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Abstract 

The future of wireless communications will require an eventual transition from current wireless carrier frequencies 

in the low tens of gigahertz to hundreds of gigahertz and even low terahertz. This transition comes with a 

technological challenge since wireless transmitters for frequencies above 300 GHz are bulky and consume a 

significant amount of power. This limits their use to fixed installations and cannot be practically implemented for 

handheld mobile devices. Consequently, handheld mobile devices cannot transmit data with carrier frequencies over 

300 GHz. This thesis proposes a novel solution to this challenge through the introduction of passive THz 

communication links. A passive THz link uses a retromodulator on a mobile device to return power transmitted by 

a fixed transceiver. This return power is encoded with data by the retromodulator enabling the mobile device to 

effectively transmit data at carrier frequencies above 300 GHz without needing an onboard THz transmitter. The 

goal of this thesis is to discover if a passive THz link is feasible given current technology for THz transmitters, 

detectors, and retromodulators. Theoretical predictions based on the work of other in the literature is presented first 

followed by an in-depth design and analysis of technologies required for THz retromodulation. Finally, a prototype 

THz retromodulator is designed and characterized to provide a true measure of the feasibility of passive uplinks. 

The results of a link budget analysis using the prototype THz retromodulator show that passive THz uplinks are 

indeed possible given current technology. This is the first known demonstration of THz retromodulation and will 

allow low-power handheld mobile devices to operate in bidirectional wireless THz communication system without 

the need for a THz transmitter. 
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Lay Summary 

Demand for wireless bandwidth is constantly growing as more users demanding faster data rates every year. 

Consequently, the future of wireless communications will require an eventual transition from current wireless 

carrier frequencies, which are in the low tens of gigahertz, to terahertz frequencies. This transition is technologically 

challenging since wireless transmitters for frequencies above 300 GHz are bulky and consume a significant amount 

of power, preventing their practical use in handheld mobile devices. To address this challenge, this thesis proposes 

a novel mobile device design that enables it to access terahertz communication networks without a terahertz 

transmitter. This novel mobile device design is first analysed theoretically, then experimentally validated. It is found 

that this novel mobile device architecture is capable of operating in terahertz communication systems as a proof-of-

concept, and the thesis outlines future work needed to bring this novel mobile device design to full fruition. 
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: Introduction 

Over the past several decades, the invention and proliferation of personal electronic devices has changed nearly 

every aspect of society. With the rise of electronic devices came the demand for these devices to be connected to 

each other, resulting in the internet. Internet access first required the design of wired networks, then eventually the 

design of wireless networks as electronic devices became smaller and more portable (i.e., smartphones and laptops). 

One major limitation of wireless networks is the spectrum they must occupy. Since the wireless spectrum is a limited 

resource, wireless service providers and network operators compete for the rights to use portions of the wireless 

spectrum. In addition, since each portion of the wireless spectrum can typically be used by only one device at a 

time, there is a limit to the number of devices that can access a wireless network in a geographical region. This has 

led to the "wireless spectrum crunch", where spectrum demand has exceeded supply [1], [2]. 

There are two options to alleviate the wireless spectrum crunch. The first option is to reduce the size of the 

geographical region covered by a wireless network, which is called a cell. Development of pico- and femto-cells 

are currently underway [1], [3], [4]. This promises to allow more total connections since portions of the spectrum 

can be reused in neighbouring cells. The second option is to expand the useable spectrum. The current upper limit 

of the licensed wireless spectrum is 300 GHz [1], [2], although most commercial devices can only operate up to 

about 40 GHz. Operating in higher regions of the wireless spectrum increases the network bandwidth allowing for 

more users at current data rates or a similar number of users at higher data rates. Research into technologies that 

utilize the wireless spectrum up to 300 GHz is already well established [3], [4], [5], [6], [7] and the current 300 

GHz limit will soon be exceeded.  

To access the wireless spectrum above the current 300 GHz limit, data carrier frequencies will have to move from 

the radio frequency regime to the optical regime. Optical frequencies above 300 GHz include infrared (IR), visible, 

and ultraviolet (UV) regions. The electromagnetic spectrum with its associated regions is shown in Figure 1.1. The 

X-Ray spectrum is listed in the optical region for completeness, though communication at these frequencies would 

be extremely challenging. 
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Figure 1.1: A diagram of the electromagnetic spectrum is shown, with the visible light region is denoted by the rainbow. 

There has been extensive research into using optical frequency channels to improve wireless data rates [8], [9]. 

Optical communication research is focused around visible, near-IR (NIR), and mid-IR frequencies, with 

wavelengths ranging from 10 m to 400 nm. A good portion of this research is focused specifically on the NIR 

wavelength 1550 nm, which is the primary wavelength in modern fibre communication systems [8], [9], [10], [11], 

[12]. In these systems, data is modulated onto a 1550 nm laser source by either modulating the amplitude of the 

laser emission directly or by using an external modulator [9], [11]. In addition to compatibility with current fibre 

optic technology, optical and NIR wavelengths are advantageous due to their low atmospheric absorption, ultra-

high carrier frequencies (from 30 THz to 1000 THz), and simple generation and detection using lasers and 

photodetectors. Two disadvantages, especially for the short wavelengths, are difficulty implementing coherent 

communication systems as well as eye safety considerations. Coherent communication systems allow information 

to be encoded not only onto the carrier amplitude, but also the carrier phase. These systems are superior to 

amplitude-based communication systems due to their increased data transmission capabilities by exploiting 

complex phase modulation schemes such as quadrature amplitude modulation (QAM). Additionally, coherent 

communication systems have increased immunity to noise since atmospheric turbulence manifests mainly as 

amplitude noise, as opposed to phase noise. Implementing coherent systems capable of encoding and detecting 

subtle phase shifts becomes understandably more difficult as the wavelength decreases. However, for laser-based 

point-to-point wireless systems, coherent free-space optical communication links capable of 5.6 Gbit/s have been 

demonstrated over 142 km [12]. Unfortunately, these links require precise alignment and complex electronic and 

optical systems on both ends making them ill-suited for portable consumer devices. The second disadvantage to 

these portions of the wireless spectrum is eye safety, which is especially stringent for the visible and NIR spectrum 

as wavelengths in this range can cause permanent eye damage at relatively low powers [13]. Therefore, these 
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systems require sensitive detection systems due to lower allowable transmitted power, which means implementing 

more technically challenging coherent detection systems.  

Ultraviolet frequencies, which range in wavelength between 400 nm and 10 nm, have also been considered for 

optical communication [14], [15]. However, health concerns for wavelengths below 320 nm make this region of 

limited use since these wavelengths are known to cause skin cancer [16]. From a technical standpoint, UV's 

incredibly high carrier frequencies (> 1000 THz) and simple laser and photodetector design, make UV 

communication systems intriguing. These systems can also operate in non-line-of-sight environments using 

atmospheric scattering [15]. Unfortunately, most conventional types of glass have significant UV absorption [17] 

and UV's extremely short wavelengths make coherent systems enormously challenging to design. Therefore, UV 

wireless communication systems are not only a health risk, but also technologically challenging to implement. 

The final frequency regime considered for optical communication is the far-IR or terahertz (THz) regime, with 

wavelengths ranging from 1 mm to 10 m [1], [2]. At these longer wavelengths, coherent communication systems 

are less challenging to implement and higher data rates through techniques such as QAM have been demonstrated 

[18]. However, challenges such as high atmospheric absorption, high absorption in conventional glass optics, and 

difficulties in generating and detecting THz frequencies make communication in this region a challenge. 

Fortunately, technological advances such as polymer lenses [19], [20] and high-power THz sources [21], [22], [23], 

[24] have been developed in recent years making THz communication more feasible. These technological advances 

now allow THz communication to be considered as a viable, exciting new frontier in communication technology. 

1.1 Terahertz Communication 

In this section, a more detailed description of THz radiation and THz communication systems will be given. The 

THz spectrum covers frequencies from 300 GHz to 30 THz, which corresponds to wavelengths between 1 mm and 

10 m. This region of the electromagnetic spectrum has traditionally seen little interest due to difficulty generating 

and detecting THz signals. The THz spectrum lies far enough above frequencies that can be generated using 

conventional electronic oscillators that, historically, implementing continuous wave (CW) THz sources and 
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detecting THz frequencies using electronic oscillators and antennas was not practically feasible. Recently though, 

technological advances over the past decade have allowed conventional electronic devices to operate at the bottom 

of the THz spectrum around 300 GHz [21], [22]. The THz spectrum also lies below the lower frequency limit of 

uncooled semiconductor lasers and photodetectors. Thermal effects are detrimental to laser sources with photon 

energies in the THz spectrum meaning that any conventional THz laser would need to be cooled to operate properly, 

with longer wavelengths requiring more cooling. In addition, any conventional THz photodetector would also need 

to be cooled to prevent ambient thermal noise from overloading it. Consequently, there were historically far fewer 

studies in the THz spectrum than in the radio frequency and IR spectra. 

Though prior work exists [25], research into the THz spectrum was truly kickstarted in 1984 with the invention of 

the photoconductive switch emitter and detector [26]. In a photoconductive switch emitter, ultrafast laser pulses (< 

1ps) are used to quickly generate charge-carriers in a semiconductor substrate. If these charge-carriers are subject 

to an applied electric field, they will accelerate and radiate energy. This creates a pulse of electromagnetic energy 

whose frequency and bandwidth depend on the rate at which the charge-carriers were generated. For a sub-

picosecond laser pulse, this corresponds to frequencies in the THz spectrum. In this thesis, the term emitter will 

only refer to a photoconductive switch, not to any other THz generation method. Originally, detection of these 

pulses was carried out using a similar structure to the emitter. A second laser pulse hits another photoconductive 

switch gap generating more charge-carriers which will drift in the presence of a THz electric field. This charge-

carrier drift is measured using a high-gain transimpedance amplifier. By synchronizing the emitter and detector 

laser pulses, one can create a time-resolved measurement of the THz pulse. An alternative, though similar, THz 

detection methods exists and was used for most of the work in this thesis. This method will be described in detail 

in Chapter 4. There are several advantages to photoconductive switch emitters and detectors including broad 

bandwidth, room temperature operation, and coherent detection. The requirement for an ultrafast laser is somewhat 

onerous, though the many applications made possible by photoconductive switch emitters and detectors, including 

spectroscopy [27], [28], [29], [30], [31], [32], [33] and imaging [34], justify this requirement. The main 

disadvantage of using photoconductive switches for emitters and detectors for THz communication is their pulsed 
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operation, as opposed to CW operation which is required for communication links. Nonetheless, photoconductive 

switches can be used for proof-of-concept analyses for many optical components in the THz spectrum such as lenses 

and modulators.  

There has been a great deal of effort put into developing high-power CW THz transmitters and high-speed THz 

detectors in recent years. Transmitters capable of emitting several hundred milliwatts [21], [22], [23], [24], have 

been demonstrated as well as coherent detectors [18], [21], [35], [36], although both are still somewhat bulky and 

consume a large amount of power. These new THz transmitters and detectors have enabled several demonstrations 

of wireless THz communication links [18], [35], [36], [37] with data rates in excess of 10 Gbps [18], [35], [36]. 

Unfortunately, these systems sacrificed transmitter power for the sake of speed, which has limited their use to short 

range, highly directional transmission [35], [37]. This prevents these systems from being feasible in practical 

wireless communication links where signals need to broadcast over a wide area. Additionally, none of the 

aforementioned systems were capable of bidirectional wireless THz communication, although one work proposed 

it [36]. While these recent demonstrations of high-speed wireless THz communication links are promising, they 

still require bulky THz transmitters and detectors, both of which use a significant amount of power. In a practical 

wireless THz communication link, these transmitters and detectors may find use in large, fixed THz transceivers. 

However, the majority of mobile network connections are from small, mobile transceivers. These mobile 

transceivers cannot fit nor provide enough power for current THz transmitters. Ultimately, future wireless THz 

communication systems will require more compact, powerful transmitters for mobile transceivers to close the 

communication link, i.e., have the detected signal powers be well above the detector noise floor at link lengths of a 

few metres. This of course assumes that every device in the network must be capable of transmitting a THz signal. 

Relaxing this stipulation opens the door for other novel technological solutions that may be capable of establishing 

bidirectional wireless THz communication links. 

1.2 Terahertz Retromodulation 

One promising solution for the realization of bidirectional wireless THz communication links without requiring a 

THz transmitter in each mobile transceiver is THz retromodulation. Terahertz retromodulation is an extension of 
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optical retromodulation [38], [39], [40], [41], [42], in which visible or NIR radiation is transmitted by a fixed 

transceiver to a mobile transceiver, then modulated and retroreflected by the mobile transceiver for its return to the 

fixed transceiver. The mobile transceiver can then piggyback its data onto the signal returning to the fixed 

transceiver and avoid the need to broadcast power. In a conventional realization of a bidirectional wireless THz 

communication system, the fixed transceiver would transmit power to the mobile transceiver over an active 

downlink, and the mobile transceiver would transmit power to the fixed transceiver over an analogous active uplink. 

Conversely, for the proposed realization of a bidirectional wireless THz communication system based on THz 

retromodulation, the fixed transceiver would still transmit power to the mobile transceiver over an active downlink; 

however, the mobile transceiver would retroreflect power from the active downlink back to the fixed transceiver 

over a passive uplink. Consequently, for this work, conventional bidirectional wireless THz communication systems 

will be referred to as active THz links and bidirectional wireless THz communication systems based on THz 

retromodulation will be referred to as passive THz links. Simple illustrations of an active THz link and a passive 

THz link are shown in Figure 1.2. Removing the power transmission requirement for the mobile transceivers in the 

passive THz link results in exceedingly low power consumption on the part of the mobile transceiver. 

 

Figure 1.2: Representative schematics of the active and passive THz links. The active THz link is shown on the left, with both a 

transmitter and detector on the fixed transceiver and the mobile transceiver. The passive THz link is shown on the right, with a 

transmitter and detector on the fixed transceiver and a THz retromodulator on the mobile transceiver, retroreflecting power from 

the active downlink to establish the passive uplink. 

Despite the benefits, passive THz links come with a few implementation challenges. The first challenge for passive 

THz links is that the mobile transceiver must provide a detectable level of power to the fixed transceiver regardless 

of whether an active or passive THz link is used. A simple link budget analysis can be performed to determine 
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whether a given system design can close the link. For active downlinks and active uplinks, the common Friis 

transmission equation can be used [43]. For passive uplinks, a retromodulation equation can be derived from the 

Friis transmission equation. The second challenge for passive THz links is retromodulator design. Optical 

retromodulators typically employ cornercube retroreflectors made of metalized panels [39], [41], [42] or spherical 

retroreflectors made of a dielectric glass [38] along with a variety of discrete and integrated modulators [38], [39], 

[40], [44], [45]. However, since most materials and devices have very different behaviour in the THz spectrum than 

they do in the visible or NIR spectra, entirely new structures and/or materials may be needed to create THz 

retroreflectors and modulators. While little investigation has gone into THz retroreflectors [46], [47], [48], much 

more effort has gone into THz modulators for free-space applications with optical modulators [49], [50], [51], [52], 

and electronic modulators [53], [54], [55], [56] being the most popular to date. These advances indicate that it 

should be possible to design and fabricate THz retromodulator for passive THz links using current technology. 

1.3 Thesis Outline 

The objective of the work described in this thesis, is to assess if THz retromodulation is feasible using current 

technology. If so, the secondary objective is to demonstrate a passive uplink using THz retromodulation. No 

mention of passive THz uplinks or THz retromodulation have appeared in the literature to date. Therefore, a 

successful demonstration of this technology would be the first of its kind. The thesis will be organized into seven 

chapters. Chapter 1 is an introduction to THz communication and THz retromodulation. Chapter 2 contains a 

comprehensive literature review of current wireless THz communication technologies including THz transmitters, 

detectors, free-space modulators, retroreflectors, and channel modelling. This chapter will also include a review of 

optical retromodulators to draw inspiration for THz retromodulators. Chapter 3 consists of a detailed link budget 

analysis based on the specifications of the devices reviewed in Chapter 2. This chapter draws conclusions on the 

feasibility of THz retromodulation. Chapter 4 and Chapter 5 lay out experimental work done to design and 

implement THz retroreflectors (Chapter 4) and modulators (Chapter 5). Chapter 6 presents results for a simple THz 

retromodulator based on the devices described in Chapter 4 and Chapter 5. Chapter 7 contains concluding remarks 

as well as avenues of future research. 
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: Literature Review 

In this chapter, an in-depth literature review of wireless THz communication and the requisite technologies required 

for THz retromodulation will be carried out. The chapter begins with a review on aspects of a wireless THz 

communication link that are common to both active and passive THz links. This includes THz transmitters and 

detectors, as well as some simple channel modelling. After that, the review shifts to aspects specific to passive 

uplinks including THz retroreflectors and free-space modulators. Finally, this chapter will conclude with a brief 

look at some optical retromodulator designs to see if adapting them to THz retromodulation is feasible. 

2.1 Common Considerations for Active and Passive Uplinks 

There are several systems that are common to both active and passive THz links. These include THz transmitters 

and detectors, as well as channel models. Two of the following subsections will introduce the most prominent 

technologies capable of high-power CW THz transmission and high-speed THz detection. There have also been 

two excellent reviews written recently by Lewis on these topics [57], [58] and an excellent full-system review by 

Alayan et al. [59]. For the interested reader, these reviews also include information pertaining to THz transmission 

and detection technologies relevant to other THz research fields such as spectroscopy and imaging. The review here 

will highlight literature values for the most promising transmitter and detector technologies to be used in the link 

budget analysis in Chapter 3. 

