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Abstract

Terahertz (THz) wavelengths have attracted recent interest in multiple dis-

ciplines within engineering and science. Situated between the infrared and the

microwave region of the electromagnetic spectrum, THz energy can propagate

through non-polar materials such as clothing or packaging layers. Moreover,

many chemical compounds, including explosives and many drugs, reveal strong

absorption signatures in the THz range. For these reasons, THz wavelengths have

great potential for non-destructive evaluation and explosive detection.

Three-dimensional (3-D) reflection imaging with considerable depth resolution

is also possible using pulsed THz systems. While THz imaging (especially 3-D)

systems typically operate in transmission mode, reflection offers the most prac-

tical configuration for standoff detection, especially for objects with high water

content (like human tissue) which are opaque at THz frequencies. In this re-

search, reflection-based THz synthetic-aperture (SA) imaging is investigated as a

potential imaging solution. THz SA imaging results presented in this dissertation

are unique in that a 2-D planar synthetic array was used to generate a 3-D im-

age without relying on a narrow time-window for depth isolation [1]. Novel THz

chemical detection techniques are developed and combined with broadband THz
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SA capabilities to provide concurrent 3-D spectral imaging. All algorithms are

tested with various objects and pressed pellets using a pulsed THz time-domain

system in the Northwest Electromagnetics and Acoustics Research Laboratory

(NEAR-Lab).
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Chapter 1

Motivation for Dissertation Work

This work addresses the field of 3-D terahertz (THz) imaging for a wide range

of applications such as explosives detection and non-destructive evaluation. In the

past 20 years, THz sources and receivers have significantly increased in efficiency

while becoming more compact and affordable. Consequently, different types of

imaging systems are currently being investigated by a variety of scientists and

engineers. The approach demonstrated in this work is among the first of its

kind, combining multifaceted tools from synthetic-aperture radar and spectral

imaging. The end goal is to provide innovative solutions for THz 3-D spectral

imaging. The motivation for this research is:

1. THz source bandwidths are now large enough to view spectral fingerprints

for a variety of chemicals, such as drugs and explosives. To fully utilize

this portion of the spectrum for security and non-destructive evaluation

applications, imaging systems must be able to concurrently provide 3-D

imaging and material characterization.

2. Current THz systems being researched have trade-offs between spectro-

scopic identification performance and depth resolution in 3-D imaging. By
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using advanced synthetic-aperture (SA) image processing in conjunction

with spectral detection techniques, these issues can be mitigated.

3. Many recent THz tomographic imaging configurations require a rotational

platform and often operate in transmission mode, which may be difficult

to implement in an integrated system. A 2-D synthetic array that utilizes

backscattered radiation can produce 3-D THz images with fine depth resolu-

tion; and a planar geometry will likely be better suited for a manufacturable

THz 3-D imaging system.

4. Often, in a real-world imaging situation, a target material is comprised of

inhomogeneous scatterers and rough surfaces, resulting in random fluctu-

ations in recorded spectra. This effect can cause significant shortcomings

in conventional spectroscopy methods, and in general are not mitigated

with increased signal strength. Advanced signal processing techniques are

required for robust detection of resonance features in real-world conditions.

1.1 Contributions and significance of this work

The following steps, completed as part of the final dissertation, have expanded

the body of knowledge in the THz imaging community.

1. Developed robust THz resonance feature detection methods that are well-

suited for reflection mode. Correlation processing and squared residual

2



methods both utilize sharp magnitude and phase features that are present

in scattered spectra from explosives or other chemical compounds. Each

method’s detection performance is robust to scattering effects due to rough

surfaces.

2. Implemented a broadband 3-D THz SA imaging algorithm. This implemen-

tation was the first of its kind, utilizing a 2-D array and to create high reso-

lution 3-D THz images. A broadband THz system will provide 3-D imaging

with significant depth and lateral resolution. This algorithm was based on

a modified edition of conventional synthetic-aperture radar techniques.

3. Developed 3-D SA spectral imaging algorithms by integrating robust fea-

ture detection techniques with a multiposition sensor array. The 3-D spec-

tral imaging techniques that were developed were correlation processing,

frequency differencing and matched-field imaging.

4. Applied advanced image processing algorithms to real data measured in the

NEAR-Lab THz measurement facility. Once the data were measured, a se-

quence of processing steps were developed to create the final results. A

variety of methods were investigated and quantitatively compared in an

effort to provide the best possible THz imaging solutions.

3



1.2 Summary of dissertation

The results shown throughout this work are primarily based on data measured

with a Picometrix T-Ray 4000 THz system in the Northwest Electromagnetic

and Acoustics Research Laboratory (NEAR-Lab). The pulsed system records

time-domain waveforms with accurate phase information necessary for synthetic-

aperture phased-array processing.

Each of the developments presented in this dissertation have been well received

in the THz imaging community. This section outlines the body of the dissertation,

and provides a brief summary of each chapter for a quick reference guide.

Chapter 2 provides a literature search and introduction to THz technology,

THz imaging and the vast implications of this portion of the electromagnetic

spectrum. The literature search also incorporates synthetic-aperture radar and

remote sensing theory.

Chapter 3 first provides details on current THz material detection techniques.

The chapter also summarizes a study on scattering effects of derivative spectra

at specular and diffuse angles from an explosive simulant.

Chapter 4 shows formulations for three robust chemical detection techniques

(two of which are contributions to this dissertation), namely matched filtering,

correlation processing, and squared residual processing. Later in this chapter,

these techniques are validated with images of a two-sided pellet constructed of

4



α-lactose and high-density polyethylene (HDPE).

Chapter 5 describes broadband THz 3-D SA imaging techniques that have

been developed as part of this dissertation, and shows imaging results from var-

ious dielectric and metallic objects in addition to characterization of imaging

performance.

Chapter 6 combines broadband 3-D THz imaging techniques described in

Chapter 5 with material detection techniques such as correlation processing and

frequency differencing. Spectral surface profiles of a two-sided pellet constructed

of α-lactose and HDPE are presented and discussed.

Chapter 7 introduces the matched-field imaging technique, an extension of

the matched filter for 3-D spectral imaging. This chapter provides 3-D spectral

imaging results from a Monte Carlo simulation comprised of two different species

of dielectric spheres.

