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ABSTRACT 

The past few years have been very eventful with respect to the evolution of the concept and implementation of “left- 
handed materials (LHMs)”. This paper elucidates antenna parameter optimization using 2 Segment Labyrinth metama-
terial embedded in antenna substrate at high frequency (THz). Ansoft HFSS has been used to design and analyse the 
RMPA (rectangular microstrip patch antenna) with design frequency 9.55 THz and operating range of 8.55 THz to 
10.55 THz having RT Duroid (εr = 2.33) as substrate material. Magnetic properties of labyrinth resonator have been 
used to mathematically demonstrate the negative refraction. Nicolson Ross Wier (NRW) method has been used to re- 
trieve the material parameters from transmission and reflection coefficient. Upon incorporation, bandwidth widens to 
around 4% and VSWR improves by approx 1.5%.  
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1. Introduction 

“Metamaterials” (MTMs) are engineered to modify the 
bulk permeability and/or permittivity of the medium. 
They are realized by placing periodically the elements of 
size less than the wavelength of the incoming electro- 
magnetic wave. This results in “meta” i.e. “altered” be- 
havior or behavior unattainable by natural materials. 
Slight changes to a repeated unit cell can be used to tune 
the effective bulk material properties of a MTM, replac- 
ing the need to discover suitable materials for an applica- 
tion with the ability to design a structure for the desired 
effect [1-5]. Examples of MTMs are single negative ma- 
terials (SNG) like ε negative (ENG) which have effective 
negative permittivity and μ negative (MNG) which have 
effective negative permeability, and double negative ma- 
terials (DNG) [6].  

It is worth recalling that negative values of permittiv- 
ity are inherently bandlimited phenomena and such a 
condition can hold only at a certain frequency (accompa- 
nied with imaginary part of permittivity). The frequency, 
at which absolute polarizability becomes infinite and real 
part of permittivity is value “−2”, is called Frohlich fre- 
quency [7]. Particle shape has effect on the value of 
negative permittivity corresponding to Frohlich reso- 
nance. The geometry of negative permittivity particle has 

a strong effect on its surface plasmonic properties. 
The past few years have been very eventful with re- 

spect to the evolution of the concept and implementation 
of “left-handed materials (LHMs)”. The cross product of 
E and H is proportional to the k vector and the E or H 
field. These vectors follow the right hand rule. Power 
flow is described by the Poynting’s Vector (S). The ma- 
terial values of particular interest to the electromagnetics 
community are the values of permittivity, ε, and perme- 
ability, μ. Taken together, ε and μ determine the speed of 
electromagnetic propagation through a medium and the 
square root of their product determines the refractive 
index (n). A real wave vector indicates a propagating 
wave, while an imaginary wave vector indicates attenua- 
tion (an evanescent wave). Therefore, upon entering a 
medium with altered material parameters, i.e. negative ε 
and μ, the group and phase velocities have opposite signs 
and are antiparallel, indicating that wave fronts move 
towards a source in this material creating a “backwards 
wave”. However, Poynting’s vector, which is defined by 
E × H, is still positive, power travels away from the 
source and causality is maintained. Thus the S vector 
follows the right hand rule, while the k vector is anti- 
parallel to the S vector. 

A fresh approach to microwave and optical devices 
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presented itself with the interesting breakthrough in the 
area of MTMs at high frequencies. The software tool 
HFSS is used because it is a high performance full wave 
electromagnetic (EM) field simulator for arbitrary 3D 
volumetric passive device modeling [8]. It integrates 
simulation, visualization, solid modeling, and automation 
in an easy way to learn environment where solutions to 
3D EM problems are quickly and accurately obtained [9].  

Section 2 adumbrates RMPA design using Ansoft 
HFSS with design frequency 9.55 THz and operating 
range of 8.55 THz to 10.55 THz. Section 3 abridges the 
design of 2 segment Labyrinth MTM with resonant fre- 
quency 9.55 THz having RT Duroid (εr = 2.33) as sub- 
strate material and gives the mathematical proof of the 
designed MTM. Section 4 elucidates antenna parameter 
optimization using the proposed metamaterial. Section 5 
concludes the paper. 

