n (G 1.a4s)|

Figure 4.1 : MSL calculations [36].

Furthermore, the estimated width and the length of the radiating patch were calculated

according to the two equations shown in figure 4.2 below, where c is the speed of light
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which equals to almost 3x10"8 m/s, fo is the resonance frequency of propagation, €r is
the dielectric constant, h is the thickness of the FR-4 substrate and W is the width of

the patch.
e —4 |
Width = i—“; Eopf = ‘,i_e_zﬂ ' RZ 1 1 - W
2fo |5~ Jr2(3) |
Length = —— — 0.824h (eugr*6a){tet)
g 2/0\‘(«—[} : (Ct//”O.ZSB)("—:{*O.S)

Figure 4.2 : The calculation of the antennas parameters [35].

The radiating patch design was started by creating a rectangular-shaped patch with a
16 mm width and Length of 11 mm according to the equations in figure 4.2. Then by

tapering the four angles of the rectangular patch we got the shape shown in figure 4.3,

Figure 4.3 : The Tapered-Angles Antenna.
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Figure 4.4 : The S11 performance of the antenna in figure 4.2.

This antenna propagates between 3.1-4.9 GHz with Si1; around -22 dB and has a gain
of 1.97 dBi as shown in figure 4.4 of the reflection coefficient. Later, by using the
fractal concept, this same radiating patch of the antenna was copied and down-scaled
by i=0.8, then the resulted down-scaled patch was subtracted from the first patch to
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create the single ring antenna shown in figure 4.5 which also propagates between 3.1
— 4.3 GHz with a resonance frequency at 3.5 GHz that has an Si1 of around -18 dB as
shown in figure 4.6. However, Figure 4.5 shows the front, side and back view of the
antenna. As we can notice in the back view of the antenna in figure 4.5 the ground
layer’s upper part is mirrory tapered from both the right and the left sides. These tapers
in the ground layer help in improving the propagation and Si11 performance of the
antenna. This fractal based single ring antenna has a good radiation pattern as shown

in figure 4.7 and a gain around 2.0 dBi.

N |

Figure 4.5 : The proposed single ring antenna.
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Figure 4.6 : S11 of the Single ring fractal-based antenna.
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Figure 4.7 : Radiation pattern of the single ring antenna.
4.3 Double-Ring Dual-Band Fractal Antenna

By using the same parameters of the single ring antenna but this time with adding
another smaller ring inside the main ring to get a propagation at two different bands,
the inner ring is a by-0.75 down scaled copy of the outer ring. The circumference of
each ring corresponds to this ring’s frequency band at its center frequency. the
simulations have been implemented using CST microwave studio simulator. Because
of its two self-similar propagating rings the proposed antenna covers two of the main
5G operating bands of 3.1-4.1 GHz and 6.1-8.1 GHz, with center frequencies of 3.5
GHz and 7 GHz, respectively. The designed antenna has an impact size of 27x16 mmz2
which is considered smaller than the other antennas operating in the same bands.
Furthermore, the width of the microstrip line feeding has been set to 1.9 mm and the
thickness of the FR4 substrate is set to 1 mm to create a 50 ohm impedance matching.
The antenna showed a good reflection coefficient (S11) of around -20 dB, wide
bandwidth, a good radiation pattern for both bands, and a gain of 2.29 dBi and 2.51
dBi for the first and second bands, respectively, which indicates that the antenna is a
good candidate for 5G applications. Finally, the effect of adding two symmetrical
triangular cuts on the ground layer has been studied for different cut sizes as well as
the changing of the scale factor of the smaller ring and the length of the ground layer.
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Figure 4.8 shows the front, side and back view of the antenna. And Figure 4.9 shows
the Si11 of the double-ring fractal antenna, whether figure 4.10 shows the radiation

i

pattern of the antenna.

Figure 4.8 : Double-ring Dual-band fractal antenna.

S-Parameters [Magnitude]

— 1,1

Frequency / GHz

Figure 4.9 : Sy of the double-ring Dual-band fractal antenna.

3.5 GHz 7 GHz

Figure 4.10 : Radiation pattern of the Double-ring dual-band antenna at its resonant
frequencies.
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4.4 4x1 Fractal-Based Dual-Band Microstrip Array Antenna

In order to improve the dual-ring dual-band antenna a structure of a 4x1 MSL MIMO
(Multi Input Multi Output) antenna have been implemented, the antenna is designed
as similar to the previous antennas on an FR-4 substrate with a dielectric constant of
4.3, this antenna has a size of 90.70 x 42.50 x 2.2 mm? the front view of this antenna
is shown in figure 4.11 below while the back view (ground layer) and the top view are
shown in figures 4.12 and 4.13, respectively. the distance between two propagating
elements is set to equal A/8 of the lower frequency band at its resonant frequency
3.5GHz, and the length of the total MSL of each antenna were set to equal something

around A/4 of the resonance frequency of the lower band.

Wi 008

ww 05°zZy

=3:00mm

8.00 mm

90.70 mm

Figure 4.11 : Front and Side view of the 4x1 dual-band fractal MIMO antenna.

90.70 mm

12.40 mm

12.40 mm

Figure 4.12 : The back view (Ground Layer) of the 4x1 Fractal MIMO Antenna.
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Figure 4.13 : Zoomed top view of the 4x1 double-ring fractal array antenna.

