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ABSTRACT 

This thesis mainly deals with research areas related to the advancement of dielectric resonator 

antennas (DRAs) and THz absorbers. This research work mainly focuses on five current 

research issues. (i) Obtaining a tunable frequency response along with a tunable CP response 

using a graphene-based dielectric resonator antenna. (ii) To design MIMO DRA for terahertz 

applications and UAV applications. (iii) To design an ultra-wideband Circularly Polarized 

stacked CDRA. (iv) To design a graphene-based absorber at THz frequency for a single band, 

multiband and wideband response, and (v) To design narrow-band absorbers for biosensing 

applications. 

 To fulfil the first issue a 45o rotated rectangular DRA is kept on top of CDRA to achieve 

a quad-band circularly polarized response. For the next-generation communication system, 

Terahertz (THz) frequency spectrum is becoming the choice of many wireless applications 

because of its wider bandwidth and high data rates. This antenna is coated with graphene to 

attain a tunable response. This antenna provides a multi-band response at different resonant 

frequencies. The unique feature of the proposed antenna is that it provides Circular Polarization 

(CP) behavior at the quad-band in the field of THz DRAs. CP tuning is achieved by varying the 

graphene potential of the antenna. To solve the second problem, three works are proposed. (a) 

2 port MIMO DRA for THz applications, (b) 2 x 2 MIMO DRA for THz applications, and (c) 

2 port MIMO antenna for UAV applications. Initially, a graphene-based MIMO DRA is 

designed for THz applications. In this, a two-port circularly polarized (CP) MIMO Cylindrical 

Dielectric Resonator Antenna (CDRA) with Quad-band response is introduced for terahertz 

(THz) applications. The unique feature of this antenna is that it provides resonance at the quad-

band and also provides quad-sense CP response at the terahertz frequency region. Also, by 

varying the graphene potential of the antenna, isolation between the two antennas is increased. 

Next, a 2 x 2 MIMO DRA is designed for THz applications. The unique feature of this antenna 

is it provides a dual-band dual-sense circular polarization response in the THz frequency region. 

Defected Ground Structures (DGS) are made to improve the isolation between the ports. A gain 

of 6.7dB and RE of 73% is achieved. This antenna generates HEM11δ and HEM12δ modes. 

Next, a two-port MIMO DRA is designed for UAV applications. The proposed antenna 

provides a bandwidth of 8.4 GHz (7.5 GHz-15.9 GHz) with tri sense CP response having a 3-

dB ARBW of 21.82 % (7.55-9.34 GHz), 9.36 % (11.2-12.3 GHz) and 9.72 % (13.7-15.1 GHz), 

respectively. The antenna exhibits a dominant RHCP wave at 8 GHz and 11.5 GHz and a 
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dominant LHCP wave at 14.5 GHz. Different polarizations will decrease inter-channel 

interference and ensure high isolation between the two frequencies because of the RHCP and 

LHCP response at these frequencies. To cover the third objective, ultra-wideband CP-based 

CDRA is designed for C-band and military satellite communication applications. In this, two 

identical Cylindrical Dielectric Resonator Antennas (CDRA) are stacked together to achieve 

Circular Polarization (CP). Three factors achieve ultra-wideband impedance bandwidth and 

wide axial ratio bandwidth: stacking of similar DRs, stepped conformal microstrip feed line, 

which will generate orthogonal modes, and new partial ground plane with circular rings. This 

antenna provides more than 90% radiation efficiency in the operating band. To fulfil the fourth 

issue, a graphene-based multiband absorber is designed using different geometric shapes for 

Terahertz Applications. By integrating these shapes, a unique absorber is proposed, which 

achieves absorption peaks at ten resonant frequencies with an average absorption rate of 97.23 

percent at Terahertz frequency. The proposed structure consists of circular, triangular, square, 

pentagon, and hexagon-shaped absorbers to achieve multiband absorption. The proposed 

absorber is polarization insensitive and has a wide incidence angle tolerance. To cover the fifth 

issue, two dielectric-based MMA is being developed for biosensing applications for the 

detection of malaria, dengue, cancer, malaria, glucose content in water, and other chemicals. 

Two sensors are developed and analyzed for biosensing applications. First, the absorber is 

designed to sense cancerous cells, malaria, glucose in water, and chemicals. Results show that 

the absorber exhibits a high sensitivity of 1.6 THz/RIU and 1.9 THz/RIU in the LB and UB, 

respectively, for cancerous blood cells, 0.5516 THz/RIU and 0.5162 THz/RIU for cancerous 

breast cells and 0.1295 THz/RIU and 0.1316 THz/RIU for skin cancer cells detection. Second, 

the absorber is designed to sense dengue, malaria, and glucose content in water. For this 

absorber, performance is also verified by the circuit model using the transmission line method. 

The proposed sensor has a high S of 2.2 THz / RIU for sensing the dengue virus with a FOM 

of 550 RIU-1 and a high Q of 927.5. For malaria detection, the proposed sensor offers a high S 

of 1.87 THz/RIU, a high FOM of 445.24, and a high Q of 903.1. The sensor provides a high 

sensitivity of 1.588 with a FOM of 288.73 and Q of 712.73 during the water detection with 

glucose. After discussion of these research works in chapter-2, 3, 4, 5, and 6, the chapter-7 is 

reported with the summary, conclusions, and future scope of the current research work. 

 

 



xv 

 

List of Figures 

Fig. 1.1 Microstrip patch antenna. ............................................................................................................ 3 

Fig. 1.2 Dielectric resonator antenna. ...................................................................................................... 3 

Fig. 1.3 Different shapes of DR. .............................................................................................................. 6 

Fig. 1.4 Horizontal and vertical polarization. ......................................................................................... 12 

Fig. 1.5 Left-handed and Right-handed circular polarization. ............................................................... 13 

Fig. 1.6 Elliptical Polarization. ............................................................................................................... 13 

Fig. 1.7 (a) Aperture coupled RDRA, (b) S-Parameter response………………………………………15 

Fig. 1.8 (a) Circular sector DRA, (b) 𝐸-field distribution for TM11δ mode using side feeding and (c) 𝐸-

field distribution for TM21δ mode using centre feeding………………………………………………..16 

Fig. 1.9 Dual-band CPDRA with dual feeding technique……………………………………………..17 

Fig 1.10 CPDRA with rotated stair……………………………………………………………………17 

Fig. 1.11 Types of absorbers .................................................................................................................. 21 

Fig. 2.1 CDRA a. Top view b. Side view (with dimensions) ................................................................. 33 

Fig. 2.2 Bottom view of the proposed antenna....................................................................................... 35 

Fig. 2.3 Proposed aperture slot. .............................................................................................................. 35 

Fig. 2.4 Antenna configuration evolution. a. circular slot without any arm b. Circular slot with left side 

arm c. Circular slot with a right side arm. d. Circular slot with two arms. ............................................. 36 

Fig. 2.5 (a) Frequency response (𝑆11) of CDRA (b) Impedance response. ........................................... 37 

Fig. 2.6 2D radiation patterns for a. Ant-I, b. Ant-II, c. Ant-III and d. Ant-IV. .................................... 38 

Fig. 2.7 E-Field distribution on CDRA at 8.12 THz (a) Top view (XY-Plane) and (b) Side view (XZ-

Plane). .................................................................................................................................................... 38 

Fig. 2.8 E-Field distribution on CDRA at 11.38 THz (a) Top view (XY-Plane) and (b) Side view (XZ-

Plane). .................................................................................................................................................... 38 

Fig. 2.9 E-Field distribution on CDRA at 15.29 THz (a) Top view (XY-Plane), (b) Side view (XY-

Plane). .................................................................................................................................................... 39 

Fig. 2.10 Plot of frequency response for the CDRA with change in a. radius of CDRA (a) and b. Height 

of CDRA (h1). ........................................................................................................................................ 40 

Fig. 2.11  Plot of frequency response for the CDRA with change in h2. ............................................... 41 

Fig. 2.12  Rectangular Slab on top of CDRA (CPDRA) (a) Top view (b) Side view (with dimensions).

 ................................................................................................................................................................ 42 

Fig. 2.13 Frequency response comparison between CDRA with rectangular slab (Black line) and without 

rectangular slab (Red line). ...................................................................................................................... 42 

Fig. 2.14 Electric field distribution on isolated rectangular slab ((XY-Plane) along with amplitude level 

bar at a. 8.79, b. 11.1 c. 13.7 d. 16.2 THz. ............................................................................................. 43 



xvi 

 

Fig. 2.15 Magnetic field distribution on isolated rectangular slab (XY-Plane) along with amplitude level 

bar at (a) 8.79, (b) 11.1, (c) 13.7, and (d) 16.2 THz. ............................................................................... 43 

Fig. 2.16 Electric field vector distribution on rectangular slab (XY-Plane) at a frequency of 8.79 THz 

(a) t=0 and (b)t=T/4, at 11.1 THz (c) t=0 and (d) t=T/4, at 13.7 THz (e) t=0 and (f)t=T/4 and at 16.2 THz 

(g) t=0 and (h) t=T/4. .............................................................................................................................. 44 

Fig. 2.17 Axial Ratio (AR) dB vs. frequency plot for Rectangular slab along with CDRA. .................. 44 

Fig. 2.18  Far-field 2D radiation pattern for θ=0o and φ=90o at 8.79 (a) LHCP, (b) RHCP, at 11.1 (c) 

LHCP (d) RHCP, at 13.7, (e) LHCP (f) RHCP at 16.2 THz (g) LHCP, (h) RHCP. ............................... 46 

Fig. 2.19 Gain (dB) vs. frequency plot. .................................................................................................. 46 

Fig. 2.20 (a)    𝜇𝑐 vs bias voltage (b) Relative Permittivity vs. Voltage. ................................................ 46 

Fig. 2.21 CDRA (a) without, and (b) with Graphene material. .............................................................. 47 

Fig. 2.22 CDRA Radiation efficiency for different values of Graphene chemical potential. ................. 48 

Fig. 2.23 CDRA frequency response (𝑆11) for different values of Graphene chemical potential. ........ 48 

Fig. 2.24 Structure of proposed CPDRA with graphene. ....................................................................... 49 

Fig. 2.25 CPDRA frequency response (𝑆11) with graphene and without graphene material. ................ 49 

Fig. 2.26 RE for different values of Graphene chemical potential for CDRA incorporated with 

Rectangular slab. .................................................................................................................................... 50 

Fig. 2.27 AR (dB) for different values of Graphene chemical potential. ............................................... 51 

Fig. 2.28 Frequency vs. Gain for different graphene potential values. ................................................... 51 

Fig. 3.1 Geometry of MIMO DRA (a) Top View (XY Plane), (b) Side View (XZ Plane) .................... 55 

Fig. 3.2 Bottom view of MIMO DRA .................................................................................................... 56 

Fig. 3.3 Antenna Configuration a. Circular slot (CS), b. CS with right arm c. CS with left arm, d. CS 

with both arms (Proposed) ..................................................................................................................... 56 

Fig. 3.4 Frequency response (S11) for different antenna configurations (of Fig. 3.3). ........................... 58 

Fig. 3.5 Frequency response (S12) for different antenna configurations (of Fig. 3.3) ............................ 58 

Fig. 3.6 EF distribution at port 1 of the DRA 1 at   (a) 3.4 THz (XY Plane), (b) 3.4 THz (YZ Plane), (c) 

5.42 THz (XY Plane), (d) 5.42 (XZ Plane), (e) 8.08 THz (XY Plane), (f) 8.08 THz (XZ Plane), (g) 8.86 

THz (XY Plane), (h) 8.86 (XZ Plane), and (i) HEM11δ and HEM12δ( Image theory). ............................ 59 

Fig. 3.7 EF distribution at port 2 of the DRA 2 at   (a) 3.4 THz (XY Plane), (b) 3.4 THz (YZ Plane), (c) 

5.42 THz (XY Plane), (d) 5.42 (XZ Plane), (e) 8.08 THz (XY Plane), (f) 8.08 THz (XZ Plane), (g) 8.86 

THz (XY Plane), (h) 8.86 (XZ Plane). ................................................................................................... 60 

Fig. 3.8 Axial Ratio (dB) for proposed antenna configuration............................................................... 60 

Fig. 3.9  Electric field vector (EFV) distribution on CDRA at 3.4 THz for time instants t= 0, t= T/4, t= 

T/2, and t= 3T/4 at (a) Port1 and (b) Port 2. ......................................................................................... 61 

Fig. 3.10 Electric field vector (EFV) distribution on CDRA at 8.08 THz for time instants t= 0, t= T/4, 

t= T/2, and t= 3T/4 at (a) Port1 and (b) Port 2. ..................................................................................... 62 



xvii 

 

Fig. 3.11 Simulated RHCP and LHCP radiation plots at port 1 and 2 in XZ plane for frequency (a) 3.4 

and (b) 8.08 THz. ................................................................................................................................... 63 

Fig. 3.12 Proposed MIMO DRA plot of (a) Gain (dB) and (b) Radiation Efficiency (RE). .................. 63 

Fig. 3.13 Proposed MIMO DRA plot of a. ECC, b. DG. ....................................................................... 64 

Fig. 3.14 Plot of MEG ............................................................................................................................ 65 

Fig. 3.15 Plot of TARC vs Frequency (THz) at different phase angles. ................................................ 66 

Fig. 3.16 Plot of CCL (bps/Hz) vs frequency (THz). ............................................................................. 66 

Fig. 3.17 a. Graphene layered MIMO DRA, b. Isolation plot ................................................................ 67 

Fig. 3.18 a. Graphene potential (𝜇𝑐) vs Bias Voltage, b. εr 𝑣𝑠 𝑉. ......................................................... 69 

Fig. 3.19 MIMO CDRA without graphene and with graphene (a) Frequency response and (b) AR (dB)

 ................................................................................................................................................................ 70 

Fig. 3. 20 (a) Dimensions (in μm) of reported MIMO DRA (w=44, l=44, d= 21.2, Ls=1.5, Ws=0.58, 

lf=13.3, Wf=0.74 μm) (b) perspective view. .......................................................................................... 71 

Fig. 3. 21(a) Ant- I (b) Ant-II (c) Ant-III (d) Ant-IV (Lv=32.5 μm and Hv=32.5 μm) ........................... 72 

Fig. 3. 22 Frequency Response (a) S11 (S11=S22=S33=S44) (b) S12 (S12=S31=S21=S42=S13=S43=S24=S34) and 

(c) S41 (S41=S14=S32=S23). ....................................................................................................................... 73 

Fig. 3. 23 Plot of Axial Ratio (AR) vs Frequency (THz) ....................................................................... 73 

Fig. 3. 24 Radiation Pattern of the antenna at 5.26 and 6.52 THz in xz plane (Solid line indicates at 5.26 

THz and Dashed line indicates at 6.52 THz).......................................................................................... 74 

Fig. 3. 25 Plot of Gain in dB (Left) and RE in % (Right) ...................................................................... 74 

Fig. 3. 26 Plot of ECC in dB (Left) and DG (dB) vs Frequency (Right). .............................................. 75 

Fig. 4.1 Proposed antenna Configuration (a) Top view of proposed stacked DRA (b) Front view of 

stacked DRA (c) Proposed conformal Stepped Microstrip feed (d) Stepped Microstrip Feed etched on 

DRA’s (e) Stepped Microstrip feed view (f) Proposed Ground Plane   (Ls=40, Ws=1, d= 6.5, h=4, r =10, 

Wf=2, lf1=15, lf2=4, lf2=6.5, and lf2=2.5 mm). ......................................................................................... 88 

Fig. 4.2 Evolution of proposed antenna Configuration(a) Configuration-I, (b) Configuration-II, (c) 

Configuration-III and (d) Configuration-IV (Proposed);  its Electric Field (EF) distribution on DRA (e) 

Configuration-I (f) Configuration-II(g) Configuration-III and (h) Configuration-IV (Proposed). ........ 90 

Fig. 4.3 Plot of (a) Frequency response, (b) AR response, and (c) Gain for different DRA configurations.

 ................................................................................................................................................................ 92 

Fig. 4.4 Ground plane configuration (a) Full Ground Plane (b) Partial Ground Plane (c) Partial Ground 

Plane with one circular ring and (d) Partial Ground Plane with two circular rings (Proposed) (Lg = 40, 

Wg = 40, Wg1 = 11, d1 = 22, d3= 5.6, d2 = 9.2, t = 0.2 and a = 5.6 mm). ................................................. 93 

Fig. 4.5 Plot of (a) Frequency response, (b) AR response, and (c) Gain for different ground plane 

configurations. ........................................................................................................................................ 94 



xviii 

 

Fig. 4.6 Arrangement of top DR (a) Ant-I (b) Ant-II (c) Ant-III (d) Ant-IV and (d) Ant-V (Proposed) 

(Lf1=15,   Lf2=8, Lf3=4, Lf4=6, Lf5=2.5, and Lf=2.5mm). ........................................................................ 96 

Fig. 4.7 Plot of (a) Frequency Response, (b) AR response, and (c) Gain for different DR configurations.

 ................................................................................................................................................................ 97 

Fig. 4.8 Configuration of Heights of DRs: (a) h1>h2, (b) h2>h1, and (c) h1=h2. ...................................... 98 

Fig. 4.9 Plot of (a) Frequency Response, (b) AR response, and (c) Gain for different heights of DR. 100 

Fig. 4.10 Proposed DRA configuration. ............................................................................................... 101 

Fig. 4.11 Plot of (a) Frequency Response and (b) AR response for different feed lengths (lf). ........... 101 

Fig. 4.12 EF vector distribution at a center frequency of 5.72 GHz at different time instants of (a) t=0, 

(b) t=T/4, (c) t=T/2, and (d) t=3T/4 (T is time period). ........................................................................ 102 

Fig. 4.13 EF vector distribution at resonant frequencies of (a) 4.3 GHz and (b) 6.2 GHz (Left side 

images: XY Plane; Right side images: XZ plane). ............................................................................... 103 

Fig. 4.14 Fabricated antenna prototype (a) Proposed stacked CPDRA, (b) 3D view of proposed CPDRA, 

(c) Stepped Conformal Feed view, and (d) Partial Ground plane with two circular rings. .................. 104 

Fig. 4.15 Plot of simulated and measurement results of proposed stacked CPDRA: (a) Frequency 

Response and (b) AR response. ............................................................................................................ 105 

Fig. 4.16 Simulated and measured radiation plots (Normalized) at a frequency of (a) 4.3 GHz (XZ - 

Plane), (b) 4.3 GHz (YZ - Plane), (c) 4.3 GHz (XY – plane) (d) 6.2 GHz (XZ - Plane) and (e) 6.2 GHz 

(YZ - Plane), (f) 6.2 GHz (XY - Plane). .............................................................................................. 106 

Fig. 4.17 3-dimensional radiation pattern for the proposed antenna at (a) 4.3GHz, (b) 6.2 GHz, and 7.4 

GHz. ..................................................................................................................................................... 106 

Fig. 4.18 With respect to microstrip feed Circular rings in the ground plane are placed towards (a) the 

Right side (Proposed) and (b) the Left side. ......................................................................................... 107 

Fig. 4.19 The plot of  Gain (dB) and Efficiency (Green) of proposed Stacked CPDRA. .................... 108 

Fig. 5.1 Front view of unit cell Metamaterial Absorber (a) In contact with each other (Model I) (b) 

Without contact (Model II) (all the dimensions are in μm). ................................................................. 112 

Fig. 5.2 The Plot of Absorption vs frequency for individual absorbers (a) Circular, (b) Triangular (c) 

Square (d) Pentagon, and (e) Hexagon along with vectored surface current distribution .................... 115 

Fig. 5.3 The plot of Absorption vs Frequency for different combinations of (a) Hexa-pentagon (H-P),  

(b) Circle-Triangle-Square (C-T-S), (c)Hexa-Penta-Circle (H-P-C), and (d) Hexa-Penta-Square (H-P-S) 

along with vectored surface current distribution. ................................................................................. 116 

Fig. 5.4 Plot of frequency vs Absorption (A), Reflectance (R), and Transmittance (T) for absorber (a) 

without circular ring-shaped absorber (b) without triangular absorber, (c) without square absorber, (d) 

without pentagon absorber, (e) without hexagonal shaped absorber and (f) with all shapes of absorbers.

 .............................................................................................................................................................. 118 



xix 

 

Fig. 5.5 The plot of Absorption vs Frequency (Model-II) for combinations of (a) Hexa-pentagon (H-P) 

(b) Circle-Triangle- Square (C-T-S), (c) Hexa-Penta-Circle (H-P-C),  (d) Hexa-Penta-Square (H-P-S).

 .............................................................................................................................................................. 121 

Fig. 5.6 Absorption vs frequency plot  with combination of  (a) Hexa-Penta-Square -Triangular (without 

Circle)  (b) Hexa-Penta-Square-Circular (without Triangle) (c) Hexa-Penta-Triangular-Circular 

(without Square) (d) Hexa-Square -Triangular ((without Pentagon) (e) Penta-Square-Circular shape 

absorbers (without Hexagon) (f) Hexa-Penta-Square-Triangular-Circular (All shapes-Proposed 

absorber). .............................................................................................................................................. 122 

Fig. 5.7 (a) Plot of frequency vs Absorption (A), Reflectance (R), and Transmittance (T) for the proposed 

absorber and (b) Extracted Real and imaginary impedance plot for the proposed absorber (proposed).

 .............................................................................................................................................................. 125 

Fig. 5.8 Surface current distribution and EF on proposed absorber at frequencies of (a, b) 0.79 THz, (c, 

d) 2.6 THz, (e, f) 3.6 THz, (g, h) 5.97 THz, (i, j) 6.2 THz, (k, l) 7.1 THz, (m, n) 7.52 THz, (o, p) 7.68 

THz (q, r) 8.08 THz and (s, t) 8.24 THz. ............................................................................................. 128 

Fig. 5.9 The plot of absorption spectra for the proposed absorber for various incidence angles (θ) (a) TE 

mode (b) TM mode and for various polarization angles (ϕ) (a) TE mode (b) TM mode. .................... 129 

Fig. 5.10 The plot of absorption spectra for the proposed absorber for various fermi level values of 

graphene (0.1 eV to 0.9eV). ................................................................................................................. 130 

Fig. 6.1 (a) Proposed absorber with incident THz waves, (b) Unit cell of the proposed absorber, (c) 

Periodic pattern and (d) Absorption plot (e) absorber structure with biasing (Dimensions: L= 80, W=80, 

d=8, g=4, t1=2, W1 = 40, W2 = 30, W3 = 20 and W4 =10 (all dimensions are in µm)). ........................ 135 

Fig. 6.2 Schematic view of individual absorbers (a) central Hexagonal ring (b) 2nd Hexagonal ring (c) 

3rd Hexagonal ring (d) 4th Hexagonal ring. ........................................................................................... 137 

Fig. 6.3 Surface current distribution on (a) central Hexagonal ring (b) 2nd Hexagonal ring (c) 3rd 

Hexagonal ring (d) 4th Hexagonal ring. ................................................................................................ 137 

Fig. 6.4 Absorption vs frequency spectra of individual absorbers ....................................................... 138 

Fig. 6.5 Schematic view of absorbers with a combination of  (a) central and 2nd Hexagonal rings (b) 3rd  

and 4th Hexagonal rings (c) central and 3rd Hexagonal rings (d) 2nd and 4th Hexagonal rings (e) 2nd and 

3rd  Hexagonal rings (f) Central and 4th Hexagonal rings. .................................................................... 138 

Fig. 6.6 Surface current distribution on absorber configuration of  (a) central and 2nd Hexagonal rings 

(b) 3rd  and 4th Hexagonal rings (c) central and 3rd Hexagonal rings (d) 2nd and 4th Hexagonal rings (e) 

2nd and 3rd  Hexagonal rings (f) Central and 4th Hexagonal rings. ....................................................... 139 

Fig. 6.7 Absorption spectra for the combination of  (a) central and 2nd Hexagonal rings (b) 3rd  and 4th 

Hexagonal rings (c) central and 3rd Hexagonal rings (d) 2nd and 4th Hexagonal rings (e) 2nd and 3rd  

Hexagonal rings (f) Central and 4th Hexagonal rings. .......................................................................... 140 



xx 

 

Fig. 6.8 Schematic view of absorbers with a combination of (a) 2nd, 3rd, and 4th Hexagonal rings (b) 

Central, 3rd and 4th Hexagonal rings (c) central, 2nd and 4th Hexagonal rings (d) Central, 2nd and 3rd 

Hexagonal rings. .................................................................................................................................. 141 

Fig. 6.9 Surface current distribution on absorber configuration of (a) 2nd, 3rd, and 4th Hexagonal rings (b) 

Central, 3rd and 4th Hexagonal rings (c) central, 2nd and 4th Hexagonal rings (d) Central, 2nd and 3rd 

Hexagonal rings. .................................................................................................................................. 142 

Fig. 6.10 Absorption spectra for a combination of (a) 2nd, 3rd, and 4th Hexagonal rings (b) Central, 3rd 

and 4th Hexagonal rings (c) central, 2nd and 4th Hexagonal rings (d) Central, 2nd and 3rd Hexagonal rings.

 .............................................................................................................................................................. 142 

Fig. 6.11Schematic view of the proposed absorber. ............................................................................. 143 

Fig. 6.12 Absorption spectra of proposed absorber .............................................................................. 144 

Fig. 6.13 Simulated absorption spectra for TE and TM incidence for the proposed absorber. ............ 145 

Fig. 6.14 Absorption performance for variation in substrate thickness (ts). ......................................... 145 

Fig. 6.15 Absorption performance for variation in (a) graphene split gap (g) and (b) graphene ring width 

(t1). ........................................................................................................................................................ 146 

Fig. 6.16 Absorption performance for variation in graphene (a) relaxation time (τ) and (b) chemical 

potential (µc). ........................................................................................................................................ 146 

Fig. 6.17 Absorption performance for variation in graphene (a) polarization angle, (b) TE incident, (c) 

TM incident. ......................................................................................................................................... 147 

Fig. 6.18 EF distribution on proposed absorber at frequencies of (a) 1.24 THz, (b) 2.21 THz, and (c) 

2.77 THz. .............................................................................................................................................. 148 

Fig. 6.19 MF distribution on proposed absorber at frequencies of (a) 1.24 THz, (b) 2.21 THz, and (c) 

2.77 THz. .............................................................................................................................................. 149 

Fig. 6.20 SC distribution on proposed absorber at frequencies of (a) 1.24 THz, (b) 2.21 THz, and (c) 

2.77 THz ............................................................................................................................................... 149 

Fig. 7.1 Proposed absorber its (a) Perspective view, (b) Periodic arrangement, (c) Top view with 

dimensions, (d) Absorption coefficient, (e) Side view without GCSR, and (f) Side view with GCSR.

 .............................................................................................................................................................. 155 

Fig. 7.2 The Proposed absorber evolution. ........................................................................................... 157 

Fig. 7.3 Absorption characteristics during different stages (a) Reflection coefficient, (b) Absorption 

coefficient. ............................................................................................................................................ 157 

Fig. 7.4 The EFD in the absorber-3 (Without GCSR) at a frequency of (a) 6.16 and (b) 6.84 THz. The 

EF vector distribution at a frequency of (c) 6.16 and (d) 6.84 THz. The MF vector distribution at (e) 

6.16 and (f) 6.84 THz. .......................................................................................................................... 158 



xxi 

 

Fig. 7.5 The EFD in the proposed absorber (With GCSR) at a frequency of (a) 5.98 and (b) 6.72 THz. 

The EF vector distribution at a frequency of (c) 5.98 and (d) 6.72 THz. The MF vector distribution at 

(e) 5.98 and (f) 6.72 THz...................................................................................................................... 159 

Fig. 7.6 Absorption characteristics for proposed absorber (a) TE and TM incidence and under different 

θ for (b) TE and (c) TM modes. ........................................................................................................... 160 

Fig. 7. 7 Absorption characteristics for proposed absorber for variation in (a) tdra,  (b) td, (c) ts, (d) rgi, (e) 

rgo, (f) gs, and (g) gc. ............................................................................................................................. 163 

Fig. 7.8 Absorption characteristics for proposed absorber for variation in (a) µc and  (b) τ. ............... 164 

Fig. 7.9 (a) Proposed absorber with analyte on top, (b) Frequency response with change in ta, (c) Plot of 

Δf and Sensitivity (S) with change in ta, (d) Plot of FWHM and FOM with change in ta and (e) Plot of 

Q with change in ta. .............................................................................................................................. 166 

Fig. 7.10 (a) Frequency response with change in n, (b) Plot of Δf and Sensitivity (S) with change in n, 

(c) Plot of FWHM and FOM with change in n, and (d) Plot of Q with change in n. ........................... 167 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxii 

 

 

 

List of Tables 

Table 2.1 Dimensions of Parameters (µm). .............................................................................. 35 

Table 2.2 Comparison with other research articles. ................................................................. 52 

Table 3.1 Dimensions of proposed MIMO DRA ..................................................................... 56 

Table 3.2 DG (dB) and ECC .................................................................................................... 64 

Table 3.3 Comparison with other MIMO antennas. ................................................................. 70 

Table 4.1 Comparison of proposed work with other CPDRAs .............................................. 108 

Table 5.1 Optimized parameters (all dimensions are in μm) ................................................. 111 

Table 5.2 Absorption peaks of individual absorbers .............................................................. 115 

Table 5.3 Absorption peaks of individual absorbers .............................................................. 117 

Table 5. 4 Absorption peaks of individual absorbers ............................................................. 118 

Table 5.5 Absorption peaks of individual absorbers .............................................................. 121 

Table 5.6 Comparison between Model I and Model II .......................................................... 123 

Table 5.7 Comparison of the proposed multiband absorber with published research articles.

 ................................................................................................................................................ 130 

Table 6.1 Proposed antenna parameters (in µm) .................................................................... 134 

Table 6.2 Comparison table .................................................................................................... 150 

Table 7.1 The sensing performance for blood, skin, and breast cancerous cells. ................... 168 

Table 7. 2 The sensing performance for identifying malaria. ................................................ 169 

Table 7.3 The sensing performance for identifying water/glucose detection. ........................ 170 

Table 7.4 The sensing performance for identifying various chemicals. ................................. 171 

Table 7. 5 Comparison with other research articles ............................................................... 171 

Table 7. 6 The sensing performance for identifying water/glucose ....................................... 177 

Table 7. 7 The sensing performance of malaria ..................................................................... 178 

Table 7. 8 The sensing performance of dengue virus ............................................................. 178 

Table 7. 9 The effect of µc on sensing parameters ................................................................. 179 

Table 7.10 Performance comparison with other research articles .......................................... 180 

 

  



xxiii 

 

 

 Nomenclature 

2D Two Dimensional 

A Absorption 

Al2O3 Aluminium oxide 

AR Axial Ratio 

ARBW Axial Ratio Bandwidth 

BW Bandwidth 

CCL Channel Capacity Loss 

CDRA Cylindrical Dielectric Resonator Antenna 

CP Circular Polarization 

CPDRA Circularly polarized Dielectric resonator antenna 

CST Computer Simulation Technology 

C-T-S Circular Triangular Squae 

dB Decibels 

DC Direct Current 

DG Diversity Gain 

DMMA Dielectric Metamaterial Absorber 

DMMS Dielectric Metamaterial Sensor 

DR Dielectric Resonator 

DRA Dielectric Resonator Antenna 

DWM Dielectric Waveguide Model 

E Electric Field 

ECC Envelope Correlation Coefficient 

ECD Equivalent Circuit Design 

ED Electric Dipole 

EFD Electric Field Distribution 

EFV Electric Field Vector 

EM Electromagnetic 

FBW Fractional Bandwidth 

FOM Figure of Merit 



xxiv 

 

FR Flame Retardant 

FWHM Full-Width Half Maximum 

GCR Graphene Circular Ring 

GCSR Graphene Circular Split Ring 

GHz Gigahertz 

GP Ground Plane 

H Magnetic Field 

HEM Hybrid Electromagnetic 

H-P-C Hexagon Pentagon Circle 

H-P-S  Hexagon Pentagon Square 

HSRA Hexagonal Split Ring Absorber 

IBW Impedance Bandwidth 

IR Infrared radiation 

KHz Kilohertz 

LB Lower Band 

LHCP Left Handed Circularly Polarised 

LP Linear Polarization 

MD Magnetic Dipole 

MEG Mean Effective Gain 

MFD Magnetic Field distribution 

MIMO Multiple Input Multiple Output 

MLA Matching Layer Absorber 

MM Metamaterial 

MMA Metamaterial Absorber 

MPA Microstrip Patch Antenna 

Q-Factor Quality Factor 

R Reflection 

RBC Red Blood Cells 

RDR Rectangular Dielectric Resonator 

RE Radiation Efficiency 

RF Radio Frequency 

RHCP Right Handed Circularly Polarised 

RI or n Refractive Index 



xxv 

 

RIU Refractive Index Unit 

S Sensitivity 

SC Surface Current 

SiO2 Silicon Dioxide 

SSRR Silicon Square Ring Resonator 

SSSR Silicon Square Split Ring 

STO Strontium Titanate 

T Temperature 

TARC Total Active Reflection Coefficient 

TE Transverse Electric 

TEM Transverse Electromagnetic 

THz Terahertz 

TLA Tapered Loaded Absorber 

TM Transverse Magnetic 

TU Thickness Unit 

UAV Unmanned Aerial Vehicle 

UB Upper Band 

VO2 Vanadium Dioxide 

Wi-Fi Wireless Fidelity 

 

 



1 

 

 

 

Chapter 1 

 

Introduction 

The use of radio frequency (RF) technology has revolutionized modern communication, enabling 

wireless broadcasting and communications using antennas and trans-receivers. RF refers to a 

portion of the electromagnetic (EM) spectrum that ranges from 9 kilohertz (kHz) to 300 gigahertz 

(GHz) and 0.1 THz to 10 THz. In recent years, there has been growing interest in the development 

of circularly polarized dielectric resonator antennas (CPDRAs) and terahertz (THz) absorbers, 

which are essential components in RF systems. CPDRAs are highly efficient antennas that provide 

wideband operation and circular polarization, making them ideal for various applications such as 

satellite communication, wireless local area networks (WLAN), and mobile communication 

systems. They are composed of a dielectric resonator placed on a ground plane and fed by a 

microstrip line or a coaxial probe. The resonator's geometry and size determine the antenna's 

resonant frequency and polarization characteristics. On the other hand, THz absorbers are critical 

for attenuating EM waves in the terahertz frequency range, which is essential for applications such 

as terahertz communication and biosensing. THz absorbers typically consist of a structure that 

absorbs and converts the incident THz radiation into heat. The absorption bandwidth and efficiency 

depend on the materials used and the design of the absorber structure. THz spectrum has piqued 

the interest of researchers due to its dual characteristics of microwave and infrared frequency bands 

[1]. THz waves, like infrared, will radiate in a single direction and, like microwaves, travel through 

various non-conducting materials. Many devices are implemented in the THz regime, like 

antennas, for communication, absorbers, sensors, spectroscopy, and imaging for various 

applications [2]–[4]. Metals are a good possibility for the THz antennas and absorbers, but their 

poor electrical characteristics and temperature sensitivity over wide frequency range limit devices 

from operating at higher frequencies. Furthermore, these devices are highly susceptible to 
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temperature changes, and their lifetime is restricted due to oxidation and corrosion in metals. 

Graphene in the antenna and absorber structure has been developed recently, which allows 

frequency tuning [5].  

This thesis explores two devices: 1. Dielectric Resonator Antenna and 2. THz Absorber. 

The antenna is an essential part of any communication system. An antenna is a transition medium 

between a guided wave and free space and vice versa. It's a transducer that transforms electrical 

energy into EM energy and vice versa [6]–[8]. In 1921, Marconi proposed that a signal may be 

carried in free space using a radiating device known as an antenna. A lot of advancements in the 

field of antennas have been recorded since then. The antenna is a critical component of a wireless 

communication system. Various antennas, including wire antennas, aperture antennas, reflector 

antennas, microstrip antennas, and dielectric resonator antennas, have been created to improve the 

efficiency of wireless communication systems [9]. The standards for antenna design are 

continuously increasing in response to market demand. Today's consumer market necessitates 

high-efficiency, wide-bandwidth, and compact electronic devices. Meeting these objectives in the 

RF and wireless domains is a significant problem since it requires the design of antennas to be 

incorporated into wireless devices [10]–[12]. One challenge in scaling up the frequency of 

millimeter bands is that most antennas nowadays operate on microwave technology, which may 

not be directly compatible with higher frequencies. This is because, as the frequency increases, the 

conduction loss in metal regions of a radiating element may become too significant for the system 

to function effectively. As a result, this loss may become too large for the effective functioning of 

a system. Microstrip patch antennas (MPAs) and dielectric resonator antennas (DRAs) have been 

explored for current wireless applications throughout the last few decades [12]. The MPA is made 

of a metallic conductor placed on a grounded substrate. It is a two-dimensional planar construction. 

Microstrip antennas are now widely used in various handheld devices. Microstrip patch antennas 

consist of metal patches of different shapes, such as rectangular, circular, and triangular, on a 

grounded substrate. These antennas have many advantages, such as low profile, low weight, and 

good mechanical stability. Fig. 1.1 shows a simple rectangular microstrip patch antenna [12]–[14]. 

The Dielectric Resonator Antenna (DRA) is fabricated using dielectric materials on a grounded 
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substrate, forming a three-dimensional structure [8], [15]. DRAs are known to offer wider 

bandwidth, higher gain, and improved radiation efficiency compared to MPAs. The cause for the 

broad impedance bandwidth is the antenna's low-quality factor, which amplifies radiations due to 

an abrupt change in permittivity at the dielectric air interface [16], [17]. 

 

Fig. 1.1 Microstrip patch antenna. 

Fig. 1.2 shows a simple aperture-coupled rectangular dielectric resonator antenna. To excite the 

field in DRA, the current is flowing parallel along the slot length through the aperture. The aperture 

consists of the slot and microstrip feed line beneath the ground plane. The most attractive feature 

of aperture coupling is that it offers the isolation of radiating aperture from unwanted spurious 

radiations as the feed network is below the ground plane [18]. 

 

Fig. 1.2 Dielectric resonator antenna. 
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Dielectric Resonator Antenna (DRA) is a relatively new class of antenna whose radiator is made 

of a dielectric material with a relative permittivity range of 10-100 [8], [15]. DRAs are popular in 

the core sectors such as defense, military, radar, and especially satellite and mm-wave applications. 

A DRA's resonant frequency is a function of its size, shape, and dielectric constant. It has been 

reported that dielectric materials with specific geometries can act as resonators for higher-

frequency oscillations called DRs [19]. Analysis revealed that DR must radiate in an open 

environment (free space). The study also reported on the concepts of resonance frequency and 

oscillation mode. The research investigated the potential of utilizing DR technology to create 

miniature antennas [20]. A comprehensive theoretical framework for estimating modal behavior in 

DR, as well as the characteristics of the resulting radiation field, was presented [21]. In 1983, the 

first experimental examination of cylindrical DR cavities was conducted [12]. Furthermore, in the 

same year, a rectangular DRA was analyzed and published [22], followed by the implementation 

of a hemispherical DRA in late 1984 [23]. Subsequently, studies of radiation properties and new 

applications led to the proposal of a cylindrical DRA [24]. Half-split DR is used for antenna 

applications placed on metal surfaces [25]. The slot-combining method is then employed with half-

split DR, whereby slots are used to define leaking fields within the DR structure to define modes 

[25]. Until then, research into new morphologies, feeding techniques, and structures of the DRA 

was underway. The key information required for DRA design is the radiated field, resonant modes 

in the DR structure, resonant frequency, bandwidth, radiated Q-factor, and field distribution. 

