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ABSTRACT

DUAL FREQUENCY RECONFIGURABLE REFLECTARRAY ANTENNADF
SPLIT RING ELEMENTS WITH RF MEMS SWITCHES

Guglu, Caner
MSc., Department of Electrical and Electronics Begiring
Supervisor : Assoc. Prof. Dr. Ozlem Aydin Civi

Co-Supervisor : Prof. Dr. Tayfun Akin

September 2010, 106 pages

Dual band (K and Ka) electronically scanning rafe@y with RF MEMS switches
is designed, implemented and measured. Unit celefeflect array is composed of
conductor backed split-ring elements. In order teeisthe beam, the phase of the
incident circularly polarized wave is controlled B MEMS switches that modify
the angular orientation of split-rings individualRgeflectarray is designed using unit
cell approach with periodic boundary conditionse ®ntenna is fabricated by using
surface micromachining process developed in METUM®SECenter. Radiation
patterns of the antenna are measured and compatethe simulations. It has been
shown that the reflectarray is capable of beamchivig to 35° in Ka band, 24° in K
band.

Keywords: Reflectarray, RF MEMS switches, Reconfiple antennas, Split-ring,

Dual band antennas.



Oz

CIFT FREKANSTA CALISAN YENIDEN YAPILANDIRILAB iLIR RF MEMS
ANAHTARLI AYRIK HALKA YANSITICI D 1Zi ANTENI

Guglu, Caner
Yuksek Lisans, Elektrik ve Elektronik MihendIBolimu
Tez Yoneticisi : Dog. Dr. Ozlem Aydin Civi

Ortak Tez Yoneticisi : Prof. Dr. Tayfun Akin

Eylul 2010, 106 sayfa

Cift banth (K ve Ka) elektronik tarama yetdgiee sahip RF MEMS anahtarl
yansitici dizi anten tasarlandi, Uretildi ve olgill¥ansitici dizi antenin birim hicresi
iletken katmanla sonlandiriigmiayrik halkalardan okmaktadir. Hizme dondirme
amacityla her bir ayrik halkanin agisal konumunu RIEMS anahtarlarla
ayarlayarak, dairesel polarizasyonlu dalgalarimefakontrol edilmektedir. Yansitici
dizi anten, periyodik sinir kallari yaklgimindan yararlanarak birim hicreler
seklinde tasarlanmgtir. Anten ODTU MEMS merkezinde gglirilen yiizey mikro-
isleme sireciyle Uretilngiir. Isima druntuleri dlciimgl ve benzetim sonuclariyla
karsilastirilmistir.  Ana hizmenin Ka bandinda 35°ye K bandinda "y4°

dondurilebildgi gosterilmitir.

Anahtar Kelimeler: Yansitici dizi anteni, RF MEMSnahtarlar, Yeniden

yapilandirilabilir antenler, Ayrik halka, Cift bainantenler.
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“A taste for truth at any cost is a passion whiglaes nothing.”

Albert Camus
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CHAPTER 1

INTRODUCTION

Recently smart antenna applications, electronicmbeshaping technologies are
emerging research topics. Their area of applicatiames from telecommunication
technologies to radar applications, from data littkautomated systems in daily use.
Reconfigurable reflectarray antennas constituteghlyr advantageous type for these
applications. The advantages of the simple reftegtpe antennas and the phased
arrays are combined in reflectarray antennas. imstudy RF MEMS technology is
integrated with the reflectarray antenna type twvjale reconfigurability.

In this thesis a circularly polarized reconfiguebtiual frequency reflectarray
antenna element with RF MEMS switches operating2a65 GHz and 34 GHz is
designed. The reflectarray element is composedgldfrings in two different sizes
integrated with RF MEMS switches to obtain dualjfrency operation. The phase
shift principle is applied with the rotation of ggings that the location of splits are
controlled by turning on and off the RF MEMS swashthat are placed with 60°
spacing. The rotational phase shift principle ipliaga, by switching properly and
rotating the 'split' of the ring. In Figure 1.1,ettelement and the antenna are
illustrated. A prototype on which the on and oftitst switches are modeled by
perfect shorts and opens is designed and fabricdted reflectarray antenna is
capable of 35°and 24° beam steering in Ka and Kd®aaspectively. There are a
total of 109 Ka band and 124 K band split-rings Eygd. This reflectarray antenna
is the first reconfigurable reflectarray antennpatde of phase control in dual bands

in literature to the author's knowledge.



Figure 1.1 Overview of the reflectarray element and the amen

This introductory chapter gives the principles effectarray design with an overview
of various reflectarray antenna applications. Thie® objectives of the thesis are
explained, and the organization of the thesisésgmted to the reader.

1.1 Reflectarray Antennas

In this section the reflectarray antenna concepmxjglained and various important
works in the literature are mentioned.

1.1.1 Definition and Historical Development

The reflectarray antenna is a well known anterypa twhose history can be traced
back to '70s [1]. The reflectarray antenna combithes advantages of the simple
reflector type antennas and the phased arrays. eWtdisigning reflector type

antennas, the phase front tailoring is done by ntplise of the different path lengths
over the reflector surface. They are mostly preférsince there is no need for
complex feed systems. As another common type, hlased arrays are well known
and highly utilized antennas that make use of pshgter technologies to create the
desired phasing of the elements to shape the beaording to the requirements.
Since their direction of radiation is determined fmpper phasing, they provide

freedom of physical positioning and can be moundésd desired. Reflectarray



antennas are composed of reflective elements thatspecially designed to achieve
phase control. Thus they are the synthesis of tlasgxl array concept in 2D and the
space feeding systems from reflector antennas. Tiamgform the incident wave's
phase front upon reflection to achieve the fornmatibthe desired beam. It solves the
complex feed-network problems of phased arrays space-feed and volume

occupation problem of reflector antennas via igpt shape.

In Figure 1.2, the reflectarray principle is depttt The incident field on the
reflectarray elements is tuned accurately to pmilte phase shift upon reflection.
The reflected wave front is formed by the reflecteaves with the desired phase

distribution, so that the phase front is adjustedttain the desired beam.

Figure 1.2 The reflectarray antenna, formation of the desream upon

reflection.

The reflectarray antenna design is based on eledesign. The element design is
done in various states corresponding to variougatdn angles, according to the
phase control principles. The phase design curtbesgraph where the reflection
phase is plotted against the element states. Tungds a convenient graph that
shows the phase coverage, resolution and the iipedra reflectarray element. Also

the reflection magnitude versus element stateveanother helpful plot.

3



The reflectarrays can be configured to provide pdigam radiation patterns, as
well as multi-contoured beams. Reconfigurabilityh dae brought in reflectarray

concept to achieve electronic beam scanning.

The reflectarray antenna capabilities depend onetament properties. Reflection
phase and reflection magnitude on a single elestemild be characterized to better
analyze the behavior. Most important property ofelament is the phase coverage,
i.e. the phase shift contributed upon reflectidns la fact that the magnitude of the
reflected field from an element is primarily depenton the free-space propagation
loss from feed to reflectarray surface. In additihre dielectric losses occurring in
the reflective element; as well, the integratedsehshifting circuitry contributes to

the losses.

The first reflectarray was proposed by Berry, Mhlaad Kennedy in [2]. The design
was composed of short ended waveguides with varidrhgths. The required
phasing was formed by the delays in the waveguwdesre the incident field is

coupled, traveled, reflected at the short end adéted back into the sky.

In 1977 the spiraphase reflectarray was develope@helan [1]. This structure was
implementing the rotational phase-shift principlehieh constitutes the basic
principle in this thesis. This design employed shiitg diodes in a 4-arm spiral
antenna. Also in '70s the microstrip antennas weegeloping, however the
application of microstrip antennas in reflectarcaycept was first done by Malagisi
in 1978, [3]. Unfortunately the combination of exftarrays with microstrip
technology was no further studied until the lats'@8/hen the necessity of low profile

and low mass antennas emerged.



1.1.2 Notable Reflectarray Antennas in Literature

In reflectarrays, phase control is achieved bygiseveral methods. One of the most
favorable methods is to use variable-size patctesipgs [5], and dipoles [6]. Also
the bandwidth problem in the variable-size patcpliaptions are solved by stacking
double and triple layers of patches of differemesi [7, 8]. The idea of loading the
rectangular patches with stubs is another way @fsehcontrol. The incident field
coupled to the rectangular patch travels alongsthbs of different lengths reflects

back and re-radiates. This method is demonstratgQ].i

The aperture coupled microstrip patch antenna ry geitable for designing a
reflectarray element. The line coupled to the patah be altered to control the
phase. This type of element is suitable for simgledual polarization or circular
polarization. The variable length transmission lompled through the slot to the
patch is implemented in [10]. Achieving wide phasaage to solve the bandwidth
problem by loading stubs is demonstrated in [1d]adidition, this element can be
integrated with switches and active structures rtwoduce reconfigurability. A

sample with Metal Semiconductor Field Effect Tratmi to amplify and adjust the
phase is shown in [12]. Also the linearly polarizR&&MP (Aperture Coupled

Microstrip Patch) antenna using RF MEMS switchepravide reconfigurability is

studied [13-15].

The rotational phase shift principle which wastfpat forward by Phelan [1], is used
in various applications to design circularly patad reflectarrays. This principle
states that the phase of the co-polarized wave upaularly polarized wave
incidence is linearly dependent on the elementtiost angle. Rotating patches are
designed to utilize this principle in [16]; as wethultiple dipoles are employed with
the same principle [17]. The most important appices of this phase control
method in the context of this thesis are the ors#sgusplit-ring elements in single
and dual frequency reflectarrays [18-21]. The worsented in this thesis also is a

5



dual frequency reflectarray with split-rings. Indan, this reflectarray unit cell
element is the capable of phase control in twoueegies independently; at this
aspect it is the only reconfigurable dual frequeeegr presented to the author’s

knowledge.

The reconfigurable reflectarray configurations emgpdeveral techniques as tunable
dielectrics, varactor diodes, PIN diodes and MEM@plementations including
micro-motors and RF MEMS.

Varactor diodes affect on the radiation susceptaoiceantennas by capacitive
loading. In [22] , the 2D rectangular patches apsdd at their centers with vias
through the substrate and ground plane. Then eatth gs connected to the
neighboring patches with varactors. By properlyuating the voltage distribution,

the surface turns in to a tunable impedance surfedeng it possible to steer beams.
In [23], PIN and varactor diodes are put into assrshaped microstrip loop for a
dual polarized, polarization flexible reflectivellcehose phase can be dynamically

controlled.

The tunable dielectrics may be used as substratesp fill cavities. Then the
frequency/phase response of the reflective elersebntrolled by biasing these
structures electrically. The examples for thesdiegions are ferroelectric thin film,
liquid crystals (LC) [24-28].

1.1.3 MEMS in Reflectarray Antennas

MEMS (Micro Electro-Mechanical Systems) is an emaptechnology in microwave
and antenna engineering field, for being suitabtenionolithic fabrication, enabling

miniaturization of the transceivers.



In [29], a pseudo-ring structure as the reflectagement loaded with 5 pairs of
switches is shown. The element has 360° phase ageerThe design is

experimentally validated by testing in rectangulaveguide simulator. In another
study [30], a suspended patch is designed andcttbd by micromachining. As the
suspending patch is pulled down by electrostatioadion, the phase is tuned. But
the reflection phase characteristic is poor andtdédnto 200° coverage. In [31], a
patch-slot element is utilized as the reflectaal. The slot of the element is loaded

with RF MEMS shunt switches; approximately 120° gghaoverage is demonstrated.

