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Abstract: In this article, a chip-fed millimetre-wave high-gain antenna system with in-antenna power1

combining capability is presented. A low-profile resonant cavity antenna (RCA) array is fed by multiple2

spherical dielectric resonators (DRs), demonstrating its multi-feed capabilities. Each of the DR is fed3

by two microstrip resonators on a planar circuit board. Printed superstrate is used in the proposed4

RCA as the partially reflecting superstrate (PRS), which makes the antenna profile small. To increase5

the directivity and gain, 2×2 RCA array is developed. The demonstrated design shows prominent peak6

gain of 25.03 dBi, radiation efficiency of more than 80% and 3.38 GHz 3-dB gain-bandwidth while7

maintaining a low profile. To steer the beam of the demonstrated 2×2 RCA array in a wide angular8

range with low side-lobe-level, two planar all dielectrics passive beam steering metasurfaces have been9

designed and optimized. A detail analysis on the optimization procedure is presented in this article. This10

numerical investigation is vitally important for realizing beam steering metasurfaces with suppressed11

side-lobe-level, wide bandwidth, excellent efficiency and less complexity.12

Keywords: Beam steering; high gain antennas; metasurface; near-field; optimization.13

1. Introduction14

The present day wireless communication is moving towards millimeter-wave band fre-15

quencies due to the requirements of increasing the number of users, high bandwidth and high16

data rates. However, millimeter-wave band has a limitation of high path loss which requires17

high transmission power to compensate for this loss. The transistor-based amplifiers have18

limited output power, thus, single amplifiers fail to provide the necessary output power for19

the system. High output power can be supplied by combing powers from several amplifiers20

in couplers, but the high coupler loss at millimeter-wave band compromises the benefit of21

power combination. Instead of using couplers, phased array antenna topology can be used22

where each antenna of the array is fed from an amplifier and the total radiated power can be23

formed to be the combined power from each antenna element. This on-air power combining24

technique has the drawbacks of large heat production due to the closer location of the ampli-25

fiers in the phase array antenna system. Compared to these techniques, the in-antenna power26

combining method offers a more promising solution for transmitting high power [1], [2], [3],27

[4]. In this technique, powers from multiple sources are concentrated inside a single antenna28

footprint, thus, eliminating the limitations of coupler losses or the losses from closely spaced29

amplifiers in phased array topology. This in-antenna power combination technique is utilized30

in this work for a chip fed antenna system for millimeter-wave band.31

The topology of the chips fabricated with standard processes, such as CMOS, are com-32

posed of two segments; the bottom segment of the chip is called Front-End-of-Line (FEOL)33

which is made with silicon and the active circuit elements are embedded in this segment. The34

top segment of the chip is called Back-End-of-Line (BEOL) which contained the passive circuit35

elements. The substrate (typically SiO2) and metallic elements of BEOL are connected to the36

Version January 15, 2025 submitted to Micromachines https://www.mdpi.com/journal/micromachines

https://www.mdpi.com
https://orcid.org/0000-0002-5536-2442
https://doi.org/10.3390/mi1010000
https://doi.org/10.3390/mi1010000
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/micromachines


Version January 15, 2025 submitted to Micromachines 2 of 25

active components of FEOL through a Vertical Interconnect Access (VIA). Figure 1 illustrates37

the configuration of a standard chip topology [5]. In this paper, a high gain antenna system is38

developed which can be directly mounted on the BEOL surface of the chip through a spherical39

dielectric resonator directly mounted on a shallow crate etched in the substrate of the BEOL40

(see Figure 1(b)) and fed from the active components located in FEOL through the VIA. In41

the proposed design, electromagnetic energy from several sources are combined inside an42

RCA array before transmitting through the radiating element of the antenna. The installation43

of a spherical resonator in the shallow crate ensures high positioning accuracy and stable44

attachment of the spherical resonator to the chip. This chip mounted spherical resonator acts45

as the feeding element of the proposed antenna system. Such an in-antenna power combing46

technique is highly efficient in millimeter-wave, low-loss high-power applications.47

Figure 1. (a) Configuration of a standard chip. (b) Mounting the spherical dielectric resonator on a crate

etched in the chip substrate.

There is a growing need to dynamically steer the beam of high-gain antennas. Among48

many applications in the existing and upcoming wireless communications, the most promi-49

nent application areas of high-gain beam steering antennas are automotive radar systems,50

point to point and point to multipoint communication terminals [6], and on-the-move con-51

nectivity [7].52

Beam steering of high gain antennas can be accomplished by mechanically moving53

antenna components [8], liquid crystals [9], digitally controlled transmit arrays [10] [11], in-54

plane translation of lenses with fixed antenna feeds [12], leaky-wave antennas [13], and phased55

array topology [14]. The phased array antenna topology provides quasi-continuous beam56

steering for high gain antennas at mm-wave frequencies, but it suffers from the limitations of57

high loss, poor efficiency and high cost [15] [16] [17].58

Apart from the conventional mechanically movable reflector dishes and electronically59

steered phased arrays, recently, passive electromechanical beam steering systems have become60

popular due to their simplicity, wide-range steering and low cost [18] [8] [19]. A beam steering61

system utilizing planar phase transformation surfaces mounted in the far-field region (nearly62

eight wavelengths apart from the antenna aperture) of the fixed-beam antenna is reported63

in[18]. The topology of this phase transformation surface was motivated by optical Risley prism64