Several research papers have been carried out to study resonant modes, and electric field 

distributions in the DR. These modes define field patterns for the DRA. A study of resonant modes 

in dielectric rod resonators has been reported [26], along with the characteristic equations of the 

modes present. In this work, we experimentally investigate the existence of modes. In [27] several 

resonant modes in open dielectric resonators is investigated, along with calculations of their 

properties. The generation of modes in cylindrical dielectric waveguides near and far from the cut-

off frequency has been reported [28]. Transverse modes and mixed modes were studied and 

analysed experimentally, along with the study of modal properties [29]. The existence of modes 

and their radiation properties have been reported in various forms of DR [25]. 
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This flexibility of the DRA allows it to be designed in various geometries depending on the 

coverage requirements of the application in the wireless communications industry. Dielectric 

resonators (DR) have been used for years, primarily in microwave circuits such as oscillators and 

filters. The unloaded quality factor (Q) generally is between 50 and 500 but can reach 10,000 [8], 

[15]. DRs are typically treated as energy storage devices rather than radiators. DR materials will 

have low-loss tangent values (10-4 or less). The low tangent value and high permittivity of DR 

make its quality factor (Q) very high (Q≈1/tan δ) when used in the bounded region. When a 

dielectric resonator (DR) is operated with open boundaries, it can radiate electromagnetic (EM) 

waves, which results in a decrease in the quality factor (Q) of the resonator. This effect is due to 

the loss of energy through radiation, and it can result in a wider bandwidth for the resonator. To 

explain this effect in more detail, when a DR is placed in a waveguide or other enclosed structure, 

the EM energy inside the resonator is trapped and oscillates back and forth at the resonant 

frequency, leading to a high Q value. However, when the boundaries are open, the EM energy can 

escape and radiate into the surrounding space, resulting in a loss of energy and a lower Q value [8], 

[15]. This loss of energy through radiation leads to a wider bandwidth for the resonator, which can 

be desirable for some applications. The amount of radiation and the resulting Q value of the DR 

depend on various factors, such as the resonator's geometry, dielectric constant, and the 

surrounding medium. By adjusting these parameters, it is possible to optimize the resonator's 

performance for specific applications that require a wide bandwidth. The Q of the DR is given by 

equation 1.1. 

Q = ω
Engery stored

Energy lost per second
                                                                               (1.1) 

The quality factor is described as a function of frequency, including the periodic term. A periodic 

term represents the maximum value at each point in the DR that depends on a set of variables. For 

this set of variables, the current distribution within the DR is called the resonant mode [19]. In the 

year 1962, a microwave DR in the form of rutile DR, where the resonance frequency of the first 

mode (E11δ, H11δ) was calculated. Subsequently, other higher-order resonant modes (HEM11δ, 

HEM12δ) then calculated the resonance frequencies of these modes of the same DR [20], [30], [31]. 

In the year 1969 the dielectric waveguide model (DWM) was introduced [32]. The DWM model 

can be used to calculate the resonant frequency of the DR in higher mode calculations. Electrical 

and magnetic resonances within DR have been presented [26], [33], [34]. Y. Kobayashi et al., [26], 
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tracked and calculated the E and H field configurations where the dielectric rod is short-circuited 

both ends and investigated the resonant modes [26]. In the year 1983, DR-based antenna concept 

was proposed by S.A. Long et al.[12]. The proposed design involved a cylindrical DR with a feed 

attached to the bottom, which was placed on a ground plane. The DR was used to radiate EM waves 

through this structure [12]. Later in the same year (1983), Long et al., [22], proposed another DRA 

which is in the  rectangular shape. An alternative type of DRA that employs a spherical-shaped DR 

was also investigated using the same antenna concept [23]. In sequence, several DRAs have been 

reported at the desired resonant frequency, like cylindrical DR with direct microstrip line feeding 

technique [35], broadband stacked DRA [24], an aperture coupled cylindrical DRA [36], 

cylindrical DRA with coplanar waveguide feeding [35], aperture coupled integrated rectangular 

DRA [37], half-split cylindrical DR placed above the ground plane with coaxial feeding [38]. 

Moreover, the radiation characteristics and parameters of the DRA have been investigated like 

radiation pattern [24], radiation efficiency [38], input impedance of the aperture coupled 

hemispherical DRA [39], hemispherical DRA with microstrip line feeding [40] with coaxial probe 

[39], and the resonant frequencies [24], [41]. An insight through DRs has been presented explaining 

the relation between the resonant frequencies, bandwidth, and quality factor of the DRs [41]. The 

different shapes of DR have been studied and reported, mainly consisting of cylindrical, 

rectangular, and hemispherical shapes. These are the typical forms of DR that are easy to create. 

Many structures such as triangular, spherical shaped DRs have been studied and reported as the 

DRA evolved [15], [42]. Fig. 1.3 shows the different geometries of DR that can be used with DRA. 

 

Fig. 1.3 Different shapes of DR. 
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Different forms of DR structures create different modes that result in different field patterns. The 

most salient features that make DR suitable for antenna elements are its simple construction and 

reduced Q factor. When a dielectric resonator (DR) is operated with open boundaries, it can radiate 

electromagnetic (EM) waves, which results in a decrease in the quality factor (Q) of the resonator. 

This effect is due to the loss of energy through radiation, and it can result in a wider bandwidth for 

the resonator. This improves DRA bandwidth (reduces Q-factor) [8], [15]. The aspect ratio and 

shape of the DRA are essential parameters that determine the field patterns and modes generated 

within the DR structure. Each mode in DR has a different field pattern and radiation efficiency. 

Important antenna parameters such as operating bandwidth and gain can be improved by tuning 

these parameters. Due to the simple geometry of the DRA compared to other antennas, the 

performance and specifications of the DRA can be easily determined experimentally. The DR 

structure of the antenna has no conductor losses, thus improving efficiency. Changing the DR 

position can control the coupling between the DR structure and the transmission line. These 

properties make DRAs useful for microwave and millimeter wave frequency applications. DRAs 

can be excited using various feeding methods such as microstrip line, dielectric image waveguide 

feeding, aperture coupling, probes, slots, and coplanar lines. DRAs are a great alternative to 

microstrip antennas as they have much wider impedance bandwidth and higher power handling 

with many functional and attractive features. As such, these include design flexibility, low weight, 

compact size, versatility in geometries and feed schemes, simple construction, ease of manufacture, 

and wide impedance bandwidth. For the next-generation communication system, Terahertz (THz) 

frequency spectrum is becoming the choice of many wireless applications because of its wider 

bandwidth and high data rates. Many antennas are developed in the THz frequency range for 

different applications. Metallic radiators are not considered at this frequency because of their high 

losses. Hence DRA is the one of the best choice because of its low losses, high gain, and high 

radiation efficiency at this frequency [5], [43]–[54]. 

DRA offers simple geometry, small size, high radiation efficiency, high gain, low loss, and 

relatively improved bandwidth over other antennas [41]. Dielectric resonator (DR) antennas have 

several advantages over microstrip patch antennas. Some of the primary benefits of using DRAs 

include: 
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1. DRA can be easily made in different shapes, such as rectangle, circle, hemisphere, and 

cylindrical. 

2. The DR dimension is of the order 0 r  . Where 𝜆0 is the free-space wavelength, and 𝜀𝑟 is the 

dielectric constant of the DR material. The wavelength of an electromagnetic wave inside a 

material is inversely proportional to the square root of the material's relative permittivity, which 

is related to the dielectric constant (𝜆 = 𝑐 𝑓√𝜀𝑟⁄ ). So, a higher dielectric constant material will 

have a smaller wavelength inside it, which means that the physical size of the DRA can be 

reduced while still maintaining its resonant frequency. Therefore, choosing a high dielectric 

constant can reduce the antenna size. 

3. The DRA mode depends on the shape and aspect ratio of the DR. This provides some flexibility 

in the structure as different radiation patterns can be obtained by these modes depending on the 

requirement.  

4. Since the resonator is non-metallic, DRA has no inherent conduction loss. With this advantage, 

DR can be used to create mm-wave antennas. 

5. DRA can be easily integrated with other existing technologies such as, microstrip line, 

waveguide, and printed circuit board. This is to provide a simple binding scheme for all feeding 

techniques. 

6. DR has a very high dielectric strength and provides excellent power handling capability even at 

higher powers. Additionally, the temperature-stable ceramic allows the antenna to operate over 

a wide temperature range. There is minimal frequency drift due to temperature changes in the 

DRA.  

7. The radiation properties of the antenna can be described using different excitation modes of the 

DR structure. Each mode in DR has a unique field pattern depending on the external field 

distribution. 

8. An open environment reduces the Q-factor of the resonator and increases the antenna 

bandwidth. Also, the bandwidth can be easily changed by changing various parameters of the 

DRA. 
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Dielectric resonator antennas (DRAs) have found numerous applications in the field of wireless 

communication systems, owing to their unique properties and advantages. Some of the key 

applications of DRAs are: 

1. Communication systems: DRAs can be used in wireless communication systems such as 

cellular networks, Wi-Fi, and satellite communication. They offer advantages such as high 

gain, low noise, and improved efficiency compared to traditional antennas. 

2. Radar systems: DRAs can be used in radar systems for both military and civilian applications. 

They offer high radiation efficiency, high gain, and low side lobe levels, making them suitable 

for applications such as target detection and tracking. 

3. Terrestrial and satellite broadcasting: DRAs are used in terrestrial and satellite broadcasting 

systems for transmitting and receiving signals. Their compact size and high radiation 

efficiency make them a good choice for applications where space is limited. 

4. Medical applications: DRAs can be used in medical imaging systems, such as magnetic 

resonance imaging (MRI), as they offer high quality images with low interference. They can 

also be used in hyperthermia treatment for cancer therapy. 

5. Automotive applications: DRAs can be used in automotive radar systems for collision 

avoidance and adaptive cruise control. They offer high gain, low profile, and low cost, making 

them a good choice for automotive applications. 

6. Microwave and millimeter-wave systems: DRAs are used in microwave and millimeter-wave 

systems for applications such as point-to-point communications, radar, and sensing. They offer 

high radiation efficiency, low cross-polarization, and low loss at high frequencies. 

7. Aerospace applications: DRAs are used in aerospace applications such as satellite 

communication, remote sensing, and navigation. They offer high gain and low weight, making 

them a good choice for space applications. 

8. Military applications: DRAs are used in military applications such as electronic warfare, 

surveillance, and communication. They offer high gain, low side lobe levels, and low radar 

cross section, making them suitable for military applications. 

9. IoT and wearable devices: DRAs are suitable for small form factor IoT and wearable devices 

due to their small size, low profile, and high efficiency. 
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10. RFID applications: DRAs can be used in radio-frequency identification (RFID) systems for 

inventory tracking and supply chain management. They offer high gain and low profile, 

making them suitable for RFID applications. 

DRAs are also being explored for use in terahertz (THz) communication systems and other THz 

applications due to their non-metallic structure, which can reduce signal losses and enhance 

performance in this frequency range. 

Some of the key applications of DRAs in THz systems include: 

11. Imaging Systems: DRAs are used as imaging antennas in THz systems, where they can be 

used to generate high-resolution images of various materials and structures. 

12. Spectroscopy Systems: DRAs are used in THz spectroscopy systems, where they can be 

utilized to analyze the composition and properties of materials in the THz frequency range. 

13. THz Communication Systems: DRAs are being explored for use in THz communication 

systems, where they could provide high bandwidths and data rates, as well as reduced signal 

attenuation. 

14. Sensing Systems: DRAs are used as sensing antennas in THz sensing systems, where they can 

be used to detect and analyze various types of signals, such as biological and chemical signals. 

Circular polarization has several important applications in various fields, including 

communication, radar, and remote sensing. One of the most significant advantages of circular 

polarization is its ability to mitigate the effects of multipath interference in wireless 

communication. This makes it particularly useful in environments where signal reflection and 

scattering are prevalent, such as urban areas. Another important application of circular polarization 

is in satellite communication [55], [56]. Since satellites are often in motion, circularly polarized 

antennas can maintain a more stable link with the satellite than linearly polarized antennas. 

Additionally, circular polarization is less affected by atmospheric conditions such as rain and snow, 

which can degrade signal quality. In the field of remote sensing, circular polarization is used to 

study the properties of various materials and surfaces. By analysing the way that circularly 

polarized electromagnetic waves interact with different materials, scientists can gain insights into 
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their physical and chemical properties. This has important applications in areas such as geology, 

agriculture, and environmental monitoring. 

EM waves are used in wireless communication to transport data between the transmitter 

and receiver. A general Transverse Electromagnetic (TEM) wave contains electric (E) and 

magnetic (H) field components that are perpendicular to one other and the propagation direction. 

TEM waves may also be distinguished by frequency, amplitude, phase, and polarisation at an 

observation location. Consider a z-directed planar wave having E field components in the x and y 

axes. The time-harmonic electric field at z = 0 is expressed as: 

cos( ) cos( )x x y yE E t a E t a  = + +       (1.2) 

Where Ex and Ey are the magnitudes of the corresponding components, δ is the phase at which the 

y-directed component leads the x-directed component. The antenna’s polarisation can be 

understood from equation (1.2). For example, if δ = 0, then Ex and Ey are in phase, and the net 

vector changes as a line. Accordingly, the wave is defined as Linearly Polarised (LP). When the 

two field components, xE  and 
yE , are equal, the polarisation will be linear at an angle of 45o. 

Furthermore, vertical polarization is obtained when the magnitude of Ex is negligible. Similarly, a 

horizontal polarisation is achieved when Ey ≈0. If Ex and Ey have different magnitudes (Ex ≠ Ey), 

the polarization can be calculated as the angle whose tangent is Ey divided by Ex: 

1tan
y

x

E

E
 −  
=  

 
                                                                                  (1.3) 

A diagrammatic representation of a linearly polarized wave is shown in Fig. 1.4 below. 

For a wave with a phase of δ = ±90o and Ex = Ey, the field vector moves in a circular path, as seen 

in Fig. 1.5, and the polarisation is said to be circular. If, however, Ex ≠ Ey, which is more common, 

then the field vector rotates in an elliptical path, and the polarisation is said to be elliptical as 

illustrated in Fig. 1.6. When the wave rotates in a clockwise direction, towards the observer, a Left 

Handed Circularly Polarised (LHCP) radiation is accomplished. On the other hand, if the wave 

rotates in an anti-clockwise direction, a Right Handed Circularly Polarised (RHCP) radiation is 

obtained. 
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Fig. 1.4 Horizontal and vertical polarization. 

Circular polarisation is defined by the Axial Ratio (AR), which is the ratio of the magnitudes of 

the major and minor axes of the polarization ellipse and is given in decibels by [9], [19], [41]: 

10

min

20log
maxE

AR
E

 
=  

 
                                                                          (1.4) 

It can be noticed from equation 1.4 that 1 ≤ AR ≤ ∞. A pure circular polarization can be achieved 

when AR = 1 or 0 dB, which is difficult to achieve in practice. Therefore, a frequency range over 

which AR ≤ 3dB is considered and defined as [57], [58] 

( )2

2

H LH L
BW

H L H L

f ff f
AR

f f f f

−−
= =

+ +
                                                             (1.5) 

Where fH and fL are the boundary frequencies for AR ≤ 3dB. 
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Fig. 1.5 Left-handed and Right-handed circular polarization. 

 

Fig. 1.6 Elliptical Polarization. 

The categorization and implementation of CP-generating techniques for DRA have made 

significant progress. The investigations of several methods for generating CP in DRA shows that 

the single feeding approach is the simplest. The single feeding strategy has the problem of 
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providing a restricted CP bandwidth with regular DR forms [59]. The dual/multi-feeding approach 

was used to overcome the constraint of the single-feeding technique [60]–[62]. The multi-feeding 

approach may significantly increase the CP bandwidth of DRA. In comparison to the single feeding 

approach, the shortcoming of the multi-feeding system is that it becomes complicated and provides 

a large antenna structure. Another approach that comes to mind to circumvent this constraint of 

CPDRA with a multi-feeding technique is the use of the modified form of the DR. The changed 

form of DR enables the use of a single feeding procedure. The broad CP response is also provided 

by the change in the form of DR [63], [64]. With the wideband CP response, single feeding was 

used in these antenna configurations. The intricate DR forms of these antenna systems are their 

constraint. The intricacy of the DR forms makes manufacturing difficulty. Another option is to 

utilize a modified-shaped slot. The excitation slot, the most basic type of excitation, is used in the 

aperture-linked feeding approach. Generally, the ground plane's rectangular slot is employed for 

field coupling from the microstrip line to the DR. The 45° angle of inclination of DR from the slot 

axis excites the orthogonal modes, leading to the formation of circular polarisation [59]. Another 

possibility in the slot modification sequence is the cross slot [65]–[67]. The broad CP response is 

likewise provided by using an Archimedean spiral slot [68]. The CP response was also determined 

using a modified slot and the elliptical DR [69]. The CP response is provided via a logarithmic 

spiral slot in addition to the DR [39]. In compared to the previously described ways, using the 

changed form of slot appears to be relatively simple because the slot may be immediately combined 

with any shape of DR. Another approach for obtaining the CP response in DRA is to use a metallic 

strip. The use of a metallic strip on DR enables the generation of orthogonal modes [62]. 

Introducing a parasitic strip broadens the impedance bandwidth while generating orthogonal modes 

[12]. Despite the development of various techniques for circular polarization generation, there is 

still a need for new and innovative techniques that can be implemented in circularly polarized 

DRAs to achieve high-performance and reliable wireless communication, particularly in 

challenging environments such as military satellite communications, UAV applications and THz 

applications. Therefore, there is a significant gap for research and development in this area to 

explore new and simple techniques and optimize the performance of circularly polarized DRAs for 

these applications. This can involve exploring new techniques, designing novel structures, and 

using advanced simulation and optimization tools to improve the performance of circularly 

polarized DRAs.  
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1.2.3.1 CPDRA with single feeding technique 

An Rectangular CPDRA was documented utilizing the aperture-coupled feeding technique [59]. 

By tilting the rectangular dielectric resonator at a 45° angle relative to the slot axis, the antenna 

structure exhibits orthogonal modes, as illustrated in Figure 1.7. To achieve circular polarization, 

the dimensions of the dielectric resonator antenna are selected to meet the prescribed criterion. 

  

                           (a)                                                                               (b) 

Fig. 1.7. (a) Aperture coupled RDRA, (b) S-Parameter response. 

A circular sector DRA was documented in [70] to achieve CP. The generation of orthogonal 

degenerate modes, leading to CP, was accomplished through the utilization of a single probe 

feeding technique and manipulation of the aspect ratio (ratio of radius to height). The modes TM11δ 

and TM21δ were excited by employing distinct probe feeding positions, as depicted in Figure 1.8. 

The fulfilment of the quadrature phase condition ensured the excitation of these modes, as 

represented by the following formula: 

𝑓1 +
∆𝑓1

2
= 𝑓2 −

∆𝑓2

2
                                                                              (1.6) 

Where, f1 < f2 and Δf is the 3-dB bandwidth of S11-parameter. 
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(a) 

   

                                           (b)                                                            (c) 

Fig. 1.8. (a) Circular sector DRA, (b) 𝐸-field distribution for TM11δ mode using side feeding and 

(c) 𝐸-field distribution for TM21δ mode using centre feeding [70]. 

1.2.3.2 CPDRA with multi-feeding technique 

CPDRAs can be achieved using the multi-feeding technique, which offers a wideband circular 

polarization response. However, it should be noted that employing this technique increases the 

structural complexity of the antenna and enlarges its size due to the requirement of external power 

dividers. In this design [71], dual-slots are utilized for feeding, as illustrated in Figure 1.9. To 

generate orthogonal modes (HE111 and HE113) necessary for circular polarization, an excitation 

strip, matching slot, and feedline are employed. The quadrature strip-fed method is primarily 

employed to excite the lower bands' orthogonal degenerate modes, namely HE111x, HE111y, HE113x, 

and HE113y, as well as the upper bands' modes. To achieve the quadrature signal, a 90° coupler is 

integrated into the substrate fabrication. The isolation port of the dual-band CPDRA is externally 

terminated at a 50Ω load. The impedance bandwidth of the antenna spans 18.9% and 7.8% for the 

lower and upper bands, respectively, with an axial ratio (AR) bandwidth of 12.4% and 7.4% for 

the lower and upper bands, respectively. 
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Fig. 1.9. Dual-band CPDRA with dual feeding technique [71].  

1.2.3.3 CPDRA with the modified shape of DR 

Various DRA geometries incorporating altered configurations of the dielectric resonator have been 

documented in order to attain circular polarization.  

 

Fig. 1.10. CPDRA with rotated stair [72]. 

CPDRA designs have utilized modified dielectric resonator shapes. An example is the rotated-stair 

dielectric resonator, comprising two rectangular dielectric resonators stacked at a specific rotation 

angle [72] as depicted in Figure 1.22. The CPDRA achieves circular polarization through proximity 
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coupled feeding, employing a rectangular slot on the ground plane. The antenna exhibits an 

impressive impedance bandwidth of 31% and an AR bandwidth of 18.2%. 

Multiple-Input Multiple-Output (MIMO) technology has emerged as a key enabling technology for 

modern wireless communication systems, including THz communication. MIMO is a wireless 

communication technology that uses multiple antennas at both the transmitter and receiver to 

increase the capacity and reliability of wireless communication. MIMO technology can be used to 

increase data transfer rates, which is crucial for satellite, Unmanned Aerial Vehicles (UAV), and 

THz communication systems [48], [73]. MIMO antennas are generally preferred because of their 

higher system capacity, high data speeds, high-quality network coverage, high gain, high radiation 

efficiency, and high data transfer, such as audio and multimedia, which are essential requirements 

for satellite, UAV, and THz applications for extensive data transformation [48], [73]. Furthermore, 

CP-based MIMO antennas are generally preferred because of the benefits of minimizing 

polarization mismatch. Here MIMO technology is combined with DRA to create MIMO DRAs for 

satellite, UAV, and THz applications. MIMO DRAs can increase the data rate and improve the 

reliability of wireless communication. They provide higher radiation efficiency and better 

impedance matching compared to other types of antennas. Circularly polarized MIMO DRAs are 

particularly useful in high-performance wireless communication systems. They can be used in 

applications such as UAVs and THz communication. Circular polarization can help to improve the 

signal quality and reliability of the communication system. They are particularly useful in 

challenging environments where reliable communication is critical. Moreover, MIMO technology 

based on CP is preferred because it minimizes polarization mismatch. CP-based MIMO antennas 

offer improved performance and reliability over other types of MIMO antennas. The use of CP-

based MIMO antennas ensures that the transmitted signal is optimally received at the receiver, 

minimizing the impact of polarization mismatch. MIMO CPDRAs can be designed to provide a 

high degree of spatial diversity, which can help to increase the capacity of wireless communication. 

They can also be designed to reduce the overall size of the antenna system, making them suitable 

for compact devices. MIMO CPDRAs can operate at a range of frequencies, including microwave 

and millimetre-wave frequencies. They can also be designed to operate in multiple frequency 

bands, making them versatile for a range of applications. The use of MIMO DRAs can help to 
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improve the performance of 5G and beyond wireless communication systems. Several MIMO 

antenna systems are developed for THz frequencies for various applications [74]–[76]. In [77], a 

reconfigurable graphene-based THz MIMO antenna is developed, and a high spectral efficiency is 

reported. Although most of the research is done on the design of MIMO patch antennas at the THz 

region, less research is done on MIMO DRA at this frequency (THz) which provides fewer losses 

and is more efficient compared to patch antennas at high frequency. In this thesis MIMO CP DRA 

is introduced for THz applications and a two port MIMO CP DRA is designed for UAV 

applications. 

Recently, nearly all telecommunication systems, including television broadcasting, mobile phone 

(3G/4G/LTE/5G) frequencies, and Wi-Fi applications, have been operating in the lower microwave 

range extending from 0.3 to 30 GHz. Terahertz technology has gotten a lot of interest in recent 

years. Terahertz (THz) absorbers are materials or devices designed to selectively absorb 

electromagnetic radiation in the terahertz frequency range, typically between 0.1 and 10 THz. 

These absorbers are used in a variety of applications, including sensing, imaging, and 

communication. The THz frequency range is of particular interest because it lies between the 

microwave and infrared regions of the EM spectrum, where many important molecular and material 

properties can be probed. However, THz radiation is typically weakly absorbed by most materials, 

which makes it difficult to detect or manipulate. THz absorbers are designed to overcome this 

limitation by exploiting various physical mechanisms to enhance absorption in the THz range. 

These mechanisms include plasmonic resonances, phonon resonances, and polariton resonances, 

among others. One common approach to creating THz absorbers is to use metamaterials, which are 

artificial structures designed to exhibit properties not found in natural materials. Metamaterials can 

be engineered to have resonant properties that enhance the absorption of terahertz radiation. Other 

approaches include using composite materials, such as carbon nanotubes, graphene, or metal 

oxides, to create THz absorbers [78], [79]. THz absorbers have a wide range of potential 

applications. For example, they can be used for sensing and imaging applications, such as detecting 

chemicals, biomolecules, or explosives. They can also be used in communication systems to 

enhance signal-to-noise ratios and reduce interference. Additionally, THz absorbers can be used in 

energy harvesting devices, such as solar cells, to improve their efficiency by capturing more of the 
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terahertz radiation present in sunlight. Furthermore these are among the most prominent terahertz 

devices, with uses in terahertz imaging, sensors, heat detectors, and communication [80], [81]. It 

is seeing extraordinary growth not just in indoor communication but also in security monitoring 

systems. Active and passive components are being incorporated into numerous systems that are 

being developed to be more compact and resilient [82], [83]. Thin and flexible ideal absorbers are 

desirable and even required in these systems, in addition to outstanding absorption level, relative 

frequency bandwidth, insensitivity to polarisation, and angle of incidence. During World War II, 

both the United States and Germany designed the absorbers, marking the beginning of their use in 

research [81], [83]. The primary reason for researching absorbers stems from their effective 

utilization in possible applications. Among the applications are emitters, sensors, spatial light 

modulators, IR camouflage, anechoic chambers, and wireless communication. Absorbers in the 

applications above are classified into several classical and commercial categories, including 

dielectric, structural, resonant, magnetic, metamaterial, and non-metallic absorbers. Different 

scientific investigations have produced each type [54], [80].  

This is the most basic kind of absorber. These are carbon or metal-loaded foams, polymers, or 

honeycomb structures.  These materials are designed to have the largest dielectric loss constant, 

which converts the maximum of the incident wave into heat. This sort of material's impedance is 

not well matched to the impedance of space. As a result, they can produce a powerful reflection at 

their interface. These materials are often encountered in industry. Recent dielectric absorber 

research has centered on conductive polymer materials. They are distinguished by their low relative 

permittivity and high dielectric loss. The production of this sort of material is fairly complicated 

[84]–[86]. 

The structural absorber is a material that reduces the reflection of a wave at the interface of a 

material in proportion to its impedance. To enhance wave dispersion in a dielectric absorbent layer, 

three absorbers were developed: Pyramidal Absorber, Tapered Loaded Absorber, and Matching 

Layer Absorber. Achieving excellent attenuation across a wide band requires a high thickness and 

substantial weight of the absorber material [87]. 
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1.3.2.1 Pyramidal Absorber 

Pyramidal absorbers are typically thick materials with regularly spaced pyramidal or conical 

features perpendicular to the surface. These absorbers are designed to have a gradual transition 

from air impedance to absorber impedance at the interface. The height and periodicity of the 

pyramids are typically on the order of the wavelength. Pyramidal absorbers have shown excellent 

performance in absorbing electromagnetic waves. However, their downside is their thickness and 

fragility. These absorbers are commonly used in the construction of anechoic chambers [87], [88]. 

1.3.2.2 Tapered Loaded Absorber (TLA) 

TLA is a type of absorber composed of a low-loss material plate and a high-loss material plate. 

These materials have the advantage of being thinner than pyramidal absorbers. The TLA design 

allows for a gradual transition in the impedance of the material, which enables it to attenuate a wide 

range of frequencies. However, TLAs are generally less efficient than pyramidal absorbers in terms 

of bandwidth and absorption level [89]. 

1.3.2.3 Matching Layer Absorber (MLA) 

Matching Layer Absorber is a type of absorber that aims to reduce the thickness required for 

successively loaded materials. This absorber acts as a barrier between the incident wave and the 

absorbent materials, and the transition layer impedance is between the impedances of the two 

media. The goal is to create an impedance transition between different regions, which occurs when 

the thickness of the matching layer is a quarter of the wavelength of the incoming wave. Impedance 

matching only occurs at the appropriate frequency, resulting in a narrow bandwidth for this type of 

absorber. At low frequencies, this absorber is relatively thick [90]. 

 

Fig. 1.11 Types of absorbers 
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Metamaterials (MMs) have received a lot of attention because of their unusual features that are not 

seen in nature, such as tunability, polarization conversion, and absorption by providing negative 

refraction. Among all the features, the MM absorber (MMA) is one of the fastest-growing research 

fields. Landy [87] demonstrated the first MM in 2008, providing a unique idea for potentially 

strong absorption. Terahertz (THz) research has recently attracted great interest. THz MMAs are 

one of the essential devices in the THz range, with applications in THz imaging, heat sensors, and 

telecommunication. In recent years, absorbers have been designed with a single, dual, multi, and 

wideband response. Aerospace and THz communication systems require THz multiband absorber 

response through multiband and multi-beam systems. Multiband response is generally achieved by 

combining different geometric structures. Developing multiband MMAs with high absorption and 

high rates is challenging for researchers [91]–[93]. 

The equation 1.7 shows the Fresnel formula of reflection [87], which is utilized to compute the 

reflectivity (Γ) from the metamaterial. The reflectivity for transverse electric (TE) waves is given 

by equation 1.7, and for transverse magnetic (TM) waves, it is given by equation 1.8. 

𝛤𝑇𝐸 = |
𝜇𝑟𝑐𝑜𝑠𝜃−√𝑛2−𝑠𝑖𝑛𝜃

𝜇𝑟𝑐𝑜𝑠𝜃+√𝑛2−𝑠𝑖𝑛𝜃
|

2

                                                                                                (1.7) 

𝛤𝑇𝑀 = |
𝜀𝑟𝑐𝑜𝑠𝜃−√𝑛2−𝑠𝑖𝑛𝜃

𝜀𝑟𝑐𝑜𝑠𝜃+√𝑛2−𝑠𝑖𝑛𝜃
|

2

                                                                                                (1.8) 

Here, θ refers to the incidence angle and 𝑛 = √𝜀𝑟𝜇𝑟 is the effective refractive index of the 

metamaterial. For the scenario of normal incidence, θ=0, then the above equations are written as: 

𝛤 = |
𝑍−𝑍𝑜

𝑍−𝑍𝑜
|

2
= |√𝜇𝑟−√𝜀𝑟

√𝜇𝑟+√𝜀𝑟
|

2

                                                                                                (1.9) 

Here 𝑍 = 𝜇 𝜀⁄  is the impedance of MM and 𝑍𝑜 = √𝜇𝑜 𝜀𝑜⁄  being the impedance of free space. Since 

the metallic ground leads to zero transmissivity, the absorption is written as:  

𝐴 = 1 − 𝑅 = 1 − |
𝑍−𝑍𝑜

𝑍+𝑍𝑜
|

2
= 1 − |√𝜇𝑟−√𝜀𝑟

√𝜇𝑟+√𝜀𝑟
|

2

                                                                    (1.10) 
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When the metamaterial achieves perfect impedance matching (Z=Zo or ɛr = µr), the absorption 

becomes 100%. However, for a single resonance in the metamaterial (either electric or magnetic), 

the impedance will be strongly mismatched with that of free space, leading to the absence of a 

perfect absorber. To attain impedance matching in a metamaterial absorber, simultaneous electric 

and magnetic resonances are required. 

Current research focuses on the non-metal category. The performance of metal-based systems is 

limited by their poor electrical characteristics and temperature sensitivity over wide frequency 

ranges. Furthermore, metal-based devices are more expensive due to the use of silver or gold at 

higher frequencies, and their lifetime is restricted due to oxidation and corrosion in metals. 

Investigators have been experimenting with several methods for implementing metal-free 

structures. Traditional absorber materials such as metals can cause metallic losses, which can 

reduce the absorption efficiency of THz absorbers. Graphene, being a non-metallic material, can 

overcome this limitation and potentially lead to more efficient THz absorbers. Graphene is a two-

dimensional material with unique properties such as high electrical conductivity, excellent 

mechanical strength, and high thermal conductivity. In this thesis, we will investigate the use of 

graphene in THz absorbers and explore its tunability characteristics. THz spectrum has piqued the 

interest of researchers due to its dual characteristics of microwave and infrared frequency bands. 

THz waves, like infrared, will radiate in a single direction and, like microwaves, travel through 

various non-conducting materials. Many devices are implemented in the THz regime, like antennas 

for communication, absorbers, sensors, spectroscopy, and imaging for various applications. 

Absorbers are currently being researched in various fields, including medicine, defense, and 

communication. Different types of absorbers are implemented, such as ultra-wide, wideband, 

multiband, and narrow-band absorbers [92], [94], [95].  

1.3.7.1 Graphene 

The ground breaking work on graphene, a two-dimensional (2D) carbon substance consisting of a 

monolayer of carbon atoms densely packed into a 2D honeycomb lattice, was awarded the Nobel 

Prize in physics in 2010 [96], [97]. However, the first graphene identified experimentally is only 

on the scale of a few sub-micrometres, and its consistency is poor. As a result, attempts have been 

made to develop manufacturing methods for creating large-area, high-quality graphene. 
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Meanwhile, similar graphene characterization methods that provide vivid pictures of graphene have 

been studied. The use of graphene material can avoid the limitations associated with metal 

structures [96], [97]. The discovery of graphene has accelerated not only theoretical research but 

also experimental validations of its material characteristics [6]. One of graphene's appealing 

qualities as a semi-metal material is its unique conductivity, which can be adjusted by external 

voltage bias or magneto static bias. Understanding graphene properties, as well as better production 

processes yielding high-quality graphene, pave the way for the development of graphene-based 

devices capable of manipulating electromagnetic (EM) waves in the THz spectrum. The main 

advantage of using graphene at the THz frequency region is its tunability characteristics by varying 

its chemical potential.  In this thesis, we will investigate the use of graphene in DRAs and explore 

its tunability characteristics. Graphene's electrical conductivity can be modified by changing its 

chemical potential, which makes it an attractive material for tuning the performance of DRAs. By 

changing the chemical potential of graphene, we can tune the resonance frequency and radiation 

properties of DRAs. Additionally, we will also investigate the electric conductivity of graphene-

based THz absorbers. Graphene has a high electric conductivity, which makes it an attractive 

material for use in absorbers. We will explore how the electric conductivity of graphene can be 

used to improve the absorption properties of THz absorbers. By changing the chemical potential 

of graphene, we can tune the absorption frequency and bandwidth of THz absorbers. Furthermore, 

we will investigate the non-metallic nature of graphene-based THz absorbers. Traditional absorber 

materials such as metals can cause metallic losses, which can reduce the absorption efficiency of 

THz absorbers. Graphene, being a non-metallic material, can overcome this limitation and 

potentially lead to more efficient THz absorbers. The advantages of using graphene in these 

applications: 

High electrical conductivity: Graphene has an extremely high electrical conductivity, which 

makes it an excellent material for use in antennas. Its high conductivity allows for more efficient 

signal transmission and reception. 

Tunability: Graphene tunability refers to the ability to modify and control the properties of 

graphene through various means. The tunability of graphene arises from its exceptional electronic 

structure, which is highly sensitive to external factors such as electric fields, chemical doping, 

strain, and temperature. By manipulating these factors, it is possible to modify the conductivity, 
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bandgap, carrier density, and other electrical properties of graphene. Furthermore, by modifying 

the carrier density, Fermi level, or lattice structure, graphene's resonant frequency can be precisely 

adjusted, enabling the design of graphene-based resonators with desired frequency characteristics 

for applications in sensors, communication systems, and other fields. 

Low dielectric loss: Graphene has a very low dielectric loss, meaning that it can be used to create 

DRAs with a high Q factor. A high Q factor indicates that the antenna can store energy for longer 

periods, which leads to better performance. 

Broadband operation: Graphene has a wide bandwidth, allowing for the creation of DRAs that 

can operate over a wide frequency range. This makes it particularly useful for applications that 

require broadband communication or sensing. 

Mechanical flexibility: Graphene is mechanically flexible, which means that it can be shaped and 

moulded into various geometries. This property is useful for creating antennas that are conformal 

and can be integrated into different structures. 

Strong absorption: Graphene exhibits strong absorption properties in the terahertz frequency 

range, making it useful for creating absorbers that can be used in applications such as sensing, 

imaging, and stealth technology. 

The permittivity of graphene is given by, ( )0 /G Gj   = −  , where G  is the graphene surface 

conductivity and   is thickness  [96], [97]. Graphene conductivity ( G ) is the sum of intraband (

int ra ) and interband ( int er ) conductivity terms [96], [97] and it is derived from Kubo-formula 

[96], [97] and is given by equations (1.6-1.8): 

int int( , , , ) ( , , , ) ( , , , )G c ra c er cT T T           = +     (1.11) 
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Where e is the electron's charge, Bk  is the Boltzmann constant,  is the Planck constant, c is 

chemical potential, T is the temperature, and   is the graphene relaxation time [96], [97]. T is 

considered 300 K and   =0.1 ps in this research work.   

In this thesis, we have designed and investigated two types of antennas using graphene material for 

THz applications. The first one is a single-element CP DRA, and the second one is a MIMO CP 

DRA. The DRAs are designed to radiate EM waves in a circularly polarized manner. One of the 

key advantages of using graphene in the antenna design is its ability to tune the resonant frequency 

and axial ratio by varying the chemical potential of the graphene. This means that the resonant 

frequency and polarization of the antenna can be adjusted to match the frequency and polarization 

of the incoming signal, which improves the antenna's performance. This feature is essential for 

applications in THz communication, where the signal frequency is much higher than conventional 

communication systems. Additionally, we have investigated the isolation between the DRs in the 

MIMO DRA design. By varying the chemical potential of the graphene, we have increased the 

isolation between the DRs. This means that the interference between the DRs is reduced, which 

improves the performance of the MIMO DRA. 

