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ABSTRACT

MASTER OF SCIENCE THESIS

ULTRA-THIN MULTIBAND LINEAR AND CIRCULAR POLARIZATION
CONVERTER BASED ON METAMATERIAL

Fadi ALAHMED ALBASRY
Supervisor: Asst. Prof. Dr. Gokhan OZTURK

Purpose: The goal of this work is to achieve maximum polarization efficiency in multi-
frequency bands within the minimum volume of a metamaterial converter.

Method: CST Microwave Studio and MATLAB programs were used as simulation programs
to calculate the polarization converter techniques within the scope of this thesis. Polarization
conversion ratio was computed analytically using the S parameters obtained with the simulation
results.

Findings: Two metamaterial-based polarization converters are proposed in this study. The first
one could perform both linear and circular polarization conversion in the X and Ku bands. The
other could provide linear and circular polarization conversion in the K and Ka bands. Both of
the proposed converters are designed to be ultra-thin in thickness.

Results: The polarization converters proposed in this study literally have both ultra-thin
thickness and wide angle performance than other polarization converters in the related operating
bands. They also show higher performance in terms of cost-effective bandwidth.

Keywords: Metamaterials, Stoke’s Parameters, circular polarization, linear polarization, wave
polarization.
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OZET

YUKSEK LiSANS TEZi

ULTRA INCE COK BANTLI DAIRESEL VE LINEER METAMALZEME
POLARIZASYON DONUSTURUCU

Fadi ALAHMED ALBASRY
Damsman: Dr. Ogr. Uyesi Gokhan OZTURK

“Elektromanyetik dalga polarizasyonu” terimi, uzayda sabit bir noktada salinan elektrik
alan bileseninin zamani1 hesaba katarak oryantasyonunu karakterize eder. EM dalgasinin yonii,
bir polarizasyon donistiiriiciisii ile degistirilebilir. Askeri sistemlerde radar kesitinin en aza
indirilmesi, anten tasarimi, yarim ve c¢eyrek dalga plakalar1 dahil, mikrodalgadan terahertz
domain EM dalga polarizasyon doniistiiriiciilerinin sayisiz kullanimi, onlarin 6nemini gosterir.
Bir radyo baglantisinin sonucu olarak antenler dogal olarak polarizasyona meyilli
olduklarindan, polarizasyonu bozucu veya bozucu olmayan dikey yonde hareket ettirerek
polarizasyonu arttirilabilir veya azaltilabilir. Ayn1 zamanda hem iletim hem de alim igin tek bir
anten kullanan monostatik radarlar i¢in de kullanilirlar. Polarizasyon donistiiriiciiler
miilkemmel polarizasyon gerektiren sensorler, anten, radar, optik iletisim dahil olmak iizere
cesitli endiistrilerde kullanilmaktadirlar.

Geleneksel olarak elde edilen polarizasyon doniisiimii, dogal olarak olusan kristallerde
¢ift kirilma olgusunun yardimiyla gerceklestirilir ve molekiiler diizeyde anizotropi mevcuttur.
Bu kristallerin zayif anizotropisi, biiyiik hacmi, agiya bagl polarizasyon tepkisi ve onemli gii¢
kayb1 geleneksel yontemlerin pratik uygulamalarda kullanilmalarini engeller. EK olarak, bu
teknikler, faz hesaplamasi ve biiyiik yayilma mesafeleri icin 6zel ekipman gerektirir. iki yariya
ayrilan 1s1k 1sinlar, kelimenin tam anlamiyla ¢ift kirilma olarak adlandirilir. Cift goriintii
goriiniimii veren bu ayirma, ¢ift kirilmali malzemelerde dogal olarak olusur. Dielektriklerde
doniisiim optigi kullanilarak olusturulan bir cihaz yapildiginda, ¢ift kirilma siklikla istenmeyen
bir yan etki olarak ortaya ¢ikar. Dielektriklerde, polarizasyon tipik olarak bu dezavantajlarin
dikkate alinmadigi durumlarda uygulanir. Son yillarda polarizasyon donistiiriiciiler, bu
dezavantajlarin iistesinden gelmek i¢cin metayiizey yapilari kullanilarak gerceklestirilmektedir.
Metaylizeyler, dar hacimlere sahip dalga alt1 periyodik bir yapilari ile dikkatleri lizerinde
¢ekmektedir. Metayiizey polarizasyon doniistiiriiciiler mikrodalga, terahertz, kizilotesi ve
goriinilir 151k bandi dahil olmak iizere ¢esitli frekanslarda yiiksek rezonans oOzellikleri ile
gerceklestirilmistir. Genis bant, diisilk profil, genis a¢1 ve son derece ince metayiizey
polarizasyon dontstiiriiciiler mikrodalga alaninda dikkatleri lizerine ¢ekmektedir. Metayiizey
temelli yansitict ve iletim modlu polarizasyon doniistiiriictiler olarak iki gruba ayrilirlar.
Yansitict modlu polarizasyon doniistiiriiciilerde metal sonlandirmalar olusturuldugu igin
metayiizeyden yansiyan dalganin polarizasyonunu doniistiiriiliirken, iletim modlu polarizasyon
doniistiiriiciilerde metal sonlandirma olmadan iletilen dalganin polarizasyonunu doniistiiriiliir.
Ayrica metayiizey polarizasyon doniistiiriictiler, doniistiirme deneylerinde kullanilan dalga
polarizasyonunun tiiriine bagl olarak dairesel ve lineer olmak iizere cesitlenmistir. Lineer
polarizasyondan dairesel polarizasyona doniisiim yapilan (LP-CP) ¢alismalarinda, polairzasyon
doniistiiriiciiler elektrik alan1 dairesel bir yonde yansitilirken, lineerden lineere doniisiim
yapilan (LP-LP) yansitici ¢alismalarinda elektrik alanin yonii 90 derece kayar. Metayiizey
kullanilarak, LP-LP doniistiirme cihazlari i¢in tasarimlar polarizasyon doniisiim orani (PCR),
bant araligi, gelis acisi, kalinlik ve mikrodalga frekans bolgesi iizerinde yogunlagsmistir. Bu
cihazlarin pratik kullanimi i¢in, tasarimin birim hiicre hacimleri ve kalinliklar1 ¢ok énemlidir.
Ek olarak, LP-LP 6nemli ¢ok yollu soniimleme, yiiksek iyonosferik kayiplardan muzdarip
oldugundan ve antenlerin yoniine bagli oldugundan, LP-CP bazi 6zel mikrodalga
uygulamalarinda tercih edilir. Ayrica, LP-CP doniistiiriiciiler uydu iletisiminde, anten



yonelimlerinin zorluklarini agsmak ve bu anten yonelimleri olmadan veri akisini saglamak i¢in
kullanilir.

1967'de Moskova fizik ve teknoloji enstitiisiinden Sovyet fizik¢isi Victor Veselago,
metamalzemeler i¢in ilk teorik modeli 6nerdi. Veselago arastirmasi, solak malzemelerin iirettigi
negatif kirilma fenomenini tahmin etmek i¢in yontemler iiretmenin yani sira malzemeler i¢in
teorik modelleri kesfetmeyi igeriyordu. Bu malzemeler hem negatif elektriksel gecirgenlige
hem de negatif manyetik gecirgenlige veya gift negatif gecirgenlige sahip malzemelerdi.

Oniimiizdeki otuz y1l boyunca, metamalzemeleri etkin bir sekilde tasarlamak ve iiretmek
icin gereken kurucu malzemeler ve hesaplama giicli eksik oldugundan, bunlar agirlikli olarak
soyut kalacakti. Metamalzemelerin gergevesi teorik diizeyde gelistirilirken, mikrodalga
miihendisliginin ilgili alan1 ve anten tasarimina uygulanmasi I1. Diinya Savasi'ndan sonra hizla
gelismeye basladi. 1950'lerde ve 1960'larda yapay dielektriklerin gelisimi, 6zellikle anten
tasarimi i¢in mikrodalga radyasyonunu sekillendirmek i¢in yeni yollar agmaya bagladi. Yapay
dielektrikler, metamalzemelere benzer iletken olmayan bir matriste diizenlenmis iletken sekil
dizilerinden veya parcaciklardan olusan malzemelerden olusur. Yapay dielektrikler, bir
dielektrik malzeme gibi davranan belirli bir elektromanyetik tepkiye sahip olacak sekilde
tasarlanmisti. 1990'larin sonunda, meta-materyalleri teoriden gercege tasimaya yonelik ilk
girigsimler ortaya ¢ikmaya basladi ve bunlari olugturan koklii ilkeler, devam eden arastirmalarin
odak noktasi olmaya devam edecekti.

Ingiliz teorik fizik¢i John Pendry, kisa siirede MM 'lerin 6zelliklerini kavramdan gergege
getirerek ¢ok onemli bir katkida bulunacakti. Pendry, malzemenin mikrodalga emiliminin,
yapildigi karbonun kimyasal yapisi tarafindan degil, liflerin uzun sekli tarafindan
yonlendirildigini kesfetti. Bu gozlemden Pendry, bir malzemenin yerel yapisini belirli bir
radyasyon bandindan daha kiigik Olceklerde degistirerek, o malzemenin radyasyonla
etkilesimini degistirebilecegini fark etti. Bu gozlemden metamalzeme terimi, dogal olarak
meydana gelenin Otesine gecen Ozelliklerden dolay: tiliretilmistir. Pendry, bu konsepti,
geleneksel bir manyetik maddenin O6zelliklerini taklit edebilecek bir dongiiliic kompozit
malzeme (Yarik Halka Rezenatorleri) fikrini dogurdu. Bu dongiiler, boyutlarina ve
geometrilerine bagli olarak belirli manyetik tepkiler yaratarak etkin bir sekilde ayarlanabilir
manyetik rezonatorler haline gelmektedir. Pendry'nin tirettigi malzeme, malzeme bilimlerinde
daha once goriilmemis bir seydi. Bir malzemenin elektriksel ve manyetik tepkisini etkili bir
sekilde nasil manipiile edecegini anlamist1 ve bu durum ona elektromanyetik radyasyonun bir
malzeme iginde nasil hareket ettigini tasarlamak icin bir yontem sagladi. Pendry, 1999'da
caligmalarinin sonuglarini yayinlamaya devam edecek ve diinya ¢capindaki fizik¢ilerin dikkatini
hizla ¢gekecekti.

Bunlarin yanisira, San Diego'daki California tiniversitesinde deneysel bir fizik¢i olan
David Smith, Pendry'nin teorik cihazini insa etmeye ve analiz etmeye ¢alismak igin meslektasi
Willie Padilla ile birlikte ¢alisacakti. Smith ve Padilla ¢alismalarinda, malzeme bir radyasyon
kaynag tarafindan uyarildiginda malzemenin dogal olarak manyetikmis gibi davrandigi ¢ok
kiiglik bobinler dizisi insa etmisti. Ayrica oldukga kiigiik ince telleri bu dizimlerle yerlestirerek
hem elektriksel hemde manyetik gegirgensligi negatif yapmisti. Pendry'nin konseptini tam
olarak gergeklestiren ekip, 2000 yi1linin Mayis ayinda bulgularini yayinlamaya devam edecekti.
2000 y1ilinin sonlarinda Pendry, siiper bir lens olusturmak i¢in metamalzemeler kullanma fikrini
onerdi. Siiper lensler, geleneksel bir lensin kirinim simnirmin 6tesinde ¢alisabilen teorik
lenslerdir ve bunun bir sonucu olarak genellikle kirinim sinirinin bir sonucu olarak bozunan
yakin alan 1sinlarinin dalga boyu alt1 goriintiilemeye izin vererek spot 1s181na getirilmesine izin
verir. Bu siiper lenslerin baglangigta insa edilmesinin imkansiz oldugu diisiiniiliiyordu. Pendry,
bir meta malzemenin negatif kirilma indisi davranigi kullanilarak gelistirilebilecegini
teorilestirdi. Bununla birlikte, pratikte, metamalzemelerin yayilan radyasyona yiiksek oranda
dagilmalarini saglayan rezonans 6zellikleri nedeniyle bunun inanilmaz derecede zor bir gérev
oldugu kanitlandi. Ayrica bu lensler bir tasarimi ¢ok dar bir dalga boyu ¢alisma bandiyla
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sinirlayan, segilen kirilma parametrelerine karst oldukca duyarhiydilar. Ayrica, 1518in dalga
boylarinda negatif gecirgenlige sahip metamalzemelerin iiretimi o zamanlar miimkiin degildi.
2003 yilinda Pendry'nin teorisi, metallerin mikrodalgalara negatif gecirgenliginden
yararlanarak mikrodalga frekanslarinda ilk kez laboratuvar tarafindan belirlendi. 2005'te iki
bagimsiz grup, kullanilan dalga boylarindan daha az nesnelerin fotograflarini sunmak i¢in UV
1s181yla aydilatilmig ince giimiis katmanlar1 uygulayarak ultraviyole araliginda Pendry'nin
stiper lensini iiretmede basarili olduklarini bildirmisti. Diger deneyler, MRI goriintiilemesini
gelistirmek icin metamalzeme mikrodalga siiper merceklemenin kullanimini da gostermistir.
Kisa bir siire sonra Berkeley'de fizik¢i Zhang Xiang liderligindeki bir ekip, en 1yi optik
mikroskoplarinkinden birka¢ kat daha iyi bir ¢oziiniirliige sahip ultra ince bir glimiis
tabakasindan ilk optik siiper lensi yaratti. 2008'in ortalarinda Zhang'in grubu, 21 alternatif
giimiis levhadan ve balik ag1 olarak adlandirilan cam benzeri maddeden olusan nano 6lgekli bir
lic boyutlu optik meta malzeme {lreterek optik goriinmezlik pelerini yaratmaya yonelik ilk
adimlar atti. Birkag ay sonra Pendry ve Smith, altindaki bir nesneyi mikrodalga algilamadan
gizleyebilecek bir cihaz olusturarak mikrodalga gizleme deneylerini daha da gelistireceklerdi.
Mikrodalga radyasyonu ile bugline kadar yapilan arastirmalar ve goreceli basari,
metamalzemeler arasinda hareket eden bir metamalzeme icinde 151¢1n manipiile edilmesinin
teknik zorluklar1 nedeniyle, optik gizleme hala belirsizligini koruyor.