[20] and its microwave counterpart (dielectric wedges) [21]. The work in [8] demonstrated65

that the phase transformation metasurfaces can be placed in the near-field region instead66

of the far-field region of the fixed-beam antenna, and similar steering performance can be67

achieved with a lower height of the system. This novel technique introduced a new branch of68

beam steering development called near-field metasteering or otherwise known as metalenses.69

This methodology was later followed by [19] to develop two all-metallic phase transformation70

metasurfaces for high-power applications. [22] developed a phase gradient metasurface lens71

by placing a modulated circular disk unit cell on the top of the radiator to control the radiated72

beam, and this improved the gain with a decrease in beam width. [23] and [24] developed beam73

tilting system by using a phase modulated metasurface and negative indexed metasurface74

loading. A wide beam scanning metasurface with improved gain by controlling the beam of a75

substrate integrated slot array antenna was developed in [25]. [26] developed a bifocal Fresnel76

lens by using a polarization sensitive metasurface.77



Version January 15, 2025 submitted to Micromachines 3 of 25

Phase transformation metasurfaces located in the near-field region can steer the beam78

within a large conical region. These methods are efficient, suitable for high-power applications79

and are low in cost. However, very limited literature is found on optimizing the metasurfaces80

for more improved performance. Motivated by the future prospects of beam steering high gain81

high power chip-fed antennas and the limited research in optimization of metasurfaces, this82

article presents an all dielectric metasurface designed and optimized for millimeter wave band83

applications. The all dielectric topology offers the benefit of low loss, design simplicity, ease of84

fabrication and low cost. Moreover, the phase transformation is achieved by implementing a85

series of holes with varying radius in the dielectric slabs instead of varying the height of the86

dielectric. This method significantly reduces the height of the metasurafce. The demonstrated87

optimization technique offers a promising solution for designing metasurafces with better88

beam steering performance with reduced side-lobe-level, large bandwidth and high efficiency.89

2. Antenna Topology and Design90

2.1. Configuration of the Antenna91

Figure 2 shows the configuration of the proposed antenna. The proposed antenna is an92

RCA with printed superstrate. A partially reflecting superstrate (PRS) modifies the phase front93

of the transmitted wave and thus improves the directivity of the antenna. Superstrates are94

classified as printed and non-printed; non-printed superstrates are constructed by dielectrics95

where phase correction is implemented by varying the permittivity [27] or the thickness [28] of96

the dielectrics while printed superstrates are constructed by printing metallic patterns on the97

dielectric [29]. In the demonstrated design, a printed superstrate is used where disk shaped98

metallic patters are printed on the dielectric. The RCA is fed by a 2×2 square microstrip patch99

array. These square patches are printed on a middle board. The substrate of the middle board100

is Rogers RT5880. The bottom surface of the middle board has cladding which serves as the101

ground plane for the RCA. Square coupling slots are etched in the cladding exactly underneath102

each patch to provide electromagnetic coupling between the patch radiator and the dielectric103

sphere. For proper alignment of the spheres with respect to the middle board, holes are drilled104

in the dielectric and through the square patches.105

In the demonstrated design, four alumina spheres are used as the feeding elements106

of the antenna where the spheres are mounted in thin circuit board. Spherical DRs are an107

effective method for feeding such types of millimeter-wave chip-fed antennas because of their108

perpendicular radiation, excellent radiation efficiency and precise alignment to the circuit109

board [30], [31]. The selected material for the bottom circuit board is Ultralam 3850. Circular110

crates etched in the circuit board hold the spheres. The alumina spheres have a 3 mm diameter,111

and each resonates at 34.5 GHz. Four open-ended λ/4 microstrip resonators are used to excite112

each sphere, where λ is the guided wavelength. Among four microstrip resonators of each113

sphere, an opposite set of microstrip resonators are fed in opposite phases with the same114

magnitudes. For impedance matching, each microstrip resonator is shorted to ground through115

a pair of via holes. From the demonstrated antenna topology, it is explicit that there is a total of116

sixteen microstrip resonators to feed the RCA, thus, power from sixteen sources is combined117

inside the cavity of the RCA and radiates through the PRS. In actual chip feed applications, the118

circuit board will be the substrate of the BEOL and each microstrip resonator will be directly119

fed from a power source located in the FEOL through VIA. So, it can be concluded that the120

proposed design can be an efficient form of in-antenna power combing technique for chip121

feed integrations.122
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Table 1: Dimension of the antenna element.