Chapter 8 gives concluding remarks and potential future research topics in the

area of THz 3-D imaging for both chemical detection and non-destructive evalu-

ation. Also provided in this section is list of conference and journal publications

that were published as part of this research.
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Chapter 2

Literature Review

There are three main research fields that all contribute to the 3-D THz spectral

imaging research presented in this dissertation. Those areas are THz technology,

synthetic-aperture radar (and imaging), and spectral imaging. Within each of

these individual areas, there exists a large body of work with many publications.

Synthetic-aperture imaging and spectral imaging are each very mature fields while

THz imaging is relatively new.

The aim of this work is to combine all three of these areas for simultaneous

imaging and spectral characterization, as shown in the Venn diagram in Fig-

ure 2.1. To the best knowledge of the author, at the current time, there has

been no published work that combines each of these three areas. While this work

Figure 2.1: Venn diagram showing three areas feeding into this research work:
THz technology (and imaging), synthetic-aperture imaging, and spectral imaging.
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focuses on explosive (or explosive simulant) detection, the methods discussed are

widely applicable.

2.1 THz technology

Terahertz imaging has attracted recent interest from multiple disciplines within

engineering and science. The THz region of the electromagnetic (EM) spectrum,

shown in Figure 2.2, covers 0.3 ×1012 to 3 ×1012 Hz, between the infrared and

microwave regions. With the improvement of ultra-fast laser technology, THz

sources and detectors have been increasing in efficiency since the 1990s [2]. Un-

surprisingly, THz time-domain systems have entered a period of significant in-

novation as researchers continue to find new applications. In particular, THz

imaging technology holds promising applications in counter-terrorism efforts and

non-destructive evaluation.

Figure 2.2: The “THz Gap” shown within the greater electromagnetic spectrum.

THz wavelengths, ranging from 100 µm to 1 mm, are much shorter than wave-

lengths in the microwave region, providing higher resolution imaging capability

than microwave sensors. Another attractive feature of the THz region is that

7



many non-polar molecules, such as clothing and packaging materials, become

transparent at THz wavelengths, while metallic objects contribute strong reflec-

tions. Figure 2.3 shows a THz image (right) of an etched copper circuit board

with Portland State University’s current logo, imaged with a Picometrix T-Ray

4000 pulsed THz system with a one-inch focusing lens. Also shown is an optical

photo of the circuit board (left). The copper remaining on the board after etching

provides the brighest returns in the image.

Figure 2.3: (left) Optical photo of etched copper circuit board with Portland
State University logo. (right) THz image of the same circuit board.

While many materials are transparent in the THz range, many explosive ma-

terials and other chemical compounds, contain unique spectral signatures. This

makes it well-suited for remote sensing security applications. Currently, airports

across the world employ millimeter-wave scanners in addition to other security
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standbys such as x-rays and physical searches. These scanners, generally op-

erating at less than 100 GHz, produce non-ionizing radiation that is safe for

human exposure, and produce images showing what a person may be carrying

underneath clothing layers. While these systems are capable of spotting hidden

physical objects, they provide little information about the material of interest. A

growing concern is the possibility of improvised explosive devices (IED) passing

security screenings at airports or military checkpoints. Advanced systems must

be able to concurrently image and identify illicit materials by pushing higher into

the THz range and fully harnessing the potential of these unique wavelengths.

There are many research-based ideas for THz sensors that have been demon-

strated for future use. However, there are several commercial THz applications

that are already in use. Radar systems built using the lower THz range have

already found their way into modern ”smart cars” to sense other cars or ob-

jects in close proximity using 77 GHz transceivers [3]. In communications, 60

GHz base stations in close range line-of-site communications are rapidly being

developed [4]. For several years, millimeter-waves have been used in passive at-

mospheric sensing in astronomy [5]. There will likely be many other commercial

and scientific applications if THz sources continue to increase in efficiency and

become more compact and affordable.

While THz systems show promise, a significant amount of work remains.
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Propagation effects, such as narrow water vapor absorption lines, are often seen

in recorded waveforms and can alter THz spectra [6]. For this reason, a reference

waveform is usually recorded before the sample object to account for propagation

effects and the transmitted spectrum of the THz pulse, although they cannot be

completely removed. THz systems are still largely signal-to-noise ratio (SNR)

and range limited, and higher efficiencies are needed for practical imaging envi-

ronments. Indeed, there is continuing progress in extending the efficiency and

range of THz systems [7].

Scattering effects are another significant issue in the THz range [8]. In the

microwave region, many common surfaces, such as concrete walls, appear as

smooth, largely specular reflectors. At the same time, these surfaces are rough at

optical wavelengths, greatly exceeding the Raleigh criterion for surface roughness.

In the THz range, however, many of these surfaces appear somewhere in between

rough and smooth [9]. While surface roughness can add complexity in a detection

algorithm, it also produces diffuse returns which allow for multiple viewing angles

[10, 11]. In addition, etalon effects (multiple reflections) are often seen at THz

frequencies and can considerably alter THz spectra [12]. Yet these scattering

effects remain poorly understood. Fully understanding the physics of these effects

and their implications removes a significant barrier in THz technology.
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2.2 THz imaging and tomography

The microwave region of the EM spectrum has developed into a robust imag-

ing field. Microwave wavelengths have been shown to be quite capable of pro-

ducing images of larger objects, with applications such as terrestrial mapping

in both active and passive configurations [13]. The microwave region has also

been proven useful in low resolution medical imaging applications such as breast

tumor detection and imaging of other tissues [14], [15]. Microwave wavelengths

can penetrate a variety of materials; however, they are not short enough to gen-

erate high-resolution images for package screening. However, THz wavelengths,

ranging as low as 100 µm, are short enough for such security applications. THz

sensors can provide a higher resolution imaging capability in this area while also

providing spectroscopic information about the imaged material.

THz imaging has been studied extensively to detect explosive devices [16].

There are, in fact, multiple explosive detection techniques such as infrared tun-

able laser spectroscopy [17], Raman spectroscopy [18], and trace detection using

chemical sensors [19]. However, each of these techniques is an invasive technique.

