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Abstract In this paper, a finite-difference time-domain (FDTD)
formulation, basedon the exponential matrixand on thin material
sheetmethods is developed for modelingubcellular thin graphene
sheets. This formulation is validated by reproducing graphea
frequency selectivesurfaces (FSS) known from literature. Then, we
propose in this work a smart graphene FSSlevice Smartness is
obtained by means of a unity cell formed by a graphene ring with a
graphene sheet placed in its aperture. By propéy regulating the
chemical poentials of the graphene elementsiwo frequency-
tunable modus operandi are obtained: single or dual-band
rejection modes When the device operates in itsdual-band
rejection mode, either of the rejection bands can be shifted
individually in the frequency spectrum. Additionally, both rejection
bands canalsobe reconfigured simultaneouby.

Index Term®y FDTD Method, Graphene, Matrix Exponential Meth8dhartFSS

|. INTRODUCTION
Frequency selective surfaces (Fa8)structuresised as filter§l], which areemployed usuéy by

periodicallydistributingoptimizedunit cells over surfacesFSSs have a great number of applications
in telecommunications, such &s desigring of radomes, absorbers and electromagnetic shielding
structureq 1]. In this context, FSSoperate as ban@ject filters,of which rejection ban(k) is(are)
depenént on the geometry(unit cell configuration)and material of their constitutive elements
Additionally, thickness andnaterialparameter®sf substratere also important designnaaneterq?].
However, traditional (metallic) FSS® nothave dynamic adjustmenft central frequencies dheir
rejection bandsln order b obtain suchfunctionality, graphene has been incorporated ietently
proposed-SSdesigng 3].
Graphene is awto-dimensional material consisting of a planar arrangement of carbon,aibms

which electrical properties are of particular interpgt such aghe dynamiccontrol of the complex

surface conductivitypy regulatingchemical potential/77, as described byKubo formalism [5].

Tuning of /M is performedby meansof a controlledexternaltransverseDC electric field which in
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turn is controlled by a gate voltagéc applied between the graphene sheet and an adectr

According to[6], |m]°® hv, \/( p|¥,|)/(eG), where 1 is the reduced Plank constam, is the

Fermi velocity, € is theelectric permittivity between the voltage source terminalss the electron
charge an@. is thegateextent Typically, 0 ¢ |777| ¢ eV and0¢ |V .| €OOCV.

Hybrid FSSsdesignedwith grapheneand metallicparts havebeen propose(i7]-[9], providing
reconfigurable rejection bandThe dectrical conductivity of graphene can also be modifizd
applyingexternal magnetic field, increasing the degrees of freedom to dynamically reconfigere FSS
[10], [11].

In this work, asmartFSS composed only of grapheslementsand a glass substratepsoposed
The main contribution of this paper consists on a neleds of smarteconfigurability, which is
obtained byoptimizing the proposedinity cell designed witha graphene ring and a graphene sheet
placed in its aperturd®y adjusting the chemit@otentials of two grapene elements of the unit cell,
the novel FSSdevicecan operat@as a) reconfigurablesinglebandfilter or b) reconfigurableduat
bandfilter. When the proposed FSS operates in its sibgled mode, smartness provides dynamical
frequencyreconfiguration of the rejection band. On the other hatdntheproposed=SSoperates
in its duatband mode,smartness provides the following capabilitigsl) dynamical frequency
reconfiguration of either of the rejection bamddividually, i.e.,maintaining theother ondixed, b.2)
dynamical frequencyffset of bothrejectionbandssimultaneouslylt is important to notice thahe
ability to operate as single or dual band device is not antoagcapabilitiesof graphene FSSs
designed inpreviously published papersuch as[2], [3] and [10]. Recently, Tasolamprou et al.
conducted experiments j&2] regarding measurements of Tidaves interacting with graphene sheet
set up over aSU-8 substrate, showingalfeasibility of fabricating the déce proposed in this paper.

