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Hello students, welcome to lecture 54 of the online course on the introduction to

microwave and optical metamaterials. Today's lecture will be on electrically tunable
metamaterials.



Lecture Outline

= Electrically Tunable Metamaterials
* Introduction

* Graphene-based metamaterials

v Electrically Tunable Graphene-Based Polarizer

* Varactor diode-based metamaterials

* Liquid crystal-based metamaterials
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So, here is the outline of the lecture. We will give you a brief introduction to electrically
tunable metamaterials. And then we will discuss graphene-based metamaterials. We will
go into the details of a graphene-based polarizer that is electrically tunable.

Then we will discuss about varactor diode-based metamaterials and liquid crystal- based
metamaterials. In the previous lecture, we saw magnetically tunable metamaterials. Here
we will be using an electric field for tuning the metamaterial properties.

So, the topic is electrically tunable metamaterials.



€Y urGuwanai| HNPTEL  swayam

Introduction

actively and dynamically adjusted.
= Tuning is achieved by applying an external electric signal or voltage.

= This tunability allows for real-time control over how electromagnetic waves interact with the material.
* Allows dynamic reconfiguration of device behavior during operation.

= The core principle is to integrate active, electrically sensitive materials into the metamaterial's structure.
= Applying a variable voltage alters the electrical properties of these active components.
= This alteration leads to changes in:

* The resonant behavior

«  Effective permittivity and permeability ]—Tunable electromagnetic properties

= Therefore; Real-time tuning of the metamaterial’s electromagnetic response.
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So, these are basically a class of metamaterials whose electromagnetic properties can be
actively manipulated. or dynamically adjusted by changing an external electric signal or
voltage bias. Now this tunability will allow for real-time control over how the
electromagnetic wave interacts with the material. So, what is the benefit? It allows the
dynamic reconfiguration of the device's behavior during its operation. So, the core
principle here is to integrate actively electrically sensitive materials into the metamaterial



structure.

So that when you change the electric field during its operation, it can behave differently.
So, in this kind of metamaterials, applying a voltage bias or a variable voltage bias is
used. Basically, alter the electromagnetic properties of the active components. So, this
kind of alteration can lead to either the change in the resonant behavior via you know the
change in effective permittivity or permeability. So, this is what we mean by tunable
electromagnetic properties.

Real-time tuning of the metamaterials' electromagnetic response is possible. by this kind
of external electrical signal or bias voltage that is being applied. Now, what is the key
advantage of why we need to do all this?

Introduction : - :ﬁ .

= Key Advantage: The ability to tune metamaterial properties electronically offers several benefits, including:
* Fast response time: Changes can be made quickly, making them suitable for high-speed applications.
* Low power consumption: Electronic control is often more energy-efficient than other tuning methods.
+ Compatibility: They can be seamlessly integrated with existing electronic control systems.

= There are three types of electrically tunable metamaterials based on materials:
1. Graphene-based metamaterials
2. Varactor Diode-based metamaterials
3. Liquid Crystal-based metamaterials

= Applications includes:
*  Tunabhle filters and absorbers.
* Reconfigurable antennas and lenses.
*  Modulators and switches.
*  Dynamic beam steering.
+  Adaptive cloaking.
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It is the ability to tune metamaterial properties electronically basically offers several
benefits, including the fast response time, which means the changes can be made quickly.

Making them suitable for high-speed applications, another important aspect is low power
consumption.

So, electronic control is often found to be more energy-efficient compared to other
tuning methods. And finally, the compatibility. So, this can be seamlessly integrated with
the existing electronic control system. So, that way, these electrically tunable
metamaterials are more compatible. So, there are three types of electrically tunable
metamaterials based on the types of metamaterials being used.

The first one is graphene-based metamaterials, the second one is varactor diode-based



metamaterials the third one is liquid crystal-based metamaterials. Though this is not an
exclusive list, there can be other different types of metamaterials. which is electrically
tunable and that is an ongoing research area. So, the applications include making tunable
filters and absorbers, and designing reconfigurable antennas and lenses. That operate at
different frequencies, then modulators, switches, and also dynamic beam steering.

It can also be used for adaptive cloaking. So, if you think of individuality cloaking, that
basically makes an object completely invisible. to an electromagnetic wave, such as radar
or light. When you think of adaptive cloaking that basically dynamically hides or masks
objects under changing environments or conditions.
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So, now let us look into the first one, which is graphene-based tunable metamaterials.



= Electrical conductivity of graphene can be tuned via change in its Fermi level.

