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Abstract

Researchers have been interested in studying smalled LeftHanded Metamaterials LHM, which are artificial
materials. These materials have unusual characteristics, like negative permittivity and permeability, and therefore
negative index. This paper has En discussed some characteristics of LHM by designing a square split ring resonator
SRR and simulating with CST microwave studio (Computer Simulation Technology) to gep&@ameters. The
broadband frequencies (630) GHz were taking to specify the effectiveange of frequencies to work with, which was
found to be between (8 14) GHz.Then, the parameters of SRR have beearied such assplit width on, gapwidth,
metal width, rod width and metal material. The measurements showsome of parameters have beenaffected the
values of resonance frequencynd the others are not.Also, he negativevalues of permittivity, permeability, and
refractive index have been approved
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Introduction with simultaneous negativep andX were proposed

The magnetic permeability p and the dielectric theoretically, and investigated experimentally at 1
permittivity X are the primary characteristic Microwave frequencies (J. Zhoy 2008, P.J.F.
quantities, which define the electromagnetic waves Gonz’alez, 2015)

propagation in matter. This is becausef the reality In this paper several parameters have been
that they are the only parameters of the materials investigated such as, the effective range of
which appears in the Maxwell's equations frequency, the geometrical dimensions of a square

(A. Pandey and S. B. Rana, 2016) SRRand the type of metal material
Figure 1 shows a system of coordinate in which 11

and X values are marked on the axesAll known 'y

materials have been located in this diagram. The - I

first area for which p andXare positive contains the

majority of isotropic dielectrics, in the second area w=0.e<0 w=0.e=0

(u> 0, X< 0) there will be plasmas, both gaseous
plasmas and solid state plasmas(Y. Liua and X. I IV
Zhang, 2010) The third area,a medium with the
(x> 0, p< 0), contain materials such as
antiferromagnets and ferromagnets that have v
negative permeability near the ferromagnetic
resonance. Le#t handed materials, which belongs
to the third area, does not exist in nature Recently,
synthetic structures of a splitring resonator SRR
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Figure 1. p andXcoordinate system
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Theory and reflection coefficients of the EM wave were
measured using CST. Theyere used to determine
the electromagnetic characteristics, such as
magnetic permeability p, electric permittivity X, and
refractive index n (A.M. Siddiky, M.R.l. Faruque,
M.T. Islam, 2020)

SRR is a synthetic produced structure common to
materials of negative refractive index. Their
objective is to produce the required negative
permeability. These media relate the applied
electromagnetic field with the necessary strong
magnetic field created by this media. This way is
unavailable in conventional materials

(P. GayBalmazand O.J.F. Martin, 2002)lo obtain )
values of negative permittivity at microwave area, a Y ——hY ——(1)
metallic rod idea is suggestedKoray ! UAg T h. gLy d

Thus the structure incorporates a metallic rod

The reflection S1 and transmission $: coefficients
can be expressed as [18]:

along with SRR for electrical resonancéV. Sharma, " ¥  ——Q QU @ whh ——
S.S. Pattnaik,T. Garg and S. Devi, 20)11(J.B. Thus:

Pendry, A. J. Holden, D.J. Robbins and W.J. Stewart,s — j iqQ ca“ g iQ a
1999), and this was assured experimentally in GHz _—

frequency area(D.R. Smith, W.J. Padilla, D.C. Vier, v " (2)

S.C. NemaNasser and S. Schultz, 2000)H.O.

Moser, B.D.F.Casse, O. Wilhelmi, and B.T. Sawand

2005). In this work, thin wire media have been oo gy (3)

combined supplying negative permittivity and SRR

supplying neggtlve permeability to get lefthanded where R is the reflection coefficient of an incident
electrom_agnetlsm. : . .._wave on the interface between free space and a
The design SRR has two enclosed rings with SpIItsmetamaterial z is the impedance, d is the length of
in them at adverse ends. The rings are made ofy . element’ k is the wavenu’mber X is the
non-magnetic metal like aluminum, copper, gold, or transmission’ coefficient, and m is ,the branchZ

silver with a finite space between them. The rings consequert sinusoidal periodic function (X. Chen, T.

