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ABSTRACT 

This paper studies the effects of liquid crystal (e.g, 4-Cyano-4’-pentylbiphenyl [5CB]) as a 

substrate on the performance of a nano-antenna at very high frequency, 0.1 THz to 10 THz. Also, 

since the size and shape of the antenna impact its gain/directivity, resonant frequency, bandwidth, 

and efficiency, this paper also considers two different types of antennae, comparing the 

characteristics of a nano antenna at 0.1THz to 10 THZ operating frequency with a conventional-

scale centimeter (cm)/millimeter (mm) at an operating frequency of a few GHz to 100 GHz. The 

two antenna types considered in this paper are as follows: (a) rectangular patch antenna (RPA) and 

(b) cylindrical dielectric resonator antenna (CDRA). These two types have been popular cm/mm 

antenna and are chosen for the nano-antenna in order to understand changes in antenna 

performance due to changes in the antenna’s geometrical shape. Feldberechnung fürkörper mit 

beliebiger Oberfläche (FEKO) software was used for the design and calculation of the three 

dimensional (3D) electromagnetic (EM) patterns. Also, due to the increasing demand for massive 

multiple input multiple output (MIMO) communication technology this paper also concentrates 

on the design and analysis of a massive nano MIMO (8 by 8) RPA and CDRA.
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CHAPTER 1 

INTRODUCTION 

1.1 Literature Review 

Recently, the properties of metamaterials have been widely studied. Near-infrared 

metamaterials possess a reconfigurable index of refraction from negative to zero to positive 

values, as discussed in [1]. The dispersion and alignment of gold nanorods in 4-Cyano-4'-

pentylbiphenyl (5CB) liquid crystal droplets in silicon oil with a radial structure has been 

demonstrated in [2]. The authors of [2] also conclude that using different structures to align 

gold nanorods in various forms will enable a new class of hybrid nanostructured materials 

and self-assembly-based devices, such as tunable micro antennae. Also in the past ten years, 

nanotechnology has been researched extensively. Recently, the advancements in graphene-based 

electronics have initiated considerable research regarding electromagnetic communications at 

nanoscale. In this paper, a gold nano rod was initially used as the conductor of the nano scale 

rectangular patch antenna (RPA) and the cylindrical dielectric resonator antenna (CDRA), 

the two commonly studied (cm/mm) antennae. Also 5CB liquid crystal droplets have been used 

as the substrate for the RPA and the cylindrical dielectric resonator antenna (CDRA) at nanoscale 

[3]. But since the designs and simulations were done using the Feldberechnung fürkörper mit 

beliebiger Oberfläche (FEKO) electromagnetic simulator instead of the fabrication method 

involving plasmonic meta-surfaces as found in [4], gold metal used for the nanoscaled conductor 

design generates some metallic loss, which decreases the efficiency of the antennae to a large 

extent. Hence, instead of a lossy gold metallic nanoconductor, a perfect electric conductor at 

nanoscale was used in designing the MIMO antennae. In [5], the real and imaginary dielectric 

constant of 5CB liquid crystal was calculated. One of the main reasons why 5CB nematic liquid 
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crystal was chosen as the substrate is due to its behavior as a dipole, with both positive and 

negative polarity in the presence of external magnetic and electric fields, as described in detail 

in [6]. 

1.2 Motivation  

Increasing demand of MIMO communication technology has motivated this work. In 

addition, massive MIMO (also known as Large-Scale Antenna Systems) basically uses a 

very large number of service antennas (e.g., hundreds or thousands) that are operated fully 

coherently and adaptively [7], [8]-[11]. Extra antennae help by focusing the transmission and 

reception of signal energy into ever-smaller regions of space. This can bring huge 

improvements in throughput and energy efficiency, in particularly when combined with 

simultaneous scheduling of a large number of user terminals (e.g., tens or hundreds) as 

explained in [7], [8]-[11]. Nano scaled massive MIMO can help to improve antenna 

efficiency by deploying an array of low-power, low-cost and miniature antennae. 

1.3 Contribution 

Simulations in this paper were performed using the real part of the complex dielectric 

constant of 5CB liquid crystal droplets, as the antenna substrate. The contributions and 

significance of this paper are summarized as follows: 

• 4-Cyano-4’-pentylbiphenyl liquid crystal droplets with a dielectric constant of 8.58 are 

used as the substrate for the nanoscale RPA and the nanoscale CDRA with an operating 

frequency between 0.1 THz and 10 THz. 

• Comparisons are made between the nanoscale antennae and the cm-scale antenna in terms 

of antenna gain, efficiency, reflection coefficient magnitude, and percentage bandwidth. 
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Figure 1: 8 x 8 massive nanoscale MIMO rectangular patch antenna model has been studied 
in this paper 
 

 

 

 

Figure 2: 8 x 8 massive nanoscale MIMO cylindrical dielectric resonator antenna model has 
been studied in this paper 
 

• The massive 64-element MIMO RPA and massive 64-element MIMO CDRA at 

nanoscale were designed, as shown in Figure 1 and Figure 2, and analyzed. 
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• Focus here was also on how the shape, size, and dimensions of a nanoscale antennae 

affect i ts radiation pattern. 

