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ABSTRACT In this paper, a wideband and high gain Fabry Perot Resonator Antenna (FPRA) is proposed.
It is based on a synthesized compact single partially reflective surface (PRS) layer acting as a superstrate to a
slot-coupled feed antenna, which acts as a radiating source element for the proposed design. The PRS is based
on a 2-D printed unit cell, where the lower part is a simple circular ring Frequency Selective Surface (FSS),
incorporated with a synthesized FSS unit cell, using an automated system through a VBA based interface
established between CST Microwave studio and Matlab, and optimized using a binary genetic algorithm.
This new FSS layer acts as the upper part of the proposed PRS layer and provided a positive phase gradient.
It almost perfectly resembles that of the optimum PRS over the desired frequency range, with a relatively
high reflection magnitude, which makes it a promising superstrate candidate for wideband and high gain
FP resonator antennas. The fabricated prototype achieved an important performance in terms of impedance
bandwidth with 42%, ranging from 11.32 to 17.35 GHz. In addition, the 3-dB gain bandwidth is 36 % from
11.68 to 16.78 GHz, with a maximum peak gain of 14.72 dB achieved at 16 GHz. Consistent and almost
invariant radiation patterns are achieved over the Ku-band frequency band of interest. The experimental and
simulated results are in good agreement, justifying the feasibility of the proposed design as a high gain and
wideband FP resonator antenna.
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INDEX TERMS Ku-band, compact, partially reflective surface (PRS), fabry perot resonator antenna
(FPRA), frequency selective surface (FSS), genetic algorithm (GA), high-gain, wideband.

I. INTRODUCTION18

With the increasing demand for high-data rates and low19

latency wireless communication systems, wideband and20

highly directive antennas are becoming attractive subjects21

in both the academic and industrial sectors, especially in22

the upper microwave region and the untapped millimeter23

wave spectrum [1]. High gain antennas have been designed24

using traditional technologies such as reflectors, waveguide25

horn antennas [2], [3], and microstrip fed patch arrays [4];26

however, these aforementioned techniques have some major27

disadvantages in terms of design complexity, high fabrication28

cost, and feeding-network induced losses.29

The associate editor coordinating the review of this manuscript and

approving it for publication was Qi Luo .

A Metasurface, on the other hand, is a two-dimensional 30

equivalent of a metamaterial that is essentially a sur- 31

face distribution of electrically small scatterers capable 32

of manipulating and controlling electromagnetic waves. 33

References [5], [6], can offer novel properties such as 34

ultra-low profile and improved performance in gain, radiation 35

pattern, and bandwidth. These Metasurfaces have many other 36

inherent advantages, including their use in wave polariza- 37

tion controlling capabilities, for instance the conversion from 38

linear to circular polarization [7], [8], and Multifunctional 39

Coding Metasurfaces, like in the case of [9], which achieves 40

Multiple Beams functionality for both left and right CP, 41

by using Metasurfaces. 42

Another approach to tackle the aforementioned disad- 43

vantages, is by using a Fabry-Perot Resonator Antenna 44
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(FPRA), [10] which consist of a partially reflective surface45