The stimulus for selecting this topic and carrying out the research work is the growing demand for 

advancements in dielectric resonator antennas (DRAs) and THz absorbers.  Dielectric resonator 

antennas have gained significant interest due to their compact size, wide bandwidth, and potential 

applications in next-generation communication systems. The increasing need for high data rates 

and wider bandwidths in wireless communication systems has driven researchers to explore new 

techniques and designs for efficient and tunable antennas.  The selection of this topic is motivated 

by the potential of graphene-based dielectric resonator antennas to provide tunable frequency 

responses and circular polarization behavior in the field of THz DRAs. Graphene's unique 

properties, such as its high carrier mobility and tunable conductivity, make it a promising material 

for achieving desired antenna characteristics. This research aims to explore the capabilities and 

limitations of graphene-based DRAs in achieving tunable responses and circular polarization at 

different resonant frequencies. Furthermore, the demand for THz applications, including wireless 

communication and UAV systems, has led to the investigation of MIMO (Multiple Input Multiple 

Output) DRA designs. The objective is to enhance the capacity and performance of these systems 

by utilizing multiple antennas for improved spatial multiplexing and diversity gain. Additionally, 
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the research addresses the need for wideband and multiband absorbers at THz frequencies for 

various applications, including biosensing. The development of absorbers with specific geometric 

shapes and materials, such as graphene, aims to achieve efficient absorption across multiple 

resonant frequencies while maintaining polarization insensitivity and wide incidence angle 

tolerance. 

Different measurement techniques and methods involved in designing THz and GHz Dielectric 

Resonator Antennas (DRAs): 

Resonant Frequency Measurement: The resonant frequency of a DRA can be determined using 

frequency domain measurement techniques, such as vector network analysers (VNAs). By 

analysing the reflection and transmission coefficients, the resonant frequency can be accurately 

measured. 

Radiation Pattern Measurement: The radiation pattern of a DRA can be measured using an 

anechoic chamber or an antenna measurement system. This allows for the characterization of the 

antenna's directivity, gain, and polarization properties. 

Impedance Measurement: Impedance measurements are crucial to ensure proper impedance 

matching and resonance characteristics of the DRA. Impedance analysers can be used to measure 

the input impedance and return loss of the antenna at different frequencies. 

Near-Field Scanning Techniques: Near-field scanning techniques, such as near-field probes or 

near-field scanners, can be employed to analyse the near-field radiation patterns and 

electromagnetic coupling effects of the DRA. 

Graphene Characterization: Graphene's electrical properties, such as conductivity and 

permittivity, can be measured using techniques like four-point probe measurements or Raman 

spectroscopy. These measurements help understand the impact of graphene on the antenna's 

performance. 

Graphene Tunability Measurement: Since graphene offers tunability, its effect on the DRA's 

resonant frequency and radiation characteristics can be assessed by varying the graphene potential 

and measuring the resulting changes using frequency domain measurements or near-field scanning 

techniques. 
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Measurement techniques and methods involved in designing Graphene-Based Absorbers and 

Dielectric Resonator-Based Absorbers: 

Absorption Measurement: The absorption characteristics of graphene-based and dielectric 

resonator-based absorbers can be evaluated using spectrometers or Fourier transform spectroscopy. 

These techniques measure the absorption spectra and identify the resonant frequencies and 

absorption performance of the absorbers. 

Reflection and Transmission Measurements: Reflection and transmission measurements using 

VNAs can assess the reflection coefficient, transmission coefficient, and impedance matching of 

the absorbers. These measurements help optimize the absorber's performance. 

Measurement techniques and methods involved in designing Biosensors: 

Sensitivity Measurement: Biosensors' sensitivity, i.e., their ability to detect target analytes, can 

be determined by measuring the sensor response to different analyte concentrations. This can be 

done using calibration curves or standard solutions with known analyte concentrations. Signal-to-

Noise Ratio (SNR) Measurement: SNR measurements are essential to assess the sensor's noise 

level and its ability to differentiate the target signal from the background noise. Techniques such 

as signal averaging and noise characterization can be employed to measure the SNR. 

Impedance or Capacitance Measurements: Depending on the biosensor's design, impedance or 

capacitance measurements can be used to detect changes in electrical properties caused by the 

interaction between the biosensor and the target analyte. These measurements help determine the 

biosensor's sensitivity and selectivity. 

From the above explanation, the research gaps in dielectric resonator antennas and THz absorbers 

are listed below  

• To implement new techniques for the generation of circular polarization in DRA in GHz and 

THz frequency regions. 

• To design MIMO DRA at THz frequency regime. 

• To design a non-metallic Absorber at THz frequency. 
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• To design a new Bio Sensor for the identification of different chemicals and diseases. 

As previously explained, the introduction of circular polarization in DRA and the implementation 

of graphene-based absorbers provide the following advantages - 

1. Circular polarization in antennas reduces the sensitivity towards the misalignment between 

transmitting and receiving antennas which allow for mitigating the polarization mismatch 

losses. 

2. The problem of the signal multipath fading is removed by using the CP antennas. 

3. Metal-free absorber reduces oxidation and corrosion and increases the life time of the device. 

4. Dielectric-based absorber gives an advantage over others due to their sustainability towards 

temperature variations and environmental effects. 

Considering these advantages of the CP antennas and virtues of absorbers as motivation, this thesis 

is written with the following objectives- 

1. To design a tunable graphene-based dielectric resonator antenna for terahertz applications. 

2. To design a MIMO DRA for terahertz applications and UAV applications. This objective 

consists of three sub-objectives: 

(a)  To design a 2 port MIMO CP DRA for THz applications. 

(b)  To design a 2 x 2 MIMO CP DRA for THz applications. 

(c)  To design a 2-port MIMO CP DRA for UAV applications. 

3. To design an ultra-wideband circularly Polarized stacked CDRA. 

4. To design a graphene-based absorber at THz frequency for a single band, multiband and 

wideband response. This objective consists of two sub-objectives: 

(a)  To design a graphene-based absorber at THz frequency for a single band, multiband 

response. 
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(b)  To design a graphene-based absorber at THz frequency for a wideband response. 

5. To design narrow-band absorbers for biosensing applications. This objective consists of two 

sub-objectives: 

(a)   To design a narrow-band absorber for diagnosing malaria, cancerous cells, and other 

chemicals. 

(b)  To design a narrow band absorber for diagnosing dengue, malaria, and glucose in water.   

  

The thesis is organized into seven chapters. This section gives the summary of all chapters. 

Chapter 1: Gives the introduction, background, and reasons for choosing the problem. 

Chapter 2: The second chapter begins with the design of a quad-band Cylindrical Dielectric 

Resonator antenna (CDRA) along with a silicon-based Rectangular Dielectric Resonator (RDR) slab is 

proposed for terahertz (THz) applications. This antenna provides a multi-band response at different 

resonant frequencies. The unique feature of the proposed antenna is that it provides Circular 

Polarization (CP) behavior at the quad-band in the field of THz dielectric resonator antennas. CP tuning 

is achieved by varying the graphene potential of the antenna. This antenna radiates two hybrid modes, 

i.e., HEM11δ and HEM12δ. These results show that the proposed Quad band CP DRA is unique and 

suitable for THz applications. 

Chapter 3: In this chapter, a two-port and 2x2 MIMO circularly polarized (CP) MIMO Cylindrical 

Dielectric Resonator Antenna (CDRA) is designed for terahertz (THz) and UAV applications. This 

chapter consists of the design analysis of three antennas. (i) 2 Port MIMO CPDRA for THz 

applications, (ii) 2x2 MIMO CPDRA for THz applications, and (iii) Tri-sense Circularly Polarized 

wideband MIMO DRA for UAV applications. 

Chapter 4: In this chapter, two identical Cylindrical Dielectric Resonator Antennas (CDRA) are 

stacked together to achieve Circular Polarization (CP). Three factors achieve ultra-wideband 

impedance bandwidth and wide axial ratio bandwidth: stacking of similar DRs, stepped conformal 

microstrip feed line, which will generate orthogonal modes, and new partial ground plane with 
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circular rings. The proposed research work heads towards providing the solution for the above 

objectives: ultra-wideband impedance response, wide AR response, high gain, and high efficiency. 

Chapter 5: In this chapter, a multiband graphene-based absorber is designed for THz applications 

using different geometric shapes. By integrating these shapes, a unique absorber is proposed, which 

achieves absorption peaks at multi-resonant frequencies with an average absorption rate of 97.23 

percent at Terahertz frequency. The proposed structure consists of circular, triangular, square, 

pentagon, and hexagon-shaped absorbers to achieve multiband absorption. The proposed absorber 

is polarization insensitive and has a wide incidence angle tolerance. 

Chapter 6: In this chapter, a hexagonal split ring ultra-wideband absorber is proposed at THz 

frequency. The proposed structure consists of four graphene-based hexagonal split rings, a 

dielectric substrate, and a graphene layer at the bottom. Terahertz technology has gotten a lot of 

interest in recent years. Terahertz absorbers are among the most prominent terahertz devices, with 

uses in terahertz imaging, sensors, heat detectors, and communication. Furthermore, the existing 

broadband absorbers in the literature are limited by their large size, fabrication complexity, and 

high-temperature sensitivity. This necessitates the creation of a broadband absorber in the lower 

THz frequency regime with reduced size and less fabrication complexity, as well as a metal-free 

structure. 

Chapter 7: In this chapter, a new ultrathin, ultra-narrow band Dielectric based Metamaterial 

Absorber (DMMA) is designed for biosensing applications. The absorber provides dual-band 

response with perfect absorption with ultra-narrowband absorption characteristics with resonances 

at 5.98 THz and 6.72 THz. For the absorber to be used for biosensor applications, narrow or ultra-

narrow band absorbers with low values of full-width half maximum (FWHM), high sensitivity, 

high figure-of-merit (FOM) high-quality factor (Q) are required.  

 

 

 

 

 



32 

 

 

 

 

Chapter 2 

 

Tunable graphene-based dielectric resonator antenna for 

terahertz applications 

 

In this chapter, a quad-band Cylindrical Dielectric Resonator antenna (CDRA) along with a silicon-

based Rectangular Dielectric Resonator (RDR) slab is proposed for terahertz (THz) applications. 

This antenna provides a multi-band response at different resonant frequencies. The unique feature 

of the proposed antenna is that it provides Circular Polarization (CP) behavior at the quad-band in 

the field of THz dielectric resonator antennas. CP tuning is achieved by varying the graphene 

potential of the antenna. Robert Richtmyer first coins DRA in 1939, and the first design and testing 

was carried out by Long et al. [12] in 1982 by considering for dielectric surface as a leaky 

waveguide model. The antenna is always a powerful and supreme part of the wireless 

communication system [6]. Over the past few decades, the design of DRA has caught many 

researchers attention because of its high RE, low loss, ease to excite, and wide IBW compared 

with microstrip antennas. Moreover, using the dielectric constant (ε) of the DRA material, size and 

bandwidth can be easily controlled to achieve high gain and high radiation efficiency [15], [98]. 

Terahertz (THz) frequency has become a choice for the next-generation communication system 

because of the crowded spectrum of microwave and mm-wave [67], [99]. Furthermore, because of 

its high data rate and bandwidth, it enforces the research to work in the THz region. Many systems 

nowadays provide single-band, wide-band, or ultra-wideband response in the microwave or mm-

wave region [100].  
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Additionally, many approaches to the design of DRA are done in the THz range with different 

feed mechanisms [101]. Besides this, CP behavior at different frequencies is common in any 

preferred antenna. In the case of LP antennas, multipath fading is quite severe. Polarization 

mismatch losses owing to the transmitter and receiver misalignment are also a constraint of LP 

antennas.  The usage of CP antennas eliminates these constraints. Recently in the THz frequency 

region, DRA has been implemented with CP radiation behavior [102], [103].   

Many current designs provide wide-band, dual-band, and single-band responses, and very little 

research is done on antennas that provide resonance in multiple bands while also providing circular 

polarization characteristics in multiple bands at THz frequencies. Another difficult task is getting 

high gain and radiation efficiency at THz frequency. Apart from these issues, achieving tunability 

for multiband antennas is also difficult at THz frequency. Graphene-based antennas could bring 

new capabilities to RF devices with tunability behavior at the THz frequency range. Graphene, in 

both single and multi-forms, has many specific characteristics, including high electrical and 

extreme thermal conductivity, making it ideal for RF antenna construction [48].  The antennas 

reported in [104], [105] focus on multiband THz frequency based on graphene. These antennas 

reported less gain and less radiation efficiency.  To address all of these challenges, designing an 

antenna that can give a multiband response with high gain and high efficiency is urgently needed 

while tuning the resonance frequency and CP tuning.  

 

 

                                                       (a)                                                   (b) 

Fig. 2.1 CDRA a. Top view b. Side view (with dimensions) 
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Fig. 2.1 depicts the configuration CDRA. It consists of silicon CDRA (ɛr = 11.9, µr = 1, electric 

conductivity (σ = 0.00025 S/m at T=300 k) with aperture slot feed on the ground plane made up of 

copper. Silicon dioxide (SiO2) material with dimensions of 𝑤 × 𝑤 × ℎ𝑟, ɛr = 3.9, µr =1 and loss 

tangent of 0.001 is used as a dielectric substrate. The feed line is etched below the substrate up to 

the aperture slot.  

Fig. 2.1(b) shows the dimensions of CDRA, bottom substrate, and ground plane. The copper feed 

line etched on the bottom of the substrate has length l and width Wf, as shown in Fig. 2.2. All the 

optimized dimensions (μm) are given in Table 2.1. As depicted in Fig. 2.2, two patches are etched 

on either side of the substrate to direct the beam in a particular direction to enhance the antenna's 

directivity. Electromagnetic waves can be prevented from radiating under the dielectric substrate 

by placing two symmetrical tiny metal sheets at the substrate's rear. The dimension of the patch is 

given to reduce spurious radiation under a dielectric substrate [106].  

The simulation procedure involved in CST is as follows:  

The simulation procedure in CST for the design of the dielectric resonator antenna (DRA) involves 

several crucial steps. Firstly, the antenna structure is created, accurately representing the CDRA, 

copper ground plane with aperture slot feed, silicon dioxide (SiO2) dielectric substrate, and etched 

patches. Material properties are assigned to each component, including silicon for the CDRA, 

copper for the ground plane, and silicon dioxide for the substrate. The feed line and aperture slot 

are designed, ensuring proper alignment and positioning. Symmetrical metal sheets are placed at 

the rear of the substrate to suppress spurious radiation. The excitation source is defined, and the 

desired frequency range is specified. Simulation parameters, such as mesh settings and solver 

options, are configured for accurate results. The simulation is executed, computing characteristics 

such as radiation patterns, impedance bandwidth, gain, and directivity. Results are analyzed, 

including evaluating radiation patterns, verifying impedance bandwidth, assessing directivity 

enhancement, and ensuring effective suppression of spurious radiation. If necessary, the design is 

refined based on the analysis, and the simulation steps are iterated until satisfactory performance 

is achieved. This comprehensive procedure enables designers to gain insights into the DRA's 

behavior in the THz frequency range and optimize its performance accordingly. 
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Fig. 2.2 Bottom view of the proposed antenna. 

Table 2.1 Dimensions of Parameters (µm). 

w h2 g rout rin c l wf a h1 hr wr lr 

22 1.27 0.3 2 0.7 3 13.4 1 3.4 6.9 6 5 22 

The thickness of the feed line is chosen so that the waves must be adequately concentrated on the 

surface. Coupling to the radiator must be accomplished by choosing the microstrip feed line (50Ω) 

dimension at the THz frequency range. To achieve the multi-band response, the dimensions are 

calculated for getting resonance at terahertz frequency and then optimized for obtaining the desired 

response. Simulation is carried out in CST Microwave Studio. The circular slot ring made on the 

ground plane and used for coupling efficient power to the DRA is depicted in Fig. 2.3 Proposed 

aperture slot.  

 

Fig. 2.3 Proposed aperture slot. 

In CDRA, three modes will excite Hybrid (HE and EH or HEM) mode, TE and TM modes. Hybrid 

modes depend on azimuth angle (ϕ), whereas TE and TM modes will not depend on azimuth angle. 

CDRA excites HEM, 𝐻𝐸𝑀𝑛𝑝𝑚+𝛿 ,  𝐸𝐻0𝑝𝑚+𝛿 and 𝑇𝑀0𝑝𝑚+𝛿 where δ will range from 0 to 1. The 
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resonant frequency of the HEM11δ. The mode supported by a CDRA can be calculated using 

equation (2.1) [107]. 
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where c is the velocity of light, rd is the radius of CDRA, ɛeff is the effective permittivity, and heff 

is the effective height of the proposed antenna. ɛeff and heff can be found using equations 2 and 3 

[6]. 
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where hdra and hsub are the DR height and thickness of the substrate, respectively, and ɛcdra and ɛsub 

are the permittivity’s of DR and substrate, respectively. 

Where 𝑟𝑑 is the radius and hd is the height of CDRA. 

 

In this section, the operating mechanism of the proposed CDRA is investigated. To commend the 

design analysis for a multi-band, CDRA without a rectangular slab is used as the allusion antenna 

for investigation. Different slots are used to excite DRA to demonstrate the impact of the feeding 

slot. The two arms on either side of the circular slot feed are of length lc=1.4μm each. 

 

         a. Ant-I                        b. Ant-II                  c. Ant-III                                d. Ant-IV 

Fig. 2.4 Antenna configuration evolution. a. circular slot without any arm b. Circular slot with 

left side arm c. Circular slot with a right side arm. d. Circular slot with two arms. 



37 

 

As depicted in Fig. 2.4(a), antenna -I is circular slot feed without any arm and is fed with microstrip 

feed which is etched at the bottom of the substrate. Fig. 2.4 (b, c, and d) depicts the left side arm 

with circular slot feed, the right side arm with circular slot feed, and the circular slot with two arms 

having length ls. As depicted in Fig. 2.5, two resonant modes are excited when the antenna is fed 

with a circular slot (Ant-I), i.e., at 12.05 THz and 16.66 THz with an impedance bandwidth of 

2.98% (11.87-12.23 THz) and 0.9% (16.56-16.71 THz) respectively. These frequencies are chosen 

based on the reflection coefficients (𝑆11). At these frequencies 𝑆11 is minimum (i.e., <-10 dB). At 

12.056THz, 𝑆11 is approximately -19.5 dB and at 16.66 THz, 𝑆11 is approximately -10.74 dB. 

Similarly, when DRA is excited with Fig. 2.4(b), it excites at two resonant frequencies at 11.65 

and 16.33 THz with 𝑆11 of -34.2dB at 11.65THz and -23.9 dB at 16.33 THz with impedance 

bandwidth of 5.86% (11.26-11.94 THz) and 8.98% (15.42-16.87 THz). When DRA is excited with 

Fig. 2.4(c), it excites at two resonant frequencies at 11.62 (𝑆11=-37.05dB) and 16.33 THz (𝑆11=-

30.9) with impedance bandwidth of 5.87% (11.24-11.92 THz) and 9.3% (15.36-16.86 THz). 

Finally, the circular slot with two arms excites at three resonant frequencies as depicted in Fig. 2.5. 

One at 8.12 THz with 𝑆11 of -16.04 dB, another one at 11.38 THz with 𝑆11 of -23.8 dB and third 

one at 15.29 THz with 𝑆11 of -26 dB. The impedance bandwidth in percentage is given by 6.7% 

(7.93-8.48 THz), 7.6% (11.74-10.87 THz) and 12.65% (14.51-16.47 THz). It can be observed that 

a considerable increase in impedance bandwidth with the proposed feed slot design (Ant-IV of Fig. 

2.4).  

       

      (a)                           (b) 

Fig. 2.5 (a) Frequency response (𝑆11) of CDRA (b) Impedance response. 
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                                                                (a)                       (b) 

  

                                                               (c)                                                     (d)  

Fig. 2.6 2D radiation patterns for a. Ant-I, b. Ant-II, c. Ant-III and d. Ant-IV. 

 

                                             (a)                                           (b)  

Fig. 2.7 E-Field distribution on CDRA at 8.12 THz (a) Top view (XY-Plane) and (b) Side view 

(XZ-Plane). 

 

                                            (a)              (b)                                                                          

Fig. 2.8 E-Field distribution on CDRA at 11.38 THz (a) Top view (XY-Plane) and (b) Side view 

(XZ-Plane). 
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                                          (a)                                            (b)                                                              

Fig. 2.9 E-Field distribution on CDRA at 15.29 THz (a) Top view (XY-Plane), (b) Side view 

(XY-Plane). 

It is found that there is a shift in the resonant frequency from model a to d of antenna configuration 

as depicted in Fig. 2.5(b) confirms the generation of three modes of CDRA with ant-IV 

configuration. Fig. 2.6 shows the radiation pattern plot for Ant-I, II, III, and IV configurations. It 

is observed from Fig. 2.6(a) that a gain of 3.6 and 6 dB is achieved at the main lobe direction 

of 59o and 0o at resonant frequencies of 12.05 and 16.66 THz. A gain of 2.9 and 0.55 dB is 

achieved at the main lobe direction of 55o and 1o at resonant frequencies of 11.65 and 16.33 THz 

as depicted in Fig. 2.6. It is observed from the Fig. 2.6(c) that a gain of 2.8 and 1.1 dB is achieved 

at main lobe direction of 58o and 1o at resonant frequencies of 11.62 and 16.3 THz. A gain of 

4.73, 3.15, and 7.08 dB is achieved at the main lobe direction of 4o, 11o, and 0o at resonant 

frequencies of 8.12, 11.38, and 15.29 THz as depicted in Fig. 2.6(d). Maximum gain is achieved 

for the proposed slot (Ant-IV) compared to Ant-I, II, and III. Modes in CDRA can be identified 

based on the electric and magnetic field (E and H) distribution on CDRA. Fig. 2.7 shows E-field 

and H-field distribution at 8.12 THz. It can be observed that HEM11δ mode is propagating inside 

CDRA at 8.12 THz [107]. From Fig. 2.8, the observation shows that the resonant mode is similar 

to TM01δ is excited at 11.38 THz. Similarly, at the third resonant frequency at 15.29 THz, it is 

observed that TE01δ mode is excited (Fig. 2.9).  

 

To analyze the performance of the antenna, the physical parameters of the antenna are changed one 

at a time by keeping other parameters untouched. The height of the substrate h2, the height of 
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CDRA (h1), and the radius of CDRA (a) are the key parameters of the proposed antenna. Fig. 

2.10(a) depicts the frequency response of the proposed CDRA with a change in radius (a) of CDRA. 

It is noted that good performance and good impedance matching are obtained with a change in the 

radius of CDRA. However, the number of resonant frequencies remains unchanged. Fig. 2.10(b) 

depicts the frequency response with a change in the height of CDRA (h1). It is clear that when the 

height of CDRA increases, better impedance matching is observed. In Fig. 2.11, the frequency 

response of the antenna for change in the substrate (SiO2) thickness (h2) is investigated. From the 

above analysis, it is clear that CDRA resonates at three resonant frequencies, and good impedance 

matching is observed even for the change of physical parameters. All these parameters are optimized 

and are depicted in Table 2.1. 

   

                                        (a)                                                                    (b) 

Fig. 2.10 Plot of frequency response for the CDRA with change in a. radius of CDRA (a) and b. 

Height of CDRA (h1). 

 

To achieve circular polarization, a silicon-based Rectangular dielectric slab inclined with 45º in a 

clockwise direction is placed on top of CDRA as depicted in Fig. 2.12 with dimensions (μm) 

lr × wr × hr (22×5×6). As illustrated in the plot of frequency response (Fig. 2.13), it can be 

observed that this combination of CDRA and Rectangular slab known as Circularly Polarized 

Dielectric Resonator Antenna (CPDRA) provides resonance at four frequencies, i.e., 8.79, 11.10, 

13.73, 16.21 THz with 10dB IBW of 4.66% (8.59-9THz), 2.98% (10.88-11.21THz), 4.83% (14.19-
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13.52THz) and 5.86% (15.88-16.84). The resonant frequency shift between CDRA and CPDRA is 

due to the height of the silicon-based rectangular slab. The variation of EF and MF distribution at 

resonant frequencies on the top of the Rectangular slab is shown in Fig. 2.14.  

      

Fig. 2.11  Plot of frequency response for the CDRA with change in h2. 

CP waves are generally excited by two orthogonal linearly polarized components with equal 

magnitude and 900 phases between them. To analyze the behavior of CP, consider Fig. 2.16, which 

shows EF vector behavior (at f=8.79, 11.1, 13.7, and 16.2 THz) at different time instants (t=0, T/4). 

It can be observed that two orthogonal EFs are generated with equal magnitude at the resonant 

frequencies. From t=0 to t=T/4 (Fig. 2.16(a) and Fig. 2.16(b)), at a frequency of 8.79 THz, electric 

field vectors (EFV) are rotated in a clockwise direction. This proves that Left Hand CP (LHCP) is 

generated. The arrangement of the rectangular slab with 450 orientation leads to circular 

polarization. The generation of the LHCP field can be observed at each time quarter with 900 

rotations of EF vectors. This rotation occurs due to the generation of higher-order orthogonal 

degenerate modes. The field distribution is modified after placing a rectangular slab. From this, it 

is clear that adding a rectangular slab spun by 450 provides orthogonal degenerate modes that are 

expected and required for CP response. Similarly, at a frequency of 11.1 THz (Fig. 2.16(c) and Fig. 

2.16(d)), it can be observed that EFV is rotated in an anti-clockwise direction, which means at this 

frequency, the proposed DRA generates Right Hand CP (RHCP) wave.  Similarly, at frequencies 

of 13.7 and 16.2THz (Fig. 2.16(e), Fig. 2.16(f), Fig. 2.16(g), and Fig. 2.16(h)), it can be understood 
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from the observation that LHCP wave is generated at both the frequencies. From this, it is 

concluded that the proposed antenna generates a quad-band CP response at four resonant 

frequencies. This unique feature of the antenna makes it suitable for THz applications.  

  

                                          (a)                                                  (b) 

Fig. 2.12  Rectangular Slab on top of CDRA (CPDRA) (a) Top view (b) Side view (with 

dimensions).               

 

Fig. 2.13 Frequency response comparison between CDRA with rectangular slab (Black line) and 

without rectangular slab (Red line).  
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(a)         (b)    (c)                        (d) 

Fig. 2.14 Electric field distribution on isolated rectangular slab ((XY-Plane) along with amplitude 

level bar at a. 8.79, b. 11.1 c. 13.7 d. 16.2 THz. 

 

             (a)                             (b)                          (c)     (d) 

Fig. 2.15 Magnetic field distribution on isolated rectangular slab (XY-Plane) along with 

amplitude level bar at (a) 8.79, (b) 11.1, (c) 13.7, and (d) 16.2 THz. 
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Fig. 2.16 Electric field vector distribution on rectangular slab (XY-Plane) at a frequency of 8.79 

THz (a) t=0 and (b) t=T/4, at 11.1 THz (c) t=0 and (d) t=T/4, at 13.7 THz (e) t=0 and (f) t=T/4 and 

at 16.2 THz (g) t=0 and (h) t=T/4. 

To elucidate the radiation characteristics effectively, the  plot of axial ratio (AR) and Polarization 

(LHCP and RHCP) are shown in Fig. 2.17 and Fig. 2.18. It is observed that the proposed CPDRA 

produces CP characteristics as depicted in Fig. 17. A 3dB ARBW of 1.83% (8.66-8.82 THz), 6.64% 

(10.77-11.51), 3.84% (13.26-13.78 THz) and 4.8% (16.04-16.83 THz) is depicted in Fig. 17 which 

means the proposed antenna produces quad band CP response at four bands.  

 

Fig. 2.17 Axial Ratio (AR) dB vs. frequency plot for Rectangular slab along with CDRA. 

Fig. 2.18 shows the LHCP and RHCP far-field radiation pattern components for four resonant 

frequencies, i.e., at 8.79, 11.1, 13.73, and 16.2 THz. The antenna provides the dominant LHCP 

field at the resonant frequency of 8.79, 13.73, and 16.2 THz, whereas the RHCP wave dominates 

at 11.1 THz. Fig. 2.19 exhibits the plot between gain (dB) vs. frequency. This antenna provides a 

gain of 5dB, 4.5dB, 5.5dB, and 6.67dB at four resonant frequencies, i.e., 8.79, 11.10, 13.73, and 

16.21 THz. 

 The upper surface of CDRA is coated with graphene. The direct fabrication of graphene films on 

silicon/silica substrate is developed via a tri-constituent self-assembly route using the procedure 

given in [108]. Metal-free, ambient-pressure chemical vapor deposition was used to successfully 

manufacture graphene on single-crystal silicon substrates [109]. Controlling the growth 
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temperature allows for creation of atomically flat monolayer or bilayer graphene domains, concave 

bilayer graphene domains, and bulging few-layer graphene domains [109]. The main advantage of 

using graphene at the THz frequency region is its tunability characteristics by varying its chemical 

potential. According to the Kubo formula [110], the surface conductivity of graphene can be given 

by  

σ(ω, μc, Γ, T) =
je2(w−j2Γ)

πh2 [
1

(ω−j2Γ)2 ∫ ∈ (
∂(fd(ϵ)

∂ϵ
−

∂(fd(−ϵ)

∂ϵ
) dε − ∫ (

fd(−ϵ)−fd(ϵ)

(ω−j2Γ)2−4(ϵ/h)2) dε
∞

0

∞

0
]                                                                                                                                  

(2.2)    

Equation 2.2 is the sum of intra-band (1st term) and inter-band (2nd term) conductivity contributions. 

Where e is the electron charge, h is Planck's constant,  fd(ϵ) = (e(ε−μc)/kBT + 1)−1  is the Fermi-

Dirac distribution, 𝐾𝐵 is Boltzmann’s constant. Γ is the chemical potential, ω is the radian 

frequency, and T=300 K. A relationship between voltage and 𝜇𝑐 is depicted in equation 2.2, 

depending on the external DC bias voltage applied. According to [75], the relation between DC 

bias, 𝜇𝑐 depends on the applied voltage V by using equation 2.3. 

V = V0 +
teμc

2

ε0εrπh2vF
2                                                          (2.3)           

Where vf = 9.5 × 105 m/s is the fermi level velocity, Vo is the voltage compensation dependent 

on the chemical doping, t and εr are the height and relative permittivity of the dielectric between 

graphene and electrode, respectively.  
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Fig. 2.18  Far-field 2D radiation pattern for θ=0o and φ=90o at 8.79 (a) LHCP, (b) RHCP, at 11.1 

(c) LHCP (d) RHCP, at 13.7, (e) LHCP (f) RHCP at 16.2 THz (g) LHCP, (h) RHCP. 

 

Fig. 2.19 Gain (dB) vs. frequency plot. 

The conductivity of graphene can be varied by providing an electric field via DC bias. As stated in 

[75], the electric field changes the charge density. Equation 2.4 gives the relationship between 

electrostatic bias and chemical potential. Fig. 2.20 depicts the relationship between the biasing 

voltage with chemical potential and the relative permittivity of graphene. A metallic gate layer is 

placed at the top of the graphene patch to apply the DC gate voltage in the antenna configuration. 

When the external voltage is applied, the length and width of the metallic gate layer are kept 

identical to the graphene patch so that the fermi level is maintained uniformly [73]. 

2∈𝑠𝐸0

𝑒
=

2

𝜋ℎ2𝑣𝑓
2 ∫ 𝐸(𝑓𝑑(𝐸) − 𝑓𝑑(𝐸 + 2𝜇𝑐))𝑑𝐸

∞

0
      (2.4) 

  

                                           (a)                                                        (b) 

Fig. 2.20 (a) 𝜇𝑐 vs bias voltage (b) Relative Permittivity vs voltage. 
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Fig. 2.21 shows the structure of CDRA with and without graphene. The radiation efficiency of the 

CDRA with and without graphene material is depicted in Fig. 2.22 for different values of chemical 

potential (𝜇𝑐) of graphene. The graphene material having thickness of 0.34 nm and T=300K is 

chosen. It is observed that the antenna without graphene provides a maximum gain of 85% 

efficiency, whereas 70% gain is shown by the antenna coated with graphene. The main 

disadvantage of using graphene is the antenna's radiation efficiency reduction. It is observed that 

there is a linear decrease in the antenna's efficiency with an increase in 𝜇𝑐. Fig. 2.23 shows the 

frequency response (𝑆11) with and without graphene. Results shows there is forward shift in the 

resonant frequency of the antenna for change in 𝜇𝑐 from 0.2eV to 0.8eV. The tunability property 

of graphene material can be used to tune the antenna response after it has been manufactured. The 

external electrostatic DC voltage can change the chemical potential and the graphene material's 

conductivity. As previously stated, changes in 𝜇𝑐 graphene's conductivity and hence the antenna's 

operating frequency. The structure of the rectangular slab with CDRA layered with graphene is 

depicted in Fig. 2.24. 

 

                                                       (a)                                    (b) 

Fig. 2.21 CDRA (a) without, and (b) with Graphene material. 

Observations are made in terms of  𝑆11, RE, AR, and gain of the antenna. Fig. 2.25 shows the 

frequency response (𝑆11 in dB). Consequently, antenna coated with graphene has tunability 

characteristics. There is a forward shift in the resonant frequency of the antenna for varying 

graphene potential (μc). For graphene with μc=0.2eV, it resonates at f = 8.854, 11.337, 14.004, and 

16.412 THz. For graphene with μc= 0.4eV is resonates at f = 8.91, 11.46 THz. 
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Fig. 2.22 CDRA Radiation efficiency for different values of Graphene chemical potential. 

 

Fig. 2.23 CDRA frequency response (𝑆11) for different values of Graphene chemical potential. 

For graphene with μc= 0.6eV, it resonates at f = 9.50, 11.92 and 16.89. Graphene with µc=0.8eV 

resonates at f = 9.89, 12.97, and 16.98. The findings of RE for different graphene chemical 

potential values are examined. Fig. 2.26 shows RE for different values of Graphene chemical 

potential (μc= 0.2, 0.4, 0.6, 0.8 eV) for the proposed antenna. Typically, RE with a graphene-coated 

antenna provides less efficiency than without graphene. 89% RE is achieved for antenna without 

graphene, whereas a maximum of 78% RE is achieved with graphene. Moreover, graphene with 

0.8ev provides less RE compared to other potential values. 
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Fig. 2.24 Structure of proposed CPDRA with graphene. 

 

Fig. 2.25 CPDRA frequency response (𝑆11) with graphene and without graphene material. 

The axial ratio for different values of graphene potential for the antenna is compared with the 

antenna without graphene material. Results show that AR is less than 3dB in the pass-band, as 

shown in Fig. 2.27. Hence it is clear that the antenna with different values of µc achieves quad 

band CP tuning, a unique feature at the THz frequency region.  

It is essential to describe the fabrication process of the proposed CPDRA. The fabrication of 

structures with very small dimensions in micrometers requires advanced nanofabrication 

techniques. These techniques involve precise control over material deposition, patterning, and 

etching processes at the nanoscale level. 
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Fig. 2.26 RE for different values of Graphene chemical potential for CDRA incorporated with 

rectangular slab. 

Firstly, high-quality graphene is grown on a suitable substrate using techniques like chemical vapor 

deposition or epitaxial growth. The substrate is then prepared by thoroughly cleaning it to ensure 

optimal graphene quality. The graphene is either transferred or directly grown on the target 

substrate. Patterning techniques such as photolithography or electron beam lithography are used to 

define the antenna's shape and dimensions. A thin layer of metal, typically gold or copper, is then 

deposited on the patterned graphene to provide the necessary conductivity. Excess materials are 

etched away, and thorough cleaning is performed to eliminate any contaminants. Finally, the 

fabricated graphene-based CPDRA undergoes characterization and testing using THz measurement 

techniques to assess its performance, including resonant frequency, radiation pattern, axial ratio, 

and impedance bandwidth. Through this meticulous process, the graphene-based CPDRA is 

realized with its desired circular polarization properties, making it suitable for THz applications. 

The realization of the proposed DRA requires a combination of graphene synthesis, substrate 

preparation, transfer or growth, patterning, metal deposition, etching, cleaning, and thorough 

characterization. These fabrication steps ensure the successful realization of the CPDRA structure 

with the desired circular polarization characteristics at THz frequencies. 

Table 2.2 shows the comparison of the proposed antenna with other antennas. This proposed 

antenna provides CP behavior at the quad-band in the field of THz dielectric resonator antennas. 

CP tuning is achieved by varying the graphene potential of the antenna. Fig. 2.28 shows the plot 
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between the antenna gain (dBi) and frequency (THz). CDRA with graphene provides a maximum 

gain of 5.8 dBi. A maximum gain of 6.5dBi is achieved for the antenna without graphene.  Finally, 

a Rectangular slab on top of CDRA with and without graphene is designed, and performance 

analysis is carried out. It can be concluded that the addition of graphene adds tunability to the 

proposed antenna and will not affect the Quad Band CP behavior of the antenna. Additionally, an 

antenna with graphene provides good gain and efficiency in the targeted pass bands. According to 

the desired frequency of operation, the antenna can be manufactured with the optimal values of its 

physical parameters. 

 

Fig. 2.27 AR (dB) for different values of Graphene chemical potential.  

 

Fig. 2.28 Frequency vs. Gain for different graphene potential values. 
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Table 2.2 Comparison with other research articles. 

Ref Antenna ARBW(THz) IBW(THz) 
Gain 

(dBi) 

RE 

(%) 

Tunabili

ty 

[97] 
Graphene-based 

microstrip antenna. 
-  1.6  No 

[98] 
Slotted graphene patch 

antenna. 
- 

1.96 THz 

(Center 

Frequency). 

4.3 95.3 No 

[99] 
Y-shaped graphene-

based antenna. 
- 

0.45THz 

(Center 

Frequency). 

4 25% No 

[100] 
Patch Fed Higher Order 

Mode DRA. 
 7%. 7.9 - No 

[87] CPDRA. 3.97 - 4.16. 3.95-4.1. >6 >80% Yes 

[101] 
Graphene disk loaded 

DR. 
- 

4.0629 − 

4.1299. 
3.8 

72-

75% 
Yes 

This 

antenna 

Quad-band Rectangular 

slab incorporated 

CDRA based CP 

tunable THz antenna. 

1.83% (8.66-

8.82 THz), 

6.64% (10.77-

11.51), 3.84% 

(13.26-13.78 

THz) and 4.8% 

(16.04-16.83 

THz). 

4.66% (8.59-

9THz), 2.98% 

(10.88-

11.21THz), 

4.83% (14.19-

13.52THz) 

and 5.86% 

(15.88-16.84). 

