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ABSTRACT

Limited phase range and narrower bandwidth arerthim performance limitations of reflectarray antesn
for high gain applications which result in the pemiance to be restricted particularly in sateliitel earth
observatory systems. This study provides a thoroimyestigation on the tunability performance of
reflectarrays designed in X-band frequency rangeguslifferent non-linear dielectric substrates. An
investigation of phase agility characteristics eflactarray rectangular patch antenna printed almre
linear materials (0.1 Ae <0.45) is thoroughly presented. A detailed analytstady on dynamic phase
range and frequency tunability of the reflectarrsysarried out based on the analytical investigativhich

is validated by Finite Integral Method (FIM). Asetldielectric anisotropy of non-linear materialsr@ases
from 0.17-0.45 the frequency tunability performantéhe reflectarray antenna is shown to increasa 372-
796 MHz. The results show that LC-B1 with a dialecanisotropy of 0.45 contributes a maximum dyr@ami
phase range and frequency tunability performanc&66f and 796 MHz respectively. The dielectric non-
linear properties presented in this study are shtwoonsiderably affect the frequency and phasgean
performance of reflectarray antenna particularhyépid dynamic phase change of terrestrial systems
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1. INTRODUCTION anisotropic properties which can be used to enhtinee
reflectarray performance in terms of frequency hilitg
Reflectarray antenna has been acknowledged as and dynamic phase control strategy (Kamadaal.,
potential alternative solution to the traditionallged 2004). The tunabilty in dielectric constant of LC
high gain antennas such as parabolic reflectors omaterials can be achieved simply by applying a DC
phased arrays (Huang and Encinar, 2007). It caneist bias voltage across the substrate. With an apjtlias
printed reflecting elements on a flat dielectribstnate.  voltage the molecules of anisotropic material are
Apart from the low cost and low profile structutee oriented parallel to the incident field to attain a
phase range and bandwidth performance ofmaximum dielectric permittivity value ef). A
reflectarrays are considered as the main performanc minimum dielectric permittivity valuee() is achieved
limitations (Huang, 1995). These limitations can be without applied bias voltage when molecules of
reduced by the selection of a suitable dielectric anisotropic material are oriented perpendiculathe
substrate (Ismailet al., 2010). Non-linear dielectric incident field (Ismail and Cahill, 2005) as showm i
materials are required for the microwave enginggrin Fig. 1. The dielectric anisotropy of non-linear LC
industry particularly in telecommunications, remote materials can be realized by the difference betwhen
sensing and global navigation systems (Trushkeeteh, maximum €j) and minimum 1) values of dielectric
2010). Liquid Crystal (LC) materials have dielectri permittivity as given in Equation 1:
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Fig. 1. Alignment of molecules of anisotropic material
without and with external DC voltage

Ag =gy - & (1)
Where:

Age = Change in dielectric constant

€| = Dielectric constant with applied DC voltage

eg = Dielectric constant without applied DC voltage

In this study the effect of non-linear material
properties on the tunabilty performance of reflaetgs
is discussed in details. Different non-linear ditle

Ei -

1 I

Iie = E!' P

1 P E O

v Vooleo oo

7
\"DC

Fig. 2. Dipole moment P inside the non-linear dielectric
material without and with external DC voltage
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substrates are used to design a rectangular patch

reflectarray at 10 GHz in order to investigate the
dynamic phase range and frequency tunabilty
performance using numerical equations and Finite
Integral Method (FIM).

2. MATERIALSAND METHODS
2.1. Analytical Investigation

The existence of electromagnetic fields E in a
dielectric anisotropic material causes the poléonaof
the molecules to create electric dipole moment s T
dipole moment is a vector quantity and directedrfro
negative electric charge to positive electric clearg
presented in the material (Pozar, 2005). The atectr
dipole moment is also subject to Torquewhich is a
vector quantity represented by the turning effddhe
molecules of the material (Serway and Jewett, 2009)
The Torquer can be obtained by the cross product of
electric dipole moment P and electric field E agegi
in Equation 2:
1=Px E=|H| & sir® )
where,0 is the angle between incident electric field and
generated dipole moment as showifrig. 2.

Electric flux is a quantity that represents theoant
of displacement current D in the dielectric materia
caused by the applied electric field (Pozar, 206%). a
non-linear dielectric material the displacementent in
terms of electric field is given by the Equation 3:
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The displacement current measured in Cotl/m
signifies the directional characteristics of namehr
material properties, where][is known as the complex
dielectric permittivity tensor of non-linear dietdc
materials (Dankoet al., 2005). Equation 3 shows that the
dielectric permittivity of non-linear dielectric reials is a
vector quantity having different parameters in xand z
directions. As shown irFig. 2, when an external DC
voltage is applied across the non-linear substratterial
the dipole moment vector P changes its directiod an
points towards the higher potential side. A chaiye
dipole moment P causes a change in torguay the
Equation 2. Torque corresponds to the turning effects of
the molecules of the non-linear material. Therefare
change in Torque also results in the change in the
position of molecules as depictedHiy. 2.

