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Abstract—This article presents a time-domain imaging tech-6
nique for layered dielectric slabs using a solid-state wavelet gen-7
erator with subterahertz carrier frequency. The technique utilizes8
the dual nature of a wavelet, i.e., both the applicability of time-of-9
flight measurements and the ability of wavelets to interfere in thin10
dielectric layers at a carrier frequency that is preserved in spite of11
the ultrawideband character of the signal. This results in a very high12
sensitivity of the time delay of the resultant pulse to variations in the13
effective thickness (thickness × refractive index) of the dielectric14
layer. It is shown using a plane-wave analysis of the pulse propa-15
gation that under certain conditions, this sensitivity enhancement16
can reach an order of magnitude. The experimental setup for the17
reflection-mode operation is described and its performance in the18
discrimination of healthy and malignant tissues and in the detection19
of corrosion under paint is demonstrated.20

Index Terms—Biomedical imaging, interferometry, layered21
dielectric structures, nondestructive testing, solid-state terahertz22
(THz) pulsed source, THz active imaging.23

I. INTRODUCTION24

THANKS to the transparency of most nonconductive mate-25

rials in the subterahertz (THz) frequency range and good26

spatial resolution, THz waves have found a wide range of27

applications in imaging and sensing in recent years [1]–[3].28

This imaging technology has demonstrated promising results in29

nondestructive inspection [4], [5], security imaging applications30

[6], food safety testing [7], etc.31

The nonionizing energies of sub-THz photons also give rise32

to multiple applications in biomedical imaging [8]–[10]. THz33

waves are sensitive to water content and thus, its variation within34

tissue samples can be utilized for medical diagnostics. The35

contrast in dielectric properties between healthy and malicious36

tissues [11]–[13] caused by water content variation has been37

used for the detection of skin, colon, and breast cancer, even38
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though the difference in hydration is not the only mechanism 39

responsible for this contrast [14]. 40

Contactless THz measurement technology has also proven to 41

be highly suitable for industrial applications in the inspection of 42

layered nonmetallic materials, such as plastic, resin, ceramics, 43

and paint coatings. Accurate evaluation of the refractive index 44

and/or thickness of every layer can be performed by using 45

a variety of time-domain and frequency-domain techniques. 46

Relatively thick layers with clear separation of THz pulses 47

reflected from the layer interfaces can be characterized by simple 48

time-of-flight and phase-slope methods [5], [15], and even better 49

results have been obtained with model-based optimization rou- 50

tines aimed at the best fit between numerical and experimental 51

data [16]–[18]. In very thin stratified structures, however, the 52

received THz waveforms become difficult to interpret due to 53

overlapping of the partial pulses reflected from the layer in- 54

terfaces. In this case, extraction of the parameters of interest 55

requires more sophisticated methods based on the solution of an 56

inverse problem or iterative tree algorithm [19]. 57

Most of these advances have been enabled by the discovery 58

of the THz time-domain spectroscopy method, but in spite of 59

its success, this method has well-known drawbacks, such as the 60

bulky and costly laser-based instrumentation, low output power, 61

and a rather long acquisition time. 62

Considerable developments have been made in the past 63

decade to both continuous-wave [20]–[23] and pulsed [24]–[33] 64

solid-state components that can be expected to drive the system 65

costs down and promote applications of the THz-time-domain 66

imaging (TDI) technology. Ultrawideband (UWB) millimeter- 67

wave and sub-THz pulse generators that are well suited for 68

high-frame-rate imaging are also popular in radar and wire- 69

less communications, where a variety of carrier-based and 70

noncarrier-based architectures have been proposed. In the 71

carrier-based scheme, a high-frequency carrier is modulated 72

with a short pulse, producing a high-frequency wavelet, typically 73

with a Gaussian envelope [24]–[25]. A higher power efficiency 74

is offered by noncarrier-based wavelet generators that are built 75

using various schemes such as bandpass shaping of ultrashort 76

pulses [26], edge-combining [27] and pulse-combining [28] 77

methods, and direct digital-to-impulse conversion [29], to name 78

just a few. Gaussian-envelope wavelets can also be generated by 79
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circuits based on a resonant tunneling diode (RTD) [30]. A time-80

domain system for material characterization employing this81

type of pulsed source has already been reported [31]. As these82

solid-state devices are fabricated by planar microlithographic83

technology, they can be scaled up to arrays with integrated84

antennas suitable for multipixel imaging [21], [22].85

Another generator of short sub-THz pulses is based on the86

concept of collapsing-field domains arising in a GaAs avalanche87

transistor under certain conditions [32], [33]. This produces a88

train of Gaussian-envelope wavelets with a peak power of a few89

milliwatts, a center frequency ranging from 130 to 200 GHz,90

depending on the transistor design, and a duration of 40–100 ps.91

The single-shot jitter of this source is as low as ∼1 ps, which92

makes it well suited for applications requiring accurate mea-93

surements of the time of flight. It was also noticed that there94

exists a remarkable interference of the wavelets reflected from95

the interfaces of layered dielectric structures that considerably96

affects the time of flight of the resultant pulse. The discovery of97

interferometric enhancement of the sensitivity was found to be98

promising for TDI applications.99

This article will present a comprehensive analysis of the100

transmission and reflection of a sub-THz pulse with a Gaussian101

envelope in multilayered dielectric structures, showing that in102

a properly configured measurement system, the time delay of103

the received pulse is very sensitive to the effective thickness104

of the layers in the stratified structure. The variation in the105

time delay may be an order of magnitude higher than variation106

of the intrinsic time delay of the electromagnetic wave in the107

same dielectric material. Combined with the source jitter of108

∼1 ps and pulse averaging, the interferometric enhancement109

technique provides time-of-flight measurements with subpi-110

cosecond resolution. Consequently, this measurement approach111

based on a low-cost all-electronic solid-state sub-THz source112

with a bandwidth of about 30 GHz [32] may prove competitive in113

some TDI applications with bulky and costly THz-TDS systems114

having a bandwidth of a few THz. The performance of the115

interferometric enhancement technique has been demonstrated116

in several simulated and experimental examples, including such117

complicated tasks as the discrimination of healthy and cancerous118

areas in freshly excised tissue slices. It has also been applied119

successfully for the detection of corrosion in metal under paint.120

The article is organized as follows. Section II addresses the121

technique of interferometric enhancement, its conditions and122

limitations. A reflection-mode measurement setup including the123

pulsed sub-THz source, lenses, and a Schottky detector mounted124

in a common beam guide is presented in Section III. The ex-125

perimental results are presented in Section IV, and Section V126

concludes this article along with proposals for future work.127

II. DESCRIPTION OF THE METHOD128

The proposed TDI technique is based on time-of-flight mea-129

surements of a Gaussian-envelope wavelet reflected or transmit-130

ted through a multilayered dielectric slab at normal incidence131

(see Fig. 1).132

The corresponding waveforms can be determined as a convo-133

lution of the incident signal waveform with the impulse transfer134

Fig. 1. Geometry of the problem. WI , WR, and WT represent incident,
reflected, and transmitted wavelets, respectively.

functions of the slab. In the case of a multilayered slab, it is 135

convenient to find its transfer function in the frequency domain 136

with subsequent use of the convolution theorem. Reflected and 137

transmitted wavelets WR and WT can then be calculated using 138

the formulas 139

WR(t) = Φ−1 {Φ [WI(t)] ·R(f)}
WT (t) = Φ−1 {Φ [WI(t)] · T (f)} (1)

where WI(t) is the incident wavelet, Φ and Φ−1are direct and 140

inverse Fourier transforms, and R(f), T (f) are the reflection 141

and transmission coefficients as functions of the frequency f. 142

The functions R(f) and T (f) can both be derived using a 143

concept of scattering transfer matrices that are cascadable and 144

thus, make it easy to deal with multiple layers [34]. Accord- 145

ingly, a n-layer slab is described in the plane-wave case by the 146

product of transfer matrices for the dielectric interfaces and the 147

homogeneous layers between them 148

A = I0,1L1I1,2L2I2,3 . . .LnIn,(n+1) (2)

where n is the number of layers 149

I(i−1),i =
1

1 + r(i−1),i

[
1 r(i−1),i

r(i−1),i 1

]
, i

= 1, 2, . . . , (n+ 1) (3)

is the transfer matrix of the interface between regions (i – 1) and 150

i, and 151

Li =

(
exp(jβi) 0

0 exp(−jβi)