Birim hiicrenin diyagonal yonelimdeki simetrisi nedeniyle, x-polarize gelen diizlem
dalga yansimasiyla y-polarize bir diizlem dalga 1s1masi1 gergeklesir. Son zamanlarda genis bant
absorpsiyonunu gergeklestirmek igin nispeten bu diagonal yapr kullanilmistir, ancak ¢apraz
polarize yansima dikkate alinmadigindan bu yap1 gergekte zayif bir absorbe edicidir. Simetrik
rezonatorden yapilmis bir metal-dielektrik-metal yapi, ayn1 anda diisiik es polarizasyon ve
capraz polarizasyon yansimasi ile etkili bir sogurucu islevi goriir. Rezonatdriin simetrisi
bozuldugunda es-polarizasyon yansimasi azalsa bile capraz polarizasyon yansimasi 6nemli
Olciide arttig1 gozlemlenmistir. Son arastirmalar, diagonal yerlestirilmis bu metamalzeme
yapilarini emici olarak gosteren ¢aligmalarin yanlislikla mikrodalga emici olarak ¢calismadigini
raporlamistir. Asimetrik rezonatorlere sahip bu aygitlar zayif emiciler olsalar bile, etkili
polarizasyon doniistiiriiciiler olarak kullanilabilecegi raporlanmustir.

Fedotov 2006 yilinda, LP-LP polarizasyon donistiiriiciilerinde asimetrik iletim
olusumunun ilk gézlemini yapti. Ayrica asimetrik iletim etkisinin giiciiniin, ¢ok katmanli
MM'ler tarafindan arttirildig: one siirtilmiistiir. 2011'de Kang, celiskili yayilma yoniinde 0,8'den
fazla iletim doniistiirme verimliligine ve 6.2 GHz'de dogrusal polarize dalganin asimetrik
iletimine sahip S-sekilli bir MM 6nerdi. 2013 yilinda Shi, iki katmanli bir kiral MM ortaya
cikardi ve y dalgalari gelen dalga icin polarizasyonu %90'mn {izerinde bir verimle
dontistiirebilecegini belirtti. Wang daha sonra 2015 yilinda 0.6’nin iizerinde verimlilikle ¢apraz
sekilli iki katmanli bir MM yaratt1 ve merkez dalga boyuna gore %33'e varan asimetrik iletim
bant genisligi sagladi. Ayn1 yi1l Mutlu, 1 GHz'den daha diisiik bant genisligine sahip, ¢ok cesitli
frekanslarda gergeklesebilen, agik, son derece ince bir kiral yapida bir alt dalga boyu rezonansi
getirdi. Basitge soylemek gerekirse, daha 6nce 6nerilen MM tabanli cihazlarin asimetrik iletim
etkisi, diigiik sinirlt bant frekansidir (genellikle maksimum 0,6'dan fazla degildir). Bu nedenle
yiiksek verimlilige ve genis bant genisligine sahip bir polarizasyon doniistiiriicii olusturmak
ideal olacaktir. Coklu doniistiirme modlari, LP-LP ve LP-CP, son yillarda gelistirilen ¢esitli
polarizasyon dontstiiriicii tiirleri arasindadir. 13-15 GHz ve 16-18 GHz bantlarinda ¢alisan
polarizasyon donistiiriicii ile Gao Onemli ilerlemeler kaydetti. Literatiirde LP-LP
doniistiiriiciiler daha fazla dikkat ¢ekmekle birlikte ve LP-CP diizenlemeleri hakkinda ¢ok az
arastirma yapilmistir. Akram kisa siire dnce hem yansima hem de iletim modlarinda c¢alisan
ultra genis bantli bir meta yiizey 6nerdi, ancak egik ag¢1 hassasiyeti bu c¢alismada dikkate
alinmadi. 2017'de Huang tarafindan 8.16-15.32 GHz frekans araliginda dairesel polarize
dalgalarin doniis yoniinii kontrol edebilen ve yiiksek a¢1 hassasiyeti olan basit bir yapiya sahip
bir polarizasyon doniistiiriicii sunuldu.
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Bu c¢alismada, ultra ince metamalzeme temelli yansima modlu LP-LP ve LP-CP
doniistimii gerceklestiren mikrodalga polarizasyon doniistiiriiciiler tasarlanmistir. Yapilan iki
adet metayiizey polarizasyon doniistiiriiciiler mikrodalga simiilasyon programinda dizayn
edilmistir. Olusturulan metaylizey polarizasyon doniistiiriiciiler kare ve L sekillerinin
olusturdugu bir metayiizey yapisi iler gergeklestirilmistir. Her iki dizaynda da alttas olarak
kolay erisilebilir FR-4 malzemesi secilmistir. Metayiizey yapisilarinin en alt tabakasinda
bulunan metal plaka ve en iist tabakasinda yer alan metayliizey icin iletkenligi yiiksek bakir
secilmigtir. Yontem olarak Stokes parametreleri ile polarizasyon kestirim yontemi ve yansima
katsayilar1 ile polarizasyon tesbit yontemi kullanilmistir. Bu iki analiz yonteminde S11 sag¢ilim
parametrelerinin x ve y yonlii yansima katsayilar1 kullanilmistir. Metaylizeye +z yoniinde gelen
dalganin elektrik alan bileseninin +y yoniinde oldugu kabul edilerek, -z yansiyan dalganin
elektrik alan bilegenin +x yOniinde yansimasi saglanilarak LP-LP doniisiimii saglanilmistir.
Ayrica ayni1 sekilde gonderilen dalganin dairesel polarize olarak yansimasi da saglanmistir. Bu
haliyle iretilen metayiizey polarizasyon doniistiiriiciiler hibrit rol tstlenmistir. Elde edilen
sonuglar ayni bant aralig1 i¢in tasarlanan literatiirdeki diger ¢alismalar ile ag1 hassasiyet,
kalinlik, hacim, ¢alisma bant aralig1 gibi yonlerden kiyaslanmistir. Tasarlanan doniistiirticiiler
ayni sekil yapisina sahiptir ve 1 mm kalinliga sahiptir. Fakat tasarimlarin birim hiicre boyutlar
farkli olup, birinci tasarim 5x5 mm Kkare sekilli MM doniistiirticii ve ikinci tasarim 2x2 mm kare
sekilli MM donistiiriiciidiir. Tasarim CST simiilasyon programi ile gerceklestirilmis ve
sonuglar MATLAB tarafindan hesaplanmistir. ilk metamalzeme temelli polarizasyon
dontistiirticii i¢in, X ve K mikrodalga frekans bantlarinda ii¢ farkli frekans bolgesinde %90'in
tizerinde LP-LP doniisiimii elde edilmistir. Dolayisiyla 8.55-8.925 Ghz, 12.18-13.33 ve 17-17,4
GHz frekans bant genisligi araliklarinda %90 {iizerinde lineer polarizasyon verimliligi
saglanmistir. Ayrica bu polarizasyon doniistiiriicti 9.6-11 GHz (sol elli) ve 14.68-16 GHz (sag
elli) bant genigliklerinde minumum %99 polarizasyon déniisiim orani dairesel polarizasyon
gerceklestirmistir. Bu aygitin ac1 hassasiyeti LP-LP calistign bolgelerde 30%e kadar egik gelen
dalgalar i¢in %90 iizerinde polarizasyon doniisiim orani performansi saglarken, LP-CP olarak
gorev yaptig1 frekanslardan 9.6-11 GHz bandinda 60° ‘ye kadar 14.68-16 GHz bant aralig1 igin
40° ‘ye kadar %99 iizerinde performans gostermektedir. Ayrica ¢aligma literatiirdeki benzer
caligmalarla kiyaslatildiginda kalinlik, géreceli hacim ve goreceli bant genisligi olarak oldukca
ince bir yapiya sahiptir. Ikinci metamalzeme temelli polarizasyon déniistiiriicii K ve Ka
mikrodalga frekans bantlarinda 18.6-26.7 GHz frekans bolgesinde %90'1n {izerinde LP-LP
doniistimii elde edilmistir. Ayrica 31.8-40.5 GHz frekans bolgesinde ise %99 iizerinde
polarizasyon déniisiim oran1 ile LP-CP (sol elli) elde edilmistir. Onerilen bu metamalzeme
polarizasyon déniistiiriicii LP-LP calistirg1 frekans bogesinde egik a1l gelis icin 40° ‘ye kadar
egik %90 iizerinde lineer polarizasyon performansi saglamaktadir. LP-CP bolgesinde ise 30°
‘ye kadar gelen egik ag1 icin %99 lizerinde dairesel polarizasyon doniisiim saglamaktadir.
Onerilen bu polarizasyon doniistiiriicii literatiirdeki diger benzer calismalara kiyasla kalinlik,
hacim ve goreceli hacim olarak olduk¢a ince ve kullanilabilir boyuttadir.
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INTRODUCTION

The term “electromagnetic wave polarization” characterizes the orientation of the
electric field component oscillating at a fixed point in space while taking time into account. The
direction of the EM wave could be altered via a polarization converter. Numerous uses of EM
wave polarization converters from the microwave to terahertz domains, including the
minimization of the radar cross section in stealth systems, antenna design, half and quarter wave
plates, have demonstrated their importance. The outcome of a radio link could be increased or
decreased by moving the polarization in the pleasant or unpleasant perpendicular orientation
because antennas are naturally inclined to polarization. It also applies to monostatic radar,
which uses a single antenna for both transmission and reception. Polarization converters are
utilized in a variety of industries, including sensors, antenna, radar, optical communication

which all require perfect polarization (Zhao et al, 2011).

Traditionally polarization conversion is accomplished with the help of the birefringence
phenomenon in naturally occurring crystals and anisotropy is present at the molecular level
(Danner et al, 2011). These crystals’ weak anisotropy, bulky volume, angle-dependent
polarization response, and significant power loss are preventing them from being used in
practical applications. Additionally, these techniques call for specialized equipment for phase
calculation and large propagation distances. Light rays separating into two halves is referred to
as birefringence by the very definition of the word. This separating, which gives the appearance
of a double image, occurs naturally in materials that are birefringent. When a device created
using transformation optics is made to perform in dielectrics, birefringence frequently results
as an unintended side effect. In dielectrics, on polarization is typically applied while forgoing
the other (Leonhadt and PHilbin, 2010). Polarization converters are created utilizing
metasurface structures to get around these drawbacks (Chen et al, 2016). MS is a sub-wave
periodic structure with narrow volumes that draw attention. MS polarization converters have
been developed with high resonance properties in a variety of frequencies, including microwave
(Geyi et al 2017), terahertz (Mo et al, 2016), infrared (Zeng et al, 2019), and visible light band
(Shi et al, 2012). Broadband, low profile, wide angle, and extremely thin MS polarization
converters get interest in the microwave area. Reflective and transmitive are the two main types
of MS designs used in converter experiments. While reflecting constructions convert the
polarization of the reflected portion from the MS because metal terminals are formed (Nama et

al, 2021), transmitting constructions converter the polarization of the transmitted portion



without metal terminals. (Wei et al, 2011). In addition, MS polarization converters come in a
variety of forms, including circular and linear, depending on the kind of wave polarization used
in the conversion experiments (Ozturk G, 2022). In LP-CP works, the electric field is reflected
in a circular direction, whereas the electric field’s direction shifts by 90 degrees in LP-LP
reflective works (CPC). Utilizing MS, designs for LP-LP conversion devices have concentrated
on PCR, band gap, incident angle, thickness and microwave frequency region. For the practical
use of these devices, the unit cell volumes and thicknesses of the designs development are
crucial. Additionally, because LP-LP suffers from significant multi-path fading, high
ionospheric losses and is reliant on the orientation of the antennas, LP-CP is favored in some
microwave applications. Moreover, LP-CP is used in satellite communication to circumvent the

difficulty of antenna orientations and enable data flow without these antennal orientations.

After pioneering mathematical study by Dr. Veselago (VG Veselago, 1967),
metamaterials, which are periodic or a periodic structure with extraordinary electromagnetic
properties, were created. In experiments, split ring resonator structures and infinite- length wire
were subjected to an electric field in order to produce negative permittivity (Pendry et al, 1996)
and negative permeability (Pendry et al, 1999). Smith created the first metamaterial with a
negative refractive index by combining wires and SRR as a composites (Smith et al, 2000).
Antenna (Ziolkwoski and Erentok, 2006), optic lens (Kundts and Smith, 2010), energy
harvesting (Chen et al, 2014), sensors (Abbott et al, 2013), cloaking (Pendry et al, 2006),
absorber (Wang et al, 2015), and polarization converter (Khan et al, 2019) are a few of the
applications that MMs have been employed in. However, polarization converter is the area that

we are most interested in this study.