For example, explosive trace detection requires a swab of material to be collected

by swiping across someone’s person. Meanwhile, infrared laser spectroscopy de-

tection requires a pure explosive sample that more closely resembles a laboratory

prepared sample than real-life explosive devices. THz wavelengths, on the other
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hand, can detect explosives efficiently, while offering several other advantages

such as penetration through clothing [16,20].

Typically, THz explosive detection (and infrared techniques) use a transmis-

sion configuration. The material is typically identified by selecting narrow fre-

quency bands around absorption peaks. In reflection mode, the situation is more

complicated, as there are no longer distinct peaks. Instead, reflection signatures

generally resemble an offset wavelet function. One method to resolve a target

signature in reflection mode is to take the first-order derivative of the reflected

amplitude with respect to frequency [10,21]. While the reflected phase also con-

tains target signatures, it is difficult to extract information from the phase directly

due to unwrapping errors. Instead, the second-order derivative of the phase with

respect to frequency can be used [21]. Each of these techniques allows one to view

the reflection spectrum as if it were absorption, and identify the material based

on the location and strength of the peaks. However, these techniques involve

first and second-order derivatives, which amplify the noise, particularly at higher

frequencies with lower SNR.

In addition to explosives detection, there are many other possible applications

for THz waves. Just like neighboring wavelengths in the infrared and microwave

regions, there are a host of non-destructive evaluation and remote sensing appli-

cations that have been developed as the THz gap has become more accessible.
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For example, researchers have recently shown THz to be effective in detecting

faults in integrated circuits [22]. Typically, failure analysis of an integrated cir-

cuit requires removal of the packaging structure, or “decapping.” THz sensors are

able to penetrate packaging layers to reveal interconnecting failures while leaving

packaging intact. THz sensors have also been used in a similar configuration to

detect cracks in manufactured solar panels [23].

THz reflection imaging can be used for a wide range of applications within

non-destructive evaluation. For example, THz sensors have been used to preserve

information from historical documents or artifacts. Recent THz work includes

inspecting layers of artwork, reading text from ink inside pages of historic and

possibly fragile manuscripts, and investigating corroded and mineralized copper

alloys on historical artifacts [24–27]. Many of these sensing capabilities are useful

as a single measurement, but all can be enhanced through combination with an

imaging configuration.

THz wavelengths are also very sensitive to liquid water. For this reason, THz

sensors are capable of measuring water content in a sample with a reflection-

mode THz time-domain system [28]. Recently, THz systems have demonstrated

the ability to sense hydration levels in plants and human skin [29]. THz systems

can monitor water content in paint as it dries on the cage of an automobile [30].

In addition, THz systems have great potential in biomedical applications. It
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has been shown that THz sensors can detect excised breast tumors and identify

resonances in biological structures such as DNA [31,32].

While there are many ways to produce THz radiation, only two methods

will be discussed here. One method involves heterodyning electronic microwave

oscillators with devices such as GaAs Schottky barrier diodes [33]. THz waves

can also be generated by mixing down from the infrared or optical region [34–38].

Both techniques require some form of non-linear behavior, whether it’s a circuit

component such as a diode (electronic-based source) or a non-linear crystal (laser-

based source).
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Figure 2.4: (a) A THz pulse measured with the Picometrix T-Ray 4000 at the
NEAR-Lab. (b) Spectrum of THz pulse is obtained via a Fourier transform, as
computed by (3.1).

THz sources are typically either continuous wave, meaning that they operate

at a single frequency (narrowband), or pulsed (broadband). This work uses the

later, a broadband source that generates THz waveforms by rectifying very short

optical pulses (∼100 femtoseconds in duration). This is done by illuminating
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a biased, photo-conductive substrate, which acts as an antenna to create time-

domain THz pulses that are reconstructed with electro-optic sampling [39]. A

typical THz pulse and associated frequency spectrum is shown in Figure 2.4. The

time-domain nature of these sources allows easy access to depth information from

a material in a similar fashion to a time-domain reflectometer.

All of these systems are easily adapted to an imaging configuration by me-

chanically changing the position or orientation of the source to create a two-

dimensional grid of pixels [40,41]. Each pixel records either a time-domain wave-

form or swept frequency scattering parameters, depending on the THz source.

3-D THz imaging and tomography have received a lot of recent interest, as high

resolution images can be produced through transparent materials [42]. Typically,

in 3-D imaging or tomography, depth information can either be acquired with

a true time-domain system, or with swept frequency radar chirp processing to

provide range resolution [43]. THz time-domain reflection imaging, in particular,

has been a widely successful way to view hidden layers in dielectric materials [44].

In addition, 3-D imaging can simultaneously offer broadband information about

the reflection spectrum of the imaged material. 3-D THz imaging systems that

provide concurrent spectral information have been researched for applications in

explosives detection, the pharmaceutical industry, and other areas [45–48].
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One such 3-D THz imaging system used for 3-D chemical mapping uses a nar-

row collimated beam that illuminates a 3-D volume and utilizes the time-domain

nature of the THz pulse to get depth information [1], much like B-scan pulsed-

echo ultrasound. The THz collimated beam is raster-scanned in two dimensions.

Slices in depth are produced by isolating sections of the time-domain return, and

the depth resolution is thus related to the width of the time window. However,

spectroscopic information is produced by transforming from the time domain to

the frequency domain. And because the width of the time window is inversely

proportional to frequency resolution, 3-D imaging using this time-gating method

inherently limits spectroscopic capability.

Another 3-D imaging technique relies on fixed-focus confocal imaging. The

THz beam is focused onto a small focal volume, which is raster-scanned in three

dimensions. This can achieve sub-millimeter depth resolution, depending on the

numerical aperture of the lens. However, the 3-D image takes a long time to

create as mechanical scanning is required to form the depth dimension.

2.3 Synthetic-aperture imaging

Synthetic-aperture radar is a remote sensing modality capable of imaging

large areas at high resolution. Synthetic-aperture radar entails the synthesis of

multiple measurements taken by a single sensor as if the set of measurements
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were an array of multiple sensors transmitting and receiving simultaneously.

Conventional processing of recorded synthetic-aperture radar signals produces

a two-dimensional image where each pixel of the image is strongly influenced by

the surface reflectivity and roughness. Synthetic-aperture radar has been em-

ployed primarily with microwave radiation in remote sensing applications. Such

applications include terrain mapping studies [49–51], monitoring of tree density

in forested areas [52–54], and estimating soil moisture content for agricultural

purposes [55–57].