)
, i = 1, 2, . . . , n (4)

is the transfer matrix of the layer i. Assuming that the dielectrics 152

of interest are nonmagnetic, the Fresnel coefficients r(i−1),iand 153

the propagation constantsβi are related to the complex dielectric 154

permittivities of the layers εi and their thicknesses di by 155

r(i−1),i =

√
ει−1 −√

εi√
ει−1 +

√
εi

βi =
2πf

c
di
√
εi (5)

where c is the velocity of light. 156

Once the complete matrix A of the multilayered structure is 157

calculated, the frequency-domain transfer functions R(f) and 158

T (f) required in (1) can be obtained as 159

R(f) = A21/A11 T (f) = 1/A11 (6)
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Fig. 2. Calculated time delay of a Gaussian-envelope wavelet (center fre-
quency 135 GHz, FWHM 50 ps) transmitted through a quartz layer with a
dielectric permittivity ε= 3.8 (blue line, geometry shown in the right inset) and
reflected from a metal-backed quartz layer (magenta line, geometry is shown in
the left inset) versus the layer thickness. The dashed blue and dashed magenta
lines show the time delays in the layer as they would be in the absence of
interference.

and the final results for the transmitted and reflected wavelets160

are now accessible from (1).161

For transmission-mode modeling, both of the half-spaces162

(regions 0 and (n + 1) in Fig. 1) confining the multilayered slab163

are assumed to be air. The reflection mode with a metal-backed164

layer is realized by setting rn,(n+1) = −1, implying that the165

region (n + 1) is metal, and then, WT disappears.166

In order to obtain the time-delay values comparable with the167

experimental data, one has to subtract from the propagation time168

of the wavelet obtained from (1) the propagation time in an air169

layer of the same thickness as the dielectric sample. This is a170

consequence of the conventional calibration of the time-delay171

measurement needed to subtract the time delay in the sensing172

head, connecting cables, etc. As the initial time delay measured173

in the experimental setup in the absence of a sample also includes174

the time delay in the air layer occupied by the dielectric sample at175

that time, correct comparison requires removing the correspond-176

ing time delay from the simulated results, too. In the transmission177

mode, this means subtraction of a term Δt =
∑

di/c, while178

in the reflection mode for a metal-backed layer, the doubled179

term 2Δt needs to be subtracted due to the round trip of the180

electromagnetic wave in the layer.181

The method described above suits well to obtain transmitted182

and reflected pulses in many practical scenarios with multi-183

layered structures in biomedical imaging and nondestructive184

testing. Consider first the case of a single layer as far as both185

its transmission and reflection geometry is concerned. The time186

delay calculated for the wavelets transmitted through a single187

dielectric layer and reflected from the same layer placed on a188

metal substrate is shown in Fig. 2. A Gaussian wavelet with a189

carrier frequency of 135 GHz and a full width at half-maximum190

(FWHM) of 50 ps has been adopted here as WI .191

As seen in Fig. 2, the time delay of both transmitted and192

reflected wavelets as a function of the layer thickness resembles193

an interferogram despite the fact that the incident wavelet fulfills 194

the definition of a UWB signal. One must keep in mind, however, 195

that this interferogram is unusual, since the time delay rather than 196

the amplitude is plotted here. 197

The observed behavior of the time delay can be explained 198

by the interference of the wavelets reflected from the layer 199

interfaces. Thus, in the case of reflection-mode operation with a 200

metal-backed layer, the wavelet reflected from the first interface 201

of the layer overlaps with the leading edge of the wavelet 202

reflected from the metal surface that arrives later. 203

These wavelets can interfere constructively or destructively, 204

depending on the electrical thickness of the layer. Destructive in- 205

terference suppresses the leading edge of the resultant pulse that 206

appears as its additional delay, but when the interference is con- 207

structive, the leading edge swells up so that the resultant pulse 208

appears to be not delayed at all, e.g., at layer thicknesses of 0.57 209

and 1.14 mm in Fig. 2. Incidentally, the specified thicknesses 210

correspond exactly to the half-wavelength and one-wavelength 211

quartz layers at a frequency of 135 GHz, respectively. This is 212

clear evidence of the interference nature of the graph in Fig. 2. 213

Alternatively, the maxima of the time delay in the reflection 214

mode may appear when the effective thickness of the layer is 215

equal to an odd number of quarter-wavelengths. 216

The oscillations in the time delay of the Gaussian wavelet 217

versus the electrical thickness of the dielectric layer can be used 218

for the imaging of electrically thin dielectric structures. To this 219

end, the operating point should be chosen on one of the slopes 220

of the “interferogram” in Fig. 2. Then, small variations in either 221

the refractive index or the thickness of the layer will result in 222

pronounced variations in the time delay. 223

As the oscillations in the time delay are much stronger in the 224

reflection mode, this mode is preferred in further considerations 225

because of the higher expected sensitivity. Nevertheless, the 226

transmission mode can be useful, too. For instance, a high spatial 227

resolution can be achieved in the transmission mode by using a 228

focused beam and a detector with a small aperture. There is also 229

some gain in sensitivity in this mode, although lower than in the 230

reflection mode. 231

The time delay in the resultant pulse has been determined 232

in the above calculations from the position of its maximum. 233

Detection of the position of the rising edge of the pulse is 234

preferable in the experimental studies for the sake of better 235

measurement accuracy, but in this case, the Gaussian shape of 236

the received wavelet should be preserved. The wavelet envelopes 237

were calculated for a set of maxima [see Fig. 3(a)] and minima 238

[see Fig. 3(b)] in the reflection mode using the geometry of 239

the left inset in Fig. 2 and the same characteristics of the 240

probing wavelet. For clarity, only two maxima and two minima 241

of the time delay are shown in Fig. 2, whereas in Fig. 3(a), the 242

envelopes of the first four maxima are plotted (the corresponding 243

quartz thicknesses are 0.28, 0.85, 1.42, and 1.99 mm). 244

The time scale in Fig. 3 is selected so that the apex of the 245

probing wavelet corresponds to zero time. It is seen in Fig. 3(a) 246

that the wavelets of the first two maxima preserve their Gaussian 247

shape well. At the next maxima, the pulse shape is distorted 248

and widened, although it suits quite well for time-of-flight 249

measurements. 250
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Fig. 3. Shapes of the envelopes of received wavelets in the reflection mode
of operation using the geometry shown in the left inset in Fig. 2 and the same
characteristics of the probing wavelet. (a) Shapes corresponding to a set of the
first four maxima of the time delay (thicknesses of quartz substrate are 0.28,
0.85, 1.42, and 1.99 mm). (b) Shapes corresponding to a set of minima of the
time delay numbered 3–6 (corresponding quartz thicknesses are 1.71, 2.28, 2.85,
and 3.42 mm).

In Fig. 3(b), the shapes of the received pulses for the minima251

numbered 3–6 (with corresponding quartz thicknesses of 1.71,252

2.28, 2.85, and 3.42 mm) are plotted. The wavelet shapes for the253

first and second minima (layer thicknesses 0.57 and 1.14 mm)254

are not shown here as they are graphically indistinguishable255

from the probing wavelet. As in Fig. 3(a), the pulses of the first256

minima in Fig. 3(b) keep their Gaussian shapes, being almost257

exact replicas of the probing wavelet. At greater thickness of258

the substrate, however, the shape of the received pulse is rapidly259

distorted and the slope of the time-delay interferogram does not260

increase any longer. Hence, for implementation of the method,261

the dielectric substrate must be thick enough to achieve better262

sensitivity, while at the same time avoiding any marked deviation263

of the received pulse from the Gaussian shape.264

It is intuitively expected from Fig. 2 that the areas of high265

sensitivity to a thin dielectric layer placed over the metal-backed266

Fig. 4. Time delay of the Gaussian-envelope wavelet (center frequency
135 GHz, FWHM 50 ps) versus thickness of the quartz slide calculated for
the “tissue-quartz-metal” structure in the reflection mode. The tissue slice
thickness is 50 μm, and the dielectric permittivities of the three tissue types
(adipose, fibrous, and tumorous) are taken to be εa = 2.4–j1.0; εf = 3.6–j5.3;
εt = 4.4–j6.2, respectively. Inset: Simulation model.