Most of the reflectarrays with MEMS are implementedly in unit cells and
characterized by waveguide simulators. There adramples of full reflectarrays
with MEMS [13, 30, 32-34] and only one with measueat results, [13]. The

reflectarray presented in this thesis also providiéseflectarray design.

1.2 Thesis Objective and Organization

The goal of this thesis is to design a reconfigleradircularly polarized dual band
reflectarray antenna composing of split-ring eletseintegrated with RF MEMS
switches. Rotational phase shift principle is innpésted as the phase control
principle. The RF MEMS fabrication process devetbpe Middle East Technical

University is utilized in design. The objectiveg atated as follows:

» Rotational phase shift principle,
o is studied to reach a mathematical expression andeter
comprehension of the phenomenon.

o is implemented using a split-ring element.

* Areflectarray element,

o capable of controlling the phase of the co-polatizeflected wave



upon a circularly polarized incident wave

o having a linear phase design curve and 360° phagerage in two
frequency bands

o achieving phase control in two frequency bands Kanaously, i.e.
independent operation in both bands

o integrated with RF MEMS switches, to provide 1pbase resolution
in both bands

is designed.

» Areflectarray antenna prototype,
o0 composed of the aforementioned element
o0 capable of beam switching between broad side afca24.4 GHz
and 35° at 35.5 GHz.
o thatis aimed to verify the dual frequency splitgrielement operation
o composed of split-rings with short/open modeling tbé MEMS
switches instead of fully operational RF MEMS immplentation.

is designed, fabricated and measured.

This thesis constitutes a collection of the studreshe frame of the mentioned
objectives. The studies and accomplishments u@te are bundled together in the
course of five chapters. Beyond this introductohafter 1, which gives a summary
of the reflectarray concept with historical backgrd and provides the reader with

organizational details of this thesis, the contesftshe chapters are explained as
follows:

Chapter 2: The rotational phase shift principle is defineleTmathematical
expressions are derived to have an insight view the
phenomenon. The conditions on the reflective eléraed the
illumination of the reflectarray antenna for thalreation of the

principle are given.

Chapter 3: The split-ring element is studied by means of satmon tools.



The element is subject to a parametric analysi® d@$sential
information to tune the reflective characteristissnvestigated
in order to implement the rotational phase shiihgple. In

addition the characteristics of a reflectarray eletroperating at
a single frequency composed of a split-ring is glesd and
characterized.

Chapter 4: A dual band reflectarray element of split-ringsdssigned and
characterized. RF MEMS switch topology is given émel dual
band reflectarray element with integrated switcisegresented.
A prototype reflectarray antenna design with radratpattern
simulation results is provided. Then these resaéscompared

with the measurement results of the fabricatedopype.

Chapter 5: The conclusions and future works are explained. dieussion

of the goals and achievements are made.



CHAPTER 2

THEORY OF THE ROTATIONAL PHASE SHIFT
PRINCIPLE

2.1 Introduction

The reflectarray antenna design is basically depeinen the capabilities and
characteristics of the reflective element. Alongnpndaechniques concerning the
linearly polarized waves, some of which can be algplied to circularly polarized
waves, there is the rotational phase shift primcigpecial to circularly polarized
waves. This chapter presents the theoretical desng and meanings of the final

form of the reflection equation.

2.2 The Rotational Phase Shift Principle

In case of the circularly polarized wave incident a reflective element, when the
element is rotated the phase of the reflected wavinearly dependent on the
relative angular position of the reflective topofodhis type of dependence requires
some conditions on the incident and reflected wawesl derivation is hence
important for the design process of the reflecél@ment. The same principle was
previously demonstrated in [1], [35] and a mathecaaterivation is briefly given in

[16] with a specific application.

Throughout this thesis, the electromagnetic wavesterest are circularly polarized.
This is the reason for denoting a common conventance the circularly polarized

waves with opposite senses constitute an indepéradrogonal basis set for the
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electromagnetic plane waves, any plane wave caaxpeessed as a sum of two
circularly polarized plane waves with opposite &sns The co- and cross-
polarization terms in the context of circularly goted waves refer to the sense of

interest and the latter sense respectively.

The rotational phase shift principle is explaineddfallows. Upon incidence of a
circularly polarized wave onto a reflective surfatiee phase of the reflected co-
polarized circularly wave is linearly proportionsd the angular position of the
reflective element. That is, the phase of reflectimay be controlled by the relative
angular orientation of the reflective element. Pase shift is totally dependent on
the geometry, and it is independent of the frequesfcoperation as well as the

reflection coefficient of co-polarized wave.

2.3 Derivation of the Linear Proportionality

In this section the mathematical derivation of tbational phase shift principle is

given. The derivation provides an in-depth viewtfoe design.

The aim is mathematically to reach an expressiolating the reflection

characteristics of an element and the reflectioaratteristics of its physically
rotated version. The starting point of the dermmatiis deducing the reflection
parameters of the rotated version by mathematitaloeation using coordinate
transformations. In Figure 2.1, the reflective ed@t(which is backed by a ground
plane) and the physical rotation angle is demotetraAlthough the figure depicts a
split-ring element on the plane, the derivatiorvadid for any arbitrary reflective

surface.
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Figure 2.1 The illustration of a reflective element and raiatabout z-axis.

Regarding Figure 2.1, there are two distinct cowt#i systems. The primed
coordinate system and the basic coordinate systam the common z/z' axes. The
primed coordinate system is defined to have rotatexiit the common z axis, by an
arbitrary angley. In other words the primed and basic coordinattesys share the
common XY plane, and the origin, but there is atiohal offset about z axis. For
the initial state of the reflective element, sgy0°, the two coordinate systems are
the same. It is assumed that the reflection caeffts for the element are known.
From this point on, for the primed coordinate sysethe reflection coefficients for
the reflective element is always the same and kndwhthe reflection coefficients
with regard to the basic coordinate system is dasyerive applying rotational

transformation matrices forth and back.

For conventional purposes, the incident and redlédields in general are expressed

as follows:
£ = (B3 + E°3) ¢ =(E° 4+ E° 9 6 @)
Eref :(E:'af éx'+ E;.af éy‘) gz :( EEf a_l_ %ef @ e (22)

Note that e”and e “are used for the incident and reflected field esgi@ns
respectively. From this point on, the derivatiome assumed to be carried on at
z=7'=0, on the surface where the reflection takasep That is why the exponential

terms are not represented.
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The reflection characteristics are handled as ama8ix, relating the reflection and
cross-coupling of the x and y components of thédemt and reflected fields. For

example, the reflection characteristics for pringedrdinate system correspond to:

Er Ere s'. g ine
ref = [S'] inc = ( lll llzj E>i(n (23)
= = s Su| E)
The Equation (2.3) shows the reflected and inciddattric field quantities, the
reflections and the cross-coupling between x ambiponents. The assumption is

that this matrix is at hand. The goal is to achiave&milar matrix equation for the

non-primed coordinate system:

E;ef E)i(nc E)i(nc
( ref ] = [S] ( incJ = (%l gzj( incJ (24)
Ey Ey %1 522 Ey
To reach the s-matrix, the transformations betwessic and the primed coordinate

system is to be applied. These transformation oegrare as follows:

X\ _(cos@W) - sin® )(x\
yj_{sin(w) cos@ )j y ! (2:5)
X"\ _(cos®) sinf¥ )\ x
y'j'[—sin(tv) cosm(y (20)

When the primed incident field is expressed withpeet to the basic coordinate

system:
(E:X::J :( co‘SGP) sin@ )j{E:x::] 2.7)
E, -sin(W) cos@ ) E

Then the reflected field expression in primed cowté system is reached by

combining Equations (2.3) and (2.7):
EX) (s Sy cosW) sinw )\ E" (28)
E)’ “|sy s, -sinW) cos@) E° '
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The reflected field components in the basic co@tirsystem in terms of the primed
coordinate system component are as follows:

e )
= sinW) cosW))| E
Combining the Equations (2.8) and (2.9):
E:(ef _ cosW) -sin{) Su Sp cos¢ ) s Ej(nc (2.10)
E® | |sinW) cosW )j s, S,)-sing) cowl Er '
The Equation (2.10) is a very important step beeaus

1. This is the first fundamental result, since it givéhe reflected wave
properties for any normally incident wave as a fiomcof:
a. A single characteristic S-matrix which is pertamito a specific
angular orientation of the reflective element,
b. The angle of rotation of the reflective element.
2. This is a big advantage over characterizing thiiht angular orientations

of the element to be regarded as simple angulatioos.

The reflective element is assumed to be composinge@procal materials, this

makes the off-diagonal terms equa}, = s',,. With this contribution, after the

necessary matrix multiplication operations thedeat and reflected field relations in
terms of physical rotation angle and the reflectararacteristics at hand (which

pertain to the primed coordinate system) the fioah is:

E;ef _ E)i(nc
& el
[s',c08 W)+ s, sif @) [(sh,—Sy)sin(W)cosy )
_| —2s',sin()cost )] +s), (cos ¢ ¥ sihy ) E”
| [(sy= S )sinW)cos@ ) [s',sin? (W) + s',,coé W) LE;”CJ

+s',(cos W )-sirf )] +2s’,sin¥)cos@ )]

(2.11)

To better analyze the matrix relation in (2.11)cataposing [S'] is a very helpful
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method. [S'] can be expressed as a sum as shown:

[ST=[.H $H{ Bc (2.12)
(S'll S'lzj (A OJ (B Oj { 0 —jCj
= + + . (2.13)
s, S, 0O A 0O -B -jCc 0
Where:
1 .
A:E(Sn"' SP (2.14)
B_E(S' -s.) (2.15)
o\ uT S :
C=js', (2.16)

Simply using the distribution of multiplication aveummation, the final expression
can be meaningfully derived. It can be seen thgtraatrix [S'] can be decomposed
into the three matrices in Equation (2.13). Morepwas previously mentioned any
incident wave can be expressed in terms of twouldrty polarized waves of
opposite senses. This is the reason that the tedldield will be examined upon
incident circularly polarized fields. The reflectédld expressions for the circularly
polarized incident field are examined for each paaimely: [S'), [S']s and [S't) of
the matrix [S'] to build up the final expressiontloé reflected field.

Let & 1) gme (2.17)
et| = |=| . :
E;ﬂc ij EO
. . S'11 SI12 A O .
* For the partial solution . . = , the Equation (2.11) turns
Su Sxn), 0 A

into:

[Acos’ W)+ Asit @) [(A=Asin(¥)cost )
EX) | 20GinW)cosy )]  + @W(cdkY ¥ shw ) EX
(Eff ] | [(A-Asin(W)cos)  [Asin®(¥)+ Acos ) [Eiy”
+0cod W ) sif W ))] + ZWsirg )cos¥ )]

J (2.18)
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A O E)i(nc
_(0 AJ(E;“CJ (2.19)

After taking into account the incident field exgsed as in Equation (2.17):

EC) (A 0) 1)_,. (2.20)

E A_ 0 Allz] S '
& =A 1) gne 2.21
), [£)¢ @21

The reflected field in Equation (2.21) is the &gsolarized wave upon
reflection. One should note that the directionpodpagation reversed while
the electric field vector is scaled by A.