= The Fermi level is adjusted using an applied voltage.
= This makes graphene ideal for electrically tunable metamaterials.
= Particularly works in the terahertz and infrared frequency ranges.

= Graphene based electrically tunable devices:

*  Electrically Tunable Graphene-Based Polarizer

€ nrcevani| ®NPTEL [SWayah| gzl ecnmses bors P Ak 11,

So, in this case, you are basically using graphene as part of your structure and the
electrical conductivity of graphene can be tuned via a change in its Fermi level that we all
know. So, this Fermi level, if you put the graphene in a particular capacitor kind of a
configuration, you can basically change this Fermi level by changing the applied voltage
bias. So, we'll show you how this arrangement looks. So, this basically makes graphene
ideal for electrically tunable metamaterials.

Now, typically, this kind of metamaterial works in the terahertz and infrared frequency
ranges. So, you can make graphene-based electrically tunable devices such as electrically
tunable graphene-based polarizers.
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= A polarizer with electrically controllable polarization direction is designed
using graphene.

= Operates in the far-infrared range and can be extendable to terahertz (THz)
radiation.

= Structure of Electrically Tunable Polarizer : (Shown in fig. 1)
* Composed of two orthogonal periodic arrays of graphene ribbons with
different widths.
* These graphene ribbons have different widths, denoted as W; and W,.
* Arrays are placed on a dielectric film over a thick metal substrate.

(b)
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= Geometric Parameters: : \.. o s
* Period of the graphene ribbons: P Figure 1.: Schematic representation of a polarizer
* Thickness of the dielectric material: t, with an electrically controllable polarizing

¢ Thickness of the metallic material: tm direction: {a) Perspective view and (b) Top view
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So, here is an example of an electrically tunable graphene-based polarizer. So, this is how
it looks in the perspective view, and this is the top view; we will go into this in detail. So,
this polarizer has an electrically controllable polarization direction that can be changed by
applying a voltage bias across the graphene.

So, what is the operating range?

It typically operates in the far infrared, but you can also extend this to the terahertz
radiation regime. So, here is the structure of this electrically tunable polarizer that we
have been discussing. So, you can see it is basically composed of two orthogonal periodic
arrays of graphene ribbons. So, there are X ribbons and Y ribbons, and they are of
different widths. So, the width of the X ribbons are W>, Y ribbons are W1 and this is the
periodicity that is P.

Now, as you see here, these ribbons are basically placed on a dielectric film over a thick
metal substrate. So, there is a thick metal substrate, and then you have this kind of
metallic electrode on the top layer. So, when you apply voltage, this entire thing acts like,
you know, an electrode; the bottom one is another electrode, okay? and then in between
you have this capacitive effect right. So, these are the geometric parameters that are
important: one is the periodicity of the graphene ribbons, which is P. The thickness of the
dielectric material tg also plays an important role.

The thickness of the metallic layer tm is the bottom metal layer that you are able to see.



So, what is the operating mechanism in this case?

Electrically Tunable Graphene-BasedPolaf

= QOperating Mechanism:
Based on polarization-dependent resonant absorption by the two orthogonal ribbon sets.
The absorption of each ribbon array can be controlled independently by different external bias voltages.

= Electrical Doping Mechanism:
A bias voltage is applied between the graphene ribbons and the thick metal piece.

The metal substrate serves a dual purpose:

la)
¥ It acts as a back-gate to electrically dope the graphene. \(_\-‘

¥ It suppresses the transmission channel, \ |J ;Fw"ﬂ"zmw:----
= Plasmonic Resonances: &
Doped graphene ribbons can support strong, long-lived plasmons.

These plasmons produce sharp resonances when excited by an electric field

perpendicular to the ribbons.( as shown in fig. (a))

The first-order graphene plasmon resonance occurs at: W = (1 — @ /m)Aq/2 ;

W : Width of graphene ribbon
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So, based on the polarization-dependent resonant absorption, you will have two different
types because there are two orthogonal ribbon sets. So, it basically the polarizer operates
based on polarization dependent resonant absorption. So, the absorption of each ribbon
array varies because they have different widths. So, they have different absorption
frequencies, and that can be controlled independently by applying different voltage
biases.

So, how are you doing the electrical doping here? So, you can basically apply a voltage
bias between these graphene ribbons and the thick metal piece at the bottom. So, here the
metal substrate that you see at the bottom is a thick metallic plate that serves two
purposes. First of all, it acts as a back gate to electrically dope graphene. Secondly, it also
suppresses all the transmission that is going through the channel. So, whatever the
incident light is shown like this is falling on the top, if it is not absorbed, it is basically
reflected because nothing is getting transmitted.