1.4  Organization of the paper 

This paper is organized as follows: Section 2 introduces the standard formulae for calculating 

antennae properties for both antenna types (RPA and CDRA) studied in this paper. Section 3 

explains the parameters used for designing the antenna using FEKO and the simulated results, 

in addition to drawing comparisons between the cm-scaled antenna and the nano-scaled antenna. 

Section 4 presents the massive nano MIMO antenna design and analysis and also compares the 

simulated results with that of the centimeter massive MIMO antenna, and Section 5 offers 

conclusions. 
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CHAPTER 2 

ANTENNA DESIGN AND ANALYSIS USING STANDARD FORMULAE 

2.1 Rectangular Patch Antenna 

 The rectangular patch is one of the most widely used antenna configurations. In this paper 

the rectangular patch antenna is modelled using a pin feeding method. The dielectric substrate 

is modelled as a planar multilayer substrate with a bottom ground layer using a special 

Green’s function. The dielectric substrate used for designing the cm-scaled RPA is RT/Duroid 

5880 with a dielectric constant of 2.2, while the dielectric substrate for the nanoscale RPA is 

5CB liquid crystal droplets with a dielectric constant of 8.58. An infinite ground plane is used 

to reduce the simulation time but may not be an exact representation of a physical antenna. 

The employed analysis method is the method of moments (MOM). Since it is the core of the 

program upon which, FEKO is based [12]. The operating frequency of the cm-scaled antenna 

is taken as 3 GHz to 10 GHz, while that of the nanoscale antenna is taken as 0.1 THz to 10 

THz. The resonant frequencies of both antennae are obtained from equation (14-33) in [13] and 

calculated as 

 010( )rf =
2 r

c
L ε

 
  
 

.          (1) 

Where (fr)010 is the lowest frequency for the dominant mode TM x010 and is found to be10 GHz 

for the cm-scaled antenna and 10 THz for the nanoscale antenna. In (1) c = 3×108 ×102 

cm/second is the speed of light wave in free space for the cm-scaled antenna and c = 3×108 

×109nm/second is the speed of light wave in free space for the nanoscale antenna, εr is the 

dielectric constant of the substrate, and L is the length of the r e c t a n g u l a r  patch of the 
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antenna. In addition to the resonant frequency and the dielectric constant, other required input 

parameters are the height of the substrate h and the desired resonant impedance Zin. The 

centimeter antenna is designed with the values of the input parameters as given in example 

14.1 in [13]. Input parameters for the nanoscale RPA are found  in Table 1. 

Table 1: INPUT PARAMETERS FOR NANO RECTANGULAR PATCH ANTENNA 
DESIGN. 

Parameter Value 
substrate height (h) 
resonant impedance 

(Zin) dielectric constant 
 

2805 nm 
50 ohm 

8.58 
 

The next step needed for  effective antenna design is to calculate the width (W) and length 

(L) of the patch. The width of the patch is calculated using the standard equation stated in 

[13] as 

                             
0 0

1 2W
12 rrf εµ ε

 
=  + 

            (2) 

where µ0 = 4π × 10−7 is the permeability of free space in H/m, and 12
0 8.85 10ε −= × is the 

permittivity of free space in F/m. Now due to the fringing effect, the patch length gets 

extended at both ends by ∆L, which is expressed in [13] as 

( )

( )

0.3 0.264
0.412

0.258 0.8

reff

reff

W
hL h

W
h

ε

ε

 + + 
 ∆ = × ×
 − + 
 

          (3) 

where reffε is the effective dielectric constant for W/h >1 can be written from (14-1) in [13] as 

      
1/21 1 1 12

2 2
r r

reff
h

W
ε εε

−+ +  = + +  
.             (4) 

 
The actual physical length (L) of the patch can also be calculated from (14-7) in [13] as 
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L 2
2

Lλ
= − ∆                (5) 

where λ  is the free space wavelength and given as 
r reff

c
f

λ
ε

=
×

 in centimeters. Finally the 

effective length of the patch for the dominant transverse electromagnetic TMx010 mode with no 

fringing effect can be calculated from (14-3) in [13] as 

efL 2L L= + ∆          (6) 

The next task is to calculate the parallel equivalent admittance for the radiating patch. The 

equivalent admittance is expressed in terms of the conductance and the susceptance. The 

conductance of a uniform radiating slot is obtained from (14-10), (14-11), (14-12) and (14-12a) in 

[13] and can be written as 

 

2
0

3
1 2

0

1 2G sin  
120

k Wsin cos
d

cos

π θ
θ θ

π θ

  
     =   

   
  

∫                 (7) 

where θ is the polar angle in the spherical coordinate system used for antenna analysis, and k0 is 

the propagation factor, which is often known as the vector wave number as defined in [13]. The 

mutual conductance between the non-uniform radiating slots of the patch antenna are calculated 

according to (14-18a) in [13] as 

( )
0

3
12 0 02

0

1 2 sin  
120

k Wsin cos
G J k Lsin d

cos

π θ
θ θ θ

π θ

  
     =   

   
  

