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ABSTRACT In this paper, a unique negative refractive index-metamaterial (NRI-MTM) structure is
proposed for traffic alert and collision avoidance system (TCAS) for aircraft application. The NRI-MTM
unit-cell structure is a combination of square and circular split ring structures. The proposed square and
circular split ring metamaterial (SCM) is designed on the top of a 1.6 mm thick FR-4 substrate, with a single
circular split ring on the bottom of the substrate. The total dimension of the SCM unit-cell is 23 × 23mm2

(0.08λ× 0.08λ), resonating at 1.06 GHz. This unit-cell is further used to create a 5× 4 array structure with
a dimension of 130 × 111mm2 (0.46λ × 0.4λ). A High-Frequency Structure Simulator (HFSS) is used to
assess the electromagnetic properties of the proposed structures. Furthermore, in order to analyse the double
negative (DNG) behaviour of the designed SCM structure, the unit-cell is rotated from 0 to 360 degrees with
a step of 60 degrees along the azimuthal plane. On doing so, it is observed that, the proposed SCM structures,
including unit-cell and array structures, exhibit DNG and NRI properties over the frequency band of 0.5 to
1.2 GHz, thus making it optimum for aircraft surveillance application. The SCM unit-cell and 5 × 4 SCM
array structure were fabricated, and the measured results are in well agreement with the simulated results.
Further, the array structure is used as a superstrate on the patch antenna to analyze the impact of the MTM
on the antenna performance. In comparison to the antenna without the MTM structure, the 5× 4 SCM array
loaded antenna has a gain improvement of 2.8dB and a bandwidth enhancement of 31.5MHz.
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INDEX TERMS Metamaterial, metamaterial slab, double negative, negative-refractive index, permittivity,
permeability.

I. INTRODUCTION19

The naturally available materials such as metals, ceramics,20

polymers, and glasses are processed in many different ways21

to develop newmaterials or breakthroughs in order to upgrade22

present technology to its utmost level. Natural materials23

have significant limitations in terms of generating exotic fea-24

tures for different applications. The synthetic material having25

an overall dimension less than the operating wavelength26

and exhibits exotic properties like negative permittivity (ε),27

The associate editor coordinating the review of this manuscript and

approving it for publication was Guido Valerio .

negative permeability (µ), and negative refractive index (n) 28

is well known as metamaterial (MTM). 29

The conception of MTM inspired many researchers to 30

construct a distinctive contribution in the research field. The 31

exceptional behavior of MTM is not determined by the base 32

materials; rather, its properties are influenced by the pre- 33

cise shape, size, geometry, and orientations. From a prag- 34

matic perspective, MTM offers some special electromagnetic 35

(EM) features that are not typically available in conventional 36

materials [1]. 37

In contrast to natural materials, the MTM interacts with 38

both light and sound waves in unanticipated patterns. 39
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TheMTM has the potential to control the propagation of light40

inside waveguides and in free space [2]. Therefore, the ability41

to influence the propagation of EMwaves and the outstanding42

features of MTMmade it appropriate for various applications43

such as antennas, satellite communication, optical filters,44

invisibility cloaking, shielding properties, biosensors, sensor45

detection, signal multiplexing, holography, data processing,46

and battlefield communication [3], [4], [5], [6], [7], [8], [9],47

[10], [11], [12], [13].48

FIGURE 1. Classification of metamaterial.