(PRS) based superstrate placed at a distance (usually half46

a wavelength) from the ground plane, creating an air-gaped47

cavity, and excited by a feeding source antenna (single or48

array) backed by the ground-plane, making this type of tech-49

nique a simple, and cost effective approach for achieving a50

significant enhancement, as in the case of [11], where the51

printed ridge-gap waveguide technology is incorporated with52

a Fabry-Perot cavity. In addition, by using a positive phase53

gradient dual-layer PRS operating at 60 GHz, the proposed54

antenna achieved 18.4% impedance bandwidth, ranging from55

55.4 to 66.6 GHz, and a 12.5 % 3 dB gain bandwidth,56

from 58.6 to 66.4 GHz. Moreover, the maximum peak gain57

is 16.8 dB, which is 12.2 dB more than the reported feed58

antenna gain, proving the feasibility of using such approach in59

terms of enhancing the antenna radiation characteristics [12],60

[13], [14], [15].61

However, this kind of antenna suffer even more from the62

inherent narrow bandwidth due to the fact that the antenna’s63

characteristics, such as its frequency, radiation patterns, gain64

and bandwidth are mainly determined by the PRS layer65

properties, and this latter invokes the typical narrow band66

cavity [16].67

To overcome this issue, many studies have been conducted68

to improve the operation bandwidth while keeping higher69

gain performance of the FPRA. In [17] and [18], a multi-70

layer superstrates based on periodically printed FSS arrays71

have been used for bandwidth enhancement on a single and72

dual-band application, whereas in [19] a dielectric based73

one has been used to achieve a broadband EBG resonator.74

A side of improving the bandwidth, using multi-layer super-75

strates increases the profile of the antenna making it a bulky76

structure.77

Another effective technique yet a complicated one, which78

involves making a dielectric slab with gradient permittivity as79

in [20] and [21].80

A more convenient method using double-sided printed81

metallic layers on a dielectric medium, has attracted the inter-82

est of many researchers [22], [23], [24], since this superstrate83

produces a positive reflection phase gradient over a particular84

range of frequencies to broaden the 3-dB gain bandwidth of85

the FP resonator antenna, while keeping a degree of compact-86

ness and low profile, since the height of the resonance cavity87

is only a half wavelength. This design not only provides a88

high gain but also low fabrication cost.89

Therefore, the main objective of this study is to design a90

wideband, compact, and low-profile FPRA with high gain.91

In this work, a compact PRS based layer is proposed as a92

superstrate to an aperture-coupled wideband source antenna,93

to form a Fabry-Perot Resonator and to improve its gain94

bandwidth. The proposed PRS unit cell is generated using an95

automated topology synthesizing system, established using a96

link between the genetic algorithm embedded in Matlab and97

the commercial simulator CST Microwave Studio through a98

VBAbased connection. A binary particle swarm optimization99

(BPSO) algorithm [25] can also be used instead of the genetic100

algorithm to achieve the same objective of a compact with 101

positive reflection phase gradient PRS unit cell. 102

The proposed PRS design’s main distinguishing features 103

are its compactness and small footprint in comparison to 104

dielectric-based designs, which have a complicated fabri- 105

cation process (dielectric slab with gradient permittivity) 106

[20], [21], and a larger foot print. It is low in profile, easy- 107

to-fabricate, and cost-effective design. In addition, using 108

3D printing techniques could reduce fabrication costs, 109

in combination with the proposed synthesizing system, and 110

could achieve a compact, low profile, yet effective design. 111

However, current 3D printing processes are far from achiev- 112

ing the same performances as the PCB printing techniques 113

using small footprint structure as the one proposed here, and 114

not yet explored to the extent where it could replace it. For 115

example, in [26], a 3-D printed FPRA, was designed with 116

a paraboloid-shape superstrate for wider gain bandwidth in 117

comparison with the commonly adopted planar superstrate, 118

and achieved 22.2% gain bandwidth with a footprint of 4 λ0 119

x 4 λ0 x 0.66 λ0(λ0 at 6GHz), in comparison to the proposed 120

design with a footprint of only 1.72 λ0 x 1.96 λ0 x 0.62 λ0 121

and 3-dB gain bandwidth of 36%. 122

The simulation results yield an important improvement in 123

terms of impedance and 3-dB gain bandwidth, while keeping 124

the compactness of the final design footprint. The proposed 125

prototype was fabricated, and the results were verified exper- 126

imentally, and they are in good agreement with the full-wave 127

simulation results. With these features, this antenna can be 128

a protentional candidate for the Ku-band applications with 129

higher gain and wideband requirements. 130

The proposed FPRA antenna as per our knowledge, is the 131

first of its kind in the literature that uses such Partially Reflec- 132

tive Surface, that has been artificially synthesized, in a way 133

where it’s reflection phase response, resembles that of the 134

optimum phase, which satisfies the cavity resonance condi- 135

tion according to the ray-tracing analysis, to operate in wider 136

frequency band with relatively high gain. 137

The proposed designing process also, allows easy fre- 138

quency tuning, using the proposed AI driven synthesizing 139

system. Hence, this antenna can be easily scaled to different 140

frequencies, which makes the operation more flexible. 141

II. PROPOSED WIDE BAND FPRA ANTENNA 142

Fabry-Perot resonator antenna (FPRA) is considered a highly 143

directive one [27]. It consists of a simple radiating source 144

backed by a ground-plane, and a partially reflecting surface 145

(PRS) (see Fig. 1). 146

Gain and directivity improvements are achieved, when 147

the spacing hc between the ground and the PRS, satisfies 148

the cavity resonance condition according to the ray-tracing 149

analysis, where the reflected waves from the ground and the 150

reflection phase response of the PRS are in phase, leading to 151

the maximum peak gain in the broadside direction [28], and 152

the spacing hc equals to the following: 153

hc =
c

4π fr
(ϕPRS + ϕGND − 2Nπ) (1) 154
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where ϕPRS and ϕGND are both the reflection phases of the155

PRS and the ground plane, respectively. N is the resonance156

mode order, and is equal to 0,1, 2,. . . etc. For a low profile157

Fabry-Perrot based resonator antenna, N is set to be 0. fr and158

c are the resonance frequency and the speed of light in the159

vacuum, respectively.160

FIGURE 1. Schematic diagram of a Fabry-Perot resonator.