∫ .     (8) 

where J0 is the Bessel function of the first kind of order zero. For a typical micro strip antenna, the 

mutual conductance obtained in (8) is smaller than that found in (7). The resonant input resistance 
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while taking into account the mutual effects due to non-uniform radiating slots is expressed 

through (14-17) in [13] as 

 
( )in

1 12

1R
2 G G

=
±

 (9) 

Finally, the inset feed point distance y0 is obtained using (14-20a) in [13] as 

 

2
in 0R  inZ cos y

L
π =  
 

.         (10) 

The MOM analysis method used in FEKO depends on the position of the feed, and hence the 

measured E- plane and H-plane patterns of the RPA are different from that of the computed 

pattern using MOM. The difference occurs in the computation because the position of the feed 

as calculated from (10) is not completely symmetrical along the E-plane [13]. Another very 

important antenna property is antenna directivity, which has been defined in [13] as the radiation 

intensity averaged over all directions, where the average radiation intensity is equal to the total 

power radiated by the antenna divided by 4π. The directivity of a rectangular patch antenna can 

be expressed using (14-50) in [13] as 

0
4 max

rad

UD
P
π

=       (11) 

where maxU is the maximum radiation intensity, and radP is the radiated power.  

The next important antenna property that needs to be calculated is the quality factor. As defined 

in (14-83) in [13], quality factor tQ  can be expressed in terms of radiation, conduction, dielectric, 

and surface wave losses as 

  
1 1 1 1 1

t rad c d swQ Q Q Q Q
= + + +      (12) 
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where radQ  is the quality factor due to radiation losses, cQ  the quality factor due to the conduction 

losses, dQ  is the quality factor due to the dielectric losses, and swQ  is the quality factor due to 

surface wave. The quality factor can be easily calculated from the fractional bandwidth of the 

antenna because the fractional bandwidth is inversely proportional to the quality factor and is more 

accurately defined by (14-88) in [13] as 

 0

1

t

f VSWR
f Q VSWR
∆ −

=
                                    (13) 

where f∆  is the bandwidth, 0f  is the resonant frequency, and maximum voltage standing wave 

ratio (VSWR) is expressed in [13] as 

1
1

Г
VSWR

Г
+

=
− .             (14)

 

The total antenna efficiency e0 is used to take into account losses at the input terminals [12]. The 

total antenna efficiency can be expressed using (2-45) in [13] 

 2
0 (1 )cde e= − Γ   (15) 

 

where ecd  is the antenna radiation efficiency, used to relate the gain and directivity, and |Γ| is the 

magnitude of the reflection coefficient and can be obtained from (15) as 

1
1

VSWRГ
VSWR

−
=

+
        (16) 

The radiation efficiency of the rectangular patch antenna can be expressed in terms of quality factor 

through eqn.14-90 in [12] as 

 t
cdsw

rad

Qe
Q

=   (17) 

The efficiency of the RPA varies with substrate height and also with the dielectric constant of the 

substrate, which will be discussed later in this paper. Another very useful measure for describing 

the performance of an antenna is gain, which is a measure that takes into account the efficiency of 
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the antenna as well as its directional capabilities [13]. The gain expressed in terms of decibels is 

expressed through (2-52) in [13] as 

    G0 (dB) = 10log10 [ecd D0 (dimensionless)].       (18) 

2.2 Cylindrical Dielectric Resonator Antenna 

 The cylindrical dielectric resonator antenna has been used in circuit applications for several 

years [14]. The high Q-factor and the compact size of these antennas make them ideal for use in 

filters and oscillators, especially in micro strip technology, where resonant waveguide cavities are 

not very practical [14]. 

Table 2: INPUT PARAMETERS FOR CYLINDRICAL DIELECTRIC RESONATOR 
ANTENNA DESIGN. 

Input Parameter Values for Centimeter-Scaled 
CDRA 

Values for Nanoscale CDRA 

CDRA Height (H) 0.2 cm 0.05 nm 
CDRA Radius (a) 0.712 cm 0.270 nm 

  Aspect Ratio( /a H ) 3.56 5.4 
  Dielectric Constant (εr) 6.7 8.58 

 

The CDRA is characterized by its height H, radius a, and dielectric constant εr, while the aspect 

ratio a
H

determines the wave number k0a and the Q-factor for a given dielectric constant [14]. 

Different excitation modes of the CDRA can also be generated based on its aspect. If 0.33≤ a
H

 ≤ 

5, then mode TE01δ and mode TM01δ are valid, or else if 0.4 ≤ a ≤ 6, then mode HEM11 is valid 

[15]. The operating frequency of the CDRA at the centimeter scale is 0.1 GHz to 10 GHz, while it 

varies between 0.1THz and 10THz at the nanometer scale. The CDRA was excited using probe 

feeding and analyzed using the pure MOM approach. The dielectric constant of the substrate used 

for the CDRA at the centimeter scale is taken as 6.7, whereas 5CB droplets were used as the 

substrate of the CDRA at the nanometer scale with a dielectric constant of 8.58. A set of reasonable 
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input parameters for designing the CDRA at the centimeter scale (from Table 2.5 in [14]) and 

nanometer scale are shown in Table 2. After the input parameters have been initialized, first the 