2.1.1 Transmitters 

High-power, continuous wave THz transmitters are the backbone of any THz wireless communication link. This is 

especially true for passive THz links as retromodulated signals tend to be quite weak. Presently though, compact, 

high-power THz transmitters are still in the development phase, with no single technology capable of fulfilling all 

of these requirements. In "The 2017 terahertz science and technology roadmap" a review of THz technologies was 

done with thought given to THz communication. The conclusion to the communication portion of the review states, 

"The most important challenges for commercial realisation of this technology are the development of compact and 

efficient THz sources providing continuous wave output power levels up to 100 mW and the development of compact 
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electronically steerable antenna arrays to minimise wireless link loss." [60]. Clearly, the importance of THz 

transmitters in any wireless THz communication link cannot be overstated. Presently, a wide variety of potential 

transmitters exist for wireless THz communication links. These include, but are not limited to, quantum cascade 

lasers (QCLs) [24], [61], [62], backward wave oscillators (BWOs) [23], [46], [63], high harmonic generation 

systems [21], [64], [65], high-speed electronic oscillators [22], [66], [67], and optical heterodyning systems [18], 

[35], [36].  

The first THz QCL was demonstrated in 1998 and generated only a few picowatts of power at 3.4 THz [68]. Initial 

challenges with the THz QCL were related to the cryogenic operating temperatures required for lasing. 

Consequently, early THz QCLs could only operate in pulsed mode as to limit heating of the solid-state laser 

substrate. Modern THz QCLs produce transmitted powers in excess of 100 mW and have made significant 

improvements to the aforementioned limitations. On the subject of high-temperature QCLs, Bosco et al. recently 

demonstrated a THz QCL that could operate at a record high temperature of 210 K [61]. That temperature was high 

enough that thermoelectric cooling was sufficient for stable laser operation. The device lased at 3.9 THz and 

produced >1 mW of transmitted power at 210 K. Their device also produced approximately 200 mW at 40 K, 

although performance at all temperatures was only specified for pulsed operation. On the subject of high-power, 

continuous wave QCLs, Wang et al. demonstrated a THz QCL capable of 230 mW continuous wave emission at 

3.1 THz [24]. However, the operating temperature for this device was 15 K. One other drawback inherent to THz 

QCLs for communication applications is their lack of frequency tunability. Modern communication systems use 

frequency division multiplexing to increase the number of users for a particular transmitter, which requires 

transmitter frequency tunability. One potential way to overcome this challenge was demonstrated by Curwen et al. 

who fabricated and tested a tunable wavelength QCL with a tuning range of 3.18 – 3.79 THz at 77 K [62]. The 

operating frequency was selected by adjusting the cavity length of the laser in low-order mode operation. 

Continuous wave powers ranging from 5-15 mW were measured depending on frequency. While these recent 

advancements show that progress is being made towards a continuous wave THz QCL that operates at room 
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temperature, an ideal THz QCL that provides a significant amount of continuous wave power without cryogenic 

cooling is likely still several years away. 

Backward wave oscillators are another novel THz transmitter alternative. These devices consist of an electron beam 

surrounded by a waveguide. Any signal present in the waveguide will create an electric field that interacts with the 

electron beam causing the electrons to cluster in regions of large positive electric field. If this cluster of electrons 

propagates through the waveguide with the same velocity as the phase velocity of the signal in the waveguide, 

amplification of the electron density occurs. Finally, the time-varying electron density feeds power back into the 

waveguide amplifying the signal in it. For this to work, the electron velocity must match the THz signal phase 

velocity. This can be achieved by adjusting the voltage creating the electron beam. Many designs for BWOs have 

been presented in the literature [63], however, few have actually been fabricated. One example of a BWO that has 

been fabricated and tested was done by San et al., whose design was based on the slow wave structure architecture. 

Their device produced 800 mW around 370 GHz [23]. While these devices may seem to be an ideal choice for THz 

transmitters, the frequency and power stability of these systems are unknown and may be inadequate for THz 

wireless communication applications.  

Since electronics technology is already matured to the point of commercialization below 40 GHz, it stands to reason 

that it is only a matter of time before conventional electronics are capable of operation in the THz spectrum. In fact, 

this is already the case to some extent. The most popular method of generating THz frequencies using conventional 

electronics is high harmonic generation (HHG). This involves taking a conventional oscillator and multiplying its 

output signal until it contains frequency components in the THz spectrum [21], [64], [65]. These transmitters are 

comprised of electronic oscillators typically operating below 20 GHz, whose output is then frequency doubled or 

tripled multiple times until it reaches >300 GHz. These transmitters are much more compact than THz QCLs but 

produce less power as a result of the inefficient frequency multiplication process. This inefficient frequency 

multiplication process compounds for higher output frequencies, as can be seen in the plot of transmitted power, 

PT, vs frequency for various sources in Figure 2.1.  
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One major advantage to high harmonic generation is maturity of the technology. Consequently, commercial 

companies exist that offer CW THz transmitters based on high harmonic generation. One company, Virginia 

Diodes, has a wide range of commercially available THz sources based on high harmonic generation. Transmitted 

power varies widely and drops off dramatically for higher frequencies due to the additional frequency multiplier 

stages required. The company specifies multiplier power efficiencies of 4% for broadband multipliers up to 20% 

for narrowband multipliers using planar GaAs Schottky diodes to carry out the nonlinear mixing. This allows for 

transmitted powers of up to 1 W below 100 GHz, which drops off to about 50 mW at 300 GHz and 1 mW at 1 THz 

[21].  

 

Figure 2.1: Transmitted power of various CW THz transmitters based on HHG from Virginia Diodes is shown as a function of THz 

frequency. Data from https://www.vadiodes.com/en/products/custom-transmitters. Retrieved March 1, 2021. 

The other popular method of generating THz frequencies using conventional electronics is to eschew frequency 

conversion altogether and directly generate THz frequencies using specialized high-speed oscillators (HSO). Active 

devices with negative differential resistance, such as impact ionization avalanche transit-time (IMPATT) diodes 

and Gunn diodes, are capable of oscillating at frequencies above 100 GHz directly [22], [66], [67]. The use of 

IMPATT diodes to generate THz frequencies is not new and, like high harmonic generation, the technology has 

matured to the point of commercialization. One company, TeraSense, offers THz transmitters based on IMPATT 

diode oscillators with transmitted powers of 800 mW at 100 GHz and 40 mW at 280 GHz. The main challenge to 

using IMPATT diodes as reliable THz transmitters is their large noise characteristics caused by the impact 

ionization process that gives the device its name. Research is ongoing to reduce this noise [66], as well as on other 
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device improvements to achieve higher power at higher frequencies [69]. The other common high-speed oscillator 

is a Gunn diode. Gunn diodes operate similarly to IMPATT diodes so their performance as a THz source is 

comparable. Recently, a transmitted power of 25 mW at 95 GHz was demonstrated [70]. While progress is being 

made the in the field of high-speed oscillators, high harmonic generation offers somewhat higher transmitted power 

with easier frequency tunability making it the more attractive option.  

Optical heterodyning (OHD) is the most popular method of generating continuous wave THz signals in previously 

demonstrated wireless THz communication links [18], [35], [36]. Optical heterodyning involves taking two mid-IR 

lasers that have a frequency difference of less than one THz and mixing them in a non-linear device such as a uni-

travelling carrier photodiode [18]. The popularity of this technique is based on the maturity of mid-IR lasers, 

especially around the 1550 nm telecom wavelength, which have very narrow linewidths and simple wavelength 

tuning. Additionally, the availability of fibre amplifiers, polarization elements, and modulators for these 

wavelengths along with the fact that signals can be coupled into fibre systems, make it much easier to implement 

complex modulation schemes such as QAM than it would be at THz frequencies [18]. The one major downside to 

optical heterodyning is the extremely low power output, which requires most wireless THz communication links 

using them as sources to be point-to-point with a nearly collimated THz beam. While many demonstrations do not 

give transmitted power [18], [35], one work estimated their transmitted power based on the signal at the detector to 

be approximately 1 W around 300 GHz [36]. While this transmitted power is very low, THz amplifiers in that 

band have recently been shown to give up to 20 dB of gain [71]. This could potentially allow optical heterodyning 

transmitters to work over more practical link lengths. For now though, most wireless THz communication links 

with optical heterodyning transmitters are point-to-point over a short distance with a nearly collimated THz beam. 

Clearly, there are many potential transmitter technologies for bidirectional wireless THz communication links. 

Terahertz QCLs are promising due to their high transmitted power; however, cooling requirements remain a 

challenge. High-speed oscillators and high harmonic generation transmitters are compact, have significant 

transmitted power at lower frequencies, and are compatible with current electronic devices, but are also energy 

inefficient. Backward wave oscillators are a novel, high-power THz source; however, suitable beam quality for 
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wireless communication applications has yet to be demonstrated. Optical heterodyning has been demonstrated in 

wireless THz communication links, but its low transmitted power requires some type of beam-steering system to 

operate over a wide area. Table 2.1 shows some properties of the most promising results from the literature for 

various THz transmitter technologies. Two theoretical transmitters (Theory) were also included with transmitted 

power levels similar to HFO and HHG systems, but at higher frequencies. This was done so that reasonable results 

can be obtained for these frequencies in the link budget analysis in Chapter 3.  

Table 2.1: Transmitter parameters for various analysed systems 

System Pt [dBm] 
Frequency, 

/2 [THz] 
Technologies Ref 

1 16 0.28 HFO [22] 

2 -30 0.30 OHD [36] 

3 18.7 0.32 HHG [21] 

4 29 0.37 BWO [23] 

5 20 0.65 Theory - 

6 20 0.85 Theory - 

7 23.6 3.1 QCL [24] 

These parameters will be used in the link budget analysis in Chapter 3 to determine not only the feasibility of THz 

retromodulation as a whole, but the specific feasibility of THz retromodulation using the various transmitter 

technologies. 

2.1.2 Detectors 

Terahertz detectors in their various forms have found use in many applications including wireless THz 

communication links [18], [35], [36], [37]. An exhaustive review of THz detectors was done last year by Lewis, 

who gives specifications and comments on the utility of various detector technology [58]. While THz detectors 

based on bolometers [72], Golay cells [73], quantum transitions [74], and Schottky diodes [18], [35], [36], [37] 

have all been successfully demonstrated, most are unsuitable for wireless THz communication links. Detectors in a 

wireless THz communication links must have a fast response time and be low cost. This eliminates the use of 

bolometers, due to the expense of their cryogenic requirements [72], as well as Golay cells and other pyroelectric 

detectors due to their slow response time [73]. Quantum transition devices also require extensive cooling, but their 
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high data rates and carrier frequencies, above 3 THz [74], make them an intriguing option when paired with 

cryogenically cooled QCLs. The remaining THz detector technology is the Schottky diode detector, which is found 

in the overwhelming majority of proof-of-concept wireless THz communication links.  

Schottky diode detectors are commonly used for THz detection in the literature [18], [35], [36], [37]. With the 

development of planar GaAs Schottky diodes, reliable detectors can be fabricated with good repeatability [65]. The 

high-speed and non-linearity of Schottky diodes allow them to be used in two different detector designs. The first 

is the zero-bias detector, which essentially operates as an envelope detector for THz signals. Zero-bias Schottky 

diode detectors (ZB) are simple and require no power supply, but they suffer from lower signal to noise ratios than 

the second design. Since ZB detectors are envelope detectors, they can only detect incoherent or amplitude 

modulation. Therefore, individual frequency channels must be filtered out before detection. The second Schottky 

diode detector is the heterodyne mixer. The non-linear properties of the Schottky diode allow it to be used to mix 

the received THz signal with a local oscillator, which is typically generated using high harmonic generation. A 

simple diagram of the heterodyne mixing process is shown in Figure 2.2. 

 

Figure 2.2: A simple schematic of a THz heterodyne mixing detector is shown. An antenna detects the THz signal and feeds it into 

an optional THz preamp before it is mixed with a THz local oscillator. The THz local oscillator is generated by feeding a GHz local 

oscillator (LO) into a frequency multiplier, which is shown as x9 here for illustrative purposes. After mixing, the down-converted 

signal is amplified by an intermediate frequency (IF) amplifier before being sent to conventional digital signal processing (DSP). 

One note is that most heterodyne mixing detectors use a subharmonic mixer (SHM), which allows the THz local 

oscillator to operate at a fraction (typically half) of the frequency of the incoming THz signal. One distinct advantage 
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that the subharmonic mixer has over the zero-bias detector is that phase information can be retrieved from the 

detected signal allowing bandwidth enhancing techniques, such as QAM, to be implemented [18].  

The maturity and prevalence of Schottky diode detectors have resulted in commercial availability for both detector 

systems from Virginia Diodes. Their zero-bias detectors can operate at various frequencies between 100 GHz and 

1 THz with noise equivalent powers from 1 to 10 pW/√Hz and a maximum bandwidth of around 40 GHz. Their 

subharmonic mixing detectors are also optimized for various frequency ranges between 100 GHz and 1 THz, with 

one device operating at 300 GHz with a noise temperature of 1000 K and a conversion loss of about 7 dB [21]. The 

maximum intermediate frequency for that device was 40 GHz, which sets the upper data bandwidth limit. Multiple 

works from Shams et al. as well as work from Jia et al. use subharmonic mixers from Virginia Diodes and 

experimentally show noise floors below -65 dBm after mixing [18], [35], [36]. One can determine from the given 

specifications that subharmonic mixing detectors are several orders of magnitude more sensitive than zero-bias 

detectors, which is to be expected from a coherent detector. Both zero-bias and subharmonic mixing detectors will 

be investigated in the link budget analysis later. 

Before comparing detector technologies, a brief discussion on the various methods of quantifying noise needs to be 

given. The two Schottky diode detector designs have their noise quantified differently: the zero-bias detector in 

terms of noise equivalent power, and the subharmonic mixing detector in terms of noise temperature. Noise 

equivalent power is a measure of how much noise is present in the detector per unit of bandwidth when no signal is 

incident on the detector. For optical detectors such as photodiodes, this is expressed in W/√Hz, and typically 

incorporates the responsivity of the photodiode so that the calculated noise is an electrical power. The total noise 

power can be calculated by taking the noise equivalent power of the detector and multiplying by the square root of 

the bandwidth over which detection is taking place. Therefore, lower noise equivalent powers and narrower 

detection bandwidths are more desirable [75]. Noise temperature is a measure of how much noise would be 

generated by an equivalent matched resistor at that temperature. When expressed in terms of power, the noise 

temperature is independent of the actual load resistance. Noise power is determined by using PN = kBTNB, where kB 

is the Boltzmann constant, TN is the equivalent temperature, and B is the detection bandwidth. Like noise equivalent 



16 

power, the total noise out of a detector described by noise temperature is dependent on bandwidth; however, noise 

temperature is linearly dependent on bandwidth as opposed to the square root dependence seen in noise equivalent 

power. Table 2.2 gives the noise equivalent power or noise temperature of the detectors described in this subsection 

along with the total noise power for a 1 GHz bandwidth. A conversion loss is also given for the subharmonic mixers 

to account for other losses in the detector. For comparison, the quantum transition detector described in [74] is 

included in the table. 

Table 2.2: Detector parameters for various technologies 

Technologies 
Frequency, 

/2 [THz] 

Conversion 

loss [dB] 

NEP 

[pW/√Hz] 
TN [°K] PN [dBm] Ref 

ZB 0.3 - 2.0 - -45 [21] 

ZB 0.85 - 7.9 - -36 [21] 

SHM 0.3 6 - 1000 -79 [21] 

SHM 0.85 15 - 10000 -69 [21] 

QT 4.2 - 0.4 - -49 [74] 

These parameters will be used in the link budget analysis in Chapter 3 to determine not only the feasibility of THz 

retromodulation as a whole, but the specific feasibility of THz retromodulation using the various detector 

technologies. 

2.1.3 Transmission Channel 

The transmission channel over which the wireless THz communication link operates must also be considered due 

to the potentially significant losses induced primarily by atmospheric water vapour [76]. Water vapour possesses 

many rotational and vibrational modes with frequencies in the THz spectrum that couple to and absorb any passing 

THz signal. Therefore, any wireless THz communication link, regardless of whether the link is active or passive, 

should aim to avoid these frequencies. Figure 2.3 shows the water vapour absorption spectrum up to 1 THz, 

revealing major absorption peaks at 557 GHz, 752 GHz, and 988 GHz [77]. In the transmission windows between 

those peaks, channel power loss coefficients are below 100 dB/km (0.1 dB/m) [77] and are relatively constant over 

a wide bandwidth. Above 1 THz, absorption lines become more closely spaced and transmission windows are 

narrow making it difficult to deal with water vapour absorption. However, for links of just a few metres, high 
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channel power loss coefficients on the order of 1000 dB/km or 1 dB/m could be managed with sufficient transmitter 

power and detector sensitivity. 

 

Figure 2.3: Atmospheric absorption due to water vapour is shown in dB/km up to 1 THz for a vapour density of 7.5 g/m3 at 15°C. 

