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Single-Pixel Scanning Near-Field Imaging With
Subwavelength Resolution Using Sharp

Focusing Mikaelian Lens
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Abstract— Obtaining sharp focusing with high resolution is1

of significant importance to microwave and millimeter-wave2

imaging and sensing. Here, we propose an all-dielectric surface3

focusing Mikaelian lens operating at the X- and Ka-band,4

respectively, with the high-resolution focusing of theoretical full-5

width half-maximum (FWHM) around 0.45λ for the single-pixel6

scanning microwave and millimeter-wave imaging. Benefitting7

from easily accessible 3-D printing, the designed lens prototype8

with perforation and infill structure can be fabricated at a9

very low cost. Moreover, numerical simulations and the spatial10

resolution imaging experimental results demonstrate that the11

proposed lens prototype exhibits excellent imaging performance12

with a subwavelength resolution of ∼0.5λ while maintaining13

broadband behavior, revealing great potential for high-resolution14

microwave and millimeter-wave imaging applications.15

Index Terms— Mikaelian lens, millimeter-wave imaging, near-16

field imaging, subwavelength-focused.17

I. INTRODUCTION18

H IGH-RESOLUTION quasi-optical system for microwave19

and millimeter-wave imaging has received significant20

interest in recent years for a wide range of applications, includ-21

ing security imaging [1], [2], [3], nondestructive detection [4],22

and biomedical examinations [5], [6], due to the penetrating23

capabilities of microwave and millimeter-wave with nonioniz-24

ing radiations. There are three common parameters for evaluat-25

ing imaging systems [7]: spatial resolution, contrast, and depth26

of view. Among these parameters, spatial resolution is the most27

crucial parameter that defines imaging quality. Unfortunately,28

microwave and millimeter wave have a long wavelength com-29

pared with those of visible light, which inherently limit the30

resolution of imaging. In order to obtain the diffraction-limited31

images with high spatial resolution, imaging systems must32

require a large physical aperture of lens that make the overall33

system more bulky, complex, and high cost.34

As one of the most critical devices in quasi-optical imag-35

ing systems, lens is particularly expected to achieve high-36

resolution focusing with large numerical aperture (NA) and37
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Fig. 1. (a) Mikaelian lens with unique propagation characteristics of self-
focusing. Special cases for various interesting phenomena such as (b) con-
verging and (c) point-to-point imaging with different pitches.

broadband bandwidth. There are several well-known types of 38

lenses, such as solid immersion lens [8], superoscillation lens 39

[9], and meta-lens [10]. Although high-resolution focusing 40

can be achieved by these lens types, the problem of small 41

NA and narrow bandwidth still exists. Most importantly, the 42

related research of these lenses mainly focuses on optical 43

imaging applications. Considering the requirements of man- 44

ufacturing materials and fabrication process in the microwave 45

and millimeter-wave engineering, it is still a great challenge 46

to apply these optical lens concepts in the microwave and 47

millimeter-wave imaging system. Recently, a self-focusing 48

hyperbolic secant (H-S) gradient index (GRIN) lens (also 49

known as the Mikaelian lens) that can focus wave at the central 50

axis of the lens periodically as shown in Fig. 1(a) has received 51

increasing attention not only in the field of optics but also in 52

microwave engineering. Once the oscillation period (P) called 53

pitch is determined, various interesting phenomena, such as 54

converging and point-to-point imaging, can be observed by 55

choosing the appropriate length of lens. Moreover, it is free 56

from spherical aberrations. The off-center rays have the same 57

focusing behavior as paraxial rays, which enables to focus rays 58

to the smallest possible spot on a subwavelength scale. For the 59

case of P = 0.5, if a point source is placed at the center point 60

of lens front surface, the rays intersect perfectly at a focal 61

point on the rear surface of lens, as shown in Fig. 1(c). This 62

feature mapping objects points to image points offers a great 63

potential for imaging applications. 64

In [11], a planar binary H-S lens to generate a near- 65

surface focal spot with full-width at half-maximum (FWHM) 66

of 0.102λ was reported. Then, a nanoslit structure was uti- 67

lized in a silicon-based planar H-S micro-lens in [12], which 68

further improves the resolution to 0.043λ. The tight focusing 69

of second-order cylindrical vector beams by an H-S lens 70

was investigated in [13]. The diffraction limit, in this case, 71
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Fig. 2. Schematic of surface focusing Mikaelian lens (P = 0.5) for
single-pixel scanning imaging application.