The MTMs are classified based on their EM properties as49

shown in Figure 1 [14]. The material is classified as Double50

Positive (DPS) if its ‘ε’ and ‘µ’ values are positive. All51

naturally available materials are DPS, and they will fall under52

quadrant I (QI). If one of the material parameters, either ‘ε’53

or ‘µ’, is negative, the material falls into quadrant II or IV54

and is referred to as a Single Negative (SNG) material [15].55

Double Negative (DNG) material, which belongs to quadrant56

III, is themost versatileMTMclass type. In thismaterial, both57

‘ε’ and ‘µ’ values become negative. The MTM with DNG58

will exhibit many exceptional properties, and its behavior will59

be completely different from the primitive laws [16]. Since60

the refractive index (n) in DNG is always less than zero, the61

inclination of the phase and group velocities is in the opposite62

direction, reversing the direction of wave propagation with63

reference to the energy flow direction [17]. These DNGmate-64

rials are used for various applications, which include antenna65

design. DNG materials have a significant impact on antenna66

parameters, specifically gain, bandwidth, and polarization.67

The concept of MTM with negative ‘ε’ and negative ‘µ’68

was first evinced by the Russian scientist V.G. Veselago in69

1968 [18]. The author used a lossless MTM to theoretically70

explain the propagation of EM waves and their extraordinary71

properties such as negative refraction, reverse Doppler effect,72

Cerenkov radiation, and negative group speed, that are not73

discovered in naturally available materials. Veselego’s theory74

remained idle for almost 29 years till Prof J.B Pendry intro-75

duced the combination of Thin-Wire (TW) and the Split Ring76

Resonator (SRR) structure in the year 1996, where the SRR77

structure exhibits the negative ‘µ’ [19] and the TW structure78

exhibits the negative ‘ε’ [20]. Later, D.R Smith et al proposed 79

the new MTM structure with negative ‘ε’ and negative ‘µ’ 80

in the year 2000, and it was experimentally tested to obtain 81

its exceptional properties [21]. The MTM slab having two 82

dimensional (2D) array of uniformly reiterated unit-cells of 83

SRR and copper strips are experimentally validated for neg- 84

ative refraction by Shelby et al in 2001 [22]. 85

A novel MTM unit-cell for satellite applications was pro- 86

posed in [23]. The proposed MTM structure was developed 87

on a 1.6mm thick FR-4 dielectric substrate with an overall 88

dimension of 30 × 30mm2. For the parametric analysis and 89

comparative study, different substrate materials such as lossy 90

Polymide, Aluminum Nitride, and Rogers RT 6010 were 91

utilized. The combination of SRR and a capacitive loaded 92

strip (CLS) MTM was presented for L and S frequency band 93

operation in [24]. The primary objective of the proposed 94

MTM is to improve the gain of the patch antenna. The 95

inclusion of CLS has added additional capacitance to the 96

structure, resulting in a lower stop-band. 97

A novel three different triangular-shaped SRR with CLS 98

was proposed in [25]. The two coupled triangular SRR 99

was combined with CLS to generate the DNG character 100

for the frequency spectrum ranging from 2.5GHz to 6GHz. 101

All three triangle MTM configurations were simulated on 102

2 separate substrates, FR-4 and RT/Duroid 5880, in order to 103

analyze and compare the parameters. A novel MTM unit-cell 104

comprising a circular-shaped single-loop resonator (SLR) 105

and a pair of short capacitor-loaded strips was proposed 106

in [26]. The proposed MTM structure was developed on a 107

0.8mm thick Rogers 6006 substrate with an overall dimension 108

of 15 × 15 mm2. This novel structure exhibits DNG charac- 109

teristics in the frequency range of 0.5GHz to 3GHz, making 110

it appropriate for L and S-band applications. 111

A circular, square, triangular, and hybrid single-loop res- 112

onator (SLR) MTMs was proposed in [27]. All four MTM 113

structures were simulated on a 1mm thick Rogers 3003 sub- 114

strate. Initially, circular, square, and triangular MTMs were 115

developed, with all of the designs exhibiting multi-band oper- 116

ation with a relatively narrow bandwidth. To improve band- 117

width and expand the number of frequency bands, a hybrid 118

SLRwas developed by combining square and triangle-shaped 119

resonators. The new hybrid SLR design has increased the 120

number of frequency bands from three to four, consider- 121

ably improving bandwidth. The proposed MTM structure is 122

suitable for S and L bands with a frequency ranging from 123

2.5 GHz to 5.5 GHz. Similarly, for L and S frequency band 124

applications, a significant number of DNG MTM structures 125

have been proposed, including S-shape [28], � -shape [29], 126

broadside-coupled (BC) and modified BC [30], open-loop 127

single square [31], and H-shape [32]. 128

In [33], a quad-element patch antenna positioned in cir- 129

cular fashion was proposed for aircraft surveillance applica- 130

tion. A traditional MTM with a combination of square SRR 131

and TW structure is designed on a flexible Teflon dielectric 132

substrate to maximize the gain of the antenna. The MTM 133

unit-cell has an overall dimension of 30 × 30mm2 and an 134
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effective medium ratio of 9.4. In this study, 8 layers of135

3× 4 and 8 layers of 2× 4 MTM slab were deployed around136

all four directions of the antenna to achieve an 8.2 dB gain137

enhancement (Conventional antenna gain is 6.9dB).138

In surveillance applications, a high gain antenna is essen-139

tial for achieving a focused, narrow beam width and more140

accurate radio transmission targeting. In addition to high141

gain, wider bandwidth is also important to maximize channel142

capacity, extend surveillance over a larger area, and improve143

airspace efficiency. Hence, a compact, simple, low-profile,144

high gain, and broad bandwidth MTM loaded patch antenna145

is needed for this application.146

In this research, a unique combination of square and cir-147

cular split ring resonator (SCSRR) with open stubs are used148

to create a novel NRI-MTM for enhancing the bandwidth149

and gain of the Traffic alert and collision avoidance system150

(TCAS) antenna. The coupled SCSRR design on top of the151

substrate generates the negative ‘µ’ at the 1.06 GHz resonant152

frequency. The TW structure was adopted in many prior153

studies to generate negative ‘ε’, however, in this work, the154

TW structure is substituted by a circular SRR of finite dimen-155

sion to accomplish negative ‘ε’ characteristics. The proposed156

NRI-MTM array is utilized as a superstrate to examine the157

impact on antenna performance, particularly antenna gain and158

bandwidth.159

The article is organized as follows: Section II details160

the theoretical analysis of the proposed SCM unit-cell,161

Section III describes design and the characteristic analysis162

of the SCM unit-cell, Section IV discusses the results and163

discussion of the proposed SCM structures, and Section V164

concludes the work with potential future directions.165

II. THEORETICAL ANALYSIS OF SCM UNIT-CELL166

The SCM is a hybrid MTM structure. The standard expres-167

sions are used to construct each square and circular SRRs.168

Initially, the theoretical procedure for constructing the outer169

square SRR with a single gap is described. Later, the proce-170

dure adopted to construct the circular SRRs is discussed.171

The structure and cross-section of the single outer square172

SRR are depicted in Figure 2(a). At the resonating frequency,173

the square SRR will be represented as a parallel LC circuit as174

shown in Figure 2(b).175

The overall capacitance (C1) is the summation of the176

surface capacitance (CSurf ) and the gap capacitance (Cgap).177

When a square SRR structure is exposed to a magnetic field178

imposed across the y-axis, an electromotive force (EMF)179

is induced across the square SRR, making the structure to180

function like an LC networkwith a resonating frequency (f 01)181

expressed as [34]182

f01 =
1

2π
√
L1C1

(1)183

where, L1 is the inductance which represents the total length184

of the square ring, and C1 is the total capacitance.185

FIGURE 2. (a) The 3D structure and cross-section of outer square SRR
(b) Equivalent LC circuit of outer square SRR. Classification of
metamaterial.

The inductance L1 and capacitance C1 are expressed as 186

L1 = µ0am

(
ln

8am
h+ w

− 0.5
)

(2) 187

where am denotes the mean length of the square ring, 188

am = a+ w
2 , h is height, and w is thickness. 189

The total capacitance (C1), which is the combination of gap 190

and the surface capacitance is given by 191

1
C1
=

1
Cgap

+
1

CSurf
(3) 192

where the expressions for Cgap and CSurf is given by 193

Cgap = ε0

wh
g
+

2πh

ln
(
2.4h
w

)
 (4) 194

CSurf =
2ε0h
π

ln
4a
g

(5) 195

where g denotes split gap width of square SRR. 196

By substituting the values µ0 = 4π × 10−7N/A2, 197

a = 11.25mm, h = 1.6mm,w = 1mm, g = 0.5mm, and 198

ε0 = 8.85× 10−12F/m, an inductance (L1) value of 71.32 nH 199

and capacitance (C1) value of 685.97 pF were theoretically 200

recorded for the outer square SRR structure. Hence, the f01 201

for the outermost ring without coupling effect is 0.72 GHz. 202

To find the f01 with coupling effect, the separation distance 203

between outermost SRR and the consecutive SRR needs to 204

be included in the calculation. In our design, the distance 205

between two SRR is 5.6mm, hence, the f01 for the out- 206

ermost ring is 1.61 GHz which is close to the simulated 207

value (1.7GHz). 208

The structure and cross-section of a single split inner 209

circular SRR is depicted in Figure 3(a), whereas Figure 3(b) 210

illustrates its equivalent LC circuit. For the circular ring 211
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FIGURE 3. (a) The 3D structure and cross-section of inner circular SRR
(b) Equivalent LC circuit of inner circular SRR.