Due to the benefit of its ultrathin thickness and scalable property, MM absorber has
attracted significant interest since the ground-breaking work of Landy (Landy et al, 2008). A
lot of work has been put into recent years to enhance MM absorber performance, particularly
in terms of broadening the absorption band (Liu et al, 2017). Moreover, many additional
application, such as metasurface holograms (Wen et al, 2015), need for the broadband
characteristic. One method for achieving broadband absorption involves using multi resonance,
which involves placing several resonators inside of a single unit cell (Azad, et al, 2016), while
another method uses a multilayered structure (Ding et al, 2012). As the standard MM absorber
is a periodic array of Metal-Dielectric-Metal resonator, we could define the MM absorber’s

absorptivity as:

A=1-r1,°%—n,° (1)



Where ryy =|Ey;|/|Eyi| & rvy =|Ey|/|Ey;| are reflection coefficients for both co-
polarization and cross-polarization correspondingly. Many researchers mistook linear
polarization converters for absorbers in numerous earlier experiments. Hue erroneously viewed
a cross polarization converter as a broadband absorber (Hoa et al, 2019) by ignoring its cross
polarized reflection. Although the proposed designs absorption is less than 20% and the
polarization conversion ratio is more than 90%. Fahad Ahmed and Tayyab Hassan corrected

this error in Hua’s design in 2021(Hoa et al, 2021, scientific reports).

Due to the unit cell’s symmetry in the diagonal orientation, a y-polarized plane wave
irradiation is taken into consideration in this instance, which is the same as an x-polarized plane
wave illumination. A relatively basic structure has lately been used to accomplish broadband
absorption, however when cross polarized reflection is taken into account, this structure is really
a poor absorber (Wang et al, 2014). A metal-dielectric-metal structure made of symmetric
resonator function as effective absorber with low co polarization and cross polarization
reflection concurrently. Even if the co polarization reflection is decreased when the symmetry
of the resonator is disrupted, the cross polarization reflection increased dramatically. Recent
investigations have mistakenly assumed that the structures are effective absorbers because they
could only be defined by co polarized antennas. Metal-dielectric-metal devices with
asymmetric resonators are attractive prospects for effective polarization converters even if they

are poor absorbers.

Fedotov made the first observation of the asymmetric transmission occurrence in LP-
LP polarization converters (Fedotov et al, 2006. The strength of the asymmetric transmission
effect has now been suggested to be increased by different approaches and structures, like multi-
layer MMs (Fedotov et al, 2008). In 2011, Kang proposed an S-shaped MM with a transmission
conversion efficiency of more than 0.8 in the contradictory propagation direction and an
asymmetric transmission of the linearly polarized wave at 6.2 GHz (Kang et al, 2011). In 2013,
Shi revealed a bi-layered chiral MM and indicated that it could convert polarization for y
polarized and y waves with an efficiency of above 90%. Wang later created a cross-shaped bi-
layered MM in 2015 with a 0.6 efficiency and an asymmetric transmission bandwidth of up to
33% in respect to the center wavelength (Wang et al, 2015). In the same year, Mutlu brought a
subwavelength resonance in an open extremely thin chiral structure with a bandwidth of less
than 1 GHz that may actualize in a range of frequencies (Mutlu et al, 2015). Simply put, the
asymmetric transmission impact of the earlier proposed MMs-based devices is low frequency
of limited band (usually the max is not more than 0.6). Therefore, it would be ideal to create a

polarization converter with high efficiency and large bandwidth. Multiple conversion modes,



LP-LP and LP-CP are among diverse types of polarization converters that have been developed
in recent years. Frequency band (13-15) and (16-18) have all seen significant advancement in
the work of Gao (Gao et al, 2015). Yet, the LP converter receive the majority of the attention,
and there has been little research on LP-CP regulations. Akram recently suggested an ultra-
wideband metasurface that operates in both reflection and transmission modes (Akram et al,
2020), but they ignored oblique incidence. One with a straightforward construction that could
control the rotation orientation of circularly polarized waves in the frequency range 8.16-15.32
GHz was put out in 2017 by Huang (Huang et al, 2017). The polarization converter, though, is
incredibly angle sensitive. The operating bandwidth gets noticeably smaller and the polarization
conversion ration falls off quickly when the incident angle is greater than 30°. The applicability
of the device is constrained by the fact that all of the currently available polarization converters

can only function under small-angle incidence.

In this study, we tried to solve the above drawbacks and get better results in both the
polarization conversion efficiency and the oblique incident propagation. our converter consists
of three layers where the upper and lower layers are copper and the mid dielectric layer is FR4.
We designed a unique shape that could work in more than one frequency band and could
achieve both LP-LP and LP-CP. There are two designs of the same shape with an ultra-thin
thickness, the first design works on the operating frequency bands X and Ku, whereas the
second works on the frequency bands K and Ka. The X and Ku ultra-thin MM converter could
achieve three LP-LP in the frequency ranges 8.55-8.925 Ghz, 12.18-13.33 and 17-17.4 GHZ
with PCR more than 90% and two LP-CP in the operating frequency ranges 9.6 -11 GHz
(RHCP) and 14.68- 16 GHz (LHCP) with ellipticity more than 99%, and the oblique incident
propagation for both is more than 30°. The K and Ka ultra-thin MM converter could achieve
LP-LP in the frequency range 18.55 -26.9 GHz with PCR more than 90% and PCR more than
99% in the frequency range 19.55-24.8 GHz and the LP-CP occurs in the frequency range 31.3-
40.5 GHz with ellipticity more than 99%.



THEORETICAL FOUNDATION

History of Metamaterial

The first mention of the properties of metamaterials MMs was in 1904 with the
conceptualization of negative wave propagation by British mathematician Horace Lamb (Lamp
H, 1904) and British physicist Arthur Schuster (Schuster A, 1905). However, both saw the
phenomenon as purely theoretical and did not think it could be practically achieved. Fourteen
years later soviet physicist Leonid Mandelson while studying the nature of electromagnetic
wave propagation would examine the characteristics of materials demonstrating negative
refraction (Mandelson L, 1918). From his experiments he discovered that the phenomena were
prevalent in materials composed of crystal lattice. By the later 1960s several research teams
would go on to further study the negative propagation properties of crystals as well as the
practical implication of the concept of negative permittivity and negative magnetic
permeability.

Finally, in 1967 soviet physicist Victor Veselago of the Moscow institute of physics and
technology would propose the first theoretical model for a metamaterial (Veselago V, 1967).
The Veselago research included producing methods for predicting the phenomena of refraction
reversal in which he coined the term left-handed materials as well as exploring theoretical
models for materials. That have both negative permittivity and negative permeability or double

negative materials.

Figure 1. a) Right-handed material’s Doppler effect, b left-handed material’s Doppler effect.
Where the source of the radiation is determined by the letter A, and the receiver by letter B.

Over the next three decades these would remain predominantly abstract as the

constituent materials and computing power needed to effectively design and experiment with



metamaterials were lacking. As the framework for metamaterials was being developed at the
theoretical level the related field of microwave engineering and its application to antenna design
began to rapidly evolve after world war Il. From this the development of artificial dielectrics
during the 1950s and 1960s began to open up new ways to shape microwave radiation especially
for antenna design. Artificial dielectrics are composed materials made from arranged arrays of
conductive shapes or particles supported in a non-conductive matrix similar to metamaterials.
Artificial dielectrics are designed to have a specific electromagnetic response behaving as an
engineered dielectric material. By the late 1990s the first attempts at migrating metamaterials
from theory to reality began to emerge and while the long-established principles that formed

them would remain the focal point of ongoing research.

English theoretical physicist John Pendry would soon become a leading contributor to
the field by bringing the properties of MMs from concept to reality. Pendry discovered that the
microwave absorption of the material did not be driven by the chemical structure of the carbon
it was made from but rather the long thing shape of the fibers (Pendry J, 1996). From this
observation Pendry realized that by changing a material’s domestic structure at scales that were
smaller than a specific band of radiation he could alter how that material interacted with it.
From this observation the term metamaterial was coined due to the observed properties
seemingly going beyond what was naturally occurring. Pendry would explore this concept
further with an idea for a composite material that could mimic the properties of a conventional
magnetic substance he theorized that such a material could be manufactured from tiny loops of
copper wire embedded in a fiberglass substrate as a split ring resonator. These loops would
create specific magnetic responses based on their size and geometry effectively becoming
tunable magnetic resonators. The implication of Pendry’s was something unseen before in
material sciences. He had figured out how to manipulate a material’s electric and magnetic
response effectively allowing him for a method to engineer how electromagnetic radiation
moves through a material. Pendry would go on to publish the results of his work in 1999 quickly
attracting the attention of physicists worldwide (Pendry J, 1999).
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Figure 2. Plain view of an SRR (Split-Ring Structure) in a square array (a is the lattice spacing)
(Pendry J,1999)

Among them David smith an experimental physicist at the university of California at
San Diego would team up with colleague willie Padilla to attempt to construct and analyze
Pendry’s theoretical device (Smith and Padilla, 2000). Smith and Padilla had constructed an
array of very small coils that can be tuned in such a way that when illuminated by a source of
radiation the material behaved as though it were naturally magnetic. Fully realizing Pendry’s
concept the team would go on to publish their findings in May of 2000. By late 2000 Pendry
proposed the idea of using metamaterials to construct a super lens (Pendry J, 2000). Super
lenses are theoretical lenses that can operate beyond the diffraction limit of a traditional lens
allowing near-field rays that commonly decay as a result to its diffraction limit to be brought
into spotlight allowing for sub-wavelength imaging. Those super lenses were initially
considered impossible to construct. Pendry theorized that one could be developed employing
the negative refractive index behavior of a metamaterial. However, in practice this proved to be
an incredibly difficult task due to the resonant features of metamaterials that made them highly
dispersive to propagating radiation. They were also highly sensitive to the parameters of
refraction chosen which limited a design to a very narrow wavelength band of operation.
Furthermore, manufacturing metamaterials that have a negative permeability at the wavelengths
of light was not feasible at the time. This limited experimentation on the concept to microwave
radiation. By 2003 Pendry’s theory was laboratory determined for the first time at microwave
frequencies by exploiting the negative permittivity of metals to microwaves. In 2005 two
independent groups had reported success at producing Pendry’s super-lens at the ultraviolet
range applying thin layers of silver illuminated with UV light to deliver photographs of objects
less than the used wavelengths. Other experiments had also demonstrated the use of

metamaterial microwave super lensing to improve upon MRI imaging. Shortly after a team at



Berkeley led by physicist Zhang Xiang created first optical super lens from an ultrathin layer
of silver with a resolution that was several times better than that of the best optical microscopes
(Fang et al, 2005) In 2004 at a lecture Pendry had flippantly presented another theoretical
implication of the properties of metamaterials that they could be designed for cloaking (Pendry
and Smith 2004). Darpa took these ideas very seriously and shortly thereafter David Smith
would team up with Pendry under Darpa funding to build a cloaking device from this
collaboration. The first functional invisibility cloak that started microwave radiation around the
copper cylinder hiding it from detection was constructed in 2006 (Pendry et al 2006). By mid-
2008 Zhang’s group took the first steps toward creating an optical invisibility cloak by
fabricating a nanoscale three-dimensional optical metamaterial composed of 21 alternating
sheets of silver and the glass-like substance the material referred to as a fish net caused light to
bend in unusual ways as it moves through the alternating layers (Zhang et al 2008). A few
months later Pendry and Smith would refine their microwave cloaking experiments further by
creating a device that could mask an object beneath it from microwave detection what made
this particularly notable was that it operated on a wide band of radiation than their previous
attempts despite the ongoing research and relative success with microwave radiation to date
optical cloaking still remains elusive due to the technical challenges of manipulating light
within a metamaterial light moving through metamaterials typically get absorbed until at some
point the energy of the radiation falls off making it a challenge to guide its propagation in a

useful way (Pendry et al 2008).

Characteristics of Metamaterial

MMs are artificial materials that couldn’t be found in nature, so they are artificially
manufactured. The metamaterial word consists of two combined words meta and material.
Meta’s etymology is a Greek word that means beyond so the total meaning of metamaterial is
beyond the material. Its unique characteristics no doubt differ from those in the normal

materials.

The electric and magnetic properties of a material could be determined by permittivity
and permeability values respectively. We could say also Electric permittivity and magnetic
permeability. Almost in all natural materials the permittivity and permeability are positive
(except for some metals in UV frequencies where permittivity is negative). If the permittivity
and permeability are positive the material could be referred as right-handed material (RHM).
While if the pair permittivity and permeability are negative then the material could be referred
as left-handed material (LHM) (Pendry J, 1999).



The electric polarization of a dielectric is measured using permittivity. The permittivity
is directly proportional to an applied field. The symbol for permittivity is the Greek letter ¢
(Epsilon). In the simplest scenario, an applied electric displacement field E produces an electric
displacement field D that is (Wiley J and Sons, 2012):

D =¢E (2)

In which D is the electric displacement vector (C/ m?), € = oer & &0 is free space’s
permittivity (8.85 *102 F/m), & is the relative permittivity, and E is the electric field (V/m).

Unpolarized

Folarized by an applied electric field.
+ + + + + + + + + + + +

Figure 3. A dielectric medium before and after applying an electric field (Mogadam et al 2017)

A magnetizable substance’s permeability is a characteristic that governs how much it
affects the magnetic flux in a magnetic field. The symbol for permeability is the Greek letter p
(Mu). In the simplest case, the magnetic flux density B resulting from a magnetic field H is
(Wiley J and Sons, 2012):

B =puH 3)

Where B is the magnetic flux density (Tesla or Wb/m?), u= po pir & po is the permeability
of the free space (4*Pi*107 H/m), v is the relative permeability, and H is the magnetic field
(A/m).