is FWHM = 0.154λ. Furthermore, the frequency response72

and polarization dependence photonic crystal Mikaelian lens73

in hexagonal and rectangular lattices was explored in [14]74

to evaluate the possibility of transverse focusing application75

in optical fiber. However, all these previous studies mainly76

focused on the focusing property for typical case (P = 0.25)77

of 2-D planar Mikaelian lens, which are only analyzed and78

validated by full-wave numerical simulation. There is not79

much information about how to put this lens concept into80

practice, not to mention the practical imaging application.81

However, in [15], [16], and [17], it was proven that an all-82

dielectric perforation structure can offer a potential technique83

for fabricating the Mikaelian lens in a microwave frequency84

range. Moreover, the possibility of subwavelength microwave85

imaging by using a 2-D planar Mikaelian lens (P = 0.25) with86

FWHM around 0.2λ as well as large NA of 2.04 at a frequency87

range of 7–14 GHz was indirectly demonstrated in [17].88

However, despite all this, this unique characteristic of sur-89

face focusing provides a potential way to ensure a higher90

NA, which produces a more highly resolved image. The91

purpose of this article is to apply surface focusing Mikaelian92

lens with a compact structure, simple fabrication process,93

and cost-effectiveness into a single-pixel scanning microwave94

and millimeter-wave imaging application. In order to create95

a 2-D image, a designed Mikaelian lens equipped with a96

single receiving antenna needs to be moved linearly along the97

x- and the y-axis to scan across the surface of imaging object,98

as shown in Fig. 2. Due to a very small focal spot with the99

theoretical FWHM of 0.45λ at the rear surface of designed lens100

in this article, only a small area with the subwavelength spatial101

scale is illuminated during each movement period, which guar-102

antees excellent imaging performance with high resolution.103

Furthermore, the proposed lens prototype operating at the104

X- and Ka-band is all-dielectric, which can be fabricated by105

easily accessible 3-D printing techniques at a very low cost.106

By combining ray-tracing analysis and full-wave electromag-107

netic simulation, the surface focusing properties of subwave-108

length spot size for the designed lens are validated at the109

X- and Ka-band, revealing the advantage of broad bandwidth,110

Besides, its imaging performance at the X- and Ka-band is111

explored with the spatial resolution imaging experiment, which112

indicates that the spatial resolution of 0.5λ for designed lens113

prototype can be achieved in these two frequency bands.114

The layout of this article is summarized as follows. 115

Section II discusses the design theory, fabrication, and sim- 116

ulation verification of subwavelength surface focusing for the 117

proposed Mikaelian lens operating at the X- and Ka-band. 118

In Section III, the spatial resolution imaging experiment is 119

carried out to verify the excellent imaging performance of 120

designed lens. Conclusions are drawn in Section IV. 121

II. SURFACE FOCUSING OF MIKAELIAN LENS 122

A. Realization of Mikaelian Lens for 123

Microwave/Millimeter-Wave Imaging Using 3-D Printing 124

Technique 125

The transverse refractive index profile of Mikaelian lens 126

varies with the variable x , according to the following [18]: 127

n(x) = n0 sec h(2π Px/L) (1) 128

where n0 is the central refractive index along the z-axis, x is 129

the coordinate in the transverse plane (xoz plane), P is the 130

oscillation period (called pitch) of the rays inside lens, and L 131

is the length of lens. 132

There are various manufacturing technologies such as foam 133

pressing, PCB milling, and metamaterials with metallic reso- 134

nant structures to fabricate GRIN lens. However, compared to 135

3-D printing, these manufacturing techniques need a compli- 136

cated and expensive special fabrication process. Here, based 137