>6 >85% Yes 

A CDRA, along with a rectangular DR slab known as CPDRA with graphene coating, is 

implemented for terahertz (THz) applications. This antenna provides a multi-mode response at 

different resonant frequencies. An IBW of 6.7% (7.93-8.48 THz), 7.6% (11.74-10.87 THz), and 

12.65% (14.51-16.47 THz) is attained for CDRA. A unique feature of the proposed antenna is that 

it provides CP behavior at the quad-band in the field of THz dielectric resonator antennas. CP 

tuning is achieved by varying the graphene potential of the antenna. This antenna radiates two 

hybrid modes, i.e., HEM11δ and HEM12δ. This proposed antenna shows both RHCP and LHCP 

behavior at different resonant frequencies. Furthermore, the designed antenna has a high gain and 

high radiation efficiency (RE) in the THz frequencies. Results show that a maximum gain of 

6.67dB, RE of 89%, Impedance Band Width of 4.66% (8.59-9 THz), 2.98% (10.88-11.21 THz), 

4.83% (14.19-13.52 THz) and 5.86%(15.88-16.84), Axial Ratio Bandwidth of  1.83% (8.66-8.82 

THz), 6.64% (10.77-11.51), 3.84% (13.26-13.78 THz) and 4.8% (16.04-16.83 THz) is achieved by 
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the combination of CDRA and Rectangular slab. Graphene material is added to the top of CDRA 

to achieve tunability in CP response. These results show that the proposed Quad band CP DRA is 

unique and suitable for THz applications. This chapter fulfils the first objective of the thesis. In the 

second objective MIMO DRA is designed for THz and UAV applications to provide high data rate, 

high gain, and tunable response. 
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Chapter 3 

 

Design of MIMO CPDRA for terahertz and UAV 

applications  

In this chapter, MIMO circularly polarized (CP) MIMO Cylindrical Dielectric Resonator Antenna 

(CDRA) is designed for terahertz (THz) and UAV applications. The design analysis of three 

antennas is discussed to fulfill objective two: (i) A two Port MIMO CPDRA for THz applications, 

(ii) 2x2 MIMO CPDRA for THz applications, and (iii) A tri-sense CP wideband MIMO DRA for 

UAV applications. 

For the next-generation communication system, Terahertz (THz) frequency spectrum is becoming 

the choice of many wireless applications because of its wider bandwidth and high data rates [10], 

[111]. Metallic radiators are not considered at this frequency because of their high losses [112]. 

DRA is the best choice because of its low losses, high gain, and high radiation efficiency at this 

frequency. Moreover, to have increased system capacity and high data rates without increasing the 

power level, Multiple Input Multiple Output (MIMO) antenna systems are generally preferred. 

These antennas utilize multiple antennas at the input and output sides to achieve improved channel 

capacity, high data rates, and excellent network coverage [113], [114]. Additionally, CP-based 

MIMO antennas are mainly used for their advantages compared to linear polarization (LP). These 

antennas are reported in [115], [116]. Several MIMO antenna systems are developed for THz 

frequencies for various applications [74]–[76]. In [77], a reconfigurable graphene-based THz 

MIMO antenna is developed, and a high spectral efficiency is reported. Although most of the 
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research is done on the design of MIMO patch antennas at the THz region, less research is done on 

MIMO DRA at this frequency (THz) which provides fewer losses and is more efficient compared 

to patch antennas at high frequency. The unique feature of this antenna is that it provides resonance 

at the quad-band and quad-sense CP response at the terahertz frequency region. Also, the varying 

graphene potential increases isolation between the two antennas. 

The geometry and the dimensions of the proposed CP MIMO DRA are depicted in Fig. 3.1 and 

Table 3.1(all the dimensions are in μm). Two Cylindrical DRA’s of height tc, made up of silicon 

material having εr = 11.2, are mounted on the Silicon dioxide (SiO2) dielectric substrate (εr = 3.9, 

loss tangent (δ) = 0.001) having a thickness of ts. Two Rectangular 50Ω nanostrip feed lines having 

a length of l and width of wp are etched below the bottom of the substrate, as shown in Fig. 3.2. 

The development of the proposed two-element MIMO DRA designed at THz frequency for circular 

polarization is investigated. For good isolation and for achieving CP, different antenna 

configurations are investigated, which are shown in Fig. 3.3.  

                        

(a)                                                                          (b) 

Fig. 3.1 Geometry of MIMO DRA (a) Top View (XY Plane), (b) Side View (XZ Plane). 

Fig. 3.3(a) shows two elements of MIMO DRA with circular aperture slot (ant-I), Fig. 3.3(b) shows 

circular aperture slot with left arm (ant-II), Fig. 3.3(c) shows circular aperture with right arm (ant-

III), and Fig. 3.3(d) shows circular aperture with both arms (Proposed Design (ant-IV)) having an 



56 

 

inner and outer radius of rsloti = 2 µm  and rsloto = 4 µm, respectively. The resonant frequency of 

CDRA for HEM11δ is calculated using equation 3.1.     

Table 3.1 Dimensions of proposed MIMO DRA (All the dimensions are in µm) 

w ts d d1 tc r l wp rsloto rsloti 

60 3.36 30 22 10 8 35 1 4 2 

 

 

Fig. 3.2 Bottom view of MIMO DRA 

 

                 (a)                                  (b)                                 (c)                                  (d) 

Fig. 3.3 Antenna Configuration a. Circular slot (CS), b. CS with right arm c. CS with left arm, d. CS with both 

arms (Proposed) 

2

,

6.321
0.27 0.36 0.02

2 22r

eff effr eff

c r r
f

H Hr 

    
 = + +           

                                 (3.1)         
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Where r is the radius of CDRA, c is the velocity of light 

Heff and ,r eff are effective height and effective dielectric constant of MIMO DRA and are given by 

equations 3.2 and 3.3. 

,

eff

r eff
s

silicon sub

H

HH


 

=

+

             (3.2) 

Heff = H+Hs              (3.3) 

Where H and Hs are the heights of CDRA and substrate, respectively. 

The simulation and analysis of the proposed DRA are carried out in CST Microwave Studio. This 

section mainly focuses on frequency response for antenna configurations, isolation between two 

ports, electric field distribution, and CP mechanism. Fig. 3.4 shows the frequency response S11 

with various modification steps for the proposed MIMO DRA configuration (Fig. 3.3(a-d)). CDRA 

with two arms resonates at four frequency bands, i.e., at 3.40, 5.42, 8.08 THz, and 8.85 THz, with 

a 10 dB impedance Bandwidth of 5.86 % (3.31-3.51 THz), 4.96% (5.3-5.57 THz), 2.64% (8.01-

8.22 THz) and 5.23% (8.55-9.01THz). CDRA with a single arm resonates at only three bands, and 

CDRA with a circular slot resonates at two bands. Moreover, the isolation between the two ports 

of antenna configurations (ant-II and ant III) is approximately -14dB, as shown in Fig. 3.5. An 

improved isolation (-17dB) is achieved with the antenna configuration of ant-IV and is depicted in 

Fig. 3.5. Isolation of -25dB is achieved with the circular slot. Moreover, for the proposed MIMO 

DRA, the HEM11δ mode is excited at the resonant frequencies.  
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Fig. 3.4 Frequency response (S11) for different antenna configurations (of Fig. 3.3). 

 

Fig. 3.5 Frequency response (S12) for different antenna configurations (of Fig. 3.3) 

Initially, to find the operating resonant frequency, eigen mode analysis is employed. Fig. 3.6 and 

Fig. 3.7 shows the EF distribution on CDRA 1 and CDRA 2 in XY and XZ plane for the proposed 

antenna configuration (Fig. 3.3(d)). Using EF distribution, we can identify which mode is 

propagating in CDRA by comparing it with the theoretical behavior of CDRA. The modified 

aperture slot is used to excite the antenna to radiate in multiple resonant frequencies as depicted in 

the plot of S11 (Fig. 3.4). Fig. 3.6(a and b) shows the EF distribution on top and side of CDRA 1 at 

3.4 THz. It can be seen that the EF distribution is similar to the HEM11δ.  Similarly, from Fig. 3.6 

(c and d), the propagation mode is HEM11δ at 5.42 THz. Hence from the results of (Fig. 3.6 (a, b, 

c, and d)), CDRA could work in HEM11δ at 3.4 and 5.42 THz frequencies. The mode HEM11δ 
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radiates as a horizontal magnetic dipole showing the maximum direction towards boresight. At 

8.08 and 8.86, the EF distribution is similar to that of HEM12δ as depicted in Fig. 3.6(e, f, g, and 

h), and behaves like an electric dipole. Similarly, the EF distribution at port 2 is depicted in Fig. 

3.7. Which shows a similar response to that exhibited at port 1. Hence we can conclude that the 

proposed antenna radiates in two higher-order modes (HEM11δ and HEM12δ) at ports 1 and 2. The 

EF distribution verifies these modes according to image theory shown in Fig. 3.6(i) [12]. 

 

 

(i) 

Fig. 3.6 EF distribution at port 1 of the DRA 1 at   (a) 3.4 THz (XY Plane), (b) 3.4 THz (YZ 

Plane), (c) 5.42 THz (XY Plane), (d) 5.42 (XZ Plane), (e) 8.08 THz (XY Plane), (f) 8.08 THz 

(XZ Plane), (g) 8.86 THz (XY Plane), (h) 8.86 (XZ Plane), and (i) HEM11δ and HEM12δ( Image 

theory). 
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Fig. 3.7 EF distribution at port 2 of the DRA 2 at   (a) 3.4 THz (XY Plane), (b) 3.4 THz (YZ 

Plane), (c) 5.42 THz (XY Plane), (d) 5.42 (XZ Plane), (e) 8.08 THz (XY Plane), (f) 8.08 THz 

(XZ Plane), (g) 8.86 THz (XY Plane), (h) 8.86 (XZ Plane). 

Fig. 3.8  depicts a plot of axial ratio (AR) vs. frequency (THz) for the proposed configuration (Fig. 

3.3(d)). It is confirmed that the modified circular slot (ant-IV) generates circular polarization at 

four frequency bands with 3dB ARBW of 8.22 % (3.38-3.67 THz), 2.48% (5.97-6.12 THz), 3.67% 

(6.95-7.21 THz) and 5.67% (7.88-8.34 THz). The axial ratio at the second (6 THz) and third (7 

THz) bands are not part of pass bands but provide CP behavior at these bands. The nearby pass 

band for the 6 THz AR band is at 5.42 THz, provided by the right-side arm. The 7THz AR band is 

due to the left side arm, which has a resonance of 6.56 THz.  

 

Fig. 3.8 Axial Ratio (dB) for proposed antenna configuration  
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Fig. 3.9 shows EFV distribution on CDRA at a resonant frequency of 3.4 THz at different time 

instants (t= 0, t= T/4, t= T/2, and t= 3T/4) for the proposed configuration (Fig. 3.3(d)). Fig. 3.9(a) 

shows EF distribution with excitation at port 1 by keeping port 2 inactive, and Fig. 3.9(b) shows 

EF distribution with excitation at port 2 by keeping port 1 inactive. Similar observations are made 

at 8.08 THz (Fig. 3.10 (a and b). For the generation of CP waves, the EF components must be 

orthogonal to each other, and the magnitudes of EFV must be the same [12]. 

  

                                   (a)                                                                   (b) 

Fig. 3.9  Electric field vector (EFV) distribution on CDRA at 3.4 THz for time instants t= 0, t= 

T/4, t= T/2, and t= 3T/4 at (a) Port1 and (b) Port 2. 

Three observations are made from the EFV distribution of Fig. 3.9, Fig. 3.10: (i) Rotation of EF 

vectors is circular (t=0 to t= 3T/4). This means CP waves are generated. (ii) EF vectors are rotated 

in a clockwise direction with 900 phase shifts from t=0 to t=3T/4 (Fig. 3.9(a and b)) at 3.4 THz. 

This confirms left-hand circular polarization (LHCP) presence at 3.4 THz (iii) Similarly, EF 

vectors are rotated in a clockwise direction with 900 phase shifts from t=0 to t=3T/4 (Fig. 3.10(a 

and b)) at 8.08 THz. This confirms LHCP presence at 8.08 THz also.  Hence it is clear from the 

above discussion that the proposed MIMO DRA exhibits LHCP wave at two bands. It is worth 

noting that when both the ports (Port 1 and Port 2) are excited simultaneously, the EF distribution 

on both the DRs will remain the same (Fig. 3.9 and Fig. 3.10) at both resonant frequencies. Fig. 
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3.11 shows simulated RHCP and LHCP radiation plots towards the boresight direction at 3.4 and 

8.08 THz for the proposed MIMO DRA (Fig. 3.3(d)) at both ports. It is observed from figure 11 

that with excitation at port 1 and port 2 at frequencies of 3.4 THz and 8.08 THz, the LHCP wave 

is dominated. The separation between LHCP and RHCP components (Fig. 3.11) remains 20 dB or 

more in the boresight direction (θ =0o) in the XZ plane. The plot of gain and radiation efficiency 

is depicted in Fig. 3.12(a and b) for the proposed configuration (Fig. 3.3(d)). A maximum Gain of 

7.86 dBi is achieved at resonant frequencies of 5.42 and 8.08 THz. Maximum efficiency of 88.8% 

is achieved at 5.42 THz. 

 

                                            (a)                                                                (b) 

Fig. 3.10 Electric field vector (EFV) distribution on CDRA at 8.08 THz for time instants t= 0, t= 

T/4, t= T/2, and t= 3T/4 at (a) Port1 and (b) Port 2. 

                                                                                                   



63 

 

  

                                                (a)                                                           (b)  

Fig. 3.11 Simulated RHCP and LHCP radiation plots at ports 1 and 2 in the XZ plane for 

frequencies (a) 3.4 and (b) 8.08 THz. 

  

                                             (a)                                                              (b) 

Fig. 3.12 Proposed MIMO DRA plot of (a) Gain (dBi) and (b) Radiation Efficiency (RE).  

The performance of the MIMO antenna for the proposed MIMO DRA (Fig. 3.3(d)) is verified by 

the calculation of different parameters ECC, DG, MEG, CCL, and TARC. The plot of ECC and 

DG are shown in Fig. 3.13. For better performance of the MIMO antenna, ECC must be less than 

0.5, and DG must be greater than 9.5dB [7]. ECC of the antenna is calculated by equation 3.4 and 

is depicted in Fig. 3.13(a). 
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    (a)                                                       (b) 

Fig. 3.13 Proposed MIMO DRA plot of a. ECC, b. DG. 

𝜌𝑒 =
|𝑆11

∗ 𝑆12+𝑆21
∗ 𝑆22|2

(1−(|𝑆11|2+|𝑆21|2))(1−(|𝑆22|2+|𝑆21|2))
                                                         (3.4) 

Where Sii and Sij (S11, S12, or S21) are the reflection coefficient at the input and isolation between 

the antenna elements respectively.  

 Table 3.2 DG (dB) and ECC 

Frequency (THz) DG(dB) ECC 

2.6
 

9.95
 

0.008104245
 

3.40
 

9.996
 

0.000709482
 

4.614
 

9.763
 

0.046824694
 

5.406
 

9.999
 

0.000101996
 

6.29
 

10
 

0.001725205
 

7.35 10 0.000435309 

8.08 10 0.000000681 

 

The DG of the antenna gives the improvement in using a multi-port antenna compared to a single-

port antenna [114]. It is calculated using equation 3.5 for different frequencies. It is clear from Fig. 

3.13(b) that DG is more significant than 9.5 dB, which means the designed MIMO antenna is the 

best choice for THz applications.  

( )2
10 1 0.99 eDG = −                      (3.5) 
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Table 3.2 gives the simulated values of DG (dB) and ECC calculated from the far-field radiation 

pattern at different frequencies. 

MEG finds the difference between received power by the diversity antenna and isotropic antenna 

in a multipath environment. MEG primarily evaluates the gain of the antenna. It is calculated using 

equations 3.6, 3.7, and 3.8.  

2

,

1

0.5 0.5 1
M

i i rad ij

j

MEG S
=

 
= = − 

 


      (3.6)

  
2 2

11 221 0.5 1MEG S S = − −
 

      (3.7) 

2 2

12 222 0.5 1MEG S S = − −
 

     (3.8) 

Fig. 3.14 shows the plot of MEG versus frequency. For equal power levels at both ports, the ratio 

of MEG1 and MEG2 should be less than 3 dB. The plot shows MEG1 and 2 are around 3 dB, the 

difference between MEG1 and MEG2 is 0 dB, and the ratio MEG1/MEG2 is equal to 1 dB, which 

indicates very good satisfactory diversity performance at the THz frequency region.  

 

Fig. 3.14 Plot of MEG 

TARC is defined as the ratio of the square root of total reflected power to the square root of total 

incident power and is determined using equations 3.9 and 3.10.  

2

2

M

j

jt

a
M

j

j

b

a

 =




        (3.9) 

Where aj and bj are incident and reflected waves. 
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2 2

11 12 11 12

2

j j

t

a

S S e S S e + + +
 =      (3.10)

   

Where θ is the phase angle.  

Fig. 3.15 shows a plot of TARC versus frequency for seven varying phase angles (θ=0o, 30o, 60o, 

90o, 120o, 150o, average) with a step size of 30o. It is clear that for different values of θ, the 

reflection coefficient is <- 30dB in the targeted band, which means high isolation is observed from 

port 1 and port 2. CCL for the proposed antenna is depicted in Fig. 3.16. CCL is the maximum 

allowable transmission rate for signal transmission over the MIMO antenna system. It is calculated 

using equations 3.11 and 3.12 [116]. For better performance of MIMO, CCL must be <0.5bps/Hz 

in the target pass bands. From Fig. 3.16, it is observed that CCL is  < 0.5bps/Hz at the operating 

pass bands.  

 

Fig. 3.15 Plot of TARC vs Frequency (THz) at different phase angles. 

 

Fig. 3.16 Plot of CCL (bps/Hz) vs frequency (THz). 
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2log det( )RCCL = −        (3.11)
  

11 12

21 22

R
 


 

 
=  
 

       (3.12)

  

Where ( )2 2

11 11 121 S S = − −
,

( )2 2

22 12 221 S S = − −
, 

( )* *

12 11 12 21 22S S S S = − +
  

( )* *

21 22 21 12 11S S S S = − + . 

 

This section shows how isolation is increased with an increase in graphene chemical potential (μc). 

Fig. 3.17(a) depicts the proposed MIMO DRA with graphene material having a thickness of 0.3μm 

layered on the top of both CDRAs. Fig. 3.17(b) shows the isolation plot versus frequency for 

potential chemical values of μc= 0.3, 0.6, and 0.9ev. It can be easily understood from the above plot 

that there is an increase in isolation with an increase in μc. CDRA without graphene material has 

an isolation of -15.3 dB at 3.4 THz between the ports. Coating the upper layer of CDRA with 

graphene material increases isolation. At a frequency of 3.4 THz, isolation of -18.3 dB, -18.9 dB, 

and -20.7 dB is achieved when CDRA is coated with graphene having μc= 0.3, μc= 0.6, and μc= 

0.9ev, respectively.  It can be observed that as μc increases, isolation between the two ports 

increases. 

  

                                              (a)                                                             (b) 

Fig. 3.17 a. Graphene layered MIMO DRA, b. Isolation plot 

The approach described in [76], [117] establishes a tri-constituent self-assembly route for directly 

synthesizing graphene films on silicon/silica substrate. Graphene was manufactured on single-
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crystal silicon substrates using metal-free, ambient-pressure chemical vapor deposition. The 

development of atomically flat monolayer or bilayer graphene domains, concave bilayer graphene 

domains, and bulging few-layer graphene domains can all be achieved by controlling the growth 

temperature, as described in [76]. Practically, the externally provided DC electrostatic bias voltage 

for antennas at the nanoscale level should be kept to a minimum. As a result, the value of 𝜇𝑐 should 

be chosen within the range so that the required external voltage is kept to a minimum and antenna 

tuning response is possible. 

The surface conductivity of graphene, according to the Kubo formula, can be given by  

σ𝑖𝑛𝑡𝑟𝑎𝑏𝑎𝑛𝑑(ω, μc, Γ, T) = −j
e2𝑘𝐵𝑇

πħ2(ω−j2Γ)
[

μc

𝑘𝐵𝑇
+ 2 ln (𝑒

μc
𝑘𝐵𝑇

+1
)],                 (3.13) 

σ𝑖𝑛𝑡𝑒𝑟𝑏𝑎𝑛𝑑(ω, μc, Γ, T) = −j
e2𝑘𝐵𝑇

4πħ
ln [

2|μc|−(ω−j2Γħ)

2|μc|+(ω−j2Γħ)
],                                    (3.14) 

Equation 3.13 is intraband, and equation 3.14 is interband conductivity contributions. Where e is 

the electron charge, ħ is Planck's constant, 𝐾𝐵 is Boltzmann’s constant. Γ is the chemical potential, 

ω is the operating frequency, and T=300 K. Depending on the external DC bias voltage applied, 

equation (3.15) depicts a relationship between voltage and 𝜇𝑐. Equation 3.15 shows the relationship 

between DC bias, 𝜇𝑐, which is dependent on the applied voltage V. 

V = V0 +
teμc

2

ε0εrπh2vF
2                                                (3.15)           

Where fermi velocity (vf) is given by, vf = 9.5 × 105 m/s, V0 is the voltage compensation 

dependent on the chemical doping, t and εr are the thickness and relative permittivity of the 

dielectric between graphene and electrode, respectively. 

Applying an electric field via DC bias to the material can change the conductivity of graphene. The 

electric field alters the charge density, as described in [74]. The relationship between electrostatic 

bias (𝐸0) and chemical potential is obtained from equation (3.16) and Fig. 3.18 depicts the plot 

between V, 𝜇𝑐, and εr of graphene. In the antenna design, a metallic gate layer is placed on the 

graphene patch to apply the DC gate voltage. The length and width of the metallic gate layer are 

kept identical to the graphene patch when the external voltage is applied, ensuring that the fermi 

level is maintained consistently.  



69 

 

  

 (a) 

 

                                                                                (b) 

Fig. 3.18 a. Graphene potential (𝜇𝑐) vs Bias Voltage, b. εr 𝑣𝑠 𝑉. 

 
2∈𝑠𝐸0

𝑒
=

2

𝜋ℎ2𝑣𝑓
2 ∫ 𝐸(𝑓𝑑(𝐸) − 𝑓𝑑(𝐸 + 2𝜇𝑐))𝑑𝐸

∞

0
     (3.16) 

Where 𝑓𝑑(𝐸)  is the Fermi-Dirac distribution given by   𝑓𝑑(𝐸) = (𝑒
𝐸−𝜇𝑐
𝑘𝐵𝑇 + 1)

−1

. 

This investigation is further extended to find frequency response and AR for different graphene 

potential values. It is observed that there is a shift in resonant frequency with graphene material, as 

shown in Fig. 3.19(a). Fig. 3.19(b) shows CP tuning. With an increase in graphene potential, there 

is a shift in AR characteristics.  
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                                           (a)                                                                  (b)  

Fig. 3.19 MIMO CDRA without graphene and with graphene (a) Frequency response and (b) AR 

(dB). 

Table 3. 3 shows the comparison between previously published works and the proposed antenna. 

It can be observed that the proposed CP MIMO DRA offers good isolation and high gain at three 

bands at terahertz frequency. Furthermore, when CDRA is coated with graphene material, isolation 

further increases. The above results prove that the proposed multi-band CP MIMO DRA is very 

suitable for THz applications MIMO antenna compared with other antennas. This fulfills the first 

sub-objective under objective two. The next section covers the objective related to the second sub-

objective under objective two. 

Table 3. 3 Comparison with other MIMO antennas. 

Ref DR type 
Isolation  

(dB) 

Gain 

(dB) 
ECC 

MEG 

(dB) 

DG 

(dB) 
TARC 

CCL( 

bits/ 

sec/Hz) 

[32] Dual port < 17 4.4 0.0002 < 3 9.99 - < 0.4 

[33] Dual port 17 5.8 -10 < 3 10 < 0  

[37] Dual port 18 4 < 0.3 1 9.6 < -30 < 0.4 

[39] Dual port 27 1.99 < 0.4 - 10 - - 

This 

antenna 

Dual port 

Graphene 

based 

MIMO 

CDRA 

20.7 7.86 
< 

0.0001 
< 3 10 <-30 < 0.2 
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In this section, the design analysis of 2x2 MIMO CPDRA is discussed. Fig. 3. 20 shows the 

geometry of the proposed 2x2 MIMO CDRA. The substrate chosen here is SiO2 which has a 

dielectric permittivity of 3.9 with dimensions as 44×44×2.4 μm. The 50 Ω nanostrip line is printed 

at the bottom of the substrate with dimensions Wf ×lf. The aperture cross slot is etched on the 

ground plane which has dimensions of Ws × Ls as shown in fig. 1. The dimensions of the ground 

plane are the same as the substrate with a thickness of 0.035μm. Four CDRA's are used to make 

2×2 MIMO. The dielectric material chosen for CDRA is silicon which has a dielectric permittivity 

of 11.9 with dimensions of radius r=7.6μm and height h=1.5μm. The distance of separation 

between DRs is d.  The dimensions are optimized and chosen to radiate HEM11δ mode. To improve 

the isolation between the ports various configurations of Defected Ground Structures (DGS) are 

made. Fig. 2(a, b, c and d) shows MIMO DRA without DGS, with vertical DGS having a length of 

Lv =32.5 μm and width of 0.8μm (fig. 2(b)), with horizontal DGS (fig 2(c)).  To achieve more 

isolation between the ports the combination of horizontal and vertical DGS is utilized as shown in 

Fig 2(d) (proposed Configuration). Antenna shows perfect matching at all 4 ports for Ant-I to Ant-

IV configuration which resonates at 5.26 THz and 6.52 THz for all the ports. 

 

                                           (a)                                                  (b) 

Fig. 3. 20 (a) Dimensions (in μm) of reported MIMO DRA (w=44, l=44, d= 21.2, Ls=1.5, 

Ws=0.58, lf=13.3, Wf=0.74 μm) (b) perspective view. 
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                      (a)                               (b)                                  (c)                                (d) 
 

Fig. 3. 21(a) Ant- I (b) Ant-II (c) Ant-III (d) Ant-IV (Lv=32.5 μm and Hv=32.5 μm) 

The simulated 10 dB Impedance Band Width (IBW) of 8.16% (5.05-5.48 THz) with a resonant 

peak at 5.26 THz, 12.57% (6.11-6.93 THz) with a resonant peak at 6.52 THz respectively is 

achieved as depicted in Fig. 3. 22(a). Fig. 3. 22(b, c) shows an isolation plot. Impedance matching 

is improved for the Ant-IV configuration with an isolation of ~ -25 dB shown for the proposed 

MIMO configuration. The symmetricity of port 1 with the other three ports (2, 3, and 4) proves the 

symmetrical S parameter response of all the ports as shown in the caption of Fig. 3. 22. Fig. 3. 23 

shows the plot between axial ratio vs frequency (THz) for antenna configurations. The antenna is 

showing dual sense CP behavior at both the pass bands (at 5.26, 6.5 THz) with 3dB Axial Ratio 

Band Width (ARBW) of 4.58% (5.11-5.35 THz) and 2.15% (6.43-6.57 THz) for the proposed 

antenna configuration (Ant-IV).  
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Fig. 3. 22 Frequency Response (a) S11 (S11=S22=S33=S44) (b) S12 

(S12=S31=S21=S42=S13=S43=S24=S34) and (c) S41 (S41=S14=S32=S23). 

 
Fig. 3. 23 Plot of Axial Ratio (AR) vs Frequency (THz). 

 

The proposed antenna will generate LHCP behavior at all the ports. Fig. 3. 24 shows simulated 

radiation patterns in XZ plane at resonant frequencies of 5.26 THz and 6.52 THz for proposed 

antenna configuration (fig. 3(d)).  It can be observed that Left Hand CP (LHCP) fields are 

dominating Right Hand CP (RHCP) in boresight direction (θ=00). At 5.26 and 6.52 THz, the 

simulated results indicate a difference of more than -25dB between the LHCP and RHCP fields. 

This means LHCP fields are clearly dominating RHCP fields at both resonant frequencies. Fig. 3. 

25 shows the plot of gain and Radiation Efficiency (RE) vs frequency (THz) for the proposed 

configuration (Fig. 3. 21(d)). Maximum gain of 6.7 dBi and RE of 73% is achieved for the proposed 

MIMO DRA. 
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Fig. 3. 24 Radiation Pattern of the antenna at 5.26 and 6.52 THz in xz plane (Solid line indicates 

at 5.26 THz and Dashed line indicates at 6.52 THz). 

Fig. 3. 26 shows plot of ECC vs frequency (THz).  ECC is clearly very much less than 0.5 and 

equal to 0 in the pass band. DG of the antenna must be greater than 9.5dB. From the Fig. 3. 26 it is 

clear that DG of the antenna is approximately equal to 10 dB in the pass bands. Hence the proposed 

2x2 MIMO antenna is very much suitable for MIMO operation. This fulfills the second sub-

objective under objective two. The next section (3.7) covers the objective related to the third sub-

objective under objective two. 

 

Fig. 3. 25 Plot of Gain in dB (Left) and RE in % (Right) 
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Fig. 3. 26 Plot of ECC in dB (Left) and DG (dB) vs Frequency (Right). 

Here, a two-port MIMO wide band tri sense CP DRA is designed for UAV satellite applications. 

This fulfills the third sub-objective under the second objective. Deployment of unmanned aerial 

vehicles (UAVs) became very popular in the fields of military, agriculture, electronics, 

communication, and safety and security [29], [118]–[120]. Data from UAVs is transmitted through 

wireless transmission. They are frequently employed to gather data and relay it to a ground station 

that offers real-time data on the covered region [121], [122].  

 

Fig. 3. 27 Demonstration of a communication link between different areas with UAVs. 
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Besides this, UAVs have advanced to the point where they can now be used in the wireless link as 

UAV access points for UAV-assisted connectivity due to their low cost and adaptable coverage 

[120]. In coming years, UAVs are expected to connect with satellites even more via UAV-satellite 

communication, creating affordable, widely reaching and satellite-sky-ground systems [123]–

[125]. As depicted in Fig. 3. 27, these systems can establish a communication link between 

different areas with UAVs and offer enhanced paths for rural locations, emergency connections for 

catastrophe zones, and helper connections for access points. In these contexts, using a UAV as a 

bridge facilitates communication across ground stations and satellite systems. For this purpose, 

single antennas or antenna arrays are used for data transmission and receiving with the satellite link 

[126], [127].   

The proposed structure consists of a substrate made of FR-4 epoxy having a permittivity of ɛs=4.4 

and loss tangent of 0.002 with dimensions of Ls × Ws having a thickness of ts=0.5 mm as shown 

in fig. A zigzag feed is used along with the modified ground plane to generate wide band frequency 

response with orthogonal modes generation for CP behavior. This new modified ground plane 

consists of a partial ground plane with a length of Lg and square rings with a width and height of 

Gw and GL, respectively. This new defected ground plane (GP) generates a wide frequency response 

and helps to enhance the CP generation. Fig. 3. 28(b) and Fig. 3. 28(c) shows the top view of the 

proposed microstrip zigzag feed printed on the top of the FR-4 substrate and the new modified GP 

printed on the bottom of the FR-4 substrate, respectively. Fig. 3. 28(d) shows cylindrical dielectric 

resonators made up of Al2O3 having a permittivity of 9.9 and loss tangent of 0.025 with dimensions 

having a thickness of tdra = 2 mm and radius of ro = 5 mm are utilized as a radiator. Fig. 3. 28(e) 

and Fig. 3. 28(f) show the plot of s-parameters and axial ratio in dB. The plots of frequency 

response and AR response are depicted in Fig. 3. 28(e) and Fig. 3. 28(f). The proposed MIMO 

configuration provides a bandwidth of 8.4 GHz (7.5 GHz-15.9 GHz) and provides tri-sense AR 

response in the operating pass band with ARBW of 21.82 % (7.55-9.34 GHz), 9.36 % (11.2-12.3 

GHz) and 9.72 % (13.7-15.1 GHz), respectively. Furthermore, good isolation values of < -25dB 

throughout the operating band are obtained between the two ports for the proposed antenna, as 

depicted in Fig. 3. 28(f). 
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                                       (a)                                                               (b) 

 

(c) 

 

                                                                           (d) 

 

                                  (e)                                                                         (f) 
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Fig. 3. 28 Proposed MIMO antenna (a) Top view (b) Microstrip Feed configuration, (c) proposed 

ground plane, (d) Front view (e) S11 (dB), AR (dB) and (f) S12 (dB). 

The proposed MIMO DRA produces orthogonal modes essential for CP generation at three 

operating bands. Fig. 3. 29 and Fig. 3. 30 depict Electric Field (EF) propagation at different time 

phases of t = 0, T/4, T/2, and 3T/4 at frequencies of 8 GHz, 11.5 GHz, and 14.75 GHz at port 1 and 

port 2, respectively. At 8 and 11.5 GHz, the EF distribution on DRA exhibits anti-clockwise 

rotation at both ports. Therefore, it confirms a dominant RHCP wave generation at 8 GHz and 11.5 

GHz, respectively. Next, at 14.75 GHz, the EF distribution on DR at different time instants shows 

clockwise rotation, which confirms LHCP wave generation at this frequency at both the ports (Fig. 

3. 29(c) and Fig. 3. 30(c)). Therefore, the proposed wideband tri-sense MIMO antenna can be 

utilized for UAV applications where 8 GHz and 11.5 GHz can be considered as 

transmitting/receiving frequencies, and 14.75 GHz can be considered as receiving/transmitting 

frequencies. This reduces the inter-channel interference and ensures high isolation between the two 

frequencies because of its RHCP and LHCP response at these frequencies. Furthermore, the 

proposed MIMO antenna provides wide frequency bandwidth that can be used for high throughput 

exchange of extensive data such as voice, video, and the internet. Due to the compact structure and 

less weight, this can be easily mounted on UAVs. Additionally, MIMO antennas are generally 

preferred because of their high data rates, high gain, and high radiation efficiency, which are 

essential requirements for UAV applications for large data transformation. Next, the EF 

distribution on DR at three frequencies of 8 GHz, 11.5 GHz, and 14.75 GHz is investigated. With 

reference to Fig. 3. 31, it is observed that the proposed antenna radiates three different higher-order 

modes, namely, HEM11δ, HEM12δ, and HEM212 modes, respectively.  

A wideband tri-sense CP DRA is fabricated and tested to validate the proposed design. The 

prototype of the proposed MIMO design is depicted in Fig. 3. 32.  
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                                   (a)                                                                      (b) 

 

(c) 

Fig. 3. 29 EF distribution at different time instants at port 1 (a) 8 GHz, (b) 11.5 GHz, and (c) 

14.75 GHz.  

The FR-4 substrate (ɛs=4.4), having a thickness of 0.5 mm, is used as a PCB and AL2O3 dielectric 

resonator with permittivity of 9.9, loss tangent of 0.025, with a thickness of 2 mm, and radius of 5 

mm is utilized as a radiator. 
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                                  (a)                                                                        (b) 

 

                                                                          (c) 

Fig. 3. 30 EF distribution at different time instants at port 2 (a) 8 GHz, (b) 11.5 GHz, and (c) 

14.75 GHz.  

With reference to Fig. 3. 33, there is a good agreement between fabricated and simulated results. 

From Fig. 3. 33(a), the proposed MIMO configuration provides measured bandwidth of 8.375 GHz 

(7.55 GHz-15.925 GHz) and provides tri sense AR response in the operating pass band with ARBW 

of 21.3 % (7.55-9.35 GHz), 10.5 % (11.09-12.32 GHz) and 10.22 % (13.68-15.16 GHz), 

respectively. Furthermore, as depicted in fig 10(b), good isolation values of < -25dB are observed 

for the measured antenna throughout the operating band. Fig. 3. 34(a)-(f) illustrates the simulated 

and measured normalized radiation patterns at AR bands in broadside directions at frequencies of 

8 GHz, 11.5 GHz, and 14.75 GHz, respectively, in the yoz plane. 
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Fig. 3. 31 EF distribution on DR (a) 8 GHz, (b) 11.5 GHz, and (c) 14.75 GHz.  

 

                           (a)                                            (b)                                        (c) 

Fig. 3. 32 Fabricated Proposed MIMO antenna. (a) Top View, (b) Feed Configuration, and (c) 

Bottom Ground Plane. 

At 8 GHz and 11.5 GHz, the simulated and fabricated antenna shows a dominant RHCP wave, and 

at 14.75 GHz, the antenna provides a dominant LHCP wave at both ports. Furthermore, the RHCP 

and LHCP waves dominate by more than -28 dB at their respective frequencies. This quantifies 

that the proposed MIMO DRA is a good candidate for UAV applications where we can reduce 

interchannel interference with very high gain. The plot of G (dB) and RE is depicted in Fig. 3. 

35(a). A maximum gain of 13.85 dBi at a frequency of 13.62 GHz is observed for the proposed 

antenna. A high gain of more than 10 dBi is observed throughout the operating wide band. Also, 

the proposed antenna shows a high RE of > 94 % throughout the occupied band with a maximum 

RE of 99 %. The attributes such as ECC and DG (dB) are calculated and plotted to evaluate MIMO 

performance, as shown in Fig. 3. 35(b). These parameters are calculated based on the literature 
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provided in [48], [128], [129]. For better MIMO performance, ECC must be < 0.5 and close to 0, 

and DG must be > 9.5 dB and close to 10 dB. From the simulated and measurement plots, it is 

observed that ECC is < 0.025 and DG is > 9.98 dB throughout the operating band.  

 

                                           (a)                                                            (b) 

 

      (c) 

Fig. 3. 33 Simulated and measured results. (a) S11 (dB), (b) S12 (dB) and (c) AR (dB). 

All these features, such as wide frequency response, good isolation between the ports, tri sense CP 

response, very high gain, high radiation efficiency, good ECC values, good DG, low weight, 

compact design, easy fabrication, and broad coverage makes the proposed antenna suitable for 

mounting on UAVs. Finally, the comparison of the proposed work with other published articles is 

presented in Table 3. 4. Our work shows better results compared to the other articles in terms of 

IBW, ARBW, G, and RE. Additionally, CP-based MIMO DRA for UAV applications is not being 

implemented. Therefore, the proposed antenna is the best choice for UAV satellite 

communications. Therefore these three sub-objectives fulfils the second objective. 
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        (a)                               (b)                             (c) 

 

                                            (d)                              (e)                             (f) 

 

Fig. 3. 34 Simulated and measured radiation patterns at (a) 8 GHz, (b) 11.5 GHz, and (c) 14.75 

GHz. 

  

                                 (a)                                                                    (b) 

Fig. 3. 35 Simulated (S) and measured (M) results of (a) G (dB), RE, and (b) ECC, DG (dB). 
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Table 3. 4 Comparison with other research articles 

Ref. Frequency 

(GHz) 

Number of 

frequency bands 

IBW (%) AR 

Bands 

ARBW (%) Gain (dBi) Eff. 

(%) 

[127] 11.27 1 111 1 32.29 10.77 > 90 

[120] 20/30 2 6.4/12.8 2 5.2/4.1 6.6/8.2 - 

[126] 1.2/1.6 2 22.69/5.68 2 7.4/3.9 9/9.58 - 

[124] 1.2/1.57 2 - 2 - 2.6/3.2 - 

[130] 5.05 1 37.15 1 5.94 3.45 70 

[131] 3.45 1 18.6 1 9.5 7.65 97 

[122] 8.2/14.5 2 16.3/29.3 2 2.4/4.1 16.1/15.2 - 

Prop. 

Ant. 