can be square, circle, or any other shape. A M. Grzegorczyk, Badan Wu, J. Pacheco, Jr., and J. A.
magnetic flux that penetrates the rings will induce Kong, 2004, (H ’Ayad 20125 T

circular currents in the rings, which produce their

flux to support or oppose the incident field (J.D. _ _

Baena, J. Bonache, F. Martin, R.M. Sillero, F. FalcofigSults and Discussions

T. Lopetegi, M.A.G. Laso, J. Gai@Garcia, . Gil, M.F. SRR acts as an important part of the LHMs
Portillo and M. Sorolla, 2005) (R. Marqués, J. structure; its structure has elements of capacitive
Martel, F. Mesa, and F. Medina, 2002), (J. Naqui, Mhat raise the reaction of the material to EM
Duran- Sindreu and F. Martin, 2011) radiation (Y. Liua and X. Zhang, 2010Yhe mutual
In general, many electrical properties of electrical capacitance between the pair of rings allows the
components (inductors, capacitors, resistors) may flux of the current to pass through the structure,
be expressed using Parameters. There are two but the capacitance results from the splits prohibit
types of Sparameters, the first one is the current flux around the rings. Inductances come
transmission Si, and the second is the reflection from the gap between the outer and innerings and
Su. Sparameters give an idea about the behavior of the conducting rings (Y. Liua and X. Zhang, 2010)
electrical devices (e.g., antennas, microwaveFigure 2 illustrates a SRR responsible for the
components, etc.) and measure the target's ability negative value of y, with a rod made from the same
to reflect electromagnetic enegy towards a Mmaterial of SRR which is responsible for the
receiver. The Sparameters are the quotient negative value ofx. The paraneters split width g,
between the output signal spectrum and the input gap distance d, metal width wt, and rod width sl
signal spectrum (given as the ratios of the incident are presenting This designwere performed with
and scattered wave parameters)(S. Amakawa, CST Microwave Studicand a simulation was done
2016), (J.B. Pendry, A.J. Holden, D.J. Robbins, With normal incidence and the magnetic field is
Stewart, 1999), (H.O. Moser, B.D.F. Casse, OJpolarized with z-axis while the electric field is
Wilhelmi and B.T. Saw, 2005) The transmission polarized at xaxis to get S parameters that are
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important to check the refraction, reflection, and transmission properties of such metamaterials.

ﬂr-——-—-r—m—_

B g . a 0" L=2.5mm l————q’_
| ?

wt

L=25mm —
a b

Figure 2. Sngle unit cell, a) front viewof SRR, andb) back view

1) Frequency Variation bandgap of S2L.a spectrum was found at the

In this section, the effect of the frequency on the;s (6-9.8) GHz regionas shown inFigure 4, and he
and S; parameters has been stuigd at broad band Second bandgap was Figured out between
(0-30)GHzas shown in Figure 3. The valus of S (10.5-14) GHz. The peaks and band gaps consider a
parameter starts varying at 8 GHz going up to the frequenc_y of the resonator of SRR, therefe the
peak value at 10.4 GHzThen the curve start WOrkregion has to be around (814) GHz.

decreasing until 14 GHz and the bandyap of the

S1leaspectrum was between (1214) GHz. Also,he

[¢V)

S-Parameters [Real/Imaginary Part]

— 51,1 (Re)
----- 51,1 (Im)

Freauencv / GHz

Figure 3. Real and imaginaryparts of S11 parameters of a square SRR

S-Parameters [Real/Imaginary Part]

52,1 (Re)

----- 52,1 (Im)

Frequency / GHz
Figure 4. Real and imaginary parts of S21 parameters of a square SRR
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2) Effect ofSplit Width (g)

Figures 5 and 6 explain the real and imaginary
parts of S11 and S21 parameters, respectively.
Where the split width has been varied (0.140.5)
mm, notice that the other dimensions of the SRR
were set constants at (d=2.2wt= 0.2and s= 0.149

mm, see Figure 2. The frequency was set in the
range (814) GHz The effective resonance
frequency of every split width value has been
calculated, and the results showed that the
resonance frequency increases as spliwidth

increases, as shown in Table 1 ariigure 7.