In addition, animprovedFDTD formulation mainly based orMatrix Exponential techniquEL3],
is developed for calculatirelectric field and electric current density vectors on grapkbees. It is
demonstrated that the foulation produces a subcellular thin sheet of which thickness is that of
graphene.The poposed formulation andmart FSS are validatethy performingcomparisonsof
FDTD solutionswith those ofcommercial softwareuch adHFSS[14], COMSOL and CST

Il. MATHEMATICAL FORMULATION

In FDTD lattices graphene shegetan bemodeledas subcellular planar objects, similarly to the
formulation developed ifiL5]. Yee @Il facescontainingelectric field components defininge modes
are usedor performing the subcellulaepresentation of graphermuch as illustrated by Fig. 1 for the
TEz modg13], [15].
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Fig.1. Subcellular FDTD modeling ajraphenesheet in the Yee celli,j,k) based on specific updating equations for
tangential components d and J under influence ofE\;’: BOE_

The numerical representatiah graphends based on specific updating equatiasedto calculate
\Y] A\
the components oélectric field E andcurrent densityd which aretangential to the shegt3] (Ex,

A\
Ey, JandJy in Fig. 1) The influence ohormal component aéxternalmagnetic flux densityB can
be considered

According tothe Drude modeldisregardinginterband contibutions, the conductivity of the

graphenecan be represented by the terd@i [16]

S (W "g( g “ds) wm (¥

3 1
S (w Ol ") w3 @
where
_ 1+ jwt
Y Sy e @
g w, t
S S W <
and
2qtkT & a m o
5= o (a;@ % o 4

In (2) and(3), w, = qub\fF/ . is the cyclotron frequengyB; is thenormal component aéxternal

magnetic flux densityand V. is the Fermi velocity. In (4), Q. is the electron chargek, is the

Boltzmannconstant T is the temperaturei i s t he r educedf i®thatragsgod s
relaxation timeand /77 is the chemical potentialf grapheng5].

Fig. 2 shows the conductivity, (real and imaginary patand /., (plasmon wavelengtfi7] for
infinite area graphene shgeas a function of the cheoal potential /77, considering the isotropic

model of graphene( B, =0). As shown in Fig. 2, agn increases gradually, the real part of the
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conductivity and/ ., increase and soit does|A{$,( ®|. The gradual increase of thabsolute

P
conductivty, asinferred fromFigs. 2(a) and @), is related to a higher lelvef electromagnetic wave

reflection incidenbn surfacescomposed of graphen@s for /., the increase caused by the gradual

change of/m has a direct influence on the increase in plasmon wave velggisince

! pp = i 2o (5.2
Alky} f
and
ke =ky/1 {2/6, )] (5.2)

for whenBo = 0, where kg, is the plasmormvavenumbeand f is the frequencyThe parameterk,

and/, arethe weltknownfree space wavenumband wave impedance, respectively.

0
—10
2 2 20
-~ ~
o) 830
= (] e =
(8
.=0.55eV
—40 “h{__:(].ﬁ eV —m—
e =0.65 eV
H.=1eV —a—o
-50 : N -
0.01 0.1 1 10
Frequency (THz) Frequency (THz)
(@) (b)
300 T ‘ :
T T [ T 0 C\\; —
Mo =1meV ——
250 P =0.55eV —— |
= 06_2 e¥ ——
=0.65¢
/52007 p(,u‘.=le\f+7
3
E 150 | 10 e
~ 100 | i
¥
0
50 - 9 10 b
0 \r-s_.u_ . " - —

1 2 3 4 5 o6 7 8 9 10
Frequency (THz)

(©

Fig. 2. The real part of the conductivity of graphefie is illustrated in (a), its imaginary part in (b) adqpp in (c), for

B =0T, as functios of the chemical potentiak; .

Ontheregion containing thgraphene sheghefrequency domaimpeére's law can be written as
jwe( ye DH()wd,( ), (6)
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where E(W), H(W) and J,(w) are the Fourier transfosmof the electric field, magnetic field and
electric currat volumeric density respectivelyProvided that thehin graphene sheet of interest is
positioned atZ = Z, such as illustrated by Fig. its surface conductivity can lmescribedn terms of

theDirac impulse functiofl8] by

J.m=$(w @ -3) B ) @)
Integrating(7) in the interval[z, - [@/2, 7 +74®], where Dz is the lengthof the Yee cell edge
parallel toz (Fig. 1),and applying the sampling property of the impulgsgfion, one obtains
J,(mbz =( & M., , 8)

in which J(w) = jv( W B is the surface current densiBy using(1) and(8), one has

—

&5, ( WE( W "6 B )

JW=s(wB( W &4 )8 ) wit IEW) 9
c 0 l
Thus we may write
J (M =3 VE( )™ (5)EW ) (10)
and
J,m) = 5,( YE( I+ ) B ). 11
Applying (2) and (3) tq10), using (1) andtransforming(10) to time domairproduce
f%wx(t) =gE() -.mdfd. (12
Similar mathematicgbroceduregxecutedapplying(2) and(3) to (11) and using (1pyield
dJ (1)
t— F0 =50 L. (13
Equationg12) and (13 can be writterusinga compact matrixiotationas
BO_ gy S
" M &Xt) p E(t), (14
in which
_ (‘?2 G u
"Tew 2 @9