7.5-15.9 

(fc=11.7) 

1 71.79 3 21.82/9.36/9.

7 

13.85 > 

94% 

(Max: 

99%) 

Ref.: Reference Number, Eff. : Efficiency, Prop. Ant. Proposed MIMO antenna. 

Three circularly polarized MIMO designed for THz and UAV applications. First, a 2 port MIMO 

Dielectric Resonator Antenna is designed at THz frequency regime. Next, a 2x2 MIMO is designed 

which provides a dual band dual sense behavior for THz applications. Finally, a prototype of 2 port 

MIMO is designed that provides wide band tri sense response for UAV applications is designed. 

The unique feature of 2 port MIMO antenna for THz applications is that it provides resonance at 

four bands (Quad Band) and dual sense CP response at the THz frequency region, and by the 

varying graphene potential of the antenna, isolation between the two antennas is increased. CP 

tuning can be achieved, which another unique feature of this is proposed antenna at the THz region. 

The proposed DRA generates two higher-order modes (HEM11δ and HEM12δ). Isolation between 

the two ports is more than 17dB for the proposed antenna configuration. Various MIMO 

performance parameters are evaluated. A Peak Gain of 7.86 dBi is achieved at 8.08 THz resonant 

frequency. These features allow the proposed MIMO DRA to be utilized for THz applications. 

Second, 2x2 MIMO DRA for the first time is designed in the THz frequency range. The unique 

feature of this antenna is it provides dual band dual sense circular polarization response in the THz 

frequency region. Defected Ground Structures (DGS) are made to improve the isolation between 
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the ports. Gain of 6.7 dBi and RE of 73% is achieved. This antenna generates HEM11δ and HEM12δ 

modes.  Results shows the proposed antenna is very good candidate for THz applications. Finally, 

a CP-based wideband MIMO DRA for UAV satellite communications is introduced. A new 

defected ground structure (DGS) technique is used to enhance impedance bandwidth (IBW) and 

ARBW. For UAV applications, the designed antenna must generate a high G, high beamwidth, 

high RE, CP behavior, and high data exchange. The proposed antenna provides a bandwidth of 8.4 

GHz (7.5 GHz-15.9 GHz) with tri sense CP response having a 3-dB ARBW of 21.82 % (7.55-9.34 

GHz), 9.36 % (11.2-12.3 GHz) and 9.72 % (13.7-15.1 GHz), respectively. The antenna exhibits a 

dominant RHCP wave at 8 GHz and 11.5 GHz and a dominant LHCP wave at 14.5 GHz. Different 

polarizations will decrease inter-channel interference and ensure high isolation between the two 

frequencies because of the RHCP and LHCP response at these frequencies. Furthermore, the 

proposed MIMO DRA provides a high radiation efficiency of 99.02 % and a maximum gain of 

13.85 dBi. Additionally, the antenna offers suitable MIMO diversity performance parameters such 

as ECC and DG.  
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Chapter 4 

 

Design of Ultra wideband Circularly Polarized stacked 

CDRA  

In this chapter, two identical Cylindrical Dielectric Resonator Antennas (CDRA) are stacked 

together to achieve Circular Polarization (CP). Three factors achieve ultra-wideband impedance 

bandwidth and wide axial ratio bandwidth: stacking of similar DRs, stepped conformal microstrip 

feed line, which will generate orthogonal modes, and new partial ground plane with circular rings. 

The proposed research work heads towards providing the solution for the following objectives: 

ultra-wideband impedance response, wide AR response, high gain, and high efficiency. A simple 

DR structure is designed to generate CP waves with reduced DR height to achieve the above 

objectives. CP waves are generally produced by providing the required path difference between 

linearly polarized components, generating orthogonal modes required for CP generation. As 

described in [58], [132], the easiest way to enhance ARBW is to provide the necessary path 

difference to generate orthogonal modes for circular polarization. The microstrip feed length or DR 

structure must produce a 90o phase difference between the orthogonal modes. To achieve ultra-

wideband impedance response, wide axial ratio response, and high gain, two similar Cylindrical 

Dielectric Resonators (CDRA’s) are stacked such that the antenna must provide orthogonal fields 

over a wide frequency range. The proposed ground plane, which contains partial ground with two 

circular rings, enhances IBW. The advantages and novel points of the proposed research work are 
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as follows: (i) The novel configuration of stacking CDRA’s enhances ARBW and gain, (ii) a new 

partial ground plane with two circular rings provides an enhancement in IBW, (iii) Simple design, 

and small height of DRs produces enhanced IBW, ARBW, Gain and Efficiency. Moreover, by 

changing the position of circular rings on the ground plane, the proposed antenna provides 

dominant LHCP to RHCP conversion and achieves polarization reconfigurability. The proposed 

antenna covers the frequency range of C-band and military satellite communication applications.  

Fig. 4.1 shows the geometry of the proposed Circularly Polarized (CP) Dielectric Resonator 

Antenna (DRA) (CPDRA). Fig. 4.1(a) shows the top view of stacked CPDRA, which consists of a 

substrate of the length of Ls × Ls mm made up of FR-4 epoxy material having permittivity (εr) of 

4.4 and loss tangent (tan δ) of 0.025 with a thickness of Ws is used. Fig. 4.1(b) shows a front view 

of the proposed stacked two Cylindrical Dielectric Resonators (CDRA's) having a height of h and 

a radius of r mm. The top CDRA is placed at a distance of d from the bottom CDRA, as shown. 

The stacked CDRA's are made up of the same alumina material (Al2O3) with permittivity (εr) = 9.8 

and a loss tangent of 0.002. Alumina-based DR is chosen because of its lower price and low 

fabrication cost, and it can be used for both microwave and mm-wave applications. The stepped 

microstrip feed is used for the generation of Circular Polarization (CP) and is shown in Fig. 4.1(c), 

having a width of Wf. RF excitation is applied using a 50Ω microstrip line. The microstrip feed is 

etched at the bottom of the top CDRA, as depicted in Fig. 4.1(d).   

The stepped microstrip feed is shown in Fig. 4.1(e), which consists of a feed length of lf1, stub-I 

length of lf2, stub-II length of lf3, and stub-I length of lf. Fig. 4.1(f) shows the novel partial ground 

plane, which consists of two circular rings etched at the bottom of the substrate, which enhances 

10dB impedance bandwidth. This new configuration of stacked CDRAs, along with a new 

modified ground plane and stepped microstrip feed, enhances impedance bandwidth and CP 

bandwidth.  

The following empirical formulas of equations (1-3) have been used in the literature to compute 

the dimensions of a dielectric resonator for a particular fundamental mode resonant frequency [3]. 

 

 



88 

 

 

Fig. 4.1 Proposed antenna Configuration (a) Top view of proposed stacked DRA (b) Front view 

of stacked DRA (c) Proposed conformal Stepped Microstrip feed (d) Stepped Microstrip Feed 

etched on DRA’s (e) Stepped Microstrip feed view (f) Proposed Ground Plane   (Ls=40, Ws=1, 

d= 6.5, h=4, r =10, Wf=2, lf1=15, lf2=4, lf2=6.5, and lf2=2.5 mm).  

𝑓𝑟(𝐻𝐸𝑀11𝛿) =
𝑐

2𝜋𝑟𝑑
×

6.324

√εeff+2
× [0.27 + 0.36(

r𝑑

4heff
) + 0.02(

r𝑑

4heff
)2]    (4.1) 

Where c is the velocity of light, rd is the radius of CDRA, εeff is the effective permittivity of the 

proposed antenna, heff is the effective of the proposed antenna. εeff and heff can be found by using 

equations 2 and 3. 

𝜀𝑒𝑓𝑓 =
heff

hdra
𝜀𝑐𝑑𝑟𝑎

+
hsub
𝜀𝑠𝑢𝑏

           (4.2) 

heff=hdra + hsub         (4.3) 

Fig. 4.2 shows four different DRA configurations and their Electric Field (EF) vector distribution 

on the antenna, with the proposed partial ground plane having two circular rings. Fig. 4.2 depicts 
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their respective simulated frequency response, Axial Ratio (AR) bandwidth, and gain (dB). This 

evolution exhibits ultra-wideband impedance bandwidth, wide AR bandwidth, and enhanced gain.  

Fig. 4.2(a) shows DRA configuration-I. It consists of a single CDRA with a microstrip feed line 

length Lf1. The concentration of EF for this configuration is depicted in Fig. 4.2(e). It can be 

observed that the concentration of EF is very low. Hence, its frequency response shows less 

excitation as shown in Fig. 4.3(a), fails to show the -10dB IBW, and suffers an impedance 

mismatch. This is due to the microstrip feed line being weak for coupling the CDRA. This antenna 

arrangement does not exhibit 3 dB AR bandwidth, as depicted in Fig. 4.3(b), because the AR 

bandwidth is determined by the DRA's generation of orthogonal fields. From the gain plot, as 

shown in Fig. 4.3(c), a maximum gain of 5.15 dBi is observed for this configuration.  

The second configuration of the DRA is obtained by adding a conformal strip, stub-I of length lf2, 

to the microstrip feed of DRA configuration - I to achieve better impedance matching, as depicted 

in Fig. 4.2(b). The concentration of EF for this configuration is depicted in Fig. 4.2(f). It can be 

observed that the concentration of EF is low.  This configuration also does not show -10 dB 

impedance bandwidth and suffers impedance mismatch. This happens because of the low 

permittivity of CDRA material which will not support perfect matching but shows better matching 

than DRA configuration-I.  

It is found that this configuration also does not generate orthogonal modes because the conformal 

microstrip feed does not provide the required path difference to generate CP waves and hence fails 

to achieve CP generation, as depicted in the AR plot of Fig. 4.3(b). From the gain plot, as shown 

in Fig. 4.3(c), a maximum gain of 5.9 dBi is observed for this configuration. 
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Fig. 4.2 Evolution of proposed antenna Configuration(a) Configuration-I, (b) Configuration-II, 

(c) Configuration-III and (d) Configuration-IV (Proposed);  its Electric Field (EF) distribution on 

DRA (e) Configuration-I (f) Configuration-II(g) Configuration-III and (h) Configuration-IV 

(Proposed). 
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To enhance the impedance bandwidth and to obtain the matching, another CDRA is stacked on top 

of the first DR, as depicted in Fig. 4.2(c). To get better impedance matching, stub-II is added to the 

existing microstrip feed, as depicted in Fig. 4.2(c). This configuration is named DRA 

configuration-III. The concentration of EF for this configuration is depicted in Fig. 4.2(g). It can 

be observed that the concentration of EF is high with the addition of stub-II. Hence, from the plot 

of frequency response as depicted in Fig. 4.3(a) that the addition of another DR along with the stub- 

II enhances the -10 dB IBW and resonates at 4.3 GHz and 7.1 GHz with impedance bandwidth 

(S11< -10 dB) of 28.57% (3.75-5 GHz) and 22.8 % (6.2-7.8 GHz). Furthermore, the addition of 

stub-II to the microstrip feed and the stacking of DRs provide orthogonal modes required for CP 

generation. From the plot of the axial ratio, as depicted in Fig. 4.3(b), it is clear that this 

configuration provides CP response at two bands. The Axial Ratio Bandwidth (ARBW) for AR < 

3dB at two bands are 9.67 % (4.23-4.67 GHz) and 3.54 % (6.96 - 7.18 GHz), respectively. From 

the gain plot, as shown in Fig. 4.3(c), a maximum gain of 5.96 dBi is observed for this 

configuration.  

To further enhance the IBW and ARBW, stub-III is added to the existing microstrip feed of DRA 

configuration-III, as shown in Fig. 4.2(d).  This proposed configuration is named DRA 

configuration - IV. The concentration of EF for this configuration is depicted in Fig. 4.2(h). It can 

be observed that the concentration of EF is very high with the addition of stub-II.  

   

    (a)                                              (b) 
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 (c) 

Fig. 4.3 Plot of (a) Frequency response, (b) AR response, and (c) Gain for different DRA 

configurations. 

This addition of stub-III conformal strip makes the microstrip feed a stepped conformal strip and 

provides adequate path difference to generate CP waves. This proposed microstrip feed 

configuration enhances impedance bandwidth and AR bandwidth, as depicted in Fig. 4.3(b). This 

is because it gives a suitable path difference to obtain the 900 phase difference between the two 

linearly polarized signals, according to equation 4.4. Therefore, the proposed antenna produces 

ultra-wideband response with IBW (S11< -10 dB) of 72.48 % (3.65 - 7.8 GHz) and ARBW (AR < 

3 dB) of 44.12 % (4.38 - 6.86 GHz), respectively. From the gain plot, as shown in Fig. 4.3(c), a 

maximum gain of 6.27 dBi is observed for this configuration. From this, it is clear that the proposed 

antenna configuration exhibits enhanced gain compared to the other configurations. This DRA 

configuration stepped microstrip feed structure and modified partial ground make the antenna novel 

and suitable for C- band and military satellite communication applications.  

Phase difference = 
2𝜋

𝜆
× Path difference      (4.4) 

Fig. 4.4 shows the evolution of the proposed ground plane configuration by keeping DRs stacked 

together and with the proposed microstrip feed (Fig. 4.2(d)). Fig. 4.5 depicts their respective 

frequency response, axial ratio response, and gain plots. This evolution of the ground plane shows 

the impact of the ground plane on the enhancement of IBW and ARBW.   
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Fig. 4.4(a) shows a full ground plane with dimensions of Lg × Wg with the proposed stacked DR 

configuration and the proposed microstrip feed. Its frequency response and axial ratio response 

plots are depicted in Fig. 4.5. As depicted in Fig. 4.5(a), this configuration suffers an impedance 

mismatch and does not show -10 dB impedance bandwidth. This may be because the fields are 

tightly bounded between the stacked DRs, feed, and the ground plane.  Because of this full ground 

plane configuration, the antenna will not generate orthogonal modes and does not show 3dB AR 

bandwidth. From the gain plot as shown in Fig. 4.5(c), a maximum gain of 2.4 dBi is observed for 

this configuration. 

 

                        (a)                              (b)                               (c)                            (d) 

Fig. 4.4 Ground plane configuration (a) Full Ground Plane (b) Partial Ground Plane (c) Partial 

Ground Plane with one circular ring and (d) Partial Ground Plane with two circular rings 

(Proposed) (Lg = 40, Wg = 40, Wg1 = 11, d1 = 22, d3= 5.6, d2 = 9.2, t = 0.2 and a = 5.6 mm). 

In this configuration, the ground plane is modeled as a partial ground plane having a width of Wg1 

to get improved impedance bandwidth and axial ratio bandwidth.  It can be seen from the plot of 

frequency response depicted in Fig. 4.5(a) a good impedance match is observed, and the antenna 

radiates in two bands centered at frequencies of 5.5 and 7.3 GHz. Furthermore, this configuration 

supports the formation of orthogonal fields required for CP generation. The axial ratio plot (Fig. 

4.5(b)) shows that this configuration exhibits CP behavior at 5.56 GHz.  This is because the partial 

ground plane is optimum enough to couple to the proposed DR configuration and also suitable for 

CP generation. From the gain plot, as shown in Fig. 4.5(c), a maximum gain of 6.1 dBi is observed 

for this configuration. 
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                                         (a)                                                                     (b) 

 

      (c) 

Fig. 4.5 Plot of (a) Frequency response, (b) AR response, and (c) Gain for different ground plane 

configurations. 
  

In this configuration, the ground plane is modeled as a partial ground plane along with one circular 

ring to enhance IBW and ARBW, as depicted in Fig. 4.4(c). Adding one circular ring with a 

thickness of t and diameter of a mm enhances the impedance bandwidth and ARBW. This 

configuration shows the good coupling between feed and DRA. This antenna shows resonance at 

two bands centered at frequencies of 3.8 GHz and 6.3 GHz and AR response centered at 4GHz and 

6.47 GHz, as depicted in Fig. 4.5(a and b). From the plot of the AR response, it is clear that the 



95 

 

addition of a circular ring enhances IBW and ARBW. From the gain plot, as shown in Fig. 4.5(c), 

a maximum gain of 4.5 dBi is observed for this configuration. 

In this configuration, two circular rings are etched along with the partial ground plane to get 

enhanced bandwidth, as depicted in Fig. 4.4(d). By adding another circular ring to the existing 

configuration, it can be observed that strong coupling is achieved, which results in enhancement in 

IBW and ARBW. From the frequency response plot and AR response plot of Fig. 4.5(a and b), it 

is clear that this proposed configuration having a partial ground plane with two circular rings, 

exhibits ultra-wideband response with IBW (S11< -10 dB) of 72.48 % (3.65 - 7.8 GHz) and ARBW 

(AR < 3 dB) of 44.12 % (4.38 - 6.86 GHz) respectively. This is because the addition of circular 

rings generates orthogonal fields, which are required for CP generation and enhance IBW.  From 

the gain plot, as shown in Fig. 4.5(c), a maximum gain of 6.27 dBi is observed for this 

configuration. This new configuration of the ground plane to enhance IBW, ARBW, and gain make 

the proposed antenna unique, novel, and suitable for C- band and military satellite communication 

applications. 

In this section, the behavior of the antenna in terms of frequency response and axial ratio response 

is investigated by changing the position of the top CDRA. Five different configurations, namely 

Ant-I to Ant-V, are investigated as depicted in Fig. 4.6, and their respective frequency response, 

axial ratio response, and gain are depicted in Fig. 4.7.  

As depicted in Fig. 4.6(a), the top DR is placed precisely on top of the bottom DR. This antenna 

resonates at 4.18 GHz and exhibits CP response at 4 GHz. The generation of orthogonal modes at 

4 GHz is due to the length of the conformal microstrip feed of length lf2, which provides the critical 

path difference required for CP generation. From the gain plot, as shown in Fig. 4.7(c), a maximum 

gain of 5.56 dBi is observed for this configuration. 

 



96 

 

 

Fig. 4.6 Arrangement of top DR (a) Ant-I (b) Ant-II (c) Ant-III (d) Ant-IV and (d) Ant-V 

(Proposed) (Lf1=15,   Lf2=8, Lf3=4, Lf4=6, Lf5=2.5, and Lf=2.5mm). 

When the position top CDRA is placed towards the front direction with respect to the feed, the 

configuration is similar to step-shaped DR, as shown in Fig. 4.6(b).  This configuration provides 

wide band response with IBW of 53.65 % (3-5.2 GHz) and ARBW of 13 % (3.6-4.1 GHz). Hence, 

this configuration confirms strong coupling between the antenna and the stepped microstrip feed. 

Furthermore, due to the stepped microstrip feed, the path difference provided by this configuration 

will generate circular polarization, as depicted in Fig. 4.6(b) from the plot of the axial ratio. From 

the gain plot, as shown in Fig. 4.7(c), a maximum gain of 5 dBi is observed for this configuration. 

When the top DR is placed towards the right side with respect to the feed, as shown in Fig. 4.6(c), 

it exhibits a similar response to the Ant-II configuration. The IBW of 53.25 % (3.1-5.35 GHz) and 

ARBW of 9.47% (3.92-4.31 GHz) are observed for this configuration. It is observed that when the 

top DR position is changed from Ant-II to Ant-III configuration, there is a shift in frequency 
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response and IBW towards the right side, as exhibited in Fig. 4.7(a) and Fig. 4.7(b). It also confirms 

that this configuration provides the required path difference to generate orthogonal modes to 

achieve CP. From the gain plot, as shown in Fig. 4.7(c), a maximum gain of 6.2 dBi is observed 

for this configuration. 

 

                                                (a)                                                             (b) 

 

     (c) 

Fig. 4.7 Plot of (a) Frequency Response, (b) AR response, and (c) Gain for different DR 

configurations. 

When the top DR is placed towards the left side with respect to the feed, as shown in Fig. 4.6(d), 

it suffers an impedance mismatch and does not show -10 dB impedance bandwidth. It may be 

because the microstrip feed is not perfectly coupled to the antenna, hence not providing any pass 

band in the required frequency band. It is observed that this antenna provides resonance greater 
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than 8 GHz but not in the operating band. This antenna does not generate orthogonal modes 

required for CP generation and hence does not show a 3 dB axial ratio. Frequency response and 

axial ratio response plots are depicted in Fig. 4.7(a) and Fig. 4.7(b).  From the gain plot, as shown 

in Fig. 4.7(c), a maximum gain of 3.34 dBi is observed for this configuration. 

When the top DR is placed as depicted in Fig. 4.6(e), this configuration provides an ultra-wideband 

impedance response as well as a wide axial ratio response. This proposed antenna configuration 

provides a strong coupling between DRs, feed, and the ground plane. The stepped feed 

configuration also provides the orthogonal modes required for the generation of CP. This 

configuration exhibits ultra-wideband response with IBW (S11< -10 dB) of 72.48 % (3.65 - 7.8 

GHz) and ARBW (AR < 3 dB) of 44.12 % (4.38 - 6.86 GHz), respectively, as depicted in Fig. 

4.7(a) and Fig. 4.7(b). From the gain plot, as shown in Fig. 4.7(c), a maximum gain of 6.27 dBi is 

observed for this configuration. This novel DRs Arrangement, stepped microstrip feed, and new 

ground plane configuration make the proposed antenna unique and suitable for C- band and military 

satellite communication applications.  

In this section, the behavior of the antenna in terms of frequency response and axial ratio response 

is investigated by changing the height of CDRA by keeping the proposed ground plane and feed 

heights unchanged.  

 

                                 (a)                                         (b)                                         (c) 

Fig. 4.8 Configuration of Heights of DRs: (a) h1>h2, (b) h2>h1, and (c) h1=h2. 

Three configurations are investigated by considering the heights of DRs as h1 (Height of bottom 

DR) and h2 (Height of Top DR). These configurations are named: (i) h1>h2, (ii) h2>h1, and (iii) 



99 

 

h1=h2 as depicted in Fig. 4.8. Their respective frequency response, axial ratio response, and gain is 

depicted in Fig. 4.9. 

In this case, the bottom DR height (h1) is considered greater than the top DR height (h2), as depicted 

in Fig. 4.8(a). The heights of DR considered in this case are h1=7.5mm and h2=4 mm. The antenna 

shows good impedance and axial ratio response, as shown in Fig. 4.9. This configuration resonates 

at three bands at frequencies of 3.2, 5, and 7.16 GHz, as depicted in Fig. 4.9(a) and provides a 3 

dB AR response at 7.23 GHz as depicted in Fig. 4.9(b). CP waves are formed due to the generation 

of orthogonal modes provided by the microstrip feed.   From the gain plot, as shown in Fig. 4.9(c), 

a maximum gain of 5 dBi is observed for this configuration. 

In this case, the top DR height (h2) is considered greater than the bottom DR height (h1), as depicted 

in Fig. 4.8(b). The heights of DR considered in this case are h1=4mm and h2=7.5 mm. The antenna 

shows the strong coupling between feed and antenna and provides wide impedance bandwidth and 

good axial ratio response as shown in Fig. 4.9. This configuration provides -10 dB IBW of 58.3 % 

(3.44-6.27 GHz) and ARBW of 14.28% (3.9-4.5 GHz) as depicted in Fig. 4.9(a) and Fig. 4.9(b) 

respectively. From this, when the top DR height exceeds the bottom DR height, the antenna 

provides good impedance matching and generates orthogonal modes required for CP generation.  

From the gain plot, as shown in Fig. 4.9(c), a maximum gain of 5.73 dBi is observed for this 

configuration. 

In this case, the top and bottom DR heights (h1 and h2) are made equal (h1=h2) as depicted in Fig. 

4.8(c). The heights of DR considered in this case are h1=4mm and h2=4 mm. This proposed antenna 

configuration shows the very strong coupling between feed and antenna and provides ultra-wide 

impedance bandwidth and wide axial ratio response as shown in Fig. 4.9. This configuration 

exhibits ultra-wideband response with IBW (S11< -10 dB) of 72.48 % (3.65 - 7.8 GHz) and ARBW 

(AR < 3 dB) of 44.12 % (4.38 - 6.86 GHz) respectively as depicted in Fig. 4.9(a) and Fig. 4.9(b).  
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                                                 (a)                                                             (b) 

 

                                                                               (c) 

Fig. 4.9 Plot of (a) Frequency Response, (b) AR response, and (c) Gain for different heights of 

DR. 

From the gain plot, as shown in Fig. 4.9(c), a maximum gain of 6.27 dBi is observed for this 

configuration. From the above, it is evident that when both DR heights are the same, then the 

antenna provides perfect impedance matching, generates orthogonal modes required for CP 

generation, and enhances gain, which is accomplished using unique DR arrangement, stepped feed 

configuration, and unique ground plane configuration. 

Fig. 4.10 depicts the proposed CPDRA configuration with feed length (lf) and its frequency 

response and axial ratio response in Fig. 4.11 with a change in the feed length (lf).  
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Fig. 4.10 Proposed DRA configuration. 

 

                                              (a)                                                              (b) 

Fig. 4.11 Plot of (a) Frequency Response and (b) AR response for different feed lengths (lf).  

As the lf increases from 1mm to 2.5 mm, the IBW and ARBW increase. When the feed length is 

equal to 2.5mm, it provides perfect impedance matching and provides the required path difference 

to generate orthogonal modes required for CP generation, as depicted in Fig. 4.11(a) and Fig. 

4.11(b). When the feed length is further increased (>2.5mm), the antenna shows good impedance 

matching but does not provide ultra-wideband response and exhibits narrow ARBW. Hence the 

optimum length of the feed for the generation of CP waves and to provide an ultra-wide response 

for the proposed configuration is 2.5mm. 

CP waves are generally excited by two orthogonal linearly polarized components with equal 

magnitude and with 900 phase difference between them [7].  To analyze CP generation inside the 
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proposed CPDRA, EF vector distribution at time instants of t= 0, T/4, T/2, and 3T/4 at the center 

frequency of 5.72 GHz is depicted as shown in Fig. 4.12. A 900 phase difference is observed 

between EF vectors in the proposed DR, as depicted in Fig. 4.12(a-d). Furthermore, the rotation of 

EF vectors is clockwise direction. It can be concluded that the antenna generates Left Hand CP 

(LHCP).  

 

                    (a)                              (b)                                 (c)                            (d) 

Fig. 4.12 EF vector distribution at a center frequency of 5.72 GHz at different time instants of (a) 

t=0, (b) t=T/4, (c) t=T/2, and (d) t=3T/4 (T is time period).  

 

Modes in DRA are generally analyzed by EF distribution inside DR. Fig. 4.13 shows EF vector 

distribution at frequencies of 4.3 GHz and 6.2 GHz. It is observed that the EF distribution at 4.3 

GHz is similar to that of HEM11δ mode, and TE01δ mode is excited at a frequency of 6.2 GHz. The 

fabricated antenna prototype is shown in Fig. 4.14. Two alumina dielectrics with permittivity (Ɛr) 

= 9.8 and a loss tangent of 0.002 of height h are stacked together to make CPDRA. The CDRA's 

are placed upon each other and then glued. The stacked DR is placed on the FR-4 substrate and 

fixed using glue.  Fig. 4.14(a) shows the top view of the proposed stacked CPDRA, Fig. 4.14(b) 

shows a 3D view, Fig. 4.14(c) shows conformal strip feed, and Fig. 4.14(d) shows the proposed 

ground plane with two circular rings. The frequency response (Input Reflection coefficient) was 

measured using a Vector Network Analyzer, while far-field radiation measurements were 

conducted in an anechoic chamber. 
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Fig. 4.13 EF vector distribution at resonant frequencies of (a) 4.3 GHz and (b) 6.2 GHz (Left side 

images: XY Plane; Right side images: XZ plane).  

The simulated and measured frequency response (Input Reflection coefficient) and its Axial Ratio 

response of the proposed stacked CPDRA are depicted in Fig. 4.15. The proposed stacked CPDRA 

exhibits simulated ultra-wideband response with IBW (S11< -10 dB) of 72.48 % (3.65 - 7.8 GHz) 

and ARBW (AR < 3 dB) of 44.12 % (4.38 - 6.86 GHz) respectively as depicted in Fig. 4.15(a) and 

Fig. 4.15(b). Whereas, the measured result shows the IBW (S11< -10 dB) of 75.74 % (3.65-8.1 

GHz) and ARBW of 46.24% (4.3-6.9 GHz). The proposed antenna resonates at 4.3 GHz and 6.2 

GHz.  Both measured and simulated are in good agreement which is suitable for C- band, and 

military satellite communication applications. Small differences between simulated and measured 

results may be due to the position of DRs and fixing them with glue and also the length of the 

microstrip feed.  

Fig. 4.16 shows simulated and measured radiation patterns in XZ, YZ, and XY planes at resonant 

frequencies of 4.3 GHz and 6.3 GHz. In the boresight direction (θ=00), it can be observed that Left 

Hand CP (LHCP) fields are dominating Right Hand CP (RHCP). From Fig. 4.16(a) in the XZ plane, 

the simulated and measured results show a difference of more than -25dB for both LHCP and 

RHCP fields respectively at 4.3 GHz. 
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Fig. 4.14 Fabricated antenna prototype (a) Proposed stacked CPDRA, (b) 3D view of proposed 

CPDRA, (c) Stepped Conformal Feed view, and (d) Partial Ground plane with two circular rings. 

 

         (a) 
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(b) 

Fig. 4.15 Plot of simulated and measurement results of proposed stacked CPDRA: (a) Frequency 

Response and (b) AR response. 

 

This means LHCP fields are dominating RHCP fields. Fig. 4.16(b) shows LHCP and RHCP 

radiation patterns at 4.3 GHz in the YZ plane. From the figure, it is clear that LHCP fields are 

dominating RHCP fields by more than -25dB at 4.3 GHz in the YZ plane. Similarly, Fig. 4.16(c) 

shows LHCP and RHCP radiation patterns at 4.3 GHz in the XY plane. From Fig. 4.16, it is clear 

that LHCP fields are dominating RHCP fields by more than -25dB at 4.3 GHz in the XY plane. 

Similarly, in Fig. 4.16(d), Fig. 4.16(e), and Fig. 4.16(f) it can be observed that at a frequency of 

6.2GHz, LHCP fields are dominating RHCP fields by more than -25dB in XZ, YZ, and XY planes 

respectively. The proposed antenna generates dominant LHCP waves in a boresight direction at 

both resonant frequencies. Fig. 4.17 shows 3-dimensional radiation patterns in the XZ plane at 

resonant frequencies of 4.3 GHz, 6.2 GHz, and 7.4 GHz respectively. From the radiation plot, we 

can observe that a partial omnidirectional pattern is exhibited by the proposed antenna. 
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Fig. 4.16 Simulated and measured radiation plots (Normalized) at a frequency of (a) 4.3 GHz 

(XZ - Plane), (b) 4.3 GHz (YZ - Plane), (c) 4.3 GHz (XY – plane) (d) 6.2 GHz (XZ - Plane) and 

(e) 6.2 GHz (YZ - Plane), (f) 6.2 GHz (XY - Plane). 

 

Fig. 4.17 3-dimensional radiation pattern for the proposed antenna at (a) 4.3GHz, (b) 6.2 GHz, 

and 7.4 GHz. 
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It is observed from the simulation results that if the circular rings on the ground plane are placed 

towards the left side of the microstrip feed as depicted in Fig. 4.18(a) and Fig. 4.18(b), then the 

antenna provides dominant RHCP radiation at both the resonant frequencies in the boresight 

direction. Hence, polarization reconfigurability is achievable by using this simple technique which 

is useful for wireless systems. The simulated and measured CP gain and radiation efficiency for a 

proposed antenna in the boresight direction are depicted in Fig. 4.18. From Fig. 4.19 the simulated 

CP gain varies from 1.5 to 6.27 dBic, whereas the measured gain varies from 1.4 to 6.5 dBic in the 

boresight direction respectively in the entire pass band. The radiation efficiency plot is also 

incorporated in Fig. 4.19. It can be observed that a maximum efficiency of 93.3% and average 

radiation efficiency of 90.82% is achieved for the proposed stacked CPDRA in the boresight 

direction in the operating pass band. Table 4.1 shows a comparison of the proposed stacked 

CPDRA with other published works. It is observed that the proposed antenna shows better 

performance in terms of IBW, ARBW, efficiency, and gain. 

 

                                       (a)                                                                        (b) 

Fig. 4.18 With respect to microstrip feed Circular rings in the ground plane are placed towards (a) 

the Right side (Proposed) and (b) the Left side. 
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Fig. 4.19 The plot of  Gain (dBi) and Efficiency (Green) of proposed Stacked CPDRA. 

 

Table 4.1 Comparison of proposed work with other CPDRAs 

Ref DR shape Feed 

method 

Center 

Frequency 

(GHz) (fo) 

εr % of 

IBW 

% of 

ARBW 

Gain 

(dBic) 

Efficiency 

(%) 

[133] Notched 

Cylindrical 

DRA 

Arc 

shaped 

slots 

(MSP) 

5.3 9.8 26.25 15.28 4.3 - 

[134] Cubic 

shaped DR 

Question 

mark 

shaped 

MSP 

3.25 9.8 35.35 20.62 1.51 90.65 

[135] Glass DR Spiral 

Slot 

(MSP) 

2.4 6.8

5 

8.6 6.2 0.4  80 

[136] Stacked 

Rectangula

r DRA 

Conforma

l MSP 

2.34 9.8 54.84 11.53 5.9 89.48 

[137] Stacked 

DRA 

Aperture 

coupled 

(MSP) 

2.7 12.

8 

25.52 26.97 6-7.37 92.87 

This 

work 

Stacked 

Cylindrical 

DR 

Conforma

l step 

shaped 

MSP 

5.725 9.8 75.74 46.24 6.25 93.3 

MSP: Microstrip Feed 
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An ultra-wideband stacked CPDRA is proposed in this chapter. A new technique is proposed with 

the partial ground along with two circular rings for enhancing IBW. The stepped conformal strip 

along with the placing of stacked DRs, produces orthogonal modes for generation CP fields and 

also enhances ARBW. Measurement results show that the proposed stacked Cylindrical CPDRA 

achieves an Impedance Bandwidth (IBW) (S11 < -10 dB) of 72.48% (3.65 - 7.8 GHz) and Axial 

Ratio Bandwidth (ARBW) (AR < 3 dB) of 44.12% (4.38 - 6.86 GHz) respectively. In addition, the 

proposed antenna shows dominant Left Hand CP with gain ranges from 1.4 to 6.5 dBic with a 

maximum radiation efficiency of 93.3%. Furthermore, by changing the position of circular rings 

on the ground plane, the proposed antenna provides dominant LHCP to RHCP conversion and 

achieves polarization reconfigurability. The proposed antenna configuration covers the frequency 

range of applications of C- band and military satellite communication. This fulfils the requirement 

of objective three.   
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Chapter 5 

 

Graphene-based Multiband Absorber for Terahertz 

Applications  

 

In this chapter, a multiband graphene-based absorber is designed for THz applications using 

different geometric shapes. Multiband response is generally achieved by combining different 

geometric structures [138]. Developing multiband MMAs with high absorption and with high rates 

is a challenge for researchers. 

In [139], using U shaped slot, six band THz absorber is designed with peak average absorption 

of 97.3% using a multipolar plasmon structure.  In [140], dual band tunable graphene based THz 

absorber is designed owing to polarization insensitive property and also tolerance of wide angle of 

incidence. In [141], a multi-band absorber designed with metal ring resonators is developed ranging 

from 0.1 to 1 THz. This design will provide absorption at five bands with an incidence angle 

tolerance of up to 600. In [142], triple-band and five-band MMA is designed at THz frequency 

using a sandwich structure with the concept of resonance behavior of metallic resonator. In [143], 

a graphite-based absorber for multiband absorption is developed. This structure will provide a 

metal-free absorber structure and is polarization insensitive and operates with a wide incident 

angle.  
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In this section, the design modelling of the proposed graphene Absorber is discussed. Here 

two absorber structures, namely Model I and Model II are developed and designed. Fig. 5.1(a) and 

Fig. 5.1(b) shows the geometry of a multiband graphene-based absorber. The polyimide substrate 

is sandwiched between two graphene layers. This whole structure is placed on a graphene sheet. 

The thickness of the graphene layer is chosen such that it remains more than skin depth for complete 

reflection of the incident wave. A frequency domain solver with a mesh cell size of 100 cells per 

wavelength and a total number of tetrahedrons of 1, 62,253 is utilized for simulation. Each form 

has its coupling effect based on its shape and electromagnetic qualities, such as edge coupling in a 

circular shape, broadside coupling in a rectangular shape or square shape, and so on. The 

dimensions of Model I are shown in Fig. 5.1(a) and values are shown in Table 5.1. The second 

absorber, Model II (Fig. 5.1(b)) consisting of a circular ring, triangular, square, pentagon, and 

Hexagon shapes with no contact with each absorber is modeled. The dimensions are shown in Fig. 

5.1(b) and values are given in Table 5.1.  

Table 5.1 Optimized parameters (all dimensions are in μm) 

 

 

 

 

 

Various configurations of absorbers are considered by combining different absorber shapes to 

verify which configuration will provide better absorption results. To evaluate the performance of 

the absorber two of the above-mentioned absorbers, model I and model II (Fig. 5.1(a), Fig. 5.1(b)) 

are studied individually to check the better absorber performance.  

 

rin rout  R1 R2 R3 R4 Ln1 L W 

21 23 25 30 35 40 40 80 80 

Wn Ln Ro Ln2 Ln3 Ln4 Ln5 Ln6 Ln7 

80 80 20 39 38 37 30 35 40 

L1 L2 L3 L4 Ro1 Ro2 t t1 ts 

43 42 41 40 22 24 2 2 18 
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                                               (a)                                                         (b) 

 

                                (c)                                              (d) 

Fig. 5.1 Front view of unit cell Metamaterial Absorber (a) In contact with each other (Model I) 

(b) Without contact (Model II) (all the dimensions are in μm). 

Fig. 5.1(a) shows the model I absorber along with dimensions and Fig. 5.1(c) shows exploded view 

of Model I,  with absorbers in contact with each other. It consists of a polyimide substrate with 

dimensions of W × L × ts μm having a relative permittivity of 3.5 is placed above the graphene 

sheet having dimensions of W × L × tgμm. On the top of the polyimide substrate, different shapes 

of absorbers are placed. A circular ring having radius rin with a thickness of 2 μm is placed above 

the substrate. Similarly triangular ring having a radius of R1 and length of L1 with a thickness of 2 

μm, a square ring with a radius of R2 and length of L2 with a thickness of 2 μm, the pentagon-

shaped ring having a radius of R3 and length of L3 with a thickness of 2 μm and hexagonal ring 
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having a radius of R4 and length of L5 with a thickness of 2 μm respectively are placed above the 

polyimide substrate.  

The dimensions of graphene-based absorbers are initially selected to resonate at a center frequency 

of 5 THz. The final dimensions were acquired by optimizing the structure using CST microwave 

studio after computing the initial values. The shape of the absorbers is selected based on the 

absorber performance of the individual absorbers. 

The periodic pattern with directions of Electric (E), Magnetic (H), and Incident wave (K) of Model 

I and model II is shown in Fig. 5.1. In the simulation, unit cell boundary conditions were used 

along the x and y directions. An Electromagnetic Wave (EMW) with Electric Field (EF) polarized 

along the y-direction was an incident on the absorber along the z-direction. 