slide will correspond to both slopes in the time-delay curve. 267

To verify this, we calculated the time-delay variations for three 268

types of fresh tissue slices—adipose, fibrous, and tumorous (see 269

Fig. 4), the dielectric permittivity data for which are taken from 270

[35]. The simulation model is shown in the inset in Fig. 4. 271

It is seen from the simulation results that the sensitivity of the 272

method to the dielectric properties of a thin layer does indeed 273

increase considerably, so that the additional round-trip propaga- 274

tion time of the electromagnetic wave in the 50-μm layer with a 275

refractive index of the fibrous tissue ofnf = Re
√
εf ∼= 2.25 can 276

be estimated to be 2d(nf − 1) ∼= 0.4 ps, while at some points in 277

Fig. 4, the corresponding time-delay difference reaches 8–9 ps. 278

This constitutes the principle of interferometric enhancement for 279

pulsed time-domain imaging. One must keep in mind that the 280

results obtained here correspond to the parameters of pure tissues 281

whereas in real slices, the tissue types may be intermingled. 282

The slice thickness should be chosen as a tradeoff between 283

sensitivity and the interference conditions. Too thin a tissue 284

sample will make a low contribution to the reflected signal, while 285

too thick a sample will suppress the effect of the interference. For 286

the tissues considered here and the signal parameters specified 287

in Fig. 4, the optimal range of slice thickness should be about 288

50 to 100 μm. 289

The most complicated case in breast cancer imaging is 290

the differentiation between fibrous and cancerous tissues, as 291

their dielectric properties are very similar [35]. The estimated 292

round-trip propagation times in 50 μm slices of those tissues 293

yield a difference of only ∼0.1 ps, which is very challenging 294

even for femtosecond laser-based pulsed THz imaging, but 295

interferometry-enhanced TDI can increase the difference to 296

1–2 ps (see Fig. 4) if the thickness of the quartz slide is selected 297

properly. 298

Finally, we should consider the influence of the wavelet center 299

frequency and the dielectric permittivity of the slide on the 300

efficiency of interferometric enhancement (see Fig. 5). 301
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Fig. 5. Calculated time delay of the Gaussian-envelope wavelets versus slide
thickness in the reflection mode (see inset) for different slides and center
frequency of the wavelet: Quartz slide and frequency of 135 GHz (dashed black);
alumina slide and frequency of 135 GHz (magenta); quartz slide and frequency
of 200 GHz (solid black).

As the center frequency of the wavelet increases (e.g., by302

using a 200-GHz pulsed source [33]), more oscillations of303

the time delay occur in the same interval of thickness that is304

natural for the interferometry. Consequently, the slopes of the305

“interferogram” become steeper, leading to a higher sensitivity.306

A similar effect can also be achieved by replacing quartz with307

a dielectric having a larger refractive index, e.g., alumina, with308

dielectric permittivity ε = 9.6 (see Fig. 5, magenta line). The309

use of a high-permittivity substrate is not reasonable in this310

arrangement, however, despite the attractive steepness of the311

interference curve. The problem is that the amplitudes of the312

interfering pulses are comparable in this case, and this may lead313

to disintegration of the resultant wavelet and thus, to jumps in the314

measured time delay. Consequently, both the type and thickness315

of the slide and the frequency of operation must be optimized316

for any practical scenario by means of preliminary simulations,317

as in Fig. 4.318

The operating point on the inclined section of the time-delay319

interferogram can also be selected experimentally. To this end,320

thin quartz slides with a thickness of 0.2–0.3 mm can be added321

to the main quartz slide and thus, the substrate thickness cor-322

responding to the highest sensitivity in the inclined section of323

the time-delay interferogram can be estimated. In addition, it324

should be kept in mind that there exists an intrinsic limitation to325

the range of the time delay, which cannot exceed approximately326

half-FWHM, because the interfering wavelets must overlap well327

in order to create the required effect.328

III. EXPERIMENTAL SETUP329

The pulsed sub-THz source with an on-chip semicircular330

bowtie antenna [32] was fabricated on a 100-μm GaAs substrate331

using state-of-the-art heterojunction bipolar transistor (HBT)332

technology with some modifications. The fabricated chip was333

mounted on the flat side of a hyperhemispherical high-resistivity334

Fig. 6. Reflection-mode experimental setup. Propagation of the incident wave
is shown schematically by blue lines, and that of the reflected wave is shown in
red. The specimen under test (yellow) is placed on a metal-backed quartz slide
(blue).

silicon lens with a diameter of 4 mm for efficient coupling of the 335

radiation to the free space. The output power of the emitter was 336

measured using a special setup consisting of a large elliptical 337

mirror, a Golay cell, and a set of metal-mesh quasi-optical 338

bandpass filters. The typical peak output power was∼1 mW. The 339

emitter was then placed in the center of a hollow dielectric beam 340

guide supporting a Gaussian beam at frequencies above 100 GHz 341

with low attenuation [36]. A simplified functional scheme of the 342

experimental setup is shown in Fig. 6. 343

The pulse is emitted by the chip through the silicon lens and 344

propagates along the beam guide with a diameter of 20 mm. 345

It is then focused by a high-density polyethylene (HDPE) lens 346

(diameter 25.4 mm, focal length 25 mm) onto a layered structure 347

including a metal substrate, a quartz slide, and a specimen of the 348

material under test. The reflected wavelet propagates through the 349

HDPE lens in the opposite direction and after some shaping by 350

the beam guide, circumvents the emitter. In the end, it is collected 351

by a waveguide horn antenna with attached zero-bias Schottky 352

detector (Virginia Diodes, 110–170 GHz) matched well at the 353

wavelet center frequency of about 135 GHz. To enhance the 354

amplitude of the received signal, another HDPE lens is placed in 355

front of the waveguide horn at a distance that ensures maximum 356

signal transfer from the beamguide mode to the detector. 357

The detected wavelet envelopes were recorded using a LeCroy 358

WaveMaster 830Zi-A oscilloscope. In the future, we plan to 359
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replace the oscilloscope with an ultrafast time-to-digital con-360

verter, but this is a difficult problem as the oscilloscope is361

triggered from a current pulse formed in the source supply circuit362

during avalanche switching simultaneously with the sub-THz363

emission, and thus, the single-shot jitter is ∼1 ps. This nev-364

ertheless promises high-precision time-of-flight measurements,365

especially with the use of averaging, although it also imposes366

strict requirements on the time-to-digital converter. The speci-367

men is mounted on a computer-controlled motorized translation368

stage and scanned two-dimensionally during data acquisition to369

form the image.370

The spatial resolution was evaluated by a knife-edge method371

and is about 5 mm, which agrees well with the diffraction limit372

at the frequency of operation.373

The reflection-mode setup design presented here differs from374

the conventional schemes that employ either a beam splitter or a375

scheme under oblique incidence [9], [12], [14]. Although there376

are some losses in our system related to high divergence of the377

incident beam and partial shielding of the reflected wave by the378

emitter lens, the reflected signal was still found to be larger than379

in the usual design based on a beam splitter. Besides, the design380

shown in Fig. 6 is very compact and robust, as all the critical381

components are placed in a common metal tube of diameter382

40 mm embracing the hollow dielectric beam guide. This makes383

it attractive for future practical applications.384

IV. EXPERIMENTAL RESULTS385

For experimental verification of the effect of interferometric386

enhancement in the reflection mode, we prepared a sample of387

polyethylene terephtalate (PET) with a steplike thickness profile388

mounted on a metal substrate. PET was chosen due to the relative389

simplicity of preparing multiple layers of different thicknesses.390

In our specimen, they varied in thickness between 0 and 1.2 mm391

in steps of 0.2 mm. The width of each layer was about 7–8 mm,392

which is a little larger than the spatial resolution of the experi-393

mental setup. Strips of clean metal were left at both ends of the394

fabricated specimen for performing calibration of the time delay.395

The time-delay measurements were also performed for several396

available quartz slides with thicknesses in the range 0.8–1.3 mm,397

and their results are plotted in Fig. 7 along with the curves398

obtained by numerical simulations for the center frequency of399

135 GHz, FWHM 40 ps, and the dielectric permittivity of PET400

ε = 2.56 and quartz ε = 3.8.401

The oscillating behavior of the time delay of the reflected402

pulse depending on the thickness of the metal-backed layer was403

demonstrated experimentally for two types of dielectrics. The404

experimental points agree reasonably well with the results of405

the numerical simulations, the differences being in most cases406

about 1–1.5 ps, which is close to the values for the jitter and407

drift of the pulsed source and digital oscilloscope employed in408

the experimental setup.409

The high sensitivity and picosecond resolution of the time-of-410

flight measurements look promising with respect to resolving411

the challenging problems of biomedical diagnostics such as412

differentiation between healthy and malignant tissues. Due to the413

high absorption of the sub-THz signal in biological materials,414

Fig. 7. Time delay of the Gaussian-envelope wavelets (center frequency
135 GHz, FWHM 40 ps) reflected from PET and quartz layers of different
thickness. The experimental results are shown by circles. The results of the
numerical simulations are also given for comparison (solid lines).

