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Abstract— This article presents a state-of-the-art 3-D-printed1

dielectric reflectarray antenna featuring one-shot deployability2

and wide-angle beam-scanning ability. The design is enabled3

by a series of a “kirigami”-inspired two-stage snapping-like4

element structure that can be retracted by 66% to save space.5

The prototype is fabricated with a stereolithography (SLA) 3-D6

printing method with the Formlabs Flexible 80A photopolymer.7

A bifocal phase distribution method is utilized to optimize the RF8

performance of the array, realized −30◦ to −10◦ and 10◦ to 30◦
9

beam-scanning ability. The outcome of this work demonstrated10

a high-performance dielectric reflectarray design with ease of11

fabrication for 5G and satellite communication applications.12

Index Terms— 3-D printing, additive manufacturing, antenna13

arrays, deployable reflectarrays, dielectric reflectarrays, dielec-14

tric resonate antennas, flexible electronics, kirigami, origami.15

I. INTRODUCTION16

H IGH-performance antennas are critically important in17

modern wireless applications, such as 5G communi-18

cations, satellite communications, long-range RFID, remote19

sensing, and so on. Parabolic reflectors and phased arrays20

are two of the most commonly used topologies for applica-21

tions requiring narrow beams and high-gain antenna systems.22

However, parabolic reflectors are bulky, expensive, and hard23

to fabricate especially above mm-wave frequencies due to24

their curved profile. Although phased arrays typically require25

individual tunable phase shifters, power amplifiers, and com-26

plex feeding networks that dramatically increase their cost and27

difficulty of design, they feature significant additional beam28

steering capabilities. Reflectarray antennas combine some of29
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the best features of both parabolic reflectors and phased array 30

antennas, with the advantage of planar profile, relatively low 31

cost, and ease of fabrication, and can realize wide scan angles 32

without any active components and feeding networks [1]. 33

In addition, planar reflectarray antennas can be transformed 34

to foldable designs utilizing origami-inspired structures [2], 35

membrane [3], or inter-PCB hinges [4], making reflectarray 36

antennas ideal for satellite communication systems. To achieve 37

a dynamic radiation pattern with a reflectarray antenna, 38

mechanical tuning techniques can be utilized by rotating the 39

feed source [5], [6]. In recent years, a bifocal design has 40

proven to be an efficient method to improve the reflectarray 41

scanning range [7], [8], [9]. 42

One of the most significant challenges for mm-wave and 43

terahertz reflectarrays is to reduce conductor losses caused 44

by the metallic phase-shifting elements [10]. In recent years, 45

significant work has been undertaken on dielectric reflectar- 46

rays, eliminating conductor losses by replacing the metallic 47

phase shifters with high-dielectric phase delay structures. The 48

phase delay can be tuned by changing the height of each 49

element [11], [12], [13], [14], [15] or changing the effective 50

permittivity of each area [16], [17]. Dielectric reflectarrays 51

have demonstrated several advantages over traditional PCB- 52

based reflectarrays: 1) eliminate conductor losses in the metal- 53

lic resonant patch elements; 2) much wider bandwidth as 54

dielectric structures are generally not frequency selective; and 55

3) low cost and ease of fabrication by utilizing 3-D printing 56

and molding processes. However, most of the dielectric reflec- 57

tarray designs are using a stub-shaped structure as an element, 58

and they are utilizing rigid polymers to fabricate the design, 59

which effectively eliminating the use of current deployable 60

reflectarray techniques, thus preventing them from being able 61

to retract to smaller volume. Subsequently, current dielectric 62

reflectarrays will occupy substantially more space than tradi- 63

tional microstrip-based designs. The lack of deployability and 64

retractability will limit the applicable scenarios for dielectric 65

reflectarrays significantly. 66

In this article, a novel “kirigami”-inspired dielectric reflec- 67

tarray is presented featuring high gain, wide bandwidth, beam- 68

scanning ability, and deployability. This article is an extension 69

of previous work [18] with the following new contents: 70

this article has a new bifocal design with a beam-scanning 71

ability of −10◦ to −30◦ and 10◦ to 30◦ enabled by a phase 72
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Fig. 1. Element design. (a) Perspective view of the deployed structure and
top view of an element. (b) Perspective view of the folded structure and a
detailed schematic of the ground plane retraction mechanism.