Data from "Recommendation ITU-R P.676-12 (08/2019)" [77]. 

2.2 Specific Considerations for Passive THz Uplinks 

The following subsections are literature reviews for components of a passive uplink systems that are not used in 

active uplink systems. These components can be broadly divided into retroreflectors and modulators, with multiple 

implementations of each component. These components will be combined in Chapter 6 to form a full working 

retromodulator. 

2.2.1 Retroreflectors 

Retroreflectors make use of geometric optics to reverse the direction of incident light, so their structure is similar 

for all regions of the electromagnetic spectrum provided that ray-based analyses are valid. With the exception of a 

few studies [46], [47], [48], the literature is quiet when it comes to THz retroreflectors; however, there are many 

examples of retroreflectors for the optical spectrum [38], [39], [40], [41], [42], [78], [79]. In both cases, there are 

two main retroreflector architectures: the cornercube retroreflector [39], [41], [42], [46], and the spherical 

retroreflector [38], [40], [47], [78], [79]. Other retroreflector architectures have been presented [48] but have not 

seen the same widespread adoption.  
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2.2.1.1 Cornercube Retroreflectors 

The cornercube retroreflector is the simplest retroreflector architecture, consisting of three reflective orthogonal 

planes which flip the vector components of an incoming light ray to return it along the path in which it arrived. 

Cornercube retroreflectors have been demonstrated for optical retromodulation [39], [41], [42] and for THz 

retroreflection [46]. Cornercube retroreflectors have two main benefits. First, they are simple to manufacture with 

the three planes of a cornercube being either triangular, as seen in Figure 2.4, or square. The second benefit is that 

the internal surfaces of the cornercube are typically coated with a highly reflective metal making it a virtually 

lossless reflector. Choosing a material for these internal surfaces is critical as incident light needs to reflect off all 

three internal surfaces before returning to its source. For visible light applications, silver is the material of choice 

since it has a high reflectivity (>99%) over most of the visible spectrum. For NIR and mid-IR, gold is the material 

of choice as it is highly reflective (>99%) over much of this spectrum. For the THz spectrum, gold is also the 

material of choice, though aluminium and silver are also highly reflective in the THz spectrum [80]. Consequently, 

gold is commonly used in experimental THz setups as a coating on parabolic mirrors. While THz retroreflection 

demonstrations using cornercube retroreflectors are quite uncommon, a few have shown up in the literature. In these 

demonstrations, a THz cornercube was used in atmospheric gas spectroscopy measurements to increase the 

propagation distance of a THz beam to hundreds of metres or more in outdoor environments [46], [81]. The 

cornercube was large, on the order of one metre, to both increase signal capture and to limit diffraction over the 

long propagation distances. 

The main weakness of the cornercube retroreflector is its narrow angular field-of-view (FOV), which is limited to 

one eighth of a full sphere. Furthermore, the strength of the retroreflected signal decreases for glancing incident 

angles. Each incident angle can be defined by an incident azimuthal angle, , which is the angle rotated about the 

optical axis (OA), and an incident polar angle, , which is the angle down from the optical axis. These angles are 

denoted for a cornercube retroreflector in Figure 2.4. 
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Figure 2.4: The experimental cornercube retroreflector that was fabricated is shown here. A coordinate frame is shown superimposed 

over the cornercube retroreflector as the thick black arrows, with the optical axis (OA) denoted. A representative incoming ray is 

shown as the red arrow with its incident azimuthal angle, , and incident polar angle, , denoted.  

In addition, cornercube retroreflectors will introduce a certain level of beam divergence due to diffraction. A 

cornercube retroreflector diffracts any retroreflected beam since it acts as an aperture from which the retroreflected 

beam is transmitted. This effect is compounded by the fact that only the central region of the cornercube retroreflects 

the beam fully. The angle of divergence depends on the size of the cornercube retroreflector compared to the 

wavelength of the beam it is trying to retroreflect. Diffraction over short distances from a centimetre sized 

cornercube is typically not an issue for visible and NIR due to their micron or submicron wavelengths. Conversely, 

submillimetre THz wavelengths will be prone to diffraction from centimetre sized cornercube retroreflectors. Others 

have used metre sized cornercube retroreflectors to minimize diffraction for THz [46], [81]; however, a cornercube 

retroreflector of this size is not practical for handheld mobile transceivers. The diffraction losses from a cornercube 

retroreflector can be determined by modelling it as an aperture with an area equal to the cross-sectional area of the 

cornercube retroreflector, as was done in [82]. More generally, the far-field diffraction pattern of any aperture can 

be defined by the Fraunhofer diffraction equation [82], [83]. This equation applies when Rlink >> a2/, which is to 

say, when the diffracted wave propagates a long distance, Rlink, compared to the aperture diameter, a, with respect 
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to the signal beam wavelength, . In a THz retromodulation system, with a cornercube retroreflector with a diameter 

on the order of one centimetre, a propagation distance of over one metre is required for this equation to hold. The 

divergence introduced by an aperture is related to the aperture's directivity, which is defined as the maximum power 

density of the diffraction pattern divided by the average power density of the diffraction pattern [43]. The calculated 

directivity can be related to the aperture divergence angle, d, using 
2

d
4 /D  = . The divergence angles of some 

common apertures have already been calculated [43]. Square apertures having a divergence angle of 
d / a = and 

circular apertures having a divergence angle of 
d 1.22 / a = , where a is the side length (square) or diameter 

(circle) of the aperture. 

The question now becomes, what aperture shape does a cornercube impose on a retroreflected beam? There are 

several things to consider when answering this question. The first is that not all of the cornercube retroreflector will 

retroreflect incident energy. Only the central region of the retroreflector actually retroreflects, since energy incident 

on the edges of a cornercube may not reflect off all three surfaces, which is required for retroreflection. As such, 

the effective aperture area of the retroreflector is smaller than the overall diameter of the retroreflector. Second, as 

shown by Zhou et al., the aperture shape imposed by a cornercube is hexagonal for normal incidence [83]. For 

simplicity, a hexagonal aperture will be approximated by a square aperture in this work. While modelling the 

hexagonal aperture as a circular aperture would be more accurate, the error introduced by the square aperture 

approximation is minor. Finally, when the cornercube retroreflector is not under normal incidence, the effective 

aperture formed by the retroreflecting region of the cornercube becomes smaller and more irregular. This will induce 

additional, asymmetric divergence and some dimensions may become small faster than others. In general, it would 

be very challenging to derive a closed form expression for the divergence angle of an arbitrary cornercube 

orientation. 

In summary, cornercube retroreflectors are viable for use in passive THz links. Gold coating the inner surfaces of 

the cornercube retroreflector allows for virtually perfect power reflection. The only design challenge is the 

diffraction introduced if the size of the cornercube retroreflector is on the order of the wavelength it is trying to 
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retroreflect. However, existing models can be used to predict the diffraction of light of an arbitrary wavelength off 

an arbitrarily sized cornercube. 

2.2.1.2 Spherical Retroreflectors 

The spherical retroreflector is a somewhat more complex alternative to the cornercube retroreflector, albeit with a 

superior angular FOV. From ray theory, a spherical retroreflector is a dielectric sphere that refracts collimated 

incident light at its front of the sphere, focusing this light on its back surface. Fresnel reflection off the back surface 

of the sphere returns some of the focused light to the front of the sphere where it is recollimated by the front surface. 

In order for this to happen, the sphere must have a refractive index, n, equal to two [78]. Additionally, if the back 

half of the sphere is coated with a reflective material, it has an angular FOV of a full hemisphere. Figure 2.5 shows 

a simple diagram of a spherical retroreflector. 

 

Figure 2.5: Light rays propagating through a spherical retroreflector is shown in this figure. 

Like with cornercube retroreflectors, there are additional considerations for spherical retroreflectors when their size 

is on the order of the incident wavelength. As previously stated, when a spherical retroreflector is very large 

compared to the incident wavelength of the signal beam it is retroreflecting, the required refractive index can be 

determined, using a paraxial ray approximation, to be 2.0 [40], [44], [47], [78]. However, when the sphere diameter 

is on the order of the incident wavelength of the beam it is retroreflecting, a smaller refractive index must be used. 

This is especially important for passive THz links as centimeter sized spheres will be used to retroreflect 

wavelengths of up to 1 mm. Born et al. ran numerical simulations using Mie theory to determine the optimal 

refractive index for spherical retroreflectors with diameters that were on the order of the wavelength [44]. Applying 
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those results to THz spherical retroreflectors indicates that a centimetre sized sphere requires a refractive index of 

about 1.8 ± 0.1 depending upon the incident wavelength.  

In addition to having the appropriate refractive index, efficient spherical retroreflectors necessitate the dielectric 

sphere be sufficiently transparent to the wavelengths it is retroreflecting, since power must pass through it twice. 

For visible and NIR wavelengths, a variety of materials exist with both the correct refractive index and low 

absorption making spherical retroreflectors commonplace [38], [40], [44], [78], [79], [84], [85]. Single material 

spherical retroreflectors made of custom grades of glass with a refractive index of exactly two, such as S-LAH79 

[38], [40], [44] and TaFD44 [84], have been demonstrated. In, Jin et al., an S-LAH79 spherical retroreflector was 

used to retroreflect a 1550 nm beam with a beam divergence below 0.02° [40]. This low divergence was due to the 

large sphere size, 2.5 mm, compared to the communication signal wavelength, 1550 nm, and its ideal refractive 

index of two. Since making large spherical retroreflectors out of custom glass is costly, Luneburg lens spherical 

retroreflectors comprised of multiple layers of commonly available dielectrics have been demonstrated as a cheaper 

option [78], [79], [85]. Oakley et al. demonstrated a 7 cm diameter Luneburg lens spherical retroreflector that was 

fabricated out of several shells of common glasses such as BK7 [78]. Retroreflection of a 690 nm beam was 

determined to be theoretically detectable at 1.5 km. The advantage to using several layers of glass with dissimilar 

refractive indices is that spherical aberration can be compensated resulting in a higher retroreflected signal [78]. 

Kucharski et al. carried out laser ranging experiments on the BLITS (Ball Lens In The Space) Luneburg lens 

spherical retroreflector microsatellite orbiting at an altitude of 832 km. The Luneburg lens is 17 cm in diameter to 

ensure good collimation at low-orbital distances [79].  

Unfortunately, the wealth of viable dielectric materials for use in visible and NIR spherical retroreflectors is of little 

use in the THz spectrum. This is because most conventional types of glass are highly absorptive for THz 

wavelengths [25], [32]. Consequently, entirely new materials need to be considered when fabricating spherical 

retroreflectors for the THz spectrum. These materials need to have a refractive index of about 1.8, as indicated by 

Born et al., as well as very low power absorption. The literature shows that there are several classes of low-

absorption materials in the THz spectrum. The first class of materials is polymers, though their refractive indices 
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typically range from 1.4 to 1.6 [27], [31], [32], [86]. The second class of materials is semiconductors, which 

typically have refractive indices above 3.0 and very low power absorption [30]. The final class is oxides, which 

have low power absorption in the THz spectrum and feature the widest range of refractive indices of any class. In 

particular, crystalline quartz is close to the ideal material with a refractive index of 2.05 and low power absorption. 

It has been used for a large spherical THz retroreflector [47]; however, this refractive index is too large for small-

sphere applications. Table 2.3 shows the refractive index, n(), and power absorption coefficient, () for a variety 

of polymers, semiconductors, and oxides. The polymers shown are high density polyethylene (HDPE), 

polydimethylsiloxane (PDMS), polystyrene (PS), polypropylene (PP), polytetrafluoroethylene, also known as 

Teflon (PTFE), and cyclic olefin copolymer (COC). The semiconductors shown are high-resistivity float zone 

silicon (HRFZ Si), gallium arsenide (GaAs), and germanium (Ge). The oxide materials shown in the table are silicon 

dioxide (Quartz and Fused Silica), aluminum oxide (Sapphire), and titanium dioxide (TiO2). It appears that no 

materials with both low power absorption, defined as () < 1 cm-1, and a refractive index of around 1.8 exist in 

the THz spectrum. However, there is an alternative solution to creating a material with the correct refractive index: 

composite materials. By combining a low refractive index polymer with a high refractive index oxide or 

semiconductor, a composite material can be created with a tunable refractive index. The low refractive index 

material is called the host and can either be in the form of a liquid or of solid particles during fabrication. Any high 

refractive index material is typically made of solid particles that are suspended in the host, and so will be referred 

to as the particles. The exact refractive index can be designed by varying the volumetric fraction of each component 

in the composite. Many groups have reported tunable refractive index polymer composites for the THz spectrum 

using this method [19], [20], [28], [33], [87], [88], [89], [90], [91], [92], [93], [94]. The polymer filler is typically 

polydimethylsiloxane [90], high-density polyethylene [19], [87], [89], polypropylene [19], [20], [28], [33], [93], or 

polystyrene [91]. Typical high-index particles include silicon [28], [88], [89], silicon dioxide [28], titanium dioxide 

[87], [91], [92], [93], and others [19], [20], [28], [33], [90], [93], [94]. 
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Table 2.3: Refractive indices and power absorption coefficients for various materials at THz frequencies 

Material 
n(300 GHz 

– 1 THz) 

(300 GHz) 

[cm-1] 

(1 THz) 

[cm-1] 
Ref 

HDPE 1.53 0.05 0.1 [129] 

PDMS 1.57 – 1.65 3 8-10 [27] 

PS 1.6 0.5 1.7 [31] 

PTFE 1.43 0.38 1.3 [31] 

PP 1.51 <0.5 1 [20] 

COC 1.52 <0.4 <0.4 [128] 

HRFZ Si 3.42 0.02 0.04 [30] 

GaAs 3.6 0.2 0.5 [30] 

Ge 4.0 2 0.7 [30] 

Quartz 2.1 0.02 0.05 [30] 

Fused Silica 1.96 0.02 2 [30] 

Sapphire 3.07 0.02 1 [30] 

TiO2 9.6 – 9.9 6 104 [140] 

A variety of effective medium theories have been applied to understand the refraction and absorption characteristics 

of THz composite materials [93], [95], [96], [97]. These theories are founded upon models whose assumptions 

largely dictate the extent of their validity. The simplest model is the Maxwell-Garnett model, which assumes that 

the particles make up only a small volumetric fraction of the composite and that these particles are both spherical 

and much smaller than the wavelength of the incident radiation. Thus, the model is particularly effective in 

characterizing composites with low concentrations of small spherical particles [93]. For small volumetric fractions 

of aspherical particles, the Landau-Lifshitz-Looyenga model is sometimes employed. This model makes no 

assumption of particle geometry allowing it to describe composites containing any shape of particle; however, it is 

limited to low volumetric fractions due to a Taylor series approximation in its derivation [93]. The two previously 

mentioned effective medium theories are inadequate for the composite materials used in a spherical THz 

retroreflector, since these composites may need to have large volumetric fractions as no pure material exists with a 

refractive index near 1.8. Other effective medium theories exist that can model composites with higher volumetric 

fractions. The Polder van Santen model is one of these that considers ellipsoidal particles over a wide range of 

volumetric fractions. The particles are quantified using a depolarization factor, which can be calculated for various 

aspect ratios of ellipsoidal particles. However, this model is limited to ellipsoidal particles and cannot describe 

particles with arbitrary geometries [93], [97]. The final effective medium theory is the Bruggeman model, which is 
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an extension of the Maxwell-Garnett model that allows for any volumetric fraction of particles. This lets the 

Bruggeman model characterize a wider array of composites [89], [93], [95], [98], although it maintains the 

assumption that the particles are much smaller than the incident wavelength. Like the Polder van Santen model, the 

Bruggeman model considers the depolarization factor of the particles, though by leaving the depolarization factor 

as a fitting parameter, composites containing particles of arbitrary geometries can be modelled. In fact, the Polder 

van Santen model degenerates into the Bruggeman model for spherical particles [99], though this does not hold for 

particles with arbitrary geometries.  

The Bruggeman model is a foundational effective medium theory for studies of composites within the THz spectrum 

[89], [93], [95], [96], [98] and will be the exclusive model used in this thesis. The Bruggeman model quantifies the 

refraction and absorption characteristics of a composite, with a volumetric fraction of V, using [96] 
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where h
( )  , p

( )  , and c
( )   are the complex dielectric constants of the host, particles, and overall composite, 

respectively, and  is the angular frequency of the incident THz radiation. The depolarization factor, Nd, appears in 

this equation to generalize the Bruggeman model and its description of dielectric polarization to particles of arbitrary 

shape. It does so by characterizing the distribution of bound charges on the particles' surfaces and the depolarization 

field that such charges form in opposition to the applied electric field. It is possible to numerically determine the 

depolarization factor for a few simple particle geometries. Spherical particles have a depolarization factor of Nd = 

1/3 [89], [95]. Ellipsoidal particles have three different depolarization factors, one for each Cartesian axis. These 

depolarization factor values range between Nd = 0 and Nd = 1 [97], [100] depending on the ellipsoid geometry. If 

the ellipsoidal particles are aligned to a particular axis, a single depolarization factor can be quoted. However, if the 

ellipsoidal particles are randomly oriented, a weighted average of depolarization factors is used to determine the 

overall depolarization factor. This weighted average considers the polarizability along each Cartesian axis and thus 

is dependent on the dielectric constants of the host and particles. It is interesting to note that the overall 
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depolarization factor values for randomly oriented ellipsoidal particles range between Nd = 0 and Nd = 1/3 [100]. 