sample preparation must rely either on very thin tissue, with 415

a loss of sensitivity, or on dehydration of the sample through 416

formalin fixing and embedding in paraffin in order to maintain 417

a reasonable transmitted signal. If the pathological analysis 418

of a paraffin-embedded sample shows positive margins of the 419

cancerous area, a second operation will be required, which is 420

highly undesirable for many reasons, whereas if the decision 421

could be made intraoperatively by analyzing freshly excised 422

tissue slices, then the malignant tumor could be removed in a 423

single operation. The results of our first experiments with the 424

breast cancer tissue samples are presented in Fig. 8. 425

First, the tissue slices provided by Oulu University Hospital 426

were measured in transmission mode, i.e., a 300-μm thick slice 427

was mounted on a quartz slide of thickness 1.2 mm. The con- 428

trast of the obtained images was very poor for both amplitude 429

and time-of-flight data and thus, no clear correlation with the 430

histology could be found. 431

The images were then built up using the reflection-mode setup 432

shown in Fig. 6 and much thinner slices, of thickness only 433

100 μm. The contrast in time delay measured over the tissue 434

slice increased to 5 ps when the 1.2-mm quartz slide was used 435

[see Fig. 8(b)]. This corresponded to the ascending branch of the 436

“interferogram” in Fig. 7. In another experiment, the operating 437

point was selected on the descending branch of the curve in 438

Fig. 7 by using a quartz slide of thickness 1.0 mm. As a result, 439

the contrast with the time delay recorded over the same tissue 440

slice increased to 13 ps [see Fig. 8(c)]. 441

The area of a pronounced deviation of the time delay from the 442

background values in Fig. 8(b) and (c) corresponds satisfactorily 443

to the histological position of tumorous area [see Fig. 8(a)], 444

although the spatial resolution needs to be improved. We expect 445

that the next designs employing 200–300 GHz sources [33] will 446

solve this problem. 447

Another promising application for the interferometric en- 448

hancement technique is the detection of corrosion under paint. 449

Identifying corrosion before it becomes visible can help to 450
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Fig. 8. Images of successive slices of the same fresh-frozen breast tumor
tissue. (a) Histology, where adipose tissue is transparent, fibrous tissue is pink
and intermingled with adipose, and tumor tissue is violet-pink. (b) Time-of-flight
reflection-mode image obtained with a 100-μm slice placed on a 1.2-mm quartz
slide. (c) Time-of-flight reflection-mode image obtained with the 100-μm slice
placed on a 1.0-mm quartz slide. The time-delay values in (b) and (c) mean a
delay difference related to a selected operating point. The size of the grid cell in
(b) and (c) is of 1 mm × 1 mm.

avoid potential structural problems and minimize repair costs.451

Corrosion causes roughness of a metal surface that in turn results452

in marked scattering of electromagnetic waves of short wave-453

lengths. Consequently, corroded areas can be detected as areas454

of lower reflectivity in the sub-THz reflection image obtained at455

normal incidence [37], [38].456

The applicability of the interferometric enhancement tech-457

nique to the detection of hidden corrosion has been exam-458

ined using the experimental setup shown in Fig. 6 and a spe-459

cially processed specimen of homogeneously rusted steel in460

which the rust had been partially removed to form alternating461

strips of rusty and clean metal approximately 15 mm in width462

[see Fig. 9(a)].463

The specimen was placed on the translation stage as shown464

in Fig. 6 and scanned twice in the same direction, across the465

alternating strips, before and after painting. Both the amplitude466

and time delay of the reflected Gaussian-envelope pulse with467

a center frequency of 135 GHz were recorded. The results are468

plotted in Fig. 9(b) and (c).469

For easy comparison, a common scale is used on the x-axis470

throughout Fig. 9. The specimen was then painted using a471

conventional off-the-shelf fast drying acrylic paint, and the472

thickness of the coating, measured as the difference in the total473

thickness of the specimen before and after painting, was found474

to be about 200 μm. As shown clearly in Fig. 9(b), corrosion475

reduces the reflectivity of a metal, a fact that can be used for476

the detection of corroded areas using two-dimensional (2-D)477

mapping, as is done in [37] and [38]. The rust under the paint can478

Fig. 9. Inspection of corrosion under paint by the interferometric enhancement
technique. (a) Scheme of the specimen under test with rusty and clean metal
areas. (b) Amplitude of the reflected Gaussian-envelope pulse versus scan
distance. (c) Time delay of the same pulse versus scan distance.

be detected even more easily due to the stronger scattering of the 479

incident wave on the rough surface caused by the rust. Along 480

with this effect, one can observe that the Gaussian-envelope 481

pulse reflected from the rusted area has been delayed by 3–5 ps 482

[see Fig. 9(c)]. This delay correlates well with the presence 483

of the rust under the paint and considerably exceeds the time 484

delay that could be expected from a round-trip propagation of 485

the electromagnetic wave in the paint layer. Thus, the additional 486

round-trip time delay in a paint layer with a refraction index 487

np ≈ 1.6 [39] and a thickness d = 0.2 mm can be estimated to 488

be 2d(np − 1) ∼= 0.8 ps which is 4–6 times smaller than the time 489

delay measured in the experiment. 490
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This anomalous behavior of the time delay can be explained491

by the interferometric enhancement technique. It can be deduced492

from the previous analysis that the sweep range of the time493

of flight of the reflected pulse depends on the ratio of the494

coefficients of reflection from the dielectric layer interfaces. The495

closer the amplitudes of the interfering wavelets are, the larger496

will be the range of the time-delay sweep (naturally within the497

above-mentioned limits ±½ FWHM). In particular, it is for this498

reason that the sweep of the curve for the alumina slide in Fig. 5499

is much larger than that for the quartz slide.500

In the case of rust under paint, the decrease in the coefficient501

of reflection from the paint–metal interface caused by the rust502

also drives the amplitude of the corresponding wavelet closer503

to that of the wavelet reflected from the air–paint interface.504

Accordingly, the time delay of the resultant wavelet in Fig. 9(c)505

is enhanced by interferometry and this enhancement correlates506

with the drop in reflection coefficient in Fig. 9(b). Thus si-507

multaneous measurement of both the amplitude and time delay508

of the sub-THz pulse with Gaussian envelope provides more509

information about the rusted area and shows still greater promise510

as a reliable tool for the detection of corrosion under paint.511

V. CONCLUSION512

The technique of interferometry-enhanced TDI presented513

here is intended for millimeter-wave and THz imaging systems514

based on Gaussian-envelope wavelet sources. One source of this515

kind is used here, but the technique can also be implemented with516

wavelet generators employing other principles such as edge- and517

pulse-combining methods, RTD generators, and others that are518

being rapidly developed nowadays. Compact and affordable TDI519

systems using solid-state sources and detectors promise to move520

THz imaging from the research lab to real-world applications,521

e.g., to clinical intraoperational diagnostics. The technique can522

also be applied to some nondestructive inspection problems as523

demonstrated in the example of the detection of corroded areas524

under paint.525
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4
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Abstract—This article presents a time-domain imaging tech-6
nique for layered dielectric slabs using a solid-state wavelet gen-7
erator with subterahertz carrier frequency. The technique utilizes8
the dual nature of a wavelet, i.e., both the applicability of time-of-9
flight measurements and the ability of wavelets to interfere in thin10
dielectric layers at a carrier frequency that is preserved in spite of11
the ultrawideband character of the signal. This results in a very high12
sensitivity of the time delay of the resultant pulse to variations in the13
effective thickness (thickness × refractive index) of the dielectric14
layer. It is shown using a plane-wave analysis of the pulse propa-15
gation that under certain conditions, this sensitivity enhancement16
can reach an order of magnitude. The experimental setup for the17
reflection-mode operation is described and its performance in the18
discrimination of healthy and malignant tissues and in the detection19
of corrosion under paint is demonstrated.20