Figure 4. The magnetic field of a dipole magnet

According to the sign of permittivity and permeability of a material we could classify
the materials into four different groups as illustrated below:

Transmission Properties of Materials

The magnetic permeability and dielectric permittivity are the main determinant of the
transmission properties of a lossless material. So, we start by looking at the negative
permittivity phenomenon. Then there is the phenomenon of negative permeability and negative
refractive index metamaterials, that do have negative permeability as well as negative
permittivity. Maxwell's Equations provide the essential premise for the wide electromagnetic
phenomena. Accordingly, we will start analyzing Maxwell’s Equations to understand the

characteristic properties of the different categories of the materials (Maxwell J.C, 1865).

Every point in space must have electromagnetic field solutions that fulfill Maxwell's

equations, that are represented in the time domain as follows.:

B

VXE=-— = (Faraday’s Law) 4)
VxH= i—]t) +] (Ampere’s Law) (5)
VeD=p (Gauss’s Electric Law) (6)
VeB=0 (Gauss’s Magnetic Law) (7)

For the sake of ease in our analysis, we focused on the homogeneous plane wave
stimulation at a specific angular frequency w. Using the e*i®t terminology, the formal
definition for the E and H fields of a homogeneous plane wave in phasor domain can be

expressed as:

E = Egetlker (8)
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H = Hoetiker €)

In which k is the propagation vector, r is the position vector and the wave is supposed
to spread in a lossless, simple (homogeneous, isotropic and linear) and source-free medium

having constitutional relations as previously mentioned in Eq. (2) and Eq. (3)

The simplified Maxwell's equations for isotropic, monochromatic plane waves can be

expressed as follows in the phasor domain:
KxE = —wp H (20)
KxH = weE (11)
Additionally, the shortest dispersion relation for the homogeneous isotropic, and
lossless materials could be given as follows:
k? —w?ue=0 (12)
k? = w?n? (13)
In which n (medium’s refractive index), could be determined as:

n=,ue (14)

and for a composite material supplied by with effective medium parameters Lleff and gef,

provided by

n = /K geeff (15)

The electromagnetic wave’s propagation in the given substance is controlled by the
dispersion relation. We could say that the material’s magnetic permeability (i) and dielectric
permittivity (¢) are the typical parameters of the material for the lossless medium as € and p are
the sole materials properties in Eq. (12). The refractive index(n) contrarily does not alter its sign
as both pand € go negative according to Eq. (13). The effects of simultaneous negative magnetic
permeability (pn) and dielectric permittivity (€) are, nevertheless, illustrated by Maxwell
relations. Different from the typical positive pu and € materials, the materials with simultaneous

negative display special properties.

H, E and K make up a right-handed perpendicular coordinate system (RHM) for
materials with positive p and ¢ as indicated in Egs. (10) and (11) see fig (5.a). When both p and
€ are negative an unusual situation arises where H, E and K constitute a left-handed

perpendicular coordinate system (LHM) see fig (5.b) (Del Barrio, 2010):
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P & <0 & p<0

>0 & >0
K ¢ H Left-handed material

P Right-handed material

Figure 5. a) Right handed perpendicular coordinate system (u and € are positive). b) left handed
perpendicular coordinate system (p and € are positive).

Moreover, as the sign of Poynting Vector (P) irrespective of the sign of p and ¢ as it is
illustrated in Eq. (16), the orientation of the energy flow is unaffected:

P=-ExH (16)

Accordingly, the orientation of the power flow won’t ever shift unless with left-handed
materials. The wave propagation orientation is the polar opposite of the power flow orientation.
That reality is, the Cerenkov Radiation and Doppler Shift are reversed, as well as the well-
known effects of an antiparallel phase and the group velocity. Moreover, we identified the
scenario in which both p and € are either positive or negative. Electromagnetic waves are
entirely reflected and evanescent waves are produced when the signs of p and € are in opposite
pe <0 (Marques R, 2011). The response of the materials for the four different variations of the

signs p and ¢ is summarized in fig (6):
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Epsilon Negative materials (ENG)
e<0&p>0
Metals, Plasmas

No Transmission

'R (1)

Double Positive Materials (DPS)
£>0& u>0
n=+.ue
Dielectric

Propagation Mode R ()

[
»

Double Negative Materials
(DNG)

£<0& p<0
n=-une

Metamaterials

Mu Negative materials (MNG)
£>0& u<0

Gyrotropic magnetic (ferrites,
etc.)

no Transmission

Figure 6. The p-¢ diagram (the four different variations of p and €) (Del Barrio, 2010)

The graph’s first quadrant in fig (6) represents common materials with positive & and
positive u. The materials with negative € and positive p are represented in the second quadrant
of the graph (like plasmas, metals in special cases). Due to the imaginary propagation
constant(k), electromagnetic waves become evanescent. Owing to the exceptional
electromagnetic properties indicated above, the third quadrant is significant. Although € and p
are both negative, the wave can still move since gu>0 (real propagation constant, k). The fourth
quadrant, which include materials with positive € and negative p polarities, is where anisotropic

ferromagnets predominate. In this sector, electromagnetic waves also start to fade away.

Negative Permittivity (Epsilon Negative Materials ENG)

Several metals exhibit properties akin to an electron plasma. Plasma frequency is a
particular frequency that can produce negative permittivity. Due to the plasma frequency of
metals in optical frequencies, the negative dielectric permittivity predominates in visible light
and ultraviolet light frequency. A periodic array of metallic wires is used to achieve negative
permittivity in the microwave band. The formula for the permittivity function in metals is

(Pendry J, 1996):

2

w
smetal(w) =1- w_pz (17)
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In which plasma frequency is wy. The formula for the metallic thin wire’s plasma

frequency is:

ne? 21,2

(18)

@p = gom  aZln(a/r)

In which m is the electron mass, n is the electron density, e is the charge on an electron,
Co is the free space’s speed of light, a is the lattice parameters and r is the cylindrical thin wire’s
radius,. The media for the metallic thin wire structure can be represented utilizing fig (7). By
modifying the necessary parameters, such as r and a described above, the design with negative
permittivity values could be achieved. According to the previous equation Eq.2.18, rather of
using microscopic quantities (n, m, e), the plasma can be represented in the form of the array

macroscale properties (a and r).

r 625

i {4 I

Figure 7. Periodic metallic thin wire (Pendry J, 1998).

The system response could be regarded using the effective medium theory which
involve the effective magnetic permeability and the dielectric permittivity of the media, once
the distance between the metallic thin wires (a) is arranged less than the wavelength (1) of the

incident wave (A>>a).

Negative Permeability (Mu Negative Materials MNG)

Finding a material with negative permeability is far more challenging than developing
a material with negative electric permittivity because there aren’t many free magnetic charges

in nature. The thin wire arrays that used in obtaining negative permittivity can’t be used to
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achieve negative permeability. To obtain mu negative materials Pendry et al. developed
magnetic resonator architectures in 1999. To pair with one another and produce a strong
magnetic response that results in negative permeability, the architectures are arranged in
periodic arrays. The SRR (Split Ring Resonator, Spiral Resonator and U-shaped Resonator are
the three main typical magnetic resonator structures. Figure (8) displays instances of these

formations:

(1) SRR (b) SR (d) USR

Figure 8. Different Shapes of resonators a) SRR (Split Ring Resonator). b) SR (Spiral
Resonator). ¢) UR (U-shaped Resonator) (Ekmekci R, 2010).

The effective permeability for the Split Ring Resonator (SRR) architecture are deduced

as (Pendry J,1999):
. 1r?
aZ
Hett =1 =57 3dc2
1+ wri, T M2r3w?

(19)

In which a is the lattice parameter for a unit cell, p, is the vacuum magnetic
permeability, r is the inner ring radius, d is the gap distance separating two metallic surfaces, ¢
is the vacuum speed of light, o is cylinder surface per unit area’s conductivity. According to
the presumption that the metallic rings are composed of a PEC (Perfect Electric Conductor), fig

(9) depicts the standard ¢ Shape of an SRR as a variation of the angular frequency w.
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Figure 9. The relationship between SRR Permeability and frequency (Pendry J,1999)
Negative Refraction Index (Double Negative Materials DNG)

The refractive index could be generally formulated as:

n=+/pe (20)

For the materials found in nature, the positive sign is typically used. The production still
remains positive if both the permeability and the permittivity are negative, but the negative sign
of the refractive index indicates the wave-vector’s path of propagation. Based on Snell’s law,
that describes the relation between the angle of incidence and the refraction, the refraction and
reflection occurrences at the interfaces of two distinct mediums with differing dielectric
constants are well known. The distribution on light beam at the interface of a RHM and LHM

could also be studied now.

As it is demonstrated in fig (10), the reflected wave is in the opposite direction from
what would be anticipated in the traditional materials based on the energy flow in the interaction
(Engheta and Ziolkowski, 2006)
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Medium 1 (n1)

0
Right-Handed materials

Figure 10. The refraction of a wave on both RHM and LHM

Medium 2 (n2)

Left-Handed materials

According to Snell’s law of reflection, the refracted angle and the incident angle have a

correlation that could be provided as:

sinf; N [

= 21
sin®, n, Wy &4 21)
In which 6, and 6, are the incident and the transmitted angles correspondingly, n; and

n, are the refractive index of both the transmitted and refracted medium in respect.

Split Ring Resonator (SRR)

There have been significant efforts to bring the SRR to reality after introducing them in
2000.

So now the first most prevalent type of metamaterial resonator construction is SRR since
they can be built to achieve DNG, ENG and MNG form structure. SRRs are useful because, for
instance, negative permittivity could be achieved without any need for using thin wire arrays
as it was used before. The stimulation methods of SRR must be understood that on may
appreciate the electromagnetic material characteristics of SRR metamaterial architecture. Both
Electric-magnetic, Electric, magnetic stimulation could all be used to excite SRR structure. The
variables of the SRR as illustrated in fig (11), including the gap width (d), the unit cell size (a),
spacing distance between adjacent rings(l), and the metal strip width(c), influence the structure
resonance frequency, that is often researched in literature. The SRR structures electrical and
magnetic responses are dependent on the methods of stimulation. The excitation methods could

be electrical and magnetic or only electrical or only magnetic excitation (Smith et al, 2000).
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Figure 11. The periodic structures of SRR(Smith et al, 2000).

Based on Faraday’s equation of induction, the magnetic stimulation is just possible once
the magnetic field intensity H is orthogonal to the loops in the SRR. In contrast, electric
stimulation occurs only if the electric field strength E is aligned to the ring gaps. Therefore, as
illustrated in fig (12.a) only magnetic stimulation occurs, while fig (12.c) illustrates the
occurrence of the electric stimulation, fig (12.b) shows electric and magnetic stimulation, fig

(12.d) illustrate no evidence of stimulation.

E

: .
-
(b)

olC
SHcH

Figure 12. types of stimulation a) magnetic stimulation. b) Electric and magnetic stimulation.
¢) Electric stimulation. d) No stimulation.
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Metamaterial Applications and Research Areas

Due to their tremendous potential, metamaterials offer a wide range of applications and
research issues, thus scientists have been motivated to look for and studying these applications.
Antennas (metamaterial could enhance the gain and minimize the disadvantage and return loss
on a patch antenna), invisible cloaks, filters, diffraction-limit breaking, polarization converters,
super lensing, optics, metamaterial absorbers and sensor applications are just a few of the many
uses for metamaterials. For the sensors we could increase and improve the resolution and
sensitivity of them at the hand of metamaterials. Metamaterial field is a promising field that
could be used in a lot of areas. Now uncounted researches arise in so many fields like terahertz
metamaterials, seismic metamaterials, acoustic metamaterials, tunable metamaterials,
metactronics, power harvesting metamaterials, aerospace metamaterials, tunable

metamaterials, frequency selective surface (FSS), photonic metamaterials, etc...

Today metamaterials have been considered in a lot of research areas and maybe in the
near future could be involved. We will see below some of the main domains that gives

metamaterials increased attention:

Seismic metamaterials

Seismic metamaterials are MMs created to mitigate the negative impacts of seismic
waves on man-maid structures found on or near surface. The idea incorporates a layered system
of metamaterials, separated by elastic plates in a cylinder arrangement, to provide seismic
protection for surface structures. The seismic waves that an earthquake produce could be
controlled by seismic metamaterial. It is suggested that using metamaterial as a ring around a
building’s base may be able to divert the most harmful seismic waves away from the entire
structure (Mu D et al, 2020).

Acoustic metamaterials

Acoustic metamaterials are synthetic materials created with the intention of directing,
controlling and manipulating sound in the form of sonic waves. Sonic waves could now reach
into the region of negative refraction. They could be used on better ultrasound equipment lenses.
The material might be used to make soundproof walls for homes or to improve acoustics or
steer noise away from specific locations in music halls. Additionally, they could be used in
military to develop a new generation of stealth ship and hide submarines from acoustic detection
(Cummer et al, 2016).
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Tunable metamaterials

Contrary to tunable metamaterial, which has ability to randomly modify frequency
variation in the refractive index, normal metamaterial only responds to one frequency or
frequency band. The current focus of this domain’s research is on negative refractive index
materials RHM and the electromagnetic band gap (EBG), also known as the photonic band gap.
Researchers are working on a new metamaterial design that will demonstrate the switching
feature. Without altering its design, the gadget could transition from a standard flat mirror to a
focusing/defocusing mirror. An anisotropic liquid crystal is used in tunable metamaterials to
enable frequency tweaking. These metamaterials are used in a variety of electrically adjusted
microwave systems for defense, space and business communications (Boardman et al, 2011).