structure, the resonating frequency, f02 is given by [35], [36]212

f02 =
1

2π
√
L2C2

(6)213

where, L2 is the inductance which represents the diameter of214

the circular ring, and C2 is the total capacitance.215

The inductance (L2) and capacitance (C2) can be expressed216

as217

L2 = µ0Rm

(
ln

8Rm
h+ w

− 0.5
)

(7)218

where Rm is the circular ring mean radius, Rm = R+ w
2 .219

Cgap = ε0

wh
g
+

2πh

ln
(
2.4h
w

)
 (8)220

CSurf =
∫ π

θg

σRdθ
V

221

= ε0h
∫ π

θg

cot
(
θ
2

)
π − θ

dθ ≈
2ε0h
π

ln
4R
g

(9)222

The following expressions are used to calculate the σ and V ,223

σ =
ε0V0
2πR

cot
θ

2
; V =

C2

π
(π − θ) (10)224

where θ is the angle depicted in Figure 3(a), and V0 denotes225

the applied voltage across the gap.226

The total capacitance (C2) is given by,227

1
C2
=

1
Cgap

+
1

CSurf
(11)228

By substituting the values µ0 = 4π × 10−7N/A2,229

R = 9mm, h = 1.6mm,w = 0.5mm, g = 0.5mm, and ε0 =230

FIGURE 4. SCM design: (a) top-view and (b) bottom-view.

8.85 × 10−12F/m, an inductance (L2) value of 45.4297 nH 231

and capacitance (C2) value of 473.70 pF were theoretically 232

recorded. Hence, the f02 for the outer circular SRR structure 233

is 1.08 GHz. Since, this is the innermost SRR without any 234

following SRR structure, the resonating frequency remains 235

unchanged for with and without coupling. 236

The same procedure was followed to calculate the ground 237

circular SRR structure. By substituting the values µ0 = 238

4π × 10−7N/A2, R = 5mm, h = 1.6mm,w = 1mm, g = 239

0.5mm, and ε0 = 8.85× 10−12F/m, an inductance (L3) value 240

of 13.69 nH and capacitance (C3) value of 255.08 pF were 241

theoretically recorded. Hence, the f03 for the ground circular 242

SRR structure is 2.69 GHz. The f03 with mutual coupling 243

effect becomes 1.03GHz 244

III. DESIGN AND ANALYSIS OF SCM UNIT-CELL 245

In this section, the proposed SCM unit-cell is designed 246

and experimentally analysed inside the waveguide structure. 247

Further, the unit-cell is experimentally validated for DNG 248

material behaviour. 249
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TABLE 1. SCM design specifications.

FIGURE 5. Simulation set up of the SCM unit cell.

A. DESIGN OF SCM UNIT-CELL250

The proposed SCM unit-cell imported from HFSS software251

are depicted in Figure 4(a) and (b). The proposed SCM is252

designed on a 1.6mm thick FR-4 dielectric substrate with253

an overall dimension of 23 × 23mm2. The substrate has a254

relative permittivity (εr ) of 4.4 and a loss tangent (tan δ)255

of 0.02. The SCM unit-cell consists of one coupled square256

and circular SRR on the substrate, and a unit circular SRR257

on the ground plane of the substrate. The dimension of the258

outer square ring is 22.5 × 22.5mm2 (0.0796λ × 0.0796λ)259

with a thickness of 1mm, and the gap between the square260

ring and the outer circle is around 5.6mm. The circular SRR261

which is placed on top of the substrate material has an outer262

radius of 9mm from the origin and a thickness of 0.5mm,263

whereas, the ground circular SRR has an outer radius of264

5mm from the origin and a thickness of 1mm. The coupled265

square and circular rings produce the overall structure induc-266

tance, while the splits in the coupled SRR produce the total267

capacitance. An annealed copper having a conductivity (σ )268

of 5.8 × 107 S/m was used to construct the SCM structure.269

TABLE 1 presents the complete parameter dimension of270

the proposed SCM structures in mm.271

Figure 5 depicts the simulation/experiment setup of the272

SCM unit-cell. Here, the EM waves are distributed between273

waveguide ports 1 and 2, which are located at the positive274

and negative sides of the z-axis, respectively. To obtain the275

periodicity of the SCM unit-cell, the perfect electric con-276

ductor (PEC) boundary condition is applied to the sides of277

the unit-cell normal to E-field, and PMC (perfect magnetic 278

conductor) to the sides normal to the H-field is applied. All 279

SCM structures (unit-cell and array structures) presented in 280

this paper will be confined by the same boundary conditions. 281

For the simulation, a frequency range of 0.5 - 2 GHz was 282

used. The radiation box is the simulation chamber, and its 283

dimension is 23 × 23 × 70mm3. 284

The proposed SCM unit-cell operates at TE10 mode. The 285

electric field distribution, and the propagation of EM wave 286

inside the waveguide structure is illustrated in Figure 6. 287

The waveguide setup will provide the S-parameter data of 288

the designed structure, and the same data will be utilized to 289

retrieve the effective parameters such as ‘ε’, ‘µ’, and ‘n’. The 290

‘ε’ and ‘µ’ are two importantmaterial qualities that determine 291

how materials polarize in electric and magnetic fields. 292

To extract the properties of the MTM, several tech- 293

niques, such as transmission-reflection (TR), Lossy-Drude, 294

and Nicolson-Ross-Weir are used. In our study, the NRW 295

technique was utilized to characterize the designed SCM 296

structure. The values of effective permittivity (εeff ), effec- 297

tive permeability (µeff ), ‘n’, and wave impedance (z) are 298

computed using the Eq (12) to Eq (15) (NRW simplified 299

equations) [37] 300

εeff =
n
z

(12) 301

µeff = n.z (13) 302

where, 303

n = cos−1
((

1− S211 + S
2
21

)
2S21

)
/kδ (14) 304

and 305

z =
√[
(1+ S11)2 − S221

]
/
[
(1− S11)2 − S221

]
(15) 306

where k is the wavenumber, δ denotes slab thickness. 307

Figure 7 depicts a full five-step parametric simulation 308

used to create the final unit-cell structure, with the last stage 309

exhibiting significant transmission at 1.06 GHz. Figure 6(b) 310

shows the simulated reflection coefficient (S11) and transmis- 311

sion coefficient (S21) of each stage in logarithmic and linear 312

scales. As shown in steps 3 and 5, two open circuit stubs of 313
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TABLE 2. The performance of the proposed unit-cell at various azimuthal angles.