So, now we also know that graphene in this particular frequency range supports
plasmons. So, doped graphene ribbons can also support strong log lift plasmons, and
these plasmons will produce sharp resonances. When they are excited by an electric field
that is perpendicular to the ribbons, okay. So, you can see here that this is basically the k
vector and this is the electric field vector, right? So, you can estimate the first-order
graphene plus bond resonance to occur at W = (1 — ¢ /m)Aeff/2 . So, this is basically
the resonance condition; here, W is basically the width of the ribbon, right and then there



are the other two terms ¢ and Aeff .

Electrically Tunable Graphene-Based Polafizef e =

W=(1-¢/m)Ag/2 sisaszasa(d)
where: ¢ is the phase of the reflection coefficient at the ribbon ends.
Z.ir1s the effective resonance wavelength, which is determined by the real part of
the graphene plasmon’s refractive index, Re(nggf ).

= Effective Wavelength: Ay = Ao/Re(nggs ), where A, is the vacuum wavelength;
and Re(nqg) = hw/(2ayEr)
where: @, = fine-structure constant
Er = Fermi energy

= Resonance Frequency: Substituting the expression for Re(n.g) into the resonance condition yields the
resonance frequency:

f = J(caoEr(1 — /1)) /(2mhW)

where: ¢ is the light speed of the vacuum, E is the Fermi energy, and f is the reduced
Planck’s constant.

N - = B % direction h -
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So, ¢ is basically the phase of the reflection coefficient at the ribbon ends, okay? And
then you have Aeff , which is basically the effective resonance wavelength. which is
determined from the real part of the permittivity of graphene plasmons for the refractive
index that is given by: leff = A,/Re(n.s) , okay. So, you get a new term here, effective
wavelength, that is basically being calculated as A, divided by lambda effective is
nothing but A,/Re(n.s ) , right.

What is 1,, which is basically the vacuum wavelength; real part of the n effective can be
estimated as Re(n.¢) = hw/(2ayEg) . SO, a, is basically the fine structure constant,
okay, and Ep is basically the Fermi energy, right.

So, once you know this, you can also obtain the resonance frequency. So, you can do
that by substituting the expression for the real part of the effective n into the resonance
condition that we have seen here.

And that can give you the resonance frequency f, which is estimated as:

f= \/ (cayEr(1 — @/m))/(2hW) . So, h is nothing but the reduced Planck's constant,
and all other terms have already been discussed; W is basically the width of the ribbons.
So, this equation basically shows a direct relationship between tunable Fermi energy and
the energy resulting in resonance frequency. So, that is something very interesting, okay.

Now, this equation also tells us that the resonance frequency of the graphene-based
structures is tunable.



Electrically Tunable Graphene-Based-Polarizer:

= From equation (2), the resonance frequency of graphene-based structures is
tunable via:
* Fermi energy (Eg): Adjustable with gate voltage (v,)
*  Width (W) of the graphene ribbons

= |n this design:
* Suppose; A monochromatic, linearly polarized plane wave is normally
incident on a system of orthogonal graphene ribbon arrays. (b)

* Incidentwave: E™ = (cos(f) £ + sin(f) )e~?mht (3)

Metal material

where @ is the polarization angle and f; is the plasmon resonance
frequency or operational frequency

+ Two orthogonal graphene ribbons have different widths (W; and W, ). W\ A

Graphene Dielectric matenal

50: = JcaoE 1 - T 2ThW. and Figure 1.: Schematic representation of a polarizer
! fO \/ 0 Fl( l[)/ )/( 1) with an electrically controllable polarizing

direction: (a) Perspective view and (b) Top view

= \/C%Erz(l —@/m)/(2rhW,)

T Guwahati | ONPTEL  swaya| St 2L B T — —
So, if you just change the Fermi energy by adjusting the gate voltage as shown here, you
can change the resonance frequency. Also, you can change the width of the graphene
ribbons, which will also change the resonance frequency. So, in this design, suppose a
monochromatic, linearly polarized plane wave is normally incident on this particular
system of two orthogonal graphene ribbon arrays, okay.

So, you can write the incident wave in terms of this incident electric field, which is
nothing but ™™ = (cos(6) £ + sin(8) 9)e 2"/t So, £, is nothing but the plasmon
resonance frequency, or you can say the operational frequency and 8 is basically the
polarization angle, okay. Now, because you have two different ribbons here, or ribbon
widths W1 and Wo.