Metactronics

Future nanoscale electronics could be designed using a method called metactronics.
Metamaterials’ distinctive light-related properties make it possible to create electronic circuitry
more quickly and precisely using light. Professor Nader Engheta presented this idea in 2007. A
method for modifying, patterning and adjusting optical electric fields is provided by
metactronics. The components of clumped Nano-circuits will be represented by nanoparticles.
Instead of using electron transport, these optical Nano-electronics will operate on light (Ehgheta
et al, 2008).

Power harvesting metamaterials

Metamaterials are idea for harnessing electromagnetic energy. Energy conversion
technology is used in power harvesting. The power harvesting metamaterial, according to
scientists, might one day be included into a cell phone, enabling wireless recharging of the
device when they are not in use. Theoretically, this functionality would enable locals to harvest
energy from a neighborhood cell phone tower in locations where there isn’t simple access to a
regular power outlet. Appliances can consume less energy by wirelessly recovering electricity

that is now lost while operating (Hawkes et al, 2013).

Terahertz metamaterials

Materials that interact at terahertz frequencies are referred to as terahertz metamaterials.
The frequency range is typically specified as 0.1 to 10 THz for applications and THz research
for metamaterials and other materials. This matches to wavelengths 0.03 mm — 3 mm range.
Terahertz metamaterials are a mixture of synthetic materials that interact at terahertz

frequencies. Passive materials are those metamaterials that can produce the desired magnetic
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response with negative values of permeability. In order to develop a new response, “tuning” is
therefore accomplished by constructing a new material with slightly altered dimensions (Xu et
al, 2017).

Now we will see the most useful applications that the metamaterial used in:

Metamaterial antennas

An important class of antennas includes metamaterial-based ones that have negative
permittivity with or without negative permeability. Negative permeability or negative
permittivity materials could offer an electrically tiny antenna dimensions. Metamaterial
antennas could improve the performance of the antenna in terms of bandwidth and efficiency.
Variable operating frequency, High directivity, and antenna aligning control are crucial
characteristics of metamaterial antennas. The most recent metamaterial antenna emits 95% of
the radio signal received at 350 MHz. The smallest experimental metamaterial antenna is only

one of five of the wavelength in size.

For instance, the metamaterial CNC-shaped resonator as seen in fig (13) improves the

gain and bandwidth for 5.5 GHz frequency (Upadhyaya et al, 2014).
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Figure 13. CNC-shaped metamaterial antenna (Upadhyaya et al, 2014)
Metamaterial cloaks

Investigation into cloaking in the 1990s revealed that complete cloaking was not feasible
in all incidence directions. After then, starting in 2007, metamaterial cloaking has brought the
idea of an object’s invisibility to life. By canceling the magnetic and electric fields that an object

produces or by directing the electromagnet wave around the object, cloaking could be
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accomplished. In order to redirect the wave, the coordinate system must be altered until the
electromagnetic field inside the hollow cloak is zero, which causes the area inside the shell to
vanish (Pendry et al, 2006).

Figure 14. Pendry’s invisible metamaterial cloak (Ung B, 2009)

In the case of metamaterial object, incoming light from the rear side of the object slides
around it and move to the front side. As a result, incoming light from the item’s rear side is the
only light that could be seen by a human observer on the front side of the object. Despite the
fact that the object is present physically, incident wave from the backside overpowers whatever

light it reflects, rendering it optically invisible.

Superlens

With the use of superlens made of metamaterials, the diffraction-based image resolution
limitation of conventional lenses could be overcome. A superlens, that counteracts wave fading

and improves image quality, is realized in the work of (Pendry, 2000).

The superlens’ operational concept is shown in fig (15). A metamaterial media with a
low refractive index twist the incoming wave in the opposite direction. The wave here
converges to a point despite the fact that it would be normally diverge from a point because of

the negative refractive index in the case of right handed materials.
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Figure 15. Superlens a) positive refraction index. b) negative refractive index. c) Refraction of
wave in superlens.

Metamaterial absorber

An effective way to absorb electromagnetic waves is via a metamaterial absorber.
Metamaterials that are intended to function as absorbers provide advantages over traditional
absorbers, like wider adaptability, further miniaturization and increased efficacy.
Photodetectors, emitters, sensors, infrared camouflage, spatial light modulators, wireless
communication, usage in solar photovoltaics and thermophotovoltaics are some of the potential

uses for the metamaterial absorbers.

Landy created the first metamaterial absorber in 2008, which has three layers, one
dielectric and two metallic, and exhibits a simulated absorptivity of 99% at 11.48 GHz
frequency, see fig (16)

Experimentally, Landy was successful in achieving only 88% of absorptivity due to

fabrication errors (Landy et al, 2008).
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Figure 16. Landy’s absorber a) the unit cell and its components b) the simulation results
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Metamaterial converter

The study of electromagnetic metamaterials has grown recently. Electromagnetic wave
amplitude, propagation direction and phase difference can all be successfully controlled by
metamaterials. The could be used to do a variety of amazing tasks that conventional materials
couldn’t or be fulfilled with ease. One of the crucial aspects of electromagnetic radiation is
polarization. Application of electronic information including sensing, imaging and optical

communication require the ability to manipulate polarization.

The used metamaterial converters could differ in a lot of aspects like the bandwidth or
the material that made from or the number of layers stuck together to build it, if the converter

could be used to maintain LP or CP or both...

The MM converters have two main advantages compared with the conventional ones
which are the efficiency and the small size. Some MM converter could convert with an

efficiency more than 99% in 10*10 cm?in size.

In 2018, Khan and Tahir made a MM converter with a thickness of 2.4 that work in the
range of 5-15 and could achieve both LP-LP and LP-CP with efficiency of more than 90%
(Khan and Tahir, 2018). In 2019, Fu et.al found an MM converter with a thickness of 3 mm
that could achieve a PCR of more than 98.2% in the range of 9.38 -13.36 GHz (Fu et al. 2019).
In 2019 Zhao et.al found an MM converter with a thickness of 3 mm that work from 8.44 —
24.96 GHz with a PCR more than 90% (Zhao et al, 2019).

In 2021, Tutar and Ozturk make an MM converter (see fig. (17)) that could achieve both
linear and circular polarization with a PCR than 90% in the range of 4.61-4.85 GHz and 6.86-
7.78 GHz, the RHCP is more than 97% in the range of 5353-5.94 GHz and the LHCP is more
than 97% in the range of 8.88-12.03 GHz. The MM unit has a 10 mm length and width and a
depth of 2.8 mm (Tutar and Ozturk, 2021).
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Figure 17. Linear and circular polarization converter that could work in both ¢ and x bandwidth
(Tutar and Ozturk 2021)

In our study, as we will see later, we were able to achieve good results in both linear
and circular polarization with more than 99% of polarization.
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MATERIAL AND METHOD

Polarization

Since almost sources of ligh are made of a choatic mixture of waves with various spatial
properties, phases, frequencies and polarization staters, they are typically categorized as
incoherent and unpolarized sources of light. Coherent plane waves, which are sinusoidal
radiations with a specific direction, phase, direction and polarization state, make understanding

electromagentic waves and polarization specific.

Phisics states that the wave nature of electromagnetic radiation causes the phenomenon
known as polarization. Since sunlight passes through the vacuum to reach the our planet, it
serves as an illustration of elelctromagnetic waves. Because of the interaction between the

magnetic field B and the electric field E, these waves are known as electromagnetic waves.

Ther are a lot of uses of polarization in many fields like for instance 3D movies, Radio
reception and transmission, sky polarization and photography, polarized sunglasses, infrared

spectroscopy, in chemistry, display technologies,...

It is recommended to start by merely thinking about pure polarization and a coherent

sinusoidal signal at a certain optical frequency in order to understand polarization.

The first two figures below (fig (18)) show the linear polarization’s electric field vector
across a full cycle for to two distinct inclination; each of them is thout of as seperates SOP
(State Of Polarization). It shoud be noticed that the linear polarization at 45° can also be viewed
as the combination of horizontally polarized wave with the same phase and amplitude as the

vertically one (as displayed in the second shape).
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Figure 18. Types of polarization (Linear, Elliptical and Circular Polarization)

Now, if a phase shift were to be added between those horizontal and vertical polarization
components, elliptical polarization would typically result, as seen in the third shape. Circular
polarization is created when the phase shift is precisely 90° as illustrated in the fourth and fifth
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shape. In order to introduce such a phase shift, a quarter-wave plate is used to start with linearly
polarized light and construct circular polarization from there. Noting that the rotation of the
field during circular polarization or elliptical polarization might occur either clockwise or
counterclockwise. If the rotation is in the clockwise direction then according to the direction of
propagation the direction is in a left-hand direction, and in contrast if the rotation is in the

counterclockwise direction then the propagation is in a right-hand direction (Garg et al, 2011).

Linear polarization

A light wave is known to be linearly polarized if an electric field swings in a straight
line orthogonal to the wave axis. The advancing axis and the electric field’s direction are both
orthogonal to the magnetic field, which is oscillating in that direction. The oscillation of the
electric field is thought to occur in the direction of polarization. Any other direction
perpendicular to the wave axis could experience polarization. A rationally different state is not
produced by 180° of polarization shift (Balanis C.A, 2012).
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Figure 19. LP-LP where the blue line is the electric field variation over time a) Vertical LP b)
Horizontal LP c) Arbitrary-Angle LP

In the previous diagram the direction of the propagation is out of the page to us.

We could define the equations for the vertical and horizontal linear polarization as below
(see fig (19.a and 19.b):

E,(r,t) = Re{Eyeltz—ov} (22)
E,(r,t) = Re{E,zel(*V} (23)

If the angle is 45° between the x axis and the E field then we could consider the wave

propagation consists of two components E, and E,, as follow:
E,(zt) = Re{Egell* v} (24)

E,(zt) = Re{Eyelle oV} (25)
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And the total wave propagation is:
E(z,t) = E,& + E,§ (26)

In general, if the angle between the x axis and the E field is o then we could write the

equations of the propagation as follow:
E,(zt) = Re{Eocos(a)ej(kZ_“’t)} (27)
E,(z,t) = Re{Epsin(c)e"“ Y} (28)
And the total wave propagation is also:
E(zt) = E,x + E,§ (29)

If we will define the polarization state as a 2D vector (Jones vector) that contain two
complex amplitudes:

Ey . 1
E= |Ey’ or as relative values E/E, = ‘Ey/EX| orE/E, =

EX{ Ey| then we could specify

all the above results like:

0° linear polarization: E;/E,=0 then E/E, = |(1)|

90° linear polarization: E,/E,=0 then E/E, = |O|

1
45 linear polarization: E,/E,=1 then E/v2E, = |i|

Arbitrary linear polarization: = = == = tan «
E cosa

X

Circular polarization

In this case, the electromagnetic field’s strength is consistent throughout. However, the
direction spins at a fixed rate in a plate that is orthogonal to the direction of the path. A circularly
polarized wave could spin in just one of two directions: either the electric field vector rotates in
a left-hand direction or in a right-hand direction, depending on the propagation’s direction.
Since Light behaves as a two-dimensional transverse wave, the phenomenon of polarization

occurs.

So if the magnitudes of both E, and E, are equal, but with a phase shift of 90° then the

circular polarization occurs.
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There are an LHCP waves or an RHCP waves depending on the rotation’s direction. If
the wave rotates from the source in clockwise direction in the x-y plane, then the phase
difference between x and y angles is -90°. we could say in this case that the wave is left-hand
circularly polarized. And Vice versa, if the wave rotates from the source in counter clockwise
direction in the x-y plane, then the phase difference between x and y angles is +90. We could
say in this case that the wave is right-handed circularly polarized.

v

D
o

Figure 20. Circular Polarization. a) LHCP wave. b) RHCP wave.

a

v

If the light is left-handed circular polarization, as the phase difference between the x and

y electric field is: ®x- ®y=+90°, we could write (Balanis C.A, 2012):
E.(z t) = Re{E&*“Y} = E, cos(kz — wt) (30)
E,(zt) = Re{Epje/** Y} = —E, sin(kz — wt) (31)
And the actual electric field will be:
E(z,t) = EyX cos(kz — wt)—E,¥ sin(kz — wt) (32)

In the case of the right-handed circular polarization, as the phase difference between the x and

y electric field is ®x-Dy=-90°, we could write:
E.(z,t) = Re{Ee&*“Y} = E, cos(kz — wt) (33)
E,(zt) = Re{-E,je!** Y} = +E, sin(kz — wt) (34)
And the actual electric field will be:

E(z,t) = EX cos(kz — wt)+E;¥ sin(kz — wt) (35)

Elliptical polarization

As the point of the electric field vector crosses any fixed plane and forms an ellipse

orthogonal to the orientation of propagation, this kind of polarization happens (Elliptical
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Polarized wave). the elliptical polarization is the general case of the circular polarization where

the difference between the Exphase and Ey phase is any angle not necessarily +90°:

a) y T b) y T

/) =
L X / X

Figure 21. Elliptical polar a) right-hand elliptical polarized wave. b) left-hand elliptical
polarized wave.

For the left-hand or right-hand elliptical polarization detection, we should consider the
rotation of the wave. The polarization is a left-hand elliptically polarized wave if the rotation is
in the clockwise direction. In opposite, the polarization is a right-hand elliptically polarized

wave if the rotation is in the counter clockwise direction.

Let’s consider the phase difference between the x and y angle of the electric field 6 as

0= ®x-Dy thus we could write the elliptical equations as (Balanis C.A, 2012):
E,(zt) = Re{EOXej(kZ“*’t)} = Eyx cos(kz — wt) (36)
Ey(z,t) = Re{Eoyej(kZ“”t‘e)} = Egy cos(kz — wt — 0) (37)
And the actual electric field will be:
E(z t) = EgxX cos(kz — wt)+Eq,§ cos(kz — wt — 6) (38)

Where Ex and Ey are different and the relative phase in nonzero, the wave is propagation
in the z direction, the polarization rotates in the x-y plane. For the linear polarization could be
found if the phase difference 6 between Ex and Ey is set to zero, while the circular polarization

corresponds to 8 = +90° and Ex= E,.