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)

A 11.314 B 1.575 C 1.138
E 0.375 F 1.3735 G 1.592
H 0.31 I 0.85 J 1.338
K 0.125 L 3 M 2.82
N 3.92 O 35 P 1.8546
Q 0.4 R 1.48 D1 2.667

D2 2.663 D3 2.62 D4 2.04
D5 0.68 T1 2.835 T2 8.506
T3 14.176 T4 19.847 T5 25.517

Figure 2. Geometry of the proposed antenna.

The superstrate of the RCA is shown in Figure 3. The dielectric material for the super-123

strate is TMM4 whose bottom surface has a printed pattern that consists of circular metallic124

disks with gradually reduced diameters from center towards the edge. This configuration125

imposes more phase delay to the field at the center of the superstrate compared to the edge,126

incorporating a uniform phase front and enhancing directivity.127

Figure 3. Printed superstrate.

Computational analysis of the RCA was accomplished in CST Microwave Studio 2020.128

The dimensions of the antenna element and superstrate, presented in Figure 2 and Figure 3,129

are shown in Table 1.130

The properties of the different dielectric materials used in different parts of the antenna131

are mentioned in Table 2.132
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Table 2: Properties of the dielectric materials.

Material Dielectric Constant Loss Tangent Component Thickness/ Diameter (mm)

Alumina 9.98 0.0002 Sphere 3
Ultralum 3850 2.9 0.0025 Circuit board 0.05
Rogers RT5880 2.2 0.0009 Middle board 0.508

TMM4 4.7 0.002 Superstrate 1.03

2.2. Performance Characterization133

Figure 4 demonstrates the simulated active S-parameters (magnitude of input reflection134

coefficient) of the input ports. There are in total 16 input reflection co-efficient results for135

16 ports (excited with 50-Ω discrete ports), but for clarity 7 results are shown in Figure 4 as136

the results for some ports are exactly similar. The active S-parameters results reveal that this137

multi-fed RCA maintains impedance matching over a wide bandwidth.138

Figure 4. S-parameters of the input ports.

Figure 5 demonstrates the magnitude and phase response of the printed PRS. Here the139

results for cut plane on X direction is shown, due to symmetry in other plane, it gives the140

similar results, so not presented here to avoid the repetition.141

Figure 5. E-Field magnitude and phase response of the printed PRS in X-cut plane.

Figure 6 shows that the antenna achieves a peak directivity of 20.83 dBi at 34.5 GHz. The142

3-dB directivity bandwidth is 3.77 GHz (32.63-36.4 GHz). From Figure 6, it is observed that the143

antenna achieves a peak gain of 20.33 dBi at 34.5 GHz with 3-dB gain bandwidth of 3.02 GHz144

(32.84-35.86 GHz). Figure 7 shows the side-lobe-level (SLL) of the antenna in two orthogonal145

planes (phi = 0 ◦ and phi = 90 ◦ planes).146
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Figure 6. Directivity and gain vs frequency of the antenna.

Figure 7. SLL vs frequency of the antenna.

The simulated efficiency of the antenna is shown in Figure 8. It can be seen that the147

antenna maintains more than 70% radiation efficiency from 32 GHz to 35.5 GHz. At 34 GHz, the148

efficiency of nearly 90% is observed. Figure 9 shows the 3-D radiation pattern at 32, 34 and 36149

GHz. It shows that the maximum radiation is pointing towards broadside with side-lobe-levels150

below 8 dB.151

Figure 8. Efficiency vs frequency of the antenna.

Figure 9. 3-D patterns– (a) 32 GHz, (b) 34 GHz, (c) 36 GHz.

From the above numerical analysis, it is revealed that the antenna achieves excellent152

matching bandwidth, 3-dB directivity bandwidth (3.77 GHz), 3-dB gain bandwidth (3.02 GHz)153

and promising efficiency in the entire operating band (32 GHz to 35.5 GHz).154
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3. Phased Array Topology155

For increasing the directivity and bandwidth, RCA array technology is implemented. In156

this work, a 2×2 RCA array is used. The top view of the RCA array configuration is illustrated157

in Figure 10. In the demonstrated RCA array topology, different elements of the array are158

combined into the same substrate, thus, simplifying the assembly and the feeding. In the159

proposed array technology, two outermost columns and rows of the metallic disks of each160

element of the supserstrate are overlapped (Figure 10(a)), which substantially reduces the161

grating lobes. Here, the dimensions of each array elements are the same as the previous single162

element antenna as shown in Figure 3 and Table 1. The separation between the spheres (A) is163

slightly increased to 11.34 mm to maintain equal distance between consecutive spheres. The164

footprint of the antenna is 57.68 mm × 57.68 mm. Figure 10(b) shows the dielectric spheres of165

the array. There are in total 16 spheres and each fed from two vertical microstrip resonators.166

So, there are in total 32 input/output ports for this 2×2 RCA array.167

Figure 10. 2×2 RCA array-(a) top view, (b) feed topology.