THz SA imaging provides another THz imaging modality that extends tech-

niques used from synthetic-aperture radar. Broadband THz SA imaging is unique

in that in one 2-D scan, it provides images at multiple depths and does not rely

on a narrow time-window for depth isolation. One important distinction and

advantage of THz detection systems, like microwave radar systems, is that they

measure electric field quantities directly and are phase coherent, thus supporting

imaging modalities such as SA imaging [58,59].

THz SA 3-D imaging can be done purely in the time domain with a delay-

and-sum approach, or in the frequency domain [60]. SA imaging relies on diffuse

scattering from the facets of a presumably inhomogeneous material. Therefore SA

imaging is quite robust to scattering effects and is not as sensitive to alignment

as other THz imaging modalities. In addition, broadband THz SA imaging has
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been shown to produce considerable depth resolution [61].

THz SA imaging resembles back-projection algorithms for computed tomog-

raphy that have been explored in the THz range [62–65], which use a transmis-

sion configuration. However, many imaging targets such as the human body

are opaque to THz waves, adding significant complications to transmission-based

computed tomography. In this dissertation, a 2-D THz monostatic synthetic

planar array is investigated to generate THz images at multiple depths using

broadband averaging. The reflection-mode geometry will likely be better suited

for integration into a manufacturable THz system. It will be shown that 3-D

broadband THz SA imaging with considerable depth resolution is possible pro-

vided there is sufficient system bandwidth. If the system does not have wide

enough bandwidth, or if a narrowband system is required, then the object to be

imaged must be in the near-field of the array. To first order, that means that the

length of the array must be at least the square root of the wavelength times the

object distance.

THz phased-array imaging systems do not need to operate with a synthetic

aperture, as it will eventually be possible to manufacture physical arrays of THz

antennas that operate simultaneously. However, in an optical pump/probe setup,

using a single Thz source to create a synthetic array will increase the signal power

at each sensor position, as the laser source will not need to be diverted to multiple
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antennas. In addition, SA imaging can lead to improved lateral resolution over

conventional phased-array imaging [66].

2.4 Spectral imaging and identification

Spectral imaging systems provide both spatial and spectral information, that

can be used to characterize a target. Spectral imaging utilizes the fact that any

given material reflects energy that varies as a function of wavelength or frequency.

Spectral imaging sensors measure the reflectivity of the materials within each

pixel area at multiple spectral bands. Often, spectral imaging is passive in that

all the incident radiation comes from natural sources, such as the sun [67].

Although THz spectral imaging is a new area of research, hyperspectral imag-

ing using infrared sensors is an established research area in the field of remote

sensing. Using optical intensity sensors in a passive sensing configuration, terrain

can be mapped using each geographical features’ varying reflectance. For exam-

ple, different types of vegetation will scatter more or less energy to the sensor as

a function of wavelength. A target feature may have a local spectral variation or

a broadband reflectance that separates it from the background. Typically these

systems operate in several bands, allowing materials to be found based on their

spectral fingerprints [68].

THz spectral imaging is a new and emerging field, coinciding with the advent
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of powerful THz source and receiver pairs, and showing promise in a wide range

of fields. However, there has been particular interest in the pharmaceutical and

defense industries, as drugs and explosive compounds contain unique spectral

signatures in both reflection and transmission.

THz spectral imaging has largely been achieved by applying developed tech-

niques from traditional hyperspectral imaging. The matched filter is considered

one of the most powerful remote sensing spectral imaging techniques [67]. A

simplified version of the matched filter has been demonstrated for THz spectral

imaging in a transmission configuration [69]. However, to fully utilize a matched

filter, an accurate scattering model must be invoked to “match” the measurement

to the chosen situational model. Typically, linear mixing models that assume the

scattering coefficient is a linear combination of the various material present in

the resolution cell [70, 71]. The matched filter has been shown to produce opti-

mal SNR gain if the model accurately describes the measurement, provided that

the clutter covariance matrix for the additive noise is known [67]. In practice,

these items can be difficult to estimate, and target variability caused by random

inhomogeneities can cause shortcomings in matched filter performance [72]. Ex-

plosive materials commonly contain small volume enclosures and rough surfaces.

While such features can complicate detection techniques, they enhance diffuse

scattering [8, 73], which provides a flexible viewing geometry [74,75].
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Chapter 3

THz Time-Domain Spectroscopy

This section outlines basic THz spectroscopy methods in both transmission

mode and reflection mode. This chapter also details the measurement system used

in this work, a Picometrix T-Ray 4000, and concludes with a study on scattering

effects of derivative spectra at specular and diffuse angles of an explosive simulant,

α-lactose.

THz spectroscopy can be done either in transmission mode or reflection mode.

Transmission mode is the most common, as the absorption peaks are much more

pronounced than spectral features from reflection mode spectroscopy. However,

transmission mode requires a laboratory prepared sample that is thin enough to

be transparent in the THz range and cannot have any other opaque objects in the

path between transmitter and receiver. Geometries for both transmission mode

Figure 3.1: Geometry for transmission mode spectroscopy (conventional method;
detector shown in blue) and reflection mode spectroscopy (detector shown in
gray).
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spectroscopy (conventional method) and reflection mode spectroscopy are shown

in Figure 3.1.

Typically, a discrete Fourier transform of the incident pulse is taken to reveal

spectral information. The incident time-domain pulse is denoted as E(tu) and

can be generated in a variety of ways. The discrete Fourier transform for a single

THz pulse is given by

E(fq) = F {E(tu)} =
Nt−1
∑

u=0

E(tu)e
−i2π q

Nt
u
, (3.1)

where fq is the qth frequency point, and Nt is the total number of data points

included in the time series. A typical THz pulse measured in free space is shown

in Figure 2.4(a). The frequency spectrum of the incident THz pulse as computed

from (3.1) is shown in Figure 2.4(b). The spectral resolution after the discrete

Fourier transform is inversely proportional to the width of the incident pulse,

which is decided ultimately by a time window. Usually, each pulse is then zero-

padded after the time window to improve spectral resolution, although doing this

does not add additional information.