S-Parameters [Real/Imaginary Part]

—— 51,1 (g=0.3) (Re)
— — 51,1 (g=0.3) (Im)
—— 51,1 (g=0.2) (Re)
— — 51,1 (g=0.2) (Im)
—— 51,1 (g=0.1) (Re)
— — 51,1 (g=0.1) (Im)

—— 51,1 (g=0.5) (Re)
— — 51,1 (g=0.5) (Im)

Frequency / GHz

Figure 5. Real and imaginary partof S11 parameters of SRRr different split width g

S-Parameters [Real/Imaginary Part]

—— 52,1 (g=0.3) (Re)
— — 52,1 (g=0.3) (Im)
—— 52,1 (g=0.2) (Re)
— — 52,1 (g=0.2) (Im)
—— 52,1 (g=0.1) (Re)
— — 52,1 (g=0.1) (Im)

—— 52,1 (g=0.5) (Re)
— — 52,1 (g=0.5) (Im)

[~

Frequency / GHz
Figure 6. Real and imaginary partof 21 parametersfor SRR at different split width

Table 1. Effective resonance frequencyor every split width

Split width | Effective frequency | Effective frequency
g (mm) f (GHz) for S1lrea f (GHz) for S21real
0.1 w8uTmae W8T XTI
0.2 w8 XX O W3 XTT
0.3 pMIB8pPOT pnismnyyY
0.4 pnt8couy P8P WY
0.5 p M3 @ P81 PG
N 102 - B
g
g 10 B
E 9.8 I
E:% 9.6 -
9.4
0 0.‘1 0.‘2 0.‘3 0?4 015 016 0.7

Figure 7. The values of resonance frequency versus the split width g, for Sédlal, and S2Ireal

Gap Dimension (mm)
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Then, the values of real and imaginary of of each the two plates of the capacitance (g), and this in
gap width have been extracted from $arameters turns a decrease in the total capacitance of the
using postprocessing of CST program as iRigure system.

8. It is obvious that the negative values of were It is noteworthy; the parts of real and imaginary of
found in the frequencies below 13GHz. Also, the X of the composite medium are negative under the
negative values of p have been estimated using thebi AOI A AOANOAT Aus #1 1 OA
same manner and it seems that these values shifted(9.25-10.25) GHz, which are belong to each gap
to the right (higher frequency or shorter width value the shape ok diverges from the model
wavelength) as g increases, as exhibited irigure 9. of Drude. u« has positive and negative high values
This happens because the increase in g means & O1 O T..A belween 9.75 and 11.5 GHz belonging
decrease in the capacitor of the split, which is to each gap width value.

inversely proportional with the distance between

Epsion_r [Real/Imaginary Part]

— Epsion_r (g=0.5) (Re)
— — Epsion_r (g=0.5) (Im)
— Epsion_r (g=0.4) (Re)
(g=04) (
(g=0.3) (
(g=0.3) (

— — Epsion_r (g=0.4) (Im)
— Epsion_r (g=0.3) (Re)
— — Epsion_r (g=0.3) (Im)

— Epsion_r (g=0.1) (Re)
— — Epsion_r (g=0.1) (Im)

lon

Figure 8. Real and imaginary parts of electric permittivityX for different split widths

Mu_r [Real/Imaginary Part]

8 9 10 1 12 13 14

Figure 9. Real and imaginary parts of magnetic permeability p for different split widths

Finally, these data together with the calculated frequency area matches with the lefhanded
transmission and reflection phase data are used to transmission band.

calculate the refractive index Ry of the LHM media

for different gap widths. Real and imaginaryparts

of nest are given inFigure 10, and it shows that rhas

negative values around (9.250 10.25) GHz. This
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n [Real/Imaginary Part]

n (g=0.5) (Re)
— — n(g=0.5) (Im)
n (g=0.4) (Re)
— — n(g=0.9) (Im)
n {g=0.3) (Re)
— — n (g=0.3) (Im)

n (g=0.1) (Re)
— — n(g=0.1) (Im)