. . SI11 S'12 B 0 .
* For the partial solution of . = , the Equation (2.11)
Suw Sxn)y \0 -B

turns into:

[Bcog W)-Bsirt ) [(B+Bsin(W)cos@ )

(E;efJ _| 20Gin@W)cosp )]+ @(cosW ¥ st ){ETCJ (2.22)

£ ), |(B+BysinW)cos)  [Bsin®(w)-Beog @) [\ EF |
+0cod W ) sif W )] + ZIWsing )cosd )]

_(B(cosz W)sif @)  Bsing )cost ) )(EJ
= . _ : (2.23)
2BsinW)cosf ) -B(cos¥ ¥ sih¥ )) E/°
= B(C(,)S(ZP ) sin(® ))(EJ (2.24)
sin(2¥) - cos(® )| E/°
After taking into account the incident field exgsed as in Equation (2.17):
{E;e} :B(CQS(ZP) sin(® ))( 1} e (2.25)
E) ] sin(2¥) - cos(® ) +j
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_ (CosS(2V x| sin(® ) .
- B(sin(ZP )t j cos(® ﬁ % (2.26)

_of cos(A ) jsin(®) ) _.
) B(TLJ'(COS(ZP ¥ sin(® )} S (2.27)
= B(_e.i i+2‘L|" ] E(i)nc (2_28)
Fjei?¥
E;ef =B +j2¥ 1 inc 529
B ) ¢ (ijj% (2.29)

The reflected field in Equation (2.29) is co-p@ad with the incident wave.
Note the y-component is reversed as the x-compoisethe same and the
direction of propagation is reversed upon reftactilt is easily seen that a
phase multiplication is present while the vecterscaled by B. This is a
reflected co-polarized wave whose phase is in @clvaor delayed -
depending on the circular polarization sense- @wlice physical rotation

angle of the reflective element.

. . S'11 S'12 0 _jC .
» For the partial solution of . = . , the Equation (2.11)
Su S -jIC 0

turns into:

[0eo§ W)+ 0Osif W)  [(0-0)sin(¥)cosW )

ES| | —20-iC)BinW)cosW )] +€jC (cod ¥ ¥ sihy ) E” (2.30)
ES ) |[0-0)sin)cosp ) [0in W)+ 0cod W) || E™ '
+(=jC)[cos W )-sirf @ ))] +2I¢jC Xsing )cosp )]
[ jxsinW)cos® ) —jC (cod¥ ¥ shw ) E
=l . . . _ ! (2.31)
-jC(cos W)-sit W) —jZ sing )cos¥ ) ) E*
=—jC(_Sin(ZP) cos(# j{Ef J (2.32)
cos() sin(® )| g

After taking into account the incident field exgsed as in Equation (2.17):
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E;ef i _Sin(Z.P) COS(ZP 1 inc (2 33)
e ) T cos@r) sin@ (1)) |

_c —-sin(2¥) cos(& ) -j) . 5 34
- [cos(ZP) sin(® )j[i JE" (2:34)

_ o[ Isin@P)= cos(@ ) ) i -
|- jcos(ar 1 sin@w ) (2.35)
_ [ *(cos(2P )} j sin(® ))) .

_C[—j(cos(zv ¥ sin(® )} % (2.36)
= ( ieijz:)w] E(i)nc (2.37)

_Je—l
= iC(_e-tjjq;LpJ E(i)nc (238)

Fje!
E;ef _icei?? 1) .. 2 36
Eiefc__g (ijj% (2.39)

The reflected field in Equation (2.39) is co-padad with the incident wave.
Note the y-component is reversed as the x-comporsenhe same and the
direction of propagation is reversed upon reflectib is easily seen that a phase
multiplication is present while the vector is schley C. This is also a reflected
co-polarized wave whose phase is in advance orye@ladepending on the
circular polarization sense- twice the physicalatioh angle of the reflective

element.

Then the total resultant reflected field expresdimnthe reflective element having
the reflection matrix [S"] with &° angular offset is upon incident field mentionad i
(2.17) can be found as:
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[E]E)4E] ew
Ey A EV B EV c

E;ef —_ +j2W 1 c 1 C

(E;efJ—(BiC)ef (ijj = {ijj B (2.41)

Finally the phasor expressions of the incident eaftected fields in terms of the

entries of [S'] and physical rotation angleare stated as follows:
E™=E"(4+ j§)€ (2.42)
E* =
B (Sum S0t $.J(4F 9 8% @ (2.43)

+E$“°[%(s'u+ s, )l(at jg) e

The interpretation of the reflected field expressi® the key points of the reflective

element design:

* Since the initial state, i.e. the matrix [S'] mag brbitrarily chosen; the
simulation results for any angular position of tteflective element can
provide the reflection levels of co- and cross-patd reflected field levels.
Referring to Equations (2.11) and (2.43) :

1 .

rco— pol. — E(Slll_ Slzz) * JSI12 (2.44)

1 . . . 1 .
E(S 1" S 22) t s 12‘ = ‘_2( S~ %Q * J%‘z (2.45)

1l
rcross— pol — E (S 11+ S 22) (246)
1 1

E(Sln"' Slzz) = _2( St %2) (2-47)

The magnitude of the reflected co-polarizationelelg constant withy -as

expected the phase is not-, while the reflectiommitade and phase of the cross-
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polarized component are constant, I'g,, . IS constant.

* The linear dependence of the phase of the reflestdqublarized wave on the

rotation angle is independent of the reflectiorelev

* The sign of phase contribution by the rotationahg#h control principle

depends on the sense of circular polarization.

* When the incident field is not a perfect circulaplglarized wave (Regarding
(2.48), N#0), i.e. includes a cross-polarized wave; the elémeih not be
capable of totally controlling the phase of theleeted co-polarized wave
(Equation (2.49)).

Moreover if the reflected field is required to &eerfect circularly polarized
wave whose phase can be controlled by rotati@n¢itbss-polarization should

be suppressed by the reflective elemdny ( , =0) along with a perfect

circularly polarized incident wave (N=0).

E™=M(a+ja)e"+ N§- jg) & (2.48)
E* =

[T oo paME™ ™ +T ooy paNI( 8~ j&) €7 (2.49)

HM oo patNE T e paMI( 8+ jB) €7

2.4 Conclusion

Explanation of rotational phase control principstbeen the main concern of this
chapter. An in-depth aspect is acquired through nhethematical basis. The
conditions to guarantee successful implementatfdheprinciple are examined and
well derived. It is evident that the most importdactor is to provide an almost

perfect circularly polarized incident wave. Also itwrease the gain the reflective
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element should well suppress the cross-polariziected component. Under these
conditions the normally incident wave can be rdédas a totally phase-controllable
co-polarized wave. As the incidence angle variemfnormal, the characteristics are

due investigations and these are strongly pronieet@lement type.

To utilize this principle in the reflectarray desjgextensive comprehension of the
principle should be figured out. In the beginningtle derivation, the coordinate
systems are relatively rotated. This means thaivtiwe plane is rotated actually, not
the element. In reflectarray implementation, a#l @ements can independently rotate
on the plane locally, that is, the principle is kg locally to each element. The
assumption is that the unit cell of the reflectaremtenna exhibits the similar
behavior over its own course, which is the eachviddal cell can control the phase

by rotation independently.
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CHAPTER 3

DESIGN OF SINGLE BAND REFLECTARRAY
ELEMENT

3.1 Introduction

In this chapter, the element design of a refleatars explained. There are various
methods used for the design such as designingefleetarray elements as a unit cell
in a periodic environment, or an element-basedgdesising phase-shifters. The
preference of these methods depends on the phaselqminciple employed as well
as the design tools at hand. In this chapter,dfieatarray element designed as a unit
cell of a periodic structure is studied, the neagssimulation tools, parametrical
analysis of the reflective element and the phasegydecurves achieved by a single

frequency split-ring reflectarray element are destiated.

The mathematical derivations for canonical struegwand application of a theoretical
principle to realizable structure to obtain aniatitlesign should always be verified.
The design procedure necessarily includes cycletesis and re-designs. Even if
there are available strong mathematical tools; gaoposed structure cannot have
analytical models, and these analytical models atlolatk the requirement of tests.
To quicken this design and verification cycle, fastl accurate simulation tools are

of great importance.

Upon developing various efficient numerical methadsd the capacitance of today’s

computers; full wave electromagnetic simulationtwafe package programs are in
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common use and provide a reliable design environrfenthe antenna engineers.
These package software utilize various numericalhous to solve the integro-
differential equations governing the electromagngthenomena. Among various
numerical methods followings are the most used:omesthod of moments (MoM),

finite difference-time domain method (FDTD), andite element method (FEM),
fast multipole method (FMM). These methods are cameg in [36]. Moreover,

commercial software based on these numerical mstre@ also capable of
implementation of various analytical techniquesegnated with the numerical

methods such as various boundary conditions, peravdays.

3.2 Characterization of a Reflectarray Element

The expectations from a reflect array element dépen mainly the system
requirements aimed at the beginning of the studye most general condition is a
linear phase curve capable of minimum 360° phasgeraAnother one is the
reflection levels of co- and cross-polarizationnasd| as loss contributed by the unit
cell upon reflection. The array theory implies ttie# beam steering properties of an
array is sensitive to proper phasing than the ntadej the magnitude distribution is
effective on side-lobe levels and the beam-widthusT it can be said that the
aforementioned two quantities are to maintain thasp distribution and magnitude
levels as desired. Also the frequency responsieeofeflectarray element is effective
both on magnitude and phase. Moreover there magltgional requirements for the
unit cell depending on the phase control mechani§he Chapter 2 is on the
requirements of reflectarray and the acquiremerum fthe rotational phase shift
principle. For example to use this principle witlgth gain the cross polarization
should be suppressed in the operation frequencyt Th why the frequency
characteristics should also be set first. Thenrés¢ will be to verify the rotational

phase shift principle in a periodic planar arrayrtating the element individually.

The reflectarray antennas intrinsically have themants under illumination with
different incident angles that span a solid angigure 3.1 depicts the angle between

the surface normal and the incident waves fronilliin@ination horn. It is important
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that the designer should consider the phase desiye and magnitude curve should
also be examined for various incidence angles.vBneus incidence angles form the
illumination solid angle span and the numerous el#nstates constitute a great
number of cases to simulate, and time needed fmulations can also rise
drastically. That is why the simulations are alsdg carried out for meaningfully
sampled states from which the characteristics@ktement can be well extracted.

Figure 3.1 The illustration of incidence angle variation oe surface of the

reflectarray antenna.

The elements of the reflectarray antenna lie onréase surrounded by numerous
similar elements. The element design procedureldhotegrate the coupling effects
of the surrounding numerous elements. It is obvibas in fact most elements of a
reflectarray are surrounded by slightly modifiedustures to maintain the phase

distribution. The reflectarray element is thusigiesd and characterized in an

24



infinite planar array while designing in a simutetienvironment. The unit cell of the
infinite array is simulated as a part of an ingngtlanar array composing of identical
elements, as shown in Figure 3.2. The assumptigrenbddicity is widely accepted
in reflectarray element design, although the resalie not strictly valid for the
elements placed close to the boundary of the arfidyis is the inevitable result of
use of the software environments and the requiréfefast computation, since the
cost of computational requirements for charactegz finite array -if possible- is
very high. The infinite array assumption enablbe tlesigner to use periodic

boundary conditions in FEM, which in turn reduce domputational time.

Figure 3.2Infinite planar array.