In transmission mode, the THz pulse is transmitted through the sample, and

recorded on the other side by a receiver. The electric permittivity describes

a material’s polarizability in response to an external oscillating electric field.

In general, the permittivity is complex and frequency dependent. The relative
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electrical permittivity is given by

ǫ(fq) = ǫ′(fq)− iǫ′′(fq), (3.2)

with absorption in the material mostly described by the imaginary part of the

permittivity. Since the above permittivity is relative, the actual permittivity can

be found by multiplying by ǫ0, or 8.85 ×10−12 F/m. For this work, the magnetic

permeability is assumed to be that of free space.

When the THz pulse passes through a material at normal incidence with

electrical permittivity, ǫ(fq), the expected transmitted signal strength for each

frequency, is given by

Et = Ein(fq)Ts(fq)e
−iksd, (3.3)

where Ein(fq), is the incident pulse spectrum, d is the sample thickness, and ks

is the wavenumber inside the sample given by

ks = 2πfq

√

µǫ(fq)ǫ0. (3.4)

The combined Fresnel transmission coefficient, Ts(fq), for both the front and

back surface, is given by
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Ts(fq) =
4
√

ǫr(fq)

(
√

ǫr(fq) + 1)2
, (3.5)

where all etalon effects (multiple reflections) are ignored. This is a sufficient

approximation when the sample is thick enough to time-gate all subsequent re-

flections. In transmission mode, a target can be identified by selecting narrow

frequency bands around absorption peaks. In reflection mode, the situation is

more difficult, as there are no longer sharp absorption peaks. The reflected elec-

tric field at normal incidence from a thick sample is given by

Er(fq) = Ein(fq)Rs(fq), (3.6)

where Ein(fq) is the incident pulse spectrum. Again, all multiple reflections have

been ignored. The reflection coefficient, Rs(fq), from the sample material is given

by

Rs =
1−

√

ǫr(fq)

1 +
√

ǫr(fq)
. (3.7)

One may notice by comparing (3.3-3.7) that the absorption spectrum is highly

dependent on the imaginary portion of ǫr(fq), while the reflection spectrum de-

pends primarily on the real portion of ǫr(fq), which is simply the square of the

index of refraction, n. Figure 3.2(a) shows the absorption coefficient for α-lactose
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Figure 3.2: (a) Absorption coefficient for lactose taken from Lorentz parameters,
with resonance peaks at 0.53, 1.18, and 1.38 THz. (b) Reflection coefficient
at normal incidence for lactose using Lorentz parameters, neglecting multiple
reflections from within the sample. (c) Derivative spectrum for lactose, showing
resonance features at 0.53, 1.18, and 1.38 THz.

(will be denoted as simply lactose for the remainder of the dissertation), which

has absorption features at 0.53, 1.18, and 1.38 THz. Lactose is a powder that is

used as a simulant for explosives, and can be pressed into pellets for convenient

measurements. Both curves in Figure 3.2 were generated with the Lorentz model

for complex permittivity, which includes parameters for width, amplitude, and

location of spectral resonances [12].
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(a) (b)

Figure 3.3: (a) Kirchhoff surface scattering simulation at normal incidence from a
rough lactose sample. Red curves represent 10 of the individual realizations, while
the ensemble average is shown in black. (b) Negative derivative of simulation
showing features at 0.53, 1.18, and 1.38 THz.

Figure 3.2(b) shows the reflected amplitude at normal incidence for lactose. As

mentioned earlier, one potential method to resolve a target signature in reflection

mode is to take the first derivative of the absolute value of reflected amplitude

with respect to frequency [21]. The negative derivative, E ′
r,df , can be written as

E ′
r,df = − d

df
|Er|. (3.8)

The negative derivate spectrum for lactose is plotted in Figure 3.2(c). Clearly

visible in this plot are the lactose features at 0.53, 1.18, and 1.38 THz. The

negative sign is used in (3.8) so the resonance features are viewed as ‘peaks.’

To illustrate the utility of the negative derivative, refer to Figure 3.3(a), which

shows the simulated scattered electric field from a rough surface comprised of
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lactose. This simulation was produced using the Kirchhoff (or tangent plane)

approximation with a transceiver co-located normal to the surface mean. More

details about this type of simulation are provided in Section 4.5. Individual

realizations are plotted in dashed red, while the ensemble average is plotted in

solid black. There is a global downward trend as a function of frequency, which

occurs because the surface appears more rough at shorter wavelengths (higher in

frequency). One benifit of taking the negative derivative is that it acts as a high-

pass filter, removing this trend. Figure 3.3(b) shows the negative derivate spectra,

as computed from (3.8). Figure 3.3(b) accentuates each resonance feature and

filters unwanted global fluctuations.

3.1 Picometrix T-Ray 4000 pulsed THz system

The Picometrix T-Ray 4000, shown in Figure 3.4(a), is a commercially avail-

able pulsed time-domain THz source. It operates by splitting pulses from a

mode-locked 100 femtosecond (fs) fiber laser operating at 1.064 µm wavelength

into a pump beam and a probe beam. The pump beam is used in the transmitter

to excite carriers in a photoconductive bow tie antenna held under a DC bias.

The excited carriers create brief pulses in current across the antenna with each

incident laser pulse. These short current pulses have a rise time on the order of

picoseconds, resulting in a 0.2-3 THz frequency spectrum.
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(a) (b)

Figure 3.4: (a) T-Ray 4000 time-domain spectroscopy system shown configured
for reflection measurements with collinear head. (b) Close-up of reflection sample
stage.

The antenna is affixed to a hyper-hemispherical silicon lens, which directs

the energy toward a polyethylene collimating or focusing lens. The receiver con-

sists of a similar set of lenses that focus the incoming THz pulse into another

photoconductive antenna. After passing through a delay line, the probe beam

excites carriers in the receiving antenna substrate, which are proportional to the

strength of the field. Sweeping the delay of the probe beam with respect to the

pump beam samples the incoming THz pulse at various time points, creating the

time-domain waveform.