Scattering Parameters

Using matched impedances, scattering parameters or S parameters are utilized to
describe electrical networks. In this context, scattering refers to the impact of transmission line

discontinuity on the propagating currents or voltages. S parameters make it possible to simulate
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a system without having to deal with the intricate aspects of its actual construction by treating

a device as a black box with resulting outputs and inputs.

The explanation of s parameters is divided into two sections; the first part will present
the background information necessary to grasp the notion of s parameters. The second section

will show us how to use s parameters in EMC measurement and testing.

Two-Port network theory

The circuit analysis method that differs from the bulk of other methods is called two-
port network theory. Kirchhoff’s rules, superposition, node mesh/voltage current method and
other circuit analysis techniques all offer a mechanism to calculate currents and voltages in
every circuit. Treating the network as a two-port circuit will allow us to describe the circuit in
terms of the two terminals. In a lot of electrical circuits acquiring currents and voltages at the
input and output ports, rather than any point in the circuit, is more practical and convenient.
This means that the only variables that matter in a two-port circuit analysis are the terminal

variables (output voltage or current and input voltage or current).

The two-port network analysis in EMC is often conducted in a sinusoidal steady state,
where the current and voltage are sinusoids and are therefore defined by their phase and

amplitude at every frequency.

I I
<
L ®
- &
7, Circuit A
= " . =

Figure 22. Two port network

Only two of the four terminals variables (V, I}, v5, 1) are independently varying. The
placed hat above the variables refers to the complexity of the variables. From now we won’t
put these hats in the equation, but for simplicity in all the following equations the variables V1
I1 V2 and I are complex values. There are six different ways to describe the variables above
that are (Adamczyk B, 2017):

Vi = z11h + 2430, Vo = 25111 + 7505 (39)
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[; = Y11Vi + Y12V, I = Y21 Vi + Y3, V, (40)

Vi=anVe+ aply I; = a1 Vo + apl; (41)
V; = by1vy + byply I = bp1vy + baoly (42)
Vi = hyily + hypvy I = haly + hpvy (43)
I} = 811v1 + 81212 V2 = 821v1 + 82212 (44)

The parameters of the two network are the coefficients in each set of equations in the
previous six coupled equations. We will refer to each couple as the letter that contains for
instance, Z parameters, y parameters, b parameters, etc... the information about a network is
the same for each parameter couple, and any set could indeed be calculated in terms of any

other set. We need to know how to get a specific set of parameters.

Let’s start with z parameters, as it is cleared from the Eq. (39) we will extract the z

parameters as:

V1

Iy

%1
Z1p = 7
1,=0 I

%)
Zy1 = 7
I1=0 I

U,

Z11 =
I
2

Zy2 =
12=O

(49)
=0

Thus the z parameters could be gained from the current and voltage measurements if we
apply open-circuit for each port.
From the eq. (40) the y parameters are derived as:

Iy

11 =
y v,

I I
Vi2 = Vo1 =1 Y2 =1~ (46)
V2 V=0 Vi V,=0 V V;=0

'U2=O

Thus the y parameters could be gained from the current and voltage measurements if we

apply short-circuit on each port.

From the eq. (41) the y parameters are derived as:

V1 V1
- a2 =

I
Az, = A 47)
2ly,=0

I

a1 = az1y = -

V2 I,=0 v,=0 V2 I,=0

Thus the a parameters could be gained from the current and voltage measurements if we

apply both open-circuit and short-circuit on port 2.
From the eq. (42) the y parameters are derived as:

I

== I, (48)

V1=0 V1=0

Thus the b parameters could be gained from the current and voltage measurements if we

apply both open-circuit and short-circuit on port 1.
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From the eq. (43) the y parameters are derived as:

%1 %1
hyg =— hiz =—

(49)
11 Vy=0 VZ

11=0

Thus the b parameters could be gained from the current and voltage measurements if we

apply open-circuit on port 1and short-circuit on port 2.
From the eq. (44) the y parameters are derived as:

Iy

911:71

I

ngZE

2
Vi

2

hL

g21 =

V1=0

922

12=0

(50)

12=O V1=0

Thus the b parameters could be gained from the current and voltage measurements if we

apply open-circuit on port 2 and short-circuit on port 1.

It is essential to have a basic understanding of transmission line theory in order to
comprehend the idea of S parameters. The maximal power transfers at high frequencies is
correlated with the impedance of the power source Zs and the impedance of load Z.. Waves of
current, voltage and power from a source with impedance Zs are transmitted via a transmission
line with impedance Zc to load with impedance Z,. Total power is transmitted from the source
to the load if Z.= Zc. if ZL # Zc then the maximum power transfer is prevented because some
power is reflected from the load back to the source. The reflection coefficient I", denoted by the

complex number, which include phase and amplitude information about the signal, describes

the connection between the reflected and incident waves.

i(z 3
& 5 ( 2 I(z)
y 4" >
a .
) + Incidentwave V*,I*
o P, V(2) 7 =
" ® i 1K o N (]
Forward wave
Z ol ” s
= Reflected wave | /
Source Load
z=0 z=1

Figure 23. transmitted and reflected waves a) Forward wave b) reflection at the load

If Z, and Zc perfectly match, there are no reflection and I'=0. With all power reflected
back to Zs if Z_ is typically not exactly equal to Zc in passive systems. Since reflection
coefficients I" are a function of the impedances being taken into account may be expressed as:

ZL—Zc

I, =
L=z, + 27,

(51)
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S parameters

S parameters are used to describe high-frequency circuits because they relate traveling
voltage waves that occur when a two-port system is introduced into a transmission line and are

incident, transmitted and reflected waves as illustrate in figure (24) (Adamczyk B, 2017).

The incident waves (that result in the transmitted and reflected waves) can be impacting
one of the ports 1 and 2. Let’s use the symbols a; and a. to represent the waves hit ports 1 and
2 correspondingly. The reflected waves from the port 1 and 2 will be denoted as b: and b

respectively (see figure (24))

Iy Port 1 Port 2 2

: N\ — CircuiDevice — N\
Vi B - b, V

Figure 24. Reflected and Incident waves at port 2 and port 1

For a two port system, the reflected and incident waves are used to provide the S
parameters. The two-port equations in terms of the S parameters are:
by = S1104 + S12a, b, = Sy;101 + S22a; (52)
Similar to how the two-port parameters sets covered before were obtained, we derive
the four S parameters as:
by by

el T
1 a;=0 2 a,=0 1 a;=0 2 a,=0

(53)

We can’t apply the open or short circuited that used in the two-port system as they aren’t
real at frequencies that are high. As it is illustrated in fig (25.a) the incident wave a; reaches
port 1 in which it creates a transmitted wave b, and a reflected wave bi. Where the reflected
wave will come back to the source. Now if Z. = Z¢ then all the incident wave will pass through
the system and no reflection will occur. For the incident wave a, we could apply the same
method (see fig (25.b))

Port 1 Port 2 Port 1 Port 2

a)  ILs=1I b) Zs=1;
D a ‘?:zlfo 777777 L =0 a D
P \/ Circuit/Device 5 =2 P o s Circult/Device V
10) by b D VTUE 4=l D b b, 1O)
(@

Figure 25. a) the determination circuit for S11 and S21 b) The determination circuit for S22
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and S12

We could also talk about the incident, reflected and transmitted power when applying
the S parameters. We could connect these S parameters to the incident, reflected and transmitted
power. The incident power at port 1 could be mathematically expressed as a? and at port 2 as

a3, while for the reflected power form port 1 the math expression is b and for port 2 is b3.

For the gains and losses in dB, they could be expressed as a definition of S parameters.
The far more typical EMC losses are:

Return lossgs = 10 log(a?/b?) =-20 log(S11) (54)

Insertion lossgs = 10 log(aZ/bZ%) =-20 log(S21) (55)

Stokes Parameters

In addition to fully and elliptically polarized light, partially polarized light and
unpolarized light are also described by the Stokes Parameters. When the optical beam is made
up of two separated perpendicular components with varying phase and amplitude, Ex (z, t) and
Ey (z, t), polarization occurs. In order to make the propagation direction in the z-direction, the
perpendicular components could be assumed to be along the y and x axes. We could describe
this attitude as the equations below (Papas C.H, 2014):

E.(z,t) = E,,cos(wt — kz + 6,) (56)
E (zt) = Eoycos(a)t —kz + 6y) (57)

In which t stands for time. The optical field maximal amplitude are Eoy and Eox, the wave
number k is defined as k=2n/ A, w which is the angular frequency could be defined as w = 2nf,

the phase constants for Exand Eyare &, and §,, respectively.

&

A Y

Figure 26. Elliptical polarization along the x-axes and the y-axes
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If we define § = &, — &, as the polarization ellipse (since it explains the optical field

polarization), and taking advantage of the mathematical relation :

cos(x —y) = cos x cos y + sin x sin y, then we could reach to the equation:

E%(z,t) N E*(z,t) 2E.(z,t)E,(zt)

cos8 = sin?§ (58)
on2 Eoy2 EO?CEO}’

Solving the previous equation is complex so we need to transform it to the intensity
domain by taking the time average of the variables as: <Ex(z, t)*> = % Eox, <Ey(z, t)*> = % Eoy

and

<Ex(z, Y)Ey(z, t)> :% Eox Eoy COS 8. By multiplying the Eq.3.35 by 4E,,*E,,*and
applying the previous transformation we could write 3. As:
(2E,x"Eoy?) + (2Eox’Eoy®) — (2EgxEpyc0s 8)? = (2E,xE,ysin §)? (59)

Applying the relation: (4xy= (x + y)? — (x-y)? to the previous equation we could reach

to our final equation:
(onz + Eoyz)2 i (onz - oyz)2 — (ZonEoyCOS 6)2 = (ZonEoySin 6)2 (60)

Which also could be written as:

S, =824 85,2+ 8,° (61)
—J_F 2 2

So =1=E,~ +E,, (62)

S1=0Q= on2 - Eoy2 (63)

Sy =U = 2E,Eyycos & (64)

S3 =V = 2Ey,Eqysin g (65)

The wave intensity is determined by the parameter | or So while Q, U and V or S1 S
and Sz depend on the characteristic of linear or circular polarization, respectively. The
parameter Q equals to + 1 for the 100% horizontal linearly polarized wave, and equals to -1 for
the 100% vertical linearly polarized wave. U vector equals to +1 for the 100% diagonal (+45)
linearly polarized wave, and equals to -1 for the 100% diagonal (-45) linearly polarized wave.
V vector equals to +1 for the 100% right-hand circularly polarized wave, and equals to -1 for
the 100% left-hand circularly polarized wave. We could set the most useful set of polarization
states as (Papas C.H, 2014):
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So 1 So 1
S 1 S -1
Siup = S; = 0 Svp = 5; = 0 (66)
Ss 0 S3 0
So 1 So 1
S 0 S 0
SL+45P = S; =11 SL-45p = S; =1 -1 (67)
S, 0 S3 0
SO 1 SO 1
S 0 S 0
Srep = S: =10 Siep = S; =1 o (68)
S3 1 S3 _1
y y
a) (r/2,x/4) S5 (26,7/2) s d)
rf
b) > e)

f)

° NEE :

Figure 27. Plane wave polarization states represented by a Poincare sphere a) & f) represent
elliptical polarization. b) & e) represent linear polarization ¢) & d) represent circular
polarization.

In addition to totally polarized waves, the Stokes parameters describe also the partially
polarized or unpolarized waves. In order to understand these extra polarization states, we need
to modify the Eq. (61) as:

So2 > S, 2 45,2 48,7 (69)

If the sign in the previous equation is equal then all the light is polarized, but if the signal

greater than then there is unpolarized light or partially polarized one.

The degree of polarization indicated by P is another significant metric. If p equals to
one, thus the light is completely polarized and if p equals to 0 thus the light is completely

unpolarized. We could define the degree of polarization as below:
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2 2 2
. \/S1 52745 (70)

pP= -
Iror So

Ellipticity
We could find the ellipticity from Stoke’s parameters by dividing S3 by Sp as in the
equation below (Khan et al, 2019):

S3  2E xE,ysin &
Ellipticity = = = -

= 71
0 Eox’ +Eoy’ (1)

As it is clear from the Eq. 3.48 in order to achieve maximal ellipticity (Circular

polarization) there should be two conditions: The first condition is E,, = E,, and the second

condition is § = ?E . for the second condition if the polarization ellipse angle is +§ then the

circular polarization is left-hand and VV=-1, vice versa if the polarization ellipse angle is g then

the circular polarization is right-handed and V=+1.

Polarization Conversion Ratio (PCR)

Each and every electromagnetic wave that is reflected from a metasurface typically
contains two field components: a cross-polarized reflected field, which has polarization that is
perpendicular to the incident wave, and a co-polarized reflected field, which has the same
polarized as the incident wave. Using a Cartesian basis, the Jones reflection coefficient matrix

R will be utilized to analyze co and cross polarization:
R R
R — ( XX Xy) (72)
Ryx Ryy

For the incident waves Eix or Eiy, they will be reflecting in two directions x and y as Ex

and Ery. so we could define the four reflection components of Jones’ reflection matrix R as:

E
Ryy = E—”‘ (73)
1X
Erx
Ryy = Eiy (74)
Ery
R.. = —2 75
= (75)
E
Ryy = — (76)
Eiy
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We could determine from the previous equations that Rxx and Ryy are the co polarized
reflection components while Rxx and Ryy are the cross-polarized reflection components. So for
the E field in x direction (Eix) then it will reflect in the x and y direction Eixand Ery, in which
Eix = Ex+ Ery, so for all cases the summation of Rxxand Ryx equals to 1: Rxx+ Ryx=1. We could

apply the same method for the field in y direction (Eiy) as Ryy + Ryx=1.