2. RMPA Design 

2.1. Design 

RMPA i.e. Rectangular Microstrip Patch Antenna, as the 
name implies consists of a rectangular patch over a mi- 
crostrip substrate as shown in Figure 1. Its major disad- 
vantage is relatively low-impedance bandwidth which 
limits the field of application of these antennas. Band- 
width of RMPA can be improved by several methods 
available in literature e.g. use of thick substrates, addition 
of parasitic patches. The implication of such methods 
will not just increase the complexity of system, but will 
have adverse effect on gain of the antenna. Also, such 
methods involve changes in the parameters of the de- 
signed antenna. This calls for a novel technique to in- 
crease the bandwidth of antenna without altering its pa- 
ramenters and without much affecting the antenna’s ra- 
diation properties. Henceforth, we introduce the meta- 
material based antennas.  

Transmission Line model represents RMPA as two 
 

 

Figure 1. Rectangular microstrip patch antenna. 

slots of width, w, and height, h, separated by transmis- 
sion line of length, l. Thus, it is a non homogeneous 
structure made up pf two dielectrics i.e. substrate and air. 
This shows that substrate and air will have different 
phase velocity and the dominant mode of propagation 
will be quasi-TEM. Therefore effective permittivity, εeff, 
comes into consideration. There is fringing effect at the 
edges of patch, due to which the patch appears to be 
longer. So, Leff, i.e. effective length is defined which is 
obtained by adding 2Δl (additional length Δl due to 
fringing on each end) to the length obtained by using 
mathematical design equations [10]. Ground plane has 
length, lg, and width, wg. The tangential components of 
electric field are in phase. Therefore, maximum radiated 
field is normal to the surface of the structure. However, 
normal components of the electric field at the two edges, 
along the width, are out of phase. Hence, there is no ra- 
diation in broadside direction. As per transmission line 
model ground plane should be infinite in extent. Practi- 
cally, ground plane is finite with size greater than the 
patch dimensions by approximately six times the sub- 
strate thickness.  

The operating frequency range of the designed antenna 
is 8.55 THz to 10.55 THz with centre frequency 9.55 
THz. The substrate is RT Duroid 5870 (εr = 2.33). 

Constructional details are shown in Table 1. 
Using design parameters RMPA has been designed in 

Ansoft HFSS as shown in Figure 2. 

2.2. Simulation Results 

RMPA has been simulated in HFSS. Figure 3 shows the 
simulation results where S11 is return loss or reflection 
coefficient and S21 is the gain of the antenna. 

Simulation results have been shown in Table 2. 
 

Table 1. Design parameters of RMPA. 

Frequency range 8.55 - 10.55 THz 

Center frequency 9.55 THz 

εr 2.33 

εeff 2.05 

h 2 µm 

w 12.17 µm 

Leff 10.96 µm 

ΔL 0.99 µm 

L 8.98 µm 

Lg 20.98 µm 

Wg 24.17 µm 
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It can be seen that S11 is crossing 10 dB line and 
VSWR is less than 2 indicating that less than 10% of the 
power is reflected. Therefore, 10 dB line is considered as 
good reference for matching conditions. Bandwidth is 
0.8508 THz, which is range of frequencies with VSWR < 
2. 

 

3. Proposed 2 Segment Labyrinth MTM 

Figure 2. RMPA design in HFSS. 
 

Table 2. Simulation results of RMPA at 9.55 THz. 

Parameters RMPA 

S11 (dB) −14.1150 

S21 (dB) −2.9384 

VSWR 1.4904 

Bandwidth (THz) 0.8508 

E plane gain in dB 10.71 

H plane gain in dB 10.62 

E plane 3 dB beamwidth in deg 47.88 

H plane 3 dB beamwidth in deg 48.38 

Peak directivity (dB) 4.66 

Front to back lobe ratio (dB) 3.88 

Multiple split ring (2 segment) Labyrinth metamaterial 
has been proposed having magnetic resonance. It be- 
haves as MNG i.e. Mu Negative Group. Such materials 
have negative permeability over some frequency region 
[11,12]. The parameter retrieval i.e. parameter extraction 
using S parameters [13] has been followed using NRW 
approach to observe the negative permeability region of 
SRR MTM. The constructional details along with the 
curve are as under. 