Assuming that the source antenna directivity is Dref at a161

particular frequency fr , the directivity of the FPRA antenna162

would be the summation of this latter and the PRS directiv-163

ity DPRS , which is expressed as:164

DPRS = 10log
(
1+ 0
1− 0

)
(2)165

where 0 is the reflection magnitude of the PRS superstrate166

layer, and the total theoretical FPRA directivity is formulated167

as follows [1]:168

DFPRA = Dref + DPRS (3)169

From Equations (2) and (3), it is clearly noticed that170

the directivity of FPRA is positively correlated with the171

PRS reflection amplitude, thus, the larger this latter is, the172

better the overall directivity of the FP resonator antenna.173

Due to the fact that the cavity spacing hc and the partially174

reflective surface phase ϕPRS , are frequency-sensitive, con-175

ventional FPRAs only possess a small radiation bandwidth.176

Assuming that the dielectric slab is lossless, the aperture177

surface of the FPRA for a required directivity can be approx-178

imated using the following formula [29]:179

A =
10

DFPRA
10 λ2

π2 (4)180

where λ is the operating wavelength of the FPRA.181

By taking a PEC ground plane (ϕGND = π ), the PRS182

reflection phase is expressed by rearranging (1) as the183

following:184

ϕPRS =
4πhc
c

fr + (2N − 1) π (5)185

From (5) it can be noted that if the reflection phase of the186

PRS increases with the resonance frequency fr (a positive187

slope versus frequency), the FPRAs would operate in a wider188

frequency band with an enhanced gain bandwidth. Therefore, 189

a PRS with positive reflection phase gradient is needed, 190

for designing a wideband and high gain Fabry Perrot based 191

Resonator Antenna. To elaborate on this, let us consider that 192

the superstrate dielectric slab is lossless, with the reflection 193

magnitude is equal to 1, and we only consider the phase of 194

the reflection coefficient (ϕPRS ), which is formulated as [30]: 195

ϕPRS = π − 2arctan(Zd tan(kdhPRS )/Z0) (6) 196

where, Zd and Z0 are the characteristics impedances of the 197

dielectric substrate and the air, respectively, kd is the dielec- 198

tric phase constant, with a thickness of hPRS . 199

When the dielectric substrate uses Rogers RT/duroid 200

5880 dielectric slab (εr1 = 2.2, tanδ = 0.0009), with a thick- 201

ness hPRS of 1.575 mm, and according to (6), its reflection 202

coefficient phase response is depicted in Fig. 2, Where it 203

is clearly seen that the phase of the reflection coefficient 204

decreases as the frequency increases, when the height is 205

kept constant. Consequently, if the PRS shows positive phase 206

gradient as per (6) and from the results in Fig. 2, the FPRA 207

is able to operate in a wideband of frequencies. Moreover, 208

since the ground plane of the FPRA is a PEC(ϕGND= π ), 209

the Fabry-Perot antenna can operate in wide frequency band 210

when the PRS exhibits even smaller positive reflection phase 211

response, and not necessary covers the whole band of interest. 212

A. PROPOSED PRS STRUCTURE 213

In the previous section, a PRS with a positive phase gradient 214

is discussed to be themain key point for designing awideband 215

FP resonator antenna. Therefore, first of all, we should care- 216

fully design one that meets the aforementioned requirement. 217

FIGURE 2. Reflection phase and magnitude of substrate versus incident
wave frequency.