FIGURE 6. (a) Magnitude plot of SCM unit cell E-field distribution at
Mode 1. (b) Magnitude plot of E-field distribution inside the waveguide at
Mode 1.

2mm length are placed on the coupled SCSRR and the ground314

circular SRR.315

In general, stubs are widely used in impedance matching316

circuits to correct for minor mismatches. An open-circuit stub317

of finite length ‘l’ will exhibit the capacitive behaviour if318

βl < π
2 , and inductive behaviour if βl > π

2 (where β319

is the phase constant of transmission line). Both stubs have320

a βl value of 1.185, which is smaller than the π
2 (1.57),321

indicating that they are capacitive in nature. The addition 322

of an open-circuit stub on the coupled SCSRR elevated the 323

resonating frequency from 1.02GHz to 1.04GHz, as shown in 324

the S11 and S21 plots of step 3, and another stub on the ground 325

plane increased the resonating frequency from 0.99GHz to 326

1.06GHz, as shown in the S11 and S21 plots of step 5. 327

The proposed SCM unit-cell is rotated along the azimuthal 328

plane from 0 to 360 degrees with a 60-degree interval, 329

as shown in Figure 8, to further verify for DNG behav- 330

ior. During these six stages, the values of effective char- 331

acteristics such as ‘ε’, ‘µ’, and ‘n’ are recorded. From 332

Figure 8(a) to (f), it is evident that in all six stages the 333

proposed SCM exhibit negative characteristics throughout a 334

frequency band of approximately 0.5 – 1.2 GHz and yield a 335

DNG response at the designed frequency, that is at 1.06 GHz. 336

As a result, the proposed SCM is considered as the double 337

negative MTM, and it is very well suited for L-band applica- 338

tions. The performance of the SCM unit-cell is evaluated at 339

various azimuthal angles, and the results are summarized in 340

TABLE 2. 341

IV. RESULTS AND DISCUSSION 342

This section discusses the simulated and measured results 343

of SCM unit-cells and the number of SCM array structures. 344

Furthermore, the results of parametric analysis for various 345

split widths, distance between rings, metal width of rings, and 346

use of different substrate materials are thoroughly discussed. 347

A. FABRICATION SETUP 348

Figure 9 (a) to (e) depicts the fabricated SCM structures as 349

well as the experimental setup for evaluatingMTM character- 350

istics. Both the SCM unit-cell and the 5× 4 SCM array were 351

measured using the same experimental setup. To determine 352

the ωm (magnetic resonance frequency) of the SCM struc- 353

ture, the EM wave transmission through the SCM unit-cell 354

and the array structure must be measured. To measure the 355

wave transmission through the unit-cell, it is placed between 356

the two horn antennas, as shown in Figure 9(d). 357

The horn antenna and the unit-cell are separated by a 358

distance of 10 cm. Initially, the transmission spectra are 359

measured in free space and their values are recorded in 360

the absence of SCM unit-cell. Next, the recorded data was 361
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FIGURE 7. (a) Step-wise analysis of the SCM unit-cell structure. (b) S-Parameters in logarithmic scale (dB) and linear scale.

99796 VOLUME 10, 2022



M. Pallavi et al.: Modeling of a NRI-MTM Unit-Cell and Array for Aircraft Surveillance Applications

FIGURE 8. The amplitude values of the effective parameter (a) at 0◦ or 360◦ (b) at 60◦ (c) at 120◦ (d) at 180◦ (e) at 240◦ (f) at 300◦.

utilized to regulate the Agilent N5247A vector network ana-362

lyzer (VNA). After calibration, the proposed SCR unit-cell363

is placed between the horn antennas to measure EM wave364

transmission and reception. In this experiment, one horn365

antenna is used to transmit the EM wave, while the other366

is used to detect the MTM unit-cell response. The SCM367

array structure is also subjected to the same calibration and368

measurement procedures as depicted in Figure 9(e). In this369

case, the horn antenna and the array structure are separated370

by 15cm. In general, the antenna and the MTM structure371

are separated by a certain distance to ensure a minimum372

near-field effect on the transmission.373

To reduce the sample edge effect, the distance between the 374

horn antenna and the sample (SCM unit-cell or Complete 375

slab) must be carefully calibrated to project the majority of 376

the incident wave within the region covered by the sample. 377

Furthermore, a precise separation distance is essential for 378

measuring parameters such as transmission and reflection 379

coefficients with a high SNR (Signal to noise ratio). 380

B. SCM UNIT-CELL ANALYSIS 381

Figure 10 (a) to (d) illustrates the scattering parameter 382

results such as S11, S21, and the effective medium results 383

including ‘ε’, ‘µ’, and ‘n’ for SCM unit-cell. As depicted 384
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FIGURE 9. Fabricated SCM structures (a) top-view of the SCM unit-cell,
(b) bottom-view of the SCM unit-cell, (c) 5 × 4 SCM array, and
(d) experimental setup for unit-cell and 5 × 4 array.