To sum up the simulation requirements, the softwhacld handle the following:

v Simulation of infinite periodic arrays.
v' Ease of use to deduce the incident and reflectdd ¢haracteristics.
v' The incident wave can be applied at angles otlzar ttormal.
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3.3 Simulation Environment

HFSS is a commercial full wave electromagneticdfisblver. It is implemented
based on the finite element method. HFSS solveriges the solutions of E- and H-
fields, currents, S-parameters, near and far fielde 3D structures are meshed
automatically, and meshes are refined adaptivelhis Boftware is chosen for it
includes the tools implemented for simulation ofipadic structures, the Floquet port
to easily calculate the reflection characteristios the unit cell. The important
parameters for simulations to be reliable are tngleémented boundary conditions to
the FEM and the meshing quality. First of all maghis very important; it is no
surprise that as the number of meshes increasarthdation results will converge to
reality. This has a high cost of memory space amahputational capacity of a
computer. In this manner the implemented meshiggrahm of HESS applies an
adaptive meshing to increase the mesh number. Haowthe designer is also able to

determine the meshing of any arbitrary elementhendesign.

HFSS can simulate unit cells and allow various $ypleperiodic structures. This tool
can be used to analyze planar or linear infinitaya. The fields on the periodic
boundaries are forced to have the same magnitutidieaction with different phases
depending on the required incidence angle and/agrpssive phasing. The
implementation of the periodic array is done by @sipg periodic boundary
conditions on the couples of surfaces named mastdr slave attributions. The
master and slave boundaries are aligned usingiveécamd U in Figure 3.3. The unit
cell simulation of a reflectarray cell is carrieditoby imposing the boundary
condition in both dimensions to realize the plamdinite array conditions of the
simulation. The implementation of these softwakds@re shown, because they also

make it easier to comprehend the unit cell approach
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Figure 3.3Implementation of the master and slave boundaoiepdriodicity

After imposing the periodicity, it is necessary tiset-up of the simulation
accordingly with proper excitation. Simulationstbg unit cell require an incident
and reflected plane wave relation. The most swetdbbl for this purpose is the
Floquet port available in HFSS. The Floquet porplements the Floquet mode
spectrum. Floguet mode spectrum expansion is thedfodomain expansion of the
periodic solutions to a wave equation. That isrdason why the Floquet modes can
be applied to planar periodic infinite arrays. Thigproach is valuable since the
infinite array assumption is also advantageousomputational costs enabling the
use of the Floquet expansion method. The Floquetesaeeded to represent the
plane wave incidence are automatically calculatgdhle calculator implemented in
HFSS. The number of modes and the propagation t@duation constants depend
on the periodicity in two dimensions and the inaicke angle of the wave. When the
periodicity of the array is around half a waveldntiiere is one propagating Floquet
mode that can be decomposed as two orthogonal cwmnps) and these are
sufficient to characterize the plane wave incidentbese modes are named

according to the grid system defined by the user @oplied at the Floquet port
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which are shown in Figure 3.4 asandb. For the square unit cell structures like the
one investigated in this thesis, the assignmeapied to coincide tha vector with
x-axis, andb vector with y-axis, so that these correspond ¢éovtaves propagating in

the same direction but having E-fields orthogooatdch other.

Figure 3.4Imposing the Floquet port grid guide lines.

The results are easily de-embedded, that is trererete plane of the solutions is
transferred to the surface of the reflective elenaanneeded. The screen capture of
the 3D modeler of HFSS is shown in Figure 3.5,dbeembedding vector points to

the point on the reference plane.
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Figure 3.5De-embedding vector shown, the result is referoati¢ end point of
the blue de-embedding vector.

The simulation results of a Floquet port simulat@na unit cell in infinite planar
array yields a 2-port network S-matrix, where tieahd 29 ports are aligned with
the x- and y-axes respectively. By this meansndiated in the Chapter 2, the unit
cell can be characterized. Then this two-port ndtvean be illustrated as in Figure
3.6.
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Figure 3.62-port representation of the Floquet port.

Recalling the incident and reflected field relatierpression which was used in

Chapter 2:
Eref inc inc
[Tef}[Sl(ETm}(s“ SIJ[E*J (3.1)
E, E/) (Su S2)| B

The simulation result of the Floquet port with tarthogonal modes is the [S] matrix

in Equation (3.1). When the incident field is assdmo be the perfect circularly

E;”C — 1 inc 3.2
e le1)s o2

E® ={(s,% js) §+(s,* js) § B (3.3)

polarized wave:

The total reflected field is:

The reflected co- and cross-polarized waves are:

Etzgf— pol. = (é'x$ Jay) Et;ef’CO (34)
E(ch:ss— pol = (axi Jé) EéEf,CTOSS (35)
Eref = rce)i pol. + rfcf)ss— pal (36)

Then to find the reflected co- and cross-polararatcoefficients, the solution of

Equations (3.3) and (3.6) should be calculated.
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{(sujs)a+(s,x js) § B aF 3 B°H & jp 5 3.7)
(%1i J%z)@ E‘{r)wc_+_(%1i J%;) @gc: a %f,co+ Ef,cros§$ Ja %ef co_ %ef croas

Equalizing the x- and y-components independently:
(E(;ef,co + ref,cros§ - (%li 1%2) E(;nc (38)

(E(r)ef,co _ Eoref,cr053 - _( 3221 JSZJ) Eoinc (39)

The reflection coefficients of the co- and crostapmed waves upon incidence of a

circularly polarized wave:

B E(;ef,co B l ] .
Moo = —me = 51(8 % js) ~(S,F )]
B 2 (3.10)

:%[(511_ %2) * K312+ %)]

r

ref ,cross 1 . .
cross EO inc = E[(%l * JSLZ) +( 522+ JSZD]
Eo (3.11)

:%[(%1-‘_ %2) * Kslz_ %)]

The Equations (3.10) and (3.11) are important beedbey constitute the basis to
extract the characteristics of the unit cell upancutarly polarized incident wave.
The co- and cross-polarized reflection levels aslg extracted from the simulation

results via simple algebra.

In this section, the simulation configurations &ahé utilization of the simulation
results is explained. The characterization ofsihlé-ring structure as a phase control
element in the unit cell of a reflectarray can beied out using these methods in the

following sections.
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3.4 The Split-Ring as a Reflectarray Element

The split-ring element is advantageous for it ipatde of reflecting an incident
circularly polarized wave as a wave conservingshese of polarization. Moreover
its symmetrical form allows easy implementatiorthad rotation effect by integrating
with RF MEMS switches. The split-ring does not hamalytical formulas governing
its operation bands. It is important to investigtie effects of parameters on the
operation frequencies of a split-ring. Thus, theapeetric analysis of the split-ring
geometry and the unit cell have been performed @edented in the following

sections.

3.4.1. Parametric Study

The unit-cell composing of a single split-ring ograund backed substrate is studied
parametrically to extract valuable information telg these parameters with the
frequency and the bandwidth of co-pol. reflectidhen, it is shown that the split-
ring can control the phase of the reflected co-p@ve using the rotational phase
shift principle. The response of unit cell is alstodied for the oblique incidence
cases. The parameters of the split-ring geometydle changed in the parametric

analysis are shown in Figure 3.7.
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Figure 3.7 The parameters of the split-ring geometry.
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Table 3.1The unit cell and reflective element dimensions.

Initial Design Parameters Used as a Referenge

Inner Radius 0.98mm
Outer Radius 1.18mm
Radial Width 0.20mm
Gap Length 0.20mm
Substrate Thickness 0.50mm

Relative Substrate Permittivity 3.78 (Quartz)

Air Gap Omm

5.55mm x 5.55mn

Unit Cell Dimensions
(0.5. @ 27 GHz)

In Table 3.1, all the parameter values are givdmesé values are a basis for the
parametrical analysis. The following sections areluding simulation results to
obtain the effect of these parameters. The vanatare carried out around the initial
design values given in Table 3.1, this is an easiag of examining the effects. Note
that in the initial design air gap thickness is Om. there is no air layer. Air gap

thickness parameter is given, since it is usedhéurnn this section.
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In the following sections this design is examinedarms of frequency response of
the cross-pol. reflection coefficient. Recall thts aim was to suppress the cross-pol.
reflected component, since the phase control pi@@mployed is only applicable
for the co-pol. reflected component. In this cohtélxe operation frequency of a unit
cell is defined as the frequency at which the cpssreflection is at minimum. For
example in Figure 3.8, the operation frequency7id2 GHz. Also the bandwidth is
defined as the frequency interval including therapen frequency, in which the
cross-pol. reflection coefficient is below -20dBhel bandwidth of the reference
design of Table 3.1 as plotted in Figure 3.8 is@®Hz between 27.1 GHz and 27.2
GHz. In the parametric study, these definitionsstibute a basis in characterizing the

unit cell.

Cross-pol. Level Fregquency Response

Reflection Coefficient of the Cross-pol.[dB]

F ] i 1
2B 265 27 275 28

Figure 3.8 The frequency response of the reflection coefficadrthe cross-pol.

3.4.1.1 Effect of the Mean Radius

The size of any microwave structure is surely gowey its frequency response. Note

that in the unit cell design, the size of the sphy metallization cannot scale the
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frequency response since the unit cell dimensionsthe substrate height are kept
constant. But the metallization is strictly relatedhe resonant characteristics due to
the currents flowing on the split-ring. The simidas with the mean radius values
listed in Table 3.2 show that the result is showrFigure 3.9. As the mean radius
increases, the operation frequency is shifted twetofrequencies. This is the
expected result of the electrical length relatiogmsithe bandwidth of co-polarized

reflection is not affected obviously.

Table 3.2Mean radius values used in parametrical sweep.

Swept Parameter

1.075mm
1.080mm
1.085mm
Arithmetic Mean of The Radii
1.090mm
1.095mm

1.100mm

Other parameters set constant
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Cross-pol. Level Freguency Hesponse
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Figure 3.9Cross-pol. Reflection Coefficient vs. Frequencyvarying mean radius.

3.4.1.2 Effect of the Radial Width

The inner and outer radii of the split-ring are jsgb to testing. The frequency
response may not be related to the radii with ahemaatical dependence. To
investigate the effect of width variance to thejfrency response at least the constant
parameters should be declared. There should be sotiaé point such as keeping
the arithmetic mean or geometric mean of the immer outer radii constant. Lacking
the analytical expression for the frequency resppagy of these assumptions are
arbitrary. The results are the comparisons of thestant arithmetic mean radius. In
Table 3.3, one can find the radial width valuesduseparametric sweep. The effect
is obviously ineffective on the bandwidth; howettes operation frequency is shifted
to lower bands, as shown in Figure 3.10. The im&tgpion is that, the outer radius is

more effective in defining the operation frequency.
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Table 3.3Radial width values used in parametrical sweep.

Swept Parameter

0.180mm

0.190mm

Radial Width 0.200mm

0.210mm

0.220mm

Other parameters set constant

(Arithmetic mean of the radii is kept constapt)

Cross-pol. Level Frequency Response

Reflection Coefficient of Cross-pal. [dB]

TR 5.5 o7 975 28
f[GHz]

Figure 3.10Cross-pol. Reflection Coefficient vs. Frequencyvarying radial
width.
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3.4.1.3 Effect of the Gap Length

For the gap length values shown in Table 3.4, #@seilts are illustrated in Figure
3.11. As the gap length is increased; the operafrequency shift to higher
frequencies. However, no clear effect on the badthwis observed. It should be
noted that the gap modifications were carried ausmall dimensions that the ring
geometry is preserved. This modification shows ttie capacitive interaction
through the gap is also a very important parametedletermining the operation
frequency. The switches are to be implemented emgéps for the further integration

steps. This is an early estimation of the RF MEM&ches' effects on the gap.

Table 3.4Gap length values used in parametrical sweep.