First, a simple circular ring is etched on one side of a 218

Rogers RT/duroid 5880 dielectric slab (εr1 = 2.2, tanδ = 219

0.0009), with a thickness hPRS of 1.575 mm, creating the 220

initial PRS unit cell having the following design parameters: 221
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wPRS=6 mm, ro=2.9 mm, ri=1.4 mm and g = 0.2 mm.222

Fig. 3(a) shows the geometry of the initial PRS unit cell.223

The PRS unit cell is designed and simulated using CST224

Microwave studio, and the reflection phase characteristics225

analyzing setup is depicted in Fig. 3(b), where boundary226

conditions are applied as follow: along the ± x-axis, the227

perfect magnetic condition (PMC) is applied, whereas, in the228

case of the ±y-axis, the perfect electric boundary condition229

(PEC) is used, with two wave ports set at a distance of230

λ/2 from the unit cell under investigation along the z-axis,231

with open boundary condition, so only the normal incidence232

is considered here.233

The simulated magnitude and phase of the reflection coef-234

ficient response of the initial PRS unit cell are shown in Fig. 4.235

Where it’s noticed that the PRS unit cell is highly reflective236

around the frequency band of interest with a magnitude of237

0 = 0.9 at 15 GHz. A high reflection magnitude is targeted238

for a high gain antenna. However, the reflection phase of the239

unit cell as depicted in Fig. 4, is decreasing as the frequency240

increases, which leads to a narrower bandwidth. A new unit241

cell that provides a positive reflection phase gradient is then242

proposed to broaden the antenna bandwidth while keeping a243

high gain performance.244

A partially reflective surface (PRS) unit cells are printed on245

either one or both sides of the dielectric slab, just like in this246

case, where it is printed on both sides of the same dielectric247

substrate used on the previous PRS design, namely the Rogers248

RT/duroid 5880, with the same thickness of 1.57 mm.249

The next approach is based on the same PRS unit cell, and250

uses a pixelated based pattern on the other side of the unit cell,251

to create a positive phase gradient that follows the optimal252

phase, for increasing the bandwidth.253

Genetic algorithm (GA) based optimizations were carried254

out, yielding great potential in finding non-conventional solu-255

tions to EM-based problems.256

In [31], the genetic algorithm has been used to optimize257

an EBG structure for gain and bandwidth enhancement,258

whereas in the case of [32], an AMC based reflector has259

been optimized using the same technique to achieve an impor-260

tant enhancement in the peak gain and front-to-back ratio,261

alongside a low side-lobe level (SLL), for 5G applications.262

On the other hand, to improve the gain of an UWBmonopole263

antenna, in [33] a compact UWB FSS structure was created264

using a similar GA based synthesizing system, with specific265

parameters in terms of the targeted structure and the fitness266

function, totally different than the current work objectives,267

where the FSS unit cell was divided into square pixel cells,268

represented by binary bits of 1 and 0.269

Throughout the optimization process, each binary word270

generated by the GA corresponds to a potential solution271

that is analyzed and evaluated, using a predefined fit-272

ness function. This latter is defined as the sum of all273

values that exceed −10 dB of the unit cell transmission274

coefficient (S21), in order to achieve a broad band-stop275

performance between 3.1 and 10.6 GHz (UWB spectrum),276

forming an FSS-based reflector for gain enhancement. Since277

different fitness and objective functions are used in various 278

electromagnetic-related problems implemented in various 279

applications, this reported work is only somewhat relevant to 280

the current one in terms of using the GA-based optimization 281

process. 282

Thewell-established VBA-based connection between CST 283

Microwave studio and MATLAB’s embedded genetic algo- 284

rithm (GA) is used here, to create the automated pattern syn- 285

thesizing system, where the upper side of the PRS structure 286

is the targeted area for this procedure. Each PRS unit cell 287

is pixelated into n x m pixels, and these latter are defined 288

using binary encoding, where having the value of either 1 or 0 289

indicates the presence or the absence of copper on the pixe- 290

lated sub-cell (on top of the dielectric slab). 291

FIGURE 3. (a) Geometry of the initial PRS unit cell, (b) Analysis setup of
the unit cell (CST).

Increasing the number of pixelated cells, increases also the 292

number of total possible structures, making it an impractical 293

way in solving such a problem, so, a confined search space 294

global optimization solution is needed, for finding the optimal 295

candidate, according to a predefined fitness function, making 296

the genetic algorithm an effective way in doing so. 297

In the proposed designing scenario, the fitness function is 298

defined as the root-mean-square error (RMSE) between the 299

reflection coefficient phase response of the generated PRS 300

unit cell under investigation, and the optimum phase, and is 301

defined as: 302

Fit = RMSE(PhasePRS ,PhaseOptimum) (7) 303

where RMSE is defined as: 304

RMSE =

√∑N
n=1

(
PhasePRS − PhaseOptimum

)
N

(8) 305

The reflection coefficient phase of the PRS unit cell 306

is taken at equal frequencies fi, with the total number 307
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FIGURE 4. Reflection phase and magnitude of the initial PRS unit cell.