optimization method. The deployable element structure was73

characterized and simulated to analyze the mechanical perfor-74

mance as well. The prototype was fabricated with a new stere-75

olithography (SLA) 3-D printable material Formlabs Flexible76

80A with much better durability. A thorough characterization77

for this material was performed from 26 to 40 GHz.78

II. ELEMENT DESIGN AND ANALYSIS79

A. Mechanical Design80

To realize a deployable dielectric reflectarray with minimum81

folded volume, we present a novel “snapping-like” structure82

inspired by monolithic mechanical metamaterials [19], as well83

as kirigami [20], a variation of origami involving cut sections.84

To make sure an accurate phase-shifting response and geome-85

try placement for reflectarray design, the element will be built,86

simulated, and fabricated in a “deployed” configuration.87

Fig. 1(a) shows the element design that consists of two88

segments: a snapping segment and a bearing segment, forming89

a bistable mechanism. The structure is designed to be actuated90

with an electric motor or a mechanical switch. The phase91

response of the reflected wave can be controlled by changing92

the height h of the element, while each element will have93

the same cross-sectional dimensions. The dimensions of the94

element are defined by four lengths l1, l2, l3, and l4; three95

dielectric thicknesses t1, t2, and t3, and two angles α and β.96

As discussed in [18], “another advantage of this design,97

as compared with a rhomboid-shaped structure, is that it98

minimizes the total width w variation across retracted and99

deployed states, resulting in a Poisson ratio close to zero.100

This means that the reflectarray will not expand or contract101

along the X-axis during deployment and operation. This is102

mostly due to angle α and length l1 that create a triangle-103

shaped hinge, which allows the snapping segment to “snap”104

onto the bearing segment. The bottom cutout with depth l4,105

as shown in Fig. 1(b), is to facilitate a foldable ground plane106

Fig. 2. Mechanical simulation results. (a) Force versus displacement, from
“deployed” stage to “retracted” stage. (b) Maximum element height versus
geometry parameters t1, t2, and t3 sweep around the design baseline values.

underneath the reflectarray.” The dimensions of the element 107

are chosen as: l1 = 1 mm, l2 = 2.9 mm, l3 = 1 mm, l4 = 108

2 mm, α = 82◦, β = 160◦, t1 = 0.6 mm, t2 = 1.2 mm, t3 = 109

1.7 mm, w = 8.11 mm, and l = 7.35 mm, to display good 110

foldability while maintaining an area less than 1λ2 to ensure 111

an accurate phase distribution. 112

The material utilized in this design is Formlabs Flexible 113

80A, a photopolymer with better printability and durability 114

than the previous [18] Flexible FLGR02. This flexible pho- 115

topolymer is a “rubber-like” elastomer with Young’s modulus 116

of 4.4 MPa. The material is simulated based on 80A durometer 117

rubber with Poisson’s ratio of 0.45. The structure is simulated 118

and optimized in Abaqus CAE 2019 with a finite-element 119

method (FEM) solver. The mechanical response of the struc- 120

ture is shown in Fig. 2(a). The displacement is defined as 121

the distance of the snapping segment traveled alone z-axis 122

when pressure applied on top of it. The color on the 3-D 123

structure indicates the Von Mises stress distribution with red 124

color showing the areas with the highest stress. When applying 125
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Fig. 3. Formlabs Flexible 80A material characterization results. Top:
dielectric constant versus frequency. Bottom: loss tangent versus frequency.