Q-factor must be determined, which can be obtained from (2.12) for the TE01δ excitation mode 

and 2.16 for the HE11δ mode in [14] as 

2 3 4
1.270.0781 1 17.31 21.57 10.86 1.98r

H H H HQ
a a a a

ε
         = + − + −        

         
  (19) 

and 
2 3 4

1.270.0781 1 17.31 21.57 10.86 1.98r
H H H HQ
a a a a

ε
         = + − + −        

         
.         (20) 

 

Then the dielectric constant of the substrate should be chosen, followed by calculation of the wave 

number k0a. The wave number is expressed for the TE01δ excitation mode through (2.11) and for 

the HE11δ excitation mode through (2.15) in [14], respectively, as 

2

0
2.327 1.0 0.2123 0.00898

1r

a ak a
H Hε

    = + −    +      
                                                        (21) 

And 
2

0
2.327 1.0 0.2123 0.00898

1r

a ak a
H Hε

    = + −    +      
                                              (22) 

 

The radius of the CDRA can also be calculated if not initialized for a given aspect ratio and the 

calculated wave number. Once the Q-factor has been calculated, the corresponding bandwidth is 

determined using (2.6) in [14] expressed as 

                                        
0

1f sBW
f Q s
∆ −

= =                                                                   (23) 

where ∆f is the absolute bandwidth, f0 is the resonant frequency, and s is the maximum 

acceptable VSWR. The resonant frequency of the cm-scaled CDRA is taken to be 10 GHz, while 
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the resonant frequency of the nanoscale CDRA is taken to be 10 THz. Depending on the aspect 

ratio, the excitation mode is determined. The cm-scaled CDRA has an aspect ratio of 3.56, and 

hence the TE01δ mode is selected as the excitation mode, whereas the nanoscale CDRA has an 

aspect ratio of 5.4, and hence the HEM11 mode is selected as the excitation mode. Also resonant 

frequency can be calculated if not initialized with respect to the TE01δ  and HE11δ excitation 

modes as stated in [16] as 

( )

2

0 TE01
2.327 1.0 0.2123 0.00898

2 1r

c a af
H Haδ π ε

 ×    = + −    +      
                (25) 

And 

( )

2

0 TE01
2.327 1.0 0.2123 0.00898

2 1r

c a af
H Haδ π ε

 ×    = + −    +      
               (26) 

 

The total efficiency of the CDRA can be found by (15), where the radiation efficiency can be found 

by (10.3) in [14] and expressed as 

rad
rad

in

Pe
P

=                      (27) 

where Prad is the total radiated power of the antenna, and Pin is the total source power entering 

the antenna input terminals. The antenna gain in (18) can be used to calculate the gain of the 

CDRA as well. The directivity of the CDRA is calculated from the FEKO simulation, which will 

be tabulated later in this paper. 
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CHAPTER 3 

FEKO-SIMULATED RESULTS AND ANALYSIS 

3.1 Rectangular Patch Antenna 

       FEKO is an advanced 3D numerical electromagnetic simulator [16]. It helps to observe 

antenna patterns in 3D. Following the theoretical analysis described in the previous section, 

several approximations are made in order to simplify the computations for different antenna 

problems. The exact solutions to antenna problems are obtained numerically using FEKO. It 

should be noted that directivity has not been calculated by FEKO; gain has been calculated 

instead because of using Green’s planar multilayer substrate. After simulation in FEKO, the 

output parameters of both the cm-scaled RPA and the nanoscale RPA are tabulated, as shown in 

Table 3, which helps to compare the two. 

Table 3: FEKO SIMULATED OUTPUT PARAMETERS OF RECTANGULAR PATCH 
ANTENNA. 

Output Parameter Centimeter-Scaled RPA Nano-Scaled RPA 

Patch Width (W ) 1.18 cm 2329.71 nm 
Effective Dielectric Constant (εreff ) 1.97 5.67 
lncremental  Length (∆L) 0.081 cm 784.27 nm 
Physical Length (L) 0.90 cm 516.65 nm 
Effective Length (Leff ) 1.06 cm 2085.20 nm 
Inset Feed Point Distance (y0) 0.31 cm -363.14 nm 
Wavelenth (λ) 2.13cm 29979 nm 
Fractional Bandwidth (BW ) 0.034 0.43 
Percentage Bandwidth 3.47 percent 43.92 percent 
Reflection Coefficient Magnitude (|Γ|) 0.85≤|Γ|≤0.96 0.71≤|Γ|≤0.97 
Quality Factor (Qt) 2.88 2.32 
Maximum Gain (G0) 5.89 dBi -8.87 dBi 
Maximum Efficiency (e0) 100 percent 82.97 percent 
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The nanoscale single-element RPA has been designed with a gold nano rod as the conducting 

probe and 5CB liquid crystal droplets as the substrate. The Cole-Cole and Debye method has been 

applied to find the complex dielectric constant of the 5CB liquid crystal in [17] and the complex 

dielectric constant is expressed in [18] as 

                                         0
1( )