in Figure 10(a), the simulated SCM unit-cell resonates at385

1.06 GHz with a magnitude of −35.02 dB, whereas the386

measured SCM resonates at 1.06 GHz with a magnitude of 387

−32.38 dB. This implies that the experimental and simulated 388

results agree well. 389

A small discrepancy in magnitude and the frequency 390

of the measured and simulated results is observed in the 391

Figure 10(a). The resonances around 0.6 to 0.7GHz and 392

1.4 to 1.5GHz exhibit a frequency discrepancy between 393

the simulated and measured results, which may be due to 394

the addition of manufacturing and calibration errors with the 395

mutual coupling effect between twowaveguide ports. Despite 396

these discrepancies, the fabricated result closely resembles 397

the simulated outcome. The difference between simulated 398

and measured results is also affected by the type of substrate 399

material, with approximately 5% experimental error being 400

acceptable for lossy substrate materials [38], [39]. 401

In general, the difference between simulated and measured 402

data could be caused by one of the following factors: 403

i. Calibration error of the Agilent N5247A vector network 404

analyzer (VNA) 405

ii. Minor flaws in the fabrication process 406

iii. Effect of the mutual resonance across the transmitting 407

and receiving waveguide ports will always modify the inter- 408

pretations and cause minor variation in both data. 409

iv. The dielectric constant of the substrate material has a 410

considerable impact on the measurement data. In general, 411

the substrate permittivity will always influence the resonat- 412

ing frequency. In general, the permittivity of the substrate 413

will always have an effect on the resonating frequency. 414

The increase in permittivity will slightly drag the peak 415

resonance points towards the lower frequencies. Further- 416

more, the permittivity variation will also affect the capac- 417

itance values between the ground plane and the radiating 418

patch. 419

v. The difference between the transmission and the reflec- 420

tion coefficient, along with frequency shift and the break 421

in resonating frequency, is primarily caused by the fact 422

that not all of the incoming power will be reflected or 423

transmitted. 424

The real permittivity value reaches negative at 0.68 GHz 425

as illustrated in Figure 10 (b), and the negative region has 426

been extended up to 1.21 GHz. The permittivity value of 427

−4.96 dB is recorded at the resonating frequency. The real 428

permeability value falls below zero at 0.67 GHz with a 429

−21.9 dB amplitude, as shown in Figure 10 (c), and the 430

negative zone has been extended up to 1.25 GHz. The peak 431

permeability value of −28.9 dB is recorded at 0.71 GHz, 432

whereas at the resonating frequency, the permeability value is 433

−5.7 dB. Furthermore, the proposed SCM unit-cell exhibits 434

LHM characteristics in the frequency range of 0.67 GHz 435

to 1.21 GHz, as shown in Figure 10 (d). Hence, the pro- 436

posed SCM structure is well suited for aircraft surveillance 437

applications. 438

The effective medium ratio (EMR) defines the compact- 439

ness of any MTM structure [40]. The EMR is defined as 440

the ratio of the wavelength to the length of the MTM unit- 441

cell, as given in Eq (16). To accomplish the double negative 442
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FIGURE 10. Quantitative findings of (a) simulated and measured S-parameters, (b) permittivity (ε), (c) permeability (µ), and (d) refractive
index (n).

FIGURE 11. (a) Axial structure. (b) Coupling distance analysis for 1 × 2 SCM array structure.

characteristics in the designedMTMunit-cell, the EMR value443

should always be greater than 4. For the proposed SCR unit444

cell, the EMR value is 12.57.445

EMR =
Wavelength (λ)

Length of unit cell (L)
(16)446

C. MUTUAL COUPLING ANALYSIS 447

This section discusses the various inter-unit cell coupling 448

effects for 1 × 2 and 2 × 2 SCM array structures. 449

Figure 11 depicts four identical 1 × 2 SCM array structures 450

with varying mutual coupling distances. The coupling dis- 451

tance between SCM unit-cell is varied from 0.25mm to 1mm, 452

VOLUME 10, 2022 99799



M. Pallavi et al.: Modeling of a NRI-MTM Unit-Cell and Array for Aircraft Surveillance Applications

FIGURE 12. Coupling distance analysis for 2 × 2 SCM array structure.

FIGURE 13. Transmission coefficient plot for (a) 1 × 2 SCM array structure and (b) 2 × 2 SCM array structure.

and as the separation distance increases from 0.25mm to 1mm453

with an interval of 0.25mm, there is a significant increase in454

the resonating frequency as illustrated in Figure 13(a). The455

1 × 2 SCM array structure resonates at 1.06GHz with a456

reflection coefficient of −34.10 dB when the unit-cells are457

separated horizontally by 0.5mm coupling distance. In meta-458

material, short range coupling between unit-cell occurs459

because of the nearest resonator. In the case of a 2 × 2 SCM460

array, the four structures (SCM 5 to SCM 8) are identical461

in shape but separated by different horizontal and vertical462

coupling distances as depicted in Figure 12. As shown in463

Figure 13(b), the horizontal and vertical distances are varied464

from 0.25mm to 1mmwith 0.25mm intervals to determine the465

effect ofmutual coupling on the resonating frequency. Several466

combinations of horizontal and vertical coupling distances467

are examined to establish the best mutual coupling, and468

when the unit-cells are separated by 0.5mm coupling distance469

(horizontally and vertically), the 2 × 2 SCM array resonates470

at 1.06GHz with a reflection coefficient of −34.30 dB. As a 471

result, the same coupling distance is maintained even for the 472

5 × 4 SCM array structure. 473

D. SCM ARRAY ANALYSIS 474

In this section, various array configurations of the proposed 475

SCM structure are discussed. Since a single MTM unit-cell 476

cannot manifest the rational exotic electromagnetic behavior, 477

several sets of SCM array structures, such as 2 × 1, 2 × 2, 478

and 5 × 4, are designed and analyzed for both S-parameters 479

and effective parameters. The same simulation and analysis 480

approach that was utilized for the SCM unit-cell was adopted 481

for all of the proposed SCM array structures. 482

1) SCM ARRAY (2 × 1) 483

Figure 14 (a) depicts the simulated structure of a 2 × 1 484

SCM array. The overall dimension of the structure is 485

46 × 23 mm2 (0.165λ × 0.0815λ). The two unit-cells 486
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FIGURE 14. SCM array design: (a) 2 × 1 SCM structure, (b) simulation setup, (c) simulated S-parameter plot, (d) real effective
parameter plot, and (e) imaginary effective parameter plot.

are separated by a distance of 1mm. Figure 14(b) shows487

the simulation setup for retrieving the S-parameters.488

Figure 14(c) depicts the recorded S-parameter values of a489

2 × 1 SCM array, demonstrating that the array structure490

resonates at 1.06 GHz with a magnitude of −34.8 dB.491

The simulated data is then utilized to extract the effective492

parameters of the SCM array structure.493

As illustrated in Figure 14 (d), the real ‘ε’, ‘µ’, and ‘n’ 494

values for a 2× 1 SCM array becomes negative at 0.56 GHz, 495

with amplitudes of −11.04 dB, −18.01 dB, and −14.98 dB, 496

respectively. The amplitude values of ‘ε’, ‘µ’, and ‘n’ for the 497

designed frequency are−0.91 dB,−14.80 dB, and−5.08 dB, 498

respectively, at the resonating frequency. Figure 14(e) 499

depicts the imaginary plot of the effective parameters. 500
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FIGURE 15. SCM array design: (a) 2 × 2 SCM structure, (b) simulation setup, (c) simulated S-parameter plot, (d) real effective
parameter plot, and (e) imaginary effective parameter plot.

