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Abbreviations

Nomenclature

Abbreviation Definition

FoV Field of View

GO Geometrical Optics

SNR Signal to Noise Ratio

THz-TDS Terahertz Time Domain Spectroscopy
DoF Depth of Field

EEP Embedded Element Pattern
FWHM Full Width at Half Maximum
HPBW Half Power Beam Width

LW Leaky wave

LW BT Leaky Wave Bow-tie

PC Photoconductive

PCA Photoconductive antenna

PCCA Photoconductive Connected Array
PEL Phase Error Loss

PO Physical Optics

QO Quasi-Optical




Introduction

Over the past 30 years, Terahertz (THz) technology has sparked the interest of both researchers and
industry, due to its applicability in many fields. THz technology has been applied as a non-destructive
testing technique in, for example, the medical and pharmaceutical sectors, and in the food industry; it
is used in communications due to the large bandwidths available at these frequencies, and has found
applications in security screening. [1, 2, 3, 4, 5]. Many of these applications were made possible by the
introduction of Photoconductive Antennas (PCAs) at Bell Laboratories in 1984 [6]. PCAs use biased
photoconductive semiconductor materials combined with optical sources to generate fast-changing
feeding currents.

The basic working principle of PCAs is shown in Figure 1.1. A metalization that acts as an antenna
is printed on top of a photoconductor (e.g. LT-GaAs). Over the photoconductive (PC) gap, a DC
bias voltage is applied, and the PC gap is periodically illuminated with a laser pulse with a frequency
larger than the band-gap frequency of the photoconductor. The illumination of the PC gap by the laser
pulse causes electrons in the material to be promoted from the valence band to the conduction band.
Due to the applied bias voltage, the free electrons in the conduction band will constitute a current
in the feeding gap of the antenna placed on the photoconductor. The carriers in the photoconductor
eventually recombine which puts the system into a steady state again where it is not radiating. Using a
material with a recombination time in the order of a picosecond results in transient currents on the PC
gap that last for a time in the order of picoseconds, meaning the concept of photoconductivity can be
exploited to create broad band feeding currents for antennas [7]. An example of the shape of the laser
power profile and the change in conductivity during a single laser pulse is shown in Figure 1.2.

Photoconductor _

lrad (f)
(a) (0) (©)
Figure 1.1: (a) Schematic of a PCA, where a bias voltage is applied between the two terminals. (b) A laser pulse is incident on

the gap of the PCA, making the feeding gap of the antenna conductive. (c) The finite conductivity in the feeding gap and
applied bias voltage allow for a time-varying current to flow, which is present until all the free charge carriers recombined.
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Figure 1.2: Example of the shape of the conductivity and laser power incident on the photoconductive gap over time.

1.1. State-of-the-art photoconductive antennas

The most widely used antenna geometries used in PCAs are the Auston-switch, bow-tie, and loga-
rithmic spiral antenna. These geometries are often coupled to a silicon dielectric lens to enhance the
front-to-back ratio and directivity [7, 8]. The aforementioned antennas coupled with dielectric lenses
generally have a poor radiation efficiency due to high reflection losses inside the lens [9, 10]. Recently,
a bow-tie PCA based on an LT-GaAs membrane has been introduced, allowing for the addition of a
leaky-wave cavity to the lens feed [11]. The leaky wave bow-tie PCA geometry is shown in Figure 1.3.
The addition of the leaky wave cavity increases the directivity of the field inside the lens, causing mostly
the top part of the lens to be illuminated, which in turn gives the lowest amount of reflections [10].

|_silicon | | LT-GaAs | | Metal |

Figure 1.3: Schematic overview of the leaky wave bow-tie PCA antenna introduced in [11], where hgap = 10 um.

Single-element PCAs like the leaky wave bow-tie are however intrinsically limited in the amount of
power they can radiate. Generally, PCAs radiate more power when either the laser power or bias
voltage is increased. However, the photocurrent on the PC gap saturates when sufficiently increasing
the bias voltage and/or the laser power. Furthermore, the maximum laser power is limited by thermal
failure, and the maximum bias voltage is limited by the dielectric breakdown effects. To increase the
radiated power, array-based PCAs have been introduced which are able to handle larger amounts
of laser power before saturating. In [12], Garufo et al. introduced the Photoconductive Connected
Array (PCCA) based on the concept of the connected array [13, 14] to efficiently radiate over a broad
frequency band. The PCCA concept is discussed in detail in Chapter 2.

1.2. THz time-domain spectroscopy systems

PCAs are typically used within a Terahertz Time-Domain Spectroscopy (THz-TDS) system. A typical
THz-TDS system is shown in Figure 1.4. The setup has a PCA in transmission and in reception. The
transmitting PCA is biased by a voltage generator, while the receiving PCA is connected to an amplifier
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to read out the received signal. The laser pulse is split by a beam splitter, where half of the power
goes to the transmitter, and the other half goes to the receiver. Here the receiver works in a similar
way as the transmitter: the incoming laser pulse promotes carriers to the conduction band, which are
then accelerated by the incident electric field originating from the transmitter. The current measured at
the receiver is then proportional to the strength of the electric field impinging on the receiver. The laser
pulse going to the receiver travels via an optical path with variable delay. This makes it possible to
sample different time instants of the incoming THz pulse and thus reconstruct the full pulse by varying
the optical delay.