pressure to the deployed structure from the top of the snapping126

segment, initially, the displacement versus force is linear.127

When pressure reaches 0.83 N/M2, the snapping segment128

will rapidly conform to the bearing segment, and the structure129

will reach its second stable “retracted” state. In general, the130

stiffness of the element structure can be controlled by t1 and131

t2; for smaller values of t1 and t2, the lower values of external132

forces will be needed to retract the structure, but if t1 and t2 are133

too small, the printability will be reduced. Fig. 2(b) shows how134

large the element height h needs to be to cover the full 360◦
135

phase shift when sweeping the values of t1, t2, and t3 from136

−60% to 60% away from the baseline used for the design.137

When decreasing the value of t1, t2, or t3, the dielectric density138

of the element will be reduced, thus decreasing the effective139

dielectric constant; additional height h will be required for the140

same amount of phase delay. For larger values of angle α, the141

snapping segment will tend to lock onto the bearing segment142

more securely; while for vary small values of angle α, the143

structure can “pop-up” automatically when the external forces144

are removed.145

B. RF Design146

The Formlabs Flexible 80A material is characterized147

using the Nicolson–Ross–Weir (NRW) methodology with148

3-D-printed WR28 waveguide samples and A-INFO149

28CLKA2 waveguide calibration kit. The characterization150

results are shown in Fig. 3, and the dielectric constant at151

30 GHz is 2.763 with a loss tangent of 0.042.152

The element with dimensions discussed in Section II-A is153

designed and simulated in CST Studio Suite 2019 frequency154

domain solver with unit cell boundary conditions and Floquet155

port excitation. The phase delay of one element can be tuned156

by varying the height h [Fig. 1(a)]. The simulated phase157

response and reflection coefficient with respect to different158

angle of incidence (AoI) are shown Figs. 4 and 5. The phase159

fluctuations in Fig. 4 are caused by the combination of incident160

and reflected waves. A full 360◦ phase shift can be obtained161

by changing the element height h from 8.00 to 29.87 mm162

when AoI = 0◦. The simulation data are processed with163

a linear interpolative curve fitting algorithm to ensure any164

desired phase value can be matched with a precise element165

height. It can be observed in Fig. 4 that the phase response166

Fig. 4. Simulated phase response versus element height for different AoI
values at 30 GHz.

Fig. 5. Simulated reflection coefficient versus element height for different
AoI values at 30 GHz.

of the dielectric element will be changed under different 167

oblique incident angles, introducing phase errors to the design. 168

Thus, it is critical to optimize the phase distribution efficiently 169

to realize wide beam-scanning abilities and minimize the 170

array’s overall phase error with the optimization process to 171

be discussed in Section III. 172

III. REFLECTARRAY DESIGN, FABRICATION, 173

AND MEASUREMENT 174

A. Reflectarray Design 175

1) Bifocal Phase Distribution: To achieve a reconfig- 176

urable radiation pattern for a reflectarray antenna, various 177

beam-scanning methodologies can be utilized. One common 178

approach is by introducing active components, e.g., use RF 179

diodes/switches to turn the element on and off [21], [22], 180

use electric motors to tune the phase response of each 181

element [23], [24], or use tunable loading materials, such 182

as graphite [25], fluids [26], and so on. The active tuning 183

approach can be fast and accurate and achieves a wide range of 184

scanning angles. However, the active components can be bulky 185

and expensive and require a complex feeding circuit. As a 186

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on January 02,2023 at 18:50:54 UTC from IEEE Xplore.  Restrictions apply. 



7686 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 70, NO. 9, SEPTEMBER 2022

Fig. 6. Schematic of the bifocal beam scanning reflectarray setup.

result, the reflectarray can be unreliable, difficult to fabricate,187

and occupy a significant larger volume. Another approach to188

achieve reconfigurable pattern is by rotating the excitation189

antenna [5], [6], [7]. In contrast, no active component is190

required so the design can be low cost, easy to fabricate, and191

maintain a constant volume.192

In this article, we use a well-studied bifocal method [7]193

to realize a wide beam scanning range with uniform gain194

response across different scanning angles when rotating the195

feed horn antenna from point A to point B , as shown in196

Fig. 6. Two yz plane symmetrical feed horn antenna positions197

define the two focal points for the reflectarray. The ideal phase198

shifting value of the i th element φ(xi , yi) at any given position199

(xi , yi) with respect to feed horn antenna A or B can be200

calculated by201

φ(xi , yi)
A/B

202

= k0
(
d A/B

i − (
xi cos

(
ϕ

A/B
b

) + yi sin
(
ϕ

A/B
b

))
sin

(
θ

A/B
b

))
(1)203

d A/B
i204

=
√(

xi − h A/B
a sin

(
θ

A/B
b

))2 + y2
i + (

h A/B
a cos

(
θ

A/B
b

))2
(2)205

where k0 is the propagation constant in vacuum at the center206

frequency of the design; di is the distance between feed horn207

A/B phase center and element i ; ϕb is the azimuth angle of the208

main beam with respect to the x-axis, and θb is the elevation209

angle of the main beam with respect to the z-axis. To simplify210

the problem, we set ϕ
A/B
b = 0◦. In this design, we choose211

θ A
b = −30◦, θ B

b = 30◦, and h A
a = hB

a = 240 mm. The ideal212

phase response can be written as213

φ(xi , yi )
A = k0

(
d A

i − xi sin
(
θ A

b

))
(3)214

φ(xi , yi )
B = k0

(
d B

i − xi sin
(
θ B

b

))
. (4)215

Fig. 7. Schematic of the phase optimization program.