of N = 1001 frequency points, within the designated over-308

lapping frequency band of interest (fmin ≤ fi ≤ fmax).309

The implemented flowchart of the GA-based optimization310

process for a positive phase gradient PRS unit cell is shown in311

Fig. 5. As a starting point, the PRS unit cell is discretized into312

12× 12 pixels, which provides a resolution of 0.5× 0.5 mm,313

which is chosen while taking into account the fabrication314

constraints and maintaining the geometrical flexibility.315

A 12 x 12 discretized unit cell needs to be represented316

by 144 binary encoded pixels, and this led to large search317

space for the optimal solution, which is an impractical and318

time-consuming process. To overcome this, a four-folded319

symmetry is imposed, as shown in Fig. 6. As a result, the320

search space for the optimal solution (the number of bits321

required to represent the PRS unit cell) is reduced drastically322

to 21.323

The proposed optimization process tries to manipulate the324

reflection coefficient phase of the possible PRS design can-325

didates, to produce a PRS unit cell with a phase that closely326

resembles the positive gradient optimum phase, within the327

frequency band of interest, by using the proposed genetic328

algorithm, with a uniform mutation at a rate of 0.001, a sin-329

gle point crossover, and the tournament selection as its330

parameters.331

The population size is set to be 200 different binary332

strings randomly selected, with each one representing a spe-333

cific pixelated PRS unit cell, and the number of iterations334

(generations) is set to be 20.335

Once all the 200-initial pixelated PRS structures are evalu-336

ated, they are ranked and the top-performing ones are selected337

for the crossover and mutation processes, creating a new338

population of 200 PRS candidates going through the same339

evaluation process. This later is repeated until the desired340

fitness value is achieved (Fit tends toward zero) or until the341

maximum number of iterations is reached.342

The best achieved PRS design is obtained at the 10th343

iteration, when the stop criterion is met, as shown in Fig. 7.344

FIGURE 5. Proposed flowchart of the GA optimization process for the PRS
unit cell.

FIGURE 6. Proposed four-folded symmetry pixelated PRS unit
cell (12×12).

a, where it is clearly shown that the final design doesn’t 345

suffer from the infinitesimal connection problem, between 346

two sub-cells, when these constellations
(10
01

)
or
(01
10

)
are 347

present, which could lead to a malfunctioning PRS structure, 348

due to fabrication tolerances. Also, since the design imposes 349

the four-folded symmetry, the PRS unit cell exhibits polariza- 350

tion insensitivity, which makes it also applicable to circular 351

polarized antennas. 352

The binary string of the final optimized PRS unit cell is: 353

BPRS = {0 1 0 1 0 0 1 1 1 0 1 0 0 0 1 1 1 1 1 0 0}. 354

The resulted reflection coefficient phase of the optimized 355

PRS has a positive gradient and is almost perfectly resem- 356

bles that of the optimum PRS over a wide bandwidth 357

spectrum range, with a relatively high reflection magnitude 358

(See Fig. 7. b), and this can be a vital key point in designing a 359
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wideband with high gain FPRA antenna, since higher reflec-360

tive PRS leads to higher gain as per (2) & (3) but narrower361

−3 dB bandwidth, and to broaden this latter a PRS with pos-362

itive phase gradient is a must to achieve that goal, as per (5).363

So a compromise between the maximum achieved gain and364

the−3 dB gain bandwidth, is inevitable, and this can be seen365

in the following sections. Nerveless, the proposed PRS design366

can be a potential superstrate candidate for a wideband and367

high gain FP resonator antenna.368

FIGURE 7. (a) GA based final optimized PRS design, and (b) reflection
coefficient’s magnitude and phase of the proposed PRS unit cell.