The Picometrix T-Ray system can be configured for either monostatic mea-

surements (in which the transmitter and receiver are co-located) or bistatic mea-

surements (in which the transmitter and receiver are separate). The collinear

head is shown in a reflection measurement configuration in Figure 3.4(a) along

with a close-up of the sample stage shown in Figure 3.4(b).
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Figure 3.5: (left) T-Ray 4000 transmitter and receiver mounted on a motorized
rotation stage. The THz beam was aligned off-center so that multiple realizations
could be generated by rotating the sample. (right) Receiver mounted at the
specular angle (solid black) and diffuse (grey).

3.2 Effects of scattering on lactose reflection signature

A study was conducted on scattering effects of derivative spectra at spec-

ular and diffuse angles near the lactose 0.53 THz resonance feature. All mea-

surements were completed using the T-Ray 4000 system. In order to measure

angle-dependent scattering, the transmitter and receiver were used in a bistatic

geometry. The transmitter was mounted at 37 ◦ degrees relative to normal inci-

dence to the rough sample. The receiver was mounted on a motorized rotation

stage automated by a CC1 Klinger motion controller. The transmitter, receiver,

sample stage and motorized arm can be seen in Figure 3.5. Both transmit and

receive antennas were focused through collimating lenses. The transmitted beam

was approximately one-inch in diameter.

Sample pellets were created by mixing lactose with polytetrafluoroethylene
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Table 3.1: List of sandpaper statistics

40 grit 80 grit 120 grit
Correlation Length (µm) 420 151 156

RMS Height (µm) 135 55 40

(PTFE) and pressing into a two-inch cylindrical pellet with a 20/80 PTFE/lactose

ratio. Samples were prepared by the Naval Surface Warfare Center [76], and

are shown in Figure 3.6. The sample thickness, approximately 9 mm, is large

enough so that all internal reflections can be time-gated out without significant

loss of frequency resolution. Three samples were pressed with 40, 80, and 120

grit sandpaper. A fourth sample was smooth. Table 3.1 shows approximations

for root-mean-square (RMS) height, h, and correlation length, lc for the various

grit sizes of sandpaper. The RMS height is a measure of vertical roughness of the

zero-mean surface profile, while the correlation length is the horizontal distance

at which the autocorrelation of the surface profile goes to e−1. Statistics from

Figure 3.6: Photos of three lactose samples with surface roughness corresponding
to 40 grit and 80 grit sandpaper, and a smooth sample.
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Figure 3.7: (a) Reflection spectra for 40 grit, 80 grit, and 120 grit samples from
lactose, as well as a smooth sample. Each measurement is deconvolved with
response from an optically smooth gold reference. (b) Derivative of each curve
with respect to frequency.

40 grit and 120 grit sandpaper were extracted from surface profiles measured by

Nanovea [9, 77]. Statistics for 80 grit sandpaper were taken from [78].

Specular measurements were taken for the smooth, 40, 80, and 120 grit lactose

samples. Reflections were recorded for 30 different lateral positions across each

sample, and averaged incoherently. After averaging, the reflection from each

sample was normalized by a reference measurement taken from a gold mirror to

remove incident pulse spectrum and propagation effects. Figure 3.7(a) shows the

reflected spectrum from each sample; in each curve the lactose reflection feature

is visible at 0.53 THz. In order to rectify the absorption peak at 0.53 THz, the

negative derivative of the each reflection spectrum was taken with respect to

frequency, as in (3.8), and is shown in Figure 3.7(b).
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There are a couple of important observations from Figure 3.7. Increasing sur-

face roughness causes a lower baseline reflection spectrum. That is, the roughness

lowers the overal reflected energy, which in turn lowers the strength of the ab-

sorption peak. For example, the 40 grit sample has 30 dB less reflected energy

than the 120 grit. All grit sizes contain a frequency dip at 0.53 THz due to

the resonance feature. But the 40 grit sample has a much lower baseline value.

The negative derivative also reveals absorption peaks for all samples, as shown

in Figure 3.7(b). However, the rougher the surface, the smaller the absorption

feature becomes after taking the negative derivative.

Another interesting thing to note from Figure 3.7(b) is there is a scattering

induced slope that is apparent in all grit sizes. Each rough sample displays a

downward slope with respect to frequency, which becomes a positive offset in

Figure 3.7(b). The 40 grit sample, in particular, shows a rapid decline in both

reflection and derivative spectra around 0.35 THz. The reflected energy becomes

incoherent when the surface is very rough with respect to wavelength. Incoherent

energy has a relatively flat spectrum, which can be advantageous in fingerprinting

chemicals.

Next, diffuse reflections for the 40 grit lactose sample were obtained in a

similar manner. The transmitter was fixed with θi = 37 ◦; and the receiver was

mounted on the motorized arm shown in Figure 3.5. The scattered angle, θs,
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Figure 3.8: Diagram of incoherent average across scattering angles. The blue,
green and red angular extent corresponds to angular extents of 4◦, 16◦ and 32◦.

ranged from −16 ◦ to 16 ◦ in increments of 2 ◦ for a total of 17 measured angles.

The measured response from each angle was averaged incoherently from -θe/2 to

θe/2, as shown in Figure 3.8. The averaged field can be written as

Eaverage(f) =

∫ θe
2

θe
2

|Es(fq, θs)|dθs, (3.9)

where θe is the full angular extent. Figure 3.9(a) shows the diffuse scattered

amplitude as a function of frequency, as calculated from (3.9). Figure 3.9(b)

shows the negative derivative spectrum for 40 grit impressed lactose, with each

curve using a different angular extent. For example, the 16 degree curve (solid

line) in Figure 3.9(b) is the averaged response from −8 ◦ to 8 ◦. Thirty surface

realizations were recorded for each angular position.

Just as the surface has a correlation length in terms of distance, the scat-

tered field becomes uncorrelated with a sufficient angular separation [9]. For
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Appendix C

Computationally Efficient Implementation of Synthetic-Aperture

Imaging

This section outlines the THz SA broadband implementation that was de-

scribed in Chapter 5. Equations (5.4) and (5.7) describe an imaging algorithm

that a frequency-domain adaptation of a 2-D phased-array beamformer. Typ-

ically phased-array beamformers form plane waves that are focused to infinity;

and the formulation shown here is near-field beamforming in which the array

focuses to a point relatively close to the array. While this technique allows for

3-D imaging, there are computational challenges to doing this.