In (15, G 4/(2¢) is the scattering rate

In order to solve the matrix filerential equation given in (34the matrix exponential method is
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applied[13], [19]. At first, (14) is transformed to Laplace domaBubsequently,feer performing the
propermathematicamanipulationspnesees that

I =(d M) I() 2sf (5 ® ) E (3 (16)
Then,by applying thenverse Laplace transform (16), we have
JM)=€""" f(t) 25, S0 E(H . (17)

In the FDTD methodJ(t) and E(t) are calculatedn the discret¢ime lattice, a’lnstants(n+ }é) D

and nDxt, resgctively[20]. Consequently

A B 2%, B G", (18)
where
A=¢e"" (19
and
B=fy et (20)

Equations(19) and (20) can be ®#nplified using thematrix exponentialmethod Therefore both

equations are written in terms of the eigenvahfeM as

o G@COS(WCDt) -sin(y tD

A=e"™ Z (21)
Esin(w,Dt) cos(w D)
and
-2 GiD éC -C
B:ﬁmeMDtd'[ =M 1(@" © |-) = é d ° f (22)
Mf +(2 GZ eCo Cd L
in which
C,=2 G°® eosr, t)D wsin( wt) (23)
and
C, =w[€°” cos(w )] 2- si% wt) (24)
Therefore, theliscreteequations foupdatingJ, and J, are given by
é o @ N
el eE ',
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and
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Differently from what is proposedin [13], in this work componentsof surface current density
tangential to graphene sheedse calculatedat the same spatial positiondefined by Yee for
calculatingthe corresponding components of electric fisd¢chas Fg. 1 illustrates for agraphene

sheet placed parallelly tthe x-y plane This is necessary fgperforming physically-appropriate

calculatiors of the components o and E on graphensheets. This is due to the interdependence
betweend, and J, . specified by (1pand(13), which follows from the tensor nature of the electrical

conductivity (1) In this way, spatialaveragesof the field components must be considefed

computing(25) and (2%. Therefore, we have

1 2 1 1 1 1
2 -ld, 0 i i "

x|,+1k_z&]x|&,k ﬂx'im 3;<.|},k Jj_l} w o+ (27)
1] 2, g I 2,] I 2,] I 2]- | 2]

and
I R RIS RN & S 28
—— + i
y||+31k 4ge]y|”+k ylll'd é“ yilj ék in ”’*} ( ( )

Once the scalacomponents ofJ have been calculatedn the graphene sheeime domain
Amp rebd6s Law must domponergseoff . Thus the FOTDrequatibn faupdating

E, is

E n+1 — n +_$
><|1 EXll%lk e% W D

i+—,j Kk
2J

In an analogous way, it is possibleditain aFDTD equationfor E, |_“+1l . Notice that dividinglx

i,j+—k
2

by @ in (29), as required by (8), produces an effective conductivity on the sheet proportional to the
volume occupied by the graphene sheet in the Yee cell, according E®Ti2 thin material sheet

technique[21], which has beedirectly employed in[15] for modeling graphendn short, physical
surface conductivity of graphene is given®y(nw) = & v/ d, in whichd is the real thickness of the

graphene sheef5]. Thus, as previously stateds (W) =(D, Qd)/( D ,D) B( w.Therefore,
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S =(/D,)s(w =6 W D,justifying the choice of the integration interval used to produce

(8). Finally, E, and all components ofl are catulated exactly as in the original FDTD metHad].

In this work,the programming languagewas employedor implementing the proposed method

Ill.  VALIDATION OF THE DEVELOPED FORMULATION

In order to validate the FDTD formulation presented in Section él,fithquency response of the
graphene FSS described]it0] is reproduced in this paper. The numerical solutions obtained using
the FDTD routine developed in this work are compared wihlte calculated employing HFSS.

The FSS modeled for validatiougpases is illustrated by Fig.. 3he square unit cells have sides
(period) measuringD =5mm. The edge length of each square graphene element of the periodic
structure isD - g, where g =0.5/mm. The paameters of the FSS graphene sheetsare0.5 eV,

t =0.5 ps and T =300 K. For proper comparison of results with those provided[1§, the
graphene structure is simulated in free space (i.esubstrate relative permittivity i, =1 andh is
consequently irrelevant for this case). Finally, the s¢omgc is under influence of external

magnetostatic field = BOE, inwhichB, =1T.