Swept Parameter

0.200mm
Gap Length 0.250mm

0.300mm

Other parameters set constgnt
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Cross-pol. Level Frequency Response
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Figure 3.11Cross-pol. Reflection Coefficient vs. Frequencyvarying gap length.

3.4.1.4 Effect of the Unit Cell Dimension

The proposition that the unit cell dimension shaaifict the frequency response is
logical; because the coupling of the elements dépem their separation from each
other. In this section the following simulationsydenstrates this phenomenon. Table
3.5 shows the unit cell dimensions for which thawdations have been performed,
and the corresponding results are given in Figut@.3t is evident that the unit cell
dimension affects the operation frequency. Howenenule that defines the relation
between frequency and unit cell size can be obdafrean these simulations. Thus,
the unit cell dimension should be optimized witbrthugh trials.
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Table 3.5Unit cell dimensions used in parametrical sweep.

Swept Parameter

0.40,
0.500
Unit Cell Dimensions

0.55

@27 GHz

Other parameters set constant

Cross-pol. Level Frequency Response

o]

-0t

20r

-30 ¢

anl

Reflection Coefficient of Cross-pal. [dB]

- a a a
2 265 27 275 28

f[GHz]

Figure 3.12Cross-pol. Reflection Coefficient vs. Frequencyvarying unit cell

dimension

3.4.1.5 Effect of the Substrate Thickness and Perttivity

Although the substrate selection is mainly depehasnthe fabrication process,
technology and material availability; it is valuabhformation to know the effect
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osubstrate permittivity and thickness.

Table 3.6Substrate thickness values used in parametricaswe

Swept Parameter

0.450mm

Substrate Thickness 0.500mm

0.550mm

Other parameters set constant

Cross-pol. Level Frequency Response

| S S 10| D - W— !

Reflection Coefficient of Crass-pal. [dB]

=y i i ]
26 265 27 275 20

f[GHz]

Figure 3.13Cross-pol. Reflection Coefficient vs. Frequencyvarying substrate

thickness value.

In Table 3.6, the thickness values of the substragsl in the simulations presented
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in Figure 3.13 are listed. It is observed that,dhbstrate thickness has a slight effect
on the bandwidth of the suppression of cross pddricomponent. The operation
frequency is slightly shifted and the bandwidth sigghtly increased with the

increasing substrate height

Table 3.7Relative permittivity of substrate values usedangmetrical sweep.

Swept Parameter

3.68
Relative Permittivity
3.78
of the Substrate
3.88

Other parameters set constant

Cross-pol. Level Frequency Response

-0t
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Figure 3.14Crosspol. Reflection Coefficient vs. Frequency for vanyirelative

permittivity of the substrat
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The substrate material properties are certainlgcéffe. Therefore permittivity
values of the substrate are slightly varied to see outcome. For the relative
permittivity values stated in Table 3.7, the resgiiven in Figure 3.14 show that the
operation frequency is highly dependent on the gawty. The bandwidth is not
seriously changed, while the operation frequenshifted to lower frequencies with
increasing substrate permittivity as plotted inufeg3.14.

The substrate thicknesses of the available masegir@l standardized, i.e. an arbitrary
thickness for custom design is not always availabrid may cost more time and
money. However the positive effect of the substihiiekness in increasing the
bandwidth of cross-pol. suppression has to bezatili On the other hand, it should
be also taken into account that the permittivitieets the operation frequency. In
Figure 3.14, it is seen that decreasing substratmifiivity is more effective than
increasing it. Then it can be understood that agldmintermediate air layer between
the ground plane and the bottom of the substrate b used to increase the
bandwidth. Since air has the lowest relative pdmity, the frequency of the
operation will be shifted dominantly by its contrtton, which can be compensated
by adjusting the split-ring dimensions properly dinel freedom to modify the air gap

height is an advantage.

In Table 3.8, the air gap values are listed. Thmukition results with the
aforementioned air gap height values are plottefignire 3.15. Not that the air gap
thickness is indeed very small, but this is onlyshow the effect with respect to no
air gap case. The comparison in Figure 3.15, shbaisthe bandwidth is increased
with increasing air gap height; as well, the freqmeis shifted. This is an easy way
to adjust the bandwidth.
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Table 3.8Air gap height values used in parametrical sweep.

Swept Parameter

0.000mm
0.010mm
Air Gap 0.020mm
0.030mm

0.040mm

Other parameters set constant

Cross-pol. Level Frequency Response

B R . | B T W DR - —

Reflection Coefficient of Cross-pal. [dB]

=0 : : ‘ : : ; :
25 2B A 27 275 28 285 29 295 a0

f[GHz]

Figure 3.15Cross-pol. Reflection Coefficient vs. Frequencyvarying air gap
height between ground plane and the bottom ofubstsate.
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3.4.2 The Reflectarray Unit Cell with Split-ring

The split-ring element is simulated and characteriwith its frequency response in
an infinite array. The parametric study presentethe previous section shows the
important dimensions and how to tune the split-ringhis section, the phase design

curve is obtained by rotating the split ring.

To understand the application of the rotationalgehshift principle in an array, it is
logical that locally each element will be contnoffiphase independently over its own
course. While using this characteristic in an armnfiguration, some of the
conditions on the application of the phase comproiciple may be overridden. The
most important statement was that only phase coafrthe reflected co-polarized
wave is possible. Then the cross-pol. suppressionld be guaranteed at the desired

operation frequency for any state of the element.

Comparing the Figure 3.16 and Figure 3.17, these dways may have different
frequency responses with regard to cross-pol. gg@n. While determining the
frequency interval in which the cross-pol. suppmasds achieved; the approach
should also include the comparison of the frequalesponses of the infinite arrays
for various cases that split-rings are rotated. éNoh the simulated unit cells can
provide the exact frequency response for a reflemteelement, since this response is

dependent on interaction with the neighboring el@se
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Figure 3.16A part of an infinite array of unit cells with sphings in initial state.
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Figure 3.17A part of an infinite array of unit cells with 306tated split-rings
relative to the initial state.

For the same reason, each element will have stiifferences in the frequency
responses. While utilizing the unit cell approdcbse simulated cases constitute the
most regular form of the array. In actual utilipatj the unit cells may have almost
random states independently Figure 3.18. The approshould include the
comparison of the frequency responses of unit eslis different rotations angles.
Finally the operation frequency should be deterchibg comparing the frequency

responses of unit cells in different states.
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Figure 3.18A part of an array of elements with random states.

Due to symmetry and the square shape of the ulhitle angular states of the split-
ring between 0° and 45° are enough to extract doessary information. The result
for angles 0°, 15°, 30°, 45° are shown for the rezfee design of the parametrical
study.

As seen in Figure 3.19, as the rotation angle efdfiit-ring changes the frequency
response is affected. This is apparently an uredasituation, since the cross-pol.
increases as the split-ring is rotated to contrelghase. This is an important point
the designer should avoid. The first thing to awbid phenomenon is to increase the
bandwidth of the element, so that the shifts inftequency response due to rotation
of the element would not result in higher cross-p@lels. Given the bandwidth is
optimized and kept intact; another parameter tovgare this phenomenon from
happening is to change the unit cell size. For g@lanm Figure 3.20, the same

simulation results are shown for another unit sele. As seen the minima of the
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cross-pol. levels get closer to each other. For ghevious case, the operation
frequency for the best cross-pol. suppression canstwould be at 27.31 GHz / -
11dB (Figure 3.19), for the second case it woulcab27.34 GHz / -20dB (Figure
3.20) which is a far better design. For the sakebefter characteristics the

dimensions of the unit cell would eventually be fied to 0.44mm.

Cross-pol. Level Frequency Response
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Figure 3.19Frequency Response of the cross-pol. reflectiarvddous physical

rotation angles of the split-ring. Unit cell dimeans 0.55mm.
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Cross-pol. Level Frequency Response
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Figure 3.20Frequency Response of the cross-pol. reflectiaryddous

physical rotation angles of the split-ring. Unitl@@mension: 0.44mm.

The results of the simulations are given in the wdsthis section to verify the
application of the rotational phase shift principléh a single frequency split-ring
element. The phase of the co-polarized wave plotedus the physical rotation
angle of split-ring is the phase design curve & thnit cell. Similarly the cross-pol.
reflection coefficient by the rotation angle is demtrated. Also these properties are
investigated under oblique incidence.

In Figure 3.21, the phase of the reflected co-pomponent is plotted versus the
rotation angle of the split-ring. The phase desigrve has 360° coverage and almost
a linear form. This is a simulated verificationtbe rotational phase shift principle

applied to the split-ring reflectarray element wrat cell approach.
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Phase Design Curve
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Figure 3.21Phase design curve of the split-ring unit cell @B271GHz.

In Figure 3.22, magnitude of the reflection coeéit of e cross-pol. Component is
plotted versus the rotation angle of the split-rifge variation in the levels is due to
the change in frequency response of reflection wahying rotation angle of the

split-ring as previously mentioned. The suppresssopreserved as low as -15dB,
although the target was -20dB. This is becausbetimulation technique employed
during the frequency response simulations waspotating sweep and phase-curve
simulations was simulated with discrete sweepingweler this can also be tuned
with further simulation trials with discrete sweef@nce the aim was to prove the
phase control technique, the tuning effort will gng forward in the final design of

the dual band reflectarray element.
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Cross-pol. Reflection Level vs Rotation Angle of the Split-ring
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Figure 3.22Magnitude curve of the split-ring unit cell @ 27 G#z.

Figure 3.23The oblique incidence angles with respect to sphkdoordinates.

The oblique incidence cases to be simulated arée quarrow. Because of the
symmetry of the unit cell, a simple case can be thget of ¢=0° and

0={0°,10°,20°,30°,40°}. The simulations of obliquencidence are done and
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compared.

Phase Design Curves for Oblique Incidence
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Figure 3.24Phase design curve of the split-ring unit cell @382 GHz for

various oblique incidence angles.

Figure 3.24 shows the phase design curves of fleetrarray element under various
oblique incident illumination. The phase curves guée limited, although the slight
deviations are observable as the angle of incidémoeases. In Figure 3.25, it is
apparent that the cross-pol. suppression is wodsenth increasing incidence angle.
This is an expected result. Moreover it can begiateed into the design of a

reflectarray antenna composing of this element.
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Cross-pol. Reflection Level vs Rotation Angle of the Split-ring for Obligue Incidence
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Figure 3.25Magnitude curve of the split-ring unit cell @ 27 .G#z for various

oblique incidence angles.

3.5 Conclusion

The unit cell approach to characterize the refleajaelement with split-ring is
explained and applied, yielding a single frequesght-ring element. The results of
parametrical study are presented and discusse@. pfiase design curve based on
rotation of split ring and the frequency respon$dhe cross pol. component are
obtained. This characterization procedure is a¢di to design the dual band

reflectarray element of split-rings in the followilChapter.
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CHAPTER 4

DUAL BAND REFLECTARRAY ELEMENT AND
REFLECTARRAY ANTENNA DESIGN

4.1 Introduction

The rotational phase shift principle is mathemdiiicderived and simulations are
completed to show that the split-ring element igasle for phase control as a
reflectarray element. The author's aim is to prepassimple topology for dual
frequency operation employing the rotational pha$gft principle. The dual

frequency unit cell with split-rings is presented this chapter. The possible
configurations with split-ring are mentioned foradldrequency operation. The final
choice of the reflectarray element is demonstraiée reflectarray antenna formed
by combining the dual band reflectarray elementdesigned, fabricated and
measured. The comparison of measured patternssmthlated ones is discussed.
The reflectarray element is integrated with RF MEBMItches, the result is put
forward. After the element design, the dual frequyerlements are combined to

build a reflectarray antenna, the design principled simulation results are given.