Ultimately, (2.1) is manipulated to give an explicit expression for c ( )  , which is used to determine the real 

valued refractive index, n(), and extinction coefficient, (), of the composite using c ( )   = n() – j(). 

However, as will be seen in Section 4.2.1, the Bruggeman model with ellipsoidal particles cannot describe the 

measured dielectric constant of composite materials made of particles with arbitrary geometries. Therefore, 

modelling particles of arbitrary geometries with ellipsoids is inadequate and the overall depolarization factor of the 

particles must simply be left as a fitting parameter. 

One final consideration when fabricating composite materials in the THz spectrum is particle size. The Bruggeman 

model assumes that all particles are infinitely small, so not scattering effects are seen in the dielectric constant. This 

is untrue in practice as the finite size of the particles will introduce scattering losses, which has been observed for 

composites in the THz spectrum [95]. However, scattering losses are minimal so long as the particle diameter is 

much smaller than the wavelength. As will be seen in Section 4.2, the composites used in this work all have particle 

diameters that are well below /10; therefore, scattering losses will be minimal. Additionally, other sources of loss 

in the fabricated THz composites dwarf any potential scattering losses. Therefore, scattering loss will not be 

discussed further in this thesis. 

In summary, spherical retroreflectors can be used in a passive THz link provided judicious selection of the dielectric 

material used to make the spheres. Pure conventional materials do not have the required properties to make an 

effective spherical retroreflector in the THz spectrum, so composite materials will be considered instead. The 

literature shows that creating a composite material with the correct refractive index is viable using a polymer host 

with either semiconductor or oxide particles. The Bruggeman model can be used to determine the correct volumetric 

fraction of each material to create a composite with the desired refractive index.  
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2.2.2 Free Space Modulators 

Retromodulation demands the use of free-space modulators to ensure that retroreflection is not disrupted by the 

modulator. While data rates above 1 Gbps have been demonstrated in fibre-coupled systems [101], [102], these 

systems are incompatible with free-space operation, and therefore cannot be used for passive THz links. However, 

there has been significant effort invested in free-space THz modulators over the past decade [49], [50], [51], [52], 

[53], [54], [55], [56]. Free-space THz modulator designs can be broadly separated into two categories, electrical 

modulators, and optical modulators, both of which exist for the optical, NIR, and THz spectra. Optical modulators 

are based on an incident optical beam exciting a charge carrier density in a semiconductor substrate [38], [41], [44], 

[49], [50], [51], [52], [103] inducing modulation either directly through free carrier absorption or by shifting the 

resonant frequency of a frequency-selective surface. Electrical modulators are based on shifting the resonant 

frequency of a frequency-selective surface by using a potential to move charge carriers around [9], [53], [54], [55], 

[56], [104], [105], [106], [107], [108] as opposed to generating them as is done in optical modulators. Ultimately, 

electrical modulators are more practical for THz modulation as they require only a few volts to carry out switching 

and have been shown to operate at speeds of up to 1 GHz [53]; however, they are more complicated to fabricate. 

Other modulators based on polarization rotation [109], liquid crystals [39], [45], and mechanical modulation [82], 

[83], [110], have been demonstrated for certain spectra. Unfortunately, many of these other methods are limited to 

kilohertz switching speeds [39], [45], [82], [83], [110] and have not seen widespread adoption.  

2.2.2.1 Optical Modulators 

Free-space optical modulators for THz are based either on free carrier absorption [50], [51], [52] or shifting a 

frequency-selective surface resonance [49], [111], [112]. Free carrier absorption can be modelled using the Drude 

model, which can be used to relate free carrier density to refractive index and extinction coefficient [50], [51], [52]. 

Large free carrier densities are photogenerated by an optical source, typically a laser, to bring about both amplitude 

and phase modulation. The magnitude of the free carrier density is proportional to the optical generation rate of 

carriers and the charge carrier lifetime. For high-speed modulators, the charge carrier lifetime must be short, 

however this reduces the magnitude of the free carrier density and thus modulation depth, which will be referred to 
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as modulation efficiency in this thesis. As a result, there are three distinct methods of implementing optical THz 

modulators. The first method, which aims to induce appreciable modulation using a pulsed laser to generate 

extremely high optical intensity on short lifetime semiconductors, is called optical pump THz probe (OPTP). Using 

this method, Strait et al. measured the ultrafast charge-carrier dynamics of Ge nanowires [113]. It was found that 

these nanowires have an optically induced charge-carrier lifetime of 100 ps, corresponding to a modulation rate of 

10 GHz. An all-optical graphene modulator was tested using OPTP by George et al. Graphene was shown to have 

a charge-carrier lifetime of about 5 ps, which would suggest remarkable modulation rates above 100 GHz [114]. 

The disadvantage to using the materials from OPTP studies as modulators is their requirement for the ultra-high 

charge-carrier densities delivered by a pulsed laser. While this gives impressive modulation rates, which can be 

extracted from charge-carrier lifetimes, it ignores the fact that generating these ultra-high charge-carrier densities 

is impractical for the CW lasers needed to encode bits onto a THz signal. The second method takes the opposite 

approach by inducing appreciable modulation using modest optical intensities from a CW laser in long lifetime 

semiconductors. Recently, optical modulators based on graphene on Si [52] and graphene on Ge [51] have been 

demonstrated. One modulator, which featured graphene on Si, was capable of a modulation efficiency of 50% with 

50 mW of optical pump power at 780 nm and a maximum modulation efficiency of 99% at a 500 mW of pump 

power [52]. This is due to the long charge-carrier lifetime of the intrinsic Si used in the study and is likely the reason 

that no modulation rate was given by the authors. Another modulator, based on graphene on Ge, achieved a 

modulation efficiency of 40% at 200 mW and 90% at 800 mW of 1550 nm pump laser power [51]. The 200 mW 

pump laser was used to modulate a 340 GHz CW THz source at up to 200 kHz. This maximum modulation rate 

was limited by the charge-carrier lifetime of the Ge substrate. The third and final optical modulation method is to 

use the optically induced charge carrier density to modify the resonant frequency of a frequency-selective surface 

coupled to the passing THz wave [49], [111], [112] similar to electronic modulators. These optically switched 

frequency-selective surfaces have the advantage that smaller charge carrier densities can induce higher modulation 

efficiencies due to coupling between the THz wave and the frequency-selective surface, although they only operate 

over a limited bandwidth.  
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The modulation induced by the first two methods mentioned previously is based on free carrier absorption, which 

can be simply described by the Drude model. A basic summary of the Drude model will be given here, although 

some slight modifications will be given as required in later chapters and a more detailed derivation can be found in 

Appendix A. The dielectric constant of a semiconductor material depends on its intrinsic dielectric constant,     

i ( )  , plus perturbations induced by the existence of free carriers. Note that these carriers do not need to be 

optically induced, this model equally applies to extrinsically doped semiconductors as well. The Drude model states 

that the perturbed dielectric constant, ( , )t  , can be modelled using the complex electrical susceptibility for both 

electrons,
e ( , )t  , and holes,

h ( , )t   using 

i e h( , ) ( ) ( ( , ) ( , ) )t t t       = + + .    (2.2) 

Note that the charge carrier induced susceptibility is a function of time, t, which allows for modulation. The intrinsic 

dielectric constant can be defined in terms of the intrinsic refractive index, n(), and extinction coefficient, (), 

using 
i ( ) ( ) ( )n j    = − . Note that both electrical susceptibilities can be functions of time, and so the perturbed 

dielectric constant must also be a function of time. While the intrinsic dielectric constant of a semiconductor is time 

independent, it along with the rest of the terms in (2.2) are functions of THz frequency, . The perturbed dielectric 

constant can be related to changes in the refractive index, n(,t), and extinction coefficient, (,t) using 

i( , ) ( ) Δ ( , ) jΔ ( , )t n t t      = + − .        (2.3) 

The time varying susceptibilities for electrons and holes are derived by assuming that free carriers move through 

the semiconductor in the presence of an applied electric field and only lose energy when they interact with nuclei 

or other carriers. This creates a classical dynamics equation with momentum and damping, which can be solved to 

give the motion of the carriers. Since the applied field oscillates in time, so do the electrons. The oscillating electrons 

create a polarization density, which can be related to electrical susceptibility. The equations for susceptibility of 

both electrons and holes are 
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In these equations, q is the elementary charge, 0 is the permittivity of free space, j is the imaginary unit, *

em and 
*

hm  

are the effective masses of electrons and holes, respectively, while s,e  and s,h  are the scatter times of electrons and 

holes, respectively. The final term in (2.4a) and (2.4b) is the time dependent charge carrier density, N(t). This is 

proportional to the time varying intensity of the optical beam on the modulator and is what defines the modulation 

signal. Modulation efficiency in an optical modulator is largely dictated by the extinction coefficient and will be 

discussed in Chapter 3. 

2.2.2.2 Electronic Modulators 

Free-space electrical modulators for THz are more prevalent in the literature due to their practicality. Most free-

space electrical modulators are based on shifting the resonance frequency of a frequency-selective surface by using 

a voltage to alter the charge carrier density of the substrate just below the surface of the modulator [53], [54], [55], 

[56], [106], [115], [116]. The frequency-selective surface is typically an antenna array, either dipole [53], [54] or 

split ring [55], [56], with specifically designed frequency characteristics. Many early devices were based on a 

semiconductor substrate that had been doped with extra electrons near the surface [54], [56]. These devices were 

capable of operating at modulation rates of up to 100 kHz [54] but were limited by the capacitance between the 

metal on the frequency-selective surface and the substrate. To enhance modulation rate, newer electronic 

modulators place transistors, such as high electron mobility transistors, in the gaps between the antennas of the 

frequency-selective surface [53], [55]. This reduces the device capacitance significantly, since only the gates need 

to be charged as opposed to the entire antenna array, and modulation rates of up to 1 GHz have been demonstrated 

[53]. It should be noted that all electronic modulators are inherently are more narrow-band than optical modulators 
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based on free carrier absorption, with bandwidths of a few hundred gigahertz or less [54], [55]. Table 2.4 shows the 

operating frequency, bandwidth, modulation rate, drive voltage, and polarization sensitivity for a number of 

electronic modulators found in the literature. Modulation rates in the table were quoted for 50% modulation 

efficiencies to allow all modulators to be fairly compared, though many modulators still induced an appreciable 

modulation efficiency for higher modulation rates. 

Table 2.4: Summary of various electrical modulators from the literature 

Frequency 

(GHz) 

Carrier bandwidth 

(GHz) 

Modulation 

rate (MHz) 

Drive 

voltage (V) 

Polarization 

Sensitive 
Ref 

850 150 2.75 -4 No [55] 

630 150 0.08 15 No [54] 

350 50 150 4.5 Yes [53] 

1000 250 <0.01 16 Partial [56] 

700 N/A 0.1 -12 Partial [106] 

It appears from the devices outlined in Table 2.4 that electronic modulators are designed for one or two specific 

parameters. The one designed for the highest modulation rate suffers from polarization sensitivity, and those that 

were designed for modulation over a broad bandwidth suffer from low modulation rates. In addition, modulators 

based on surface doping require a much higher drive voltage than those with transistors integrated into the 

frequency-selective surface. In summary, electrical modulator are capable of polarization insensitive modulation of 

THz wavelengths at high modulation rates [55]. However, electrical modulators require microfabrication techniques 

that are complex to implement, and so were not considered for fabrication in this thesis. 

2.3 Review of Retromodulators 

Now that retroreflectors and modulators have been reviewed separately, this section will review the merging of both 

components into a retromodulator. To understand how this might be accomplished, guidance will be taken from 

existing retromodulator architectures for the visible [39], [82], [83], [110] and NIR [38], [40], [41], [44] spectrum. 

The literature shows that retromodulators can be broken down into two primary architectures: shutter 

retromodulators and integrated retromodulators.  
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The simplest and most prevalent retromodulator architecture is the shutter architecture [39], [45]. In this 

architecture, the retroreflector and modulator are spatially separated. An incoming signal beam first passes through 

the modulator before arriving at the retroreflector, then passes through the modulator again on the return trip. This 

architecture can be used for both cornercube retroreflectors and spherical retroreflectors with equal effectiveness. 

The shutter architecture also lends itself well to modulators based on Drude free carrier absorption operating in 

transmission, since transmission through the modulator allows for attenuation due to an increased extinction 

coefficient. In addition, the retroreflected signal must pass through the modulator twice, increasing modulation 

efficiency. The shutter architecture has typically been implemented for the visible and NIR spectra with LCD 

shutters due to their simplicity [39], [45]. One of the earliest retromodulation demonstrations was in 1997 when 

Swenson et al. implemented a retromodulation system sending phase modulated data over 30 km at 1.2 kbit/s using 

a cornercube retroreflector and LCD shutter [39]. In a more recent demonstration of the shutter architecture, Collier 

et al. designed a retromodulation system operating at 150 Hz with several cornercube retroreflectors placed at 

different angles to increase the field-of-view of the retromodulator [45]. While the shutter architecture is the 

simplest conceptually, other retromodulators may be equally viable and easier to implement for the THz spectrum. 

Integrated retromodulator designs are typically more elegant and compact; however, they come at the cost of design 

complexity. For cornercube retroreflectors, mechanical modulators can be built into the cornercube retroreflector 

to physically move one or more of the internal surfaces to modulate retroreflected signal power [82], [83], [110]. 

However, to avoid diffraction, THz cornercube retroreflectors will need to be much larger than cornercube 

retroreflectors for visible and NIR data signals. Increasing cornercube retroreflector dimensions makes mechanical 

modulation much more difficult due to the added mass of the sides that need to be moved. Consequently, this 

method is impractical for THz retromodulation. Integrating a Drude free carrier absorption-based modulator into a 

cornercube retroreflector by making the cornercube retroreflector surfaces into modulators is one possibility that 

has yet to be seen in the literature. Drude free carrier absorption could be used to modulate the refractive index of 

the internal surfaces thereby modulating surface reflectivity. For spherical retroreflectors, the intense focus created 

on the back surface of the sphere has been shown to enhance Drude free carrier absorption in a semiconductor 
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material coated to the back of the sphere [38], [40], [44]. Since the signal beam is focused down to a small area, a 

charge-carrier plasma only needs to exist in that small area. This allows the charge-carrier density to be higher, 

inducing a higher modulation efficiency. Another option, which has not been demonstrated in the literature, would 

be to make an entire retroreflecting sphere out of a material that can be modulated. This could be accomplished 

using polymer composites with high-resistivity semiconductor particles. By applying a separate pump beam to the 

sphere, Drude free carrier absorption in the semiconductor particles would increase absorption of the signal beam 

in the sphere. This method would require the filler polymer to be transparent to the pump beam.  

In summary, both shutter and integrated retromodulator architectures are viable for optical retromodulation and so 

their migration to the THz spectrum should be considered. The literature seems to favour the shutter method, as it 

allows designers to optimize both the retroreflector and modulator separately. Still, an integrated architecture may 

be worth pursuing as it allows for more elegant designs and has the potential to be more compact. 
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: Link Budget Analysis 

Every device in a wireless communication system must be able to transmit enough energy to be received by other 

devices in the network. This is commonly referred to as closing the link. The primary analysis used to determine if 

communication links can be closed is called a link budget analysis. A link budget analysis looks at the power 

radiated by a transmitter and determines the signal intensity at an arbitrary point in space, typically far from the 

transmitter. The intensity at this point is affected by the link length, since energy diverges from the transmitter, and 

propagation loss, which will mostly be atmospheric absorption for wireless THz communication links. This chapter 

will carry out link budget analyses for both active and passive THz links. In general, active THz links will always 

provide superior detected signal power; however, with the proper design, passive THz links can approach the 

performance of active THz links in certain scenarios. For active THz links, the standard Friis transmission equation 

will be used to model the data link [43]. For passive THz links, the Friis transmission equation will be used to derive 

a retromodulation equation, which is similar in form to the radar range equation. These equations will be populated 

using data for transmitters, detectors, and channel loss given in Chapter 2. The retromodulation equation for passive 

uplinks will also be populated with modulation efficiencies, retroreflection efficiencies, and insertion efficiencies 

from systems mentioned in the previous chapter. The link budget results for active and passive uplinks will be 

contrasted at the end of this chapter and the most feasible scenarios for THz retromodulation will be identified. 

3.1 Active THz Uplinks 

Active THz uplinks are relatively easy to model as they can simply use the Friis transmission equation between the 

transmitter and detector. The Friis transmission equation can be cast in the form  
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where Pd() is the power arriving at the detector, Pt() is the power radiated from the transmitter, Dt is the 

transmitter directivity, Dd() is the detector directivity, ch() is the channel power loss (i.e., absorption) 

coefficient,  is the angular frequency of the transmitted wave, and Rlink is the link length [43]. Note that this 
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equation is able to give detected power as it takes into account the detector directivity, which is related to the 

detector area. This is the form of Friis transmission equation that will be used to analyse active THz links.  