It is shown in Equation 3 that dielectric permitty
of non-linear dielectric materials is a directional
dependent property. Therefore a changing molecular
position refers to a different value of dielectric
permittivity. This is the reason behind the var@bl
dielectric properties of non-linear dielectric nréks.

2.2. Phase Agility

Non-linear dielectric materials attain a range of
dielectric constant values from minimumeg) to
maximum €|). Therefore when a non-linear dielectric
material is used as a reflectarray substrate aepagie
characteristic occurs which is known as dynamicspha
distribution. The maximum phase variations of the
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reflected signal occur at resonant frequency. Dyoam Tablel. List of non-linear dielectric substrates and their

phase range can be defined as: properties
Dielectric
Ad =d(g) —d(en) (4) Non-Linear anisotropy
LC Materials &1 g| (Ae=¢g)-gy) tamg tan)

The dynamic phase range of non-linear dielectric K15 Nematic  2.10 2.27 0.17 0.072 0.060
materials is a measure of dielectric anisotropyhds Merck BLO37 2.25 245 0.20 0.048 0.025
been shown from Equation 4 that the dynamic phaseChisso JB-1017 2.50 2.90 0.40 0.015 0.005
range increases with the increase in dielectrisaropy ~ LC-B1 2.60 3.05 045 0.022 0.007

(A€). Therefore an equation for dynamic phase range ) ) o
based on non-linear material properties has beern order to characterize the phase agile charatiiof

established as shown in Equation 5: reflectarrays, the dynamic phase range and frequenc
tunability were obtained using dielectric subssdiaving
Ao = CZTrAs 5) a variety of dielectric anisotropy ranging from 0:0.45.

Furthermore the equations given above are alsyzadl
to find out the dynamic phase range and frequency
Where: tunability for the reflectarrays using non-linedeldctric

A

9

Ae =g = Dielectric  anisotropy of  non-linear properties listed ifable 1.

material
Aq = Guided wavelength 3. RESULTSAND DISCUSSION
C = A conditional arbitrary constant and its value

depends on the dielectric anisotropy of non- 3.1. Electric Field and Displacement Current

linear material Due to the dielectric anisotropic nature of notedr
properties, these materials generate ranges ofnmuaxi
electric fields and displacement currents. It ischese

A change in dielectric constant of non-linear anisotropic materials contain a range of dielectric
dielectric materials can also cause a significhange in ~ permittivity values from its perpendicular state ite
resonant frequency which is known as the frequencyparallel state. Electric fields should reach airtpeaks
tunability of reflectarray. In order to calculathet in order to realize a phase change at the resonant
frequency tunability the minimum and maximum values frequency (Dahri and Ismail, 2011). This can eabiy
of resonant frequencies are required. Therefore theverified fromFig. 3 in which every material has a peak

2.3. Frequency Agility

frequency tunability can be obtained by Equation 6: value of electric field at its resonant frequenayt s
graph moves forward or backward from resonant
NN frequency it again starts decreasing graduallys Hlso
af =f,-f, :M (6) clearly shown fronFig. 3 that K-15 Nematic offers the

2hen et/ e lowest electric field intensity of 62x30//m compared

to Chisso which offers the highest electric fieltkensity
of 112x1G V/m. This is due to the fact that electric field
is a directional dependent quantity which dependghe
orientation of the molecules of non-linear mateal
described earlier in Equation 3.

The electric characteristics of non-linear materan
be viewed fromTable 2 where every material offers a
2.4. Reflectarray Design range of values for electric field intensity and

displacement current. These values can be caldulate

Table 1 shows different types of non-linear subtracting maximum value (af) from minimum value
dielectric substrate materials listed with dieliectr (atey) for each electrical quantity. It has been shohat t
permittivity and loss tangent values. These mdtedse  as dielectric anisotropy increases from 0.17-0.4f
used to design a rectangular patch reflectarra¢+tzdind, ranges of values of the electrical field intensipd
using commercially available CST MWS computer model displacement current are shown to increase fron72-10
with 1mm substrate thickness. 54790 V/m and 8980-100990 Couf/nespectively.

Where:

Eeff| ANEery = Maximum —and  minimum  effective
dielectric permittivity of non-linear
material respectively

Lest = The Effective length of resonant
element
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Fig. 3. Electric field Vs frequency for different non-liae

materials
Table 2. Values of electric field and displacement curfentdifferent

non-linear materials

Values of Values of

Non-linear Dielectric Electric Displacement
LC Materials AnisotropyAe) Intensity (V/m)  Current (Coul/M
K-15 Nematic 0.17 11072 8980
BLO37 0.20 27972 84408
Chisso 0.40 37280 64792
LC-B1 0.45 54790 100990

This is because the variation in the values ofedieic
permittivity corresponds to the change in the eledield
and hence displacement current as shown in Equation
Consequently the effect of dielectric anisotropyetettric
field intensity and displacement current enhandes t
tunability characteristics of non-linear materials.