-6 + t + + t
8 9 10 11 12 13 14

Figure 10. Real and imaginary parts of refractive index n for different split widths

3) Effect ofGap Distancefd) AOA AOTOT A jwsocye"pgaBoooeq
In this section, the area of the inner square hasincreasesthe self-inductance of the inner square

been changed by changing  length of its four Will increase, and also there is an increase in
sides (a)’ and the area of the outer square is kept mutual CapaC|tance and mutual inductance of the

constant. Also the other parameters are kept System becausethe distance between the two
constant (g= 0.3, wt= 0.2 and s= 0.14mm. Where Squares (gap) will decrease So, this will lead to
(a) is taken to be(a= 1, 1.2, 1.4, and 1)6mm. decrease in the resonance frequencgyin other

Figures 11 and 12 display the real and imaginary Words, increasing the distance between the two
spectra of $; and S: with different values of (a), Squares will increase the resonane frequency, as
Peaks of the real spectra of .gare around illustrated in Table 2 andFigure 13.

(9.416-11.714) GHz. @ips of the real spectra of S21

o

S-Parameters [RealTmagnary Part]

0.6 ; i P : ! —511 (f=1) (Re)
T L T RTRTN S B S LY. L)
—511 (f=1.2) [Re)
w311 (F=1.2) (Im)
=511 (f=1.4) (Re)
511 (f=1.4) {Im)
=511 (f=1.6) (Re)
w511 (f=1.6) (Im)

0.8 =7
-1

] 9 10 11 12 13 14
Frequency [ GHz

Figure 11. Real and imaginaryparts of S11parametersfor different side lengths of inner square

S-Parameters [Real/Imaginary Part]
: —— 52,1 (f=1) (Re)

— — 52,1 (f=1) (Im)

—— 52,1 (f=1.2) (Re)
— — 52,1 (f=1.2) (Im)
—— 52,1 (f=1.4) (Re)
— — 52,1 (f=1.4) (Im)

Frequency [ GHz
Figure 12. Real and imaginary parts of S21parameters for differergide lengths of inner square
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Table 2. Effective frequencyfor different values of gap distance d and square sidength a

The side length of inner square a (mm) | Gap distance | Effective frequency | Effective frequency
d (mm) f (GHz) for S11 f (GHz) for S21
1 1 11.714 11.666
1.2 0.8 11.342 11.294
14 0.6 10.664 10.616
1.6 04 9.416 9.386
12 T T 1 12
H— 511 o 3
& ==
11.5 4 15} e 1
H\ /;___.---"
: = 3 7
E 10.5 \ 1 u_'_* 10E i 1
é 10 \ 1 E 0} . ]
a5 \ - a5t {’-. ]
%3 IZI.‘E|I 1 !.1 1I2 1I3 1I-l 1I5 1IE 1I? 1.8 E! cnl.- [E] cIIE or 08 %] 1 1 1.2
8 [(mm) ol i)
a b

Figure 13. a). The values of resonance frequency versus side length of the inner square
b) The values of resonance frequency versus gap distance d

The real and imaginary values of permittivity for The effective refractive index of the LHM media forz

each a length have been

extracted

from eachalength was calculated from transmission and

Sparameters as inFigure 14. The negative values reflection coefficients. The Refractive index has

of permittivity were in about (8-13) GHz ranges as negative values around (8.2L13) GHz as

in Figure 14. Also, the negative values of the Figure 16.

magnetic permeability were in

(9.357-14) GHz as irFigure 15.

the range

Epsion_r [RealImagnary Part]

in

—Epsilon-r (a=1) (Re)

Epsilon-r (a=1) {lm)

—Epsilon-r (a=1.2) (Re)
.Epsilon-r (a=1.2) (lm)
—Epsilon-r {a=1.4) (Re)
.Epsilon-r (a=1.4) (Im)
—Epsilon-r (a=1.6) (Re)
—Epsilon-r (a=1.6) (lm)