3.1. Performance of the RCA Array168

The numerical performance of the RCA array is investigated in CST Microwave Studio169

2020. Figure 11 shows the simulated active input match at each port. There are in total 32170

results for 32 ports, but for clarity 9 results are shown in Figure 11 as some results are exactly171

similar, so these are skipped here. The S-parameter results indicate good matching from 31.8172

to 35.5 GHz, except some relatively poor matching for some ports at 33 GHz.173

Figure 11. S-parameters of the 2×2 RCA array.

Figure 12 shows that the antenna achieves a peak directivity of 25.6 dBi at 34.5 GHz,174

whereas for a single element, the directivity was 20.83 dBi. So, the directivity has been increased175

by 4.77 dB. The 3-dB directivity bandwidth of the 2×2 RCA array is 3.85 GHz (32.37-36.22 GHz),176

whereas for individual elements, the 3-dB directivity bandwidth was 3.77 GHz. So, 3-dB177

directivity bandwidth has been increased by 0.08 GHz in the 2×2 RCA array. From Figure 12,178

it is observed that the antenna achieves a peak gain of 25.03 dBi at 34.5 GHz with 3-dB gain179

bandwidth of 3.38 GHz (32.44-35.82 GHz). For a single element, the peak gain was 20.83 dBi180

and 3-dB gain bandwidth was 3.02 GHz. So, the peak gain is increased by 4.2 dB and 3-dB181

gain bandwidth is increased by 0.36 GHz. Figure 13 demonstrates the excellent side-lobe-level182

(SLL) of the RCA array in two orthogonal planes (phi = 0 ◦ and phi = 90 ◦ planes).183
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Figure 12. Directivity and gain vs frequency of the 2×2 RCA array.

Figure 13. Side-lobe-level (SLL) vs frequency of the 2×2 RCA array.

The simulated efficiency of the RCA array is shown in Figure 14. It can be seen that the184

antenna maintains a radiation efficiency of more than 80% from 32.1 GHz to 37.3 GHz. A185

decrease in total efficiency is seen at 33 GHz and after 35 GHz, and this is due to poor matching186

at these frequencies.187

Figure 14. Efficiency vs frequency of the 2×2 RCA array.

The E-field distribution of the RCA array is shown in Figure 15. There is overlapping188

hotspots between array elements, which indicates good radiation characteristics of the array.189
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Figure 15. E-field distribution of the 2×2 RCA array at 34.5 GHz.

The far-field radiation pattern of the RCA array at 34.5 GHz is shown in Figure 16. It is190

exhibited that the maximum radiation pointing towards broadside is 25.5 dBi with side-lobe-191

levels lower than 15.7 dB.192

Figure 16. Radiation pattern of the 2×2 RCA array at 34.5 GHz.

4. Beam Steering Metasurface Design193

To tilt the beam at the desired angle, a planar phase gradient all dielectric metasurface is194

designed. In the demonstrated design, a pair of planar near-field phase gradient metasurfaces195

are utilized to steer the beam. When two metasurfaces are rotated together in the same196

direction keeping no change to their relative positions, a conical scan of the main beam197

occurred. On the other hand, the beam is steered in the elevation plane only when both198

metasurfaces are rotated with the same angle in the opposite direction to each other. So, beam199

steering is possible in any direction within the cone by changing the relative position of the200

metasurfaces [32].201

4.1. Unit Cell Model202

Figure 17 shows the unit cell of the proposed metasurface. The unit cell is a square dielec-203

tric block having width w and thickness t, all four different dielectric materials combinedly204

form the whole metasurface structure with a thickness of 4.5 mm. A circular through hole with205

radius r is made in the middle of the dielectric, by varying the radius of the hole, the effective206

dielectric constant of the cell can be changed which in turn changes the phase shift of the207

electromagnetic wave passing through the dielectric block. With the combination of different208

dielectric materials and radiuses of the holes, a full 360◦ phase shift can be achieved through209

this cell configuration. In this design, four different dielectric materials are used to achieve the210

360◦ phase-shift range, which are:211

PREPERM ABS300 (ϵr = 3, tanδ = 0.0046)212

PREPERM ABS450 (ϵr = 4.5, tanδ = 0.0042)213

PREPERM ABS650 (ϵr = 6.5, tanδ = 0.0035)214

PREPERM ABS1000 (ϵr = 10, tanδ = 0.003)215

216
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Figure 17. Unit Cell of the proposed metasurface (w = 2.85mm, t = 4.5mm).

These dielectric materials are used to realize the near field phase gradient metasur-217

face. Normalized phase achieved with these four dielectric materials with varying radiuses of218

through holes between 0.1 mm to 1.4 mm are plotted in Figure 18.219

Figure 18. Unit cell normalized phases.

4.2. Metasurface Development from Unit Cell Model220

The proposed metasurface is a near-field phase gradient metasurface which is designed221

for the tilt angle of 20◦. From the theory of phase gradient metasurface, it is known that to222

obtain a beam tilt of θ◦ at a wavelenth of λ0 in a 1-D array, the progressive phase delay ∆φ223

required between adjacent elements is given by the following relationship [8], [32] -224

∆φ= 2π

λ0
d si nθ..................(1)

where d is the center-to-center distance between adjacent cells. So, to tilt a normal beam225

by 20◦, a metasurface requires a progressive phase shift (∆ φ) of 41◦ between adjacent cells226

for the cell width (d) of λ/3. In the designed metasurface, a total of 20 × 20 cells are used to227

cover the entire surface of the antenna. Figure 19 shows the metasurface configuration, the228

phase gradient between adjacent cell along x-axis is 41◦, while along y-axis, no phase gradient229

is introduced. It is exhibited that the metasurface is aperiodic in configuration.230
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Figure 19. Metasurface configuration.