3.2 Passive THz Uplinks 

The retromodulation equation for passive THz links requires applying the Friis transmission equation twice, once 

for propagation from the fixed transceiver to the mobile transceiver containing the retromodulator and once for 

propagation from this mobile transceiver back to the fixed transceiver. Propagation from the fixed transceiver to 

the mobile transceiver can be modelled using the Friis transmission equation in (3.1) for active THz links while 

replacing the directivity of the detector, Dd(), with the directivity of the retromodulator, Dr(). Now the power at 

the retromodulator, Pr(), is 
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Propagation from the mobile transceiver containing the retromodulator back to the fixed transceiver can be modelled 

by an analogous equation,  
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Inserting (3.2a) into (3.2b) provides the link budget for a complete passive THz link, 
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The directivities in the previous equation can be approximated by a square aperture of side length ai and THz 

wavelength  as was shown in Section 2.2.1.1. These directivities are Di()=4/d
2()=4ai

2/2, which can be 

written in terms of aperture area Ai and THz frequency  Di()=Ai2/c2, where i = t, r, and d denotes the 

transmitter, retromodulator, and detector, respectively. A circular aperture with an equivalent area will have about 

a 9% higher directivity due to a slightly lower divergence angle. Equation (3.3) will be referred to as the ideal 

retromodulation equation because it assumes perfect retroreflection, 100% modulation efficiency, and no other 
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losses associated with the retromodulator. In reality, this is unrealistic. A more practical retromodulation equation 

should include retroreflection efficiency, re(), incident angle efficiency, IA, modulation efficiency, mod(), and 

insertion efficiency for the modulator, in(). Note that insertion efficiency is the inverse of the more common 

insertion loss and the modulation efficiency is equivalent to modulation depth in many cases. In general, the real 

retromodulation equation, including nonidealities of the retromodulator, is  
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All the terms describing the various non-idealities in (3.4) are set to one in the ideal retromodulation equation. One 

point to remember is that the expression Dr()Dt()c2/(2Rlink)2 cannot be greater than one, as this would indicate 

that more power is arriving at the mobile transceiver than is being transmitted by the fixed transceiver. Likewise, 

the ratio Dd()Dr()c2/(2Rlink)2 must also be less than one; otherwise, more power would arrive at the fixed 

transceiver than was retroreflected by the mobile transceiver. This is a result of the assumption in the Friis 

transmission equation that any beam incident on a device is larger than that device's aperture. The link budgets for 

active THz links, (3.1), ideal passive THz links, (3.3), and real passive THz links, (3.4), will now be populated and 

compared.  

3.2.1 Link Budget Comparison 

There are a few obvious differences between the link budget equation for active THz links in (3.1) and the 

retromodulation equations for passive THz links in (3.3) and (3.4). The most obvious difference is the path loss, 

which is (c/2Rlink)2 for active THz links and (c/2Rlink)4 for passive THz links. Consequently, path loss increases 

with link length much faster for passive THz links, limiting their long-range usefulness. It is also tempting to 

conclude that path loss increases for higher THz frequencies, making them impractical, though this is false. While 

path loss does increase for higher THz frequencies, the directivity of any device with a fixed aperture size also 

increases. The net result is an improvement in detected power for the passive THz links at higher frequencies and 

no frequency dependence in the detected power for active THz links. The second obvious difference is the inclusion 
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of retromodulator directivity squared in both passive THz link equations. This occurs because the retromodulator 

effectively acts twice on the propagating signal: once as a detector, and once as a transmitter. As a result, improving 

retromodulator directivity (i.e., increasing retromodulator aperture area) greatly improves the system performance 

of passive THz links. Finally, constraints on maximum transmitter and retromodulator directivity mean that, at best, 

passive THz links will match the detected power of active THz links. As will be seen later though, real passive THz 

links typically have much lower detected power than active THz links. This introduces a trade-off between the 

complexity of generating the additional transmitter power required to close the link for a passive THz link over an 

active THz link and the complexity of adding a THz transmitter to mobile transceivers. The remainder of this chapter 

will focus on populating the link budgets for the active THz link and both passive THz links, then comparing the 

results. 

3.3 Ideal Retromodulation Analysis 

To begin, the Friis transmission equation for active uplinks and the ideal retromodulation equation for ideal passive 

uplinks will be populated. This initial analysis will answer two questions: how much weaker is an ideal passive 

uplink in comparison to an active uplink, and can an ideal passive uplink close the link over useful distances? For 

the purpose of the analyses in this thesis, a useful distance is defined as a link length of five metres, which is suitable 

for many indoor settings. The analysis will be broken down into a number of systems, each containing a different 

transmitter technology, frequency, and transmitted power level. A summary of these systems was given in Table 

2.1. For all systems, transmitter directivity is set to two, which simulates a wall or ceiling mounted transmitter 

broadcasting over a hemisphere. Each system will have link budgets calculated for the following scenarios: an active 

THz link with a 2 cm diameter detecting aperture (AL 2 cm), an active THz link with a 3 cm diameter detecting 

aperture (AL 3 cm), an ideal passive THz link with a 2 cm diameter retromodulator (IPL 2 cm), and an ideal passive 

THz link with a 3 cm diameter retromodulator (IPL 3 cm). Detector and retromodulator aperture diameters of two 

and three centimetres were chosen as they are on the large end of reasonable for mobile devices. All passive THz 

links have a 10 cm diameter detector aperture apart from system 7. This large detecting aperture was chosen to 

mitigate the additional losses of the passive THz links, though it may result in phase interference effects due to the 
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rest of the system not being in the far-field of the detector. This can be alleviated by decreasing the detector aperture 

diameter to 4 cm (at an 8 dB penalty), which would place the entire system in the far-field of the detector. System 

7 is the only one with a smaller detector aperture diameter of 2 cm or 3 cm, matching the corresponding to the 

retromodulator diameter. This is required since a 10 cm diameter aperture would be larger than the returning signal 

beam due to the minimal divergence introduced by the high frequency of this system. Table 3.1 gives a summary 

of the aperture diameters for the various links. 

Table 3.1: Summary of aperture diameters and directivities used in the link budget analysis 

System Dt [dB] 
Active link detector 

aperture diameter [cm] 

Passive link aperture 

diameter [cm] 

Retromodulator 

diameter [cm] 

1-6 3 2 or 3 10 2 or 3 

7 3 2 or 3 2 or 3 2 or 3 

Figure 3.1 shows the results of these link budgets along with the noise floors for both zero-bias (ZB) and 

subharmonic mixing (SHM) Schottky detectors as well as quantum transition detectors with a bandwidth of 1 GHz 

based on the numbers given by Virginia Diodes [21] and Li et al. [74]. Note that the quantum transition detector 

used with system 7 was designed for use at 4.2 THz [74], since no detector at 3.1 THz was available in the literature.  

 

Figure 3.1: The link budget results for the seven different wireless THz communication links are shown along with noise floors for 

subharmonic mixing (SHM), zero-bias (ZB), and quantum transition (QT) detectors. The parameters for each of these systems were 

given in Table 2.1. Each system has four link budgets, two for active THz links (AL), and two for ideal passive THz links (IPL). The 

active THz links have results for a 2 cm and 3 cm detecting aperture, whereas the ideal passive THz links have results for 2 cm and 

3 cm retromodulators. All ideal passive THz links assume a 10 cm detector aperture except system 7, which has identical 

retromodulator and detector aperture diameters.  
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In Figure 3.1, it is apparent that the various transmitter technologies were the single biggest factor in the 

performance of each system. The high-frequency electronic transmitters in systems 1 and 3 have a signal-to-noise 

ratio (SNR) of 20 dB and 30 dB for ideal passive and active THz links, respectively, with a subharmonic mixing 

detector. In all systems, SNR is the ratio to detected power to noise power. Given the commercial availability of 

both transmitters and detectors, these systems are a viable option for passive THz links. However, the same cannot 

be said for system 2, based on optical heterodyning. The SNR for active THz links is -10 dB using subharmonic 

mixing detectors, with ideal passive THz links being even worse off. This is unfortunate since optical heterodyning 

shows the greatest potential for high-bandwidth wireless THz communication links. However, the low transmitted 

power eliminates any possibility of using optical heterodyning transmitters in wide area passive THz links. The 

THz QCLs in system 7 perform admirably despite the larger path and channel losses at 3.1 THz. A minimum SNR 

of 10 dB is achieved for a 2 cm diameter ideal passive THz link, corresponding closely to the active THz link. 

However, the cost of implementing a cryogenically cooled QCL and quantum transition detector make this system 

an impractical candidate for passive THz links. The BWO in system 4 produces a significant amount of power, and 

therefore can be used with either zero-bias or subharmonic mixing detectors for all but the smaller retroreflector. 

While its beam quality is unknown and may be unsuitable for wireless THz communication link, BWOs are 

intriguing as the highest power option for passive THz links. Finally, two theoretical cases were considered at 650 

GHz, system 5, and 850 GHz, system 6, with a transmitted power of -10 dB. These systems had SNRs of 25 dB and 

15 dB for systems 5 and 6, respectively, using a subharmonic mixing detector. The higher frequencies associated 

with these systems create such high retromodulator directivities that the passive and active THz links have virtually 

identical performance for the 3 cm retromodulator.  

The other clearly apparent result in Figure 3.1 is that the incoherent nature of zero-bias detectors prevents them 

from detecting signals with a useful SNR, whereas the coherent subharmonic mixers have SNRs above 15 dB for 

every transmitter within their detection range (with the exception of system 2). Additionally, passive THz links for 

lower frequencies underperformed active links by up to 10 dB, whereas the difference was negligible for higher 

frequencies due to increased device directivity. Finally, it must be emphasized that these results are for a 5 m link. 
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The overwhelming effect that link length has on detected power means that adjusting the link length will 

dramatically change the results. Each doubling of the link length will decrease the detected power of all active THz 

links by 6 dB and all passive THz links by 12 dB due to path loss. By two doublings (a 20 m link), the ideal passive 

THz link will no longer be able to close the link for any system. By contrast, the active THz link could operate up 

to four doublings (an 80 m link) before failing. The link length could be extended by increasing the transmitter 

directivity, but this would reduce the network coverage area. 

In summary, this analysis shows that ideal passive uplinks are certainly feasible over short link lengths with 

currently available technology. In the next section, the non-idealities of THz retromodulation will be reviewed and 

the real passive uplinks will be added to the link budget analysis. 

3.4 Real Retromodulation Analysis 

The previous section contrasted active THz links with ideal passive THz links and concluded that ideal passive THz 

links are feasible for short range wireless THz communication links assuming an ideal retromodulator. With that 

conclusion, this section contrasts active THz links with real passive THz links, described by the real retromodulation 

equation, to determine if passive THz links are feasible using a real retromodulator. Real retromodulators will be 

subject to additional loss due to lower retroreflection efficiency, glancing incident angles, low modulation 

efficiency, and low insertion efficiency. These losses will be analysed for two types of retroreflector, cornercube 

and spherical, as well as two types of modulator, optical and electronic. The section will conclude with a link budget 

analysis given by the real retromodulation equation comparing real passive THz links to active THz links to 

determine if real passive THz links can still be closed. 

3.4.1 Cornercube Retroreflectors 

This section will analyse how cornercube retroreflectors deviate from an ideal retroreflector and will quantify these 

deviations as additional losses in the form of retroreflection efficiency, re, and incident angle efficiency, IA. The 

analysis was carried out using a ray tracing algorithm that determines the portion of power that is retroreflected for 

a range of incident angles. While this may not give perfect results, since the incident THz signal has wavelengths 
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that are an appreciable portion of the dimensions of the cornercube and the incident THz signal with be slightly 

diverging, the ray tracing analysis will still give an indication of the general trend. The incident angle efficiency is 

taken to be proportional to the power capture area of the cornercube. The power capture area is determined by 

illuminating the cornercube with a rastered grid of rays and counting the number of rays that are returned to the 

source assuming perfect reflection off each internal surface. The grid of rays was tilted to various azimuthal and 

polar angles. Figure 3.2a shows the results for power capture area as a function of incident azimuthal and polar 

angles for a cornercube with triangular faces. The results are normalized to the case of normal incidence, i.e. the 

polar angle is zero. Figure 3.2b shows the normalized retroreflected signal as a function of incident polar angle for 

a few different incident azimuthal angles. This better shows that the deviation in normalized retroreflected signal is 

virtually independent of incident azimuthal angle, especially for small incident polar angles. The shape of the 

returning beam is shown in Figure 3.2c along with the outline of the cornercube for normal incidence. This clearly 

shows the shape of the aperture imposed by the cornercube as well as the fraction of power retroreflected compared 

to the size of the cornercube. While the internal surfaces of the cornercube may be perfectly reflective if coated 

with gold or another highly reflective metal in the THz spectrum [80], the periphery of the cornercube does not 

typically contribute to the retroreflected signal. Additionally, the irregular shape of the cornercube makes it difficult 

to compare to alternative retroreflectors, such as spheres. Therefore, the retroreflection efficiency will be taken to 

be the portion of the signal that returns relative to the total signal incident on the area of a circle encapsulating the 

front profile of the cornercube. An image of the fabricated cornercube used to gather these experimental results in 

this thesis is shown in Figure 3.2d. 

The results in Figure 3.2a show that retroreflected power is largely independent of incident azimuthal angle, 

although slight periodic deviations occur every 120°. The solid line in Figure 3.2b shows a slice of the surface in 

Figure 3.2a at  = 30°, the dashed line shows a slice of the surface at  = 0°, and the dotted line shows a slice of the 

surface at  = 60°. The angular dependence of the normalized retroreflected signal from the cornercube 

retroreflector can be modelled empirically to be cos(2.3), shown as the circles in Figure 3.2b. The weak correlation 

between the angular dependence of the normalized retroreflected signal and incident azimuthal angle allows any 
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incident azimuthal angle dependence to be neglected. This omission introduces an average error magnitude of less 

than 3% over all incident angles. The angular dependence of the normalized retroreflected signal will be factored 

into the real retromodulation equation using incident angle efficiency, IA, which is equal to the square of the angular 

dependence of the normalized retroreflected signal. The square relationship is due to the area of the retroreflector 

affecting the directivity of the retroreflector, which is squared in the real retromodulation equation due to the 

cornercube acting as both a receiving and transmitting aperture. For cornercube retroreflectors the incident angle 

efficiency is, IA = cos2(2.3). 

   
(a)        (b) 

    
(c)        (d) 

Figure 3.2: Normalized retroreflected signal dependence on incident azimuthal angle, , and incident polar angle, , is shown in (a) 

for cornercube retroreflectors with triangular sides. A slice of the curve in (a) at  = 0°, denoted by the dashed line,  = 30°, denoted 

by the solid line, and  = 60°, denoted by the dotted line, is shown in (b). The circles in (b) correspond to the empirical fit for the 

angular dependence of the power capture area. A diagram showing the portion of the retroreflector that actually returns power to 

the source is shown in (c). An image of the cornercube used to gather the experimental results in the rest of the thesis is shown in (d). 
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The ray tracing analysis also shows the percentage of the retroreflector area that is actually retroreflected. To fairly 

compare cornercubes to dielectric spheres, the overall area of the retroreflector is defined as the smallest circle that 

can enclose the equilateral triangle formed by the cornercube. Figure 3.2c shows the overall area, as the large circle, 

the outline of the cornercube when viewed from normal incidence, the equilateral triangle, and the area where power 

is actually retroreflected, the black dots. Each black dot in Figure 3.2c represents a ray in the ray tracing analysis. 

Clearly the majority of the overall area of the retroreflector does not retroreflect any power. For normal incidence, 

the ratio of the area that retroreflects power to the overall area of the retroreflector is 3 / 2  or approximately 

27.5%. This reduced area will be incorporated into the retroreflection efficiency, which is now 
re ( ) 3 / 2  =  

assuming perfect reflection off each internal surface of the cornercube. 

3.4.2 Spherical Retroreflectors 

This section will analyse how spherical retroreflectors deviate from an ideal retroreflector and will quantify these 

deviations as additional losses in the form of retroreflection efficiency, re(), and incident angle efficiency, IA. A 

similar ray-based analysis to the one done for cornercube retroreflectors is shown below in Figure 3.3 for spherical 

retroreflectors with the same limitations. This analysis assumes that the back half of the spherical retroreflector is 

coated in a highly reflective metal, such as gold. Therefore, the retroreflection efficiency would be 100% for normal 

incidence if material loss and Fresnel reflection off the front surface were ignored. However, the ray tracing analysis 

below includes Fresnel losses, and material losses will be accounted for later. The ray tracing analysis shows the 

reduction in the normalized retroreflected signal with increasing incident polar angle in Figure 3.3a. The rotational 

symmetry of the spherical retroreflector eliminates any dependence in the normalized retroreflected signal on 

incident azimuthal angle. The reduction in retroreflected power based on Fresnel reflection at the front surface of 

the sphere is shown in Figure 3.3b. 
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(a)        (b) 

Figure 3.3: Ray tracing results for normalized retroreflected signal of a sphere are shown as a function of incident polar angle in (a). 

Results include power capture area and losses from surface reflection at n = 1, as black diamonds, n = 1.8, as red squares, and n = 

2.0, as blue triangles. The decrease in retroreflected signal due to Fresnel reflection off the front surface of the sphere is plotted in 

(b) as a function of sphere refractive index. 