3.2. Reflection L oss Performance

The non-linear materials have a range of dielectri
permittivity values according to the alignment bkir
molecules with respect to the incident field. The
maximum dielectric permittivity and dissipation facof
each non-linear material are shown to be crucietofa
in the loss performance of reflectarray anterirable 3
summarizes maximum reflection loss values for ali-n
linear materials that are used for reflectarrayeana
design. It has been shown frofable 3 that K-15
Nematic offers a higher reflection loss of 10.74 dB
compared to Chisso which offers reflection los2 6

— —X-15

LC-B1

Agp Range
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Fig. 4. Dynamic phase range and frequency tunability of two

different non-linear materials

Table3. Maximum reflection loss performance of non-linear

materials

Maximum Maximum Maximum
Non-Linear Dielectric Dissipation Reflection
LC Materials Permittivity§)  Factor (taf) Loss (dB)
K15 Nematic 2.27 0.072 10.74
Merck BLO37  2.45 0.048 7.11
Chisso JB-1017 2.90 0.015 2.36
LC-B1 3.05 0.022 3.54
3.3. Dynamic Phase Range

Dielectric constant of non-linear dielectric

materials can be changed by simply applying a DC
voltage across the substrate (Ismail and Cahilg520
Therefore by changing the value of dielectric
permittivity of anisotropic materials a dynamic pbka
range is achievable. The dynamic phase range of
materials is a measure of dielectric anisotropycivhi
can be used as Figure of Merit (FoM) for anisotcopi
materials (Ismaikt al., 2007).

The dynamic phase ranges for selected non-linear
substrate materials are shownHig. 4. As depicted in
Fig. 4 it has been shown that LC-B1 has a higher dynamic
phase range of 160° as compared to K-15 with arditma
phase range of 90Table 4 summarizes the results of
simulated and formulated dynamic phase ranges with
dielectric anisotropy for all non-linear LC matdsiahat
are used as dielectric substrates. The formulatedysis
is done by considering the properties of non-linear
materials as explained in Equation 5. The results a
depicted inTable 4 show that LC-B1 has a maximum
formulated dynamic phase range of 172° for a magimu

dB. This is because the K-15 Nematic has a higherdielectric anisotropy of 0.45 as compared to K-Earitic

dissipation factor value of 0.072 compared to Ghiss
which has a lower dissipation factor.
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which has a minimum formulated dynamic phase rarfige
93¢ with dielectric anisotropy of 0.17.
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Table4. Simulated and Formulated dynamic phase ranges of

different non-linear materials

Dynamic Phase Range (°)

Non-Linear Dielectric

LC Materials  AnisotropyAe) Simulated Formulated
K15 Nematic 0.17 90 93
Merck BLO37 0.20 90 113
Chisso 0.40 150 150
LC-B1 0.45 160 172

Table5. Simulated and Formulated frequency tunability of
different non-linear materials

Frequency Tunability (MHz)

Non-Linear Dielectric

LC Materials  AnisotropyAe) Simulated Formulated
K15 Nematic 0.17 372 358
Merck BLO37 0.20 404 401
Chisso 0.40 736 680
LC-B1 0.45 796 752

Furthermore it has also been observed that as

dielectric anisotropy increases from 0.17-0.45 dyica
phase range also increases from 93-172°. Thiscause
the variation in the values of dielectric anisotrape)
corresponds to the phase agility at resonant frexyuef
reflectarrays which is known as dynamic phase raage
described earlier in Equation 5. Frdmble 4 it can also

4. CONCLUSION

A detailed analysis of reflectarray cells based on
molecular alignment of non-linear materials presénh
this work demonstrates that a suitably selectekkctiéc
non-linear material can enhance the phase range
performance of reflectarray. Non-linear dielectric
materials are shown to offer a rapid dynamic phase
change behavior for designing an electronicallyahle
reflectarray antenna particularly for terrestriggtems. It
has been shown that the dielectric anisotropy af-no
linear materials can affect the phase agility datterastics
and frequency tunability of reflectarray antenngigalarly
for space technology. Furthermore the phase agilitgt
frequency tunability characteristics of reflectgrantenna
elements can also be optimized by numerical eq&tio
based on substrate material properties.
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3.4. Frequency Tunability

Dielectric anisotropic nature of non-linear
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simulated and formulated frequency tunability with
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MHz for a maximum dielectric anisotropy of 0.45
whereas K-15 nematic has a minimum frequency
tunability of 372 with dielectric anisotropy of 0.1
Furthermore it has also been observed that asctiele
anisotropy increases from 0.17-0.45 frequency tilibab
also increases from 372-796 MHz and 358-752 MHz for
simulated and formulated results respectively. This
change in frequency tunability performance withrade
in dielectric anisotropy expresses a relationskdfwien
frequency tunability and non-linear material prdjses:
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