The array has a double negative region for the frequency501

band of 0.55 - 1.19 GHz.502

2) SCM ARRAY (2 × 2)503

Figure 15 (a) depicts the simulated structure of a 2 × 2 SCM504

array. The overall dimension of the structure is 46× 46 mm2
505

(0.165λ × 0.165λ). The unit-cells are separated by 1mm on506

both the horizontal and vertical axes. Figure 15 (b) shows the 507

simulation setup for retrieving the S-parameters. A frequency 508

spectrum of 0.5 - 2 GHz was used for the simulation. 509

Figure 15 (c) depicts the recorded S-parameter values of a 510

2 × 2 SCM array, demonstrating that the array structure res- 511

onates at 1.06 GHz with a magnitude of−35.2 dB. The simu- 512

lated data is then utilized to attain the effective parameters of 513
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FIGURE 16. SCM array design: (a) top and (b) bottom view of 5 × 4 SCM structure, (c) simulation setup, (d) simulated and measured S-parameters, (e) real
effective parameter plot, and (f) imaginary effective parameter plot.
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FIGURE 17. (a) Surface current distribution. (b) E-field distribution. (c) Vector representation of E-field distribution. (d) H-field distribution.
(e) Vector representation of H-field distribution for SCM unit-element, 2 × 1 and 2 × 2 SCM array.
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FIGURE 18. The S21 plot for different split width.

FIGURE 19. The S21 plot for gap between coupled square and circular
ring.

the SCM array structure. As depicted in Figure 15(d), the real514

‘ε’, ‘µ’, and ‘n’ values for a 2 × 2 SCM array become nega-515

tive at 0.56 GHz, with amplitudes of−12.21 dB,−18.08 dB,516

and −14.62 dB, respectively. The amplitude values of ‘ε’,517

‘µ’, and ‘n’ for the designed frequency are −1.04 dB,518

−15.18 dB, and −6.09 dB, respectively. Figure 15(e)519

depicts the imaginary plot of the effective parameters. The520

array has a double negative region for the frequency band521

of 0.55 - 1.19 GHz.522

3) SCM ARRAY (5 × 4)523

The top and bottom-view of the proposed 5 × 4 SCM524

array structure imported from HFSS software are depicted in525

Figure 16(a) and (b). The overall dimension of the structure526

is 130 × 111 mm2.527

All the unit-cells are separated by 1mm on both the hori-528

zontal and vertical axes. Figure 16 (c) shows the simulation529

FIGURE 20. The S21 plot for different square and circular ring width.

setup for retrieving the S-parameters. A frequency spectrum 530

of 0.5 - 2 GHz was used for the simulation. As depicted 531

in Figure 16 (d), the simulated 5 × 4 SCM array resonates 532

at 1.06 GHz with a magnitude of −24.2 dB, whereas the 533

measured SCM resonates at 1.06 GHz with a magnitude of 534

−22.8 dB. The simulated data is then utilized to find the 535

effective parameters of the SCM array structure. As shown 536

in Figure 16 (e), the real ‘ε’, ‘µ’, and ‘n’ values for a 537

5 × 4 SCM array become negative at 0.83 GHz, with ampli- 538

tudes of −4.98 dB, −21.83 dB, and −9.81 dB, respectively. 539

The amplitude values of ‘ε’, ‘µ’, and ‘n’ for the designed fre- 540

quency are−7.12 dB,−4.99 dB, and−5.90 dB, respectively. 541

The imaginary plot of the effective parameters is illustrated in 542

Figure 16 (f). This structure has a double negative region for 543

the frequency band of 0.83 - 1.19 GHz. 544

Figure 17 depicts the surface current, electric (E) and 545

magnetic (H) field distributions, and vector representations 546

of the E and H field distributions of the proposed NRI-MTM 547

at 1.06GHz. The surface current distribution depicts the scat- 548

tering of electrical current caused by the applied electro- 549

magnetic (EM) fields. The density of the surface current is 550

maximum at the outer SRR and the upper surface of the 551

subsequent circular SRRs, as shown in Figure 17(a). Since 552

the two ring (Outer SRR and Inner SRR) currents are parallel, 553

it tries to strengthen the H-field formed by them, resulting in 554

a strong coupled H-field encircling these two rings, as seen 555

in Figure 17(d). In addition to H-field, the density of E-field 556

is particularly high in the region of the two outer SRR. The 557

strong E and H-field around the outer SRR causes E and H 558

resonance, which leads to resonances in scattering variables 559

at the operating frequency. 560

The dependence of the H-field on the current density may 561

be evaluated by comparing the distribution of the H-field 562

along with the current density. By carefully inspecting the 563

E-field distribution as illustrated in Figure 17(b), it is clear 564

that the E-field distribution is strongly connected to the 565

rate of change of the H-field, implying that a high E-field 566
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distribution is observed wherever the rate of change of the567