The graphene material's electrical characteristics are chosen based on the literature [144]. Initially, 

the chemical potential of graphene is chosen as μc = 0.2eV with a relaxation time of 1 ps with 

thickness t=0.34 nm at temperature 300K. According to the Kubo formula [144], the surface 

conductivity of graphene is given by  

σ(ω, μc, Γ, T) =
je2(w−j2Γ)

πh2 [
1

(ω−j2Γ)2 ∫ ∈ (
∂(fd(ϵ)

∂ϵ
−

∂(fd(−ϵ)

∂ϵ
) dε − ∫ (

fd(−ϵ)−fd(ϵ)

(ω−j2Γ)2−4(ϵ/h)2) dε
∞

0

∞

0
]                                                                                     

(5.1) 

Equation 1 is the sum of intra-band and inter-band conductivity. Where e is the electron charge, h 

is Planck's constant, 𝑓𝑑(𝜀) =  (𝑒(𝜀−𝜇𝑐)/𝑘𝐵𝑇 + 1)
−1

 is the Fermi-Dirac distribution, kB is 

Boltzmann’s constant. Γ is the chemical potential, ω is the radian frequency, and T=300 K. 

CST Microwave studio is used to perform numerical simulations for the proposed absorber. The 

simulation is carried out for the TE mode case. The Absorption A for graphene-based absorber is 

obtained by using A=1-T-R. Where T is Transmission and R is Reflection. The transmission T is 

zero because the graphene metal thickness is much greater than its skin depth and the equation of 

absorption will be reduced to A=1-R. When Reflection R=0, the absorber is perfect (the impedance 

(z=1) matches with the free space impedance) and absorption is equal to 1 which means 100% 

absorption [six bands]. In terms of scattering parameters Reflection is given by R=|S11
2 | and 

transmission T is given by T=|S21
2 | respectively. 
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To achieve a multiband absorber response, initially, individual absorbers are investigated. Each 

form has its coupling effect based on its shape and electromagnetic qualities, such as edge coupling 

in a circular shape, broadside coupling in a rectangular shape, and so on. Fig. 5.2(a, b, c, d, and e) 

shows the absorbance spectra of individual absorbers for TE incidence along with Surface Current 

(SC) distributions, and Table 5.2 depicts its respective absorption performance. The individual 

absorbers will only provide absorption at a single frequency or dual frequency. This is because of 

the small dimension/perimeter of the absorber and also from surface current distribution it is clear 

that very weak coupling is associated with circular and triangular rings (Fig. 5.2(a) and Fig. 5.2(b) 

which results in weak electric and magnetic resonances. Hence does not show absorption greater 

than 90%.  For square, pentagon, and hexagonal rings we can observe a strong coupling of surface 

current which results in absorption at two bands. Circular, triangular rings have smaller dimensions 

than square, pentagon, and hexagonal rings, and the corners generated in the square, pentagon, and 

hexagonal rings result in strong electric and magnetic resonances, which is why dual band 

performance was obtained. To achieve multi-band absorption, the combination of individual 

absorbers is investigated in the next section. Fig. 5.3(a, b, c, and d) shows absorption spectra for 

the combination of Hexagonal-pentagon (H-P), Circular-Triangle-square (C-T-S), Hexagonal-

Pentagon-Circular (H-P-C) and Hexagonal-pentagon-Square shaped absorbers respectively of 

Model I (Absorbers in contact with each other). Table 5.3 depicts the respective number of 

absorption peaks above 90% and the percentage of absorption peaks. 

The above configurations provide multi-band response which is mainly because of strong surface 

current vectors localized around the rings which in turn create strong electric and magnetic 

resonances and hence provide resonance at multi bands. Since it is a multiple rings structure, the 

resonant frequencies also depend on capacitive coupling between adjacent rings along with the 

dimensions of the rings. From Table 5.3 it is evident that configuration H-P-C provides resonance 

at five bands this is because when graphene rings in this configuration are placed apart from each 

other resulting in a decrease in capacitance which will increase in resonant frequencies [15]. This 

investigation is further extended to check the multiband behavior of graphene absorbers with 

various configurations of absorbers of Model I (Absorbers in contact with each other). Fig. 5.4(a) 

shows a plot of absorption vs frequency for Hexa-Penta-Square-Triangular (named as without 

circular ring-shaped absorber) absorber along with its surface current distribution and its respective 

absorption peaks in percentage with resonant frequency is depicted in Table 5. 4. 
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Fig. 5.2 The Plot of Absorption vs frequency for individual absorbers (a) Circular, (b) Triangular 

(c) Square (d) Pentagon, and (e) Hexagon along with vectored surface current distribution 

Table 5.2 Absorption peaks of individual absorbers 

Shape of 

Absorber 

Percentage of Absorption and its 

resonant frequency (THz) 
Number of peaks > 

90% absorption 

Circular ring 67.2 at 7.34 THz 0 

Triangular ring 88.2 at 2.95 THz 0 

Square ring 99.8 and 98.5 at 1.81 and 2.505 THz 2 

Pentagon ring 97.8 and 98.4 at 1.24 and 2.4 THz 2 

Hexagonal ring 98.5 and 99.7 at 0.75 and 6.18 THz. 2 

This configuration provides resonance at five bands. This is because when graphene rings are 

closely placed to each other the capacitance between the rings increases which will reduce the 

number of resonant frequencies. From the surface current distribution, it is clear that as the 

percentage of absorption increases most of the energy is strongly localized on the rings which in 

turn creates strong electric and magnetic resonances.  
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                                             (a)                                                         (b) 

  

                                               (c)                                                       (d) 

Fig. 5.3 The plot of Absorption vs Frequency for different combinations of (a) Hexa-pentagon 

(H-P),  (b) Circle-Triangle-Square (C-T-S), (c)Hexa-Penta-Circle (H-P-C), and (d) Hexa-Penta-

Square (H-P-S) along with vectored surface current distribution. 

Fig. 5.4(b) shows an absorber configuration consisting of Hexa-Penta-Square-Circular (without 

triangular absorber). Similarly, Fig. 5.4(b, c, d, and e) shows absorber configuration without a 

triangular absorber (Fig. 5.4(b)), without a square-shaped absorber (Fig. 5.4(c),  without pentagon-

shaped absorber (Fig. 5.4(d)), without hexagonal-shaped absorber (Fig. 5.4(e)) and Fig. 5.4(f) 

shows absorber configuration with all shapes of absorbers connected to each (Hexa-Penta-Square-

Triangular-Circular) respectively. Its respective absorption peaks in percentage along with resonant 

frequency are depicted in Table 5. 4. It is clear from Table 5. 4 that when graphene rings are closely 

placed (Ex: Fig. 5.4(e, f)), due to an increase in capacitance between the rings there is a decrease 

in the number of resonant frequencies. Seven peaks are observed without triangular, square, and 

pentagon-shaped configurations. 
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     Table 5.3 Absorption peaks of individual absorbers 

Shape of 

Absorber 

Percentage of Absorption and its 

resonant frequency (THz) 

Number of peaks > 

90% absorption 

H-P 
94.2, 99.07, and 99.9 at 2.24, 6.23, and 

8.09 THz 

3 

C-T-S  
99.6, 93.9, and 98.5 at 2.71, 3.35, and 7.09 

THz 

3 

H-P-C 
99.5, 98.2, 96.5, 95.8, and 99 at 3.82, 6.21, 

7.05, 7.71, and 8.07 THz. 

5 

H-P-S 
99.8 and 90.55 and 100 at 2.24, 6.25, and 

8.36 THz 

3 
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Fig. 5.4 Plot of frequency vs Absorption (A), Reflectance (R), and Transmittance (T) for absorber 

(a) without circular ring-shaped absorber (b) without triangular absorber, (c) without square 

absorber, (d) without pentagon absorber, (e) without hexagonal shaped absorber and (f) with all 

shapes of absorbers. 

This is due to a decrease in capacitance between the rings as the rings in these configurations are 

separated apart.  

Table 5. 4 Absorption peaks of individual absorbers 

Shape of 

Absorber 

Percentage of Absorption and its resonant 

frequency (THz) 

Number of 

peaks > 

90% 

absorption 

Without Circular 

ring 

99.3, 98.1, 91.5, 91.46, and 99.79 % at 2.23, 

6.23, 7.71, 8.12, and 8.37 THz. 
5 

Without 

Triangular ring 

98.4, 97.8, 99.15, 98, 99.8, 96.5,  and 99.5 % at 

2.25, 2.83, 3.82, 6.23, 7.09, 7.73, and 8.29 THz. 
7 

Without Square 

ring 

99.7, 95.3, 95.8, 97.9, 99.8, 97, and 92.4% at 

2.09, 2.78, 3.75, 6.22, 7.07, 7.5, and 7.65 THz 
7 

Without pentagon 

ring 

98.1, 94.01, 94.3, 100, 93.7, 97.7, and 99.9% at 

0.78, 1.53 2.32, 3.19, 6.21, 7.1, and 7.75 THz 
7 

Without 

Hexagonal ring 

99.4, 91.5, 99.8, and 95%. At 3.49, 6.2, 7.1, and 

7.96 THz 
4 

with all shapes of 

absorbers 

99.5, 98.8, 98.9, 94, and 99% at 3.71, 6.2, 7.1, 

7.65, and 8.4 THz 
5 
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Hence there is an increase in resonant frequencies. Moreover, as the absorption increases there is 

a strong surface current distribution on the graphene rings is observed. Similar investigations are 

carried out on Model II configuration. The results of model I and model II are compared in section 

III from which the better performance absorber configuration will be proposed. 

In this section design analysis on Model II configuration is exhibited for TE mode. The dimensions 

of the absorber are already depicted in Fig. 5.1and Table 5.1. The results of the model I 

investigations and model II investigations are then compared to bring out a better performance 

proposed absorber configuration. Fig. 5.1(d) shows exploded view of the model II absorber with 

absorber shapes not in contact with each other. The modelling of the absorber is the same as model 

I which consists of a polyimide substrate having a relative permittivity of 3.5 and dimensions of W 

× L × ts μm placed above a graphene sheet having dimensions of W × L × tg μm. The investigations 

that are carried out on model I will be done on model II to check the absorbance performance to 

bring the proposed absorber that will provide high absorption with multiband behavior.  

The combinations of different shapes are considered similar to model I. Fig. 5.5 shows a plot of 

absorption vs frequency along with surface current distributions for Hexagon-Pentagon (H-P), 

Circular-Triangular-Square (C-T-S), Hexagon-Pentagon-Circular (H-P-C) and Hexagon-

Pentagon-Square (H-P-S) shaped absorber configuration similar to Fig. 5.3 of the model I except 

that the rings are not in contact with each other.  Table 5.5 depicts the respective absorption 

percentage with its resonant frequencies. When absorber rings are close together (Fig. 5.5(a, b) 

they produce peaks at fewer resonant frequencies than when they are separated by a distance (Fig. 

5.5(c, d)). Hence the configurations H-P and C-T-S provide resonance at three and four bands. 

Whereas the configurations H-P-C and H-P-S provide resonance at six bands each.  

Furthermore, H-P configuration provides bandwidth percentage of 50% in the first band. Another 

important parameter to analyze the wide band performance is Full Width at Half Maximum 

(FWHM) and Fractional bandwidth (FBW). FBW is calculated by using equation (5.2).  

FBW =
𝐹𝑊𝐻𝑀

𝑓𝑐
          (5.2) 

Where fc is the center frequency corresponding to FWHM. 
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P configuration provides absorption in first band from 0.69-1.15 THz which means 50% 

bandwidth. Also the H-P-S configuration provides bandwidth percentage of 84.29% (0.7-1.73 

THz) as depicted in Fig. 5.5(d). 

From the above investigations it is evident that model II configurations providing better absorption 

peaks and more bands compared to model I. This behavior is because of individual absorber shapes 

without in contact with each other (Model-I) generates less capacitance effect providing better 

absorber performance compared to that of absorbers that are in contact with each other (Model-I). 

This investigation is further extended to check the multiband behavior of absorbers with various 

configurations of absorbers similar to what is discussed for Model I (Fig. 5.4). Fig. 5.6(a) shows 

the absorber configuration with Hexa-Penta-Square-Triangular shaped absorbers. This 

configuration is named as without circular ring-shaped absorber. Similarly, Fig. 5.6(b, c , d, e, f), 

shows absorber configuration without triangular shaped absorber, without square shaped absorber, 

pentagon-shaped absorber, hexagonal shaped absorber, with all shapes of absorbers (Hexa-Penta-

Square-Triangular-Circular (Proposed)). 

 

 
                                           (a)                                                                  (b) 
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        (c)                                                                 (d) 

Fig. 5.5 The plot of Absorption vs Frequency (Model-II) for combinations of (a) Hexa-pentagon 

(H-P) (b) Circle-Triangle- Square (C-T-S), (c) Hexa-Penta-Circle (H-P-C),  (d) Hexa-Penta-

Square (H-P-S). 

Table 5.5 Absorption peaks of individual absorbers 

Shape of 

Absorber 

Percentage of Absorption and its 

resonant frequency (THz) 

Number of peaks > 

90% absorption 

H-P 
95.8%, 96%, 97.6%, and 98.6% at 

0.78, 2.26, 6.22, and 8.11 THz 
4 

C-T-S 
96.6, 97.2, and 95.03% at 1.82, 2.87, 

and 3.34 THz 
3 

H-P-C 

95.6, 95.5, 95.2, 90.7, 91.4, and 99.3% 

at 0.81, 2.26, 6.19, 7.4, 7.52, and 7.8 

THz 

6 

H-P-S 

95.6, 97.7, 98.34, 92.1, 98.4, and 

99.7% with 0.79, 2.31, 2.96, 6.2, 6.9, 

and 8.3 THz with 

6 

 

The number of resonant frequencies along with absorption percentage is depicted in comparison 

Table 5.6. The number of resonant frequencies for model II is greater than that of model I. This is 

because when the absorber rings are placed close to each other, the capacitance increases. This will 

reduce the resonant frequencies. The reverse effect will take place when absorber rings are placed 

a distance apart. In this case the capacitance between the rings decreases which increases resonant 

frequencies. Fig. 5.6(f) shows the proposed absorber configuration (with all ring-shaped 

absorbers). Surface current distribution for the proposed absorber is separately shown in Fig. 5.8. 



122 

 

 
                                         (a)                                                                  (b) 

 
            (c)                                                               (d)   

 

                                             (e)                                                           (f) 

Fig. 5.6 Absorption vs frequency plot  with combination of  (a) Hexa-Penta-Square -Triangular 

(without Circle)  (b) Hexa-Penta-Square-Circular (without Triangle) (c) Hexa-Penta-Triangular-

Circular (without Square) (d) Hexa-Square -Triangular ((without Pentagon) (e) Penta-Square-

Circular shape absorbers (without Hexagon) (f) Hexa-Penta-Square-Triangular-Circular (All 

shapes-Proposed absorber). 
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This configuration provides absorption peaks at ten resonant frequencies of 0.79, 2.6, 3.6, 5.97, 

6.2, 7.1, 7.52, 7.68, 8.03 and 8.24 THz with absorption rates of 96.2%, 99.4%, 98.7%, 92.6%, 

100%, 92.2%, 98.7%, 94.6%, 100% and 100% respectively. Furthermore this configuration 

provides a bandwidth percentage of 88.52% (0.68-1.76 THz), 20.71% (2.25-2.77 THz) and 7.12% 

(3.36-3.76 THz). Therefore, compared to all the configurations of model I and model II, this 

configuration (Fig. 5.6(f)), containing Hexagon, Pentagon, Square, triangular, circular and shaped 

absorbers provides absorption peaks at ten resonant frequencies and better absorber absorption rate 

response. This proposed configuration provides ultra ultra-widesponse at first band with absorption 

bandwidth percentage of 88.52. The comparison table between Model 1 and Model II is shown in 

Table 5.2. 

Table 5.6 Comparison between Model I and Model II 

Configuration Number of absorption peaks using 

Model I Configurations 

Number of absorption peaks using 

Model II Configurations 

Without a 

Circular Ring 

absorber 

Five absorption peaks at 2.23, 6.23, 

7.71, 8.12, and 8.37 THz with 

absorption rates of 99.3%, 98.1%, 

91.5%, 91.46%, and 99.79%  

Seven absorption peaks at 0.77, 2.63, 

3.66, 6.22, 7.11, 8.08, and 8.24 THz with 

absorption rates of 96%, 99.4%, 95.5%, 

99.5%, 99.7%, 94.7%, and 99.7% 

Without a 

Triangular Ring 

absorber 

Seven absorption peaks at 2.25, 2.83, 

3.82, 6.23, 7.09, 7.73, and 8.29 THz 

with absorption rates of 98.4%, 97.8%, 

99.15, 98%, 99.8 %, 96.5 %, and 99.5 

% 

Eight absorption peaks at 0.79, 2.29, 

2.95, 6.11, 7.51, 7.7, 8.04, and 8.28 THz 

with absorption rates of 86.17%, 

98.38%, 94.8%, 99.12%, 98.11%, 

91.3%, 96.9%, and 98.8% 

Without a 

Square Ring 

absorber  

Seven absorption peaks at 2.09, 2.78, 

3.75, 6.22, 7.07, 7.5, and 7.65 THz with 

absorption rates of 99.7%, 95.3%, 

95.8%, 97.9%, 99.8, 97% and 92.4% 

Eight absorption peaks at 0.79, 2.66, 

3.5, 6.19, 7, 7.53, 7.8, and 7.97 THz with 

absorption rates of 96%, 97.82%, 100%, 

99.46%, 92.6%, 93%, 98.8%, and 100% 

Without a 

Pentagon Ring 

absorber  

 Seven absorption peaks at 0.78, 1.53 

2.32, 3.19, 6.21, 7.1, and 7.75 THz with 

absorption rates of 98.1%, 94.01%, 

Eight absorption peaks at 0.75, 1.7, 

2.63, 3.48, 6.17, 7.41, 7.5, and 7.86 with 

absorption rates of 98.16%, 98.12%, 
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94.3%, 100%, 93.7%, 97.7%, and 

99.9% 

98.33%, 99.42%, 94.8%, 91.22%, 

97.09%, and 99.95%  

Without a 

Hexagon Ring  

absorber 

Four absorption peaks at 3.49, 6.2, 7.1, 

and 7.96 THz with absorption rates of 

99.4%, 91.5%, 99.8%, and 95% 

Six absorption peaks at 1.48, 2.9, 3.42, 

6, 7.48, 7.9 THz with absorption rates of 

100%, 99.5%, 98.78%, 94.1%, 90.2%, 

and 98.7% 

With all the 

absorbers 

Four absorption peaks at 3.72, 6.23, 

7.12, and 8.39 THz with absorption 

rates of 99.4%, 99.1%, 99.1%, and 

99.09%. 

Ten absorption peaks at 0.79, 2.6, 3.6, 

5.97, 6.2, 7.1, 7.52, 7.68, 8.03, and 8.24 

THz with absorption rates of 96.2%, 

99.4%, 98.7%, 92.6%, 100%, 92.2%, 

98.7%, 94.6%, 100%, and 100% 

 

Fig. 5.7(a) shows the plot of Absorption (A), Reflection (R), and Transmission (T) for the proposed 

graphene-based absorber configuration (fig. 6(f)). Absorption is given by A=1-R-T, where 

Reflection (R) is calculated by R=|S11
2 | and transmission T is calculated by T=|S21

2 | respectively. 

Transmittance is approximately equal to zero for the configuration. Hence Absorption is calculated 

by A= 1-R. When absorption is high, reflection is low and when reflection is high, absorption must 

be low and transmittance is equal to zero throughout the band. 

It is evident that impedance plays a major role in absorber performance and the parameters, 

transmission, and reflection are dependent on impedance. Impedance is given by z(f) = 

√𝜇(𝑓)/𝜀(𝑓) =z1+iz2, μ(f) and ε(f) are tuned to achieve perfect impedance matching with free space 

z(f) = √𝜇(𝑓)/𝜀(𝑓) =1. The E and H fields which are incidents of EM wave will be absorbed 

completely providing 100% absorbance.   

The impedance is calculated by equation (5.3) 

z(f) = 
√(1+𝑆11)2+𝑆21

2

√(1−𝑆11)2𝑆21
2

  = 
1+𝑆11

1−𝑆11
  = 

1+𝑅

1−𝑅
                                         (5.3) 
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Where R is a reflection and is equal to S11. From the above equation (5.3) the effective impedance 

is calculated and is shown in Fig. 5.7(b). At the resonant frequencies (0.79, 2.6, 3.6, 5.97, 7.1, 7.52, 

7.68, 8.03, and 8.24 THz) of the entire band, the real part (Re (z)≈1) of impedance z for proposed 

absorber configuration is near to unity and imaginary part (Im(z)≈0) of impedance z for proposed 

absorber configuration is near to zero, this corresponds to perfect absorption at these frequencies. 

   

   

                                               (a)                                                      (b) 

Fig. 5.7 (a) Plot of frequency vs Absorption (A), Reflectance (R), and Transmittance (T) for the 

proposed absorber and (b) Extracted Real and imaginary impedance plot for the proposed 

absorber (proposed). 

We explore the Surface Current (SC) and EF distributions of the absorber at 10 different resonant 

frequencies to understand more about the process of the absorber multi-band terahertz absorption 

from 0.7 THz to 8.24 THz under the normal incidence of TE polarization. Fig. 5.8 shows the top 

views of SC and EF distribution on graphene MMA on the x-y plane. Fig. 5.8 Surface current 

distribution and EF on proposed absorber at frequencies of (a, b) 0.79 THz, (c, d) 2.6 THz, (e, f) 

3.6 THz, (g, h) 5.97 THz, (i, j) 6.2 THz, (k, l) 7.1 THz, (m, n) 7.52 THz, (o, p) 7.68 THz (q, r) 8.08 

THz and (s, t) 8.24 THz.(a, b) shows the surface current distribution and EF distribution at the 

resonant frequency of 0.79 THz. Smaller EF and SC distribution is observed at this frequency and 

the absorption at this frequency is mainly contributed by a pentagon-shaped absorber as most of 

the surface current is localized on it. Fig. 5.8(c, d) shows the surface current distribution and EF 

distribution at the resonant frequency of 2.6 THz. At this frequency, absorption is higher compared 

to that at 0.79 THz and is mainly contributed by triangular and hexagonal-shaped absorbers. Fig. 
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5.8(e, f) shows the surface current distribution and EF distribution at a frequency of 3.6 THz. At 

this frequency incident, EM waves are mostly absorbed by circular, triangular, square, and 

pentagon-shaped absorbers. Fig. 5.8(g, h) shows the surface current distribution and EF distribution 

at a frequency of 5.97 THz. At this frequency incident, EM waves are mostly absorbed by circular, 

triangular, square, and hexagon-shaped absorbers. Fig. 5.8(i, j) shows the surface current 

distribution and EF distribution at a frequency of 6.2 THz. At this frequency incident, EM waves 

are absorbed by all the absorbers since the surface current is localized on all the absorbers and 

provides ≈100% absorption. Fig. 5.8(k, l) shows the surface current distribution and EF distribution 

at a frequency of 7.1 THz. At this frequency incident, EM waves are absorbed by all the absorbers. 

Fig. 5.8(m, n) shows the surface current distribution and EF distribution at a frequency of 7.52 

THz. At this frequency, absorption is mainly contributed by the square, pentagon, and hexagon-

shaped absorbers as most of the current distribution is centered on these absorbers. Fig. 5.8(o, p) 

shows the surface current distribution and EF distribution at a frequency of 7.68 THz. At this 

frequency absorption is contributed by all the absorbers as most of the current distribution is 

centered on all the absorbers. Fig. 5.8(q, r, s, t) shows the surface current distribution and EF 

distribution at a frequency of 8.03 and 8.24 THz. At these frequencies, absorption is contributed 

by all the absorbers as most of the current distribution is centered on all the absorbers and provides 

≈100% absorption. From the surface current and EF distributions it is clear that when only one or 

two rings are present, weak electric and magnetic resonances are observed hence contribution from 

these rings will be only single or dual band. As the number of rings increases the peak resonances 

indicate strong electric and surface current resonances in the absorber structure and mainly occur 

at the top layer. 

To elucidate the absorber performance further, the behavior of the proposed absorber for various 

incidence (θ) and polarization angles (ϕ) for both TE and TM modes is examined. Fig. 5.9(a) shows 

the plot of absorption with frequency for various incidence angles (θ). It is observed that the 

average absorbance maintains over 90% at all the resonant frequencies under a wide range of 

incidence angles ranging from 0° to 60° for TE polarization. When the incident angle is greater 

than 75°, the absorbance drops significantly to less than 60%. Fig. 5.9(b) shows that the absorbance 

spectra for TM polarization are also resistant to the angle of incidence up to 60° at the resonant 

frequencies, but begin to drop substantially when the incident angle approaches above 60°. As a 

result, even at higher angles of 60°, the proposed absorber attains greater angular stability for TE 
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and TM polarization, which is a very attractive behavior for numerous terahertz application 

scenarios. In addition to the incidence angle, the behavior of the proposed absorber is examined for 

various polarization angles (ϕ).  Fig. 5.9(c) shows the plot of absorption with frequency for various 

polarization angles (ϕ). It is observed that the average absorbance maintains over 90% at all the 

resonant frequencies under a wide range of polarization angles ranging from 0° to 90° for TE 

polarization.  Fig. 5.9(d) shows that the absorbance spectra for TM polarization are also resistant 

to polarization angle up to 60° at the resonant frequencies, but there is no drop in absorption rate 

when the polarization angle approaches 90°. As a result, even at higher angles of 90°, the proposed 

absorber attains a greater polarization-independent angular stability for TE and TM polarization, 

which is a very attractive behavior for numerous terahertz application scenarios. Furthermore, the 

performance of the proposed absorber is examined for different values of graphene chemical 

potential values ranging from 0.1eV to 0.9eV. By applying a DC bias voltage to the graphene layer, 

the chemical potential of graphene can be changed. Over the graphene layer, an ion-gel layer of 

thickness 0.1 μm with a permittivity of 1.852 is coated, allowing all of the periodically organized 

unit cells to be biased together [145], [146]. It is found that with the increase in graphene potential 

value absorption increases and the absorption peaks shift towards the right side as shown in Fig. 

5.10. Hence as the graphene potential value increases there is an increase in absorption as well as 

resonant frequency will be tuned. Therefore graphene plays an important role in enhancing the 

absorber performance and also achieves tunability characteristics. It is necessary to report the 

fabrication steps for the proposed absorber structure. Two graphene layers can be prepared using 

the chemical vapor deposition method and one of the layers is transferred to the other side of the 

polyimide substrate. This graphene layer can be patterned into different geometric shapes on the 

top of the substrate. The fabrication of proposed graphene-based structures is possible with the 

methods reported in [147], [148].  
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Fig. 5.8 Surface current distribution and EF on proposed absorber at frequencies of (a, b) 0.79 

THz, (c, d) 2.6 THz, (e, f) 3.6 THz, (g, h) 5.97 THz, (i, j) 6.2 THz, (k, l) 7.1 THz, (m, n) 7.52 

THz, (o, p) 7.68 THz (q, r) 8.08 THz and (s, t) 8.24 THz. 
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                                               (a)                                                             (b)   

  
                                               (c)                                                             (d) 

Fig. 5.9 The plot of absorption spectra for the proposed absorber for various incidence angles (θ) 

(a) TE mode (b) TM mode and for various polarization angles (ϕ) (a) TE mode (b) TM mode. 

A comparison table of proposed absorbers with already published research articles is presented in 

Table 5.6. Most of the previously published articles have absorption peaks at a maximum of five 

or six bands. Whereas this proposed absorber produces ten resonant peaks with a simple design. 

Finally, the proposed design (Fig. 5.6(f)) incorporating Hexagon, Pentagon, Square, triangular, and 

circular-shaped absorbers gives absorption peaks at ten resonant frequencies and improved 

absorber absorption rate response when compared to all other models I and model II configurations. 

With an absorption bandwidth percentage of 88.52, this proposed configuration provides an ultra-

wide-band response. In addition, this unique configuration design has superior stability in terms of 

incidence angle, polarization angle, and graphene chemical potential variations. 
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Fig. 5.10 The plot of absorption spectra for the proposed absorber for various fermi level values 

of graphene (0.1 eV to 0.9eV). 

Table 5.7 Comparison of the proposed multiband absorber with published research articles. 

 

 

 

 

 

 

 

Ref No. Method No. of 

Absorption 

peaks 

Frequency 

(THz) 

Absorption rate 

(%) 

Incidence 

angle (θ) 

Polarizatio

n 

Insensitive  

[140] Metamater

ial 

Six 0.72, 1.62, 

2.28, 2.98, 

3.41, and 4.27 

THz 

Average 

absorbtion-97% 

- No 

[142] Metamater

ial 

Five 0.2809, 0.415, 

0.5437, 

0.6373, 0.9217 

THz 

98.20%, 98.45%, 

99.38%, 99.43%, 

and 79.26% 

Up to 60o No 

[143] Metamater

ial 

Three 0.88, 1.94, and 

2.63 THz 

99%, 98% and 99% No  No 

[149] Graphite Three 2.06, 2.8 and 

3.47 THz 

95.2, 93 and 84% 60o Yes 

[150] Metamater

ial 

Two 0.45 and 0.92 

THz 

99.9% and 99.9% No No 

[151] Metamater

ial 

Five 148.9 THz, 

179.8 THz, 

213.1 THz, 

269.8 THz, 

and 287.2 THz 

98.90%, 99.39%, 

86.46%, 92.80% 

and 97.96% 

60o Yes 

This 

absorbe

r 

Graphene Ten 0.79, 2.6, 3.6, 

5.97, 6.2, 7.1, 

7.52, 7.68, 

8.03 and 8.24 

THz 

96.2%, 99.4%, 

98.7%, 92.6%, 

100%, 92.2%, 

98.7%, 94.6%, 

100% and 100% 

60o Yes 
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A novel graphene absorber is proposed by integrating multiple geometric-shaped absorbers to 

achieve multiband resonance at the THz frequency regime. This proposed configuration provides 

absorption peaks at ten resonant frequencies of 0.79, 2.6, 3.6, 5.97, 6.2, 7.1, 7.52, 7.68, 8.03, and 

8.24 THz with absorption rates of 96.2%, 99.4%, 98.7%, 92.6%, 100%, 92.2%, 98.7%, 94.6%, 

100%, and 100% respectively. Additionally, this novel configuration design exhibits better stability 

with respect to incidence angle, polarization angle, and also the changes in graphene chemical 

potential. Additionally, increasing the graphene chemical potential value increases absorption 

while also tuning the resonance frequency. Two graphene-based absorbers are designed. One with 

geometric shapes that are in contact with one another, and the other with geometric shapes that are 

not in contact with one another. Several investigations are exhibited on these two models to find 

the perfect combination of absorber configuration. All of these characteristics and findings 

distinguish the proposed multiband graphene-based absorber, which is well-suited for THz 

applications. 
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Chapter 6 

 

Graphene-based Ultra-wideband Absorber for Terahertz 

Applications 

In this chapter, a hexagonal split ring ultra-wideband absorber is proposed at THz frequency. The 

proposed structure consists of four graphene-based hexagonal split rings, a dielectric substrate, and 

a graphene layer at the bottom.  

Most of the ultra-wideband absorbers are developed using metal, dielectric, multi-layered, and 

graphene-metal based [94], [152]–[155]. For example, in [153], the authors presented a multi-

layered structure with an absorption bandwidth of 2.7 THz with a center frequency of 3 THz. In 

[154], a graphene-based multi-layered geometry is designed with a bandwidth of 6.9 THz. In [92], 

a metal-based absorber shows absorption bandwidth from 1.3-2.7 THz and is sensitive to 

polarization changes. In [156], a graphene-based absorber shows an absorption bandwidth from 

1.1-1.86 THz with incidence angle up to 50o and 60o for TE and TM incidence respectively. In 

[157], a metallic array at the bottom and a graphene patch array with a dielectric spacer is used for 

the generation of dual-band absorption behavior which occurs from 4.56-9.02 THz and 16.95-60.23 

THz with an absorption bandwidth of 67 % and 112 %, respectively [157]. A five-layer graphene 

structure is proposed in [158] and shows absorption bandwidth from 1.51–8.25 THz. In [152], a 

dual-band ultra-broadband THz absorber is designed based on graphene and strontium titanate 

(STO) that shows an absorption bandwidth from 3.04–6.4 THz. A broadband tunable vanadium 

dioxide (VO2) based THz MMA is proposed in [159], which shows absorption bandwidth from 
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1.2-3.2 THz with incidence angle up to 45o for TE and TM incidence. These geometries have 

several disadvantages, including higher fabrication complexity, a multi-graphene gating difficulty, 

and a complex unit cell structure. In a variety of interesting terahertz applications, a high-

performance terahertz absorber with Ultra-wideband absorption for wide incidence angle for both 

TE and TM incident waves along with tunability characteristics, polarization insensitiveness, and 

a compact configuration at the same time is required. Moreover, achieving ultra-wideband 

characteristics towards lower THz frequency regions is a challenging task. 

To address the above issues a Hexagonal Split Ring graphene-based mono-layered absorber is 

proposed with ultra-wideband absorption and bandwidth of 2.1 THz towards the lower THz 

frequency region. Tunability is achieved by varying the graphene chemical potential of the 

absorber. The proposed absorber is polarization insensitive because of symmetry geometry for both 

TE and TM modes and also exhibits absorption greater than 90% for incidence angle up to 75o for 

both TE and TM waves making it useful for solar and photovoltaic cells. These features make the 

proposed metal-free absorber useful for terahertz applications and future nanoscale systems. The 

proposed absorber shows narrow absorption characteristics for higher graphene chemical potential 

values which can also be utilized for sensor applications.  

Fig. 6.1 shows, the schematic of the proposed Ultra-wideband absorber along with its 

absorption characteristics. The incident THz wave on the proposed absorber is depicted in Fig. 

6.1(a). It consists of a polyimide substrate with a dielectric constant of ε=3.5 and having dimensions 

of L × W × ts. At the bottom of the substrate, a graphene sheet is placed having dimensions of 

L × W × tg. At the top of the substrate, a graphene-based hexagonal split ring (HSR) absorber 

(HSRA) structure is designed as depicted in Fig. 6.1(b). It consists of four rings, namely, the center 

ring, 2nd ring, 3rd ring, and 4th ring. The proposed structure has a dimension of W1, W2, W3, and W4 

as the width of hexagonal split rings, g as the split gap, d as the distance of separation between the 

HSRs, and t1 as the thickness of HSRA. All the dimensions are depicted in Table 6.1. HSRA is 

among the most widely used artificial magnetic materials, and it is designed using non-metallic 

rings printed in a dielectric medium in circular, rectangular, spiral, omega, and other geometries 

[160], [161]. 
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Table 6.1 Proposed absorber parameters (in µm) 

L W ts W1 W2 W3 W4 g d t1 hg ts1 

80 80 20 40 30 20 10 4 8 2 0.1 18.7 

 

Each geometry has its coupling effect based on its structure and electromagnetic 

characteristics, such as edge coupling in a circular form, broadside coupling in a rectangular shape, 

and so on. A single split ring resonator also has bianisotropic responses and cross-polarization 

implications when the magnetic dipole moment is excited by an electric field. If the rings have a 

broadside composition, the bianisotropic behaviour and cross-polarization effects are removed 

[160]–[162]. As a result, the HSRA has been developed. It can minimize bianisotropic responses 

and cross-polarization problems in the dielectric medium because of its broad side structure. 

Another benefit of using a hexagonal geometry is that it creates more capacitive loading in the 

geometry, resulting in enhanced resonance behavior. 

Fig. 6.1(c) shows the periodic array pattern of the proposed absorber and Fig. 6.1(d) depicts 

the absorption spectra of the proposed absorber. The proposed absorber shows ultra-wideband 

characteristics with an absorption bandwidth percentage of 102.8 %. The proposed ultra-wideband 

metal free absorber is simulated and optimized using CST microwave studio 2021, where we have 

set unit cell boundary conditions along x and y directions and open add space boundary condition 

along z direction while the electric field polarized along the x-direction was an incident on HSRA 

along the z-direction. A frequency-domain solver in CST 2021 with a mesh cell size in tetrahedrons 

of 37,923 is utilized for simulation.  

        

                                           (a)                                                            (b) 
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(c)                                                       (d) 

 

                                                                          (e) 

Fig. 6.1 (a) Proposed absorber with incident THz waves, (b) Unit cell of the proposed absorber, 

(c) Periodic pattern and (d) Absorption plot (e) absorber structure with biasing (Dimensions: L= 

80, W=80, d=8, g=4, t1=2, W1 = 40, W2 = 30, W3 = 20 and W4 =10 (all dimensions are in µm)). 

Because the graphene layer thickness is thin, the adaptive mesh parameters keep the mesh cell 

size small. Initially, the chemical potential of graphene is chosen as μc = 0 eV. In addition, the 

efficiency of the suggested absorber is investigated for various c  values varying from 0.1eV to 

0.9eV. The c  can be altered by providing a DC bias voltage to the graphene layer as shown in 

Fig. 6.1(e). An ion-gel layer with a permittivity of 1.852 and a height of hg is placed over the 

graphene layer, allowing all of the periodically structured unit cells to be biased together [146], 

[152], [163], [164]. In the fabrication process, the Chemical vapor deposition (CVD) method can 

be used to grow two graphene layers, one of which is then transferred to the other side of the 

polyimide substrate. On top of the substrate, this graphene layer can be shaped into hexagonal split 

ring patterns and unwanted material portions can be removed by the standard electron beam 

lithography (EBL) method. The methods described in [152], [148], [165] can be used to fabricate 

the proposed graphene-based structure. In this research, graphene is modeled as an ultrathin sheet 
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having a thickness of 1nm. The permittivity of graphene is given by ( )0 /G Gj   = −  , where 

G  is the graphene surface conductivity and   is thickness. Graphene conductivity ( G ) is the 

sum of intraband ( int ra ) and interband ( int er ) conductivity terms [96], [97] and it is derived from 

Kubo-formula [96], [97] and is given by equations (6.1-6.3): 

int int( , , , ) ( , , , ) ( , , , )G c ra c er cT T T           = +     (6.1) 

( )

2

int 2 1
( , , , ) 2ln exp 1c cB

ra c

B B

e k T
T j

k T k Tj

 
   

   −

    
 − + − +   

−      
         (6.2) 

12

int 1

2 ( )
( , , , ) ln

4 2 ( )

c

er c

c

je
T j

j

  
   

   

−

−

 + −
 −  

− − 
    (6.3) 

Where e is the charge of the electron, Bk  is the Boltzmann constant,  is the Planck constant, c

is chemical potential, T is the temperature, and   is the graphene relaxation time [96], [97]. In this 

research work, T is considered as 300 K and   =0.1 ps.  