For bifocal reflectarray design, the required phase for the 216

i th element will be an averaged value of the ideal phases 217

φ(xi , yi) = φ(xi , yi)
A + φ(xi , yi)

B

2
. (5) 218

2) Phase Optimization: As discussed in Section II, the 219

phase response of every individual dielectric element will 220

change significantly depending on the AoI value. Typically, 221

the reflectarray is designed based on the AoI = 0◦ simulation 222

results. Thus, significant phase error will be introduced as 223

the feed horn antenna rotates, and the performance of the 224

reflectarray will be compromised. To alleviate this issue, 225

the optimization algorithm shown in Fig. 7 is developed to 226

minimize the overall phase error. 227

The initial reflectarray design with the appropriate element 228

heights relies on the “ideal” phase distribution calculated by 229

(5); then, a compensating fixed phase offset φo is added to all 230

elements. With this added phase offset, the height distribution 231

of the array calculated by Fig. 4 for θ = 0◦ will be different 232

from the design without a phase offset. Next, we evaluate the 233

realized phase distribution calculated by Fig. 4 under different 234

incident angles and compare this realized phase distribution 235

with the ideal case calculated by (5); thus, we can obtain the 236

averaged phase error for a certain phase offset φo. By repeating 237

the process for φo values increasing by 1◦ over the range 238

of 0◦–360◦, the φo value featuring the minimum amount of 239

averaged phase error over all different elements with respect 240

to the ideal phase distribution can be identified, thus defining 241

the corresponding compensated phase distribution and height 242

distribution. 243

In this work, a 118 mm × 118 mm array with 244

14 × 16 elements is presented. The dimensions of this 245

array are bounded by the size of the build plate on our 246

3-D printer, and 3-D printers with larger build plate are 247

commercially available to fabricate larger array designs. The 248

utilized excitation is A-INFO LB-180400-20-C-KF wideband 249

horn antenna. The computer aided design (CAD) model of 250

the excitation was imported to CST Studio Suite 2019 for 251

the full-wave simulation to evaluate the performance of the 252

dielectric reflectarray. The output of the optimizer is shown in 253

Fig. 8, and performance comparison between optimized phase 254
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Fig. 8. Output of the phase optimization program: lowest phase error at 333◦
offset.

Fig. 9. (a) Phase distribution of the bifocal reflectarray. (b) Element height
distribution of the bifocal reflectarray.

TABLE I

PERFORMANCE COMPARISON OF DIFFERENT PHASE OFFSETS

offset and other offset values is shown in Table I; the phase255

distribution calculated by (5) is shown in Fig. 9(a), and the256

height distribution calculated according to Fig. 4, θ = 0◦,257

is shown in Fig. 9(b).258

B. Fabrication259

The prototype is fabricated with the Formlabs Form three260

3-D printing system. The photosensitive resin Flexible 80A261

is commercially available with consistent material proper-262

ties. The prototype is printed flat to avoid internal support263

structures with ground plane side facing build plate. The264

50 μm layer thickness is utilized during the printing, and a265

wash-and-cure post processing is proceeded after the printing.266

SLA 3-D-printed samples generally have uncured leftover267

resin; hence, a 10 min wash in 91% isopropyl alcohol is268

utilized to remove the extra resin to ensure improved accuracy269

and surface smoothness. Thereafter, the washed sample will be270

cured under 60 ◦C with 405 nm LED lights for 30 min to max-271

imize cross-linking of the photopolymer, optimize structural272

Fig. 10. Fabricated sample. (a) Fully deployed sample (front side). (b) Fully
retracted sample (back side).