H-field is high. As a result, it satisfies the E and H-field568

relation stated byMaxwell’s equation [41]. Hence, the contri-569

bution of various parts of the resonator to the EM properties570

allows S21 to resonate at the desired frequency. The moderate571

current distribution is observed at the split of the circular SRR572

placed on the ground plane. The E-field distribution and its573

vector representation for SCM unit-cell, 2 × 1 SCM array,574

and 2 × 2 SCM array at the resonant frequency are shown575

in Figure 17(b). The E-field distribution is particularly dense576

on both sides, the bottom surface of the square SRR, and577

around the split of the circular SRR. The field distribution578

is moderate on all sides and the bottom surface of the circular579

SRR.580

The vector plot represents the direction of field disper-581

sion. As depicted in Figure 17(c), the field movement of582

the proposed SCM unit-cell is clockwise on the top side583

and anticlockwise on the bottom side, and a similar field584

distribution has been observed for the array structures as585

well. The H-field distribution on the proposed structures is586

depicted in Figure 17(d), and the H-field distribution is very587

dense on both sides, as well as on the top surface of the588

square SRR and the upper half of the circular SRR. The589

field distribution is moderate on either sides of the circular590

SRR. As seen in Figure 17(e), the scattered H-field begins591

to flow in the same direction and accumulates at the split592

or gap between the circular and square SRRs. As shown593

in Figure 17(b) & (d), the E and H-fields display opposite594

excitation at the resonant frequency, hence the proposed NRI-595

MTM (unit-cell, 1 × 2 SCM array, and 2 × 2 SCM array)596

fulfils the Maxwell equation [39], [42], [43].597

The performance of the proposed SCM structures is sum-598

marized in TABLE 3.599

E. PARAMETRIC STUDY600

The proposed SCM unit-cell has been simulated multiple601

times to ensure the optimum MTM performance. Initially,602

the square ring was chosen as the outermost ring, and then603

the proposed SCR structure was developed using the trial and604

error approach. Four parametric analyses were conducted in605

order to understand the design constraints and to determine606

the best structure for the MTM.607

1) PARAMETRIC ANALYSIS OF SPLIT WIDTH608

The proposed SCR unit-cell design includes three splits of609

the same width. Two splits are etched on the coupled square610

and circular ring that is placed on the substrate, and one split611

is etched on the circular ring which is placed on the ground612

plane. As depicted in Figure 18, the split gap was varied from613

0.3 mm to 0.7 mm, and the corresponding transmission coef-614

ficient (S21) and the resonating frequency for each width are615

recorded. In theory, increasing the split gap reduces the over-616

all capacitance, resulting in a higher resonating frequency.617

From the simulated results, it is clear that the split width had618

an effect on the (S21) as well as the resonating frequency. For619

the proposed structure, the split width of 0.5 mm is chosen,620

TABLE 3. Recorded values of S21 and resonating frequency for different
split widths.

TABLE 4. Recorded values of S21 and resonating frequency for different
square and circular ring gap.

and an S21 of −34.8 dB at 1.06 GHz has been recorded for 621

this width. TABLE 3 shows the simulated values of S21 and 622

their corresponding frequencies for various split widths. 623

2) PARAMETRIC ANALYSIS OF THE GAP BETWEEN THE 624

SQUARE AND CIRCULAR RINGS 625

As shown in Figure 19, the spacing between the square and 626

circular rings was varied from 8 mm to 10 mm, and the corre- 627

sponding simulated values of S21 and resonating frequency 628

for each gap variation were recorded. Increased distance 629

between consecutive rings reduces overall capacitance and 630

inductance, resulting in a rise in resonating frequency. From 631

the simulated results, it is clear that the gap between the 632

consecutive rings has a major influence on the resonating 633

frequency but a negligible effect on the S21. For the proposed 634

structure, the consecutive rings are separated by a distance 635

of 9 mm, and an S21 of −35.01 dB at 1.06 GHz has been 636

recorded for this width. TABLE 4 shows the simulated values 637

of S21 and their corresponding frequencies for various ring 638

gaps. 639

3) PARAMETRIC ANALYSIS OF THE WIDTH OF THE SQUARE 640

AND CIRCULAR RINGS 641

In theory, increasing the split ring widths reduces the overall 642

mutual capacitance and inductance, resulting in a higher 643

resonating frequency. As illustrated in Figure 20, the ring 644

width was varied from 0.5 mm to 2.5 mm, and the corre- 645

sponding simulated values of S21 and resonating frequency 646

for each ring width variation were recorded. From the sim- 647

ulated results, it is clear that the ring width has a significant 648

effect on both resonating frequency and S21. For the proposed 649

structure, the ring width of 1 mm was chosen, and an S21 of 650

−34.98 dB at 1.06 GHz has been recorded for this width. 651
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TABLE 5. Recorded values of S21 and resonating frequency for different
square and circular ring width.

TABLE 5 shows the simulated values of S21 and their cor-652

responding frequencies for various ring widths.653

4) PARAMETRIC ANALYSIS OF DIFFERENT SUBSTRATE654

MATERIALS655

The proposed SCM unit-cell has been designed on two differ-656

ent dielectric substrate materials: FR-4 and Rogers RT5880657

lossy material. The FR-4 has a loss tangent (LT) of 0.02658

and a relative permittivity (RP) of 4.4, whereas the Rogers659

RT5880 has an LT of 0.0009 and an RP of 2.2. For the660

parametric analysis, the SCM structure and substrate material661

dimensions remained unchanged.662

FIGURE 21. The S21 plot for different substrate material.

The simulated results, as shown in Figure 21, demonstrate663

that changing the substrate material has a substantial impact664

on both the resonating frequency and the S21 value. The SCM665

structure on FR-4 substrate material resonates at 1.06 GHz666

with an S21 value of −34.65 dB, whereas the design on667

RT/Duroid 5880 resonates at 1.367 GHz with an S21 value668

of −48.56 dB. TABLE 6 shows the simulated values of S21669

and their corresponding frequencies for different substrate670

materials.671

Finally, considering the cost and availability of the mate-672

rial, FR-4 was chosen as the substrate material in our research673

rather than RT/Duroid 5880.674

TABLE 6. Recorded values of S21 for different substrate material.

TABLE 7. Optimal dimensions of the proposed RMPA.

F. ANALYSIS OF THE PROPOSED NRI-MTM FOR 675

PERFORMANCE IMPROVEMENT OF TCAS ANTENNA 676

In this section, a rectangular microstrip patch antenna 677

(RMPA) for 1.06 GHz is designed to study the effect of the 678

proposed NRI-MTM on antenna performance especially gain 679

and bandwidth. 680

1) ANTENNA DESIGN 681

As discussed in Section III, the proposed SCM exhibits nega- 682

tive ‘ε’, ‘µ’, and ‘n’. The properties of DNG have vast appli- 683

cations in the antenna field for enhancing the performance, 684

and in many research works, the DNG material is utilized 685

as a superstrate to enhance the antenna gain and bandwidth. 686

Hence, in order to assess the proposed NRI-MTM, an RMPA 687

resonating at 1.06GHz is designed using HFSS software as 688

illustrated in Figure 22. 689

TCAS is a surveillance system mandated in all aircrafts 690

to prevent air accidents. It utilizes a directional antenna to 691

monitor any nearby aircrafts. The frequency band of 960- 692

1215MHz is allotted for the TCAS/aircraft surveillance appli- 693

cations. TCAS employs 1.03GHz radio frequency to send the 694

inquiry signal for examining the range and location of all 695

neighboring aircraft, and 1.09GHz radio frequency to receive 696

the response of nearby aircraft. Hence, the RMPA is designed 697

for 1.06GHz, which is the central frequency of the TCAS 698

antenna. 699

As shown in Figure 22 (a), the microstrip feedline with 700

inset-cut feeding method is utilized to feed the antenna, 701

and the ground plane is a complete copper as shown 702

in Figure 22(b). The RT/Duroid 5880 substrate material 703

with a loss tangent (tanδ) = 0.0009, relative permittivity 704

(εr) = 2.2 is used to simulate the RMPA. The overall 705

dimension of the RMPA is 114 × 91 × 3mm3. The opti- 706

mized antenna dimension is given in TABLE 7. The RMPA 707

resonates at 1.06 GHz with −19.52 dB reflection coeffi- 708

cient, and 13.10MHz (1.0609-1.074GHz) bandwidth, which 709

is depicted in Figure 23. The antenna gain plot is depicted 710

in Figure 24, and the proposed RMPA has a maximum gain 711

of 4.60 dB. 712
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FIGURE 22. The proposed RMPA (a) top-view (b) ground plane
(bottom-view).