So, you can correlate that f, will be equal to Er1, and W1 for the first ribbon and for the
other ribbon. It will be the Fermi energy Er2, and the width will be W, with all
parameters remaining the same.



= Resonance frequency relation:

3

i

f o hp’ s bp.: E
0 W, w,’ i

= This condition confirms that the resonance can be maintained at the same Geaphens Dickscic materiad
frequency by adjusting the Fermi energy to compensate for the different ribbon widths.

. Decomposij?on of incident fi'eld (Equation 3): E™ = (cos(8) # + sin(0) y)ei2mht, 3)
EI" = cos(B)£e~"2™/ot (TM mode)
EM = sin(6)ye~'2"/o{(TE mode)

= Case 1: Fermi energy = Ep; :
* TE mode ( y-component) excites plasmonic resonance in W, -width ribbons — absorbed
*  TM mode (x-component) not resonant — reflected
* Reflected polarization = x-direction — functions as an x-polarizer

N 5 2 R ; — ,
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So, what does it tell you that you can say that your resonance frequency is basically

proportional to square root of Fermi energy by width ratio. So, you can write /% =
1

/fNﬂ . So, this tells you that the resonance frequency basically depends on both the fermi
2
energy and the ribbon width.

And this condition also confirms that the resonance can be maintained at the same
frequency. By adjusting the Fermi energy to compensate for different ribbon widths.
Because in this case, we are taking W1 and W». So, Er: and Er2 need to be like,
correspondingly adjusted So that you still get the same resonance frequency from the two
different nano ribbons, okay. From the incident electric field, you can decompose it and
find the fields that will correspond to the TM mode and TE mode.

So, you can consider Ex incident to be equal to E’,"C“ = cos(0)xe~2™ot which will
correspond to the TM mode. And then on the other side, you can write Ey. So, these are
basically the electric fields along x and y. that corresponds to TM and TE mode

respectively. So, Ey in will gives as: EI* = sin()ye~27/ot,

So, that is basically the TE mode, ok. Now, let us consider in the first case that the Fermi
energy is Er:1. So, in that case, you know that you will see the TE mode, which is
basically the Y component. That will exhibit the plus bond resonance in W1 with ribbon.
So, in that case, the energy will get absorbed, and the TM mode, which is basically The X
component will not show the resonance; in that case, the energy of the incident beam will



be reflected. So, the reflected polarization is basically coming from the x-direction.

So, the structure basically functions as an x polarizer.

= Case 2: Fermi energy = Ep, :
* TE mode (y-component) not resonant — reflected
*  TM mode (x-component) excites plasmonic resonance
in W,-width ribbons — absorbed e s
* Reflected polarization = y-direction — functions as a y-polarizer -

Mctal reancrial

= Simulation Results: (Fig. 2)
* Resonance is achieved by applying two different bias voltages to control
the Fermi levels of each ribbon independently.
* Polarization direction can be actively switched by changing the Fermi
energy.
* Fermi Energy Dependence: As Fermi energy increases, the absorption
frequency rises rapidly. (shown in simulation results)

§s

@

In fig.; the Fermi energies are 0.535 eV and 0.6 eV. * Frequency(THz)

Electrically tunable polarizer achieved using orthogonal graphene ribbons. Figure 2.: Simulated (a) absorption spectra
and (b) reflection spectra for TM mode and

TE mode under normal incidence

R
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Now, if you consider that you have set the Fermi energy to Er.. So, what is happening?

The reverse will happen: your TE component, which is basically the y component, will
now be non-resonant. So, it will be reflected, whereas the TM component, which is the x
component, will excite a plus 1 resonance. So, it will get absorbed in the W»-width
ribbons, fine.

So, what you are seeing is that the reflected polarization is basically the y polarization
and that means this structure is now performing as a Y polarizer when the Fermi energy
is set to F». The simulation results also confirm this. So, here you see the absorption
spectrum; here you see the corresponding reflection spectrum. So, you can see that the
absorption is basically achieved. So, these are two different bias voltages for the
corresponding polarization modes that are shown.

So, it is clearly seen that the polarization direction can be actively switched by changing
the Fermi energy levels. And as you see here, as the Fermi energy is increasing, the
absorption frequency also rises rapidly. So, you can see that the energy is also moving to
higher energy levels. So, what are the two Fermi energies considered here? One is 0.535
electron volts; the other is 0.6 electron volts.