Index Terms—Biomedical imaging, interferometry, layered21
dielectric structures, nondestructive testing, solid-state terahertz22
(THz) pulsed source, THz active imaging.23

I. INTRODUCTION24

THANKS to the transparency of most nonconductive mate-25

rials in the subterahertz (THz) frequency range and good26

spatial resolution, THz waves have found a wide range of27

applications in imaging and sensing in recent years [1]–[3].28

This imaging technology has demonstrated promising results in29

nondestructive inspection [4], [5], security imaging applications30

[6], food safety testing [7], etc.31

The nonionizing energies of sub-THz photons also give rise32

to multiple applications in biomedical imaging [8]–[10]. THz33

waves are sensitive to water content and thus, its variation within34

tissue samples can be utilized for medical diagnostics. The35

contrast in dielectric properties between healthy and malicious36

tissues [11]–[13] caused by water content variation has been37

used for the detection of skin, colon, and breast cancer, even38
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though the difference in hydration is not the only mechanism 39

responsible for this contrast [14]. 40

Contactless THz measurement technology has also proven to 41

be highly suitable for industrial applications in the inspection of 42

layered nonmetallic materials, such as plastic, resin, ceramics, 43

and paint coatings. Accurate evaluation of the refractive index 44

and/or thickness of every layer can be performed by using 45

a variety of time-domain and frequency-domain techniques. 46

Relatively thick layers with clear separation of THz pulses 47

reflected from the layer interfaces can be characterized by simple 48

time-of-flight and phase-slope methods [5], [15], and even better 49

results have been obtained with model-based optimization rou- 50

tines aimed at the best fit between numerical and experimental 51

data [16]–[18]. In very thin stratified structures, however, the 52

received THz waveforms become difficult to interpret due to 53

overlapping of the partial pulses reflected from the layer in- 54

terfaces. In this case, extraction of the parameters of interest 55

requires more sophisticated methods based on the solution of an 56

inverse problem or iterative tree algorithm [19]. 57

Most of these advances have been enabled by the discovery 58

of the THz time-domain spectroscopy method, but in spite of 59

its success, this method has well-known drawbacks, such as the 60

bulky and costly laser-based instrumentation, low output power, 61

and a rather long acquisition time. 62

Considerable developments have been made in the past 63

decade to both continuous-wave [20]–[23] and pulsed [24]–[33] 64

solid-state components that can be expected to drive the system 65

costs down and promote applications of the THz-time-domain 66

imaging (TDI) technology. Ultrawideband (UWB) millimeter- 67

wave and sub-THz pulse generators that are well suited for 68

high-frame-rate imaging are also popular in radar and wire- 69

less communications, where a variety of carrier-based and 70

noncarrier-based architectures have been proposed. In the 71

carrier-based scheme, a high-frequency carrier is modulated 72

with a short pulse, producing a high-frequency wavelet, typically 73

with a Gaussian envelope [24]–[25]. A higher power efficiency 74

is offered by noncarrier-based wavelet generators that are built 75

using various schemes such as bandpass shaping of ultrashort 76

pulses [26], edge-combining [27] and pulse-combining [28] 77

methods, and direct digital-to-impulse conversion [29], to name 78

just a few. Gaussian-envelope wavelets can also be generated by 79

2156-342X © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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circuits based on a resonant tunneling diode (RTD) [30]. A time-80

domain system for material characterization employing this81

type of pulsed source has already been reported [31]. As these82

solid-state devices are fabricated by planar microlithographic83

technology, they can be scaled up to arrays with integrated84

antennas suitable for multipixel imaging [21], [22].85

Another generator of short sub-THz pulses is based on the86

concept of collapsing-field domains arising in a GaAs avalanche87

transistor under certain conditions [32], [33]. This produces a88

train of Gaussian-envelope wavelets with a peak power of a few89

milliwatts, a center frequency ranging from 130 to 200 GHz,90

depending on the transistor design, and a duration of 40–100 ps.91

The single-shot jitter of this source is as low as ∼1 ps, which92

makes it well suited for applications requiring accurate mea-93

surements of the time of flight. It was also noticed that there94

exists a remarkable interference of the wavelets reflected from95

the interfaces of layered dielectric structures that considerably96

affects the time of flight of the resultant pulse. The discovery of97

interferometric enhancement of the sensitivity was found to be98

promising for TDI applications.99

This article will present a comprehensive analysis of the100

transmission and reflection of a sub-THz pulse with a Gaussian101

envelope in multilayered dielectric structures, showing that in102

a properly configured measurement system, the time delay of103

the received pulse is very sensitive to the effective thickness104

of the layers in the stratified structure. The variation in the105

time delay may be an order of magnitude higher than variation106

of the intrinsic time delay of the electromagnetic wave in the107

same dielectric material. Combined with the source jitter of108

∼1 ps and pulse averaging, the interferometric enhancement109

technique provides time-of-flight measurements with subpi-110

cosecond resolution. Consequently, this measurement approach111

based on a low-cost all-electronic solid-state sub-THz source112

with a bandwidth of about 30 GHz [32] may prove competitive in113

some TDI applications with bulky and costly THz-TDS systems114

having a bandwidth of a few THz. The performance of the115

interferometric enhancement technique has been demonstrated116

in several simulated and experimental examples, including such117

complicated tasks as the discrimination of healthy and cancerous118

areas in freshly excised tissue slices. It has also been applied119

successfully for the detection of corrosion in metal under paint.120

The article is organized as follows. Section II addresses the121

technique of interferometric enhancement, its conditions and122

limitations. A reflection-mode measurement setup including the123

pulsed sub-THz source, lenses, and a Schottky detector mounted124

in a common beam guide is presented in Section III. The ex-125

perimental results are presented in Section IV, and Section V126

concludes this article along with proposals for future work.127

II. DESCRIPTION OF THE METHOD128

The proposed TDI technique is based on time-of-flight mea-129

surements of a Gaussian-envelope wavelet reflected or transmit-130

ted through a multilayered dielectric slab at normal incidence131

(see Fig. 1).132

The corresponding waveforms can be determined as a convo-133

lution of the incident signal waveform with the impulse transfer134

Fig. 1. Geometry of the problem. WI , WR, and WT represent incident,
reflected, and transmitted wavelets, respectively.

functions of the slab. In the case of a multilayered slab, it is 135

convenient to find its transfer function in the frequency domain 136

with subsequent use of the convolution theorem. Reflected and 137

transmitted wavelets WR and WT can then be calculated using 138

the formulas 139

WR(t) = Φ−1 {Φ [WI(t)] ·R(f)}
WT (t) = Φ−1 {Φ [WI(t)] · T (f)} (1)

where WI(t) is the incident wavelet, Φ and Φ−1are direct and 140

inverse Fourier transforms, and R(f), T (f) are the reflection 141

and transmission coefficients as functions of the frequency f. 142

The functions R(f) and T (f) can both be derived using a 143

concept of scattering transfer matrices that are cascadable and 144

thus, make it easy to deal with multiple layers [34]. Accord- 145

ingly, a n-layer slab is described in the plane-wave case by the 146

product of transfer matrices for the dielectric interfaces and the 147

homogeneous layers between them 148

A = I0,1L1I1,2L2I2,3 . . .LnIn,(n+1) (2)

where n is the number of layers 149

I(i−1),i =
1

1 + r(i−1),i

[
1 r(i−1),i

r(i−1),i 1

]
, i

= 1, 2, . . . , (n+ 1) (3)

is the transfer matrix of the interface between regions (i – 1) and 150

i, and 151

Li =

(
exp(jβi) 0

0 exp(−jβi)