10

1 12

Figure 14. Electric permittivity Xreal and imaginary parts of differentlengths of inner square

14
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20

Mu_r [RealTmagnary Part]

=—Mu-r {a=1) (Re)

e Mlu-r {a=1) (Im)

—Mu-r (a=1.2) (Re)
e Wlu-r (@=1.2) (1m)
—Mu-r {a=1.4) (Re)
e Mlu-r (3=1.4) (1m)
—Mu-r {a=1.6) (Re)
wallu-r {a=1.6) (Lo}

7 R S R . S R S

Figure 15. Realand imaginary parts of magnetic permeability pfor different side lengths of innersquare

n [ReayImagnary Part]

— n {a=1) (Re)
w1 {@=1) {lm)
— n [a=1.2) [Re)
et [@=1.2) {lm)
— n {a=1.4) (Re)
e 11 [@3=1.4) (I}
— n {a=1.6) (Re)
e T {@=1.6) (Inn)

&
Figure 16. Realand imaginary parts of refractive index fordifferent side lengths of inner square 8
4) Effect ofMetal Width (wt) decrease in the inner square area or a decrease in

spectra for S11 and S21 with different metal widths before, leadto a decrease in the total capacitance

(wt= 0.2, 0.25, 0.3 and 0.35) mnHere, we changed and total inductance, which in turn led to an

the metal width of both outer and inner rings. The increase in the resonance frequency. i.e., increasing

and s= 0.14)mm. By fixing the outer ring area, the frequency as in table 3 andrigure 19.
increase in metal width will be companied by a

S+Parameters [RealImagnary Part]

—511 (wt=0.35) (Re)
w511 (wt=0.35) {Im)
—511 (wt=0.3) (Re)
w511 wt=0.3) (Im)
—511 (wt=0.25) (Re)
511 (wi=0.25) {Im)
—511 {wit=0.2} (Re)
w511 (wi=0.2) (Im)

Figure 17. Real and imaginary jrts of S11parameterdor different metal widths
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SeParameters [RealImaginary Part]

1 —

0.8 : ' ~512 (wt=0.35) [Re)
06 w512 (wt=0.35) (Im)
' =512 (wi=0.3) {Re)
04 : : . w512 (we=0.3) (Im)

k w512 (wit=0.25) (Im)
0 =512 (wt=0.2) (Re)
02 w512 (wt=0.2) (Im)
94
06
08 -

8 9 10 1 12 13 14
Figure 18. Real and imaginary parts of S21parameters for different metal widths

Table 3. Effective frequencyfor different metal widths

Metal width Effective frequency Effective frequency
wt (mm) f (GHz) for S11 f (GHz) for S21
0.2 10.13 10.088
0.25 10.892 10.796
0.3 11.63 11.588
0.35 12.512 12.482
13 . . . . . . . . . 9
—&— 51
—+— S21
1251 -
g 12¢ -
E? M5¢ -
§ MM ]
el
1056 -
10 1 I 1 1

1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 05
wt (mm)
Figure 19. Thevalues of resonance frequency versus the metal widths

The real and imaginary values of dielectric as in Figure 21. The effective refactive index for
permittivity for each metal width have been different gap distances was calculated from
extracted from Sparameters asin Figure 20. The transmission and reflection coefficients as in
negative valuesof permittivity were in the range Figure 22.

(8-13) GHz. Also, thenegative values of the

magnetic permeability in the range (10.0714) GHz
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Epsion_r [RealImagnary Part]

=Epsilon-r (wt=0.35) (Re)
... Epsilon-r (wit=0.35) (Im)
= Epsilon-r (wi=0.3) (Re)
... Epsilon-r (wt=0.3) (Im)
— Epsilon-r (wi=0.25) (Re)
... Epsilon-r (wt=0.25) (Im)
= Epsilon-r (wt=0.2) (Re€)
... Epsilon-r (wt=0.2) {Im)

Figure 20. Real and imaginary parts of ectric permittivity Xfor different metal width

Mo s [Reafmagoary Pat]