The proposed graphene-based HSRA is modeled in three steps. In step one, a single isolated 

absorber structure performance will be analyzed. In step two, all combinations of split ring 

absorbers by considering two split rings at a time will be investigated. In step three, three split-ring 

absorber combinations will be analyzed. Eventually, all the possible configurations with four 

hexagonal split rings will be analyzed to exhibit the ultra-wide performance of the proposed 

absorber.   

Fig. 6.2 shows a schematic view of individual four hexagonal absorbers. Fig. 6.2(a, b, c, and 

d) shows central HSRA, 2nd HSRA, 3rd HSRA, and 4th HSRA respectively. Its respective surface 

current (SC) distribution on rings and absorption plots are depicted in Fig. 6.3, and Fig. 6.4 

respectively.  



137 

 

 

                              (a)                          (b)                         (c)                           (d) 

Fig. 6.2 Schematic view of individual absorbers (a) central Hexagonal ring (b) 2nd Hexagonal 

ring (c) 3rd Hexagonal ring (d) 4th Hexagonal ring. 

Individual absorber performance is analyzed and the results show that absorption 

contribution from the central ring is very less compared to the other absorbers. This is due to the 

dimensions of the central ring.  

 

                            (a)                       (b)                        (c)                        (d) 

 

Fig. 6.3 Surface current distribution on (a) central Hexagonal ring (b) 2nd Hexagonal ring (c) 3rd 

Hexagonal ring (d) 4th Hexagonal ring. 

As a result, the surface current distribution on the ring is very low as depicted in Fig. 6.3(a). As the 

dimension of the rings increases, better absorption is exhibited. The absorption from the 2nd 

hexagonal ring shows a maximum absorption of 80% and 73 % at a frequency of 2.96 and 3.42 

THz respectively as depicted in Fig. 6.4 and also confirmed from the SC distribution (Fig. 6.3(b)) 

on the ring. The absorption from the 3rd hexagonal ring shows a maximum absorption of 99.4%, 

99.3%, and 87.8 % at a frequency of 2.06, 2.31, and 3.12 THz respectively. Similarly, the 

absorption from the 4th hexagonal ring exhibits a maximum absorption of 99.8% and 76.4 % at a 

frequency of 1.42 and 2.17 THz respectively. Hence from the above, it is clear that the 3rd and 4th 

rings provide more absorption compared to the center and 2nd hexagonal rings and its SC 

distribution also shows high charge accumulation on the rings as depicted in Fig. 6.3(c) and Fig. 

6.3(d).  
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Fig. 6.4 Absorption vs frequency spectra of individual absorbers 

In the second step, the absorber performance is examined by merging two hexagonal rings, as 

shown in Fig. 6.5. Subsequently, six configurations are developed by combining two hexagonal 

rings.  

 
                                             (a)                           (b)                           (c) 

 
                                             (d)                          (e)                          (f) 

Fig. 6.5 Schematic view of absorbers with a combination of  (a) central and 2nd Hexagonal rings 

(b) 3rd  and 4th Hexagonal rings (c) central and 3rd Hexagonal rings (d) 2nd and 4th Hexagonal 

rings (e) 2nd and 3rd  Hexagonal rings (f) Central and 4th Hexagonal rings.  
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 Fig. 6.5(a) shows the absorber configuration with a combination of central and 2nd 

hexagonal rings, Fig. 6.5(b) shows the absorber configuration with a combination of 3rd and 4th 

hexagonal rings, Fig. 6.5(c) shows the absorber configuration with a combination of central and 3rd 

hexagonal rings, Fig. 6.5(d) shows absorber configuration with a combination of 2nd and 4th 

hexagonal rings, Fig. 6.5(e) shows absorber configuration with a combination of 2nd and 3rd  

hexagonal rings and Fig. 6.5(f) shows absorber configuration with a combination of Central and 

4th hexagonal rings respectively.  Fig. 6.6 and g. 6.7 exhibit SC distribution and absorption spectra 

for the absorber configurations shown in Fig. 6.5. Fig. 6.6(a) and g. 6.7(a) illustrate the SC 

distribution and absorption spectra for the structure in Fig. 6.5(a), which has a maximum absorption 

of 80% at 2.96 THz. This configuration provided less absorption because of less charge 

accumulation on both rings. 

 
                                 (a)                                 (b)                                 (c) 

 

                                 (d)                                  (e)                                (f) 

Fig. 6.6 Surface current distribution on absorber configuration of  (a) central and 2nd Hexagonal 

rings (b) 3rd  and 4th Hexagonal rings (c) central and 3rd Hexagonal rings (d) 2nd and 4th 

Hexagonal rings (e) 2nd and 3rd  Hexagonal rings (f) Central and 4th Hexagonal rings.  

Fig. 6.6(b) and g. 6.7(b) shows SC distribution and absorption spectra for Fig. 6.5(b) configuration 

which exhibits an absorption bandwidth of 70% (1.14-2.35THz). This is because EM radiation is 

primarily concentrated on the third and fourth rings, resulting in a large absorption bandwidth as 
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shown in Fig. 6.6(b). Fig. 6.6(c) and g. 6.7(c) illustrate the SC distribution and absorption spectra 

for the structure shown in Fig. 6.5(c), which has a maximum absorption of 99.6%, 98.1%, and 

86.7% at 2.08, 2.36, and 86.7 THz. The 3rd ring is primarily responsible for the resonance at three 

peaks in this configuration. Fig. 6.6(d) and g. 6.7(d) depict the SC distribution and absorption 

spectra for the structure in Fig. 6.5(d), which has a maximum absorption of 99.5% and 87% at 1.41 

and 2.96 THz. Additionally, this configuration provides an absorption bandwidth of 35.5% (1.18- 

1.69 THz). The 4th ring is the dominant contributor to absorption in this design. The SC distribution 

and absorption spectra for the structure in Fig. 6.5(e) is shown in Fig. 6.6(e) and g. 6.7(e), 

respectively, which shows absorption at four peaks of 99.5 %, 97.2 %, 96.8%, and 82.1% at 2.06, 

2.31, 2.91, and 3.11 THz. Both 2nd and 3rd rings contribute to the four-peak resonance. The SC 

distribution and absorption spectra for the structure in Fig. 6.5(f) are shown in Fig. 6.6(f) and g. 

6.7(f), which shows an absorption bandwidth of 35.5% (1.18-1.69 THz) with a peak absorption of 

99.8% at 1.44 THz.  

                                                        

 
                                 (a)                                          (b)                                          (c)                                                                                                                                        

 
 (d)                                           (e)                                       (f) 

g. 6.7 Absorption spectra for the combination of  (a) central and 2nd Hexagonal rings (b) 3rd  and 

4th Hexagonal rings (c) central and 3rd Hexagonal rings (d) 2nd and 4th Hexagonal rings (e) 2nd and 

3rd  Hexagonal rings (f) Central and 4th Hexagonal rings. 
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From the above, it is clear that the configuration of Fig. 6.5(b) provides a wide-band response 

(absorption bandwidth of 70%) compared to the other configurations. Whereas configurations of 

Fig. 6.5(d) and Fig. 6.5(f) provide an absorption bandwidth of 35.5 %.   

In the next step, three hexagonal rings are merged to evaluate the ultra-wideband absorption 

behavior as shown in Fig. 6.8. Fig. 6.8(a) shows the absorber configuration with a combination of 

2nd, 3rd and 4th hexagonal rings (without a center ring). Fig. 6.8(b) shows the absorber configuration 

with a combination of central, 3rd, and 4th hexagonal rings (without the 2nd ring). Fig. 6.8(c) shows 

the absorber configuration with a combination of central, 2nd, and 4th hexagonal rings (without the 

3rd ring). Fig. 6.8(d) shows the absorber configuration with a combination of central, 2nd, and 3rd 

Hexagonal rings (without the 4th ring) respectively. The SC distribution and the absorption spectra 

for the absorber structure shown in Fig. 6.8 are depicted in Fig. 6.9 and Fig. 6.10 respectively. Fig. 

6.9(a) shows the absorption spectra for the structure in Fig. 6.8(a), which exhibits an absorption 

bandwidth of 88.56 percent (0.95-2.46 THz). 

 

           (a)                                (b)                                 (c)                                (d) 

Fig. 6.8 Schematic view of absorbers with a combination of (a) 2nd, 3rd, and 4th Hexagonal rings 

(b) Central, 3rd and 4th Hexagonal rings (c) central, 2nd and 4th Hexagonal rings (d) Central, 2nd 

and 3rd Hexagonal rings. 

Surface current distribution plots are also included to exhibit the contribution of the absorber rings. 

The incident EM energy as depicted in Fig. 6.9(a) is mostly centered on the second, third, and 

fourth hexagonal rings, resulting in a wide absorption band. 
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               (a)                        (b)                        (c)                          (d) 

Fig. 6.9 Surface current distribution on absorber configuration of (a) 2nd, 3rd, and 4th Hexagonal 

rings (b) Central, 3rd and 4th Hexagonal rings (c) central, 2nd and 4th Hexagonal rings (d) Central, 

2nd and 3rd Hexagonal rings. 

 

                                              (a)                                                              (b) 

 

            (c)                                                                  (d) 

Fig. 6.10 Absorption spectra for a combination of (a) 2nd, 3rd, and 4th Hexagonal rings (b) Central, 

3rd and 4th Hexagonal rings (c) central, 2nd and 4th Hexagonal rings (d) Central, 2nd and 3rd 

Hexagonal rings. 
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 Fig. 6.9(b) and Fig. 6.10(b) illustrate the SC distribution and absorption spectra for the 

structure in Fig. 6.8(b), which shows an absorption bandwidth of 71.4% (1.17-2.47 THz). The 

difference between the absorption spectra of Fig. 6.10(a) and Fig. 6.10(b) is that in Fig. 6.10(a), 

the central ring is removed, resulting in better absorption than in Fig. 6.10(b), where the central 

ring is present and the 2nd Hexa ring is removed. This emphasizes the importance of the 2nd ring's 

absorption contribution in comparison to the central ring. Furthermore, the structure without the 

central ring (Fig. 6.10(a)) covers the absorption band from 1.17 THz, whereas the configuration 

with the central ring (Fig. 6.10(b)) covers the absorption band from 0.95 THz.  Fig. 6.9(c) and Fig. 

6.10(c) show the SC distribution and absorption spectra for the structure in Fig. 6.8(c), which 

exhibits an absorption peak at 1.44 THz with an absorption rate of 99.5%. Fig. 6.9(d) and Fig. 

6.10(d) show the SC distribution and absorption spectra for the structure in Fig. 6.8(d), which 

exhibits absorption peaks at 2.08, 2.38, and 2.92 THz with an absorption rate of 99.8%, 95.3%, and 

96.2%, respectively. From the above analysis, configurations of Fig. 6.8(a) and Fig. 6.8(b) exhibit 

better wide-band performance compared to Fig. 6.8(c) and Fig. 6.8(d) configurations.  

In the final design step, all four hexagonal rings, namely, the center, 2nd, 3rd, and 4th absorber rings 

are merged to provide Ultra-wideband performance. Fig. 6.11 depicts the schematic unit cell 

configuration of the proposed HSRA.  

 

Fig. 6.11 Schematic view of the proposed absorber. 

As depicted in Fig. 6.12, the proposed configuration provides ultra-wideband performance with a 

bandwidth of 2.01 THz and absorption bandwidth in a percentage of 102.8% (0.95-2.96 THz) for 
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absorption greater than 90%. The center frequency fc can be obtained by  𝑓𝑐 =
𝑓𝑙+𝑓ℎ

2
= 1.95 𝑇𝐻𝑧, 

where fl and fh represent low and high frequencies. 

 

Fig. 6.12 Absorption spectra of proposed absorber 

The proposed absorber provides absorption peaks at 1.24 (f1), 2.21 (f2), and 2.77 (f3) THz with 

absorption rates of 96.1%, 100%, and 95.2 % respectively. Furthermore, 100% absorption is 

achieved from 2.07 to 2.33 THz making this a unique feature for THz applications. This peak 

absorption is mainly due to strong magnetic resonance.  Fig. 6.13 illustrates the absorption spectra 

of the proposed absorber for TE and TM incidence. The proposed absorber achieved the same 

absorption spectra curve due to the symmetry of the absorber configuration. 

In this section, the influence of physical parameters on the proposed absorber configuration is 

investigated by varying one parameter at a time and by keeping all other parameters unchanged. 

At first, the effect of variation of substrate thickness (ts) is investigated and is depicted in Fig. 

6.14(a). As the thickness of the substrate increases (from ts=16μm to ts=20 μm), there is a decrease 

in the absorptivity in the higher frequency region and gradually increases for ts > 20 μm. At ts=20 

μm, the absorber provides an ultra-wideband response with perfect absorption.    
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Fig. 6.13 Simulated absorption spectra for TE and TM incidence for the proposed absorber. 

Fig. 6.15(a) shows absorber performance for change in graphene split gap (g). For lower values of 

the split gap, there is a decrease in the absorptivity in the lower frequency region and for higher 

values, there is a decrease in absorptivity in the higher frequency region. The absorber shows better 

absorption performance for a graphene split gap of 4 μm.  Next, the effect of variation in the width 

of hexagonal rings (t1) is investigated. As the width of the rings increases, the absorption decreases. 

From 1.5 THz to 1.76 THz and from t1=2 μm to t1=2.5 μm, the absorption is maintained close to 

100 %. As t1 is further increased (from t1=2.5 μm to 3.5 μm) the absorption gradually deteriorates 

in the higher frequency region as depicted in Fig. 6.15(b), nevertheless, the absorption is still 

maintained above 85% in the absorption bandwidth.  The excellent ultra-wideband absorption 

characteristics are shown for t1 = 2 µm. 

 
Fig. 6.14 Absorption performance for variation in substrate thickness (ts).  
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                                           (a)                                                              (b) 

Fig. 6.15 Absorption performance for variation in (a) graphene split gap (g) and (b) graphene ring 

width (t1). 

Fig. 6.16 shows absorption spectra for variation in graphene parameters. Fig. 6.16(a) depicts the 

absorber response for variation in graphene relaxation time (τ). The absorber shows the same 

absorption response for all the values of τ as illustrated in Fig. 6.16(a). Fig. 6.16(b) shows the 

absorber response for variation in graphene chemical potential (µc). As µc increases, there is a 

decrease in absorption as shown. But the absorber shows ultra-wideband absorber performance up 

to µc = 0.6 eV. For higher values of µc (0.8 eV and 1 eV), the absorber shows a decrease in 

absorption and exhibits 60 % absorption with a narrow band. Also, as µc increases, there is a shift 

in the absorption spectra towards the higher frequency region (right side). Hence, the proposed 

absorber is tunable with an increase in µc.  

 
 (a)                                                         (b)    

Fig. 6.16 Absorption performance for variation in graphene (a) relaxation time (τ) and (b) 

chemical potential (µc). 
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Finally, the behavior of the absorber for variation in incidence angle (θ) and polarization angle (ф) 

is investigated. Fig. 6.17(a) shows absorption characteristics for different polarization angles from 

0o to 89o with a step width of 10o. The absorber shows the same absorption characteristics for 

variation in ф because of the symmetry of the structure. The proposed absorber shows ultra-wide 

absorber characteristics for both TE and TM incidence as depicted in Fig. 6.17(b) and Fig. 6.17(c) 

with absorption > 90% up to an incidence angle of θ = 75o. The primary reason is that when the 

incidence angle increases up t0 75o, the magnetic flux remains constant, allowing magnetic 

resonance to be effectively induced in the absorber. For higher values of θ, the absorption reduces 

to 70 %. The reason is, when the incidence angle increases beyond 75o, the magnetic component 

of the incident wave decreases and hence it can no longer induce effective magnetic resonance. 

This signifies that the absorber is a very good candidate for THz applications with a wide angle of 

absorption. 

    
                           (a)                                            (b)                                               (c)     

Fig. 6.17 Absorption performance for variation in graphene (a) polarization angle, (b) TE 

incident, (c) TM incident.   

To know the resonant modal analysis of the proposed ultra-wideband absorber, Electric Field (EF) 

distribution (EFD), magnetic field (MF) distribution (MFD), and Surface current distribution at the 

absorption peaks with a normal incidence of EM wave at 1.24, 2.21 and 2.77 THz are depicted in 

Fig. 6.18, Fig. 6.19 and Fig. 6.20, respectively.  Each hexagonal ring in the proposed structure is 

responsible for a unique concentration of surface current at a certain frequency. 
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                                          (a)                             (b)                        (c) 

 Fig. 6.18 EF distribution on proposed absorber at frequencies of (a) 1.24 THz, (b) 2.21 THz, and 

(c) 2.77 THz. 

From the EF distribution plot (Fig. 6.18), the E-fields are vertically oriented in the absorber 

cells while the magnetic field (Fig. 6.19) is oriented horizontally form. This results in the 

formation of electric dipoles at the three resonant frequencies. It is also noted that with an 

increase in frequency there is an increase in the formation of electric dipoles inside the 

absorber. This increase in electric dipole formation is observed at resonant frequencies of 

2.21 and 2.77 THz. The formation of electric dipoles leads to higher absorption for the 

incident EM wave normal to the surface. SC distribution for the proposed absorber is shown 

in Fig. 6.20. At 1.24 THz (Fig. 6.20(a)), from SC distribution, accumulation of charge is 

mostly on the 2nd, 3rd, and 4th hexagonal rings. At 2.21 THz (Fig. 6.20(b)), the center also 

contributed to the resonance, and SC distribution is mostly centered on the center, 3rd, and 

4th ring respectively. At 2.77 THz (Fig. 6.20(c), SC distribution is mostly concentrated on 

the 2nd, 3rd, and 4th rings. Hence, from this analysis, it is clear that all the hexagonal rings 

are contributors to ultra-wideband absorption characteristics. The proposed absorber 

performance is compared with other recently published ultra-wideband research articles as 

shown in  

Table 6.2. The proposed absorber shows ultra-wideband absorption with an absorption bandwidth 

of 108.2% with its simple structure. The proposed absorber is insensitive to polarization and it also 

shows high absorption for higher incidence angles up to θ=75o.   
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                                         (a)                       (b)                         (c)   

Fig. 6.19 MF distribution on proposed absorber at frequencies of (a) 1.24 THz, (b) 2.21 THz, and 

(c) 2.77 THz. 

 
                            (a)                                (b)                                (c) 

Fig. 6.20 SC distribution on proposed absorber at frequencies of (a) 1.24 THz, (b) 2.21 THz, and 

(c) 2.77 THz. 

Moreover, 100% absorption is achieved from 2.07 to 2.33 THz making this a unique feature for 

THz applications. Furthermore, the proposed absorber does not use metallic ground for obtaining 

the ultra-wideband characteristics. The use of metals may cause backscattering which deteriorates 

the ultra-wideband characteristics of the proposed absorber. This problem can be avoided using the 

proposed metal-free graphene-based absorber. The proposed ultra-wideband absorber could be 

employed for THz applications including solar energy harvesting, photodetectors, Photoacoustic -

based sensing, and high-resolution printing. 
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Table 6.2 Comparison table 

 

Ref 

 

Material Bandwidth 

Center 

frequency 

(fc) 

Absorption 

Bandwidth 

in % 

Polarization 

insensitivity 

Incident 

angle (θ) for 

Absorptivity 

> 90 % 

TE  TM 

[92] Metal 
1.3-2.7 

THz 
2 THz 70% No - - 

[166] Graphene 
1.38-3.12 

THz 
2.25 THz 77.3 % No 45o 40o 

[167] Graphene 
1.27-2.08 

THz 
1.675 THz 48 % No 70o - 

[156] Graphene 
1.1-1.86 

THz 
1.48 THz 51% No 50o 60o 

[157] graphene/metallic 
4.56–9.02 

THz 
6.79 THz 65.68% Yes - - 

[158] Graphene 
1.51–8.25 

THz 
4.88 THz 138.1% - - - 

[152] 
Graphene and 

STO 

3.04 - 5.77 

THz 
4.405 THz 61.9 % Yes 55o 50o 

[168] VO2 
1.43-3.44 

THz 
2.442 THz 82% Yes 45o 45o 

[169] Graphene 
1.15-2.73 

THz 
1.94 THz 81% Yes 60o 60o 

[170] Dielectric 
0.6-1.7 

THz 
1.15 THz 95.65% No 45o 40o 

[159] VO2 
1.2-3.2 

THz 
2.2 THz 90.9% No 50o 50o 

[171] Graphene 
1.6-3.2 

THz 
2.4 THz 66.66% No 50o - 

This 

absorber 

Graphene (Metal 

Free) 

0.95-2.96 

THz 
2.01 THz 102.8% Yes 75o 75o 

 

An ultra-wideband THz absorber is designed using graphene-based hexagonal split rings. Four 

graphene HSRs are used for the generation of ultra-wideband characteristics with absorption 

greater than 90 %. The proposed absorber achieves ultra-wideband absorption characteristics from 

0.95 THz to 2.96 THz with a percentage bandwidth of 102.8% and bandwidth of 2.1THz with 

absorptivity beyond 90%. Also, 100% absorption is achieved from 2.07 to 2.33 THz making this a 

unique feature for THz applications. The modes generated within the graphene split rings are 

merged for achieving an ultra-wideband response. Moreover, the absorber exhibits polarization 
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insensitivity along with wide incidence angle variation for both TE and TM modes making it useful 

for solar and photovoltaic cells. The absorber provides tunability characteristics with variation in 

graphene chemical potential and exhibits a narrow absorption response for µc > 0.8 eV which can 

also be utilized for sensor applications.  
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Chapter 7 

 

Dielectric Metamaterial Absorber for biosensing 

applications 

In this chapter, Dielectric based Metamaterial Absorber is designed for biosensing applications. 

THz spectrum has piqued the interest of researchers due to its dual characteristics of microwave 

and infrared frequency bands [171]. THz waves, like infrared, will radiate in a single direction and, 

like microwaves, travel through various non-conducting materials [172]. Many devices are 

implemented in the THz regime, like antennas, for communication, absorbers, sensors, 

spectroscopy, and imaging for various applications [117], [128], [173], [174]. Absorbers are 

currently being researched for use in a variety of fields, including medicine, defense, and 

communication [79]. Different types of absorbers are implemented, such as ultra-wide [175], 

wideband [176], multiband [177], and narrow-band absorbers [178]. For the absorber to be used 

for biosensor applications [179], [180], narrow or ultra-narrow band absorbers with low values of 

full-width half maximum (FWHM), high sensitivity, high figure-of-merit (FOM) high-quality 

factor (Q) are required [148]. In the past few years, metamaterial (MM), an artificial material with 

exceptional characteristics made up of periodic arrays of unit cells with a size smaller than λg⁄4 (λg: 

Guided Wavelength), has been a major focus of THz structures [1], [181]. Metals are an excellent 

possibility for the THz absorber, but their poor electrical characteristics and temperature sensitivity 

over wide frequency range limit devices from operating at higher frequencies [182]. Furthermore, 

these devices are highly susceptible to temperature changes, and their lifetime is restricted due to 
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oxidation and corrosion in metals [183]. Graphene in the absorber structure has been developed 

recently, which allows frequency tuning, but it complicates fabrication [140], [184]. Few metal-

free absorbers are also implemented using graphene, which provides tunability capability [163], 

[174], [185], [186]. Recently, dielectric-based absorbers have been implemented at THz frequency 

[146], [176], [187], [188]. Compared to graphene-based absorbers, the fabrication of dielectric 

MM-based absorbers (DMMA) is feasible in the present era [146]. Obtaining narrow or ultra-

narrow absorption frequency response with low thickness structure and simple design is highly 

recommended. Furthermore, obtaining high sensitivity, high FOM, and high Q is still a challenging 

task in dielectric-based absorbers. Also, the absorber must be capable of sensing different diseases 

such as cancerous blood cells [189], malaria, dengue and other chemicals [1], [146]. Previously, 

individual absorbers are designed to identify these diseases. However, a single sensor capable of 

sensing these diseases must be designed. In fact, in the case of a dielectric-based absorber, attaining 

the ideal absorption required for biosensing applications is still challenging [190].  

In summary, the research highlighting the advancement of DMMA is as follows: (i) Decreasing 

the thickness of the absorber to make it compatible with nanotechnology systems, (ii) attaining 

suitable performance parameters with requisite ideal ultra-narrow absorption which can adequately 

be used in biosensing applications, (iii) Simple structure must be designed which reduces the 

difficulty in fabrication, (iv) capable of sensing different diseases and chemicals with a single 

design. 

Here, two absorbers are designed for biosensing applications: 

1. For detecting cancerous cells. 

2. For detecting dengue. 

Apart from detecting these diseases, the proposed sensors are capable of sensing malaria in blood 

and glucose content in the water. 

The proposed structure is ultrathin and provides ultra-narrow full-width half maximum (FWHM) 

dual response, with high sensitivity, high FOM, and a very high-quality factor (Q). Also, the 

proposed absorber is polarization insensitive and is capable of sensing cancerous blood cells along 

with malaria and other chemicals, as reported in later sections. The absorber provides dual-band 
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response with perfect absorption with ultra-narrowband absorption characteristics with resonances 

at 5.98 THz and 6.72 THz.  

A simple dielectric-based metamaterial absorber structure is implemented to address the above 

issues. The proposed structure consists of a silicon square split ring (SSSR) with ultrathin thickness 

compared to the structures reported in [1], [93], [191]. A graphene circular split ring (GCSR) is 

placed in the center of the structure, which changes electric and magnetic dipoles, allowing for 

perfect absorption. The easy design and availability of silicon material may significantly reduce 

fabrication difficulty, which is currently a significant challenge in THz development [146]. 

Furthermore, the proposed biosensor shows the highest sensitivity of 0.5 (THz/TU) (TU: Thickness 

Unit) and 0.4625 (THz/TU) with a high FOM of 33.33 (TU-1) and 43.24 (TU-1) and with high Q of 

394.2 and 624.4 during analyte thickness sensing in the lower band (LB) and upper band (UB) 

respectively. For refractive index sensing, the sensor shows a sensitivity of 1.9 (THz/TU) and 1.45 

(THz/TU) with a high FOM of 126.6 (TU-1) and 100 (TU-1) and with a very high Q of 470.8 and 

560 is exhibited in the LB and UB respectively. Also, the proposed sensor shows excellent 

performance characteristics for sensing cancerous cells, malaria, and other chemicals. These 

features make the proposed biosensor new in the dielectric-based sensors field that can sense 

different diseases and chemicals using a single sensor. 

Fig. 7.1(a) shows the schematic unit cell structure of the proposed DMMA in perspective view. 

It comprises a bottom gold layer with px= py = 80 µm periodicity along the x and y-axis. The gold 

layer with frequency-independent conductivity of  74.09 10   /S m =   is grown at the bottom of the 

silicon dioxide (SiO2) substrate having a relative permittivity of ɛs=2.25 and thickness of ts=2 µm. 

SSSR is placed on the top of the SiO2 layer with a relative permittivity of 11.9 and a thickness of 

tdra=4 µm. The square split ring has a gap of gs = 4 µm, and a length and width of Ls = Ws = 50 µm. 

The SSSR is utilized as a resonating unit of the absorber, and the dimensions are chosen based on 

the procedure exhibited in [146], [188], [192]. The length and width of the silicon ring are of the 

order of Ls and Ws.  Fig. 7.1(b) shows the proposed absorber in the top view, along with 

dimensions. The proposed absorber resonates at dual-band with a narrow frequency response. Fig. 

1(b) shows the periodic arrangement of the proposed absorber. As illustrated in Fig. 7.1(c), the 
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absorber structure consists of a graphene-based circular split ring (GCSR) with a thickness of 0.34 

nm, inner and outer ring radius of rgo= 9.5 µm and rgi= 7.5 µm, respectively, with a split gap of gc 

= 0.1 µm. The addition of graphene offers tunability and also enhances the frequency response of 

the structure by varying external electrostatic bias [193]. The electrical properties of graphene are 

considered based on the literature [194], [195]. Initially, the chemical potential of graphene is taken 

as µc = 0 eV at a temperature of T = 300K, with a relaxation time of τ = 0.1 ps.  

  

                                      (a)                                                                            (b)     

   

                                                  (c)                                                           (d) 

  

(e)                                                                         (f) 

Fig. 7.1 Proposed absorber its (a) Perspective view, (b) Periodic arrangement, (c) Top view with 

dimensions, (d) Absorption coefficient, (e) Side view without GCSR, and (f) Side view with 

GCSR.  
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Fig. 7.1(d) depicts the proposed absorber's dual-band absorption behavior with absorption rates 

of 99.963 and 99.882 at a frequency of 5.98 and 6.72 THz, respectively. Fig. 7.1(e) depicts the side 

view of the proposed absorber structure without GCSR. The ion-gel layer of height hi = 0.1 µm, as 

depicted in Fig. 7.1(f) is utilized for electrostatic biasing on the graphene ring to achieve 

adjustability and controllability in the absorber characteristics [146], [194]. Accordingly, the 

dimensions of the proposed structure are chosen so that the structure can be used as a bio-sensor in 

analyzing cancer, malaria, viruses, chemicals, and diseases.The use of a GCSR allows surface 

plasmons to form at the graphene-air contact, trapping the electric charge along its inside and 

outside edges [195], [196]. Because of the high concentration of produced graphene surface 

plasmons, the GCSR will not provide a new resonance and instead changes the absorption rate 

acquired by the SSSR. Hence, the GCSR is positioned in the structure's center, allowing the induced 

dipoles to be governed by the bias voltage fed to the GCSR. The final dimensions are optimized in 

CST microwave studio. A frequency-domain solver with a mesh cell size of 102 cells per 

wavelength and a total number of tetrahedrons of 1,73,361 is utilized for simulation. Because the 

graphene layer thickness is thin in relation to the absorber size, the adaptive mesh parameters keep 

the mesh cell size small [196].  

The evolution of the absorber and corresponding absorption plots during the evolution stage of 

the proposed absorber are illustrated in Fig. 7.2 and Fig. 7.3. It can be observed for absorber-1 (gold 

sheet), which provides zero absorption and acts as a perfect reflector. Similar behavior is observed 

for absorber-2 (SiO2 layer). The absorber-3 configuration consists of an SSSR resonator. The 

addition of SSSR provides resonance at 6.16 and 6.84 THz, respectively, with absorption 

percentages of 98.7 and 98.5 %. Furthermore, this structure offers a narrow absorption band 

spectrum. A GCSR with a thickness of 0.34 nm, with an ion gel layer (εr =1.89) coating, is added 

at the center of the structure, as illustrated in Fig. 7.2(Absorber-4). The addition of a graphene split 

ring enhances the absorption coefficient by shifting the resonant frequency toward a lower 

frequency. Because of graphene's tunability characteristics, there will be a shift in resonance 

frequency [146], [174], [197]. According to Kubo's formula and as described in [174], [197], tuning 

of resonant frequency happens because of the reconfigurability property of the surface charge 

conductivity of graphene [174], [185]. The shift towards lower frequency is because the oscillating 
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length of charge becomes larger with the addition of graphene, and with an increase in the inner or 

outer radius of graphene, the resonant frequency tends to shift towards the lower side [42].   As 

illustrated in Fig. 7.3, the absorber-4 (Proposed) configuration provides resonance at 5.98 and 6.72 

THz, respectively, with a percentage of absorption of 99.963 and 99.33 %. The absorption is 

obtained using the equation, A=1-R-T where, A is the absorption coefficient, R is the reflection 

coefficient, and T is transmittance.  

 

Fig. 7.2 The Proposed absorber evolution. 

 

                                          (a)                                                              (b) 

Fig. 7.3 Absorption characteristics during different stages (a) Reflection coefficient, (b) 

Absorption coefficient. 

The gold metallic layer at the bottom of the structure provides zero transmittance (T≈0). Hence the 

value of reflectance must be as low as possible so that A must be equal to 1. The proposed absorber 

configuration provides perfect absorption with a narrow absorption spectrum at both the bands with 

a Full-Width Half Maximum (FWHM) of 0.017 THz at LB and 0.015 THz in the UB, respectively. 
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Hence, the Q of the proposed absorber is also high. As a result of its high Q and small FWHM, the 

proposed absorber can be utilized as a bio-sensor to detect a variety of diseases and chemicals. 

In this section, the electric field distribution (EFD) and magnetic field distribution (MFD) are 

studied to understand the proposed absorber's operation mechanism. Fig. 7.4 shows the EFD and 

MFD without a graphene split ring at two resonant frequencies. In dielectric-based resonators, it is 

evident that both electric dipole (ED) and magnetic dipoles (MD) will be created inside the 

dielectric [146], [192]. As shown in Fig. 7.4, the surface plasmons created at both resonant 

frequencies are high on the split ring resonator. It is inferred from Fig. 7.4(c) and Fig. 7.4(e), at the 

lower band (6.16 THz), the EF vectors encircle the linearly distributed MF vectors forming a 

magnetic dipole in the silicon split ring. As depicted in Fig. 7.4(d) and Fig. 7.4(f) at 6.84 THz, the 

linearly distributed EF vectors are encircled by MF vectors forming an electric dipole in the silicon 

split ring at the upper band. As a result, the absorber without the graphene ring functions in two 

modes: fundamental MD in the LB and fundamental ED in the UB.  

 

Fig. 7.4 The EFD in the absorber-3 (Without GCSR) at a frequency of (a) 6.16 and (b) 6.84 THz. 

The EF vector distribution at a frequency of (c) 6.16 and (d) 6.84 THz. The MF vector 

distribution at (e) 6.16 and (f) 6.84 THz. 
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Fig. 7.5 The EFD in the proposed absorber (With GCSR) at a frequency of (a) 5.98 and (b) 6.72 

THz. The EF vector distribution at a frequency of (c) 5.98 and (d) 6.72 THz. The MF vector 

distribution at (e) 5.98 and (f) 6.72 THz. 

Fig. 7.5 illustrates the EFD and MFD in the proposed DMMA with GCSR at both resonant 

frequencies of 5.98 and 6.72 THz. The addition of GCSR enhances field distribution at LB and UB 

by creating high surface plasmon density, as shown in Fig. 7.5. From Fig. 7.5(c) and Fig. 7.5e), it 

is inferred that at the lower band (5.98 THz), the linearly distributed MF vector is encircled by the 

EF vectors forming a magnetic dipole at the lower band. From Fig. 7.5(d) and Fig. 7.5(f) at 6.72 

THz, the linearly distributed electric field vectors are encircled by magnetic field vectors and result 

in the formation of an electric dipole at UB. The additional loops formed in the field distribution 

at LB and UB infers to the increase of absorptivity by the addition of GCSR. These circulating 

fields created by incident EM waves around the split rings built a capacitance. Thus, the absorbance 

or resonance can also be due to the inductive-capacitive resonance.  

The proposed absorber is investigated for TE and TM incidence, and the behavior of absorption 

characteristics for variation in incidence angle (θ) is also examined. As depicted in Fig. 7.6(a), the 

frequency response for TE and TM incidence shows similar absorption properties. This is because 

of the symmetrical structure of the proposed absorber. A narrow band absorption spectrum is 
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observed at both bands for both TE and TM incidence. This narrow absorption bandwidth (BW) 

leads to strong frequency selectivity. This results in high Q, which is promising for sensor-related 

applications.  

 

                                             (a)                                                               (b) 

 

        (c) 

Fig. 7.6 Absorption characteristics for proposed absorber (a) TE and TM incidence and under 

different θ for (b) TE and (c) TM modes.  

Fig. 7.6(b) shows absorption characteristics for variation in incidence angle. With an increase in θ, 

absorptivity decreases, as inferred from Fig. 7.6(b). The absorber shows good performance 

throughout the θ variation with more than 80% absorption up to θ<60o and provides absorption 

greater than 60% for θ>60o. For TE incidence, as depicted in Fig. 7.6(b), the LB absorption peak 

is located at 5.98 THz, and the UB absorption peak is located at 6.722 THz, with absorptivity of 

0.9995 and 0.9988, respectively, for θ=0o. However, for TM incidence, as depicted in Fig. 7.6(c), 

the LB is located at 6.0328 THz and UB is located at 6.781 THz, with absorptivity of 0.9985 and 
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0.9983, respectively, for θ=0o and also provides absorption greater than 80% up to θ=50o for the 

UB whereas, it provides greater than 80% up to θ=40o for the LB. It is observed for TM incidence 

that for higher values of θ (>50o), the UB deteriorates gradually due to impedance mismatch [10]. 

The above analyses thus demonstrate that the proposed absorber performs well for both TE and 

TM polarizations across a broad range of θ. 

The performance analysis of the proposed absorber for parametric changes in the physical 

dimensions is illustrated in this section. One parameter is changed at a time, while the remaining 

parameters are unchanged. Initially, the height of the SSSR (tdra) is the primary focus of the 

investigation. For different values of tdra, the absorption characteristics are examined for varying 

frequency, as depicted in Fig. 7. 7(a). Here the tdra is varied from 2.5 µm to 5 µm at a step of 0.5 

µm. It is observed that the proposed absorber shows good absorber performance with absorptivity 

greater than 95.5% for different values tdra at both bands. For tdra = 4 μm, the proposed absorber 

offers excellent perfect absorption (99.99%) performance with narrow absorption BW at LB and 

UB, respectively. Furthermore, with an increase in tdra, there is a shift in resonance towards lower 

frequency, and also, for higher values of tdra number of resonant peaks increases. To keep the 

ultrathin geometry, the smallest value of tdra is chosen. Choosing a considerably smaller value of 

tdra is also possible at the expense of almost complete absorption. This indicates how changes in tdra 

can affect the spectra of the SSSR, which may cause the absorber response to exhibit more 

resonance peaks. The next investigated parameter is the width of the square split ring (td). Here tdra 

is chosen as 4 µm from the above analysis. Fig. 7. 7(b) shows the absorption behavior for variation 

in td from 4 µm to 6.5 µm with a step change of 0.5 µm. The proposed absorber shows good 

performance with absorptivity greater than 95% for different values of td at both bands. There is a 

slight shift in the resonant frequency towards lower frequency with variation in td, and less 

absorption is exhibited for lower values of td. For td=5μm, the proposed absorber shows excellent 

absorption performance with narrow BW at both LB and UB, respectively. Next, Fig. 7. 7(c) shows 

absorption characteristics with variations in the thickness of the substrate (ts). Here, tdra and td were 

chosen as 4 µm and 5 µm, respectively, and substrate thickness (ts) is varied from 1.6 to 2.6 µm 

with a step change of 0.2 µm. Good absorption performance is observed with more than 88% 

absorptivity for ts varying from 1.6 to 2.6 µm. The proposed absorber shows narrow absorption 
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BW with perfect absorption at both lower and upper bands, respectively, for ts=2 μm. The variation 

in ts provides the shift in resonant frequency due to variation in the effective thickness of the 

absorber unit cell. The absorption characteristics for variation in circular graphene inner radius (rgi) 

is examined as shown in Fig. 7. 7(d). The absorber shows good absorption performance with more 

than 90% absorptivity for variation of rgi from 6.5 to 9 µm with a step change of 0.5 µm. For lower 

values of rgi, the absorption is low and increases for higher values. For rgi=8μm narrow absorption 

BW with perfect absorption is noticed. Furthermore, with an increase in rgi, the resonant frequency 

shift towards a lower frequency. Fig. 7. 7(e) shows the absorber performance for varying outer 

graphene radius (rgo) from 8.5 µm to 11 µm at a step change of 0.5 µm. It is observed that for 

rgo=9.5 μm, perfect absorption is observed. A shift in absorption frequency is observed for variation 

in rgo. It is clear that there is a shift in absorption spectra with a change rgi and rgo, and these values 

are selected at the extent of perfect absorption. Fig. 7. 7(f) and Fig. 7. 7(g) depict the absorber 

performance with change in the SSSR gap (gs (µm)) and GCSR gap (gc (µm)). For lower values of 

gs, the absorber exhibits more resonance peaks with reduced absorption. Hence the choice of gs can 

be chosen at the extent of perfect absorption. For SSSR split gap of gs = 4 µm, the configuration 

shows excellent absorption levels at both bands, as depicted in Fig. 7. 7(f).  