The radius of the holes (in mm) of all unit cells of the metasurface for each row from 1 to231

20 are as follows: r1 = 0.74; r2 = 0.85; r3 = 0.35; r4 = 0.78; r5 = 0.5; r6 = 0.8; r7 = 0.5; r8 = 1; r9 =232

1.32; r10 = 0.66; r11 = 0.84; r12 = 1; r13 = 0.7; r14 = 0.35; r15 = 0.72; r16 = 0.2; r17 = 0.85; r18 =233

1.25; r19 = 0.66; r20 = 0.8.234

To make the metasurface structure periodic, the phase gradient between adjacent cells235

is set to 40◦ keeping the overall size same as the aperiodic metasurface (20 × 20 cells). The236

steering angle of this metasurface will remain the same as before (i.e., 20◦). Figure 20 shows237

the periodic metasurface configuration. The radius (in mm) of the holes of the periodic238

metasurface unit cells are: r1= 0.55; r2 = 0.75; r3 = 0.94; r4 = 0.56; r5 = 0.91; r6 = 0.62; r7 = 0.94;239

r8 = 0.81; r9 = 1.22; r10 = 0.55; r11 = 0.75; r12 = 0.94; r13 = 0.56; r14 = 0.91; r15 = 0.62; r16 = 0.94;240

r17 = 0.81; r18 = 1.22; r19 = 0.55; r20 = 0.75. It is noticed that r1– r9 are unique radiuses that241

repeat periodically.242

Figure 20. Periodic metasurface configuration.

4.3. Period and Aperiodic Metasurfaces Performance Comparison243

The performance of the periodic and aperiodic metasurfaces are compared to evaluate244

which metasurface gives better results for the demonstrated antenna. The performance is245

examined both with one metasurface and two metasurfaces. For performance prediction and246

parameter tunning, an array of horizontal electric dipoles (HEDs) is used as a feeding base247

antenna, which needs relatively less computational resources whilst having nearly the same248

radiation characteristics as RCA. Figure 21 shows an HED array with one metasurface and249

two metasurfaces. For the one metasurface configuration, the distance from HED array to250

metasurface is kept at 8.7 mm and for two metasurfaces configuration, the distance from HED251

array to metasurface-1 is kept at 8.7 mm and the distance between metasurfaces is kept at252

8.7 mm. It can be noted that when the two metasurfaces are aligned in the same direction,253

maximum beam tilting is realized, while no beam tilting is achieved when they are aligned in254

the opposite direction.255
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Table 3: Period and aperiodic metasurfaces performance comparison.

Configuration SLL (dB) Directivity (dB)

HED array only -13.2 26.7
One periodic metasurface -9.5 25.9

One aperiodic metasurface -7.4 24.9
Two periodic metasurfaces aligned in same direction -4 21.9

Two aperiodic metasurfaces aligned in same direction -3.4 21.7
Two periodic metasurfaces aligned in opposite direction -6.1 24.1

Two aperiodic metasurfaces aligned in opposite direction -5.5 23.1

Figure 21. HED array and metasurfaces.

Figure 22 shows the radiation pattern at 34.5 GHz for HED array and two metasurfaces256

aligned opposite to each other, the patterns are plotted both for periodic and aperiodic meta-257

surfaces for comparison.258

Figure 22. Pattern at 34.5 GHz for HED array and two metasurfaces aligned opposite to each other.

The details simulated performance of the periodic and aperiodic metasurfaces are shown259

in Table 3. In this comparison, the directivity and side-lobe-level (SLL) are taken into con-260

sideration. It can be seen that for both one metasurface and two metasurfaces (aligned in261

same direction for maximum beam tilting and in opposite direction for 0◦ beam tilting cases),262

periodic metasurface gives higher directivity and lower SLL. In the demonstrated work design,263

periodic metasurface configuration is used due to its better performance over the aperiodic264

one.265

5. Metasurface Optimization266

To increase the directivity and reduce the side-lobe-level (SLL), the metasurface is opti-267

mized by using the optimization algorithms of CST Microwave Studio. The radius of the holes268

of the metasurface cells are optimized keeping the width and thickness constant. Later, the269

performance of the RCA array is computed with the optimized metasurface and compared270

with the unoptimized metasurface performance.271
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5.1. Optimization Procedure272

The optimization is conducted with supercell [33] and periodic boundary conditions273

that mimics an infinitely extended metasurface. Supercell is the combination of unit cells274

that are repeated periodically to form the metasurface. In the demonstrated metasurface, the275

combination of the first nine-unit cells is the supercell which is shown in Figure 23. "CMA276

Evolution Strategy" algorithm of CST was used for the optimization. The radius of the holes277

(r1, r2, r3, r4, r5, r6, r7, r8 and r9) of the unit cells were used as the optimization parameters in278

the algorithm. In the optimizer, the radius limit was set at 0.1-1.4 mm.279

Figure 23. Supercell of the metasurface.