As it can be seen from the front view of the array antenna in figure 4.11 this antenna
is quite different than the conventional array antennas, the difference is in the feeding
way, this antenna has two ports and each one of these ports is connecting to only two
propagating elements via a tree shaped MSL feed, and the other two elements are
connected to the other port via another tree-shaped MSL feeding, this type of feeding
in the array antenna provides better impedance matching between the four antennas.
However, our proposed array antenna as seen from the Si1 and S22 plots in figures
4.14 and 4.15 respectively propagates at two 5G frequency bands of (2.5 — 3.8) GHz
band with resonance frequency at around 3.3 GHz and (5.7 — 7.5) GHz band with
resonance frequency around 6.5 GHz, both bands cover important 5G bands, the array
has radiation patterns as shown in figures 4.16 and 4.17 for both 3.5 GHz and 7Ghzfor
both ports respectively and higher gain compared to the single ring fractal and double
ring fractal antennas.

S-Parameters [Magnitude]

Frequency / GHz

Figure 4.14 : Sy of the 4x1 fractal array antenna.
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S-Parameters [Magnitude]

Frequency / GHz

Figure 4.15 : S22 of the fractal 4x1 array.

The Si1 performance of this MIMO antenna is much better than the double-ring
antenna discussed before, as it can be seen, this antenna has a reflection coefficient
value among -45 and -55 dBi for both Si1 and S22 for the first band at its center
frequency. The second bands as well has its Si1 and S22 performance improved to
something around -30 to -35 dBi at its center frequency. In addition, the gain of the

propagation bands center frequencies is as shown in table 4.1 below

Table 4.1 : 4x1 fractal-based array gain for the two resonance frequencies.

Frequency Port 1 Port 2
3.5 GHz 5.643 dBi 5.648 dBi
7 GHz 8.39 dBi 8.4 dBi

The radiation pattern at 3.5 GHz and 7 GHz is shown in figures 4.16 and 4.17 for the

first port and the second port, respectively.

3.5GHz port1 3.5 GHz Port 2

Figure 4.16 : Radiation pattern at 3.5 GHz for ports 1 and 2.
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7 GHz port 1 7 GHz port 2

Figure 4.17 : Radiation pattern at 7 GHz for port 1 and port 2.
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5. CONCLUSIONS AND RECOMMENDATIONS

In this chapter the conclusions from this thesis are presented and a comparison between
the four different fractal-based designs is provided along with some recommendations

for future work.

5.1 Conclusion

The spectrum of the fifth generation 5G of the wireless communications is divided into
several parts, however, some parts of that spectrum are already being used in some
countries around the globe but the development of smaller and more convenient
components are still in need. Therefore, in this thesis the design of three different
fractal-based antennas were proposed for the 5G applications in the 3.5 GHz and 7GHz
centered spectrum bands using CST Microwave studio simulator. The design of the
first antenna started by designing a cutted-angles rectangular patch antenna that
propagates at 3.5 GHz, then by copying and then scaling-down the same patch and
later substracting it from the main patch we got a single ring cutted-angles rectangular
patch antenna that propagates at 3.5 GHz with a reflection coefficient of -19 dB and a
gain of 2dBi. The second antenna was created by scaling-down the full ring of the first
antenna and create a similar inner ring that propagates at 7 GHz center frequency and
has a bandwidth between 6.25-8.1 GHz, this antenna is able to propagate at two
different 5G frequency bands centered at 3.5 GHZ and 7 GHz respectively. This
antenna has a reflection coefficient Si1 of around -20dB for both resonant frequencies
of both bands, and has a gain of 2.29 dBi and 2.51 dBi for the two bands at their center
frequency. All these antennas were have a microstrip feeding line with a length of 16
mm which equal to something around A/4 of the first band’s center frequency, all the
antennas have an FR-4 substrate thickness of 1 mm and a width of the feeding line of
1.6 mm so that together they provide a 50 ohm impedance at the input port which
assure that most of the input port’s waves are being propagated. Finally, in order to
increase the gain a 4x1 antenna array was designed to propagate at the same bands,

this array has two feeding ports that designed in an inverted way to improve the
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matching between the array elements, each port is connected to only two propagating
elements by a tree shaped A/4 length microstrip has a reflection coefficient of around
-45 dBi and -35 dB for both bands at their center frequencies, respectively. This array
antenna has also a gain for the 3.5Ghz centered band of 5.64 dBi for port 1 and 5.648
dBi for port 2, and for the 7 GHz band the gain was equal to 8.39 dBi and 8.4 dBi for
port 1 and port 2, respectively. In table 5.1 below we provide a comparison between
the four fractal-based designed antennas that focuses on the size, bandwidth, reflection

coefficient, and gain.

Table 5.1 : Comparison between the designed antennas.

Antenna Size Feeding B.W. Gain Reflection
(mm) (GHz) (dBi) coefficient
(dB)
Single Ring 27x16x2.2 MSL 3.1-45 2.0 -19
. a)3.1-4.1 2.29 -21
Double Ring 27x16x2.2 MSL b) 6.2 8.1 251 23
Portl Port1
» 78 ) 2.6-3.6 a) 5.643 -54
Fractal array 90.70x42.5x2.2 shaed MSL b)5.8-75 b) 5.648 -32
P Port 2 Port 2
a)2.6-3.75 a) -46
b)5.8-7.5 b) -36

5.2 Recommendations For Future Work

As for a future work, these designed antennas can be improved, for example different
substrates for the single and double ring antennas, and study the effect of changing the
feeding line, However in the case of antenna array, the future work may include
increasing the propagating elements, also finding ways improve the gain along with
achieving better S1; parameters. Also study the effected for the case when antennas
for mmWave is needed. Therefore testing whether this design is appropriate for these

cases or not.
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