=Mu-r (wt=0.235) (Ee)
o Mu-r (wit=0.35) (Im)
= Mu -r (wt=0.3) (Ee)
ver Mu -r {(wt=0.3) {Tm)
= Mu -r (wit=0.25) (Re)
v Mu -r (wi=0.25) (Im)
— Mu -r (wt=0.2)(Ee)
vee Mu -r (wt=0.2) (Im)

s s. .s s
] 9 10 1n

=

14

=0 (wi=0.35) (Re)
ol (Wi=0.35) (Tm)
— n (wi=0.3) (Re)
oo MW =03) (Tm)
- n (wi=0.25) (Re)
vee I (W 1=0.25) (Tm)
= n (wi=0.2) (Re)
oo W t=0.2) (Tm)

t t t T t

8 9 10 1 12 13 14
Figure 22. Real and imaginary parts of efractive index for different metal width

dn b o R P o e P W s WA O
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5) Effect ofRod Width (wt= 0.14, 024 and 0.34) mm. These curves show

In this section,the rod width has been changedthe that the effect of the rod width on the resonance
metal rod behind the SRR, which is responsible for frequency is very limited, as in table 4 andrigure

the negative permittivity in this metamaterial), 25 and this can be confirmed inFigures of

while other parameters were kept constant (g= 0.3 Permittivity and permeability and refractive index

d= 2.2, and wt= 0.2mm. of Figures 26-28, the difference in the dips
Figures 23 and 24 display the real and imaginary frequencies is almost negligible.

spectra of S11 and S21 fodifferent rod widths

S-Parameters [Real/Imaginary Part]

0.6

—— 51,1 (5=0.14) (Re)
— — 51,1 (s=0.14) (Im)
—— 51,1 (s=0.19) (Re)
— — 51,1 (s=0.19) {Im)
5 —— 51,1 (s=0.24) (Re)
— — 51,1 (s=0.24) (Im)

—— 51,1 (5=0.34) (Re)
— — 51,1 (s=0.34) (Im)

Frequency / GHz
Figure 23. Realand imaginary parts of S11parametersfor different rod width

S-Parameters [Real/Imaginary Part]

—— 52,1 (s=0.14) (Re)
— — 52,1 (s=0.14) (Im)
—— 52,1 (s=0.19) (Re) 11
— — 52,1 (s=0.19) {Im)
—— 52,1 (s=0.24) (Re)
— — 52,1 (s=0.24) {Im)

—— 52,1 (5=0.34) (Re)
— — 52,1 (5=0.34) (Im)

Frequency / GHz
Figure 24. Real and imaginary jrts of S21parametersfor different rod width

Table 4. Effective frequencyfor different rod widths

Rod width Effective frequency Effective frequency
s (mm) f (GHz) for S11 f (GHz) for S21
0.14 10.46 10.418

0.19 10.58 10.532

0.24 10.586 10.538

0.29 10.604 10.562

0.34 10.616 10.574
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Figure 25. Thevalues of resonance frequency versus thed width
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Figure 26. Electric permittivity Xreal and imaginary partsof different rod widths
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Figure 27. Magnetic permeability preal and imaginary partsof different rod widths
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Figure 28. Refractive index n real and imaginary parts for different ofod widths
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6) EffectChangeof the Material effect on the values of $arameters as inFigure 29

for S11 and S21, which we got it for every one of
the four metal types.

The effect of the metal type of the SRR and rod in
this section were studied (aluminum, gold, silver,
and copper) and it is observed that there is no

S-Parameters [Rea|Imagnary Part]
1 - - S-Parameters [RealImagnary Part]

2 . :
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Figure 29. Real and imaginary parts of S11 and S21 parametefiar aluminum, gold, silver, and copper (the curves are identical

Conclusions capactances and inductances

This work aimed to study metamaterials physics Also, it found that the metal width of the rod behind
with a concentraton on negativeindex SRR nearly does not affect the results. In addition to
metamaterials and their applications in the that, there is no effect of the material type of the
microwave area. We described negative values ofSRR and rod metal on the results of $arameters.
permittivity, permeability, and refractive index
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