)
, i = 1, 2, . . . , n (4)

is the transfer matrix of the layer i. Assuming that the dielectrics 152

of interest are nonmagnetic, the Fresnel coefficients r(i−1),iand 153

the propagation constantsβi are related to the complex dielectric 154

permittivities of the layers εi and their thicknesses di by 155

r(i−1),i =

√
ει−1 −√

εi√
ει−1 +

√
εi

βi =
2πf

c
di
√
εi (5)

where c is the velocity of light. 156

Once the complete matrix A of the multilayered structure is 157

calculated, the frequency-domain transfer functions R(f) and 158

T (f) required in (1) can be obtained as 159

R(f) = A21/A11 T (f) = 1/A11 (6)



IEE
E P

ro
of

MIKHNEV et al.: TIME-DOMAIN TERAHERTZ IMAGING OF LAYERED DIELECTRIC STRUCTURES 3

Fig. 2. Calculated time delay of a Gaussian-envelope wavelet (center fre-
quency 135 GHz, FWHM 50 ps) transmitted through a quartz layer with a
dielectric permittivity ε= 3.8 (blue line, geometry shown in the right inset) and
reflected from a metal-backed quartz layer (magenta line, geometry is shown in
the left inset) versus the layer thickness. The dashed blue and dashed magenta
lines show the time delays in the layer as they would be in the absence of
interference.

and the final results for the transmitted and reflected wavelets160

are now accessible from (1).161

For transmission-mode modeling, both of the half-spaces162

(regions 0 and (n + 1) in Fig. 1) confining the multilayered slab163

are assumed to be air. The reflection mode with a metal-backed164

layer is realized by setting rn,(n+1) = −1, implying that the165

region (n + 1) is metal, and then, WT disappears.166

In order to obtain the time-delay values comparable with the167

experimental data, one has to subtract from the propagation time168

of the wavelet obtained from (1) the propagation time in an air169

layer of the same thickness as the dielectric sample. This is a170

consequence of the conventional calibration of the time-delay171

measurement needed to subtract the time delay in the sensing172

head, connecting cables, etc. As the initial time delay measured173

in the experimental setup in the absence of a sample also includes174

the time delay in the air layer occupied by the dielectric sample at175

that time, correct comparison requires removing the correspond-176

ing time delay from the simulated results, too. In the transmission177

mode, this means subtraction of a term Δt =
∑

di/c, while178

in the reflection mode for a metal-backed layer, the doubled179

term 2Δt needs to be subtracted due to the round trip of the180

electromagnetic wave in the layer.181

The method described above suits well to obtain transmitted182

and reflected pulses in many practical scenarios with multi-183

layered structures in biomedical imaging and nondestructive184

testing. Consider first the case of a single layer as far as both185

its transmission and reflection geometry is concerned. The time186

delay calculated for the wavelets transmitted through a single187

dielectric layer and reflected from the same layer placed on a188

metal substrate is shown in Fig. 2. A Gaussian wavelet with a189

carrier frequency of 135 GHz and a full width at half-maximum190

(FWHM) of 50 ps has been adopted here as WI .191

As seen in Fig. 2, the time delay of both transmitted and192

reflected wavelets as a function of the layer thickness resembles193

an interferogram despite the fact that the incident wavelet fulfills 194

the definition of a UWB signal. One must keep in mind, however, 195

that this interferogram is unusual, since the time delay rather than 196

the amplitude is plotted here. 197

The observed behavior of the time delay can be explained 198

by the interference of the wavelets reflected from the layer 199

interfaces. Thus, in the case of reflection-mode operation with a 200

metal-backed layer, the wavelet reflected from the first interface 201

of the layer overlaps with the leading edge of the wavelet 202

reflected from the metal surface that arrives later. 203

These wavelets can interfere constructively or destructively, 204

depending on the electrical thickness of the layer. Destructive in- 205

terference suppresses the leading edge of the resultant pulse that 206

appears as its additional delay, but when the interference is con- 207

structive, the leading edge swells up so that the resultant pulse 208

appears to be not delayed at all, e.g., at layer thicknesses of 0.57 209

and 1.14 mm in Fig. 2. Incidentally, the specified thicknesses 210

correspond exactly to the half-wavelength and one-wavelength 211

quartz layers at a frequency of 135 GHz, respectively. This is 212

clear evidence of the interference nature of the graph in Fig. 2. 213

Alternatively, the maxima of the time delay in the reflection 214

mode may appear when the effective thickness of the layer is 215

equal to an odd number of quarter-wavelengths. 216

The oscillations in the time delay of the Gaussian wavelet 217

versus the electrical thickness of the dielectric layer can be used 218

for the imaging of electrically thin dielectric structures. To this 219

end, the operating point should be chosen on one of the slopes 220

of the “interferogram” in Fig. 2. Then, small variations in either 221

the refractive index or the thickness of the layer will result in 222

pronounced variations in the time delay. 223

As the oscillations in the time delay are much stronger in the 224

reflection mode, this mode is preferred in further considerations 225

because of the higher expected sensitivity. Nevertheless, the 226

transmission mode can be useful, too. For instance, a high spatial 227

resolution can be achieved in the transmission mode by using a 228

focused beam and a detector with a small aperture. There is also 229

some gain in sensitivity in this mode, although lower than in the 230

reflection mode. 231

The time delay in the resultant pulse has been determined 232

in the above calculations from the position of its maximum. 233

Detection of the position of the rising edge of the pulse is 234

preferable in the experimental studies for the sake of better 235

measurement accuracy, but in this case, the Gaussian shape of 236

the received wavelet should be preserved. The wavelet envelopes 237

were calculated for a set of maxima [see Fig. 3(a)] and minima 238

[see Fig. 3(b)] in the reflection mode using the geometry of 239

the left inset in Fig. 2 and the same characteristics of the 240

probing wavelet. For clarity, only two maxima and two minima 241

of the time delay are shown in Fig. 2, whereas in Fig. 3(a), the 242

envelopes of the first four maxima are plotted (the corresponding 243

quartz thicknesses are 0.28, 0.85, 1.42, and 1.99 mm). 244

The time scale in Fig. 3 is selected so that the apex of the 245

probing wavelet corresponds to zero time. It is seen in Fig. 3(a) 246

that the wavelets of the first two maxima preserve their Gaussian 247

shape well. At the next maxima, the pulse shape is distorted 248

and widened, although it suits quite well for time-of-flight 249

measurements. 250
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Fig. 3. Shapes of the envelopes of received wavelets in the reflection mode
of operation using the geometry shown in the left inset in Fig. 2 and the same
characteristics of the probing wavelet. (a) Shapes corresponding to a set of the
first four maxima of the time delay (thicknesses of quartz substrate are 0.28,
0.85, 1.42, and 1.99 mm). (b) Shapes corresponding to a set of minima of the
time delay numbered 3–6 (corresponding quartz thicknesses are 1.71, 2.28, 2.85,
and 3.42 mm).