Polarization Conversion ratio (PCR) is a useful indicator of cross-polarization and co-
polarization, and could be defined for x incident wave in x and y direction respectively as
follows (Ahmed et al, 2020):

2

R
PCR=—"—— (77)
Ryy” + Ryx
R 2
PCR=——5"—— (78)
Ry + Ryy

In the case of electric field in the x direction if all the incident wave reflected in the y
direction then the PCR in Eq. (77) is maximum and equals to one, in this case the cross-
polarization is maximum. But if all the incident wave reflected in the same direction X, then the
PCR is minimal and equal to 0, in this case the co-polarization is maximum. If the incident
wave reflects in both x and y direction, then the elliptical polarization occurs. The circular
polarization is a special case of the ellipse polarization where the reflected waves in x and y
directions are equal and the phase difference between them equals to 90°. For the Eiy wave, the

same method should be applied.

Reflection Coefficient

We will divide the y-polarized incident EFI of the wave travelling in the z-axis into the
u-v axes for the sake of comprehending the physical process of the suggested metasurface
polarization converter. The portion of the incident EFI that is reflected in the +u orientation
must be in the +u orientation, for the reflected EFI in the x — orientation. The portion of the
incident EFI that is in the +v orientation should be reflected in the —v orientation (see figure

(28). The incident wave in this scenario could be written as:
E; = JE.e 7 = 0Ee (%+3) 4 0E,e 077) 79)
And the reflected wave could be written as:
E, = RE;e 1% = B, e 052+3) — ¢E, e~ (k2+ %) (80)

Er = l,j-(rquiuej(puu +ruVEiVej(puv) + o(rVVEiVej(pvv +rquiuej(pvu) (81)
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The following matrix format is used to acquire incident and reflected waves in the u and v
directions.

2 R S | @)

The cross and co polarized reflection coefficients are represented in the Eq.82 by the

letters ryy, vy uy @nd ry, correspondingly. The phase of the cross and co-polarized reflection
coefficients are @y, Pyu ©uy, and @y, correspondingly. Where ry, = E;u/Eiu, T'vu = Erv/Eiws
ryv = Eru/Eiv, and ry, = E.,/E;, are the cross and co-polarized reflection coefficients. For the
cross polarized conversion, the incoming wave in the +u orientation should reflect in the exact
same amplitude in the +u orientation and the incoming wave in the +v orientation should be
reflected with the same amplitude in the —v orientation so that the reflected wave becomes
polarized in the x orientation as illustrated in fig (28). Therefore, it is evident that for cross
polarization |ry,| = |ryy| and the phase difference is: @, — @y, = Fm. Equivalently, for LP-
CP of the incoming wave in the u-v direction |ry,| = |ryv|e¥™2. As a result, for circular
polarization |ry,| = |ryy| and @, — @ww = +m/2 , where an RHCP is carried out for +m/2
state, and an LHCP is carried out for the —m/2 state. Furthermore, by assuming that the

following of the suggested polarization converter for the converter for the y-polarized incoming

wave could be assessed:

1= IRyl + R )

Due to the losses experienced during the polarization conversion, the Eq. 82 is
calculated to be less than one. Switching the indicators u and v will result in the identical

situation under x polarized electric field intensity case.
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Figure 28. Two orthogonal components of the incident E field along the y-axis and the reflected
E field along the x-axis are separated along the u-v axis.
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RESEARCH RESULTS AND DISCUSSION

This thesis describes an ultra-thin metamaterial converter that converts with efficiency
more than 99% in both LP-LP and LP-CP. The unit cell contains three layers, two metallic
layers (copper) and one rectangular dielectric layer (FR4) with a thickness of 1 mm. This section
portrays the converters we created for circular and linear polarization as well as their uses. The
converter's dimensions will determine in which domains it can operate. Later on, we'll see a
converter that could operate in the X and Ku bands, followed by a converter that could operate
in the K and Ka bands. The first design’s converter operates in a range of frequencies from 8.5
GHz to 17.5 GHz, where it can accomplish three linear conversion with PCR efficiency levels
of more than 90% and up to 99% at frequency 12.75. For ellipticity, there are RHCP and LHCP
with conversion efficiency exceeding 99%. The second design's converter operates in a range
of frequencies from about 18 GHz to more than 40 GHz, where it can accomplish linear and
circular polarizaiton with an efficiency more than 99% in both. The program used in this design

is CST with the highest accuracy le-12.

X and Ku Bands Ultra-thin MM Converter

This converter (see figure (29)) consists of two metallic layer and a dielectric layer in

between. The metal used her is copper and the dielectric is FRA4.

b2

a2

a1l

b)
Figure 29. a) X and Ku Bands ultra-thin MM Converter. b) X and Ku ultra-thin MM
Converter’s dimensions
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Figure 29 illustrates the converter’s design where the rectangular ground layer is copper.
The in between rectangular dielectric layer is FR4. The upper layer is copper and consists of a
recangular segment and a gamma I" shaped segment. The distance between the rectangular or
gamma segments and the edges is 0.1 mm. The other dimensions appeared in figure 28.b are:
The periodic array P=5 mm, the thickness of the copper layers t=0.035, the thickness of the

dielectric is h=1 mm, the upper layer’s dimensions are: al=3.6 mm, a2=4.5 mm, b2= 3.6 mm,
w=0.9 mm.

Reflection coefficients

Refl. quf. in dB

-30
6

8 10 12 14 16 18

Frequency [GHZz]

Figure 30. X and Ku Bands ultra-thin MM converter’s reflection coefficients in dB.

For the MM converter’s reflection coefficients in dB as it is noticed from figure 30 that
there could be three LP-LP and two LP-CP. The converter’s reflection coefficients in linear will

be analyzed in (figure 31) to confirm both LP-LP and LP-CP, while the figure 32 will analyze
the polarization ellipse to confirm the LP-CP.
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Figure 31. X and Ku Bands ultra-thin MM converter’s reflection coefficients in linear.

We will divide the reflection coefficient s in figure 31 into 5 regions where we will

compare the values of Ryy and Rxy to determine the possibilities of linear and circular

polarization occurances. (Table 1)

Table 1. Polarization’s Oppurtunity of the X and Ku Bands ultra-thin MM Converter.

Frequency band Ryy Ryy LP-LP LP-LP
opportunity opportunity

8.5-9 GHz Less than 0.33 More than 0.8 high X

9.5-11 GHz 0.6-0.69 0.66-0.73 X High

12-13.4 GHz Less than 0.33 More than 0.85 High X

14.7-16 GHz 0.6-0.66 0.67-0.71 X high

17-17.4 GHz Less than 0.27 More than 0.75 high X
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Figure 32. X and Ku Bands ultra-thin MM converter’s polarization ellipse.

To evaluate the occurence of circular polarization there is two conditions: the first
condition is that the amplitude of the x and y electric field sould be almost equat. The second
condistion is that the polarization’s ellipse angle should be almost 90°. As it is observed from
figure 32, the phase differnce between Ryy and Ryy is about 90° in the frequency ranges 9.5-11
GHz and 14.7-16 GHz,

We will inspect now the PCR and Ellipticity in details to verify the conversion

occurence.

PCR

Figure 33 illustrates the PCR of our converter, where the first LP-LP conversion is more
than 90% in the frequency band 8.55-8.925 Ghz and could reach to more than 95%, he second
LP-LP conversion is more than 90% in the frequency band 12.18-13.33 GHz and could reach
to about 99%, he third LP-LP conversion is more than 90% in the frequency band 17-17.4
GHz and could reach to about 95%.
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Figure 33. X and Ku Bands ultra-thin MM converter’s PCR with normal incidence wave.
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Figure 34. X and Ku Bands ultra-thin MM converter’s PCR with oblique incident wave.

For the oblique incident propagation (figure 34), we discussed four propagation oblique
incident angles: 0°, 15°, 30°, 45° . the results that could be observed from the first region is that
the more incident the better PCR, but there is a frequency shifting to the right. In the case of the
second and third regions, the more incident wave the less PCR and there is also a frequency
shifting to the right.
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Figure 35. X and Ku Bands ultra-thin MM converter’s ellipticity.

Figure 35 illustrates the ellipticitity of the ultra-thin converter, where there is two LP-
CP frequency bands. In the first band there is RHCP whith an effiency more than 99% in the
region from 9.6 GHz to 11 GHz, while inthe second band there is LHCP with the same results
in the region from 14.68- 16 GHz (figure 31).
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Figure 36. X and Ku Bands ultra-thin MM converter’s ellipticity with oblique incident
propagation.

For the oblique incident propagation (see figure 36),as in the PCR scenario, we
discussed the four propagation oblique incident angles: 0°, 15°, 30°, 45°. In the case of RHCP,
the efficiency still more than 99% in the case of 15° and 30°, but the ellipticity could decline to
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less than 98% in the case of 45°. In the LHCP region, the declining is more than before, where
in the case of 15° the efficiency is about 98%, 30° the efficency is less than 95%, 45° the
efficiency is less than 90%.
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Figure 37. X and Ku Bands ultra-thin MM converter’s AR in dB

We will use 1 dB as our reference for AR, even if in antenna and some application if the
value of AR in dB less than 3 dB it means that there is LP-CP. As it is illlustrated from figure
37 the AR is below than 1 dB in the range 9.6-11 GHz and 14.7-16 GHz.

Reflection coefficients in u-v axes

Figure 38 illustrates that in the X and Ku bands, in which LP-LP and LP-CP persist,
both |r,,| and |r,,| almost equal one. And at the same time the reflection coefficient also almost
equals one. The phase angles of the reflection coefficient in the u and v orientations as well as
the phase difference of the reflection coefficient will determine the type of the polarization (see
fig 39). The LP-LP occurs if the amplitudes of the u-v components are equals and the phase
difference of the reflection coefficient is +m while the LP-CP occurs if the amplitudes of the
u-v components are equals and the phase difference of the reflection coefficient is +m/2 , in
which if the angle is +m/2 then the polarization case here is RHCP and if the angle is —m/2
then the polarization case here is LHCP. The LP-LP occurs in three regions: the first region is
8.55-8.92 GHz in which the phase difference is in the range [-148°,-210°] and the frequency
difference in the resonance frequency (8.72 GHz) is equal to exactly 180°, the second region is
12.18-13.33 GHz in which the phase difference is in the range [+144°,+215° and the frequency
difference in the resonance frequency (12.73 GHz) is equal to exactly 180°, the third region is
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17-17.4 GHz in which the phase difference is in the range [-150° -206°] and the frequency
difference in the resonance frequency (17.21 GHz) is equal to 177°. The LP-CP occurs in two
regions: the first region is 9.6-11 GHz in which the phase difference is in the range [+88°, +97°]
which means that the polarization here is RHCP, while the second region is 14.68-16 GHz in
which the phase difference is in the range [-91°, -97°] which means that the polarization here is

LHCP.
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Figure 38. X and Ku Bands ultra-thin MM converter’s reflection coefficients in u-v dir.
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Figure 39. X and Ku Bands ultra-thin MM converter’s reflection coefficients phase in u-v dir.

Surface current analysis

Examining the surface current in the upper and lower surfaces of the projected

metamaterial converter is yet another analysis to better understand the working mechanism. For
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this reason, all resonant frequencies (8.72, 12.73, and 17.21 GHz) of the converter’s resonating
metal were studies. The magnetic and electric fields and the polarization effect are related in
the way shown below:

MR Pt | W )

Where the vectors J and M represents the current density of both electricity and
magnetism, correspondingly. In addition, the self and linked electric and magnetic polarizations
are denoted by the letters a,, , A, Ome aNd o, - the surface current densities at the upper
and lower surfaces are depicted in figure 40 at the three resonance frequencies (8.72, 12.73, and
17.21 GHz). Furthermore, in fig 40, the color bar’s blue and red hues stands for the lowest and
highest surface current densities, correspondingly. As it is demonstrated, the current densities
on the metal terminal surface and metasurface are going in the opposite orientations. There is

magnetic resonance at these three RFs because the surface current arrangementof the two RFs

is anti-parallel.
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Figure 40. X and Ku Bands ultra-thin MM converter’s surface current intensity.
K and Ka Bands Ultra-Thin MM Converter

In this MM converter we maintained the same design and the same thickness but we
changed the period of the unit to be 2 mm. by this adjustment , as we will see later, the
polarization shifted from X and Ku bands to K and Ka band. The LP-LP here is more than 90%
in the frequency band 18.55-26.7 GHz and more than 99% in the frequency band from 19.55-
24.8 GHz. The LP-CP here is more than 99% in the frequency band from 31.8-40.45 GHz.
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Figure 41. a) K and Ka Bands ultra-thin MM converter. b) K and Ka ultra-thin MM converter’s
dimensions

The rectangular base layer of the converter is made from copper, as shown in figure 41.
FR4 serves as the rectangular dielectric in the middle layer. The upper layer is copper and
consists of a recangular segment and a gamma I" shaped segment. The distance between the
rectangular or gamma segments and the edges is 0.1 mm. The other dimensions appeared in
figure 28.b are: The periodic array P=5 mm, the thickness of the copper layers t=0.035, the
thickness of the dielectric is h=1 mm, the upper layer’s dimensions are: al=1.05 mm, a2=1.7

mm, b2=1.55 mm, w=0.15 mm.