Ray tracing results are obtained for several different scenarios. In the simplest scenario, which assumes no Fresnel 

reflection off the front surface of the spherical retroreflector, the normalized retroreflected signal is equal to the 

angular dependence of the normalized retroreflected signal from a tilted hemisphere and is shown by the black 

diamonds in Figure 3.3a, which can also be calculated to be cos(). Practically, the presence of a dielectric interface 

at the surface of the sphere will reduce the retroreflected signal due to Fresnel reflection. To account for this, 

additional ray trace analyses were done to include surface effects for two different refractive indices. In Figure 3.3a, 

the red squares correspond to n() = 1.8, and the blue triangles correspond to n() = 2. Simulating for n() = 2 was 

explained previously as it corresponds ideal refractive index for retroreflection based on ray theory. The simulation 

at n() = 1.8 represents the ideal refractive index for spherical THz retroreflectors as identified by Born et al. [44]. 

Even with the dielectric interface, the retroreflection results follow a similar cos() trend as the results that did not 

consider the interface. Therefore, the angular dependence of the normalized retroreflected signal of the spherical 

retroreflector can be modelled with a simple expression, cos(), giving an incident angle efficiency of, IA = cos2(). 

The effects of surface reflection at normal incidence are shown in Figure 3.3b, which show decreasing retroreflected 

signal for higher refractive index spheres. The relationship between retroreflected signal and refractive index can 

be modelled empirically by fitting the retroreflection efficiency, which gives re() = 1 - 0.431ln(n).  
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Another mechanism that reduces retroreflected power from a spherical retroreflector is material loss. The presence 

of material loss in the spherical retroreflector brings about an interesting trade-off when determining the diameter 

of the spherical retroreflector. While it was concluded earlier that a larger retroreflector drastically improves the 

link budget, these larger retroreflectors will also have increased material loss making them less desirable. A simple 

optimization can be done by taking the product of the gain introduced by increasing sphere diameter and the material 

loss in the sphere to give the optimal diameter, d, given a specific power absorption coefficient, (). The material 

loss in the sphere is defined to be exp( 2 ( ) )d − , which is for two passes through the sphere, and the gain 

introduced by the area of the sphere to be 
2 4 /16d , which is the square of the retroreflector cross sectional area. 

Optimizing gives an analytical result for the ideal sphere diameter, which is 2 / ( )d  = . Consequently, the 2 cm 

diameter spheres shown in the previous section would be optimal for a material with a power absorption coefficient 

of 1 cm-1. This power absorption coefficient is a maximum optimal coefficient for the sphere diameter, although 

lower loss would be preferable. Including material losses in the expression for spherical retroreflection efficiency 

gives ( )re
( ) 1 0.431ln( ) exp( 2 ( ) )n d   = − − . 

3.4.3 Electronic Modulators 

This section will analyse how electronic modulators deviate from an ideal modulator and will tabulate these 

deviations as additional losses in the form of modulation efficiency, mod(), and insertion efficiency for the 

modulator, in(). Unlike the other components of a retromodulator discussed so far, electronic modulators do not 

have an easily definable value or equation for these losses. Therefore, all that will be given in this section is a table 

showing the losses for various modulators described in the literature. It should be noted that for retromodulators 

employing the shutter architecture, the modulator must be passed through twice, and thus the modulation efficiency 

and insertion efficiency may also need to be applied twice. Most electronic modulators in the literature are designed 

with modulation efficiency in mind and have poor insertion efficiency. Additionally, many designs, especially those 

based on dipole antenna arrays [53], only modulate one polarization. The unknown orientation of the mobile 

transceiver with respect to the fixed transceiver means that a real retromodulator with polarization sensitive designs 
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is unacceptable. Designs with symmetric antenna elements are superior as they are much more immune to 

polarization effects. 

Table 3.2 gives a summary of insertion efficiency and modulation efficiency for two electronic modulator 

technologies. These were the designs given in Table 2.4 that were polarization insensitive. For convenience, the 

remaining information from Table 2.4 is reproduced here. Values are given for two passes through the modulator 

as these discrete modulators would be used in a shutter architecture retromodulation system. 

Table 3.2: Summary of insertion efficiency and modulation efficiency for polarization insensitive electronic THz modulators from 

the literature 

Frequency 

(GHz) 

Carrier bandwidth 

(GHz) 

Modulation rate 

(MHz) 

Drive 

voltage (V) 
in() mod() Ref 

850 150 2.75 -4 <0.01 >0.99 [55] 

630 150 0.08 15 0.01 0.83 [54] 

The table clearly confirms that both free-space modulators were designed with modulation efficiency in mind 

resulting in poor insertion efficiency, though both have excellent modulation efficiency. It should be noted that 

many of the electronic designs both here and in Table 2.4 provide results over a wide bandwidth, with varying 

insertion efficiency and modulation efficiency away from the quoted frequency. A few designs have insertion 

efficiencies near one for frequencies other than the quoted frequency, while still having good modulation efficiency 

[53]. This shows that a viable modulator could be designed and fabricated for THz retromodulation by altering the 

design criteria. To estimate the performance of a modulator more suited to retromodulation, later analyses will 

consider a theoretical modulator with a single pass insertion efficiency of 0.9 and modulation efficiency of 0.2. Due 

to the complexity of designing and fabricating electronic modulators, no additional analysis or design work will be 

given in this thesis. 

3.4.4 Optical Modulators 

This section will analyse how optical modulators deviate from an ideal modulator and will quantify these deviations 

as additional losses in the form of modulation efficiency, mod(), and insertion efficiency for the modulator, in(). 

As discussed earlier, optical modulators come in two general designs: semiconductors utilizing Drude free carrier 
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absorption, and frequency-selective surfaces. Frequency-selective surface based optical modulators are similarly 

difficult to quantify as their electronic counterparts due to their performance being greatly design dependent [49], 

[111], [112]. Therefore, modulation efficiency and insertion efficiency are simply tabulated in Table 3.3 along with 

operating frequency, modulation rate, and optical pump power for two passes through the modulator. Modulators 

that required optical pumping with a pulsed laser are denoted by a "P" in the table and modulators that operate using 

a continuous wave laser are denoted "CW" in the table. 

Table 3.3: Summary of the performance of various frequency-selective surface based optical THz modulators 

Frequency 

(GHz) 
in() mod() 

Modulation 

rate (MHz) 

Pump power 

(W) 
Ref 

800 0.41 0.96 N/A 0.5 P [49] 

550 0.13 0.99 N/A 1.5 P [112] 

Broadband 0.36 0.83 0.1 0.4 CW [51] 

      

The challenge with specifying many of these modulators lies in the fact that they require optical pumping by a 

pulsed laser amplified by a regenerative amplifier [49], [112]. While these modulators have picosecond response 

times, they require extremely high-power lasers, and are thus not practical for mobile THz transceivers. This 

reasoning also applies to modulators utilizing Drude free carrier absorption with a picosecond charge carrier 

lifetime.  

While frequency-selective surface based optical modulators are difficult to model, the modulation efficiency and 

insertion efficiency of semiconductors utilizing Drude free carrier absorption can be modelled with a high degree 

of accuracy. These modulators take the form of a semiconductor wafer, so insertion efficiency can be equated to 

the Fresnel losses off the surface of the modulator. Fresnel losses are unique in that they only apply to the incoming 

pass through the modulator for retromodulators utilizing the shutter architecture. Any reflection of the outgoing 

beam will simply be redirected into the retroreflector and return to the modulator once retroreflected again. While 

this may cause interference effects for frequencies with low insertion efficiency, these effects will be negligible for 

frequencies with high insertion efficiency, which is the objective for modulator design. The general equation for 

the transmissivity through a semiconductor modulator needs to consider both reflection and transmission off the 
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front and back surfaces. In the case of high-refractive index modulators (which are common), transmissivity also 

needs to consider internal reflections. Finally, for modulators that are only a few wavelengths thick (common for 

THz wavelengths), transmissivity must also consider interference effects caused by the presence of standing waves 

within the modulator. One rigorous analysis takes the travelling wave equation and propagates it through the 

modulator with an infinite number of internal reflections. This gives the complex electric field, containing both 

amplitude and phase information, of the wave passing through a modulator immersed in free space to be  

0 0 0 0( ) j( ( ) ) 2 ( ) j2 ( )2
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In these equations, E0() is the incident electric field amplitude and  is the modulator thickness. The summation 

term, whose index is i, represents contributions from internal reflections. Note that this expression includes 

absorption loss, which means that it can be used to describe signals with or without modulation applied. The infinite 

series in (3.5) converges allowing (3.5) to be simplified into 
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Insertion efficiency and modulation efficiency in the retromodulation equations are intensity ratios (equivalent to 

power ratios), so the complex electric field must be converted to intensity. This is done by squaring the magnitude 

of the electric field and dividing it by twice the free space impedance, . Doing so gives 
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In this expression, the incident intensity is defined as 
2

0 0( ) ( ) / 2I E  = . The insertion efficiency calculation 

takes the previous expression for intensity and assumes no absorption loss, then normalizes by the incident intensity 

to obtain  
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The insertion efficiency shows several interesting phenomena. First, the entire expression is multiplied by T()2, 

which demonstrates that power must pass into and out of the modulator exactly once. Second, the fraction represents 

the interference effects caused by standing waves in the modulator, where the cosine terms dictates whether the 

interference is constructive or destructive. The frequencies that observe perfect constructive or destructive 

interference are periodic with a frequency spacing of 2k0n() which corresponds to the free spectral range of the 
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modulator. In the case of no extinction, i.e. () = 0, perfect constructive interference, corresponding to unity 

transmission, can be shown by converting T()2 into (1-R())2.  

The equations above are for normal incidence, which this is an excellent approximation for unpolarized signals at 

most incident angles. Ignoring phase interference effects, the normal incidence approximation introduces an error 

below 1% for incident polar angles below 37° when n() = 2, 44° when n() = 3, and 70° when n() = 4. At steeper 

polar angles past these cutoffs, the insertion efficiency will degrade quickly. Including phase interference effects 

for other incident angles would require modifying the distance through the modulator, , to account for the fact that 

the internal waves would be travelling diagonally through the modulator, and thus would have a longer path length. 

Additionally, the transmission and reflection coefficients, as well as the transmissivity and reflectivity would need 

to be modified to include the incident angle and the transmitted angle within the modulator. These modifications 

greatly complicate (3.10) and so were not considered in this thesis. 

The expression for modulation efficiency is a bit more involved. First, the modulation efficiency is defined to be 

( )mod on off( ) 1 ( ) / ( )I I   = − , where Ion() is the intensity being transmitted through the modulator when the 

modulator is on (absorbing) and Ioff() is the intensity transmitted through the modulator when the modulator is off 

(no absorption). It is important to remember that modulation can perturb both the refractive index and extinction 

coefficient within the modulator, which are denoted n() and (), respectively. Populating the equation, 

cancelling out a few common terms gives 
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It can be seen that modulation efficiency will be increasingly frequency dependent as the modulator refractive index 

increases, since the arguments for each cosine term become more dissimilar. Interestingly, this shift in the location 

of the internal reflection resonances during modulation allows for increased transmission or negative modulation 

efficiencies if the cosine term in the denominator becomes significantly larger than the one in the numerator. It can 
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also be seen that the presence of extinction disrupts the interference effects in the denominator. Consequently, 

deeper modulation will result in fewer interference effects in the transmitted beam. A very simple first order 

approximation of (3.11) is to ignore internal reflections and interference effects to give a modulation efficiency of 

02 ( )

mod ( ) 1
k

e
    −

= − .      (3.12) 

This corresponds to the average modulation efficiency over a wide range of frequencies and is useful for 

determining the modulation efficiency order of magnitude. However, especially for modulators with high refractive 

indices, modulation efficiency must be calculated using (3.11). Figure 3.4 shows modulation efficiency as a function 

of frequency calculated using the simple approximation in (3.12), thick line, and the full equation in (3.11), dashed 

line. In Figure 3.4a, the modulator has a refractive index of n() = 4, a thickness of  = 350 m, and an extinction 

coefficient of () = 0.01. In Figure 3.4b, the modulator has an additional change in refractive index of n() = 

0.015 over the modulator in Figure 3.4a. 

    
(a)        (b) 

Figure 3.4: Modulation efficiency as a function of THz frequency is shown for two modulators, (a) and (b), and two numerical models. 

Both modulators have a refractive index of n() = 4, a thickness of d = 350 mm, and an extinction coefficient of () = 0.01. In (a) 

there is no change in refractive index, while in (b) there is a change in refractive index of n() = 0.015. In both figures, the modulation 

efficiency as a function of frequency calculated using the simple approximation in (3.12), thick line, and the full equation in (3.11), 

dashed line.  

Several things are apparent from the figure. First, the simple approximation does indeed follow the average 

modulation efficiency; however, this approximation is of limited use seeing as the large refractive index of the 
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modulator makes modulation efficiency extremely frequency dependent. Second, the frequency dependence of the 

modulation efficiency takes the form of fringes superimposed on top of the average modulation efficiency as 

expected. These fringes are the result of phase interference effects, and the maxima are separated by the free spectral 

range of the modulator. Finally, the effects of a small change in refractive index during the process of modulation 

significantly impacts the modulation efficiency etalons. The change in refractive index during modulation alters the 

free spectral range of the modulator, resulting in etalon fringes that do not line up in the frequency domain. As a 

result, the fringes in the modulation efficiency are more pronounced and can even give negative modulation 

efficiencies.  

3.4.5 Link Budget Analysis 

Now that the nonidealities of THz retromodulators have been explored, it is time to populate the real 

retromodulation equation and assess the feasibility of passive THz links. This analysis will only include passive 

THz links from Section 3.3 that were deemed viable. For simplicity, only systems with 2 cm retromodulators and 

10 cm detecting apertures will be analysed. Retroreflection efficiency is -5.6 dB for all corner cubes and is -10 dB 

for all spheres. The modelled spheres are assumed to be made of a composite material with a refractive index of 1.8 

and power absorption coefficient of 0.5 cm-1 at 300 GHz and 1 cm-1 at 1 THz. Two different modulators are 

considered for the analysis. Modulator one is based on optical free carrier absorption with an insertion efficiency 

of in()= 0.17 and a modulation efficiency of mod() = 0.94 for two passes. Modulator two is based on the 

theoretical electronic modulator discussed earlier with an insertion efficiency of in() = 0.81 and a modulation 

efficiency of mod() = 0.36 for two passes. Figure 3.5 shows the retromodulation link budget for active THz links 

(AL), ideal passive THz links (IPL), real passive THz links with modulator one (RPL1), and real passive THz links 

with modulator two (RPL2). Both real passive THz links are analysed for both cornercube retroreflectors (CCRR) 

and spherical retroreflectors (Sphere). All active THz links use the same parameters as Section 3.3. All links assume 

normal incidence, i.e.,  = 0° and IA = 0 dB. Finally, only the noise floor for the subharmonic mixing detector is 

shown, for a bandwidth of 1 GHz, since it is vastly superior to the zero-bias detector. 
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Figure 3.5 indicates that real passive THz links lose an additional 10 dB to 20 dB over ideal passive THz links and 

that cornercube retroreflectors outperform spherical retroreflectors by a few dB because of their higher 

retroreflection efficiency. The majority of the losses for all real retromodulation systems were due to poor 

retroreflection efficiency. For the cornercube retroreflector, the outer points of the cornercube could be removed so 

that a much larger cornercube fits into the same circular area (see Figure 3.2). The outer points do not contribute to 

retroreflection at normal incidence, only at glancing angles where performance is already poor. This would improve 

system performance by a few dB. For spherical retroreflectors, the material loss in the sphere eliminates 

approximately 90% of the retroreflected signal. By finding a lower loss material, this could be reduced significantly. 

 

Figure 3.5: Real passive THz link budget results for the five viable systems in Section 3.3 are shown along with the noise floor for 

subharmonic mixing detector with a bandwidth of 1 GHz (SHM). The number shown below each set of results corresponds to the 

respective system. The parameters for each of these systems were given in Table 2.1. Each system has six link budgets, one active 

THz link (AL) and one ideal passive THz link (IPL) from Section 3.3, two real passive THz links with modulator one (RPL1), and 

two real passive THz links with modulator two (RPL2). Each modulator is analysed with a spherical (Sphere) or cornercube (CCRR) 

retroreflector. The results are for normal incidence, i.e., a polar angle of  = 0°. 

While the material losses in this simulation may seem somewhat higher than most values in Table 2.3, they are 

comparable to the material losses seen in the experimentally fabricated composite materials in Section 4.2. Overall, 

the losses incurred by the retromodulator are still small when compared to the path loss of the whole wireless THz 

communication link. The results in Figure 3.5 are for normal incidence but results for any angle can be determined 

by incorporating the incident angle efficiency, which is plotted in Figure 3.6 as a function of incident polar angle 

for both cornercube retroreflectors (dashed line) and spherical retroreflectors (solid line). The curves in Figure 3.6 
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emphasize just how much wider the FOV of the spherical retroreflector is compared to the cornercube retroreflector, 

with incident angle loss 3-dB points at 20° and 60° for the cornercube and spherical retroreflectors, respectively. 

 

Figure 3.6: Incident angle efficiency as a function of incident polar angle is shown for both cornercube (dashed line) and spherical 

(solid line) retroreflectors.  