5 foa/2 g », |8 Graphene
D l i |m@ Substrate
- P

Fig. 3. Geometry of the FSS ¢10] (perspective view of part of the periodic structure)

The computational domain used in the FDTD method to represent the unit cell of the FSS under
analysis has 20x20x400cells. In this mesh, the Yee cells are cubic, wigldges measuring

D =0.25mm. Beneath and above the periodic structure, convolutional perfectliyhedatayer

(CPML) formulation[22] is used, absorbing electromagnetic waves propagating outwardly the FDTD
lattice. Periodicity is achieved kapplying the PBC (Periodic Boundary Conditieg@thnique defined

in [23] at the side ends of a single period of the FSS. The FSS is exciteddnaaized plane wave
generated using the TF/SF techniqUietélField/Scatteredrield) [20], of which tempaal profile is
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governed by a Gaussian pulse with a minimum significant spectral amplitéice 20 THz.

In HFSS, graphene sheets are modeled résotopic surface impedances (designation of the

boundary condition in that software). Real and imaginanyspof each element o (W) (denoted

by Z (W) in the HFSS) over the entire frequency range under asalysiimported using an auxiliary

file. The matrix § *(#) is the inverse of (1). The eixation element called Floquet port and the

Master and Slave boundary conditions are used to enforce the periodicity to the problem.

Fig. 4 shows tle copolarization transmission coefficient obtained in this work using the proposed
FDTD modeling of graphenand HFSS. Over the full band of interest (0B THz), the frequency
responses obtained using FDTD and HFSS show good agreement with resealtdeprén[10], in
which the minimum cgpolarization transmission coefficient is B.2or the structure of if. 3,
occurring approximately at 4.70 THz.

1= - - :
E |
'S5 0.8F |
=
2 A (
= 061 |
27 ‘ HFSS ——
é FDTD 0O
E 0,4 - : Model of [10] O |
= A

0,2 | | ( | I
0 2 4 6 8 10

Frequency (THz)

Fig. 4 Validation of the developed FDTD methodology:paarization transmissiocoefficient.

IV. THE PROPOSED SMARFSS:DESIGN, ANALYSIS AND RESULTS

In this section, amartgraphend-SS is proposed. The uill of the structure of Fig. & replaced

by the unit cellillustrated by Fig.5. It is composed ofwo grapheneslementsa square ring with

chemical potential/7, and agraphenesheet placed coplanarly to the ring, in its apertwith
chemical potential7,. The proposed=SShas the followindixed parameterd =5mm, g = 0.5//m

anda = 100 nm.In addition, the magnetostatic field is not applied to the stru¢tdye 0). Notice
that those fixed parameters are based on the FSS propdddd, iof which unit cell has solely the
square graphene ring with aperture edgeasuringd = | = 2.25um (lacking the internal graphene
sheet proposed in this worlgvery grapheneslementof the unit cellis set up withf =0.25 psand

T =300 K. The substratés characterized by the parameters= 3.9 and h =17m.
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Fig. 5 The unit cell of tb FSS proposed in this work for dynamic change of the state of operation and smart tuning of

rejection band(s).

A. Design of amartgraphene FSS operating as dilnd or single banélter

As a preliminary procedure to obtain thmartmultiband FSS, & analyze the spectral response of

an FSSof which unit cell is formed by agraphenering setup with /7, =1 eV and arectangular

aperturewith the geometric paramets d = 0.25mm, | =2.25mm and d, =1.59/mm, as indicated in

Fig. 5. For thisinitial analysisthe graphensheet in the ring aperture is not included in the unit cell.
This configurationis investigated via FDTD and HFSS to dersivate that a rectangular opening
the grapheneing used ashe FSSunit cell produca more than one rejection barithis analysiss a
first step towardshe design of theproposedsmart FSS devicdn FDTD simulations the uniform
computational meshas160x160x40@ubic Yee cells,of whichedges meaure31.25nm.