In Fig. 3(b), the shapes of the received pulses for the minima251

numbered 3–6 (with corresponding quartz thicknesses of 1.71,252

2.28, 2.85, and 3.42 mm) are plotted. The wavelet shapes for the253

first and second minima (layer thicknesses 0.57 and 1.14 mm)254

are not shown here as they are graphically indistinguishable255

from the probing wavelet. As in Fig. 3(a), the pulses of the first256

minima in Fig. 3(b) keep their Gaussian shapes, being almost257

exact replicas of the probing wavelet. At greater thickness of258

the substrate, however, the shape of the received pulse is rapidly259

distorted and the slope of the time-delay interferogram does not260

increase any longer. Hence, for implementation of the method,261

the dielectric substrate must be thick enough to achieve better262

sensitivity, while at the same time avoiding any marked deviation263

of the received pulse from the Gaussian shape.264

It is intuitively expected from Fig. 2 that the areas of high265

sensitivity to a thin dielectric layer placed over the metal-backed266

Fig. 4. Time delay of the Gaussian-envelope wavelet (center frequency
135 GHz, FWHM 50 ps) versus thickness of the quartz slide calculated for
the “tissue-quartz-metal” structure in the reflection mode. The tissue slice
thickness is 50 μm, and the dielectric permittivities of the three tissue types
(adipose, fibrous, and tumorous) are taken to be εa = 2.4–j1.0; εf = 3.6–j5.3;
εt = 4.4–j6.2, respectively. Inset: Simulation model.

slide will correspond to both slopes in the time-delay curve. 267

To verify this, we calculated the time-delay variations for three 268

types of fresh tissue slices—adipose, fibrous, and tumorous (see 269

Fig. 4), the dielectric permittivity data for which are taken from 270

[35]. The simulation model is shown in the inset in Fig. 4. 271

It is seen from the simulation results that the sensitivity of the 272

method to the dielectric properties of a thin layer does indeed 273

increase considerably, so that the additional round-trip propaga- 274

tion time of the electromagnetic wave in the 50-μm layer with a 275

refractive index of the fibrous tissue ofnf = Re
√
εf ∼= 2.25 can 276

be estimated to be 2d(nf − 1) ∼= 0.4 ps, while at some points in 277

Fig. 4, the corresponding time-delay difference reaches 8–9 ps. 278

This constitutes the principle of interferometric enhancement for 279

pulsed time-domain imaging. One must keep in mind that the 280

results obtained here correspond to the parameters of pure tissues 281

whereas in real slices, the tissue types may be intermingled. 282

The slice thickness should be chosen as a tradeoff between 283

sensitivity and the interference conditions. Too thin a tissue 284

sample will make a low contribution to the reflected signal, while 285

too thick a sample will suppress the effect of the interference. For 286

the tissues considered here and the signal parameters specified 287

in Fig. 4, the optimal range of slice thickness should be about 288

50 to 100 μm. 289

The most complicated case in breast cancer imaging is 290

the differentiation between fibrous and cancerous tissues, as 291

their dielectric properties are very similar [35]. The estimated 292

round-trip propagation times in 50 μm slices of those tissues 293

yield a difference of only ∼0.1 ps, which is very challenging 294

even for femtosecond laser-based pulsed THz imaging, but 295

interferometry-enhanced TDI can increase the difference to 296

1–2 ps (see Fig. 4) if the thickness of the quartz slide is selected 297

properly. 298

Finally, we should consider the influence of the wavelet center 299

frequency and the dielectric permittivity of the slide on the 300

efficiency of interferometric enhancement (see Fig. 5). 301
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Fig. 5. Calculated time delay of the Gaussian-envelope wavelets versus slide
thickness in the reflection mode (see inset) for different slides and center
frequency of the wavelet: Quartz slide and frequency of 135 GHz (dashed black);
alumina slide and frequency of 135 GHz (magenta); quartz slide and frequency
of 200 GHz (solid black).

As the center frequency of the wavelet increases (e.g., by302

using a 200-GHz pulsed source [33]), more oscillations of303

the time delay occur in the same interval of thickness that is304

natural for the interferometry. Consequently, the slopes of the305

“interferogram” become steeper, leading to a higher sensitivity.306

A similar effect can also be achieved by replacing quartz with307

a dielectric having a larger refractive index, e.g., alumina, with308

dielectric permittivity ε = 9.6 (see Fig. 5, magenta line). The309

use of a high-permittivity substrate is not reasonable in this310

arrangement, however, despite the attractive steepness of the311

interference curve. The problem is that the amplitudes of the312

interfering pulses are comparable in this case, and this may lead313

to disintegration of the resultant wavelet and thus, to jumps in the314

measured time delay. Consequently, both the type and thickness315

of the slide and the frequency of operation must be optimized316

for any practical scenario by means of preliminary simulations,317

as in Fig. 4.318

The operating point on the inclined section of the time-delay319

interferogram can also be selected experimentally. To this end,320

thin quartz slides with a thickness of 0.2–0.3 mm can be added321

to the main quartz slide and thus, the substrate thickness cor-322

responding to the highest sensitivity in the inclined section of323

the time-delay interferogram can be estimated. In addition, it324

should be kept in mind that there exists an intrinsic limitation to325

the range of the time delay, which cannot exceed approximately326

half-FWHM, because the interfering wavelets must overlap well327

in order to create the required effect.328

III. EXPERIMENTAL SETUP329

The pulsed sub-THz source with an on-chip semicircular330

bowtie antenna [32] was fabricated on a 100-μm GaAs substrate331

using state-of-the-art heterojunction bipolar transistor (HBT)332

technology with some modifications. The fabricated chip was333

mounted on the flat side of a hyperhemispherical high-resistivity334

Fig. 6. Reflection-mode experimental setup. Propagation of the incident wave
is shown schematically by blue lines, and that of the reflected wave is shown in
red. The specimen under test (yellow) is placed on a metal-backed quartz slide
(blue).

silicon lens with a diameter of 4 mm for efficient coupling of the 335

radiation to the free space. The output power of the emitter was 336

measured using a special setup consisting of a large elliptical 337

mirror, a Golay cell, and a set of metal-mesh quasi-optical 338

bandpass filters. The typical peak output power was∼1 mW. The 339

emitter was then placed in the center of a hollow dielectric beam 340

guide supporting a Gaussian beam at frequencies above 100 GHz 341

with low attenuation [36]. A simplified functional scheme of the 342

experimental setup is shown in Fig. 6. 343

The pulse is emitted by the chip through the silicon lens and 344

propagates along the beam guide with a diameter of 20 mm. 345

It is then focused by a high-density polyethylene (HDPE) lens 346

(diameter 25.4 mm, focal length 25 mm) onto a layered structure 347

including a metal substrate, a quartz slide, and a specimen of the 348

material under test. The reflected wavelet propagates through the 349

HDPE lens in the opposite direction and after some shaping by 350

the beam guide, circumvents the emitter. In the end, it is collected 351

by a waveguide horn antenna with attached zero-bias Schottky 352

detector (Virginia Diodes, 110–170 GHz) matched well at the 353

wavelet center frequency of about 135 GHz. To enhance the 354

amplitude of the received signal, another HDPE lens is placed in 355

front of the waveguide horn at a distance that ensures maximum 356

signal transfer from the beamguide mode to the detector. 357

The detected wavelet envelopes were recorded using a LeCroy 358

WaveMaster 830Zi-A oscilloscope. In the future, we plan to 359
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replace the oscilloscope with an ultrafast time-to-digital con-360

verter, but this is a difficult problem as the oscilloscope is361

triggered from a current pulse formed in the source supply circuit362

during avalanche switching simultaneously with the sub-THz363

emission, and thus, the single-shot jitter is ∼1 ps. This nev-364

ertheless promises high-precision time-of-flight measurements,365

especially with the use of averaging, although it also imposes366

strict requirements on the time-to-digital converter. The speci-367

men is mounted on a computer-controlled motorized translation368

stage and scanned two-dimensionally during data acquisition to369

form the image.370

The spatial resolution was evaluated by a knife-edge method371

and is about 5 mm, which agrees well with the diffraction limit372

at the frequency of operation.373

The reflection-mode setup design presented here differs from374

the conventional schemes that employ either a beam splitter or a375

scheme under oblique incidence [9], [12], [14]. Although there376

are some losses in our system related to high divergence of the377

incident beam and partial shielding of the reflected wave by the378

emitter lens, the reflected signal was still found to be larger than379

in the usual design based on a beam splitter. Besides, the design380

shown in Fig. 6 is very compact and robust, as all the critical381

components are placed in a common metal tube of diameter382

40 mm embracing the hollow dielectric beam guide. This makes383

it attractive for future practical applications.384

IV. EXPERIMENTAL RESULTS385

For experimental verification of the effect of interferometric386

enhancement in the reflection mode, we prepared a sample of387

polyethylene terephtalate (PET) with a steplike thickness profile388

mounted on a metal substrate. PET was chosen due to the relative389

simplicity of preparing multiple layers of different thicknesses.390

In our specimen, they varied in thickness between 0 and 1.2 mm391

in steps of 0.2 mm. The width of each layer was about 7–8 mm,392

which is a little larger than the spatial resolution of the experi-393

mental setup. Strips of clean metal were left at both ends of the394

fabricated specimen for performing calibration of the time delay.395

The time-delay measurements were also performed for several396

available quartz slides with thicknesses in the range 0.8–1.3 mm,397

and their results are plotted in Fig. 7 along with the curves398

obtained by numerical simulations for the center frequency of399

135 GHz, FWHM 40 ps, and the dielectric permittivity of PET400

ε = 2.56 and quartz ε = 3.8.401

The oscillating behavior of the time delay of the reflected402

pulse depending on the thickness of the metal-backed layer was403

demonstrated experimentally for two types of dielectrics. The404

experimental points agree reasonably well with the results of405

the numerical simulations, the differences being in most cases406

about 1–1.5 ps, which is close to the values for the jitter and407

drift of the pulsed source and digital oscilloscope employed in408

the experimental setup.409

The high sensitivity and picosecond resolution of the time-of-410

flight measurements look promising with respect to resolving411

the challenging problems of biomedical diagnostics such as412

differentiation between healthy and malignant tissues. Due to the413

high absorption of the sub-THz signal in biological materials,414

Fig. 7. Time delay of the Gaussian-envelope wavelets (center frequency
135 GHz, FWHM 40 ps) reflected from PET and quartz layers of different
thickness. The experimental results are shown by circles. The results of the
numerical simulations are also given for comparison (solid lines).