B. FEEDING ANTENNA369

The feeding source antenna for an FPRA is as vital to its370

performance as the PRS structure, thus a well-designed feed-371

ing antenna is a crucial part of designing a high gain and372

wideband FPRA antenna. Several types of exciting sources373

have been reported in the literature, such as a suspendedmetal374

strip over a ground plane [16], a probe-fed patch antenna [34],375

and a waveguide aperture-based feeding [35]. Single layer376

slot-coupled antenna can be also used, as feeding element,377

like in the case of [36], where the feeding antenna was378

an isosceles triangular-shaped slot-coupled, to a 50-� feed379

line printed on the bottom face of the same ground-backed380

substrate.381

An air-gapped slot-coupled patch antenna is a good candi-382

date for a high gain and wideband FPRA antenna, due to its383

low profile, ease of feeding and fabrication, stable broadside384

radiation, and wide bandwidth capability.385

The proposed feed antenna design is depicted in Fig. 8. 386

it consists of a parasitic patch, coupled to a feeding line 387

through a slotted ground plane (bottom layer), and spaced by 388

an airgap hair = 2 mm, for surface waves suppression since 389

this latter can contribute to performance degradation of the 390

FRPA cavity [37]. An impedance matching network is added 391

to the feedline to improve the bandwidth. The Rogers RT/ 392

duroid 5880 material having a thickness (hs) of 0.787 mm, 393

permittivity εr2 = 2.2, and a loss tangent of 0.0009, is used 394

as a substrate for both the parasitic patch and the bottom 395

layer (ground plane and the feed line). The antenna design 396

parameters are summarized in Table 1. 397

Both the simulated reflection coefficient (S11) and the peak 398

gain of the feed antenna are illustrated in Fig. 9. a, where it 399

is noticed that the impedance bandwidth almost covers the 400

whole Ku-band spectrum, ranging from 12.6 GHz to 18 GHz. 401

Within this band, the peak gain increased from 7 to 8.8 dBi. 402

In addition, the co- and cross-polarization patterns at 16 GHz, 403

in both the E-and H-planes are illustrated also in Fig. 9. b & c. 404

respectively, with low cross-polarization in both cuts, making 405

it a good candidate for being a feeding source for the proposed 406

FRPA antenna to be designed in the next section. 407

FIGURE 8. Schematic diagram of the slot-coupled patch antenna.

C. PROPOSED FPRA ANTENNA 408

The optimized PRS structure (Fig. 7) is applied as a super- 409

strate layer to the proposed slot-coupled feed antenna in the 410

previous section (Fig.8), creating the proposed wideband and 411

high gain FP resonator antenna as shown in Fig. 10. 412

The PRS superstrate is suspended over the shared ground 413

plane at a distance hc using M2 nylon screws (2 mm in 414

diameter) at the four corners, and they are also taken into 415

account during the simulation process, alongside a 50 Ohm 416
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TABLE 1. Slot-coupled patch antenna design parameters.

FIGURE 9. Simulated results of the slot-coupled patch antenna
(a) reflection coefficient, peak gain, and (b & c) the normalized E- and
H-plane radiation patterns 16 GHz, respectively.

SMA connector modeled also in CST Microwave studio.417

A preliminary determination of hc can be achieved using both418

the simulated results of the proposed PRS unit cell reflection419

coefficient phase (ϕPRS ) in Fig. 7 (b) and (1), where fr is the420

FPRA’s center frequency and ϕPRS is taken also at that same421

center frequency.422

The reflection coefficient phase of the PRS at the center423

frequency of 15GHz is about−158.6◦ (see Fig. 7(b)), and by424

using (1), the spacing hc is about 10.5mm. Further optimiza-425

tion is need to be performed to find the optimal distance to426

achieve the best performance of the Fabry-Perot Resonator427

Antenna.428

The aperture size of the proposed FPRA antenna is esti-429

mated by using (4), where the wavelength λ is taken at430

the lower end frequency (12.6 GHz) of the antenna, which431

is 23.8 mm, and the corresponding estimated FPRA direc- 432

tivity (DFPRA) is around 13.73 dBi using both (2) and (3), 433

therefore, the aperture size is about 36.83 mm x 36.83 mm. 434

Thus, a PRS structure of an aperture size of 36mm×36mm 435

is used as the superstrate for the proposed FP resonator 436

antenna, which consists of an array of 6 × 6 PRS unit cells 437

since this latter’s effective size is 6 mm. 438

Using the previously estimated parameters, namely the 439

aperture size (36mm x 36mm), and the cavity air gap hc = 440

10.5 mm, the resulted reflection coefficient S11 of the pro- 441

posed FPRA is illustrated in Fig. 11, where the impedance 442

bandwidth (|S11| <−10dB) is about 3.24 GHz divided into 443

a dual-band, ranging from 14.18 to 16.52 GHz, and from 444

17.1 to 18 GHz. The peak gain is 14.4 dBi at 14.5 GHz. 445

The air gaped cavity of the FP resonator antenna is an 446

important factor in designing a wideband antenna with high 447

gain; therefore, the influence of changing such a parame- 448

ter on the overall performance of the proposed antenna is 449

investigated. 450

FIGURE 10. Proposed wideband FPRA design.