The step-by-step procedure of the optimization is described as follows-280

Step-1: The supercell was simulated in CST MWS under periodic boundary condition281

with Floquet port excitation [33]. For this simulation, the supercell was excited with a broadside282

TE (00) mode propagating along the z-axis. From Floquet analysis, it was exhibited that this283

supercell supports fourteen propagating TE modes, out of which seven are transmitting and284

seven are reflecting. Figure 24 exhibits the fourteen propagating TE modes. Among these285

modes, SZmax(5), Zmin(1) is the main propagating mode which will be maximised. The other286

modes are either reflections or deflection in unwanted directions and need to be suppressed.287

Figure 24. Transmission and reflection modes of the Supercell in Floquet analysis.

Step-2: In the optimization settings, a target value, frequency range of interest and weight288

were assigned to each mode. Maximum weight was assigned for the desired mode. For grating289

modes, the weights were distributed to target the worst grating lobes selectively. Thus, a higher290

weight value was assigned to the grating modes with high magnitude. The weight values291

were gradually reduced for a corresponding reduction in the magnitude of the grating modes.292

Figure 25 depicts the assigned goal for each mode.293
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Figure 25. Optimizer settings in CST.

Step-3: The optimizer aims to minimize the goal function value at each iteration. Once294

the goal function was sufficiently reduced and did not change significantly for at least 10 to295

15 runs, then the algorithm was terminated manually. The parameters corresponding to the296

current best goal function value gives the best performance (enhances the desired mode and297

suppresses the unwanted modes). The best parameter values (radius of the holes) found from298

the optimizer were used to form the optimized metasurface which intended to give better299

performance in terms of directivity and side-lobe-level. The optimizer result is shown in300

Figure 26. The radius of the holes before and after the optimization are shown in Table 4, which301

shows significant change in the hole radius.302

Figure 26. Computed result of the optimizer in CST Microwave studio.

5.2. Performance Investigation of the Optimized Metasurface303

The performance of the optimized metasurface was numerically investigated and com-304

pared with the unoptimized metasurface performance. For performance estimation, HED305

array was used instead of the actual RCA array to save computation time. The performance was306

computed when the two metasurfaces were aligned in the same direction (maximum beam307
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Table 4: Radius of the Holes Before and After Optimization.

Cell Hole radius (mm) before optimization Hole radius (mm) after optimization % Change

1 0.55 0.61 10.91
2 0.75 1.07 42.67
3 0.94 1.26 34.04
4 0.56 0.96 71.42
5 0.91 1.2 31.87
6 0.62 0.94 51.61
7 0.94 1.4 48.94
8 0.81 1.3 60.49
9 1.22 1.4 14.75

titling) and when they were aligned in the opposite direction (0◦ beam titling). For simulation308

with HED array, the distance from HED array to metasurface-1 was kept at 9.83 mm and the309

distance between metasurfaces was kept at 5 mm (From parametric analysis, it was found that310

these distances give better performance).311

Figure 27 shows the SLL vs frequency of the HED array with two optimized metasurfaces312

as well as two unoptimized metasurfaces. It can be noticed that when the two metasurfaces313

are aligned in the opposite direction (0◦ beam titling), notable improvement in SLL is visible at314

33.6-36 GHz for the optimized metasurface, although the minimum value of SLL is better for315

the unoptimized metasurface, the overall SLL in the entire frequency band is better for the316

optimized metasurface. For maximum beam titling, significant improvement in SLL is visible317

at 33.2-36 GHz for the optimized metasurface.318

Figure 27. SLL vs frequency before and after optimization tested with HED array.

Figure 28 shows the far-field radiation pattern at 34.5 GHz of the HED array with two319

optimized metasurfaces as well as two unoptimized metasurfaces for maximum and 0◦ beam320

tilting. An improvement in maximum directivity is visible with the optimized metasurface, this321

improvement is more significant for maximum beam tilting, i.e., when the two metasurfaces322

are aligned in the same direction.323

Figure 28. Far-field pattern at 34.5 GHz before and after optimization tested with HED array.
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6. Testing the Optimized Metasurface Performance with RCA Array324

The performance estimation of the optimized metasurface with HED array has revealed325

the improvement in directivity and SLL for beam tilting operation. Now, the optimized metasur-326

face is used with the designed 2×2 RCA array and beam steering performance is investigated.327

Performance investigations for maximum beam tilting (when the metasurfaces are aligned in328

same direction) and 0◦ beam tilting (when the metasurfaces are aligned in opposite direction)329

are analysed.330

6.1. RCA Array with Maximum Beam Tilting Metasurface331

Figure 29 depicts the designed sphere-fed RCA array and two optimized metasurfaces332

aligned in the same direction incorporating maximum beam tilting. The distance from the333

PRS of the RCA array to metasurface-1 is 9.83 mm and the distance between the metasurfaces334

is 5 mm.335

Figure 29. RCA array with two optimized metasurfaces aligned in same direction.