on easily accessible 3-D printing, two fabrication processes 138

using the internal perforation structure of various air-hole sizes 139

[19] and different infill ratios of material [20] are utilized to 140

achieve intended refractive index profile of Mikaelian lens 141

for microwave and millimeter-wave imaging, respectively. 142

Polylactic acid (PLA) plastic material is one of the most used 143

3-D printing materials, which has a relative dielectric constant 144

εm = 2.8. The specific design procedure of two fabrication 145

processes mentioned above is given as follows. 146

1) Perforation Structure for Microwave Imaging at X-Band: 147

The pitch, diameter, and length of designed Mikaelian lens 148

operating at the X-band are 0.5, 70 mm, and 133 mm, 149

respectively. Fig. 3(a)–(d) shows the design steps of lens 150

operating at 10 GHz. The 2-D continuous relative permittivity 151

distribution of lens needs to be discretized first. Here, the 152

unit-cell element is a cube with circular air hole, which has a 153

size of 7 × 7 mm. After discretizing, the corresponding grid 154

sizes are 19 × 10. The different sizes of air hole can be utilized 155

to obtain the intended discrete effective permittivity (εpeff), 156

which can be calculated using the following expression [19]: 157

εpeff =
(
a2 − πb2

)
εm + πb2εair

a2
(2) 158

where a is the size of unit-cell element, b is the radius of 159

circular air hole, and εair and εm are the air permittivity and 160

the material permittivity, respectively. 161

In order to generate the cylindrical Mikaelian lens, the 162

discrete 2-D air-hole structure needs to be rotated around 163

the central axis, as shown in Fig. 3(d). In addition, the lens 164

with perforation structure can be easily fabricated as a whole 165

object by a one-stage process in fused deposition modeling 166

(FDM) 3-D printer. In this process, additional processing is 167
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Fig. 3. (a)–(c) Design procedure of Mikaelian lens operating at the X-band
with perforation structure. (d) Fabricated prototype of designed lens at the
X-band. (e)–(g) Design procedure of Mikaelian lens operating at the Ka-band
with different infill ratios. (h) Fabricated prototype of designed lens at the
Ka-band.

not required. However, the warping phenomenon of FDM168

3-D printing would cause hole shrinkage and deformation,169

which further affects the performance of the lens. The para-170

metric studies have been carried out to evaluate the influ-171

ence of manufacturing errors of lens on imaging resolution172

in Section II-C.173

2) Infill Structure for Millimeter-Wave Imaging at Ka-Band:174

Considering the practical dimensional accuracy of the FDM175

3-D printer, the air-hole structure cannot be fabricated in176

infinitely small size, which limits its imaging application in the177

high frequency. However, by controlling the infill ratio of PLA178

(PLA volume percentages), the functionality of the proposed179

lens concept can be easily expanded to higher frequency bands180

such as millimeter wave.181

According to [20], the relationship between the effective182

permittivity (εieff) and infill ratio (vir) is approximately linear,183

which can be determined by the following:184

εieff = 1 + vir(εm − 1) (3)185

where εm is the relative permittivity of the PLA at 100% infill.186

Here, the pitch, diameter, and length of designed Mikaelian187

lens operating at the Ka-band are 0.5, 27 mm, and 50 mm,188

respectively. Unlike the abovementioned grid discretization,189

the 2-D continuous relative permittivity distribution of lens190

needs to be discretized into nine layers correspondingly. The191

different infill ratios of PLA are utilized to achieve the192

intended discrete permittivity distribution of each layer, as193

shown in Fig. 3(g).194

Fig. 4. Slicing model of the multilayer lens structure with different infill
ratios of each layer generated by open-source Ultimaker Cura.