For systems 1 and 3 in Figure 3.5, an SNR above 10 dB is feasible for the cornercube retroreflector, but not the 

spherical retroreflector regardless of modulator. Even factoring in a few dB of additional loss due to glancing 

incidence, all these systems can still operate with a sufficiently large SNR making them viable options for passive 

THz links, with the exception of the spherical retroreflectors in system 1. The SNR improves to over 15 dB for 

higher power BWO transmitters in system 4. This makes them a viable option for passive THz links in terms of 

power, although other considerations could make BWOs impractical. The results for the two theoretical systems 5 

and 6 are also insightful. The detected power for these systems is only slightly lower than those for the higher power 

BWO transmitter, so one could conclude that these systems are more practical. However, the subharmonic mixer 

noise floor drastically increases at higher frequencies as generating the heterodyning local oscillator becomes more 

challenging. As a result, the SNR for system 5 is barely above 5 dB and the retromodulated signal in system 6 is at 

or below the noise floor. Evidently, despite increased directivities at higher operational frequencies, difficulty 

detecting these frequencies hampers their usefulness. In summary, systems based on high-frequency electronic 

transmitters and detectors (i.e., systems 1 and 3) are the most viable options for the implementation of passive THz 

links. The combination of commercial availability of components, reasonable power output from transmitters, and 

high coherent detector sensitivity make these systems superior to the other options presented here. The remaining 

chapters of this thesis will be dedicated to the implementation of a real passive THz links. 
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: Terahertz Retroreflectors 

The previous chapters have laid out the theoretical framework for THz retromodulation and have shown it to be 

theoretically feasible. In this chapter, a comprehensive analysis of the fabrication and experimental testing of 

retroreflectors is presented. The results are compared to the theoretical predictions in Chapter 3. Both cornercube 

and spherical retroreflectors will be analysed. It is found that the performance of cornercube retroreflectors agrees 

well with the theoretical analysis, while spherical retroreflectors are challenging to implement due to material loss.  

The remaining chapters of this thesis will present experimental data gathered for real retroreflectors, modulators, 

and retromodulators. All of this experimental data is gathered using a THz time-domain spectroscopy (TDS) 

measurement system. While THz TDS is not suitable for data communication due to its pulsed operation, it is ideal 

for characterising system components as it is inherently broadband and coherent. This allows a single measurement 

system to gather amplitude and phase data for a wide range of THz frequencies. A brief description of the THz TDS 

system will be given here. For a more in-depth discussion, the literature contains many excellent descriptions of 

THz TDS systems [117]. While there are several THz TDS systems used in this work, all of them are comprised of 

three elements: the emitter, the beam focusing optics, and the detector. A brief synopsis of each element is given 

below. 

There are many different THz TDS emitter technologies including photoconductive switches [26], [118], optical 

rectification [119], and other novel effects [120]. Every system in this work uses a photoconductive switch as the 

THz emitter. These photoconductive switches are a piece of semiconductor with an external bias field placed across 

it. The biased semiconductor region is then illuminated by an ultrafast pulsed laser, typically with a pulse duration 

of approximately 100 fs. This rapidly generates charge carriers in the semiconductor, which are immediately 

accelerated by the bias field. Each of these accelerating charges radiates energy as a pulse. Therefore, the overall 

strength of the pulse is proportional to the charge carrier generation rate. An optical excitation pulse with a duration 

of 100 fs results in a radiated energy pulse with a bandwidth up to several THz. In practice, the bandwidth is limited 

by the bias field and the carrier mobility of the semiconductor selected as well as any absorption in the emitter, 
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beam focusing optics, or detector. This work uses semi-insulating GaAs as an emitter substrate due to its very high 

electron mobility and low THz absorption.  

There are two prominent THz detection methods used in THz TDS systems, both are used in this work. The first is 

electro-optic detection [113], [118], which is used in most of the following THz TDS experiments. Electro-optic 

detection has an ultrafast probe pulse and the THz pulse simultaneously pass through an electro-optic crystal with 

electric field induced birefringence. To simultaneously pass both pulses though the electro-optic crystal, a pellicle 

is used as a dichroic beamsplitter to merge the probe pulses with the THz pulses. The probe pulse must be much 

shorter than the THz pulse. In this case, the THz pulse amplitude will appear to be effectively constant while the 

probe pulse passes through the electro-optic crystal. The amplitude of the THz pulse induces birefringence in the 

electro-optic crystal and rotates the polarization of the probe beam. This polarization rotation is measured by 

splitting the two polarizations of the probe beam after the electro-optic crystal and sending them into opposite sides 

of a differential photodetector. The change in polarization, which is recorded, is linearly related to the strength of 

the THz field. The allows the THz TDS system to sample the THz field at a specific point in time if the THz and 

probe pulses are synchronized, which is the case when both the THz emitter and detector to be fed by the same 

pulsed laser. By adjusting the time delay between the THz pulse and the probe beam pulse, the THz pulse can be 

reproduced as a time-domain waveform containing both amplitude and phase information. The time delay between 

the THz and probe pulses is modified using a motorized stage to adjust the path length of one of the beams. The 

crystal employed in all electro-optic detection systems in this work is <110>-cut ZnTe, which transmits THz 

radiation well up to 2.8 THz, where absorption from a broad longitudinal acoustic phonon peak at 3.7 THz reduces 

the measured signal [121].  

The second detection method uses a photoconductive switch similar to the one in the emitter to carry out detection 

[117]. As opposed to the emitter, the photoconductive detector has no external bias field to the semiconductor 

substrate. Instead, the passing THz field acts as the bias field. Now, when an ultrafast probe pulse excites charge 

carriers in the semiconductor substrate of the detector, these charge carriers are accelerated by any THz electric 

field present, which generates a current of typically a few nanoamperes. This current is then detected using a low 
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noise transimpedance amplifier. In order to sample the THz electric field at a single point in time, the substrate must 

be a semiconductor material with a charge carrier lifetime that is much shorter than the THz pulse. In this case, the 

measured current is proportional to the passing THz electric field when the probe pulse arrives at the detector. 

Therefore, a time-domain waveform can be constructed by sampling over a range of time delays as was done for 

electro-optic detection. In the systems used in this work, low temperature grown GaAs is used as the detector 

substrate. 

The beam focusing optics used in THz TDS systems are either lenses or parabolic mirrors. Parabolic mirrors are a 

common method of collimating and focusing THz radiation due to the large material losses associated with 

refractive optics. Systems with large beam diameters and high numerical apertures would require thicker refracting 

optics, and THz TDS systems with a wide bandwidth would suffer from the dispersion seen in some materials. 

Reflective optics overcome these issues using metallic coatings such as gold, which have virtually perfect reflection 

over the entire THz spectrum and no material losses nor dispersion. There are still situations where refractive optics 

are used in THz TDS systems. Materials such as HRFZ Si or certain polymers have low enough material losses that 

they can be used in systems requiring optics with a maximum thickness of about 1 cm. Regardless of the type of 

optic used, THz TDS systems typically have at least two optics: one to collimate THz radiation from the emitter 

and one to focus the collimated THz beam onto the detector. In systems requiring a small investigation area, two 

additional optical elements are used to create a focal point.  

Several different THz TDS systems were used in this work. These systems varied in terms of beam diameter, 

bandwidth, the presence of a focal spot, and the ability to carry out reflection measurements. All of the systems are 

pictured in Figure 4.1. The first system used a photoconductive switch emitter and a photoconductive switch 

detector (Ekspla EMT-08 and DET-08). Both the emitter and detector were equipped with hyper-hemispherical 

lenses made of high resistivity Si to reduce the divergence of the THz beam. Both the emitter and detector were 

pumped by a 780-nm pulsed laser (Toptica Photonics, FFS.SYS-2B), with a 100-fs pulse duration and 90-MHz 

repetition rate. This pulsed laser beam is split into two arms, one of which is delayed using a motorized delay line 

and incident on the THz emitter with an average power of 25 mW, while the other is incident on the THz detector 
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with an average power of 10 mW. This produced THz radiation spanning 0.2 to 1.5 THz in a quasi-collimated beam 

between the emitter and detector. The beam diameter for this system was about 1 cm, limited by the diameter of the 

hyper-hemispherical lenses. The first system can be seen in Figure 4.1a. The second system used a photoconductive 

switch emitter and electro-optic detector with two parabolic mirrors. The mirrors created a collimated THz beam, 

which was approximately 2 cm in diameter, that traveled from the emitter to the detector. Both the emitter and 

detector were pumped by a femtosecond pulsed laser (Spectra Physics Mai Tai HP) at a wavelength of 780 nm, a 

pulse duration of 100 fs, and a repetition rate of 80 MHz. This produced THz radiation spanning 0.3 THz to 3 THz. 

In this system, and all of the following systems, the pulsed laser beam is split into two arms, one of which is delayed 

using a motorized delay line and incident on the THz emitter with an average power of 750 mW, while the other is 

incident on the THz detector with an average power of 1 mW. The second system can be seen in Figure 4.1b. The 

third system also made use of a photoconductive switch emitter and an electro-optic detector, though with four 

parabolic mirrors instead of two. The first parabolic mirror collimated the radiation from the THz emitter into a 5 

cm diameter beam. The second and third mirrors focused and recollimated the THz beam with a minimum spot 

diameter of 1.5 mm at the focus, measured by passing a razor blade through the focus and observing the full-width 

at half-maximum of the beam as it is blocked. The fourth parabolic mirror focused the THz beam into the detector. 

This system was also pumped by a femtosecond pulsed laser (Spectra Physics Mai Tai HP) at a wavelength of 780 

nm, a pulse duration of 100 fs, and a repetition rate of 80 MHz. This produced THz radiation spanning 0.3 THz to 

3 THz. The third system can be seen in Figure 4.1c. The first three systems were only capable of making 

transmission measurements, though for various sized samples depending on beam diameter. The fourth system uses 

a photoconductive switch emitter and electro-optic detector arranged to measure the reflection off a sample. 

Measurement system two was modified into a Michelson interferometer to be able to measure retroreflection 

specifically. Two parabolic mirrors are used, one to collimate THz radiation from the emitter and one to focus THz 

radiation into the detector. The collimated beam coming from the emitter is split into two arms by a beamsplitter 

made of semi-insulating GaAs. The cornercube retroreflector was placed in one arm of the interferometer, while 

the other arm contained a flat mirror used for calibration. Since the interferometer was implemented for a pulsed 

measurement system, the signal from each arm could be measured separately so long as the path length of each arm 
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was sufficiently different. The reflected beam paths were then merged again by the beamsplitter and sent to the final 

parabolic mirror which focused the THz radiation into the detector. This system was also pumped by a femtosecond 

pulsed laser (Spectra Physics Mai Tai HP) at a wavelength of 780 nm, a pulse duration of 100 fs, and a repetition 

rate of 80 MHz. This produced THz radiation spanning 0.3 THz to 3 THz. The fourth system can be seen in Figure 

4.1d. 

   
(a)        (b) 

  
(c)        (d) 

Figure 4.1: Images of the various THz TDS systems used in this work are shown. System one is shown in (a), system two is shown in 

(b), system three is shown in (c), and system four is shown in (d). In all figures, the yellow beam is the pulsed THz beam and the red 

beams are the ultrafast NIR beams pumping the emitters and detectors. In (b)-(d), the green square is the THz emitter and the large 

orange disc is the pellicle beamsplitter.  
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Measurements from the three transmission systems were fed into a parameter extraction algorithm to obtain the 

refractive index, n(), and extinction coefficient, (), of any samples present in the collimated THz beam. To 

extract these parameters, two THz TDS measurements are taken, one with the sample and one without. These scans 

are Fourier transformed into complex spectra, containing amplitude and phase data, which must be fit to a model 

of propagation through the sample in order to extract material parameters. The model for the signal propagating 

through the sample is 
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Given the nature of this equation, it is impossible to write an explicit solution for the refractive index and extinction 

coefficient. There exist iterative algorithms to solve this problem [122]; however, in many circumstances, the 

internal reflections can be ignored. This is a good approximation when 02 ( )2( ) 1
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 , which is the case for 

materials with a small refractive index (since Fresnel reflection is small) or materials with appreciable signal loss 

due to extinction during propagation through the sample. In this case, transmission through the sample can be 

approximated using 

0 0( ) j( ( ) )

0 in out( ) ( ) ( ) ( )
k k n t

E E t t e e
         − − −

 .      (4.2) 

This produces explicit solutions for refractive index and extinction coefficient to be 
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where tin() and tout() are the field transmission coefficients for the wave passing into and out of the sample, 

respectively, and  is the sample thickness. Additionally, E() is the measured amplitude spectrum with the sample 

in place, E0() is the amplitude spectrum without the sample, and THz is the phase difference between the phase 

spectra with and without the sample in place. The measured phase difference only gives values between ±, so 

multiples of 2 need to be added to the measured phase to unwrap it if the phase rolls over. Additional detail on the 

effects of neglecting internal reflections is given in Appendix B. There is one significant limitation with this type 

of measurement, which is related to the extinction coefficient. The measurable extinction coefficient is bounded 

between maximum and minimum values, which are generally frequency dependent. The maximum extinction 

coefficient is related to the frequency spectrum dynamic range, DR(), of the TDS measurement system. The 

frequency spectrum dynamic range is defined as the signal strength of the background amplitude spectrum divided 

by the amplitude spectrum measured when the THz emitter is completely off (i.e., the noise floor) [123]. For the 

THz TDS systems used in this thesis, the maximum frequency spectrum dynamic range was typically between 100 

and 500, corresponding to 40 dB and 54 dB, respectively. The variance in maximum frequency spectrum dynamic 

range comes from proper THz TDS setup alignment and whether the sample holder is blocking some of the power. 

For all systems, the frequency spectrum dynamic range is frequency dependent and decreases with increasing 

frequency with the exception of frequencies below 300 GHz. An example of the frequency spectrum dynamic range 

of a THz TDS system is shown in Figure 4.2a. The maximum extinction coefficient for each frequency, which is 

defined as the measured extinction coefficient at each frequency when the THz beam is completely blocked, can be 

calculated using 
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and is shown in Figure 4.2b. 
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(a)         (b) 

Figure 4.2: The frequency spectrum dynamic range and maximum extinction coefficient of THz TDS system two are shown in (a) 

and (b), respectively. The maximum extinction coefficient shown in (b) assumes a 5 mm thick sample. 

The figure shows that for this specific THz TDS system, the frequency spectrum dynamic range is at least 30 dB 

between 300 GHz and 2.0 THz, with a maximum value near 45 dB at 500 GHz. This drops off quickly to the noise 

floor of the system around 3 THz. The corresponding maximum extinction coefficients that can be measured for a 

5 mm thick sample are seen in Figure 4.2b. The maximum extinction coefficient decreases approximately with 1/ 

as expected and can be scaled linearly by changing the sample thickness. The etalon effects seen in both figures are 

due to internal reflections within the THz emitter and electro-optic crystal in the detection setup. 

The minimum extinction coefficient that can be measured is related to the variance between measurement spectra. 

Ideally, taking several measurements of the same sample or background should produce identical results. This is 

not the case in practice, where seemingly identical measurements will produce slightly different magnitude spectra. 

When these amplitude spectra are divided, they will produce an amplitude spectrum ratio with an average magnitude 

that is slightly greater than or less than one and a non-negligible standard deviation, (). Interestingly, 

experimental measurements have found the magnitude of the standard deviation to be mostly independent of 

frequency providing the dynamic range is sufficiently large. Equation (4.4) can be modified to include the standard 

deviation in measured spectra to become 
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Now, when measuring a sample with very low extinction, the first term of the expression inside the natural logarithm 

in (4.6) approaches one. This allows the natural logarithm to be linearized providing a standard deviation in 

extinction coefficient 

in out( ) ( ) ( ) ( )
c

t t     


 ,    (4.7) 

so long as the standard deviation of the amplitude spectrum ratio is much less than one. It must be emphasized here 

there is no single value for the minimum measurable extinction coefficient, but a noise floor that must be overcome. 

It is possible to take many measurements in an attempt to reduce this noise floor, though in most cases it is simply 

easier to make a thicker sample. Equation (4.7) assumes that the noise floor of the measurement system is well 

below both the signal and background spectra. The typical measurement standard deviations in the THz TDS 

systems used in this thesis were at least 0.05. This is shown in Figure 4.3, for two background measurements. The 

extinction coefficient corresponds to a sample with a 5 mm thickness. 

  
(a)         (b) 

Figure 4.3: The amplitude spectrum ratio and extinction coefficient due to measurement standard deviation of THz TDS system two 

are shown in (a) and (b), respectively. The noise extinction coefficient in (b) assumes a 5 mm thick sample. 

The results clearly show a mean amplitude spectrum ratio of less than one and a fairly significant standard deviation 

on the amplitude ratio. This standard deviation of the amplitude ratio, which appears to be fairly constant over THz 

frequency, was measured to be 0.081 between 500 GHz and 2 THz. Above 2 THz, water vapour spectral absorption 

lines and decreasing dynamic range cause the amplitude spectrum ratio to become noisy. The measured standard 

deviation in amplitude spectrum ratio corresponds to an extinction coefficient standard deviation of 0.8×10-3 at 1 
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THz. Compare this to the extinction spectrum shown in Figure 4.3b. The average measured extinction was slightly 

negative due to the mean amplitude spectrum ratio being less than one, and a had a standard deviation of 0.5×10-3 

over a frequency range of 500 GHz to 2 THz. Remember that no sample was present in either of these measurements, 

so the extinction coefficient is entirely due to experimental error and noise.  