Figure 30 shows the active S-parameters of the ports of the RCA array with optimized336

metasurfaces, there are total 32 results for 32 ports. For clarity 9 results are shown here, some337

results are exactly similar, so these are skipped. Comparing with Figure 11 it is observed that at338

higher frequencies, the reflection at some ports is increased with the metasurfaces.339

Figure 30. S-parameters of the RCA array with optimized metasurfaces.

Figure 31 shows the directivity and gain vs frequency of the RCA array with two optimized340

metasurfaces oriented for maximum beam tilting. It is observed that the 3-dB directivity341

bandwidth is 1.94 GHz (33.59-35.53 GHz) and 3-dB gain bandwidth is 1.68 GHz (33.66-35.34342

GHz).343
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Figure 31. Directivity and gain vs frequency of the RCA array with optimized metasurfaces.

Figures 32 and Figures 33 illustrate the results of SLL vs. frequency and efficiency vs.344

frequency, respectively for maximum beam tilting. Promising SLL and efficiency can be345

observed from these results. In Figures 33, a decrease in total efficiency at higher frequencies346

occurs due to the poor matching at higher band as can be seen from Figure 30.347

Figure 32. SLL vs. Frequency of the RCA array with optimized metasurfaces.

Figure 33. Efficiency vs. Frequency of the RCA array with optimized metasurfaces.

Figure 34 illustrates far-field radiation pattern at 34.5 GHz, the main beam is tilted to 40◦348

as expected.349

Figure 34. Far-field radiation pattern at 34.5 GHz of the RCA array with optimized metasurfaces for

maximum beam tiling.
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6.2. RCA Array with Two Optimized Metasurfaces Aligned in Opposite Direction (0◦ Beam350

Tilting)351

Figure 35 shows the sphere-fed RCA array and two optimized metasurfaces aligned in352

opposite direction incorporating 0◦ beam tilting. The distance from the PRS of the RCA array353

to metasurface-1 is 9.83 mm and the distance between metasurfaces is 5 mm.354

Figure 35. RCA array with two optimized metasurfaces aligned in the opposite direction.

Figure 35 shows the active S-parameters of the ports of the RCA array. Comparing with355

Figure 11, it is observed that at higher frequency band, the reflection at some ports is increased356

after using the metasurfaces. The results are similar to the previous results of Figure 30 where357

the metasurfaces were aligned for maximum beam tilting.358

Figure 36. S-parameters of the RCA array with optimized metasurfaces aligned for 0-degree beam tilt.

Figure 37 shows the directivity and gain vs. frequency of the RCA array with two optimized359

metasurfaces positioned for 0◦ beam tilting. It is observed that the 3-dB directivity bandwidth360

is 1.9 GHz (33.59-35.49 GHz) and 3-dB gain bandwidth is 1.53 GHz (33.66-35.19 GHz).361

Figure 37. Directivity and gain vs. frequency for 0◦ beam tilt.

Figure 38 and Figure 39 illustrate the results of SLL vs. frequency and efficiency vs.362

frequency, respectively. Satisfactory SLL and efficiency can be observed from these results.363

In Figure 39, a decrease in total efficiency at higher frequencies happens due to the poor364

matching at higher band as can be seen from Figure 36.365
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Figure 38. SLL vs. frequency for 0◦ beam tilt.

Figure 39. Efficiency vs. frequency for 0◦ beam tilt.

Figure 40 illustrates far-field radiation pattern at 34.5 GHz, the main beam is directed366

towards broadside as expected.367

Figure 40. Far-field radiation pattern at 34.5 GHz for 0◦ beam tilt.

6.3. Performance Comparison Between Maximum and 0◦ Tilt for Different Metasurface368

Orientations369

The performance of the RCA array for two orientations of the metasurfaces (aligned in370

same direction for maximum beam tilting and aligned in opposite direction for 0◦ beam tilting)371

are compared to demonstrate the performance in different beam tilting positions.372

Figure 41, Figure 42 and Figure 43 exhibit the performance comparison of directivity, gain373

and SLL, respectively for 0◦ and maximum beam tilting cases. The 3-dB directivity bandwidth374

is 1.94 GHz (33.59-35.53 GHz) for maximum beam tilting, whereas it is 1.9 GHz (33.59-35.49375

GHz) for 0◦ beam tilting. It is exhibited that 3-dB directivity bandwidth is nearly the same376

for maximum and 0◦ beam tilting. 3-dB gain bandwidth is 1.68 GHz (33.66-35.34 GHz) for377

maximum beam tilting, whereas 3-dB gain bandwidth is 1.53 GHz (33.66-35.19 GHz) for 0◦
378

beam tilting. It is exhibited that 3-dB gain bandwidth is slightly higher for maximum beam379

tilting than 0◦ beam tilting. SLL comparison of Figure 43 indicates that 0◦ beam tilting orienta-380

tion metasurface has better performance than maximum beam tilting metasurface at lower381

frequencies, but at higher frequencies maximum beam tilting has better SLL performance382
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Figure 41. Directivity comparison for 0◦ and maximum beam tilt.