So, what we achieved here is basically an electrically tunable polarizer using orthogonal
graphene ribbons.



So, one thing you can cross-check is that whenever there is a strong absorption, it also
gives you a reflection dip. Because what is getting absorbed is not being reflected, and
transmission is zero because of that thick metallic plate as a substrate. So, this you can
correlate is the Fermi level and the polarization of the beam, right. So, this is how you
can make an electrically tunable graphene-based polarizer.

Now, let us move on to the next application, which is varactor diode-based
metamaterials.

Electrically Tunable Metamaterial using Varactor Diodes
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A tunable microwave metamaterial absorber is designed using split square
loops (SSLs) with varactor diodes as shown in figure 3.

In this design, varactor diodes are embedded in split square loops (S5Ls) of
a metamaterial absorber.

Varactor diode:
* A semiconductor device based on the principle of variable capacitance
between PN junctions.
* This diodes provide variable capacitance controlled by applied voltage.
*  When loaded onto $5Ls, they alter resonance characteristics.

Structure: Compact, planar with a simple feeding network.

* Designed as a metal-dielectric-metal structure with a copper ground for
zero transmission.

(L]
Copper Ceround

Figure 3.: Unit cell of S5L of metamaterial
absorber with two varactors under TE wave
lumination

" Europhys. Lett., vol. 112,p. 54002,

So, here we are discussing electrically tunable metamaterials that are based on varactor
diodes. So, we will take an example here, which is a tunable microwave metamaterial
absorber. That is designed using split square loops, as you can see here; these metallic
loops have two splits, okay. So, you are basically placing varactor diodes in those gaps,
right. So, in this design, varicative diodes are basically embedded in these split square
loops or SSLs, okay, of the metamaterial absorber.

You can see the structure clearly. This is a copper loop; below this, there is an FR-4

illumination, right? Now, what is a varactor diode?

substrate of thickness d, and then you have a copper ground plane on the other side. So,
this is the direction of the incident wave, and then this is the direction of the electric field
and magnetic field. So, you are considering the two varactors under TE wave



It is basically a semiconductor diode based on the principle of variable capacitance
between p-n junctions, right. So, in this diode, you can have variable capacitance that is
controlled by the applied voltage. So, when you load them into these split square loops,
they can basically alter the resonance characteristics. So, this structure basically shows a
compact planar and a simple feeding network.

So, it is designed as a metal dielectric kind of structure, and it has a copper ground plane
that ensures zero transmission.

Varactor Diode-based - Metamaterials ===

= Effects of Varactor on SSLs:
* Compare SSLs behaviour with and without varactors.

= Explanation via Equivalent Circuit Model: (fig. 4)

* An equivalent RLC circuit model is used to explain the behavior.

* The metamaterial absorber is treated as a medium with

frequency-dependent impedance, Z(w) =/ u(w)/&(w).

* The characteristic impedance of free space is Z, = 377Q. Without Varactors With Varactoes
* Maximum absorption: Occurs when Z(w) =~ Z, (at resonance). IC = c ﬂc =
: E g
= % P z B S
* The inclusion of a copper ground plane blocks transmission, so x EL L 3 z, __ﬁL &3
minimum reflection means maximum absorption. SR 5 2R £
* Grounded FR4 layer: Acts as an equivalent inductor, L, due to Zw) Zw)
thin thickness. Figure 4.: Equivalent circuit model for the
metamaterial absorbers
loops,” Lett, wol. 112,p. 53002,
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So, now let us look into what the effect of these varactors is on the split square loops. So,
for that, you have to compare the SLL's behavior with and without varicators, right.

So, let us use an equivalent circuit model for this metamaterial absorber, and that will
help you compare the two cases. So, this is the RLC equivalent circuit model that can be
used for the case without any varactor. So, this metamaterial absorber can be treated as a
medium which has got a frequency dependent impedance Z (w) that you can see here.

So that can be obtained from \/u(w)/e(w) and then, this is the free space impedance, or
you can say the impedance of free space; the value is around 377 ohms, as all of you
know. Now, so what will happen is that this is an absorber. So, the maximum absorption
can happen when this Z(w) is equal to Zj, .

So, that should happen at the resonance, right. So, because you have also incorporated a
copper ground plane, it can block transmission.



So, whenever there is impedance matching, that means maximum absorption will take
place, and that will also ensure minimum reflection, right and you also have a grounded
FR-4 layer which acts as an equivalent inductor, okay, and you can model it as Ld due to
its thin thickness. So, this is how the loop is modeled. So, you have the inductance, you
have the resistance, and also the gaps are modeled as capacitors, right.