3.1. Constructional Details 

It is constructionally very simple, consists of a 2 segment 
SRR with RT Duroid Substrate [14,15]. It is designed in 
such a way that the inclusions are much smaller than the 
operating wavelength. Such structures can be denoted by 
quasi-static equivalent LC circuit. Unit cell formed in 
HFSS is shown in Figure 4(a) with constructional details 
in Figure 4(b) where thickness “t” of the conducting 
metallic inclusions (N = 2) is 30 nm, height “h” of the 
substrate is 1.6 nm, conductivity “ρs” is 0.017 × 10−6 ῼm,  

 

 
(a) 
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(b) 

 
(c) 

Figure 3. (a) Return loss and Gain; (b) VSWR; (c) Radiation pattern in E and H plane of RMPA.    
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(a) 

 

(a) 

Parameter Value (in µm) 

l 5.65 

g 0.4 

s 0.2 

w 0.9 

(b) 

Figure 4. 2 segment Labyrinth SRR MTM (a) unit cell de-
signed in HFSS (b) constructional details with tanϐ = 0.01. 
 

(b) “l” is the side length of the external ring, “u” is the width 
of the strips, “s” is the separation between two adjacent 
strips, “g” is the gap width. 

 

3.2. Simulational Results 

Ansoft HFSS has been used to simulate the unit cell de- 
signed in Figure 5(a) having metamaterial in the dielec- 
tric substarte bounded by box on either side having air as 
material and radiation boundary [16]. The boundaries and 
lumped ports (1 and 2) have been assigned as per Figures 
5(b)-(d). Nicolson Ross Wier (NRW) method has been 
used to calculate the material properties from transmis- 
sion and reflection coefficients. (c) 

It can be observed as in Figure 6 that magnetic reso- 
nance is seen at 9.55 THz. 

 

3.3. Mathematical Proof 

2 segment labyrinth SRR MTM has magnetic properties 
because of internal inductances and capacitances. It can 
be simplified in terms of combinations of parallel RC and 
series RL. Using transmission line theory (quasi-static 
regime), we can draw its equivalent circuit as in Figures 
7(a) and (b).  

The L is the inductance per unit length of the loop and 
C is the equivalent capacitance .This circuit has capaci- 
tances from two regions: 1) capacitance from gap “g” in 
the rings named C1 in parallel with resistance R2; 2) ca- 
pacitance between the split rings named C2 in parallel  

(d) 

Figure 5. (a) Unit cell for simulation; (b) H field; (c) E field 
pecifying boundary condition; (d) Lumped port. s    
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Figure 6. Resonance in permeability at 9.55 THz. 
 
with R3. Also, series resistance R1 is to take into account 
the losses in the conductor and a shunt resistance R2 and 
R3 are taken to describe the losses in the dielectric sub- 
strate as shown in Figure 7(b). Here, length of the gap 
plays a significant role and C1 and C2 are of the same 
order of magnitude. 

The expressions for L, C1 and C2 are given by Equa- 
tions (1), (2) and (3) as below [9]:  

0 ln 2
2 4

avg avgl l
L

w

   
   

  
 



            (1) 

where µ0 is the vacuum permeability, lavg is the average 
strip length calculated over all the rings 

  4 1avgl l N u s             (1.1) 

Using 1.1, we get, lavg is 13.8 µm. Therefore, L is 1.58 
× 10−12 H. 

     0
1 1 4 2

16 2

C N
C N l g s w

          
    (2) 

“C0” is the per-unit-length capacitance between two par- 
allel strips having width “w” and separation “s” in the 
presence of a dielectric substrate of height “h” and rela- 
tive permittivity “ sub

r ” and is given by Equation (2.1). 