Figure 42. Gain comparison for 0◦ and maximum beam tilt.

Figure 43. SLL comparison for 0◦ and maximum beam tilt.

Table 5 depicts the performance comparison of the proposed antenna with the state-of-383

the-art works. It can be noticed that the proposed antenna has the highest gain and it does not384

require any DC power supply due to the utilization of mechanical beam steering technique,385

moreover, the antenna has very good scanning angle. The most prominent features of our386

demonstrated system are its in-antenna power combining capability for chip-fed high power387

applications in millimeter-wave band, utilization of passive metasurface for the beam steering,388

the metasurface is 3D printable and has low thickness, excellent gain and scanning range. The389

optimized metasurface and the designed antenna provides an excellent system of microwave390

power combining and beam steering method.391

7. Antenna Performance with Closely Spaced Metasurfaces392

The performance of the RCA array (with lossy feed distribution network) is assessed when393

the metasurfaces are placed very close to the antenna and closely placed near to each other. In394

this investigation, the distance from the PRS of the RCA array to first metasurface was kept at395

0.5 mm and the gap between metasurfaces was kept at 0.5 mm. Metasurface orientation for 0◦396

beam tilting scenario was observed. Figure 44 shows the antenna configuration with closely397

spaced metasurfaces398
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Table 5: Performance comparison of the proposed antenna with the state-of-the-art works.

Ref Freq (GHz)
Steering
Technique

Scanning
Angle (◦)

Peak Gain
(dBi)

DC Power

[8] 11 Mechanical ±46 19.4 No
[16] 5.5 PIN Diode ±36 7 Low
[19] 9.375 Mechanical ±20 - No
[32] 35 Mechanical ±40 21.5 No
[34] 2.62 Water ±20 5.7 No
[35] 30 Mechanical ±39 16 No
[36] 11 Mechanical ±57 19.9 No

This work 35 Mechanical ±40 25.03 No

Figure 44. RCA Array with lossy feed distribution network and closely spaced metasurfaces for 0◦ beam

tilting.

Figure 45 shows the input reflection coefficient at the input port of the feed distribution399

network, which demonstrates very low reflection in the entire observed frequency band from400

32 to 37 GHz.401

Figure 45. Input reflection coefficient of the RCA array with closely spaced metasurfaces.

The directivity and gain of the RCA array with closely spaced metasurfaces and fed402

through feed distribution network are illustrated in Figure 46. The 3-dB directivity bandwidth403

is 2.03 GHz (33.67-35.7 GHz) and 3-dB gain bandwidth is 1.76 GHz (33.76-35.52 GHz). These404

results are similar to the results when the metasurfaces were placed further apart than this405

closely spaced configuration (i.e., 9.83 mm from RCA array to metasurface-1 and 5 mm distance406

between metasurface-1 and metasurface-2).407
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Figure 46. Directivity and gain vs frequency of the RCA array with closely spaced metasurfaces.

The SLL result shown in Figure 47 demonstrates that the side-lobe-level performance is408

poor for closely spaced metasurfaces configuration compared to the previous results.409

Figure 47. SLL vs frequency of the RCA array with closely spaced metasurfaces.

Figure 48 demonstrates the efficiency of the RCA array for closely spaced metasurfaces,410

which shows poor performance compared to the previous results.411

Figure 48. Efficiency vs frequency of the RCA array with closely spaced metasurfaces.

Figure 49 plots the far-field radiation pattern of the RCA array with closely spaced meta-412

surfaces at 34.5 GHz, which shows the presence of high grating lobe.413
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Figure 49. Pattern at 34.5 GHz of the RCA array with closely spaced metasurfaces.

So, it is explicit that a closely spaced metasurface configuration can be used with an414

appearance of high grating lobe and reduced efficiency. However, this configuration is useful415

where compact beam scanning system is required.416

8. Conclusions417

The demonstrated RCA array can be a promising candidate for chip fed in-antenna power418

combining technique for millimeter-wave high gain and low-loss applications. The investi-419

gated planar dielectric phase gradient metasurface can steer the beam over a wide scanning420

range. The explored technique is an effective solution for lightweight, low profile and low-cost421

design of a passive beam steering system, which is free from thermal loss associated with422

active electronic components, non-linear distortion, and sensitivity to temperature variation.423

The explored optimization procedure of the metasurface is an important investigation for424

designing an accurate wide angle and wideband beam steering system with the best achiev-425

able performance. The detail analysis of the Chip-fed RCA array with metasurface could be426

promising source of information for designing a passive beam steering system having wide427

scanning range for a millimeter-wave high gain high power antenna system for electronic428

sensing and spectral monitoring applications.429
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