Varactor Diode-based . Metamaterial

= Resonant Frequency Equation: 1
* The resonant frequency of the RLC loop is given by:  f, = —————
2m\ (L + Ly)C

* Varactors add parallel capacitance, increasing total C = lower resonant frequency.
* Capacitance C determined by the split size of SSL.

Without Varactors With Varactors
= Il
= |nfluence of Tuning Capacitance value of Varactors: -Ec G ¥ TC E
* Capacitance of Varactors determined by the following equation: 4 E1. Z Lj/. 4 3
i : e 2
Cy = Co(1 = Vp/V)™ e ST P
Zw) Zo)

which is Voltage dependent quantity in resonance equation.

where-
Vi : Reverse bias voltage, C, = 2.35pF is the zero bias capacitance,
M = 0.8 is the gradient coefficient of the varactor, and V; = 1.5 V is the intrinsic potential.

= Thus; by varying the external voltage, an active metamaterial absorbers is designed using Varactors.

loops,” Europhys. Lett., vol. 112,p. 54002,
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So, in this case, normally the resonance frequency of this RLC loop can be obtained
, right.

- - H —1
using this formula. So, you can write f, = P R ATS

Now, when you connect a varactor into those gaps, the capacitance from the varactor will
appear in parallel with the capacitance here. So, what is happening? The overall
capacitance is basically increasing.

So, if the denominator increases, your resonance frequency will decrease. So, it basically
lowers the resonant frequency. Right, and the capacitance C is basically determined by
the size of the split of the loops, right.

Now here you can see that this depends on the size of the loops and This is Cy,, which is
the capacitance of the varactors that can be determined using this equation. You can
consider C, = Co(1 — Vi /V,)™™ . So, this is basically a voltage-dependent quantity, okay
in this resonance equation.

So, here V stands for the reverse bias voltage, and C, is basically 2.35 picofarads, which



is considered the zero-bias capacitance. You have this M, which is basically considered
to be 0.8, the gradient coefficient of the varactor. And then you have V;, which is
basically the intrinsic potential, and it is taken as 1.5 volts. So, you can see that when you
vary the external voltage, an active metamaterial absorber can be designed using a
varactor. Because this value will change, it will change the resonance frequency of the
whole structure.

So, here are some simulation results. So, the first one shows the S11, which is basically
the transmission characteristics. Sorry, this is Si1; basically, it is showing the reflection
coefficient, okay.

. . z 3 — e
o ‘ e - ———
Varactor Diode-based Metamaterials —
= Simulation Results: (Shown in fig. 5) (a).,.-..‘_,\.;,.... ....... -
* SSL Without varactors: N .||' ". :
¥’ Resonant frequency: 11.23 GHz g+
v' Reflection coefficient: —8.45 dB. Z o )
+  SSL With varactors: 2 S
¥' If two zero bias varactors with C, of 2.35 pF are placed in the B S S S RS TR TR

Frequescy (GHz)

splits of the SSL.
v’ Resonant frequency shifts to ~5.24 GHz
v" Reflection coefficient improves to —13.26 dB (minimum)
O Lower reflection indicates better impedance matching.

* Tuning Range: (Fig. 5(b)) s -
v Frequency tunability achieved between 5.18 GHz and 5.68 GHz. al |

v" Voltage-controlled: As voltage increases from 0 Vto 12V, w W N

frequency increases accordingly.

ERT 55 n
Frequency (GHz)
Figure 5.: Simulated reflection coefficient of SSLs
(a) With and without varactors for incident TE wave
(b) For various voltages on the feeding network

e - . = 5 *Tunable mi ‘ 2 T ¥
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So, this basically shows the reflection coefficient of the square split square loops, both
without and with varactors.

So, without a varactor, you can see the resonance frequency is around 11.23 gigahertz,
and the reflection coefficient is minus 8.45 dB. But when you introduce varactors into
those splits, you will see that if to zero bias varactors Those which have a capacitance of
2.35 picofarads are placed in these loops. You can see that the resonance frequency
basically shifts to 5.24 gigahertz. And you also see that the reflection coefficient
improves to minus 13.26 dB that is the new minimum and lower reflection basically
ensures better impedance matching.

So, it is a very good thing. And this one basically shows that the frequency tunability that
you can achieve between 5.18 gigahertz and 5.68 gigahertz, okay, when you are applying



different voltages to the feeding network, right. So, as you can increase the voltage from
0 volts up to 12 volts, these are the simulation, and the solid one shows the experimental
values, okay.