FIGURE 23. Reflection coefficient graph of proposed RMPA.

2) NRI-MTM LOADED ANTENNA713

The NRI-MTM slab is placed on the proposed RMPA to ana-714

lyze its effect on the antenna gain as illustrated in Figure 25.715

Since the dimension of the metamaterial slab is same as716

RMPA, it completely covers the antenna. After placing the717

5× 4 SCMarray on the RMPA, the design has been simulated718

FIGURE 24. Gain plot of proposed RMPA.

FIGURE 25. Proposed RMPA loaded with NRI MTM cover (a) top-view and
(b) side-view.

multiple times to find the optimum distance between the 719

RMPA and the MTM slab. The better result has been noticed 720

when the NRI-MTM slab is kept at 50mm distance from the 721

RMPA. The effect of distance between the RMPA and the 722

NRI-MTM slab on the reflection coefficient and antenna gain 723

is depicted in Figure 26 and 27, respectively. 724

The distance between the radiating patch and the metama- 725

terial superstrate is generally called as resonant distance (h), 726

and it is given by [44], [45] 727

h =
ϕ1 + ϕ2

π

λ

4
+ N

λ

2
, N = 0, 1, 2 . . . (17) 728

99808 VOLUME 10, 2022



M. Pallavi et al.: Modeling of a NRI-MTM Unit-Cell and Array for Aircraft Surveillance Applications

FIGURE 26. The effect of distance between RMPA and NRI-MTM cover on
reflection coefficient.

FIGURE 27. The effect of distance between RMPA and NRI-MTM cover on
gain.

where ϕ1 is reflection phase of the ground plane, ϕ2 is729

reflection phase of the metamaterial, and λ is operating730

wavelength.731

Since the ground plane of the radiating patch is a metallic732

conductor, its reflection phase is close to π (ϕ1 = π ), hence733

the Eq. can be reduced to734

h =
(
1+

ϕ2

π

) λ
4

(18)735

For 1.06GHz resonating frequency, the operating wavelength736

becomes 283mm, and the reflection phase of the radiating737

patch can be varied from 0 to π . Hence, the maximum738

distance between radiator and the superstrate layer is λ/2.739

In our work, the maximum gain of 7.4 dB is obtained when740

the distance between radiating patch and the superstrate741

layer is λ/6.742

As the separation distance between the RMPA and the 743

MTM slab increased from 10mm to 60mm, a considerable 744

improvement in gain and fluctuation in reflection coefficient 745

has been observed. When the separation distance is 50mm, 746

a reflection coefficient of −21.82dB, a bandwidth (BW) 747

of 34.50MHz (1.0785GHz – 1.0440GHz), and a gain of 748

7.4dB has been recorded at 1.06GHz resonating frequency. 749

In comparison to the proposed RMPA, which has a reflection 750

coefficient of −19.52dB, a BW of 13.10MHz (1.0740GHz 751

– 1.0609GHz), and a gain of 4.6dB, the deployment of an 752

NRI MTM slab with 5 × 4 SCM unit-cell on the RMPA has 753

improved the gain and BW of the antenna up to 2.8dB, and 754

21.40MHz, respectively. 755

FIGURE 28. Gain enhancement mechanism (a) without NRI-MTM cover
and (b) with NRI-MTM cover.

The role of the NRI MTM slab on the field distribution 756

and antenna gain improvement can be analyzed with the 757

aid of Figure 28. In the proposed RMPA, as depicted in 758

Figure 28 (a), the propagation of EM waves along the sides 759

is perpendicular to the YOX plane. The use of MTM as 760

a superstrate will distract EM wave propagation, and the 761

NRI properties of MTM will divert the flow of EM waves 762

in the horizontal direction, as depicted in Figure 28 (b). 763

As a result, the proposed NRI MTM slab as a superstrate 764

increases the density of EM wave propagation in the hori- 765

zontal direction parallel to the YOX plane. The increase in 766

horizontal wave propagation caused by the MTM slab mod- 767

ifies the primary beam direction, enhancing the horizontal 768

gain [39]. 769

TABLE 8 compares the proposed NRI-MTM previous 770

work in terms of MTM shape and type, number of res- 771

onant bands, gain improvement approaches, EMR, and 772

applications. 773
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TABLE 8. Optimal dimensions of the proposed RMPA.

V. CONCLUSION AND FUTURE SCOPE774

In this research, the combination of square and circular split775

ring structure is proposed for TCAS application. The effective776

parameters such as permittivity, permeability, and refractive777

index of this SCM structure are computed using MATLAB.778

Initially, a single SCM unit-cell is designed and its effective779

parameters are computed. The computation of the above780

parameters predicts that, this SCM unit-cell is behaving as781

a DNG material over the frequency range of 0.5 - 1.2 GHz.782

The DNG SCM unit-cell is then extended to 5 × 4 array and783

is utilized as a superstrate over a designed rectangular patch784

antenna to enhance the gain. It was observed that, the load-785

ing of superstrate layer has enhanced the gain from 4.6 dB786

to 7.4 dB, and bandwidth from 13.10 MHz to 34.5 MHz.787

Thus, the proposed NRI-MTM is well-suited for surveillance788

application. A detailed parametric analysis of the unit-cell789

and array is performed to fix the dimension, spacing between790

rings, spacing between unit-cells, width of each ring, and split791

width to prove the efficacy of the designed MTM structure.792

In aircraft surveillance applications, an antenna with a793

high gain and a wider bandwidth is required to broadcast794

and receive a highly directional signal in a specific direc-795

tion, as well as to cover a larger surveillance zone and796

enhance airspace efficiency. Thus, future development for the797

aforementioned application includes the use of the proposed798

SCM array to improve the gain of MIMO antenna. In addi-799

tion, the designed SCM unit-cell structure can be used as a800

decoupling structure to improve the isolation of the MIMO801

antenna for TCAS application. The pattern and polarization802

reconfigurability might also be planned by deploying PIN803

diode switches at the relevant split gaps of the designed SCM 804

unit-cell. 805
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