Equation (5.4) requires the total number of operations to be M × N by the

total numbers of voxels in the desired image. Suppose a 200 × 200 synthetic

array of elements (with 100 microns spacing) is used to image a 3-D volume

that consists of 200 × 200 × 100 voxels. Implementing (5.4) directly results in

160 billion operations, which is before broadband averaging in (5.7). Because

the operations involve complex numbers, the actual amount of computation is

more. In addition, the computational overhead of using loops in a programming

language such as MATLAB makes doing this type of calculation increasingly

difficult. One option that could mitigate this problem is by performing multiple

operations simultaneously, or vectorizing. However, this would entail creating

very large multi-dimensional matrices which would exceed the amount of available

memory on most machines.
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The approach used in this work utilizes the computation efficiency of the 2-D

Fourier transform. Instead of multiplying all elements in the 2-D array by an

appropriate phase, a convolution is used. A phase kernel is first constructed that

focuses directly down toward the center of the array.

This approach may appear to do additional unused operations, and does con-

tain some extra complexity. However, it is significantly faster than the alternative.

Equation (5.4) can be represented as a convolution integral, where the received

electric field is convolved in two-dimensions with a complex tapered beamforming

kernel. That is,

CNB(fq, ~rhjl) = E(xm, yn, fq) ⋆ [Hmn(~rhjl, fq)], (C.1)

where the notation ⋆ represents a 2-D convolution. The M × N matrix, Hmn(~rhjl),

includes phase adjustments at all sensor positions for a desired imaging pixel di-

rectly below the center of the array. Only one depth image is achieved per con-

volution, therefore this process must be repeated across all depth slices to create

the 3-D image. The process can be visualized in one-dimension in Figure C.1.

For each pixel, each of the received signals are multiplied by the appropriate

phases/amplitudes and added together coherently. Each pixel in the 2-D image

is created by the delay that occurs in each dimension of the convolution. The

convolution does produce unwanted pixels in the resulting convolution, which

are shown in red in Figure C.1. These edge effects are truncated from the final

images. The Gaussian taper included inHmn(~rhjl) forces the resulting convolution

of all perfectly constructive elements in the convolution to unity. By utilizing the

2-D Fourier transform, a 2-D convolution significantly reduces the number of
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Figure C.1: One-dimensional Synthetic array implemented by convolving the raw
complex image data with complex phase kernel corresponding to appropriate ray
paths. The middle of the resulting operation is cropped out to create the final
image

computations needed in (5.4) to produce an image.
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Appendix D

Characterization of Virtual Source

In order to gain intuition for how the virtual source operates as a diverging

beam, it is important to properly characterize the virtual source. This is done

to ensure that the beam is in fact diverging below the physical focal point of the

one-inch lens, and to determine to what degree it is diverging. A knife-edge test

was conducted at several points around and below the focal point of the one-inch

polyethylene focusing lens. Essentially, this is an additional method of measuring

the emitted beam pattern at different THz frequencies. Using this information,

the cone angle of the diverging beam can be calculated.

Figure ?? shows the configuration of the knife edge test. An aluminum plate

with a sharp edge was scanned across the beam at the focal point of the lens.

This was repeated again as the plate was moved further and further below focal

point. The knife edge test occurred at varying depths between 0 and 8 mm below

the focal point of the lens. This process was done in both the E-plane and the

H-plane of the photoconductive antenna.

Figure ?? shows the result of the knife edge test at 0.6 THz after taking the

discrete derivative across position, either x or y, for the E-plane and H-plane

profiles, respectively. Figure D.2(a) shows the beam profile along the E-plane,

while Figure D.2(b) shows the beam profile along the H-plane. Each of the two

profiles looks qualitatively similar. Both start at a point and widen as z0, the

depth below the virtual source, increases. The beam angles are also quite similar.
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Figure D.1: (a) Demonstration of knife edge test on THz virtual source using a
metallic object with a fine edge that is swept across the THz beam. (b) Simu-
lated knife edge test data, and corresponding beam profile found by taking the
derivative across position.

The E-plane profile spreads at 22 ◦ (full-angle), compared to 25 ◦ for the H-plane.
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Figure D.2: (a) Beam pattern at 0.6 THz along the E-plane of the antenna below
focal point, or virtual source. (b) Beam pattern at 0.6 THz along the H-plane of
the antenna below focal point, or virtual source.
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Appendix E

Virtual Source Drift Correction

One important item that was observed during the implementation of the SA

imaging algorithm was that the physical focal point of the one-inch lens shifts

as a function of frequency. This effect can be measured via computing (5.2) and

imaging a small target such as a ball bearing.

There are two main reasons for this shift. The first involves the shift of the

physical focal point of the one-inch lens. This is likely due to the polyethylene

focusing lens being closer to the near field of the transmitting dipole antenna,

for higher frequencies. Essentially, the transmitted beam becomes a collimated

beam, creating the focal point relatively close to the lens. Conversely, lower in

frequency, the transmitted radiation more closely resembles a diverging beam,

lengthening the focal point. Unfortunately, the exact calculation of the far field

distance isn’t possible as the antenna structure is proprietary.

This effect was verified with a knife edge test, similar to the one conducted

in Appendix D. An aluminum plate was scanned across the beam at various

depths above and below the focal point of the lens. The derivative with respect

to horizontal position (of the knife) was used to extract the beam profile as a

function of both depth and frequency. At each frequency, the location of the

focal point was achieved by searching for the depth corresponding to the smallest

beam waist. From this, it can be empirically found how much the focal point

drifts as frequency increases.
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Figure E.1: Diagram of a Gaussian beam showing that the radius of curvature
can vary when close to the beam waist

The second reason that the virtual source shifts can be explained by a simple

model for a Gaussian beam. The lens focuses THz energy to a focal volume;

and below this volume the beam diverges, as shown in Figure E.1. A Gaussian

beam model predicts that in the focal volume, the radiation propagates forward

as a plane wave that is tapered radially by a Gaussian profile, which equates

to an infinite radius of curvature of the diverging beam. Therefore, the radius

of curvature does not linearly grow with the depth below the focal point. The

electric field for a Gaussian beam is given as

E(λ, r, z) = E0
w0

w(z)
e

−r2

w2(z) e−ik(z+ r2

2R(z)
) (E.1)

where z is along the axial dimension of the Gaussian beam. The effective radius

of curvature, R, of the beam can be written as

R(z, λ) = z[1 + (
1.222π2fnumλ

z
)2]; (E.2)

where fnum is the f-number of the lens. Therefore, the radius of curvature becomes
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greater as function of frequency.