TABLE I

AIR-HOLE SIZES AND INFILL RATIOS WITH THE CORRESPONDING LAYER

There are two ways to manufacture the lens with infill struc- 195

ture. Each layer of different infill structures can be constructed 196

separately and then assembled into the complete lens structure. 197

The other one is to use the special 3-D slicing software such 198

as open-source Ultimaker Cura to form a multilayer slicing 199

model with different infill ratios of each layer, as shown in 200

Fig. 4. Then, the slicing model can be fabricated at a time by 201

FDM 3-D printer. 202

It should be noted that considering the axial symmetry of 203

relative permittivity distribution of Mikaelian lens, Table I only 204

lists the air-hole sizes and infill ratios from layer No. 1 to 205

layer No. 5. 206

B. Imaging Resolution and Surface Focusing Analysis 207

The NA of a lens is the most important design criteria in 208

defining the imaging resolution characteristics for the focusing 209

system, which depends on the refractive index of surrounding 210

medium and the sine of the maximum ray angle. There are 211

several definitions of the resolution criteria such as Rayleigh 212

resolution limit of 0.61λ/NA and Abbe diffraction limit of 213

0.5λ/NA (λ is the wavelength). However, a more practical 214

criterion that is adopted instead of the Abbe and Rayleigh 215

criterion is the full-width at half-maximum (FWHM) of focal 216

spot intensity, which is defined as follows [21]: 217

FWHM = 0.51λ/NA. (4) 218

Obviously, higher values of NA mean that the better spatial 219

resolution can be obtained with lens. The general form of NA 220

of Mikaelian lens can be derived from the ray equation in the 221

gradient index medium and determined using the following 222

expression [22]: 223

NA = sin θm =
√

n2(x0) − n2(r) (5) 224
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Fig. 5. Ray-tracing analysis of the proposed Mikaelian lens design for
X-band based on the 2 × 2 ray transfer matrix (ABCD) theory.

where θm is the maximum cone angle at which a ray can be225

accepted by the aperture of lens, x0 are the initial position of226

the ray in the aperture of lens, and r is the radius of lens.227

Then, the FWHM of focal spot at the rear surface of lens228

MLFWHM = 0.51λ

n0

√
1 − sec h2(2π Pr/L)