All other parameters are fixed, while the cavity height is 451

changed in a step of 0.5 mm from 10.5 to 13 mm, to see the 452

effect of the cavity height variation on the S11 impedance 453

bandwidth, the peak gain, and the 3-dB gain bandwidth of 454

the FPRA. The results are depicted in Fig. 11 & 12 and 455

summarized in Table 2. From there, it is noticed that when 456

the cavity thickness increases, both the impedance and 3-dB 457

gain bandwidths are gradually expanded, while the peak gain 458

is reduced, accordingly, as expected from an FP resonator 459

antenna. 460

For a high gain FP resonator antenna with a wider oper- 461

ating bandwidth, and based on the results illustrated in both 462

Fig. 11 & 12, and Table 2, it can be concluded that the optimal 463

cavity height is 13 mm, where the proposed FPRA exhibited 464

an outstanding impedance bandwidth performance of 38.64% 465

ranging from 11.9 to 17.6 GHz (Fig. 11), and -a 3-dB gain 466

bandwidth of 39.11% (11.6 to 17.24 GHz), with a maximum 467

peak gain of 14.21 dBi at 16 GHz as shown in Fig. 12. 468

Another important parameter that considerably influences 469

the FPRApeak gain and bandwidth is its PRS superstrate size, 470

therefore, the influence of changing such a parameter on the 471

performance of the proposed antenna is investigated. 472

All other parameters are kept fixed, while the size of the 473

superstrate is changed by increasing the number of PRS unit 474
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TABLE 2. Summarized results of the proposed design at different cavity
spacings.

cells, to see the effect of this variation on the peak gain,475

and the 3-dB gain bandwidth of the FPRA. The results are476

depicted in Fig. 13. From there, it is noticed that, when the477

superstrate size increases, the 3-dB gain bandwidth is gradu-478

ally decreased, while the peak gain is increased, accordingly,479

achieving a maximum value of 16.67 dBi, as expected from480

an FP resonator antenna.481

The best-achieved performance in terms of peak and gain482

bandwidth is when a 6× 6 PRS superstrate is used.483

Radiation patterns at three different frequencies (12.5, 14,484

and 16 GHz) in both E-and H- planes are simulated and485

depicted in Fig. 16. From this figure, it can be noted that486

the patterns are directive, with narrower beamwidths, because487

the beamwidth decreases with increasing size and frequency,488

meaning the beamwidth is proportional to the ratio wave-489

length to the antenna dimension, Thus, higher frequencies490

have a smaller wavelength; and since the size of the antenna491

is fixed, higher frequencies have a narrower beamwidth, high492

gain and are more directional, and according to the directivity493

equation [38]:494

D =
4π.U
Prad

(9)495

where U is the radiation intensity in watts per unit solid496

angle, and Prad is the total radiated power in watts; at497

higher frequencies, the radiated power is low, meaning the498

directivity is high, and therefore the beamwidth is narrower,499

and are inversely proportional to each other. For example,500

the beamwidth decreased as the frequency increased from501

12.5 to 16 GHz, where it was 30.1◦ and 33.6◦ at 12.5 GHz502

and got narrower to the values of 20.4◦ and 26.4◦ in the503

E- and H-planes respectively, at 16 GHz.504

III. FABRICATION & MEASUREMENTS RESULTS505

In this section, the prototype validation process is carried out,506

by first fabricating all parts involved in the proposed design507

with its final optimized dimensions on the Roger RTduroid508

5880 dielectric slab with two different thicknesses for both509

the feed antenna (0.787 mm) and the proposed PRS based510

superstrate (1.57 mm). They are assembled using nylonM2&511

M3 metric pan head screws with the proper washers and hex512

nuts, to form the final proposed prototype (see Fig. 14(a)).513

FIGURE 11. Simulated reflection coefficient of the proposed FPRA at
different hc.

FIGURE 12. Simulated peak gain of the proposed FPRA at different values
of hc .

FIGURE 13. Simulated peak gain of the proposed FPRA for different PRS
based superstrate sizes.

The optimal cavity spacing is fixed to 13 mm for further 514

results validation and analysis. It is fed by a 50 Ohm SMA 515

connector soldered to the feed line with an offset of 5 mm 516

from the edge of the feed antenna. 517
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TABLE 3. Proposed FPRA design compared to other related works.

FIGURE 14. Final (a) fabricated antenna and its assembly parts, and
(b) far-field measurement setup.