1 ( )i α

ε ε
ε ω ε

ωτ
∗ ∞

∞ −

−
= +

+
                                                                   (28) 

where ε0 is the limiting low-frequency dielectric constant, ε∞ is the limiting high-frequency 

dielectric constant, τ is the average relaxation time, and α is the distribution parameter. The 

complex dielectric constant can also be expressed through [19] as 

                                     jε ε ε∗ ′ ′′= −                                                                                           (29) 

where ε ′ is the static dielectric constant, ε0 in (28) is the static dielectric constant at a low 

frequency, andε ′′ is the imaginary part of the complex dielectric constant. In [18] the values of ε ′  

and ε ′′  for the 5CB liquid crystal droplets have been computed. The complex dielectric constant 

calculated using (29) is found to be 81.91 at an excitation voltage of 1V. The calculated dielectric 

constant is a very high quantity, and hence when applied for the design in FEKO, the preprocessor 

of FEKO could not compute all the integrations needed to be done when MOM is used as the 

method of analysis. Hence, for maintaining the simplicity of the computation, only the real part of 

the complex dielectric constant of the 5CB liquid crystal was used as the dielectric constant of the 

substrate for the nanoscale RPA and the nanoscale CDRA. Theε ′ as calculated in [19] is 8.58 for 

one volt of excitation voltage, 8.28 for two volts of excitation voltage, 18.49 for 12 volts of 

excitation voltage, and 19.40 for 20 volts of excitation voltage. The design in this paper applies 

one volt of excitation voltage only; hence the dielectric constant of the 5CB liquid crystal substrate 

is taken as 8.58. Since the strongly enhanced surface plasmon resonance of gold nanorods at optical 

frequency makes them excellent scatterer and absorbers, a gold metallic nano-size wire is used as 
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the conducting probe for feeding the nanoscale RPA, but some metallic losses are observed due to 

conduction of the metal. For a single patch antenna, such a metallic loss is quite minimal but 

because of the higher metallic loss in the case of a MIMO design, a perfect electric conductor is 

used for the MIMO antenna design, which will be further elaborated in the next section. Figs. 3 

and 4 show plots of, the far-field radiation pattern of the cm-scaled RPA and nanoscale RPA, 

respectively. The E-plane is defined by −90◦ ≤ θ ≤ 90◦ and φ = 90◦, whereas the H-plane is defined 

by −90◦ ≤ θ ≤ 90◦ and φ = 0◦. As explained in [5], the presence of the dielectric-covered ground 

plane modifies the reflection coefficient, which influences the magnitudes and phases of the plots 

in Fig. 3 and Fig. 4. For a dielectric-covered ground plane, the reflection coefficient for vertical 

polarization in the E-plane is nearly +1 for observation angles far away from grazing and begins 

to change rapidly near grazing and becomes −1 at the grazing angle θ = 90◦ [20]. Similarly the 

reflection coefficient also controls the pattern in the H-plane and for a dielectric-covered ground 

plane, it is −1 for all observation angles, but basically the H-plane pattern remains unaltered by 

the presence of the dielectric cover [20].  

 
 

Figure 3: Centimeter-scaled RPA: Far-field radiation pattern in E-plane and H-
plane. 
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 In Fig. 3, it can be seen that the antenna pattern in the H-plane remains unaltered, because 

variation in the reflection coefficient does not impact the H-plane pattern a great deal. The 

reflection coefficient is found to vary, 0.85≤|Γ|≤0.96, and also the antenna pattern in the E-plane 

does not show any significant change at the grazing angle.  

 
(a) Antenna patterns at 0.1 THz operational frequency. (b) Antenna patterns at 10 THz 
resonant frequency. 
 

Figure 4: Nanoscale RPA: Far-field radiation pattern in E-plane and H-plane. 

 In Fig. 4a, the far-field antenna gain pattern of a nano RPA in the E-plane at 0.1 THz has been 

observed to be slightly closer to −1 at the grazing angle θ = 90◦, which is due to the magnitude of 

the reflection coefficient, 0.7≤|Γ|≤0.97, as calculated in Table 3. Interestingly in Fig. 4b, at the 

resonant frequency 10 THz, the vertical polarization in the E-field, for all observation angles, has 

a reflection coefficient closer to +1. Horizontal polarization in the H-plane has a uniform reflection 

coefficient, closer to −1 at all observation angles for the resonant frequency of 10 THz, but at 0.1 

THz, the horizontal polarization in the H-plane changes, and at a grazing angle, it has a reflection 

coefficient magnitude closer to +1. It can be seen that due to the usage of 5CB liquid crystal 
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droplets as the dielectric substrate, the reflection coefficient of the dielectric-covered ground is 

closer to both −1 and +1.  

 
 

Figure 5: Centimeter-scaled RPA: Bandwidth (∆F) at −3 dB. 
 

 
 

Figure 6: Nanoscale RPA: Bandwidth (∆F) at −3 dB. 
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 In Fig. 5, the bandwidth of the cm-scaled RPA is shown to be 0.347 GHz at −3 dB reflection 

while Fig. 6 shows 4.39 THz at −3 dB reflection for the nanoscale RPA antenna. It has been 

observed that the bandwidth of a nanometer antenna is more than 2,500 times higher than that of 

the cm-scaled antenna at the same reflection of −3. Also from Table 3, it is noted that the cm-

scaled RPA has a maximum gain of 5.89 dBi in the E-field, whereas the nano RPA has a low gain 

of −8.87 dBi; thus, it can be concluded that even when the bandwidth is wide, the path loss is high. 