properties, increase consistency, and reduce electromagnetic 273

losses. 274

A fabricated prototype is shown in Fig. 10(a), and Fig. 10(b) 275

shows a prototype in a fully retracted state. The fabricated 276

dielectric reflectarray is enclosed by a 3-D-printed frame, 277

and the retracted prototype can be deployed in “one-shot” 278

with a burn switch or a mechanical switch. The retracted 279

prototype shows a 65% volume reduction compared with the 280

fully deployed state. 281

C. Simulation and Measurement Results 282

The measurement setup for the beam-scanning dielectric 283

reflectarray is shown in Fig. 11. The reflectarray is held 284

by a 3-D-printed frame with a rotatable arm to tune the 285

scanning angle. Two A-INFO LB-180400-20-C-KF wideband 286

horn antennas are utilized as the excitation and receiver. The 287

distance between the reflectarray and the receiver is 1.70 m. 288

The simulated and measured realized gain versus scan 289

angles are shown in Fig. 12(a). The simulation and measure- 290

ment data show good matching, and the optimized bifocal 291

design shows controlled gain variation behavior with less than 292

1 dB. The broadside beam (zero scan angle) is not studied 293

due to the aperture blockage effects from the feed antenna. 294

The measured realized gain versus frequency is shown in 295

Fig. 12(b). 296

Fig. 13 shows the simulated and measured radiation pat- 297

terns across −10◦ to −30◦ scan angles with 10◦ resolution. 298

Fig. 14 shows the simulated and measured radiation patterns 299

across 10◦–30◦ scan angles with 10◦ resolution. The optimized 300

bifocal reflectarray shows stable gain pattern and a good 301

sidelobe level (SLL) response. The SLL in simulation varies 302
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Fig. 11. Measurement setup.

TABLE II

SUMMARY OF THE MEASUREMENT RESULTS AT 30 GHz

TABLE III

STATE-OF-THE-ART COMPARISON

from −20.8 to −17.68 dB, while the measured SLL varies303

from −19.46 to −17.32 dB. The SLL performance is mainly304

impacted by the resolution and accuracy of the 3-D printer.305

The photosensitive resin tends to be overcured when print long306

tube-shaped structures, causing the sidewall to be thicker than307

the design. In addition, the long RF cable used during the308

measurement may impact the VNA’s effective dynamic range309

that causes SLL discrepancy. Despite the slightly increased310

SLL, the measurement result show a close agreement with the311

simulation.312

The realized gain, SLL, beamwidth, and bandwidth versus313

scan angles are summarized in Table II. The prototype shows314

promising and consistent performance across the entire beam315

scan range.316

The measured performance of the dielectric reflectarray317

design presented in this article is compared with the state-318

of-the-art reflectarrays at similar frequency ranges shown in319

Fig. 12. (a) Simulated and measured realized gain versus scanning angle
at 30 GHz. (b) Measured realized gain versus frequency at different scanning
angles.

Fig. 13. Measured and simulated radiation patterns at 30 GHz with the scan
angles from −10◦ to −30◦.

Fig. 14. Measured and simulated radiation patterns at 30 GHz with the scan
angles from 10◦ to 30◦.

Table III, while the proposed design demonstrates widest 320

bandwidth with good radiation performance. The aperture 321

efficiency drop is mainly caused by the dielectric losses from 322
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the material. This issue could potentially be improved by323

utilizing a low-loss flexible polymer. Another reason of the324

efficiency drop is the fact that when the excitation horn antenna325

rotates from 30◦ to 10◦, the edge illumination of the array will326

drop from −3 to −8.5 dB as the feed horn antenna has an327

E-plane −3 dB beamwidth of 14◦, and the feed center from the328

horn to the reflectarray is 240 mm. The proposed reflectarray329

is the only one offering beam-scanning ability, deployability,330

and full dielectric design simultaneously.331

IV. CONCLUSION332

This article demonstrated a state-of-the-art deployable,333

beam-scanning dielectric reflectarray enabled by334

kirigami-inspired element structures. The design is realized335

by the low-cost commercialized SLA 3-D printing system336

with the flexible photopolymer. The realized prototype337

demonstrated high realized gain, wide-bandwidth, −10◦ to338

−30◦ and 10◦ to 30◦ of scan range, and 65% of volume339

reduction when retracted, enabling more space-limited high-340

end communication applications for dielectric reflectarrays.341

The flexible element structure can potentially introduce342

multistage reconfigurability to the design of dielectric343

reflectarray in future work.344
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