You can see the shift in the resonant frequency. So, I hope the role of the varactor is very
clear: adding a varactor is equivalent to connecting a capacitor in parallel with the
inherent capacitance of those splits. So, this basically increases the overall capacitance in
the circuit, and that way your resonance frequency will also decrease. So, that is how you
can tune it.

Now, the last topic that we will be discussing today is liquid crystal-based metamaterials.

Liquid Crystal-based Metamaterials:—=—

= Liquid Crystal (LC) Properties:
* LCisan "interstate" substance between crystalline and liquid states.
* Itis extremely sensitive to external fields.

v' Powered on: LC molecular arrangement become orderly, = =
leading to special physical properties. T O ET 0T £7 &7 (e PP
v’ Powered off: LC molecules become disordered. H H H H H @ Liquid erystal
57~ 1TO electrode

® Ithas been WIde|y used for: Figure 6.: Schematic of the electrically

* Tuning the band gaps of photonic crystals at optical frequencies. tunable negative permeability metamaterial
consisting of SRRs and infiltrated LC

= Nematic Liquid Crystal (NLC) in Metamaterials:
* Electrical tunability achieved by using nematic liquid crystal (NLC) in metamaterials.
* It can be used to dynamically control the permittivity of metamaterials.
* This control allows for tuning of reversed electromagnetic behaviors of the metamaterial
(e.g., negative permittivity or permeability).

» Design: A split-ring resonator (SRR) array is immersed in NLC as shown in figure 6.
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Now, the properties of liquid crystals are very interesting. Liquid crystals are basically
intermediate substances between crystalline and liquid states, and they are extremely
sensitive to external fields. So, in the power-on state, you will see that when the field is
present, the liquid crystal molecular arrangement becomes orderly. leading to some
special physical properties. And when in a powered-off state, okay, these liquid crystal
molecules become disordered. Now it has been widely used to tune the bandgap of
photonic crystals at optical frequencies.

Here we will be focusing on metamaterials in the microwave range, and there, nematic
liquid crystals play a very important role. So, these nematic liquid crystals are basically a
state of matter characterized by the molecules that exhibit long-range orientational order.



It means that they tend to align along a common direction, but they lack positional
ordering. This means that they are not arranged in a regular lattice. However, there is a
long-range order, right? So, they are a type of liquid crystal, which is basically a phase of
matter, as | discussed.

That has properties between the conventional liquid and solid crystals. Now, you can
achieve this electrical tunability in the metamaterials by using a nematic liquid crystal in
the structure itself. So, it can be used to dynamically control the permittivity of the
metamaterials. And this control allows for tuning of reversed electromagnetic behaviors
of the metamaterial such as, you know, negative permittivity or permeability.

So, here is a design of a split ring resonator array being immersed in a neumatic liquid
crystal, okay.

Liquid Crystal-based Metamaterials: = =c e et g

= Design: A split-ring resonator (SRR) array is immersed in NLC.

= Structure: =
* It consists of a periodic array of split-ring resonators (SRRs).
* The SRR array is infiltrated with nematic liquid crystals. =

(8] 1TO electrode

1]
@ Im Liquid crystal

17~ 1TO electrode

Figure 6
= Mechanism: As the electric field strength increases, the NLC molecules become more

orderly.
* This causes the frequency ranges with negative permeability to shift to lower
frequencies.

= Effective Permeability in SRR-Array Metamaterials
Formula for effective permeability:
i Fw?
H(w) = w? — w? +iyw
where:- F': Fractional volume of SRRs and
y: Dissipation factor
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So, this is one particular case where you have electrodes on either side to apply the
biasing voltage.

These are liquid crystals, okay, where the splitting resonator arrays are basically
embedded or immersed. So, it is understood that the structure basically consists of a
periodic array of splitting resonators. But these arrays are basically infiltrated with
nematic liquid crystals whose properties will change depending on the applied voltage
bias. So, now when you apply voltage bias, the electric field strength will increase, and
this pneumatic liquid crystal molecules will become more orderly. So, this will cause the
frequency ranges of the negative permittivity to shift to a lower frequency, okay. We will



see that also.

So, how are they connected? So, the effective permeability in split-ring resonator array
2
metamaterials follows this particular relation. where you have u(w) = 1 — 2F+ :
w —witiyw

We have seen this before. So, F is basically the fractional volume of the split-ring
resonators, and y is the dissipation factor.