4.2 Dual Band Element Design

The goal is to achieve a dual band reflectarraymete design using the
aforementioned techniques and approaches to comthiae split-rings in an
appropriate form. This section is dedicated to theice of the dual frequency

configuration, determining the dimensions of thétsmgs and characterization of
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the final design.

4.2.1 Choice of the Dual Frequency Configuration

Among several split-ring structures to build upeflectarray element operating at
dual frequency, the set of choice is narrowed dbwithe fabrication methods and

technology.

The fabrication technology in Middle East Technidaliversity MEMS Center is to
be utilized for the realization of the design. Thius reconfigurability of the antenna
will be provided by integrating RF MEMS switchesher capabilities of the RF
MEMS process developed previously by the RF MEMS8uprwere demonstrated in
[37], [14]. The demonstration of a switch similar ase in this design is given in
[13]. The aim was to design a low profile and loslume antenna. Thus, single layer

implementation of dual frequency rings is preferred

Figure 4.1 Concentric configuration of two split-rings.

The operation frequency of the split-ring is dihgatlated to the size of the rings.
Using two split-rings in different sizes with pdsisi configurations are studied to
check if the configurations can satisfy the comdis to guarantee that the unit cell
can operate in dual band and control the phaseeinwo bands independently. The

characterizations of the elements are compareddiogy.
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One possible configuration of the split-rings tdasb double frequency operation is
concentric placement as in Figure 4.1. Before daténg the dual frequency
configuration, there are some constraints to kaepind. The final design should be
suitable for bias lines of the switches. The pred&swv to fabricate the element with
surface micromachining is a well defined one whirgest problems solved. Using
the concentric configuration poses problems of hetar the bias lines of the
switches on the inner ring. Then the process floautd be modified and optimized
to build the necessary insulated transitions thinotlge split-ring metallization.
Furthermore, the bias lines that pass through gherghg metallization can increase
the microwave simulation efforts needed. Then agrotlonfiguration is put forward
and accepted as the dual frequency element afsenesl studies, the interleaved
manner as in Figure 4.2. The latter configuratian overcome the problems of the

concentric configuration.

Figure 4.2Interleaved configuration of two split-rings.
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4.2.2 The Dual Frequency Reflectarray Element Desig

The reflectarray element design with one split-risgexamined in the previous
chapter. The similar procedure should be handleefuléy to combine the two split-
rings such that the phase control principle i$ gélid and applicable as well as the

desired frequency response is achieved.

The dual-frequency configuration as a unit cellt@ieing to an interleaved array of
split-rings of two sizes is shown in Figure 4.3iefy, the larger ring operates at the
lower frequency and the smaller ring operates ehigher frequency. The element's
split-rings are first designed, and the elementedisions are optimized for a
frequency response fairly independent of split ripgsition. And finally the
operation in dual band is investigated and phaseecis verified. The element is
further studied for its capabilities and then iske integrated with RF MEMS
switches.

6.857Tmm=0.8A; 0.6mm
@35 GHz > air

Figure 4.3The tuned interleaved design of the dual frequeafigctarray
element.
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4.2.2.1 Optimizing the Frequency Response

As previously mentioned, the frequency respongarase to shifts with respect to
the rotational states of the split-rings. That syvetudying the frequency responses
for various angular positions of the split-ring® arecessary in order to achieve a
rather unvarying frequency response. The unit dieflension may be modified, all
others being constant, to see if it is possiblee@ch an element design with an
unvarying frequency response. Various angular postof the two split-rings are
chosen as a representative set, as in Figure 4d.these rings in many cells of

different sizes are simulated to achieve the fraqueesponse.

Wwl=0°, y2=0°
wl=0°, y2=60°
Wwl=60°, y2=0°
Wl=60°, y2=60°
Wl=60°, y2=120°

Figure 4.4The set of angular position for the split-ringsdige test if the

frequency response is stable

The comparison of Figure 4.5, Figure 4.6, and Fagh7 clearly puts forward that
the unit cell dimension should be set tod0.@&35 GHz in order to maintain a stable
frequency response for various angular positiorthef two split-rings. The lower

operating frequency can be determined as 24.4 Gitrz the higher operating

frequency as 35.5 GHz.
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Cross-pol. Level Frequency Response
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Figure 4.5Frequency Response of the cross-pol. reflectiaryddous physical

rotation angles of the split-ring. Unit cell dimens 0.6. @35 GHz.
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Figure 4.6 Frequency Response of the cross-pol. reflectiarvddous physical
rotation angles of the split-rings. Unit cell dinsean: 0.4 @35 GHz.
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Cross-pol. Level Frequency Respnnse
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Figure 4.7 Frequency Response of the cross-pol. reflectiaryddous physical

rotation angles of the split-rings. Unit cell dinsean: 0.8. @35 GHz.

4.2.2.2 The Combination of the Split-Rings in Two iBes

To design the split-rings of different frequenciedependently may be the starting
point before combining them and achieving the diwatjuency operation. It is

obvious that the operation frequencies are pronshifis related to the parasitic
effects that they apply on each other. That isasae to check their re-radiating
currents at operation frequency after obtainingiawarying frequency response. The
mechanism that changes the operation frequenciéiseo$plit-rings when they are
put together may also affect the phase control ar@sim. It is thus worth

examining.

In Figure 4.8, the frequency response of the largeralone is given, with the same

air gap layer, substrate thickness, and unit deledsions as the final design given

in Figure 4.3. The same simulation set-up is alseduo simulate the smaller ring

alone Figure 4.9. The design of the two split-relgments does not mean that they
will operate as expected after combining them @ititerleaved array manner.
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Cross-pol. Level Frequency Response

Reflection Coefficient of Cross-pal. [dB]
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Figure 4.8 The reflection coefficient of cross-pol. vs. frequg for the larger

ring alone.

Cross-pol. Level Frequency Response
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Figure 4.9The reflection coefficient of cross-pol. vs. freqag for the smaller

ring alone.
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In Figure 4.10, it is seen that the both higher kwder operating frequencies are
shifted. This is an expected result since the suding metallization can affect the
frequency response and also yields to the inteapoet that there is sure an
interaction between the split-rings of two size®aflis why the dual frequency
element is further due to a question: Are they ableontrol the phase as expected

and demonstrated in for single frequency?

Cross-pol. Level Frequency Response
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Figure 4.10The reflection coefficient of cross-pol. vs. freqag when the two

split-rings are put together.

There is also another aspect that may be helpfudheck before passing to the
simulations for the phase control capabilities loé¢ tarray. The rotational phase
control principle states that the phase of theeo#fld co-pol. component is linearly
proportional to the rotation angle of the elemditen, combining this idea with the
fact that the reflection is occurring by the cutseon the metallization that re-
radiate; the split-rings are required to controd gphase at different frequencies
independently. It is necessary that the currengsilshconcentrate in the larger ring at

the lower operation frequency and in the smallag rfor the higher operation
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frequency, in order to guarantee that the appboadif the phase control principle.

In Figure 4.11 and Figure 4.12 the surface curdentsity on split-rings are depicted
respectively at lower and higher operating freqiesicThe illustrations are put in a
10-to-1 magnitude ratio with logarithmic scalingis obvious that, the currents flow

dominantly on the smaller split-ring for higherdteency, on the larger ring for the
lower frequency. The fact that the reflected fiedds formed via the surface currents,
these rings are meant to dominate the reflectiochar@sm and the most of power is
coupled to the currents on them at their speciBgquiencies dominantly. That is the
reason why the rotational phase shift principle lsaremployed for the split-rings in

two sizes to control the phase at different fregiesiindependently.

Tsurfla_per_n] \
. 2, GEERE+AR2
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3. 2289e+881
. Z., SEEne+aE1
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Figure 4.11 The surface current density on the dual frequetemnent

metallization, at 27.4 GHz.
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Figure 4.12 The surface current density on the dual frequetemnent

metallization, at 35.3 GHz.

4.2.2.3 Characterization of the Dual Frequency Elesnt

The element design steps are explained previousiiis section. The results show
that the phase control is realizable. The next stép verify the phase design curve.
This section includes the characterization of thalfdesign and the specifications
are shown to match the desired quality. The phas&d curve and cross-pol. level

plots are given to examine the performance.

In Figure 4.13, the phase design curve at lowedbamiven. The phase is linearly
changing with respect to the rotation angle of lrger ring, this is the expected
result. Moreover it can be seen in Figure 4.14 thatcross-pol. is suppressed for all

states of the larger split-rings.
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Figure 4.13 Phase Design Curve at 24.4 GHz.

Cross-pol. Level Curve
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Figure 4.14Magnitude ofReflection Coefficient of Cross-pol. Ygargerat 24.4

GHz.

Then it should also be clear whether rotation efldrger split-ring affects the phase

of the co-pol. wave at the higher band - it is resgithat it does not affect. To check
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this, also the phase of the co-pol. wave and gootdevel at the higher frequency is

plotted. In Figure 4.15, it is apparent that thagshis affected but the effect is very

limited and acceptable. And Figure 4.16 shows tiatcross-pol. suppression is not

affected, either. Then the rotation of the largplitsing behaves as desired, not

disturbing the irrelevant band and controlling pfese at the lower band.

Phase of the Reflected Co-pal. at Higher Frequency vs Angle of the Larger Split-Ring
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Figure 4.15 Phase of the Co-pol. ¥gargerat 35.5 GHz.
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Figure 4.16 Reflection Coefficient of Cross-pol. Wirgerat 35.5 GHz.

Similarly Figure 4.17 and Figure 4.18 shows that smaller ring controls the phase

of the co-pol. component in the reflection lineavi§th the rotation angle while

preserving the cross-pol. levels acceptably lowd Anthe lower band which it has

no effect, it does not disturb the operation. Thase of the co-pol. and the cross-pol.

suppression is affected at minimum, as seen inr€igLl9 and Figure 4.20.
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Phase Design Curve at Higher Frequenc
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Figure 4.17 Phase Design Curve at 35.5 GHz.
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Figure 4.18 Magnitude of Reflection Coefficient of Cross-pad.ysmaierat 35.5
GHz.
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Phase of the Reflected Co-pol. at Lower Frequency vs Angle of the Smaller Split-Ring
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Figure 4.19 Phase of the Co-pol. ¥&malerat 24.4 GHz.

Cross-pol. Level Wariation at Lower Frequency vs. Angle of Smaller Split-Ring
|:| ......... [EEERIEERES [EEETETERES [EEETETRE s s EEEERTET L EETTER TRy

10

3 AR OO SO PO NP SO NN SO DU

Reflection Coefficient of Crogs-pol. [dEB]

B0 — — — T T

0 20 40 B0 g0 00 1200 1400 180 180
Rotation Angle of the Smaller Split-Ring [degres]
Figure 4.20 Magnitude of Reflection Coefficient of Cross-pas.ysmaierat
24.4 GHz.

The phase curve and the cross-pol. suppressioraatkastics are all in desired
quality. But the previous cases are simulated Hierriormal incidence. For a better
understanding of the response of the reflectartaynent, the oblique incidence

should be checked. However the total number ofsctsde simulated can increase

71



drastically, it would be sufficient and helpful sge what happens by giving the
results for the lower frequency operation undeiquig incidence. The case is only
simulated at 24.4GHz, since oblique incident wawey rfead to new propagating

Floquet modes in higher frequency due to the wilitsize.