. (6)229

Here, for the designed lens operating at the X-band,230

P = 0.5, L = 133 mm, and r = 35 mm. Equation (6) then231

gives a maximum NA of 1.136, which corresponds to the232

theoretical imaging resolution limit of 0.45λ. Meanwhile,233

the theoretical maximum NA and FWHM for the designed234

lens operating at the Ka-band (P = 0.5, L = 50 mm, and235

r = 13.5 mm) are 1.155 and 0.44λ, respectively. Obviously,236

in both cases, the theoretical imaging resolution limit of237

designed lens is around 0.45λ.238

To illustrate the focusing performance, a ray-tracing pro-239

cedure (MATLAB source code provided in the Appendix)240

to verify the proposed lens design is performed based on241

the 2 × 2 ray transfer matrix (ABCD) theory [23]. Here, for242

the sake of brevity, the ray trajectory of the proposed lens243

design for the X-band is only shown in Fig. 5. As expected,244

the rays start from the center point of lens front surface245

and eventually intersect perfectly at a focal point on the rear246

surface of lens. The same ray-tracing procedure of lens design247

for the Ka-band can be performed to get the same results by248

using the abovementioned MATLAB code.249

Moreover, the high-resolution focusing performances of the250

proposed cylindrical Mikaelian lens from 8.2 to 12.5 GHz are251

presented in Fig. 6. The WR-90 waveguide operating at the252

X-band with polarization along the y-axis is placed at the cen-253

ter point of lens as a feed source. By using the full-wave elec-254

tromagnetic simulation using CST Microwave Studio, the 2-D255

electric field distribution at the yoz and xoy planes from 8.2 to256

12.5 GHz inside lens is given in Fig. 6(a)–(c), respectively.257

Considering that the surrounding space of the simulation lens258

model is the free space, the open boundary condition with259

some extra space added between the structure and the applied260

boundary condition is applied along all the directions. After261

propagating through lens, the electromagnetic waves are well262

concentrated to a focusing spot on the rear surface of lens.263

Obviously, the results of these two methods are in reasonable264

agreement, which indicates that the proposed lens design at the265

Fig. 6. High-resolution focusing performances of the proposed Mikaelian
lens at the X-band. (a)–(c) Simulated 2-D electric field distribution at 8.2,
10, and 12.5 GHz, respectively, with waveguide operating at the X-band
with polarization along the y-axis as source feed. (d)–(i) Normalized electric
intensity |E|2 profiles along the x- and y-directions at the focusing plane (xoy
plane) at 8.2, 10, and 12.5 GHz.

X-band can be a good phase transformer to convert a diverging 266

spherical wave into a converging spherical wave. 267

In order to quantitatively analyze the focusing performance 268

of the proposed lens design, the normalized electric intensity 269

|E |2 profiles along the x- and y-directions at the focus- 270

ing plane (xoy plane) from 8.2 to 12.5 GHz are shown 271

in Fig. 6(d)–(i). The values of FWHM for the normalized 272

electric intensity profile along the x-direction are all around 273

0.45λ. Although the values of FWHM for the electric intensity 274

profile along the y-direction tend to increase as the frequency 275

increases, the variation is not very large (less than 0.15λ) 276

considering the open-ended waveguide as the feeding source. 277

Besides, the simulation model of Mikaelian lens operating at 278

the Ka-band is composed of five concentric circular cylinders 279
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Fig. 7. High-resolution focusing performances of the proposed Mikaelian lens
at the Ka-band. (a)–(c) Simulated 2-D electric field distribution at 26.5, 33, and
40 GHz, respectively, with waveguide operating at Ka-band with polarization
along the y-axis as source feed. (d)–(i) Normalized electric intensity |E|2
profiles along the x- and y-directions at the focusing plane (xoy plane) at
26.5, 33, and 40 GHz.

with radially varied permittivity of 1.665, 2.061, 2.423, 2.681,280

and 2.775. The same procedure is performed to obtain the281

simulated 2-D electric field distribution at the yoz plane from282

26.5 to 40 GHz, as shown in Fig. 7(a)–(c). Similarly, the283

electromagnetic waves can also be concentrated to a focusing284

spot on the rear surface of lens, which further indicates that285

the proposed lens concept can be applied in higher frequency286

bands very well. As shown in Fig. 7(d)–(i), the values of287

FWHM for the normalized electric intensity profile along288

the x- and y-directions are all around 0.5λ. Due to the289

limited number of discrete concentric circular cylinders in the290

simulation model, the small differences between theoretical291

and simulated FWHM occur. Overall, the designed Mikaelian292

lens operating at these two frequency bands can achieve the293

subwavelength imaging resolution of 0.5λ.294

Fig. 8. (a) Schematic of a capping layer on the top of designed perforation
structure. (b) Relationship between FWHM and the thickness of the capping
layer along the x- and y-directions at the designed frequency of 10 GHz.
(c) and (d) Normalized electric intensity |E|2 profiles along the x- and
y-directions with different thicknesses at 10 GHz.

C. Influence of Manufacturing Process on Perforation 295

Structure 296

As mentioned above, the infill structure with different infill 297

ratios can be automatically and accurately realized by the 298

slicing software. Here, we only focus on the analysis of the 299

influence of fabrication process on the imaging resolution of 300

the lens with perforation structure. In the actual 3-D printing 301

process, to ensure the stability of the perforation structure, 302

a capping layer needs to be added on the top of designed 303

perforation structure, as shown in Fig. 8(a). However, this 304

operation increases the length of the lens, which further affects 305

the imaging resolution according to (6). In order to better 306

understand the effects of capping layer, parametric studies 307

have been carried out by changing the thickness of capping 308

layer in the simulation model. Fig. 8(c) and (d) shows the 309

normalized electric intensity |E |2 profiles along the x- and 310

y-directions with different thicknesses at a designed frequency 311

of 10 GHz. It is readily understood that the FWHM increases 312

as the thickness of the capping layer increases. However, 313

the change of FWHM along both the x- and y-directions 314

is not obvious within the thickness range between 0 and 315

4 mm, as shown in Fig. 8(b). It demonstrates the practicability 316

of using a thin capping layer to enhance the stability of 317

perforation structure. 318
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Fig. 9. 3-D perspective view of the proposed single-pixel scanning
microwave/millimeter-wave imaging measurement setups.