As it can be seen in results Big. 6, this periodic structure has two rejection baids, it is adual
band FSS. By considering the rejection level of4 dB as referencethe lowerband rejection
window has reative bandwidtrof 40 %, ranging from 2.70 THz td.05THz. In this frequency range,
the minimum transmissioof -10.05dB is seemat the frequency d8.39 THz. The bandwidth of the
higherfrequencyrejectionband 6.437 7.38THz) is 13.76%. Theminimum tansmission is7.71 dB
at6.93THz.
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Fig. 6. ComparisonbetweenFDTD and HFSSresults FSS cepolarization transmission coefficiefdr the graphene ring
with rectangular apertureith dimensionsd = 0.25»,m and | = 2.25m-m, without the internal graphene sheet. Fuoez

grapheneing, [ceis setto 1 eV

Fig. 7(a) shows the spatial distribution of surface current derif,ilfw aFSS with unit cell formed
by the square graphene ring @@aphene shedt its aperture) at its resonance frequency.2® IHz.

On the other hand, Fig(h) showsjs distribution obtained when a graphene sheet is placed in its
apeture. For the case of Fig(l3), the chemical potentiatz, is set to the negligible value of 1 meV,

making it more transparent than the rimdyich is configured with /72, =0.75eV. Due to the small

conductivity level on the graphene shésgeFig. 2), its current density level is consighble smaller
than that seen on the rings it can be seaeby comparing Figs. 7(a) anqbj, the obtained current

distributions on the rings aextremelysimilar, characterizing the santgpe ofresonance.

Figs. 8(a) and @) showdistributions ofjsobtainedfor theFFSS based on thectangular aperture

graphene rindof which transmissiorcoefficients are shown by Fig) @t frequencies of minimum
transmission in each rejection bar®l39 THz and6.93 THz). In Fig. 8(a), obtaired at the first
resonance of the devicié,is shownthe establishmenof a dipole modesimilarly to that seen in Fig.
7(a) for the case of the squamperturering. In contrast, Fig8(b) shows a quadrupole mode for the
second resonance thfe structurewhich is a clear consequence of the fact that! . For the cases of
Fig. 7, the single resonance frequency observed iratfadyzed spectral range for the square ring is
caused mainly by thetensecurrents flowing from one of theuter borders of the ring, parallel yo

to theborder on the opposite side, separated by the distBrcg (seeFig. 5. This is also observed

in Fig. &a) for the first resonance of the rectangular aperture ring. Howbesecom resonancef
FSS based on the rectangular aperture igrdyiven mainly by the intense currents flowing between

edges of the ring and edges of the rectangular apefiuneh are set apartby the distance
(D- g -d)}/z, as it isperceptibleby inspectingFig. 8(b). This justifies the fact that ¢hsecond

resonance frequency (6.93 THz) is higher ttveine the first resonance frequency (3.39 THz).
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Fig. 7. js (A/m2) for the following FSSs: (a) square ring onl§], =1 eV andd =1 =2.25mmat f =3.29 THz and (b)

square ring with the graphesbeet in its aperture7?, = 0.75 eV, m =1 meV anda =100 nm, for f = 2.65 THz (first
resonance).

Thus, the main idea grounding the design of the proposed smart FSS is ugjrapttene sheet at
the rectangulaaperture of the ring to turn on or off the hifyhquency rejection band, producing two
reconfigurable operation modes. This is possible because setting the chemical potential of a graphene
sheet to zero makes it practigatransparent for electromagneticaves and the increment of this

parameter increases electrical conductivity of the graphene eldpesrig. 2). For the casein
which m =0 and m, @, the FSS operates mainlyelthe intense currensgen orthe ring ofFig.
8(c) (dipolemode), which is similar to the aant distribution seen in Fig(a) for the casbased on
the ring only. Additionally, when m approaches 1leV, a second resonance iateme working

supportednot only by the current distributioon the ringseen in Fig. &), whichis similar to the

guadrupolemode of Fig. &) of the rectangular aperture ring second resondnéealso spported
by the currents induced on the graphsheet in the ringpertureln summarywhen /1, and /7 are
much larger than zero simultaneoydlye space between the ring and the internal graphsheet
works similarly tothe rectangular aperture Bfg. b). Further, vinen /77 approaches zero, the inner

sheet becomeamearlytransparent and the FSS behaaealogouslas the structure of Fig(&).
For the proposed smart FSS, the dimensions associated to the aperturel ar2.25mm, and the
distance between the border of the aperture and the graphene sheetd® nm. In the FDTD

method, a uniform computational meshwith 200 2003 40( cubic Yee cells is used

(Dy= D0 =D 28 nm). In the mesh creatagsingHFSS, the minimum and maximum edges of the

triangular elements afl8 nm and270nm, respectively. ThiBnite elenentmesh is shown in Fi@.