Reflection coefficients

Figure 42 shows that there is LP-LP polarization and there could be LP-CP polarization.
we will analyze linear values of reflection coefficients will be examined in figure 43 to validate
the LP-LP and LP-CP occurrence, whereas figure 44 will calculate the polarization ellipse to

validate the LP-CP existence.
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Figure 42. K and Ka Bands ultra-thin MM converter’s reflection coefficients in dB.

refl. coef. [Linear]

o

5 10 15 20 25 30 35 40 45 50 55

Frequency [GHZz]
Figure 43. K and Ka Bands ultra-thin MM converter’s reflection coefficients in Linear.

It could be estimated from figure 43 that there could be LP-LP in the frequency band
18-27 GHz in which the Ryyis less than 0.3 and Rxy is more than 0.8, and in the frequency range
19.5 to 25 the Ryy is less than 0.1 and Rxy is more than 0.9. we could also estimate from figure
39 that there could be LP-CP in the frequency range 31-41 GHz.
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Figure 44. K and Ka Bands ultra-thin MM converter’s polarization ellipse.

Two requirements must be met in order to determine the occurrence of circular

polarzation: first, the amplitues of the x and y electric field must almost be equal. second the

ellipse angle should be 90°. Figure 44 shows that the the phase differnce between Ryyand Rxy
is about 90° in the range 31-41 GHz.

After analyizing the reflection coefficients we will inspect the PCR, ellipticity and AR

to verify the conversion existence.
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Figure 45. K and Ka Bands ultra-thin MM converter’s PCR with normal incidence wave.

The PCR of the previouse specified converter is shown in figure 45, where there is LP-

LP in the frequency range from 18.55 -26.9 GHz with a PCR more than 90%, whereas in the
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frequency range 19.55-24.8 GHz the PCR is more than 99%. We see that the LP-LP covered
almost all of the K band frequency and in more than 5 GHz of the 8 GHz K band range the PCR

is more than 99% which considered perfect result.
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Figure 46. K and Ka Bands ultra-thin MM converter’s PCR with oblique incident propagation.

Four oblique incident angles (0°, 15°, 30°, 45°) were considered for the oblique incident
transmission (figure 46). For the 15%blique incident waves , we could say that there is almost
no differnce from the direct incident, for the 30° the LP-LP efficency is more than 90% in the
range 18.75-27.6 GHz and more than 97% in the range 19.35-26 GHz, anf for 45° oblique
incident wave, the LP-LP efficency is above 90% in the frequency range 19-26.45 GHz and
could reach to 99% in the frequency 20 GHz.

Ellipticity

we could notice from the figure 47 that the LP-CP occurs with more than 99% efficiency
in the frequency range 31.8-40.45 GHz which covers more than half of the Ka band. As the
ellipticity is almost -1, there is LHCP here.
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Figure 47. K and Ka Bands ultra-thin MM converter’s ellipticity.

As in the PCR situation, we explored the four propagation oblique incident: 0°, 15°, 30°,
45° (see figure 48). For the 15° incident wave, the LP-CP efficiency is almost more than 99%
in the frequency range 32.15-38.9 GHz. For the 30° incident wave the LP-CP efficiency is more
than 90% in the frequency range 31.3-40.5 GHz and more than 95% in the range 33.15 -38
GHz. For the 45° incident wave, the LP-CP efficiency is more than 80% in the range 33.3-40.3
GHz and it couldn’t exceed 85%.
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Figure 48. K and Ka Bands ultra-thin MM converter’s ellipticity with oblique incident wave.
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Figure 49. K and Ka Bands ultra-thin MM converter’s AR in dB

We will consider here also AR equals 1 as our reference of the LP-CP existence. As it
is illustrated from the figure 49, AR less than 1 in the frequency range between 30.8- 41.45

GHz which means that the polarization existence oppurtunity is high in this range.

Reflection coefficients in u-v axes

Figure 50 illustrates that in the K and Ka bands, in which LP-LP and LP-CP persist,
both |r,,| and |r,,| almost equal one. And at the same time the reflection coefficient also almost
equals one. The phase angles of the reflection coefficient in the u and v orientations as well as
the phase difference of the reflection coefficient will determine the type of the polarization (see
fig 51). The LP-LP occurs if the amplitudes of the u-v components are equals and the phase
difference of the reflection coefficient is +m while the LP-CP occurs if the amplitudes of the
u-v components are equals and the phase difference of the reflection coefficient is +m/2 , in
which if the angle is +m/2 then the polarization case here is RHCP and if the angle is —mr/2
then the polarization case here is LHCP. The LP-LP occurs in the frequency region 18.55 -26.9
GHz. in which the phase difference is in the ranges [-144°, -163°] and [+170°, +217°] where the
frequency difference in the resonance frequencies 20.24 GHz and 23.66 GHz are equal to
exactly 180°. The LP-CP occurs in the region 31.3-40.5 GHz in which the phase difference is
in the range [-83°, -100°] which means that the polarization here is LHCP.
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Figure 50. K and Ka Bands ultra-thin MM converter’s reflection coefficients in u-v dir.
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Figure 51. K and Ka Bands ultra-thin MM converter’s reflection coefficients phase in u-v dir.

Surface current analysis

Examining the surface current in the upper and lower surfaces of the projected
metamaterial converter is yet another analysis to better understand the working mechanism. For
this reason, all resonant frequencies (20.24 and 23.66 GHz) of the converter’s resonating metal
were studies. The magnetic and electric fields and the polarization effect are related in the eq.
82. the surface current densities at the upper and lower surfaces are depicted in figure 52 at the
two resonance frequencies 20.24 GHz and 23.66 GHz. Furthermore, in fig 52, the color bar’s

blue and red hues stands for the lowest and highest surface current densities, correspondingly.
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As it is demonstrated, the current densities on the metal terminal surface and metasurface are
going in the opposite orientations. There is magnetic resonance at these two RFs because the
surface current arrangement of the two RFs is anti-parallel.
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Figure 52. K and Ka Bands ultra-thin MM converter’s surface current intensity.
Comparisons

We will compare our results with the previous results in a lot of aspects. First of all, we
will choose the wavelength A in the center of each operational bandwidth. The performance of
the proposed X and Ku MM converter and some previously reported polarization converters
are listed in Table2. Moreover, for a more comprehensive comparison, we introduce cost-
effective bandwidth, as represented below:

_ RBW
CE = R,

(85)

Where RBW is the relative bandwidth and equals to 2*(fmax - fmin)/ (fmax + fmin), Rv=T\/

A2 is the volume of a unit cell, Ty is the total volume of a unit cell.
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Table 2. Comparison of the Proposed X, Ku Ultra-Thin MM Converter With Several Reported

Polarization Converters

MM Operating Conversion  Angular Relative Relative Relative  BW-ce
Converter ~ Bandwidth Type + Stability Thickness  Period of Volume
(GHz) efficiency  with PCR the unit
or
ellipticity
>0.9

2“5‘{‘;‘ . 67471 LP-LP+90% 0° 0.14 048% 0031 28
ggz'gt al, 9.8-189  LP-LP+90% 300 0.08 A 031 0.007 56
;’0“2‘? al, 12-18 LP-LP+90% 300 0.1 023% 0005 120
Deng et al, 6.5-12.1 LP-LP+87% Qo 0.1 0.25) 0.006 99
2018 1374156  LP-CP+97%  30° 0.15 A 0.4 0.02 5.5
Ozturkand  12-17.9  LP-LP+90% 300 0.06) 033% 00065 59
Corapsiz,
2022 11.3-11.5  LP-CP+90% 0° 0.051 025\ 0.003 6
X, KUMM  855-893  LP-LP+90% 300 0.031 015, 00006 70
converter 15 18-13.33  LP-LP+90% 300 0.04) 021 0.002 47

17-174  LP-LP+90% 300 0.06) 0.29) 0.005 5

96-11  LP-CP+99% 60° 0.031 017%  0.001 134

14.68-16  LP-CP+99% 400 0.05\ 0.26) 0.003 26

The above table (Table 2) makes evident that our converter produces better outcomes

than other converters. Our converter provides many outcomes for the relative thickness, with

the best result perhaps being 0.03, while the other's best result is 0.05. (Ozturk and

Corapsiz,2022). Our best result for the relative period of the unit is 0.15, whereas the best result
for the other is 0.23. (vu et al, 2021). Our best result for the Relative volume is 0.0006, while

the other's is 0.005. Our best result for the most cost-effective bandwidth is 134, whereas the

other's is 120. The proposed converter may efficiently convert up to 60° for the oblique incident

waves in the case of RHCP, whereas the other's best result is 30°. In terms of PCR, the suggested

converter could achieve more than 99%, while the others could produce results that were

comparable. In terms of ellipticity, our converter provides us with more than 99% in the

working bandwidth whereas the other's is, at most, more than 97%.
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Table 3. Comparison of the Proposed k, Ka Ultra-thin MM Converter With Several Reported
Polarization Converters

MM Operating Conversion Angular Relative Period Relative  BWce
Converter Bandwidth Type + Stability Thickness ofthe  Volume
(GHz) efficiency with PCR unit
or
ellipticity
>0.9
Rohde etal,  18-40 LP-LP+92% 40° 0.12% 0342  0.0133 57
2021
Coutoetal, 13.8-40 LP-LP+94% 30° 0.18% 0322 0.019 51
2021
Fahadetal, 25.4-31.4  LP-CP+90% 250 0.02 A 0.67A  0.013 16.5
2020 35.4-42.4  LP-CP+90% 250 0.04 A 094 0.033 55
Coskunetal, 16.2-16.7 LP-CP+90% - 0.07 0.19 0.002 14
2022 17.9-43.2 LP-LP +75% 30° 0.12% 0.341 0.014 59
k, Ka MM 18.6-26.7 LP-LP+90% 40° 0.075A 0.15% 0.0017 210
Converter 318405  LP-CP+99% 307 0.121 0241 0007 34

The preceding table (Table 3) clearly shows that our converter outperforms other
converters in terms of results. Only for the relative thickness, some of the other results are
better, with our greatest result perhaps being 0.075 and the best result from the other being 0.02.
(Fahad et al, 2020). Our best outcome for the unit's relative period is 0.15, whereas the best
outcome for the other is 0.32 (Couto et al, 2021). Our top Relative volume result is 0.0017,
whereas the other's is 0.013 (Fahad et al, 2020). In comparison to the other, our top result for
the most cost-effective bandwidth is 210, while theirs is 57. For the oblique incident waves in
the case of LP-CP, the proposed converter can effectively convert up to 40°, whereas the other's
best result is 40°. With regard to PCR, the indicated converter could obtain more than 99% in
almost all the working frequency, while the others could deliver about 94%. In terms of
ellipticity, our converter offers us more than 99% in the working bandwidth whereas the other's
IS, at most, more than 97%.
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CONCLUSION AND RECOMMENDATION

In this study, LP-LP and LP-CP conversion was performed based on ultra-thin
metamaterial converter. the MM converter could work in more than one frequency band
depending on the period of the array diemnsion. The designed converters has the same shape
structure and thickness of 1 mm but different period of unit dimension, where the first design
IS 5x5 mm rectangular shaped MM converter and the second design is 2x2 mm recatngular
shaped MM converter. The design was carried out with the CST simulation program and the
results was calculated by MATLAB For the first metematerail converter, a good result was
obtained in the X and K frequency bands, where there are three LP-LP conversion regions with
more than 90% linear polarization efficiency in the frequency bandwidth ranges 8.55-8.925
Ghz, 12.18-13.33 and 17-17.4 GHz and two LP-CP conversion regions with circular
polarization efficiency more thand 99% and AR less than 1 dB in the frequency bandwidth
ranges 9.6 -11 GHz (RHCP) and 14.68- 16 GHz (LHCP). For the oblique incident waves in the
LP-LP state, the results still good till 30°, and for the 45° the results not bad but there is a
frequency shift in the working frequency regions, whereas the results in the oblique incident
wave in the LP-CP state still perfect in the RHCP region up to 30° and good up to 45°, and for
the LHCP results is good in the 15° case, acceptable in the 30° case, not acceptable in the 45°.
In the second metamaterial converter, the results is perfect in the K and Ka frequency bands
with a conversion ratio more than 99% for both LP-LP in the frequency band region 19.55-24.8
GHz and LP-CP in the frequency band region 31.8-40.45 GHZ. In the cases of LP-LP, the
polarization efficiency is more than 90% in the frequency range 18.55 -26.9 GHz and more than
99% in the frequency ragne 19.55-24.8 GHz, whereas in the LP-CP case the AR is less than 1
dB and the efficency is more thant 99% in the frequency range 31.8-40.45 GHZ. For the LP-
LP oblique incident wave, the conversion efficiency results for 15°, 30°%nd 45° are 99%, 97%
and 90% respectively with a phase change in the 45° case. For the LP-CP oblique incident wave,
the conversion efficiency results are: more than 99% in the 15° case, more than 90% in the
frequency range 31.3-40.5 GHz in the 30° case and less than 85% in the 45° case. At last we
made a comarison between the two proposed two converters several reported polarization
converters each in its operating bandwidth. The results for the X, Ku MM converter was greater
than the others in all of the compared aspects. For the most important aspect (BWce) we could
accomplish 134 while the other’s is 120. For the K, Ka MM converter the results were also
good and better than the others’ in all the aspects except for the relative thickness. However,
we accomplished the greatest result in the most important aspect (BWce), we achieved 210

while the others’ is 57.
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