Specimen

THz radiation

Bias voltage
generator

Amplifier

R

PCA
Receiver I

| Y

Reference
Signal I" - T’CZ -

Rx laser
pulse

M
Optical-delay Beam L
system splitter aser

Figure 1.4: Schematic overview of a typical THz-TDS system setup [15].

The spectral information about the incoming field is found via the Fourier Transform of the reconstructed
THz pulse. One can place a specimen in the QO path of the terahertz radiation, and by comparing
the spectrum obtained when the specimen is present to the spectrum obtained without the specimen,
spectral information of the specimen is obtained. In this work, several measurements that are obtained
using a THz-TDS setup are discussed.

1.3. THz imaging systems

The THz frequency range is interesting for imaging, due to the high lateral resolution that can be ob-
tained for limited aperture size at THz frequencies. Also, the large bandwidths available at THz fre-
quencies allow for systems with a depth resolution in the order of a millimeter.

An interesting application for THz imaging systems is security screening. The high depth resolution
allows for the distinction of different clothing layers, and the wide-band spectral information obtained
from the sample gives information about the material. In [5], a real-time imaging radar at 675 GHz with
a bandwidth of 29 GHz is presented for standoff personnel screening, which makes use of frequency
multipliers based on Schottky diodes. The depth resolution of this system is in the order of a 1 cm, due
to the 29 GHz bandwidth.

Photoconductive antennas are an interesting candidate for imaging systems in this frequency range
due to their relatively low cost and their ability to provide a bandwidth in the order of hundreds of
GHz. The large bandwidth of PCAs allows for sub-millimeter depth resolution. An imaging setup using
photoconductive antennas would look similar to a THz-TDS system, where focusing components can
be added to illuminate a small portion of the specimen. One can then scan the specimen to form a 3D
image of the object. Typically PCA imaging setups suffer from long acquisition times due to low power
arriving at the receiver, causing the need for long integration times to obtain an acceptable Signal to
Noise Ratio (SNR) in wide Field-of-View (FoV) applications. However, for the state-of-the-art leaky
wave bow-tie PCA and the PCCA, the power levels radiated reach the order of hundreds of microwatts,
making them interesting for imaging applications where an acquisition time in the order of seconds is
needed [11, 12, 16].
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1.4. Scope of the thesis

This work is split up into two parts. The first part of the thesis is concerned with the characterization of
PCCA antennas. In part two of this work, an imaging setup is designed and modeled for different PCAs,
including the PCCA. An imaging setup is considered here to compare the performance of different state-
of-the-art PCAs in an imaging scenario, and to lay the basis to build and use such an imaging setup in
practice. More specifically:

* In Chapter 2 an analysis is done on the existing PCCA introduced by Garufo et al. To further
increase the bandwidth of the PCCA, a leaky wave enhanced PCCA is introduced, characterized,
and compared to the original PCCA design.

+ In Chapter 3, a physical optics method is introduced to find the fields outside the dielectric lens of
the PCCAs in a convenient way when the lens is in the near field region of the array. Furthermore,
the effect of the losses associated with the lens on the spectra of the radiated fields and on the
corresponding radiated power is quantified.

* In Chapter 4, a power measurement setup is modeled, and the measurements of two fabricated

PCCA geometries are compared with the simulated results. This comparison provides useful

information about the limitations of the current modeling procedure.

In Chapter 5, the dielectric lenses of the PCCAs are redesigned such that the PCCAs couple well

to a quasi-optical focusing component, which is necessary for the design of an imaging setup.

Lastly, In Chapter 6 an imaging setup is designed to benchmark the different PCAs considered in

this work. The coupling between transmitting and receiving PCAs in the imaging setup is studied

via a field-matching formalism.



Part |

Characterization of PCCAs



Photoconductive Connected Arrays

Single-element PCAs can only radiate a limited amount of power due to saturation effects that occur
when increasing the optical power or biasing voltage. This restriction on the radiated power limits the
applications of single-element PCAs in an imaging scenario, where low power causes long integration
times[16]. To increase the power emitted, one can use an array of PCAs. Here, the increase in elements
compared to a single-element PCA gives the potential to radiate more power, making them interesting
candidates for imaging applications. Several array structures have been introduced, but typically the
antenna configurations presented have limited radiation bandwidth due to the use of resonant elements
[15]. Garufo et al. introduced the concept of a lens-coupled Photoconductive Connected Array (PCCA)
of dipoles [12]. A connected array is beneficial compared to an array of more commonly used resonant
elements due to the large bandwidths that connected arrays can obtain [13].

Silicon = LT-GaAs - Polymer on glass

3 Lchip 5

Figure 2.1: Schematic representation of the connected dipole array as presented in [12]. The values corresponding to the
dimensions depicted in this figure can be found in Table 2.1.

Table 2.1: Table containing dimensions of the connected array structure presented in [12].

Parameter | Definition Value
Lchip Length of the chip including bias pads | 6 mm
Lx Length of connected array in x 500 uym
Ly Length of connected array in y 500 um
Wpad Width of the biasing pads 2:25mm
Nx Number of dipole elements along x 5

Ny Number of dipole elements along y 5
Waipole Width of the dipole elements 21:5um
Wy Width of the feeding gap in x 7:5um
Wy Width of the feeding gap iny 7:5um
d Array period in x and y 100 um
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