 
 

2

0 0

1
sub
r

K k
C

K k
 


           (2.1) 

 
(a) 

 
(b) 

Figure 7. (a), (b) Equivalent RLC circuit of 2 segment SRR. 
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where εo is the vacuum permittivity, “K” is the complete 
elliptic integral of the first kind,  2k s s w  , and 
“ sub

r ” is the effective relative permittivity related to the 
dielectric filling the substrate is given by 

  2
1

π 2π
1sub

r

h
artg

w s


 
  

 
 r      (2.2) 

0

2 2 2
arccos

π
2 2 sub

r

w g w g
N

g
C  

 

 

 h




2

   (3) 

Using above expressions we have found out, k = 0.1, 
, , , C0 = 

7.71 × 10−11 F. Therefore, C1 is 9.15 × 10−17 F and C2 is 
7.62 × 10−17 F. Thus, the resultant Capacitance by virtue 
of C1 and C2 is the series combination of two. So, 

  1.57K k   21 ^ 5 11.43K k  1.196sub
r 

1C C C                 (4) 

Thus C = 16.77 × 10−17 F. 
Resultant impedance of the circuit in Figure 5(b) is 

given by 

1
1

Re
Z sL R

sC q
  


          (5) 

where s = jω, and ω = 2πf where “f” is the resonant fre- 
quency. 

Frequency domain equivalent of Z is given by 

1
1

Re
Z j L R

j C q



  


         (6) 

At resonance, imaginary part of Z is zero. So, 

2 2 2
0

Re

j C
j L

C q


 

 


 

Neglecting Req, we get 

1

L C
 


                (7) 

On substituting values of L and C we get, resonant 
frequency as 9.77 THz. 

Thus we find around 2% error between the simula- 
tional and analytical study of 2 segment labyrinth SRR. 

4. Antenna Parameter Optimization 

4.1. Design 

Antenna is characterized by different parameters e.g. 
gain, bandwidth, VSWR, 3 dB beamwidth in E, H plane, 
return loss. These parameters have been obtained for 
RMPA as in Table 2 using HFSS. Parameter optimiza- 
tion is done by embedding the proposed MTM in the 
middle of the antenna substrate (εr = 2.33) and just below 
the rectangular patch such that its center is at [w/2, l/2, 
h/2] nm as per Table 1 values. Figure 8 shows the posi- 
tion of S-shaped MTM in the substrate. 

4.2. Simulation 

Simulation results for S-shaped MTM inside RMPA sub- 
strate [17] are shown in Figure 9. 

Table 3 gives the obtained simulated values of pa- 
rameters and comparison of 2 segment labyrinth MTM 
RMPA Vs RMPA without MTM. 

5. Conclusion  

Upon designing and analyzing proposed MTM inside 
RMPA substrate, we obtain results as in Table 3. There 
is around 2% error between numerical simulations and 
theoretical calculations. It can be seen that there is 4% 
enhancement in bandwidth with 2 Segment Labyrinth 
MTM. VSWR improves upto 1.5%. Improvement in S11, 
i.e. return loss, is upto 5%. However gain (S21) improves  
 

 

Figure 8. Embedding MTM inside RMPA substrate. 
 
Table 3. Simulation and comparison results of Labyrinth 
MTM embedded in RMPA substrate. 

ANTENNA/ 
Parameters 

RMPA 
RMPA with 

labyrinth MTM 
Improvement

(approx) 

S11 (dB) −14.1150 −14.7945 5% 

S21 (dB) −2.9384 −3.0116 2.4% 

VSWR 1.4904 1.26 1.5% 

Bandwidth (in THz) 0.8508 0.8872 4% 

E plane 3 dB 
beamwidth in deg

47.88 47.49 −0.8% 

H plane 3 dB 
beamwidth in deg

48.38 47.82 −1% 

E plane gain in dB 10.71 10.78 −1.5% 

H plane gain in dB 10.62 10.72 −1.5% 

Peak Directivity (dB) 4.66 4.62 −0.85% 

Front to back lobe 
ratio (dB) 

3.88 3.87 −0.25% 
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(a) 

 
(b) 
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(c) 

Figure 9. (a) Return loss and gain; (b) VSWR; (c) Radiation pattern in E and H plane. 
 
by 2.4%. Trade off lies in improvement of above antenna 
parameters over directivity, 3 dB beamwidth and majorly 
front to back lobe ratio. 
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