sample preparation must rely either on very thin tissue, with 415

a loss of sensitivity, or on dehydration of the sample through 416

formalin fixing and embedding in paraffin in order to maintain 417

a reasonable transmitted signal. If the pathological analysis 418

of a paraffin-embedded sample shows positive margins of the 419

cancerous area, a second operation will be required, which is 420

highly undesirable for many reasons, whereas if the decision 421

could be made intraoperatively by analyzing freshly excised 422

tissue slices, then the malignant tumor could be removed in a 423

single operation. The results of our first experiments with the 424

breast cancer tissue samples are presented in Fig. 8. 425

First, the tissue slices provided by Oulu University Hospital 426

were measured in transmission mode, i.e., a 300-μm thick slice 427

was mounted on a quartz slide of thickness 1.2 mm. The con- 428

trast of the obtained images was very poor for both amplitude 429

and time-of-flight data and thus, no clear correlation with the 430

histology could be found. 431

The images were then built up using the reflection-mode setup 432

shown in Fig. 6 and much thinner slices, of thickness only 433

100 μm. The contrast in time delay measured over the tissue 434

slice increased to 5 ps when the 1.2-mm quartz slide was used 435

[see Fig. 8(b)]. This corresponded to the ascending branch of the 436

“interferogram” in Fig. 7. In another experiment, the operating 437

point was selected on the descending branch of the curve in 438

Fig. 7 by using a quartz slide of thickness 1.0 mm. As a result, 439

the contrast with the time delay recorded over the same tissue 440

slice increased to 13 ps [see Fig. 8(c)]. 441

The area of a pronounced deviation of the time delay from the 442

background values in Fig. 8(b) and (c) corresponds satisfactorily 443

to the histological position of tumorous area [see Fig. 8(a)], 444

although the spatial resolution needs to be improved. We expect 445

that the next designs employing 200–300 GHz sources [33] will 446

solve this problem. 447

Another promising application for the interferometric en- 448

hancement technique is the detection of corrosion under paint. 449

Identifying corrosion before it becomes visible can help to 450
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Fig. 8. Images of successive slices of the same fresh-frozen breast tumor
tissue. (a) Histology, where adipose tissue is transparent, fibrous tissue is pink
and intermingled with adipose, and tumor tissue is violet-pink. (b) Time-of-flight
reflection-mode image obtained with a 100-μm slice placed on a 1.2-mm quartz
slide. (c) Time-of-flight reflection-mode image obtained with the 100-μm slice
placed on a 1.0-mm quartz slide. The time-delay values in (b) and (c) mean a
delay difference related to a selected operating point. The size of the grid cell in
(b) and (c) is of 1 mm × 1 mm.

avoid potential structural problems and minimize repair costs.451

Corrosion causes roughness of a metal surface that in turn results452

in marked scattering of electromagnetic waves of short wave-453

lengths. Consequently, corroded areas can be detected as areas454

of lower reflectivity in the sub-THz reflection image obtained at455

normal incidence [37], [38].456

The applicability of the interferometric enhancement tech-457

nique to the detection of hidden corrosion has been exam-458

ined using the experimental setup shown in Fig. 6 and a spe-459

cially processed specimen of homogeneously rusted steel in460

which the rust had been partially removed to form alternating461

strips of rusty and clean metal approximately 15 mm in width462

[see Fig. 9(a)].463

The specimen was placed on the translation stage as shown464

in Fig. 6 and scanned twice in the same direction, across the465

alternating strips, before and after painting. Both the amplitude466

and time delay of the reflected Gaussian-envelope pulse with467

a center frequency of 135 GHz were recorded. The results are468

plotted in Fig. 9(b) and (c).469

For easy comparison, a common scale is used on the x-axis470

throughout Fig. 9. The specimen was then painted using a471

conventional off-the-shelf fast drying acrylic paint, and the472

thickness of the coating, measured as the difference in the total473

thickness of the specimen before and after painting, was found474

to be about 200 μm. As shown clearly in Fig. 9(b), corrosion475

reduces the reflectivity of a metal, a fact that can be used for476

the detection of corroded areas using two-dimensional (2-D)477

mapping, as is done in [37] and [38]. The rust under the paint can478

Fig. 9. Inspection of corrosion under paint by the interferometric enhancement
technique. (a) Scheme of the specimen under test with rusty and clean metal
areas. (b) Amplitude of the reflected Gaussian-envelope pulse versus scan
distance. (c) Time delay of the same pulse versus scan distance.

be detected even more easily due to the stronger scattering of the 479

incident wave on the rough surface caused by the rust. Along 480

with this effect, one can observe that the Gaussian-envelope 481

pulse reflected from the rusted area has been delayed by 3–5 ps 482

[see Fig. 9(c)]. This delay correlates well with the presence 483

of the rust under the paint and considerably exceeds the time 484

delay that could be expected from a round-trip propagation of 485

the electromagnetic wave in the paint layer. Thus, the additional 486

round-trip time delay in a paint layer with a refraction index 487

np ≈ 1.6 [39] and a thickness d = 0.2 mm can be estimated to 488

be 2d(np − 1) ∼= 0.8 ps which is 4–6 times smaller than the time 489

delay measured in the experiment. 490



IEE
E P

ro
of

8 IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY

This anomalous behavior of the time delay can be explained491

by the interferometric enhancement technique. It can be deduced492

from the previous analysis that the sweep range of the time493

of flight of the reflected pulse depends on the ratio of the494

coefficients of reflection from the dielectric layer interfaces. The495

closer the amplitudes of the interfering wavelets are, the larger496

will be the range of the time-delay sweep (naturally within the497

above-mentioned limits ±½ FWHM). In particular, it is for this498

reason that the sweep of the curve for the alumina slide in Fig. 5499

is much larger than that for the quartz slide.500

In the case of rust under paint, the decrease in the coefficient501

of reflection from the paint–metal interface caused by the rust502

also drives the amplitude of the corresponding wavelet closer503

to that of the wavelet reflected from the air–paint interface.504

Accordingly, the time delay of the resultant wavelet in Fig. 9(c)505

is enhanced by interferometry and this enhancement correlates506

with the drop in reflection coefficient in Fig. 9(b). Thus si-507

multaneous measurement of both the amplitude and time delay508

of the sub-THz pulse with Gaussian envelope provides more509

information about the rusted area and shows still greater promise510

as a reliable tool for the detection of corrosion under paint.511

V. CONCLUSION512

The technique of interferometry-enhanced TDI presented513

here is intended for millimeter-wave and THz imaging systems514

based on Gaussian-envelope wavelet sources. One source of this515

kind is used here, but the technique can also be implemented with516

wavelet generators employing other principles such as edge- and517

pulse-combining methods, RTD generators, and others that are518

being rapidly developed nowadays. Compact and affordable TDI519

systems using solid-state sources and detectors promise to move520

THz imaging from the research lab to real-world applications,521

e.g., to clinical intraoperational diagnostics. The technique can522

also be applied to some nondestructive inspection problems as523

demonstrated in the example of the detection of corroded areas524

under paint.525
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