Since massive MIMO antenna design can increase the overall antenna gain to compensate for the 

path losses experienced by a single element antenna [7], [8]- [11]. Section 4 discusses details 

regarding how a massive nano MIMO design improves the behavior of a single antenna. 

3.2 Cylindrical Dielectric Resonator Antenna 

 
 

Figure 7: Centimeter-scaled CDRA: Far-field radiation pattern in E-plane and H-
plane. 

 

  In Fig. 7 the antenna pattern of the cm-scaled CDRA and in Fig. 8 the antenna pattern of the 

nanoscale CDRA have been plotted through POSTFEKO. Similar to Table 3, the output 
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parameters of both the cm-scaled CDRA and the nanoscale CDRA are tabulated in Table 4, which 

helps to compare the two.  

 
 

Figure 8: Nanoscale CDRA: Far-field radiation pattern in E-plane and H-plane. 

It has been discussed previously, how the reflection coefficient of a dielectric-covered ground 

plane changes the magnitude and phase of the far-field radiation pattern of the antenna. The 

magnitude of the reflection coefficient of the cm-scaled CDRA is 0.94≤|Γ|≤0.98; hence, the 

antenna pattern in the E-plane is almost +1, hence it shows no phase change at the grazing angle. 

On the other hand, the reflection coefficient of the nanoscale CDRA is 0.975≤|Γ|≤0.99; thus as 

shown in Fig. 8, the antenna pattern in the E-plane is found to be a complete semicircle because 

the reflection coefficient now is approximately +1 at all observation angles with no change at the 

grazing angle. The antenna pattern in the H-plane remains unaltered in Fig. 7, but the phase and 

magnitude change in Fig. 8, which is also due to the variation in reflection coefficient of the 

horizontal polarization in the H plane. One very interesting observation that has been noted is the  
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Table 4: FEKO SIMULATED OUTPUT PARAMETERS OF CDRA ANTENNA. 

Output Parameter Centimeter-Scaled CDRA Nano-Scaled CDRA 
Free Space Wave Number (k0) 2.34 2.10 
Wave Number for Excitation Mode 1.20 1.08 
(k0a)   
Wavelenth (λ) 2.99 cm 29979 nm 
Fractional Bandwidth (BW ) 0.22 0.24 
Percentage Bandwidth 22 percent 24 percent 
Reflection Coefficient Magnitude(|Γ|) 0.94≤|Γ|≤0.98 0.975≤|Γ|≤0.99 
Quality Factor (Qt) 4.62 4.23 
Directivity (D0) 1.247 dBi 1.8143 dBi 
Maximum Gain in E-field (G0) -57.92 dBi -127.89 dBi 
Total Efficiency(e0) 70.05 percent 0 percent 

 

high quality factor of the nanoscale CDRA, which signifies that even at the nanometer scale, the 

cylindrical dielectric resonator antenna can be used for designing effective nano filters or nano 

oscillators. The bandwidth of the nano-scaled CDRA is wider than that of the cm-scaled CDRA 

but is still much narrower compared to that of the RPA. Also, it can be seen from Table 4 that the 

directivity of the nanoscale CDRA antenna is higher than that of the cm-scaled CDRA by 0.6 dBi. 

However, the directivity is found to be lower than that of the RPA, which is somewhat unexpected. 

Thus further research can be concentrated on different CDRA designs in order to find the best one 

with a better directivity. 

 The massive MIMO CDRA has also been designed and analyzed in this paper. The total 

efficiency of the nano-scaled CDRA is found to be zero, as shown in Table 4, which is possibly 

because a single-probe feeding technique (instead of the commonly used co-axial-probe feeding 

method), has been used in the nanoscale CDRA design. A single-probe feeding model has been 

developed in order to process a faster simulation through FEKO, but at the same time better designs 
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or methods, as found in [21] or by conformal mapping as discussed in [22], need to be studied in 

detail for future experiments using the CDRA.
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CHAPTER 4 

MASSIVE MIMO ANTENNA DESIGN AND SIMULATION 

4.1 Rectangular Patch Antenna 

 The increasing demand for MIMO communication technology has motivated this work. In 

addition, massive MIMO communication technology (also known as large-scale antenna 

systems) basically uses a very large number of service antennas (e.g., hundreds or thousands) 

that are operated fully coherently and adaptively [7], [8]-[11]. Extra antennae help by focusing 

the transmission and reception of signal energy into ever-smaller regions of space. This can 

bring vast improvements in throughput and energy efficiency, particularly when combined with 

simultaneous scheduling of a large number of user terminals (e.g., tens or hundreds) as explained 

in [7], [8]-[11]. Nanoscale massive MIMO technology can help to improve antenna efficiency by 

deploying an array of low-power, low-cost, and miniature antennae. The total efficiency of 

MIMO antennae designed in FEKO is found to be 100 percent, which is practically not possible. 