III. EXPERIMENTAL RESULTS AND DISCUSSION319

A. Microwave/Millimeter-Wave Imaging Measurement Setups320

Fig. 9 shows the schematic 3-D view of the proposed321

single-pixel scanning microwave/millimeter-wave imaging322

measurement setups. It consists of four main parts: the323

designed cylindrical Mikaelian lens, standard waveguide,324

vector network analyzers (VNAs), and 2-D linear guide rail.325

The scanning process and data collection are performed326

automatically by using the control application under the327

LabVIEW environment. The spatial resolution imaging328

experiment was performed by the time-domain measurement329

method [24], [25], [26] that is very common and mature.330

The corresponding fast Fourier transform (FFT)/inverse fast331

Fourier transform (IFFT) routines and Chirp-Z transforms332

are available in the VNA.333

Here, the standard waveguide operating at the X- and334

Ka-band not only serves as a microwave transmitter (Tx) but335

also works as a receiver (Rx). The imaging object is fixed336

on the 2-D linear guide rail and is moved in the horizontal337

and vertical directions step by step. The measured echoed338

signals (S11 parameter) for each of the reflecting points (or339

pixels) at the imaging object can be recorded by VNA in the340

frequency domain. Then, the raw datasets of measured S11 can341

be automatically transformed into a time-domain signal using342

FFT/IFFT routines embedded code in the VNA, which forms a343

2-D image. It should be noted that image processing algorithm,344

such as image denoising and imaging enhancement technique,345

is not used in our case to demonstrate the characteristic of sub-346

wavelength imaging resolution of the proposed Mikaelian lens.347

Here, for the sake of brevity, Fig. 10 just shows the foam-348

based measurement setup for single-pixel scanning microwave349

imaging. In this case, the designed lens prototype operating at350

the X-band is utilized. While not blocking the movement of the351

2-D linear guide rail, the actual distance between the imaging352

target and the lens is required to be kept as small as possible.353

Note that the measurement setup for millimeter-wave imaging354

by using a lens prototype operating at the Ka-band is similar355

to this one.356

B. Spatial Resolution Performance of Designed Mikaelian357

Lens Operating at X-Band358

The imaging object consists of plastic bottom plate and359

three copper sheets with different physical widths of 10, 15,360

Fig. 10. Photograph of single-pixel scanning microwave imaging measure-
ment setup by using the Mikaelian lens prototype operating at the X-band.

Fig. 11. (a) Imaging object with different widths (10, 15, and 20 mm) of
copper sheets and plastic bottom plate. (b) Measured normalized magnitude of
the reflection coefficient for three copper sheets at 10 GHz with a width of 7,
8, and 10 pixels (from left to right). Note that the actual physical distance
represented by 1 pixel is 2 mm in this case.