 

                                                   (a)                                                    (b) 

 

                                                (c)                                                    (d) 
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                                                (e)                                                      (f) 

 

 (g) 

Fig. 7. 7 Absorption characteristics for proposed absorber for variation in (a) tdra,  (b) td, (c) ts, (d) 

rgi, (e) rgo, (f) gs, and (g) gc. 

From the plot of Fig. 7. 7(g), it is observed that the configuration shows excellent absorption 

characteristics for the GCSR split gap of gc = 3 µm. Thus, the parameter dimensions are selected 

from the above analysis, which achieves a high absorption rate at both LB and UB, respectively, 

with very narrow absorption BW. The narrow absorption band leads to strong frequency selectivity 

and increases Q, which is desired for bio-sensing applications. 

Fig. 7.8 shows absorption characteristics for the proposed absorber for variation in graphene 

chemical potential (µc) and relaxation time (τ).  
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                                     (a)                                                                   (b) 

Fig. 7.8 Absorption characteristics for proposed absorber for variation in (a) µc and (b) τ. 

The parameters are selected from the above parametric analysis. Fig. 7.8(a) shows absorber 

performance for varying graphene chemical potential (µc) from 0 eV to 1 eV. For 0.1 < µc < 0.4 

eV absorber shows less absorption rate of 0.75 and also for µc > 0.5 eV absorber shows 0.8 

absorption rate. The absorber shows good performance for µc = 0.4 eV. Fig. 7.8(b) shows absorber 

performance for varying graphene relaxation time (τ) from 0 ps to 1 ps. As discussed previously, 

adding graphene enhances the absorption and does not change the number of resonant peaks. 

Hence, for all the values of τ, absorber performance remains unaffected with variation in τ and does 

not change its resonant frequency or absorption rate. 

As inferred from Fig. 7.1(f), the proposed absorber shows very narrow absorption characteristics 

with a Full-Width Half Maximum (FWHM) of 0.017 THz in the LB and 0.015 THz in the UB, 

respectively. The Q is calculated using the equation 
pQ f fwhm= , where fp is peak frequency [1], 

[146], [189]. The calculated Q in the LB is 351.76 and 448 in the UB, respectively. The high Q and 

low FWHM makes the proposed absorber suitable for sensor applications for examining different 

analytes or test medium in the THz region. Moreover, the simple design, ultrathin structure, and 

high Q make the proposed absorber new in dielectric-based sensor applications. 

The proposed absorber's applicability for varying test medium thickness (ta) is examined. The 

refractive index (n) of the analyte is chosen as 1.4. For sensor-based applications, sensitivity (S), 
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Q, FWHM, and FOM are the key parameters in this analysis since they show the accuracy of the 

absorber's sensing characteristics. The proposed sensor is depicted in Fig. 7.9(a) with a test medium 

with a ta thickness on top of the DMMA. Fig. 7.9(b) illustrates the change of absorption frequency 

and absorptivity when ta varies from ta=0.1µm to ta=2µm. Fig. 9(c) shows plots of S and shift in 

resonant frequency (Δf) for change in analyte thickness, Δta. Sensitivity for change in analyte 

thickness is calculated as
aS f t=   (THz/TU) [1], [146], [189]. Sensitivity mainly computes the 

shift in the resonant frequency for a change in analyte thickness. The higher the sensitivity, the 

better the sensor. Change in analyte thickness (Δta) is computed as ∆ta=ta1-ta2 where ta1 is current, 

and ta2 is the previous thickness value of the analyte. The DMMA provides a maximum S of 0.5 

(THz/TU) and 0.4625 (THz/TU) in the LB and UB, respectively, for ta = 1.2 µm. A plot of FOM 

and FWHM for change in ta is illustrated in fig. 9(d). FOM is computed using FOM=S⁄FWHM [1], 

[146], [189]. FOM is also an important parameter to evaluate the sensor's performance. The 

proposed absorber shows extremely low FWHM values of 0.015 THz and 0.0107 THz in the LB 

and UB, respectively. A very high FOM of 33.33 (TU-1) in the LB and 43.242 (TU-1) in the UB is 

obtained for ta = 1.2 µm. 

 

                                                                      (a) 

   

                                        (b)                                                                      (c) 
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                                          (d)                                                                         (e) 

Fig. 7.9 (a) Proposed absorber with analyte on top, (b) Frequency response with change in ta, (c) 

Plot of Δf and Sensitivity (S) with change in ta, (d) Plot of FWHM and FOM with change in ta 

and (e) Plot of Q with change in ta. 

This ultrathin absorption peak has a high sensitivity, allowing the sensor to discover small 

variations in ta. Fig. 7.9(e) shows the plot of Q with a variation of ta. Because of very low FWHM 

values in both LB and UB, it is evident that the proposed absorber shows very high Q values. It is 

observed that a very high Q of 394.2 and 624.4 is observed for ta=1.2 µm in the LB and UB, 

respectively. Moreover, for ta=2 µm, a very high Q of 465.38 is observed in the lower band. The 

above analysis of sensitivity, FWHM, FOM, and Q confirms that the proposed absorber is a very 

good candidate for sensing applications. 

For refractive index (RI or n) sensing, the characteristics such as sensitivity, Q, and FOM are the 

important parameters that represent the sensing quality. Fig. 7.10 shows the absorption plot and 

performance parameters for varying n with ta=1.2 µm. Fig. 7.10(a) depicts the change in absorption 

characteristics with a change in n of the analyte from n=1 to n=2 with a step of 0.2. The absorber 

shows a very high absorption rate of > 0.96 throughout the frequency band. Fig. 7.10(b) illustrates 

the plot of sensitivity and Δf concerning change in n. Here, sensitivity is calculated using 

S f n=    (THz/RIU), which measures the shift in the absorption frequency due to a shift in the 

refractive index from n1 to n2 (∆n=n2-n1). Where n1 and n2 are past and present values of n of the 

analyte medium [19], [28]. A high S value of 1.9 THz/RIU and 1.45 THz/RIU is observed for n=1.4 
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in the LB and UB, respectively. 

 

                                            (a)                                                              (b) 

 

                                            (c)                                                                    (d) 

Fig. 7.10 (a) Frequency response with change in n, (b) Plot of Δf and Sensitivity (S) with change 

in n, (c) Plot of FWHM and FOM with change in n, and (d) Plot of Q with change in n. 

Fig. 7.10(c) shows a plot of FWHM and FOM with a variation of n. A very high FOM of 126.6 

(RIU-1) and 100 (RIU-1) is observed for n = 1.4 in the LB and UB, respectively. Fig. 7.10(d) 

illustrates the plot of Q for change in n. The proposed structure shows a very high Q of 470.8 in 

the LB and 560 in the UB, respectively. From the above analysis of sensitivity, FWHM, FOM, and 

Q, confirm that the proposed absorber is an excellent candidate for sensing applications. 

Based on the RI profile, the proposed sensor is examined for various cancer cells, and the 

outcomes are reported in this section.  
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Table 7.1 The sensing performance for blood, skin, and breast cancerous cells. 

Body Part n 

S (THz/RIU) FWHM (THz) FOM (RIU-1) Q 

LB UB LB UB LB UB LB UB 

Blood 

(Healthy) 
1.376 2.167 2.046 0.014 0.015 152.582 136.389 411.972 441.327 

Blood 

(Cancerous) 
1.390 1.600 1.900 0.012 0.015 133.333 126.667 487.367 441.200 

Breast 

(Healthy) 
1.449 1.939 1.592 0.017 0.015 114.046 106.122 343.465 440.333 

Breast 

(Cancerous) 
1.581 0.552 0.516 0.017 0.016 32.449 32.268 342.141 410.625 

Skin 

(Healthy) 
1.844 0.188 0.189 0.017 0.015 11.078 12.615 339.576 434.400 

Skin 

(Cancerous) 
2.049 0.130 0.132 0.020 0.014 6.476 9.399 286.610 461.571 

As a result, the n of cancerous and healthy cells from various areas of the human body is 

identified and presented in Table 7.1 with ta=1.2 µm. As reported in [189], [198], [199], the RI of 

the cancerous samples lies in the range of 1.3 to 2.0. The reported sensor under investigation can 

sense the different types of cells in various parts of the human body, such as blood, skin, and breast 

are examined, and the results are reported in Table 7.1. The results show that for healthy blood 

cells, the proposed sensor offers a high sensitivity of 2.1667 THz/RIU and 2.0458 THz/RIU in the 

LB and UB. While for cancerous blood cells, the sensor shows a sensitivity of 1.6 THz/RIU and 

1.9 THz/RIU in the lower and upper bands, respectively. Also, a very high FOM of 381.4553 RIU-

1, 283.6111 RIU-1 is obtained for healthy blood cells in the LB and UB, and 133.3333 RIU-1, 

126.6666 RIU-1 is found for cancerous blood in the LB and UB is exhibited by the sensor. The 

proposed sensor exhibits a very high Q of 487.3666 and 441.2 for cancerous blood cells. Similarly, 

for healthy breast cells, high S of 1.9387 THz/RIU and 1.5918 THz/RIU is observed for LB and 

UB, respectively, with FOM of 114.0456 RIU-1 and 106.1224 RIU-1 and very high Q of 343.4647, 

440.3333 is exhibited by the sensor. For cancerous breast cells, S of 0.5516 THz/RIU and 0.5162 
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THz/RIU is observed for LB and UB, respectively, with FOM of 32.449 RIU-1and 32.2680 RIU-1 

and very high Q of 342.141, 410.625 is shown by the sensor. Similarly, the cancerous skin cells 

are differentiated from healthy skin cells effectively by the proposed sensor. For healthy skin cells, 

the proposed sensor exhibits a peak S of 0.1883 THz/RIU and 0.1892 THz/RIU in the LB and UB, 

respectively, with FOM of 11.0782 RIU-1 and 12.6154 RIU-1 and high Q of 339.5764 and 434.4 is 

exhibited by the sensor. For cancerous skin cells, a peak S of 0.1295 THz/RIU and 0.1316 THz/RIU 

is obtained in the LB and UB, respectively, with FOM of 6.476 and 9.3990 and high Q of 286.6095 

and 461.5714 is exhibited by the sensor. From the above investigation, the proposed sensor 

promises to be an excellent candidate for detecting malignant cells in various parts of the human 

body. 

The past, present, and future of RI sensing for biology and disease diagnosis was published by 

Liu et al. in 2016 [200]. Annually, 250 million individuals worldwide are infected with malaria, 

according to reports. As a result, it is essential to detect malaria as soon as possible to avoid fatality 

as the disease progresses [200]. Infected Red Blood Cells (RBC) have refractive indexes of n1 = 

1.383 and n2 = 1.373 in different stages of malaria infection [1], [146]. The performance of the 

proposed DMMA is reported in Table 7. 2 with ta=1.2 µm.  

Table 7. 2 The sensing performance for identifying malaria. 

Disease n 

S (THz/RIU) FWHM (THz) FOM (RIU-1) Q 

LB UB LB UB LB UB LB UB 

Malaria 

1.373 0.6772 0.5362 0.016 0.012 42.3275 44.6828 357.9625 543.5 

1.383 0.6666 0.5308 0.0158 0.015 42.1886 35.3873 362.322 434.58 

 

The sensor can sense blood cells having n of 1.373 with peak S of 0.6722 THz/RIU and 0.5362 

THz/RIU in the LB and UB, respectively, and with high FOM of 42.3257 RIU-1 and 44.6828 RIU-

1 and also providing high Q of 357.9625 and 543.5 in the LB and UB. Similar observations are 

made for the proposed sensor for n=1.383. From Table 7. 2, it is evident that the proposed sensor 
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provides excellent sensing performance for the detection of infected red blood cells in different 

stages of malaria infection with good sensitivity, high FOM and very high Q. 

The performance of the proposed sensor for water having n of 1.3198 and water with 25 % 

glucose is 1.3594, respectively [1], [146]. Table 7.3 depicts the performance of the proposed 

DMMA in sensing glucose with ta=1.2 µm. The proposed sensor shows very good sensitivity, high 

FOM, and very high Q. The results, proves that the proposed sensor is an excellent candidate for 

detecting glucose in water. 

Table 7.3 The sensing performance for identifying water/glucose detection. 

n 

S (THz/RIU) 
FWHM 

(THz) 
FOM (RIU-1) Q 

LB UB LB UB LB UB LB UB 

1.3198 0.758 0.588 0.015 0.013 50.532 45.1965 382.507 502.62 

1.3594 0.6956 0.55 0.015 0.014 46.374 39.2519 382 466.04 

The performance of the proposed sensor is tested for various chemicals listed in Table 7.4. The 

proposed sensor is suitable for sensing various chemicals such as ethanol (n=1.36), ethylene glycol 

(n=1.41), glycerine (n=1.4729), benzene (n=1.5), sodium chloride (Nacl) (n=1.54), carbon 

disulphide (CS2) (n=1.63), Vegetable oil (n=1.47) and acetone (n=1.35) with good sensitivity, very 

good FOM and very high Q. 

The absorber's performance is investigated in comparison with other recently published articles. 

The proposed structure shows ultra-narrow BW, which results in very high Q values, as depicted 

in table 7.5. The S of the proposed sensor is also high, which results in good absorber performance 



171 

 

for small changes in RI. Furthermore, the proposed sensor is compared with a cancer-detecting 

sensor [189].  

Table 7.4 The sensing performance for identifying various chemicals. 

Chemical n 

S (THz/RIU) FWHM (THz) FOM (RIU-1) Q 

LB UB LB UB LB UB LB UB 

Ethanol 1.36 0.695 0.550 0.015 0.013 46.352 42.329 381.980 501.839 

Ethylene 

glycol 
1.41 0.738 0.644 0.014 0.013 52.735 49.531 408.286 500.615 

Glycerine 1.4729 0.599 0.502 0.012 0.012 49.913 41.844 474.875 540.500 

Benzene 1.5 0.584 0.497 0.017 0.015 34.329 33.133 334.600 431.567 

Nacl 1.54 0.561 0.489 0.017 0.013 32.974 37.607 333.959 496.769 

CS2 1.63 0.524 0.473 0.016 0.014 32.768 33.764 353.106 458.871 

Oil, 

Vegetable 

50oC 

1.47 0.599 0.502 0.018 0.013 33.275 38.625 316.583 498.923 

Acetone 1.35 0.485 0.402 0.012 0.014 40.417 29.778 490.833 490.370 

 

Table 7. 5 Comparison with other research articles 

Ref 

No. 

of 

band

s 

f (THz) S (THz/RIU) FOM Q Thic

knes

s 

(µm

) 

Polari

zation 

Insens

itivity 

Tuna

bility 
LB UB LB UB LB UB LB UB 

[201] 2 1.42 2.99 0.28 1.48 1.2 24.6 7.11 59.8 10.8 Yes No 

[202] 2 1.8 2.26 
0.18

75 
0.36 7.2 19.1 120 94 8.6 Yes No 

[181] 2 1.77 2.459 - 1.9 - 229 6.91 296 4.8 No No 

[203] 2 0.76 1.28 0.47 0.51 9.4 14..4 23 3.7 5.4 Yes No 

[148] 2 4.88 10.9 1.35 2.95 4.67 8.8 15.2 29.88 2.52 Yes Yes 

[146] 2 4.515 4.914 0.2 0.1 4.76 3.5 105.2 211.84 3.65 Yes Yes 
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[189] 3 
1.095, 2.865 

and 4.065 

0.105,0.3764 

and 0.47635 

0.7, 1.88 and 

2.38 

7.05, 12.67 and 

18.06 
41.5 Yes No 

This 

work (ta 

and RI 

sensing) 

2 

5.78 6.465 0.5 0.462 33.33 43.242 394.2 624.4 

4  

 

(2.2

8 λ) 

Yes Yes 

5.76 6.463 1.25 1.26 83.33 86.896 470.83 494.81 

This 

work 

(Blood 

Cancer

ous 

cells 

sensing) 

5.84 6.618 1.6 1.9 133.3 126.66 487.32 441.2 

This 

work 

(Breast 

Cancer

ous cell 

sensing) 

5.81 6.618 
0.55

1 
0.516 32.44 32.268 342.14 410.62 

This 

work 

(Skin 

Cancer

ous 

cells 

sensing) 

5.732 6.462 
0.12

9 
0.131 6.476 9.399 286.60 461.57 

Our sensor provides better results in terms of S, FOM, and Q and can be used to detect cancerous 

cells in various parts of the human body. The features like ultra-thin structure, simple design, 

tunability, polarization insensitivity, ultra-narrow absorption BW, high sensitivity, high FOM, and 

very high Q values in a single device for detecting different diseases and chemicals make the 

proposed sensor new and unique. Fig. 7. 11(a) depicts the unit cell design of the proposed DMMS. 

It has a gold layer at the bottom with a Wg = 80 µm periodicity. This gold layer with a frequency-

independent conductivity of 
74.09 10 =  S⁄m is developed at the bottom of a silicon dioxide (SiO2) 
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substrate having a relative permittivity of ɛs=2.25 and a thickness of ts=1.2 µm. A silicon-based 

square ring resonator (SSRR) with ɛsr = 11.9 having a thickness of tdra=2.15 µm, with an outer 

radius of Sro = 35 µm, and an inner radius of Sri = 19.6 µm is positioned at the top of the SiO2. At 

the centre of the structure, on the top of the SiO2 substrate, a graphene-based circular-shaped ring 

(GCR) has a thickness of 0.34 nm with an inner radius of gri = 8 µm and an outer radius of gro = 10 

µm is placed.   Sro and Sri are set of the order ≈ 2g by choosing 
ro gS  and / 2ri gS  , 

respectively. Here 
g  is the guided wavelength of Si layer operating at resonance frequency with 

g o s  = . The benefit of using SSRR along with inner GCR is it provides an ultra-thin structure 

with an overall thickness of the order of 15g , with narrow absorption bandwidth and tunability 

characteristics. 

      

                                                     (a)                                         (b) 

 

(c) 

 

(d) 
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       (e) 

Fig. 7. 11 Proposed absorber (a) with incident wave, (b) Periodic arrangement, (c) Front view of 

proposed absorber without GCR, (d) Front view of Proposed absorber with GCR and biasing, and 

(e) Absorption spectra. 

The suggested absorber's functioning is validated using an electrical equivalent circuit design 

(ECD) created utilizing the transmission line technique as illustrated in Fig. 7. 12. The ECD is 

separated into four parts: the first part examines the substrate (SiO2), the second, the ion-gel, the 

third, the SSRR, and the fourth the functioning of the GCR. The first part is a short-circuited 

transmission line with a substrate of height ts placed on the ground plane. This part provides the 

input impedance, as seen in eq (7.1). 

           
21 tanSiO s sZ jZ t=                                 (7.1) 

Where 
s s

c


 = is the propagation constant and 

2SiO o sZ Z = is the impedance of the SiO2 

substrate, and Zo is free space impedance. Next, the impedance of the ion-gel layer is determined 

using eq (7.2). 

1

2

1

tan

tan

ig i g

ig

ig i g

Z jZ h
Z Z

Z jZ h





 + =
 + 

                                     (7.2) 



175 

 

Where 
i ig

c


 = is the propagation constant, and 

ig o igZ Z = is the impedance exhibited by 

the ion-gel layer [146]. SSRR offers an impedance of Zs and is modelled using an RLC circuit as 

depicted in fig. 6. 

7  

(a) 

 

  (b) 

Fig. 7. 12 (a) Circuit Model, and (b) the reflection coefficient comparison.  

Since GCR shifts resonant frequency, it is modelled as an RL circuit. The total input impedance of 

the ECD is 3in gZ Z Z= + . Where ( ) 1/g gr gr grZ R jwL = +   the impedance of GCR, and Z3 is Z3 

= Zs ǁ Z2. The reflection coefficient is calculated based on input impedance using
in o

in o

Z Z

Z Z

−
 =

+
. 

Figure 6(b) depicts the plot of the computed reflection coefficient. The CST and ECD findings are 

displayed, and the high agreement between the simulation tools validates the operation's validity. 

The proposed absorber exhibits a narrow band response (Fig. 7.9(e)), with FWHM of 0.004 THz, 

which results in a very high Q of 927.5. The equation Q = fp/FWHM is used to compute the Q [1], 
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[200], where fp is the peak frequency. The high Q and low FWHM of the proposed absorber make 

it ideal for THz biomedical virus detection applications, such as malaria, dengue, Influenza virus, 

etc. [204]–[209]. In this paper, the proposed sensor is utilized as a sensing device for glucose, and 

malaria, dengue virus detection. Refractive index sensing is evaluated using parameters such as S, 

FWHM, FOM, and Q. Fig. 7. 13(a) depicts the proposed sensor with a test medium or analyte on 

its top. Fig. 7. 13(b) shows the variation of resonant frequency (Δf) with a change in n. Here n is 

varied from 1 to 2 with constant ta = 1 µm. The refractive index and ta are chosen to analyze the 

proposed absorber for sensing malaria, dengue, and glucose detection [204]–[206]. From Fig. 7. 

13(b) shows that the proposed sensor shows a very high absorption rate of > 0.99 and changes its 

resonant frequency with a change in RI. Fig. 7. 13(c) depicts the plot of S and Δf for change in n. 

S = Δf /Δn (THz/RIU) is used to compute sensitivity, which quantifies the shift in absorption 

frequency owing to a change in refractive index from n1 to n2 (n = n2-n1). Here n1 and n2 are the 

past and present values of n in the analyte medium, respectively. A high S value of 2.2 THz/RIU 

is reported for n=1.4. The plot of FWHM and FOM with change in n is shown in Fig. 7. 13(d). The 

sensor exhibits an ultrahigh FOM of 550 (RIU-1) for n=1.4. The plot of Q for a change in n is shown 

in Fig. 7. 13. The proposed structure has a very high Q, with 927.5 for n=1.4. High sensitivity (S), 

very low FWHM values, high FOM, and high Q values for all the values of n make the proposed 

sensor suitable for detecting the dengue virus. 

The performance of the proposed sensor is tested for water having n of 1.3198 and water with 25 

% of glucose having n of 1.3594, respectively [1], [146]. Table 7. 6 depicts the performance of the 

proposed DMMA in sensing glucose with ta=1µm. The proposed sensor shows very good 

sensitivity, high FOM, and high Q. The results prove that the proposed sensor is an excellent 

candidate for detecting glucose in water. 

 

(a)  
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(a)                                                     (c) 

         

   (d)                                                             (e) 

Fig. 7. 13 (a) Proposed absorber with analyte on top. With a change in RI, the plot of (b) 

Frequency response, (c) Δf and S, (d) FWHM and FOM, and (e) Q. 

Table 7. 6 The sensing performance for identifying water/glucose 

n S FWHM FOM Q 

1.3198 1.452 0.0043 337.6744 937.21 

1.3594 1.588 0.0055 288.7273 712.73 

According to reports, 250 million individuals worldwide are infected with malaria. As a result, 

it is essential to detect malaria as soon as possible to avoid fatality as the disease progresses [200]. 

Infected Red Blood Cells (RBC) have refractive indexes of n1 = 1.383 and n2 = 1.373 in different 

stages of malaria infection [1], [146].  The performance of the proposed DMMS is depicted in 

Table 7. 7 with ta=1 µm. The proposed DMMS is an excellent candidate for the detection of malaria 
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disease effectively in different stages of infection with a sensitivity of 1.685 THz/RIU, very low 

FWHM of 0.0048, very high FOM of 351, and high Q of 806.46 for n=1.373 as depicted in Table 

7. 7. For n=1.38, sensitivity of 1.87 THz/RIU, very low FWHM of 0.0042, very high FOM of 

445.2, and high Q of 903.1 is exhibited.  

Table 7. 7 The sensing performance of malaria 

Disease n S FWHM FOM Q 

Malaria 
1.373 1.685 0.0048 351 806.46 

1.383 1.87 0.0042 445.2 903.1 

Dengue fever is a quickly spreading pandemic-prone illness that affects people worldwide. 

Dengue fever has been 30 times more common in the last 50 years. Nearly 50-100 million cases 

are predicted to occur annually in over 100 endemic countries, putting 80 percent of the world's 

population at risk [204]–[206]. The proposed DMMS is a good candidate for the detection of 

dengue virus effectively with a sensitivity of 2.2 THz/RIU, very low FWHM of 0.004, very high 

FOM of 550 (RIU-1), and high Q of 927.5 as depicted in Table 7. 8. 

Table 7. 8 The sensing performance of dengue virus 

Disease n S FWHM FOM Q 

Dengue 1.4 2.2 0.004 550 927.5 

Table 7. 9demonstrates the impact of graphene chemical potential (µc) on sensing parameters. It is 

observed that with an increase in µc, the sensor shows better sensing parameters with the tuning of 

resonant frequency and provides very low FWHM values, leading to high FOM and high Q values. 

But for higher values of µc (≥ 0.6), absorptivity gradually reduces. Better sensing performance is 

observed for µc = 0.4 with S of 2.278, FOM of 949.16, and Q of 1583.3, respectively.   
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Table 7. 9 The effect of µc on sensing parameters 

µc S FWHM FOM Q A (%) 

0 2.2 0.004 550 927.5 99.993 

0.2 2.24 0.003 746.6667 1250 99.989 

0.4 2.278 0.0024 949.1667 1583.333 99.987 

0.6 2.281 0.0029 786.5517 1396.552 98.57 

0.8 2.285 0.0032 714.0625 1281.25 95.26 

1 2.29 0.0033 693.93 1251.51 92.05 

The absorber's performance is investigated in comparison with other recently published articles. 

The proposed structure shows ultra-narrow BW, which results in very high Q values, as depicted 

in table 7.10. The S of the proposed sensor is also high, which results in good absorber performance 

for small changes in RI. The proposed sensor is set to operate at 4.06 THz with high sensitivity of 

2.2 (THz/TU), a very high FOM of 550, and a high Q of 927.5. The thickness of the proposed 

structure is also less compared to the other research articles making it feasible for nano biosensor 

applications. These features make the proposed sensor suitable for biosensing applications. A very 

high Q of 927.5 is not implemented till now and can be implemented in the near future for detection 

in the field of biosensing applications.  

Finally, it is vital to describe the fabrication processes for the suggested absorber geometry since 

the realistic implementation of the DMMA, and its usage in various applications have significant 

potential [146], [188]. Thermal evaporation can build a metal layer on one side of the SiO2 

substrate. Using the chemical vapor deposition approach, a graphene sheet is created on copper foil 

and then transferred to the other side of the SiO2 substrate. A GCR is formed by patterning the 

transferred graphene sheet. The geometry of the GCR placed above the substrate can then have an 

ion-gel layer produced on top of it using the thermal evaporation process. The SSRR is created on 

the ion-gel layer using photolithography and large-scale microfabrication methods. Finally, a metal 
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gate for connecting the bias voltage is formed on the edge of the absorber unit cell [146], [188]. 

Fig. 7. 14 depicts the schematic representation of the biosensor when testing a sample with THz 

EM wave incidence. 

Table 7.10 Performance comparison with other research articles 

Ref Bands 
f 

(THz) 

S 

(THz/TU) 

FOM 

(1/RIU) 
Q 

Thickness 

(µm) 

Polarization 

Insensitivity 
Tunability 

Design 

Method 

Design 

Complexity 

[210] 1 0.6 0.007 2.3 11.6 518.2 Yes Yes Metamaterial Not easy 

[211] 1 0.4 0.0273 - 9.6 502 No No Metamaterial Not easy 

[212] 1 0.86 0.006 0.2 4.5 25 No No Metamaterial Easy 

[213] 1 1 0.016 - - 25 No No Metamaterial Not easy 

[214] 1 0.6 0.016 - 6 500 No No Metamaterial Easy 

[215] 1 2.249 0.0237 0.23 20.3 10.4 No Yes Metamaterial Not easy 

[216] 1 3.71 1.47 36.175 92.75 8.4 Yes No Metamaterial Not easy 

This 

work 
1 4.06 2.2 550 927.5 3.45 Yes Yes 

Dielectric 

based 

Metamaterial 

Easy 

 

 

Fig. 7. 14 Schematic diagram of THz detector when the sample is examined. 

It comprises a THz wave generator that emits EM waves toward the sample using an antenna. The 

detector is positioned at a distance to make it easier to load test samples. The incident THz wave 

strikes the sample, is reflected, and is subsequently transmitted and picked up by the detector. The 

spectrum analyser at the detector process these signals. These signals give information about 

transmitted (T) and reflected (R) signals. The absorption is then calculated using the equation A=1-
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R-T. The shift in resonant frequency with the change in RI of the sample will be analyzed in 

detecting the disease. 

7.4 Conclusion 
Two dielectric-based MMA is being developed for biosensing applications for the detection of 

malaria, dengue, cancer, malaria, glucose content in water, and other chemicals. Two sensors are 

developed and analysed for biosensing applications. First, the absorber is designed to sense 

cancerous cells, malaria, glucose in water and chemicals. Results show that the absorber exhibits a 

high sensitivity of 1.6 THz/RIU and 1.9 THz/RIU in the LB and UB, respectively, for cancerous 

blood cells, 0.5516 THz/RIU and 0.5162 THz/RIU for cancerous breast cells and 0.1295 THz/RIU 

and 0.1316 THz/RIU for skin cancer cells detection. For analyte thickness sensing, the sensor 

exhibits a high sensitivity of 0.5 THz/RIU and 0.4625 THz/RIU in LB and UB, respectively. For 

RI sensing, the absorber provides a sensitivity of 1.25 THz/RIU and 1.26 THz/RIU in the LB and 

UB, respectively. Also, the proposed sensor exhibits insensitivity to incidence angles up to 80o 

with an absorption rate greater than 0.6. Second, the absorber is designed to sense dengue, malaria, 

and glucose content in water. In this absorber performance is also verified by the circuit model 

using the transmission line method. The proposed sensor has a high S of 2.2 THz/RU for sensing 

the dengue virus with a FOM of 550 RIU-1 and a high Q of 927.5. For malaria detection, the 

proposed sensor offers a high S of 1.87 THz/RIU, a high FOM of 445.24, and a high Q of 903.1. 

The sensor provides a high sensitivity of 1.588 with a FOM of 288.73 and Q of 712.73 during the 

water detection with glucose. These features include the ultra-thin structure, simple design, 

tunability, polarization insensitivity, ultra-narrow absorption bandwidth, high S, high Figure of 

Merit (FOM), and high-quality factor (Q) values are all distinguishing features. Furthermore, the 

proposed sensor shows polarization-insensitive behaviour for TE and TM incident waves. The 

features like ultra-thin structure, simple design, tunability, polarization insensitivity, ultra-narrow 

absorption bandwidth, high sensitivity, high FOM, and very high Q values in a single device for 

detecting different diseases and chemicals make the proposed sensor new and unique.  
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Chapter 8 

 

Summary, Conclusion and Future Scope 

The research work reported in this thesis is carried out to find four following issues: 

i. Obtaining tunable response in DRA. 

ii. Obtaining tunable response in MIMO DRA. 

iii. Obtaining ultra-wide band response in DRA. 

iv. Obtaining multiband and ultra-wideband response in non-metallic absorber. 

v. Obtaining narrow band response for biosensing applications. 

This thesis is divided into two main parts: the design of dielectric resonator antennas 

(DRAs) and the design of absorbers for THz and biosensing applications. 

In Chapter 1, we provided an introduction, background, and the motivation for this 

research work. 

Chapter 2 focused on the design of a tunable graphene-based dielectric resonator 

antenna for terahertz applications. By rotating the rectangular DRA at a 45-degree angle, a 

quad-band circularly polarized response was achieved. The integration of graphene coating 

allowed for tunability, resulting in a multi-band response at different resonant frequencies. 

This work contributes to the field of THz dielectric resonator antennas by providing 
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circular polarization behaviour at multiple bands. The graphene potential of the antenna 

was varied to achieve CP tuning. 

Chapter 3 presented the design of three circularly polarized multiple-input multiple-

output (MIMO) DRAs for THz and unmanned aerial vehicle (UAV) applications. The first 

design involved a two-port MIMO DRA operating in the THz frequency regime, offering 

resonance at four bands and dual-sense circular polarization response. By varying the 

graphene potential, increased isolation between the two antennas was achieved. The second 

design introduced a 2x2 MIMO DRA, providing a dual-band dual-sense circular 

polarization response in the THz frequency region. Defected Ground Structures (DGS) 

were implemented to improve port isolation. Lastly, a CP-based wideband MIMO DRA 

for UAV satellite communications was introduced, featuring a new DGS technique to 

enhance impedance bandwidth (IBW) and axial ratio bandwidth (ARBW). This antenna 

exhibited a bandwidth of 8.4 GHz with tri-sense circular polarization response. The 

proposed designs aimed to minimize inter-channel interference and ensure high isolation 

between frequencies through the utilization of RHCP and LHCP responses. 

Chapter 4 presented the design of an ultra-wideband CP-based cylindrical dielectric 

resonator antenna (CDRA) for C-band and military satellite communication applications. 

The design involved stacking two identical cylindrical DRAs to achieve circular 

polarization. Techniques such as stacking of similar DRs, a stepped conformal microstrip 

feed line, and a new partial ground plane with circular rings were employed to achieve an 

ultra-wideband impedance bandwidth and wide axial ratio bandwidth. The antenna 

demonstrated over 90% radiation efficiency within the operating band. 

In Chapter 5, a graphene-based multiband absorber was designed using different 

geometric shapes for THz applications. Integration of circular, triangular, square, pentagon, 

and hexagon-shaped absorbers resulted in a unique absorber with absorption peaks at 

multiple resonant frequencies, averaging at 97.23% at THz frequency. The proposed 

absorber exhibited polarization insensitivity and wide incidence angle tolerance. 

Chapter 6 presented the design of a graphene-based ultra-wideband absorber for THz 

applications. The absorber consisted of four graphene-based hexagonal split rings, a 

dielectric substrate, and a graphene layer at the bottom. By varying the graphene chemical 
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potential, tunability was achieved. The proposed absorber exhibited polarization-

insensitive behaviour for both TE and TM modes, with absorption rates exceeding 90% for 

incidence angles up to 75o. These characteristics make it suitable for solar and photovoltaic 

cells and hold promise for future nanoscale systems. The absorber's narrow absorption 

characteristics at higher graphene chemical potential values also make it applicable to 

sensor applications. 

Lastly, in Chapter 7, two dielectric-based metamaterial absorbers (MMAs) were 

developed for biosensing applications, specifically for the detection of malaria, dengue, 

cancer, and glucose content in water. The first absorber was designed to sense cancerous 

cells, demonstrating high sensitivity and specific response frequencies for different types 

of cancer cells. The second absorber was designed for sensing dengue, malaria, and glucose 

content in water, exhibiting high sensitivity and excellent performance characteristics. 

These ultra-thin structure sensors featured simple designs, tunability, polarization 

insensitivity, ultra-narrow absorption bandwidths, and high sensitivity, FOM, and Q 

values. Additionally, they exhibited polarization-insensitive behaviour for both TE and TM 

incident waves. 

The future scope of this research work encompasses several areas of interest and potential 

avenues for further exploration. Firstly, there is a need for optimization of antenna designs 

to enhance performance characteristics such as radiation efficiency and bandwidth. This 

can be achieved through advanced design techniques and numerical optimization 

algorithms. Another area of interest lies in the development of novel materials, including 

graphene, MXene, ceramic materials, and nanomaterials, and the exploration of fabrication 

techniques to improve the properties of dielectric resonator antennas. The use of these 

materials can lead to enhanced antenna performance and expanded operational capabilities. 

Investigations into the effects of environmental factors, such as temperature and humidity, 

on antenna performance can provide valuable insights into real-world operating conditions 

and aid in the development of robust antenna systems. Additionally, the utilization of 

circularly polarized dielectric resonator antennas in wireless power transfer systems and 
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their impact on the next generation of wireless communication systems, such as 6G and 

THz communication, can be explored to improve system efficiency and reliability.  

Further research can delve into the use of circularly polarized dielectric resonator antennas 

in radar systems for enhanced detection and imaging capabilities. The development of 

circularly polarized dielectric resonator antennas for underwater communication and 

sensing systems holds promising applications in marine exploration and monitoring. 

Graphene-based dielectric resonator antennas offer the potential for operation at high 

frequencies, making them suitable for use in THz communication systems. Future research 

can focus on their integration into emerging wireless networks, such as 6G, and the 

development of flexible and transparent graphene-based dielectric resonator antennas for 

diverse applications. Moreover, graphene-based absorbers hold promise in various 

domains. Their application in terahertz spectroscopy for material analysis and 

identification can be further explored, along with the development of miniaturized and low-

cost graphene-based absorbers for portable and wearable devices. Investigating the effects 

of substrate properties on graphene-based absorber performance can provide valuable 

insights for optimization. 

Furthermore, the integration of graphene-based absorbers with microfluidic devices 

presents opportunities for rapid and high-throughput biosensing, enabling the detection of 

DNA, proteins, cells, viruses, and bacteria. Research focusing on enhancing the sensitivity 

of graphene-based biosensors through optimization of graphene thickness, surface 

functionalization, and hybridization with other materials can open avenues for point-of-

care diagnostics and other biosensing applications. The development of graphene-based 

absorbers for use in stealth technology, such as in aircraft and vehicles, is another area of 

interest. 

In future research, it is essential to explore the fabrication, characterization, and 

measurement of THz dielectric resonator antennas, absorbers, and biosensors. The 

measured data in the thesis at THz may differ from the simulation and can be explored in 

the future. Experimental validation and practical measurement techniques in the THz 

regime will provide valuable insights into their actual behaviour and performance, 

complementing theoretical and simulated studies. The development of low-cost and 
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portable devices suitable for resource-limited settings is another aspect worth exploring. 

Additionally, the application of graphene-based absorbers in space exploration and 

communication systems can be an exciting area for future research, enabling advanced 

communication technologies and exploration missions. To conclude, the future scope of 

this research encompasses optimizing antenna designs, exploring novel materials and 

fabrication techniques, investigating environmental effects, utilizing circularly polarized 

antennas in various applications, developing graphene-based absorbers for diverse 

purposes, integrating absorbers with biosensing platforms, and advancing THz dielectric 

resonator antennas and biosensors. These endeavours aim to unlock the full potential of 

these technologies in numerous practical applications and contribute to the advancement 

of the field. 
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