Figure E.2: Virtual source drifting as a function of frequency. E-plane and H-
plane curves are generated using measured focal points and predicting radius of
curvature using Gaussian beam theory. SAR maximum amplitude was obtained
from 3-D ball bearing image to find location of virtual source.

The effect of the beam waist (focal point) drifting and the radius of curvature

increase are distinct events; and both have an impact on virtual source location.

Although one of these effects (focal point) was determined empirically by a knife

edge test, both drifting mechanisms can be combined to estimate the effective

virtual source height, which is plotted below in Figure E.2 for E-plane (green) and

H-plane (red). For comparison, a small ball bearing 1 mm in radius was imaged

in a SA configuration (roughly 1 cm below the broadband focal point location).

At each frequency, a depth profile of the ball bearing is created. The maximum of

each depth profile is plotted in Figure E.2, and provides an independent measure

of effective virtual source location, relative to the lens.

Considering that the virtual source drifts away toward the lens inversely pro-

portional to frequency, it makes sense that it drifts linearly away from the source

as a function of wavelength, λ. To mitigate the issue of a moving virtual source,

a simple linear model is constructed of the virtual source position as a function
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of frequency. The estimated radius of curvature, R̂(z), can be written as

R̂(z) = Rz0 + kλ. (E.3)

where k is the fitting factor, and Rz0 is the radius with wavelength equal to zero.

The linear fit and the maximum of each SA depth profile are plotted as a function

of wavelength in Figure E.3.

Figure E.3: Use a linear fit to address virtual source drift as a function of wave-
length.

Figure E.4(a) below shows an image plotting the real portion of the narrow-

band focused field directly over the ball bearing as a function of both focusing

depth and frequency as computed from (5.4). This striation pattern is reasonable

showing strong constructive interference at the true focal depth of 1 cm. However,

one can notice the amplitude modulation that drifts as a function frequency.

Using (E.3) to correct for this, a new striation pattern can be computed, shown

in Figure E.4(b). The new striation pattern shows the amplitude modulating the
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(a) (b)

Figure E.4: (a) Uncorrected striation pattern plotting SA focused field as function
of both focusing depth and wavelength. The field oscillates between negative and
positive values across depth and frequency. However, the field is in-phase across
frequency only at one depth. (b) Corrected version of striation pattern using
(E.3).

real portion of the field to be leveled out. In effect, this increases efficiency because

the average real portion of the field is higher after correction. After broadband

averaging from (5.7), the peak corresponding to the 1 cm will be higher, with the

sidelobes and local minima occurring roughly the same as without the correction.

Figure E.5 shows the narrowband depth profile corresponding to a SA image of

a small ball bearing at 0.3 THz (in blue). Also shown in Figure E.5 is depth profile

with and without the correction factor described in (E.3) with a frequency average

of 0.3-0.5 THz (shown in green and red, respectively). Clearly the correction is

improving the efficiency with these bandwidths. However, for most practical

bandwidths, such as those used to produce images in Section 5.4, this correction

factor is negligible.
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Figure E.5: Depth profile of corresponding to the center of a single frequency SA
image of a small ball bearing shown in blue. Uncorrected and corrected depth
profiles are shown in green and red, respectively.
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Appendix F

Synthetic-Aperture Refraction Correction for Dielectric Structures

All SA imaging formulations have been presented assuming the propagation

paths were contained in free space. However, results in Section 5.3 and 5.4 used an

alternative method to take account refraction of a planar dielectric/air interface.

Using geometric optics, a THz ray first propagates from the sensor position to

the surface and then penetrates (while refracting) into the dielectric filler. There

are two different ray paths involved in this situation, as shown in Figure F.1. The

comprehensive optical path is altered after accounting for refraction.

Snells Law relates the incident angle of a ray from material with permittivity,

ǫ0, into a material with filler permittivity, ǫf , which can be written as

√
ǫ0 sin(θ1) =

√
ǫf sin(θ2), (F.1)

or

√
ǫ0

√

x2
1 + y21
d1

=
√
ǫf

√

x2
2 + y22
d2

, (F.2)

where θ1 is the incident ray and θ2 is the refracted ray. Both are measured

with respect to the filler materials’ surface normal. A cross sectional view of

both incident and refracted rays can be seen in Figure F.1. Using the paraxial

approximation which assumes θ is relatively small (generally less than 15 degrees),

(F.2) becomes
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Figure F.1: Cross-sectional view of a light ray entering dielectric filler material,
with relative permittivity, ǫf , and scattering off an particle within filler material.

√
ǫ0

√

x2
1 + y21
z1

=
√
ǫf

√

x2
2 + y22
z2

(F.3)

Recall that
√

x2
1 + y21 and

√

x2
2 + y22 have to add to the horizontal components

of ~Rmn subtracted from ~rhjl in (5.4). This can be written as

|~Rmn(x, y, 0)− ~rhjl(x, y, 0)| =
√

x2
1 + y21 +

√

x2
2 + y22. (F.4)

Substituting into (F.3), the horizontal distance the ray travels free space above

the filler material,
√

x2
1 + y21, can be written as

√

x2
1 + y21 =

|~Rmn(x, y, 0)− ~rhjl(x, y, 0)|
(1 +

√

ǫ0
ǫf

z2
z1
)

(F.5)

Therefore, the total path length for the ray above the interface can be written

as

d1 =
√

(x2
1 + y21) + z21 . (F.6)

And the path length inside the filler material, d2, can be written similarly.
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The total effective optical path length can be written as d1 +
√
ǫfd2. Now, these

two path lengths can be combined with different phase velocities into a new SA

imaging formulation. The modified SA imaging kernel can be described by

ei2k0[d1+
√
ǫfd2], (F.7)

where d1 and d2 depend the refractive index of the filler medium and each com-

bination of sensor position and imaging pixel.
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