and 20 mm, as shown in Fig. 11(a). The size of the entire 361

scanning area is 102 × 102 mm. In our case, the distance 362

of each movement for 2-D linear guide rail is set to 2 mm. 363

In other words, the actual physical distance represented by 364

one pixel is 2 mm. Considering the proposed Mikaelian lens 365

operating at the design frequency of 10 GHz, the magnitude of 366

the reflection coefficient at this frequency is used for the exper- 367

imental characterization of the imaging resolution. Fig. 11(b) 368

shows the measured normalized magnitude of the reflection 369

coefficient for the imaging object at 10 GHz. Because of a 370

very small focal spot with the theoretical FWHM of 0.45λ at 371

the rear surface of lens, only a small area is illuminated at 372

each measurement point. Thus, the three copper sheets can 373

be clearly distinguished. Moreover, the measured width of 374

three copper sheets is about 7, 8, and 10 pixels, as shown in 375

Fig. 11(b). It means that a spatial resolution of 0.5λ (15 mm) 376

is achievable with this measurement setup. 377

The complete set of measured normalized magnitude of the 378

reflection coefficient at 8.5, 9, 10, 11, 12, and 12.5 GHz is 379

presented in Fig. 12. It can be observed that three copper sheets 380

can be still clearly distinguished, which further demonstrates 381

the certain broadband behavior of the designed lens prototype. 382

Due to the small distance between copper sheets and the effect 383

of plastic bottom plate, the unwanted noise signal can be 384

clearly seen around the imaging object, which causes the slight 385

quality degradation in imaging. 386
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Fig. 12. Measured normalized magnitude of the reflection coefficient for
three copper sheets at (a) 8.5, (b) 9, (c) 10, (d) 11, (e) 12, and (f) 12.5 GHz.

C. Spatial Resolution Performance of Designed Mikaelian387

Lens Operating at Ka-Band388

As the size of the imaging target is further reduced,389

the effects of unwanted noise caused by the small distance390

between copper sheets and plastic bottom plate on the imaging391

cannot be ignored. In order to eliminate its interference on392

high-frequency imaging as much as possible, foam absorber393

material is utilized instead of plastic bottom plate in the spatial394

resolution imaging experiment at the Ka-band. Fig. 13(a)395

shows the photograph of imaging object with two copper396

sheets with different physical widths of 5 and 10 mm. Here,397

the size of the entire scanning area is 31 × 31 mm. The398

distance of each movement for 2-D linear guide rail is set399

to 1 mm. Similarly, after the electromagnetic waves pass400

through the designed lens at the Ka-band, it can also be401

concentrated to a subwavelength focusing spot on the imaging402

object. As shown in Fig. 13(b), the two copper sheets with403

measured width of 6 and 11 pixels are clearly distinguished404

at the design frequency of 30 GHz, which indicates that the405

spatial resolution of 0.5λ (6 mm) for designed lens prototype406

can also be achieved.407

In addition, due to the existence of foam absorber material,408

the interference of unwanted noise signal between two copper409

sheets is effectively eliminated. The complete set of measured410

magnitude of the reflection coefficient at 27, 30, 33, 36,411

38, and 40 GHz is given in Fig. 14. Two copper sheets412

can be still clearly distinguished at these frequencies, which413

Fig. 13. (a) Imaging object with different widths (5 and 10 mm) of copper
sheets. (b) Measured normalized magnitude of the reflection coefficient for
two copper sheets at 30 GHz with a width of 6 and 11 pixels. Note that the
actual physical distance represented by one pixel is 1 mm in this case.

Fig. 14. Measured normalized magnitude of the reflection coefficient for
three copper sheets at (a) 27, (b) 30, (c) 33, (d) 36, (e) 38, and (f) 40 GHz.

further demonstrates that the proposed lens concept can be 414

applied in higher frequency bands very well. Most importantly, 415

the broadband behavior of the proposed lens can also be 416

maintained. 417

D. Target Imaging of Letters 418

To verify the effect of the object’s shape and orientation 419

on the imaging system, a Japanese romaji word “TOHOKU” 420

engraved in two single-sided copper clad laminates is utilized, 421

as shown in Fig. 15(a) and (b). The linewidth of each letter of 422

the word “TOHOKU” is slightly less than 15 mm. Here, the 423
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Fig. 15. (a) and (b) Japanese romaji word “TOHOKU” engraved in two single-sided copper clad laminate. (c)–(h) Measured normalized magnitude of the
reflection coefficient for the word “TOHOKU” at 8.5, 10, and 12.5 GHz by using a designed lens prototype operating at the X-band. Note that the actual
physical distance represented by 1 pixel is 2 mm in this case.