The first operationstate is the duddand mode(mode on). As previouslyexplained it can be
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obtained by for examplesetting 7, = /71 4 eV. For thisstate setp, the firstrejection banchas a

relative bandwidth 0f29.30% (2.36- 3.17 THz), where the minimum transmission-g.19 dB at
2.78 THz. The secondransmissiomnejection band has a bandwidth28.30% (5.50- 6.9t THz), of
which transmission minimum is10.27 dB atf = 6.21 THz. As Fig. 10 shows, the transmission
minimumin the highetband rejection windovis 3 dB lower than the minimum of the first rejection
band.This is expected since the lowfeequency rejection band is mainly supported by theeosr
induced on the ring and the hiffiequency rejection band is supported not onlyinucedcurrents

on thegrapheneing, butalsoby induction on the graphene sheet in the ring aperinie. physical
behavior can be appreciated ingpectingFigs. 8(c) and8(d), whichillustrate js for the frequencies

corresponding to the first anlde second transmission minipraspectively.

The second operation state is siAgi#nd mode (modeff), which can be obtained by fixing
m,=0.75 eV and m =1 meV. In this state, the device works with a single frequency band of low
transmission levels since the graphene sheet placed in the-ages@e ring is virtually transparent.
The parameter], is set to 0.75 eV in order to maximize the coincidence of the single spectral

rejection range to the lower resonance band of thelwhrad mode. Thus, the minimum transmission
is -7.66 dB at f =2.65 THz. The relativebandwidth in this singknode configuration is

approximately 37.5C% (2.21- 3.2t THz), slightly smaller than the bandwidth of the lower

resonance band of the moole, as it can be inspected using Fig.a)0@Additionally as shown in Fig.
7(b), js distribution presents a dipole mode similar to that seen in Fig. 7(a) for the FSS without the

graphene sheet in the ring aperture. Table | summarizes the parameters of rejection benBSSf t

structure proposed and analyzed to this point of this paper.
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Fig. 8. js for the FSSs configured with7, =1 eV and with the followingparameters (a) d =0.25mm and
| =2.25mm for f =3.39 THz (first resonance, witimo graphene sheet the ring apertufe (b) d =0.25mm and

| =2.25mm for f = 6.93THz (second resonanasith no graphene sheet in the ring apentfep /M =1 eV anda =100

nm,for f =2.78 THz (first resonancef the proposed F9S(d) /M =1 eV anda =100 nm, for f = 6.21 THz (second
resonancef the proposed FSS
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Hei Hee

Fig. 9. Mesh generated in HFSS forodeling the=SS witha = 100 nm. Mesh details are highlighted.

TABLE |. REJECTIONBANDS OFFSS$

Lower rejection band Higher rejection band
FSS based oBrapheneing 40 %(2.70 4.05THz) 13.76% (6.43 7.38THz)
with rectangular aperture 10.05dB (3.39THz) 7.71dB (6.93THz)
Smart FSSluatbandmode 29.30% (2.36 3.17THz) 23.30% (5.50 6.95TH2)
7.19dB (2.78THz) 10.37dB (6.21THz)
Smart FSS singleand mode 37.50% (.21 3.23THz)
7.76dB (2.65THz) -

For sake offull validation of the developed FDTD formulation aimdplementedsoftware,
Figs.10(b) and 10(c) show comparisons of the FDTD results to numerical data obtained in this work
using COMSOL, CST and HFSS. As it can be observed, in both tigweraodesin which the

proposed FSSworks, our FDTD results agreavell with those calculated usinthe commercial

simulators.
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@)

(b) ©

Fig. 10. Cepolarization transmission coefficient faax = 100 nm:(a) the two proposed FSS operation confagions (b)
validation of FDTD model for theff mode and (c) validation of FDTD model for themode.

B. Finetuning of rejection band)
In this section, operation modes of the proposed device are presented alongswits and

physical aalysis, grounding the functioning mechanisms of the FSS.

B.1. Tuningexclusively thdigher rejection band (modmn)

In order tocontrollably obtain shifting exclusivelyof the higher rejection banith modeon, it is
sufficient toregulate?} . Thus, /7, is setto 1 eV and /7, can assumealuesbetween0.4eV and1.0

eV. Fig. 11 shows the transmission coefficients for four configurations of chemical potentials,
illustrating the shiftingolely of the higher rejection band~or thedemonstratedettings, the spectral
sweeping bands 1.89THz (from 4.33 to 6.22THz). The first regction band is not shifted, in such

way that its minimum transmission tends to be arduiil THz a7 is tuned.
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