Now, when you calculate the S»1 from this kind of system, you can see there is a
transmission dip through this metamaterial.

» Performance: (Fig. 7{a)) (a)
o
* The transmitted resonance dip can be continuously and reversibly
adjusted using an applied electric field. § -0
*  The maximum frequency shift of the resonance dip is approximately 210 7o
MHz (0.21 GHz).
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* This shift occurs relative to a resonance frequency of around 11.08 GHz. * 0280 Vipen
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= Simulation Result: (Fig. 7(b)) 3o
« Without LC infiltration: )
¥ Negative permeability observed in 13.24 — 13.54 GHz ! T
R . s . . ) Figure 7.: (a) Transmission spectra for SRR-based
With LC infiltration (no electric field): metamaterial under diffrent de electric fiekds:
¥ Redshift in negative permeability range {b) Calculated effective permeabilities of
v New range: 11.08 — 11.36 GHz metamaterials under different electric fields.,
i . . ) - - - Lot . PR -
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And the black solid line shows that there is no liquid crystal present, okay, and then as
soon as you put the liquid crystals, the peak basically shifts to this red position, and this is
when no electric field is applied. And later on, you keep applying the electric field
biasing, and you will see the dip.

The transmission dip is basically shifting to a lower frequency. So, what is seen here is
that the maximum frequency shift of the resonance dip is approximately 210 megahertz,
which is 0.21 gigahertz. And this shift is occurring in relation to the resonance frequency,
which is around 11.08 gigahertz. Now, from this formula you can use this formula and
see here you are getting F equals 0.05 and y is taken as 10 to the power of 10 divided by
4 pi for simulation, and that will give you, so that thing you can also see here. So, the
black solid line shows that when there are no liquid crystals in the device, the red dashed
line shows.



When liquid crystal is present, there is no biasing, and these are for two different
biasings, right? So, what do you see clearly is that the negative permeability ok was
observed when there is no liquid crystal That is observed around 13.24 to 13.54 gigahertz
here, okay, in this region. But as soon as you put liquid crystal, with no electric field
biasing, you see a very strong redshift.

The new range is somewhere between 11.08 and 11.36 gigahertz, and then you can apply
the DC electric field slowly.

-
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= Effect of DC Electric Field on LC-Infiltrated Metamaterials (Fig. 7(b)) v ot X BeichlonC et i, Tl

* At 0.067 V/um — Negative permeability: 10.98 — 11.26GHz LT e 18- L2
* At 0.28 V/um — Negative permeability: 10.86 — 11.14GHz + L8V et 6 L

*  Overall tunability: Frequency range widened to 10.86 — 11.36GHz

( = 200MHz wider than non-infiltrated structure) " Ol ey e 0113k
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= Therefore, this metamaterial exhibits negative permeability near the resonance () ,
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= The frequency range with negative permeability can be: z
* Dynamically adjusted. 3‘
*  Widened by about 200 MHz by the electric field. H
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= Conclusion: This design offers a convenient method for designing adaptive Figure ?_:[aJTransn:::;::::::m for SRR-based
metamaterials. metamaterial under different de electric fields;

{b) Calculated effective permeabilities of
metamaterials under different electric fislds,
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And then you can apply a DC electric field to this liquid crystal in infiltrated
metamaterials. And you will see that now, when the electric field is 0.067 volts per
micrometer, the negative permeability shifts towards lower frequency.

It is now between 10.98 and 11.26 gigahertz, and if you further increase the field to 0.28
volts per micrometer, it shifts further towards blue okay, no, it is not called blue; it is
towards lower frequency. So, lower frequency is basically redshifted in terms of
wavelength. So, you can say these are basically undergoing redshift.

So, what we observe here is that overall cleanability is between, you know, 10.86 and
11.36 gigahertz. It is almost a 200-megahertz tuning range, which is wider than the non-
inflated structure. So, you can understand that this metamaterial exhibits negative
permeability near its resonance frequencies. So, the frequency range with negative
permeability here can be dynamically adjusted by changing the applied electric bias.



Which is the DC electric field, okay, and it can be widened by about 200 megahertz by
the electric field.

So, you can conclude that the design essentially offers a convenient method of
developing adaptive or tunable metamaterials.
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So, with that, we conclude this lecture. So, we will continue our discussion on thermally
tunable metamaterials in the next lecture. If you have any queries regarding this lecture,
drop an email to this email address. mentioning the course name and the lecture number
on the subject line. Thank you.