TABLE II

PERFORMANCE COMPARISON BETWEEN THE PROPOSED AND THE REPORTED LENS

measured magnitude of the reflection coefficient for the word424

“TOHOKU” at 8.5, 10, and 12.5 GHz is measured by using a425

designed lens prototype operating at the X-band, as shown in426

Fig. 15(c)–(h). Although the scanning image of “TOHOKU”427

can be recognized, it suffers from some degree of distortion.428

This is mainly attributed to the limited spatial resolution429

of 0.5λ (15 mm) for the lens prototype operating at the430

X-band. In particular, it is different to identify the letters with431

complex shapes such as “H” and “K.” In addition, because of432

the single-polarization standard waveguide as the microwave433

receiver, the orientation information of each letter cannot be434

recorded, which further increases image distortion. However, 435

this phenomenon provides the possibility to enhance the image 436

quality by using multipolarization information when the size 437

of imaging target is comparable to the spatial resolution. 438

Fig. 16 shows the measured magnitude of the reflection 439

coefficient for the word “TOHOKU” at 27, 33, and 40 GHz 440

by using a designed lens prototype operating at the Ka-band. 441

As mentioned in Section III-C, the spatial resolution of 0.5λ 442

(6 mm) for designed lens prototype at the design frequency 443

of 30 GHz can be achieved, which is much smaller than the 444

linewidth of 15 mm for each letter of the word “TOHOKU.” 445
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Fig. 16. (a) and (b) Japanese romaji word “TOHOKU” engraved in two single-sided copper clad laminate. (c)–(h) Measured normalized magnitude of the
reflection coefficient for the word “TOHOKU” at 27, 33, and 40 GHz by using a designed lens prototype operating at the Ka-band. Note that the actual
physical distance represented by 1 pixel is 2 mm in this case.

Obviously, as shown in Fig. 16(c)–(h), each letter of the446

word “TOHOKU” can be recognized perfectly in the scanning447

image. Although the single-polarization standard waveguide is448

also utilized as the receiver, the complex shape and different449

orientations of letters do not have negative effects on imaging450

quality in this case. It also proves that the smaller focusing spot451

size is key to achieve high-quality imaging. Overall, the pro-452

posed Mikaelian lens prototype exhibits excellent imaging per-453

formance with high resolution. The functionality of this lens454

concept can also be easily expanded to higher frequency bands.455

Table II gives a brief comparison of the proposed cylindrical456

Mikaelian lens operating at the X- and Ka-band with other lens457

designs published in the literature. Here, it should be noted that458

the parameter of FWHM is not given directly in [24], [25],459

[26], [27], and [28].460

IV. CONCLUSION461

In this article, an all-dielectric surface focusing Mikaelian462

lens operating at the X- and Ka-band was proposed to achieve463

high-resolution focusing with theoretical FWHM around 0.45λ464

for the single-pixel scanning microwave and millimeter-wave465

imaging. The realization of the proposed Mikaelian lens466

employs the perforated structure with different air-hole sizes467

and infill structure with different infill ratios of PLA material468

by using easily accessible 3-D printing technology at a very 469

low cost. Combining ray-tracing analysis and full-wave elec- 470

tromagnetic simulation, the surface focusing properties of sub- 471

wavelength spot size for the designed lens has been validated 472

at the X- and Ka-band, revealing the advantage of broad 473

bandwidth. Moreover, based on the time-domain measurement 474

method, the spatial resolution imaging experiment was carried 475

out to demonstrate the excellent imaging performance for 476

the designed lens prototype with a high resolution of 0.5λ, 477

which reveals great potential for high-resolution microwave 478

and millimeter-wave imaging applications. Besides, the func- 479

tionality of the proposed lens concept can be further expanded 480

to higher frequency bands such as THz by using advanced 481

nanotechnology. 482

APPENDIX 483

The MATLAB source code of ray-tracing procedure in 484

Section II-B is available at the following link. https://drive. 485

google.com/file/d/17FB76_Ss4PLxl-pmbNzcnixlpVKNM42q/ 486

view?usp=sharing. 487
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