Once again, for maintaining simplicity in the design, the conductor is taken to be a perfect 

electric conductor; hence, there are no metallic losses, and the tangent loss of the dielectric 

material is assumed to be zero. Thus, the MIMO antennae system designed is taken to be a 

lossless system. 

Table 5: MIMO RPA (2 x 2) ANTENNA DESIGN SPECIFICATION 

Antenna Parameter Millimeter-Scaled MIMO 
RPA 

Nanoscale MIMO RPA 

Wavelenth (λ) 
Resonant Frequency (f0) 
Gain (G0) 
Total Efficiency(e0) 

124.91 mm 
2.4 GHz 
13.41 dBi 
100 percent 

29979 nm 
10 THz 
-9.93 dBi 
100 percent 
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Table 6: MIMO RPA (4 x 4) ANTENNA DESIGN SPECIFICATION 

Antenna Parameter Millimeter-Scaled MIMO 
RPA 

Nanoscale MIMO RPA 

Wavelenth (λ) 
Resonant Frequency (f0) 
Gain (G0) 
Total Efficiency(e0) 

124.91 mm 
2.4 GHz 
19.12 dBi 
100 percent 

29979 nm 
10 THz 
-4.45 dBi 
100 percent 

 

Table 7: MIMO RPA (8 x 8) ANTENNA DESIGN SPECIFICATION 

Antenna Parameter Millimeter-Scaled MIMO 
RPA 

Nanoscale MIMO RPA 

Wavelenth (λ) 
Resonant Frequency (f0) 
Gain (G0) 
Total Efficiency(e0) 

124.91 mm 
2.4 GHz 
24.38 dBi 
100 percent 

29979 nm 
10 THz 
8.35 dBi 
100 percent 

 

 The results obtained from FEKO are tabulated in Tables 5, 6, and 7. It can be seen that an 8 x 

8 nanoscale MIMO RPA has a gain of about 8.35 dBi, which is 12.8 dBi higher than that of the 4 

x 4 nanoscale MIMO RPA and 18.3 dBi higher than a 2 x 2 nanoscale MIMO RPA. On the other 

hand, the 8 x 8 mm-scaled MIMO RPA has a gain of about 24.38 dBi, which is only 5.26 dBi 

higher than that of the 4 x 4 mm-scaled MIMO RPA and 10.9 dBi higher than a 2 x 2 mm-scaled 

MIMO RPA. The millimeter scale is chosen because it is another commonly used scale after the 

centimeter scale in antenna designing.  

Figs. 9 and 10 show the antenna gain patterns of a 2 x 2 mm-scaled MIMO RPA and a 2 x 2 

nanoscale MIMO RPA. Figs. 11 and 12 shows the antenna pattern of a 4 x 4 mm-scaled MIMO 

RPA and a 4 x 4 nanoscale MIMO RPA, while Figs. 13 and 14 demonstrate the same for an 8 x 8 

massive mm-scaled MIMO RPA and an 8 x 8 massive nanoscale MIMO RPA. 
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Figure 9: 2 x 2 millimeter-scaled MIMO RPA: Far-field radiation pattern in E-plane and 
H- plane. 
 

 
 

Figure 10: 2 x 2 nanoscale MIMO RPA: Far-field radiation pattern in E-plane and H-
plane. 
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Figure 11: 4 x 4 millimeter-scaled MIMO RPA: Far-field radiation pattern in E-plane and 
H-plane. 
 

 
 

Figure 12: 4 x 4 nanoscale MIMO RPA: Far-field radiation pattern in E-plane and H-
plane. 
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Figure 13: 8 x 8 millimeter-scaled MIMO RPA: Far-field radiation pattern in E-plane and 
H-plane. 
 

 
 

Figure 14: 8 x 8 nanoscale MIMO RPA: Far-field radiation pattern in E-plane and H-
plane. 
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4.2   Cylindrical Dielectric Resonator Antenna 

  Results obtained from FEKO simulation of the MIMO CDRA antennae design are tabulated 

in Tables 8, 9, and 10. It can be seen that an 8 x 8 nanoscale MIMO CDRA has a very low gain of 

about -40 dBi, which is 6 dBi higher than that of the 4 x 4 nanoscale MIMO CDRA and 13 dBi 

higher than a 2 x 2 nanoscale MIMO CDRA. On the other hand, the 8 x 8 cm-scaled MIMO 

CDRA has a gain of about 5.59 dBi, which is 4.86 dBi higher than that of the 4 x 4 cm-scaled 

MIMO CDRA and 13.5 dBi higher than a 2 x 2 cm-scaled MIMO CDRA. The MIMO CDRA 

antenna is also designed to be lossless for maintaining simplicity in the computation using FEKO. 