Regarding Figure 4.221 and Figure 4.22, variatigohase is limited to 40° which is
very acceptable and the cross-pol. reflection laselimited to -10dB for up to

0=30°. The cross-pol. levels should be better ttzfuB. But when the reflectarray
design is examined, it is obvious that while thepob is controlled to have a high
directivity, the constant phase of the cross-paluses it to contribute into the
specular reflection. That is the reason for elenwrel thinking the -10dB cross-pol.
reflection may be undesirable but the bigger petsgems to be more optimistic. In

the frame of the reflectarray antenna, cross-paly not be as high.
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Figure 4.21 Magnitude of the reflected cross pol. and the pligsign curve with

respect to various oblique incidence angles, &tGHz.
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Figure 4.22 Magnitude of the reflected cross pol. and the Phigsign with

respect to various oblique incidence anglesp&80° plane at 24.4GHz.

To conclude this section, it can be stated thatdibsigned dual band reflectarray

element is matching the requirements.

4.2.3 Integration of the Element with RF MEMS Swittes

The implementation of the rotational phase conproiciple with split-rings is done
using the RF MEMS switches to change the orientatibthe splits. By this way,
reconfigurability is achieved. For the dual freqexerelement, the total number of
switches is 12. 6 RF MEMS switches per ring aregdawith 60° angular spacing
about the center of the ring. These 6 switchesr@ring are grouped into 3 pairs,
where two switches lying on the same diameter @osta pair. These 3 pairs of
switches are biased accordingly to provide 60°tiamteeffect for the split-ring. Each

state corresponds to 2 pairs of switches in orestad 1 pair in off-state. In this
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work, the state numbers are 3 for each frequenagresponding to 120° phase

resolution.

In fact, using a high number of MEMS switches isjuieed to enjoy the
reconfigurability with high resolution. However tipeoblems of yield and bias line
routing emerge, as the number of MEMS devices asgeAlso the increase in phase
resolution does not linearly contribute to the besieering capabilities of an array.
The designer should weigh the trade off. Thus aaeable number of MEMS

switches are decided by the designer.

Ohmic contact series switch, capacitive seriessdmoht switches are available for in
house fabrication in METU MEMS Center. Since tlesign is based on the split-
ring structures, the switch based design is alsplamented on the previously
investigated structure. The previously investigasadicture constitutes a basis for
the design with switches where the on and off $weisccorrespond to short and open
metallization. To achieve this goal capacitancerat a degree of 100 is necessary
for RF short and open to be in accordance withptlegious split-ring designs. This
capacitance ratio is typically not achieved witlpactive MEMS switches in which
the down state composes of two metal layers segzhiay a dielectric film, [38].
Thus the ohmic contact series MEMS switch showRigure 4.23, which constitutes
a contacting metal path between two separated ctodlines in down state, is
chosen. This topology is suitable to be modelet wigen and short metallization on
the split-ring. The design is based on the switcfLB] whose photograph is given in
Figure 4.24 after fabrication steps given in [1Bhe dimensions are modified with
slight changes keeping the topology intact in otddit into the gaps of the ring; the
final dimensions are given in Figure 4.26. The v@vthe reflectarray element with
RF MEMS switches is given in Figure 4.27. The fehtion layers whose final form

is represented in Figure 4.25, a complete flowrotess is found in [39].
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Figure 4.23The overview of the designed RF MEMS switch.

Figure 4.240hmic contact series MEMS switch fabricated in METU

v v

Sputtered Au SixNy E-plated Au

Figure 4.25 RF MEMS switch structure (Courtesy of &aCetintepe’
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Figure 4.26 Dimensions of the ohmic contact series MEMS swisclustrated.

Throughout the simulation of the reflectarray elamgith RF MEMS switches, the
bias lines are not contributed into the topologyrtiermore, the 3D full wave
simulation takes too much time and needs high mesmace, when the accurate 3D
MEMS switches are implemented in the simulationimmment. Therefore the full
3D model of the reflectarray element, as seen gutéi 4.27, is only simulated once
to yield the frequency response of the cross-pgbpsession. Then it is used for

validation of modeling the switches.
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Figure 4.27 Overview of the reflectarray element with RF MEM\Bitches.

In Figure 4.28, it is seen that the integrationsefitches caused a shift in the
frequency response. The radii of the rings in deenent with RF MEMS switches
are not tuned to the same operation frequencietonsaste time. These parameters
can be tuned to operate in desired frequencies flonal design. Simply the dual
band reflectarray element without the switches malel of this final form where
switches in on and off states are modeled simplypbyfect shorts and opens
respectively. To verify the phase controlling capigbof the reflectarray element
with 12 RF MEMS switches, the element has to beukited with unit cell approach
with numerous states and frequencies. Howeverattetthat the 3D switch structures
in the simulation environment causes drasticalhimumbers of meshes. The reason
is that the edges of the switch topology are irhhagpect ratio. To overcome this
increased time of computation and memory usage,sthiech is modeled using
impedance boundary implemented in HFSS.
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Reflected Wave Cross-pol. Magnitude upon Circularly Polarized Wave Incidence
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Figure 4.28Frequency response of the reflectarray element aocedbefore and

after the integration of RF MEMS switches.

The aim of impedance boundary modeling of the RAMWBEswitch is to verify that

the dual band reflectarray element integrated WEhMEMS switches is capable of
controlling phase as desired. Thus the high sinaratime need for a successful
simulation of the high-aspect-ratio switches isided, while nhumerous cases are
simulated. Impedance boundaries are also suppdoedAnsoft HFSS. The

impedance boundaries are implemented with 2D sesfabaving resistance,
inductance and capacitance in parallel. The R, lar€ given with respect to the
lumped model together with the current directiohef any lumped RLC circuit can

be formed with necessary compositions of theseasasfin series and parallel.

The models are capable of successfully governiegstdries ohmic MEMS switch.
Down state of the switch can be modeled with amdébol and a resistor in series and

a shunt capacitor; and up state of the switch @ambdeled with a series capacitor
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and a shunt one [40]. The values of the componentthe circuit model are
optimized by the microwave circuit simulator soft&gAWR using the simulations
of the switch in a two port configuration. Thus thecessary lumped R, L, C values

are obtained for both on and off states of thecwit

The lumped impedance values to be applied to theedance boundaries in the
simulation environment are to be investigated sdphr. The reason is that these
impedance boundaries are imposed on the electiic raagnetic fields by the

simulation software. But these boundaries are ptdaethe geometry. In addition to

their imposed lumped relations, they intrinsicaligve inductive and capacitive
effects due to their shape and interaction withghegsical environment. This is the
reason why the optimized lumped circuit parametarsnot be applied directly for

the impedance boundaries. The designer shoulderéb® impedance boundary
parameters imposed with its corresponding circaitameters. In this design the
imposed values and their circuit parameters ar@aelby curve fitting. Then the

desired circuit model of the switch is realized hwiimpedance boundary

implementation. Thus the same characteristicsheraccurate 3D switch model and
impedance boundary model are found.

The aforementioned relation is applied for the shcapacitors. The simulation
results and previous studies [41] show that thentsbapacitor between the switch
topology (which is coplanar with the signal traee)d the ground plane is already
present in the simulation environment. There isne®d to implement it with

impedance boundaries.

In Figure 4.29 and Figure 4.30, the implementatbthe RLC lumped impedance
boundary for the on and off states of the RF MEM& @ contact switch. The RLC

boundaries are implemented symmetrically to be isterg physically.
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On-State RLC
Boundary Model

Figure 4.29Impedance boundary modeling of the switch in oteslaridge is

down).
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shunt Cshunt

Off-State RLC
Boundary Model

Figure 4.30Impedance boundary modeling of the switch in ddtest(bridge is
up).

In Figure 4.31, the frequency responses of the tteguency reflectarray element
with switches as 3D drawing, and with the RLC moafethe switch are compared.
The graph shows a perfect agreement, proving t@atRLC boundary model is
successful in modeling the switches. Moreover thpedance boundary modeling
method reduced the computation time to 10 mindtes) 8 hours. The simulations
are carried out using a 2.5GHz Core2 Quad®© proce8&B RAM computer with
the highest number of mesh available and idensietiings.
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Reflected Cross-pol. Wave Magnitude upon Circularly Polarized Incident Wave
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Figure 4.31Comparison of the unit cell simulation results wath switch and its
RLC model.

By the help of impedance boundary modeling, ther® sharp decrease in simulation
time while preserving the accuracy. This makes dineulation of the reflectarray
element integrated with MEMS switches for varioases available. The results of
the simulations with modeled switches to verify giese controlling capability are
shown in Figure 4.32 and Figure 4.33. The crosasation levels are suppressed

perfectly, and the phase design curve is linear.

82



Reflected Wave Cross-pol. Magnitude upon Circularly Polarized Wave Incidence
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Figure 4.32Magnitude of the reflected cross-pol. and the plesign curve at
22.65 GHz, for the element with impedance-boundaogeled switches.
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Reflected Wave Cross-pol. Magnitude upon Circularly Polarized Wave Incidence
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Figure 4.33Magnitude of the reflected cross-pol. and thage design curve at

GHz,

for the element with impedance-boundary-matisleitches.

Although no bias lines were contributed to the satians, it is helpful to mention

bias line routing. If state of any ring is requitedbe set independently for electronic

beam forming, via holes are the main solutions. el®v the technology is required

and process

can get harder. The bias lines frazth pair of switches can thus be

transferred to a printed circuit board. This is thest general solution, and the latter

is left to the controlling circuitry. In this mettpthere has to be at least 3 bias feeds

per ring as seen in Figure 4.34-(a), summing up tdgh number of bias points.

Moreover for verification aims of the antenna, ttiesigner might opt out the

independent operation in dual bands, and may natievwcapabilities to a switched
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beam antenna. In this case as seen in Figure B)34he routing is possible on the
micromachined surface of the antenna. Then thenmatéo be fabricated in this
manner would switch the beam to 3 angles, howewdgendent controlling of the
beam direction in dual bands would not be possil#d.these proposals are made
with the assumption of maximum 2 levels crossingta@m of each other. Process
complexity may increase the possible routing sclserAad all these bias lines must
be included in simulations to make sure the routitugs not disturb required

characteristic.
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via hole

Figure 4.34Two proposed biasing schemes.
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4.3 Reflectarray Antenna Prototype

The full reflectarray antenna composing of the apts with the MEMS switches is
the goal of the design. Beforehand designing amdidating the full reflectarray

antenna, it is essential to verify the concept ipretotype design. The prototype
design is aimed to be simulated in HFSS and thdmicied, measured and
compared to the simulations. Due to the long tieguirements and high memory
costs, to validate the design the reflectarray el@nmtegrated with RF MEMS, in a
reflectarray antenna is not preferred. Also in #wmulations of the reflectarray
antenna, the aspect ratio of the metallization loe antenna surface is of high
importance, for the meshing, thus the time increasastically depending on the
mesh detail. This is the reason that the prototigsign of the reflectarray antenna
utilizes the reflectarray element in Section 4.2TRis element's fabrication is a
simple base metal process available in METU MEM&t&e The on and off MEMS

switches are modeled as perfect short and open.

The two RHCP horns at Ka and K bands available BfrM mm-Wave Laboratories
are taken as the illumination horns. The feed larennas are placed at their far-
field distances with a 30° deviation from the nofrmofthe wafer (antenna). The
designed antenna is offset-fed; the elements ameedronto a 4-in. quartz wafer. The
reflectarray elements have 3 states for each frexyevith phase resolution of 120°.
These elements are combined in a manner that 8sstatve progressive phase
difference of 120° and -120° for steered beam ardrthe broad-side.