Next, the reflection coefficients characteristics of the fab-518

ricated prototype are analyzed and measured using the Agi-519

lent 8722ES Vector Network Analyzer, and the results are520

illustrated in Fig. 15(a), where the measured impedance521

bandwidth with S11 <−10 dB criterion is 6.03 GHz for522

a wideband FPRA ranging from 11.32 to 17.35 GHz, cor-523

responding to a fractional impedance bandwidth of 42%524

for the center frequency of interest. It is also compared525

to the simulated results, where the impedance bandwidth526

was 38.64 % (5.7 GHz) ranging from 11.9 to 17.6 GHz.527

FIGURE 15. (a) Reflection coefficients of the FPRA and (b) gain of
the FPRA.

Therefore, both simulation and measurement results are in 528

good agreement, despite the slight discrepancies between 529

them, which are probably due to assembly and fabrication 530

errors. Thus, the proposed antenna performed outstandingly 531
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FIGURE 16. Normalized simulated and measured radiation patterns in
the E- and H-planes at (a) 12.5, (b) 14, and (c) 16 GHz.

in terms of wide impedance bandwidth, covering almost the532

whole Ku-band spectrum.533

In addition, the peak gain and radiation patterns for the534

proposed prototype were measured in an anechoic chamber,535

and the setup is depicted in Fig. 14(b), by using the following536

FIGURE 17. Normalized simulated and measured radiation patterns
(Co- & cross-polarization) in the E- and H-planes at (a) 12.5, (b) 14, and
(c) 16 GHz.

equation, the gain of the antenna under test (AUT) is calcu- 537

lated [39]: 538

GAUT = Ghorn − Phorn + PAUT (10) 539

where Ghorn is the gain of the standard horn antenna. 540

Phorn and PAUT are the received power of the horn antenna 541

(receiver mode), and the antenna under testing, respectively. 542

The results are depicted in Fig. 15(b), confirming that by 543

using a PRS-based superstrate with a positively gradient 544

phase, the peak gain over a wideband of a frequency spectrum 545

is improved drastically. 546

From Fig. 15 (b), the measured maximum peak gain of 547

the proposed FPRA is 14.72 dBi at 16 GHz, with a 3-dB 548

gain bandwidth of 36% (5.1 GHz) ranging from 11.68 to 549

16.78 GHz, which is in good agreement with the simulation 550

results. 551

For further analysis, the normalized simulated and mea- 552

sured radiation patterns of the proposed FP resonator antenna 553

are illustrated in Fig. 16 & 17 at three different frequencies, 554

12.5, 14, and 16 GHz, in both H- and E-planes. 555

The obtained radiation patterns (simulated and measured) 556

of the antenna, are directional in the broadside of both the 557

E- and H-planes, with lower side-lobe and cross-polarization 558

levels, and a narrower beam-width. Both simulation and 559
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measurement results are in good agreement, with a slight560

difference due to fabrication errors. With these features, the561

proposed design could be a potential candidate, allowing a562

high and consistent gain over a larger operating bandwidth,563

and low profile, for applications in the Ku-band spectrum.564

Finally, the proposed FPRA design is compared to others565

in the literature, taking into account the bandwidth, the maxi-566

mum peak gain, the overall size of the design, and the number567

of PRS layers. The comparison is summarized in Table 3.568

From this comparison, it can be concluded that the proposed569

design outperforms the other ones in terms of compactness,570

high gain, and wider operation bandwidth.571

IV. CONCLUSION572

In this paper, a topology optimized partially reflective sur-573

face (PRS) using the genetic algorithm embedded in Matlab,574

with a VBA-based interface established with CSTMicrowave575

studio, has been designed and simulated. This proposed PRS576

design has provided a positive reflection coefficient phase,577

which leads to a wider impedance, 3-dB gain bandwidth, and578

high gain at the Ku band.579

The proposed prototype has been fabricated and measured.580

The simulation results have been validated by measurements,581

and they have shown a wide−10dB impedance bandwidth of582

6.03 GHz ranging from 11.32 to 17.35 GHz, which corre-583

sponds to a fractional impedance bandwidth of 42% for the584

center frequency of interest. In addition, the measured 3-dB585

gain bandwidth is 5.1 GHz (35.83%) ranging from 11.68 to586

16.78 GHz, with a measured peak gain of 14.72 dBi, which587

is almost double the source antenna’s gain.588

Aside from the aforementioned improvements, using the589

proposed PRS layer shaped the radiation pattern to become590

more directive, with a narrower beam-width and lower side-591

lobe levels. The simulation and measurement results are in592

good agreement, with a slight difference due to fabrication593

errors. The proposed PRS-based FP resonator antenna can be594

a good candidate for high gain with wideband applications in595

the Ku-band.596
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