Table 8: MIMO CDRA (2 x 2) ANTENNA DESIGN SPECIFICATIONS 

Antenna Parameter Cm-Scaled MIMO CDRA Nanoscale MIMO CDRA 

Wavelenth (λ) 
Resonant Frequency (f0) 
Gain (G0) 
Total Efficiency (e0) 

2.99 cm 
10 GHz 
-7.98 dBi 
100 percent 

29979 nm 
10 THz 
-53.79 dBi 
100 percent 

 

 Figs. 15 and 16 show plots of the antenna gain patterns of a 2 x 2 cm-scaled MIMO CDRA 

and a 2 x 2 nano-scaled MIMO CDRA. The antenna patterns of a 4 x 4 cm-scaled MIMO CDRA 

and a 4 x 4 nano-scaled MIMO CDRA are shown in Figs. 17 and 18, respectively, and the 8 x 8 

massive cm-scaled MIMO CDRA gain patterns and 8 x 8 massive nanoscale MIMO CDRA in 

gain patterns are shown Figs. 19 and 20 , respectively. 
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Table 9: MIMO CDRA (4 x 4) ANTENNA DESIGN SPECIFICATIONS 

Antenna Parameter Cm-Scaled MIMO CDRA Nanoscale MIMO CDRA 

Wavelenth (λ) 
Resonant Frequency (f0) 
Gain (G0) 
Total Efficiency (e0) 

2.99 cm 
10 GHz 
-0.73 dBi 
100 percent 

29979 nm 
10 THz 
-46.56 dBi 
100 percent 

 

Table 10: MIMO CDRA (8 x 8) ANTENNA DESIGN SPECIFICATIONS 

Antenna Parameter Cm-Scaled MIMO CDRA Nanoscale MIMO CDRA 

Wavelenth (λ) 
Resonant Frequency (f0) 
Gain (G0) 
Total Efficiency (e0) 

2.99 cm 
10 GHz 
5.59 dBi 
100 percent 

29979 nm 
10 THz 
-40.77 dBi 
100 percent 

 

 
 

Figure 15: 2 x 2 centimeter-scaled MIMO CDRA: Far-field radiation pattern in E-plane 
and H-plane. 
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Figure 16: 2 x 2 nanoscale MIMO CDRA: Far-field radiation pattern in E-plane and H-
plane. 

 

 
 

Figure 17: 4 x 4 centimeter-scaled MIMO CDRA: Far-field radiation pattern in E-plane 
and H-plane. 
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Figure 18: 4 x 4 nanoscale MIMO CDRA: Far-field radiation pattern in E-plane and H- 
plane. 

 

 
 

Figure 19: 8 x 8 centimeter-scaled MIMO CDRA: Far-field radiation pattern in E-plane 
and H-plane. 
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Figure 20: 8 x 8 nanoscale MIMO CDRA: Far-field radiation pattern in E-plane and H-
plane
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CHAPTER 5 

CONCLUSIONS 

In conclusion, this paper demonstrates a rectangular patch antenna and a cylindrical dielectric 

resonator antenna at nanometer scale, while operating in the infrared region of the electromagnetic 

spectrum with a frequency ranging between 0.1 THz and 10 THz using a 5CB liquid crystal as the 

dielectric substrate and a gold nanoscale wire as the conductor. A voltage source with a magnitude 

of 1V is used to excite the antenna ports. A brief comparison drawn between the nanoscale antenna 

and the centimeter-scaled antenna follows: 

• The nano-scaled RPA has a wider bandwidth than the cm-scaled RPA. 

• Pathloss is higher in the case of the nanoscale RPA, because the gain of the cm-scaled RPA is 

about 14.78 dBi higher than that of the nano-scaled RPA. 

• The nano-scaled RPA has a high efficiency of 82.97 percent at 0.1 THz but then it reduced to 47.8 

percent at 10 THz. Thus, at a higher frequency, the efficiency of the antenna is low with higher path 

loss. 

• In comparison to RPAs, CDRAs have a higher quality factor. Thus, the nano-scaled CDRA can 

be utilized for developing several nano filters and oscillators which are in high demand in different 

facets of wireless communication. 

• The efficiency of the nanoscale CDRA model developed in this paper has a very low and almost 

negligible efficiency; therefore, a better design needs to be developed for future work with the 

CDRA. 

 In addition to designing a single-element nanoscale antenna, MIMO antennae were also 

designed at both the centimeter/millimeter scale and the nanoscale through FEKO, keeping in mind 
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the high demand for massive MIMO antenna for wireless communication. The conclusions that 

have been drawn from the simulated results are as follows: 

•An 8 x 8 massive nano-scaled MIMO RPA can have a practically usable gain of 8.35 dBi and 

hence may be used for miniature antenna systems required in space or military communications. 

• An 8 x 8 mm-scaled MIMO RPA can have a high gain of approximately 24 dBi. 

• The gain of a massive 8 x 8 cm-scaled MIMO CDRA is 5.59 dBi whereas at the nanoscale, the 

gain is -40.77dBi. Hence, if more array elements are implemented in the designed model used in 

this paper, then better antenna performance can be expected. 

• The MIMO antenna designed is assumed to be lossless, and hence the efficiency is 100 percent, 

which is practically not attainable.  

 Since all designs discussed in this paper involve computational electro-magnetic, practical 

development of these designed antennae and their testing following standard antenna testing 

procedures as discussed in [23] would be an effective way of dealing with the challenges faced so 

far in achieving better antenna performance. 
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