The prototype is not reconfigurable; instead twdeanas for the 0° and 120°
progressive phase difference in y-direction (Figdir@5) are fabricated with base-
metal surface micromachining. The beam is steeredhe YZ-plane. The reflect

array antenna is composed of 109 and 124 elemespectively in Ka and K bands.
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Distance between phase
center of the horns and the
center of the antenna:

Ka-band: 37cm

K-band: 30cm

Figure 4.35Horn placement.

4.3.1 Phase Compensation over the Reflectarray Antea

The illumination phases due to the path differermetsveen the illumination horn's

phase center and the reflectarray elements, creatglsase distribution over the

reflectarray surface. This phase is computed u$iegoint source approach, and the
split-rings in the broad-side state are put withodfset angle to compensate the
illumination phase and constitute a uniform phagstridution all over the

reflectarray antenna. In the steered state, thmegles are rotated to sustain 120°
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progressive phase difference.

The phase of the incident field in front of elenseistgiven as

qDincidence: (X horn™ Xele. ? + ( y horn y eIer)]z +( Y4 horn z ele)nz//]o (41)

This phase can be compensated by rotation of pdjs in proper angles, knowing
that the phase of an RHCP wave is linearly depeanadier2*y (y: rotation angle of
the split-ring). By this method the phase differemetween all the elements on the
antenna are set to 0. The broad-side antenna ypetatreates an equiphase plane

upon reflection, perpendicular to the antenna nbrma

4.3.2 lllumination Horn Placement

The horn antennas at K (24.4GHz) and Ka (35.5 Gib#r)ds are put with 30°
oblique incidence respectively at 37cm and 30cméaintain the far field condition

and prevent the horns from obscuring the beamisteplane (YZ) in Figure 4.35.
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Figure 4.360verall view of the simulated reflectarray antenna.

4.3.3 Simulation Results of The Reflectarray Antena

The antenna prepared for simulation and fabricateom be observed in Figure 4.36.
The reflectarray is simulated with given horn dista and offset angle. Two designs
have been employed to simulate and fabricate tbadsside and steered beam states
with 120° progressive phase shift at 24.4 GHz &8 &Hz.

The simulations are done by building the horns thedreflectarray antenna in HFSS
3D modeler. The horns are simulated independemity far field link property in
HFSS is utilized to simulate their illumination dhe reflectarray antenna. This
method forms the far field wave in a simulationgptthen applies it as incident field
into another simulation. The simulations lasted endihan 5 hr for a 4-inch
reflectarray antenna in a 8GB RAM and 2.4GHz Ca@aputer, but the high mesh
number was reached before meeting the error ersigyv 10
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Note that the element was B.8paced in higher frequency andXgpaced in lower
frequency. The higher frequency is prone to higitigg lobe levels. Anyway, the
magnitude tapering naturally acquired from the Boand the frequency response

degradation due to oblique incidence is thougluviercome the problem.

Cross-Pol.

150 <, | uniT50
180

Figure 4.37The radiation pattern at 24.4GHz, broad-side state.

The radiation patterns of the simulated reflectarantenna in broad-side
configuration at 24.4 GHz are given in Figure 4.87is observed that the phase
compensation is accurate, the cross-pol. is suppdeas good as 20dB. Side-lobes

are in -20dB and back-lobe levels are in -30dB.
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Figure 4.38The radiation pattern at 24.4GHz frequency, stebeain state.

The radiation patterns of the simulated reflectarentenna in steered-beam
configuration at 24.4 GHz are given in Figure 4.B8s seen that the main beam is
steered to 35° as expected. The cross-pol. is eappd as good as 20dB. Side-lobe

level is again preserved to be -20dB and back-tal&tion is negligible.
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Figure 4.39The radiation pattern at 35.5 GHz, broad-side state

The radiation patterns of the simulated reflectarrantenna in broad-side
configuration at 35.5 GHz are given in Figure 4.B9s observed that the phase
compensation is accurate thus the main beam pthetdroadside direction, the
cross-pol. is suppressed as good as 20dB. Sidddebkand back-lobe radiation are
in the level of -20dB.
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Figure 4.40The radiation pattern at 35.5 GHz, steered-beata.sta

The radiation patterns of the simulated reflectarentenna in steered-beam
configuration at 35.5 GHz are presented in Figud®4lt is observed that the main
beam is steered to 24°. The cross-pol. is supptdsskevels of 10dB, which is not
sufficient. The grating lobe emerged around 58 eegrat -10dB level. The

performance of the antenna at higher frequencyptias desired.

4.3.4 Measurement Setup and Radiation Patterns

The radiation patterns of the antenna have beesurggin the anechoic chamber of
Department of Electrical and Electronics Enginegrim METU. The measurement

setup is composed of a linear rectangular hornnaatén the transmitting side, and
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the designed reflectarray antenna at the receetly as seen in Figure 4.41.

Figure 4.41Reflectarray antenna and the illumination horrhi& &nechoic

chamber.

It is evident that measurement of co- and crosafrEd components is not possible
with this setup. What is measured using this searpbe well understood with the
reciprocity theorem. The simulations were done ifeilectarray antennas under
circularly polarized wave, and the reception wathb@mmputed in co- and cross-
polarized components. The reciprocity theorem iaetplthat, if the illumination

antenna of the reflectarray was linearly polariaed the antenna on the transmitting
side of the setup was circularly polarized; thailtsswould be intact. The equivalent
case is the case that the cross- and co-polar@aganents in the simulation results
are summed up to give the linear component. Inlenataying, the results found in
the measurement setup include the cross-polariazegbanent along with the desired
co-polarized component. The simulation resultsraagthematically elaborated to be
compared to the measurement results, accordinpegarmteasurement setup. Only

measurements of the fabricated switched beam ppEa@ire available.
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Aeasurement: — s—

Simulation:

Figure 4.42Comparison of simulation and measurements of nazetkadiatior
pattern at 24.4 GHz.
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Figure 4.43Comparison of simulation and measurements of nazetkadiatior
pattern at 35.5 GHz.

The simulation and measurement results are consifiie the radiation patterns of
the switched beam prototype. Figure 4.42 and Figu43 show that the beam
directions are in good agreement. One should keemind that the measurement
setup is prone to errors in 1°-2° range. The sitrarlaeand measurement results prove

the antenna design principles.

4.4 Conclusion

In this section, the dual band reflectarray elemerdesigned and characterized in

97



various aspects. It is integrated with RF MEMS ehais. Finally a reflectarray
antenna prototype composing of the designed eleamensimulated, the radiation

patterns are given. The measurement results datheated prototype are compared
with those of the simulations.

98



CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

In this thesis, a circularly polarized reconfiguealbeflectarray antenna capable of
dual frequency operation is presented. The reflepfaantenna element was chosen
to be split-rings on 0.5mm-thick quartzz€3.78) substrate over 0.6mme-thick air
layer by a ground plane. The split-rings of twcesizvere employed for independent
operation in dual frequency. The rotational phdsé snechanism was used as the
phase control technique which states that the atfle phase of a circularly
polarized wave can be controlled by rotating thélecive element. When a
circularly polarized wave is incident on a reflgetielement, the phase of the
reflected wave with the same sense of circularrpaton is linearly dependent on
the physical angular position with a slope of ZheTealization of this principle to
design a reconfigurable element was done with RAVI8Eseries ohmic contact
switches. 6 switches were placed on a ring with §8cing. These were grouped
into 3 pairs where a pair is composed of two svascbn the same diameter. The
split-ring is such realized with 3 pairs of switshghen at each state only one pair is
off. This corresponds to a 120° phase resolutidwéen states in both bands. Such
two rings with different sizes, on which there &eswitches, are placed with an
interleaved planar array design. These elementwused to design a reflectarray
antenna on a 4in. quartz wafer. The conceptuafdesi the reflectarray was tested
by a prototype antenna. The prototype antennadeagn by modeling the RF
MEMS switches in on and off states with short apdrometallization. This antenna
had 109 split-rings operating in Ka band and 124-8pgs operating in K band.
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Each ring on the antenna is rotated by an inititded angle to compensate for the
phase difference emerging from different path leadtetween the antenna plane and
the feed horn. Thus the designed antenna in itate-directs the beam in the normal
direction for both operation frequencies. And foe switched beam states, there is a
+120° progressive phase difference between elemdntss capable of beam
switching to £35° in Ka band, £24° in K band.

The starting point was to mathematically derive éxpression for the rotational
phase shift principle. This derivation provided timedepth interpretation of the
principle that cross-polarization should be supggdsupon incidence for high gained
and the incident field should be a perfect cirdylqolarized wave. Then a single
frequency reflectarray antenna element composedsplit-ring was designed using
unit cell approach. The rotational phase shift nmecdm was thus proven with this
element. The experience acquired from the singlguiency element was transferred
to the dual frequency composition. The split-ringswo different sizes were put
together in an interleaved array configuration. @hal frequency element was tuned
to suppress cross-polarized wave in Ka and K bahden in these bands it was
shown that each ring could control the phase incisresponding frequency
independently. The RF MEMS switches were integraieitd the design for
reconfigurability. The simulation of the elementttwil2 RF MEMS switches was
time consuming, for better and faster results tikeMEEMS switches are modeled
using impedance boundary conditions. Dual frequeeleynent with RF MEMS
switches is shown to control the reflection phasedrly over 360° phase range. The
reflectarray prototype is simulated in HFSS, theults are presented. The radiation
pattern measurements of fabricated prototype aoavisio be in good agreement

with the simulation results.

The designed element shows that the split-ringcira is a good option to be
employed for dual band operation with circularlylgszed waves. In addition the
phase control mechanism by rotating the split-riogs be realized with RF MEMS
technology. The simulations and the measurementlitseshows that the design
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elements can be brought together in a straightdodwnanner to build a reflectarray

antenna, and the antenna works as expected.

5.2 Future Work

The effort put forward in order to realize the nlowlial band reconfigurable
reflectarray antenna aimed in this thesis showed the topology is capable of
providing the desired quality. In the guidancehs analysis experience of this thesis

and the results of the reflectarray prototype ftiiere works can be listed as follows:

* A monolithic fabrication with RF MEMS switches shdipe accomplished to
present a novel and fully functioning reflectareaenna.

* A larger antenna can provide narrower beam andri@p#l-over and side
lobes with a natural tapering.

e To increase the phase resolution, the number téssthould be increased.
This means more RF MEMS on the antenna. The yetbsas line routing
solutions may be developed to achieve this.

* For an element-wise enhancement, the cross-pobresgion bandwidth
should be increased for better performance. Thisigerease the gain with
reduced cross-pol. reflection contributing to theaular reflection.

» Different reflectarray cell configurations of splihgs can be tested to
decrease the coupling and achieve a smaller elesimnto avoid the grating
lobes.

» Different switch types may be implemented in thegyaf the split-rings to
compare the performance of various reconfigurabdltoices.

As a result, the experience gained during the des$adprication and measurement is
a valuable contribution to the reconfigurable antendual band antennas and the
reflectarray antenna areas. The abilities of sinstructures in reflectarray antennas
can be studied further. Today's technology whiclvedr the future of humanity

towards the wireless communication systems makesmgortant to achieve
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reconfigurable low profile antennas with low coBhis study and the results shown
therein can be adopted to build high-end antensasgedl as to define the necessary

future tools to improve the reflectarray antennsigle
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