The various THz TDS systems mentioned in this section will be applied in the remainder of this thesis to measure 

the performance of THz retroreflectors, modulators, and retromodulators. Each experiment will reference which of 

the systems from Figure 4.1 was used to capture its respective measurements. For material characterizations, the 

validity of the measured results will be discussed based on the limitations imposed by the extinction coefficient of 

particular samples. It should be noted that THz TDS scans must be run well beyond the point where the entire signal 

has passed. This allows for effects that would be evident in a CW THz testing system, such as standing waves and 

scattered reflections, to also be measured by the THz TDS system.  

4.1 Cornercube Retroreflector 

In this section, a cornercube retroreflector is fabricated and its incident angle efficiency and retroreflection 

efficiency are experimentally validated. The cornercube retroreflector was fabricated by machining a cornercube 

into a 25 mm diameter rod of aluminum as a holder. The internal surfaces of the cornercube were made of gold 

coated silicon wafers to ensure maximum reflectivity and surface flatness. The internal surfaces were cut using a 

laser milling machine (Oxford Lasers A-355) and bonded to the inner surfaces of the holder. An image of the 

completed retroreflector was shown previously in Figure 3.2d. An analysis of the incident angle efficiency was 

carried out by mounting the cornercube retroreflector at a fixed incident azimuthal angle and varying the incident 

polar angle in THz TDS system four. A THz TDS waveform was measured for each incident polar angle and was 

Fourier transformed into an amplitude spectrum. The signal strength at each incident azimuthal angle was the 

average of this amplitude spectrum over a THz frequency range of 300 GHz to 1 THz. The retroreflected signal was 

fairly weak due to the beamsplitting process and small retroreflection area, which resulted in a measurement 

bandwidth well below the true system bandwidth. A few representative spectra are shown in Figure 4.4a for various 

incident angles. The averaged amplitude at each incident polar angle was squared to convert to intensity, then 
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normalized with respect to the estimated value at normal incidence. These data points are finally plotted in Figure 

4.4b along with the theoretical curve from Section 3.4.1. The error bars on each measured data point show the 

standard deviation of the measurements over the aforementioned frequency range. 

  
(a)        (b) 

Figure 4.4: Experimental results for the retroreflection performance of a cornercube retroreflector with triangular sides in the THz 

spectrum is shown. Three representative amplitude spectra of the normalized detected power are shown in (a) as a function of THz 

frequency. Experimental results for the incident angle efficiency, black squares, averaged between 300 GHz and 1 THz are shown in 

(b) along with the theoretical incident angle efficiency, solid line. The error bars correspond to the standard deviation over this 

frequency range. 

Normalized detected THz power spectra for a few representative incident polar angles are shown in Figure 4.4a. 

While the results show spectral absorption peaks due to water vapour, around 380 GHz, 560 GHz, 650 GHz, 750 

GHz, and 900 GHz, the results also show that the retroreflected signals along ( = -2°) and near ( = 13°) the optical 

axis are very similar, in contrast to the retroreflected signal far from ( = 28°) the optical axis. The incident angle 

efficiency results are shown in Figure 4.4b with experimental data shown as black squares and the theoretical curve 

from Section 3.4.1 shown as the black line. These results show good agreement between the results of the ray tracing 

analysis and the experimental data. This is interesting since the wavelengths of the THz frequencies used to measure 

the incident angle efficiency in this experiment were only about an order of magnitude smaller than the cornercube 

side length, yet the ray analysis still produced an accurate model of the behaviour of this device indicating that 

diffraction is not a major loss mechanism over the distances used in this experiment. The outlier at  = -7° is likely 

due to additional reflection off the holder. Clearly, the cornercube retroreflector is an efficient retroreflector near 

normal incidence, but its performance falters as the incident polar angle increases.  
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The retroreflection efficiency of the fabricated cornercube retroreflector was also investigated. Based on the holder 

diameter of 25 mm, the retroreflection area should be 1.35 cm2 after considering that not all of the cornercube 

retroreflects. To experimentally validate this, a signal was measured from the cornercube retroreflector at normal 

incidence and compared to the reflection of an apertured flat mirror. The retroreflected signal from the cornercube 

was found to be equivalent to a flat mirror with an aperture area of 0.87 cm2. While this equivalent area is somewhat 

lower than predicted, it is likely due to additional divergence introduced by the fact that the cornercube 

retroreflector's internal surfaces may not have been perfectly orthogonal or it may be due to diffraction off the edges 

of the internal surfaces. However, these results do confirm that only a portion of the cornercube retroreflector 

actually retroreflects the THz signal back to its source. The experimental retroreflection efficiency of the cornercube 

based on these measurements is re() = 0.177. 

4.2 Spherical Retroreflector 

In this section, the development of a spherical THz retroreflector is outlined. The first objective in developing a 

spherical THz retroreflector is to obtain a material with the correct refractive index. Since no pure material exists 

in the THz spectrum with a refractive index of 1.8, polymer composites are fabricated. The next objective is to 

ensure that the polymer composite has absorption in the THz spectrum. This will be accomplished by selecting the 

correct materials to use in the polymer composite. It is found that these materials are challenging to source, 

particularly the particles, making the fabrication of a spherical THz retroreflector impractical at this time.  

4.2.1 Polymer Composites with Variable Refractive Indices 

The first step to fabricating a spherical THz retroreflector using polymer composites is to ensure that these polymer 

composites can be made with the correct refractive index. This requires experimentation to fully understand the 

nuances of the effective medium theories used to predict the dielectric constant of composite materials given in 

Section 2.2.1.2. A series of experiments were carried out for polymer composites fabricated using PDMS as a host 

material and either Si or SiO2 as the particles and are also summarized in [124]. These materials were chosen as the 

host and particles for a number of practical reasons. The host material was chosen to be PDMS (Sylgard 184), 

despite its large extinction coefficient, because its fabrication involves mixing two liquid components. 
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Consequently, the desired particles could be mixed with the polymer base while it was still a liquid allowing for 

uniform dispersion of the particles within the host. Then, curing agent could be added to solidify the polymer 

composite. The PDMS in these experiments was mixed at a 20:1 base-to-curing-agent ratio, degassed in a vacuum 

chamber for 30 minutes, and finally cured at room temperature for 48 hours. Prior work has shown that this process 

yields the lowest absorption in PDMS [29]. After curing, each sample was mounted as a free-standing slab for 

measurement in THz TDS system one. Silicon and SiO2 were chosen as particles due to their commercial 

availability, assumed low absorption (though Si was later found to be highly absorbing), and their discrepancy in 

dielectric constant. The discrepancy in dielectric constant was particularly important as it was found that 

depolarization factor disproportionately affects composites with a large contrast between the host and particle 

dielectric constants. Nanoparticles and microparticles for both Si and SiO2 were purchased from US Research 

Nanomaterials and were used as particles. Scanning electron microscope (SEM) images of the nanoparticles and 

microparticles are shown in Figure 4.5.  

It can be seen from the SEM images in Figure 4.5 that some of the particles are roughly spherical, while others are 

highly irregular. The SiO2 and Si nanoparticles are roughly spherical due to their synthesis via thermal processes 

allowing their surface energy to be minimized. The SiO2 and Si microparticles are highly irregular due to their 

synthesis by mechanical disaggregation causing them to have broken into shards. The nanoparticles and 

microparticles shown in Figure 4.5 were used to fabricate composite samples with volumetric fractions of particles 

that spanned from zero up to the onset of agglomeration. Agglomeration was defined as the volumetric fraction 

above which the liquid mixture of PDMS and particles became a paste that could not be poured. This corresponded 

to volumetric fractions of 7%, 40%, 5%, and 30%, for SiO2 nanoparticles, SiO2 microparticles, Si nanoparticles, 

and Si microparticles, respectively. The onset of agglomeration at significantly lower volumetric fractions for 

nanoparticles is attributed to their high surface energy when compared to microparticles [125]. 
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 (a)        (b) 

  
(c)        (d) 

Figure 4.5:  Representative SEM images of the (a) SiO2 nanoparticles, (b) SiO2 microparticles, (c) Si nanoparticles, and (d) Si 

microparticles. Adapted from [124], with the permission of AIP Publishing. 

THz TDS system one was used to measure the refractive index and extinction coefficient of the PDMS composite 

samples. The results for a set of representative samples are plotted as a function of frequency in Figure 4.6. The 

results are shown for a representative nano-SiO2, micro-SiO2, nano-Si, and micro-Si composite with volumetric 

fractions of 6.4%, 25.9%, 4.8%, and 20.3%, respectively. The frequency range of 500 GHz to 1 THz was selected 

because it yields clear spectra for samples with all combinations of particle type, size, and volumetric fraction. The 

trends for both refractive index, Figure 4.6a, and extinction coefficient, Figure 4.6b, are primarily constant over the 
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displayed frequency range. The slight decrease in refractive index with increasing frequency for all samples in 

Figure 4.6a is attributed to the PDMS host [27], while the slight decrease in the extinction coefficient of the micro-

Si composite with increasing frequency in Figure 4.6b is attributed to free carrier absorption, which can be 

quantified via the Drude model. Note that the small particles sizes of both the microparticles and nanoparticles 

result in negligible scattering losses in these composites. 

  
        (a)         (b) 

Figure 4.6: Refraction and absorption characteristics of representative composites. The (a) refractive index and (b) extinction 

coefficient is shown for a nano-SiO2 composite with a volumetric fraction of V = 6.4% (short dashed red line), a micro-SiO2 composite 

with a volumetric fraction of V = 25.9% (long dashed black line), a nano-Si composite with a volumetric fraction of V = 4.8% (dotted 

red line), and a micro-Si composite with a volumetric fraction of V = 20.3% (solid black line). Adapted from [124], with the permission 

of AIP Publishing. 

The refraction and absorption characteristics for the composite samples are shown in Figure 4.7 as a function of 

volumetric fraction. Here, the displayed data points denote mean values across the frequency range of 500 GHz to 

1 THz, and the displayed error bars show the root mean squared error in the measurements arising from inaccuracies 

in sample thickness and homogeneity. Error bars are only shown for the micro-Si and micro-SiO2 composite data 

as the nano-Si and nano-SiO2 composite data had error bars that were smaller than the markers. Experimental results 

for the refractive index, n(), and extinction coefficient, (), are shown in Figure 4.7a and Figure 4.7b for the 

nano-SiO2 composites (as open red circles) and micro-SiO2 composites (as solid black circles), respectively. 

Experimental results for the refractive index, n(), and extinction coefficient, (), are shown in Figure 4.7c and 

Figure 4.7d for the nano-Si composites (as open red circles) and micro-Si composites (as solid black circles), 

respectively. Theoretical results from the Bruggeman model are displayed in all the figures for the nano-SiO2 and 

nano-Si composites (as solid red curves) and the micro-SiO2 and micro-Si composites (as dashed black curves). The 
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theoretical results were generated by solving (2.1) for the complex dielectric constant of the composite, 
c ( )  , and 

computing its corresponding refractive index, n(), and extinction coefficient, (). The refractive index and 

extinction coefficient of PDMS used in the Bruggeman model were taken from the literature to be 1.55 and 0.045, 

respectively [27]. The refractive indices of SiO2 and Si were taken from the literature to be 2.05, and 3.42, 

respectively [30]. Note that the refractive index of SiO2 varies with crystallinity between 1.97 and 2.05, though the 

results given below validate the use of the higher value. The literature also gives extinction coefficients for SiO2 

and Si to be 2.8×10-4 and 2×10-4, respectively [30]. However, these did not fit the experimental data so alternate 

values were used and the deviation from literature values will be discussed. All values for refractive index and 

extinction coefficient were taken to be independent of THz frequency over the measurement spectrum. The 

depolarization factor was used as a fitting parameter in all theoretical curves as discussed in Section 2.2.1.2. For the 

nanoparticle composites, the fitted depolarization factor was 1/3, which corroborates the spherical geometry of the 

nanoparticles seen in Figure 4.5a and Figure 4.5c. For the microparticle composites, the fitted depolarization factor 

was quite different at approximately 1/8. This corroborates the highly irregular geometry of the microparticles seen 

in Figure 4.5b and Figure 4.5d. The fitted depolarization factor was especially critical for the micro-Si composites 

due to the large difference in dielectric constant between the host and particles. These results show that the 

theoretical refractive index and extinction coefficient values for this much lower depolarization factor deviate 

significantly from theoretical values assuming spherical particles. An analysis was done using both a modified 

version of the Bruggeman model that incorporated elliptical particles and the Polder van Santen model. For both 

models, no ellipsoidal particle geometry was able to fit the experimental data for the micro-Si composites. Only by 

using the generalized Bruggeman model in (2.1) and allowing the depolarization factor to be a single, small value 

could the data be fit. This indicates that the highly irregular Si microparticles seen in Figure 4.6d cannot be 

approximated by ellipsoids. This was also true for the SiO2 microparticles; however, the small dielectric contrast 

between the particles and the host mean that the theoretical curves have only minimal dependence on particle 

geometry. Each data point corresponds to the average refractive index or extinction coefficient spectrum between 

500 GHz and 1 THz.  
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(a)       (b) 

      
(c)       (d) 

Figure 4.7: Refraction and absorption characteristics of composites comprised of SiO2 and Si (roughly spherical) nanoparticles and 

(highly irregular) microparticles within a PDMS host. The experimental and theoretical results are shown for the (a) refractive index 

of the nano-SiO2 and micro-SiO2 composites, (b) extinction coefficient of the nano-SiO2 and micro-SiO2 composites, (c) refractive 

index of the nano-Si and micro-Si composites, and (d) extinction coefficient of the nano-Si and micro-Si composites. The experimental 

results for the nano-SiO2 and nano-Si composites are denoted by open red circles; the experimental results for the micro-SiO2 and 

micro-Si composites are denoted by solid black circles. The theoretical results from the Bruggeman model for the nano-SiO2 and 

nano-Si composites are denoted by dotted red curves, for a depolarization factor of Nd = 1/3; the theoretical results from the 

Bruggeman model for the micro-SiO2 and micro-Si composites are denoted by dashed black curves, for a depolarization factor of Nd 

= 1/8. The displayed error bars correspond to the root mean squared error in the measurements arising from inaccuracies in sample 

thickness and homogeneity. Adapted from [124], with the permission of AIP Publishing.  

Figure 4.7a shows theoretical and experimental results for the refractive index of the nano-SiO2 and micro-SiO2 

composites. The experimental results show that increasing the content of SiO2 increases the refractive index of the 

composite material as expected. The maximum refractive indices achievable before agglomeration are 1.61 for SiO2 

nano-SiO2 composites and 1.75 for micro-SiO2 composites. The theoretical results of the generalized Bruggeman 

model were obtained using the literature values for the refractive index of PDMS and SiO2 and fit by varying the 

depolarization factor. A depolarization factor of 1/8 was used for the micro-SiO2 composites and a depolarization 

factor of 1/3 was used for the nano-SiO2 composites. With these depolarization factors, the theoretical fit shows 
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good agreement with the experimental results. These depolarization factors also agree with morphology of the 

particles seen in Figure 4.5. The results for the nano-SiO2 and micro-SiO2 composites show good agreement 

between the theory and experiment, with root mean squared errors of 0.008 and 0.016, respectively. Finally, the 

results suggest that depolarization is of little consequence in composites having a low dielectric contrast between 

the particles and host—as is the case for these SiO2 nanoparticles and microparticles in PDMS. 

Figure 4.7b shows theoretical and experimental results for the extinction coefficient of the nano-SiO2 and micro-

SiO2 composites. The depolarization factors used in the theoretical fit are the same as for the SiO2 refractive index, 

1/8 for micro-SiO2 composites and 1/3 for nano-SiO2 composites. Here the results become less intuitive. Increasing 

the volumetric fraction of particles results in an increase in extinction coefficient for nano-SiO2 composites, yet it 

also results in a decrease in extinction coefficient for micro-SiO2 composites. This indicates that the SiO2 

microparticles have a lower extinction coefficient than the PDMS, while the SiO2 nanoparticles have a higher 

extinction coefficient than PDMS. More interestingly, neither of the fitted extinction coefficients of 0.005 for 

microparticles and 0.07 for nanoparticles match the extinction coefficient of 2.8×10-4 given for quartz in the 

literature. Looking back at Table 2.3, the SiO2 microparticle extinction coefficient falls within the range of known 

values for fused silica. Therefore, it can be assumed that the SiO2 particles used in this work are not pure quartz, 

but rather fused silica. The nanoparticle extinction coefficient is much too high to be either quartz or fused silica. 

Interestingly though, others have noted that nanoparticles have anomalous extinction coefficients due to their 

especially high surface-to-volume ratio [126]. This dense manifold of surface states can exhibit absorption well 

beyond that of crystalline or amorphous bulk materials. With the correctly fitted values for extinction coefficient, 

the results for the nano-SiO2 and micro-SiO2 composites show decent agreement between the theory and 

experiment, with root mean squared errors of 0.002 and 0.005, respectively. 

Figure 4.7c shows theoretical and experimental results for the refractive index of the nano-Si and micro-Si 

composites. The experimental results show that increasing the content of Si increases the refractive index of the 

composite material as expected. The maximum refractive indices achievable before agglomeration are 1.65 for 

nano-Si composites and 2.2 for micro-Si composites. The refractive index of 2.2 for micro-Si composites is 
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particularly encouraging as it shows that composite materials can achieve predictable refractive indices around 1.8, 

which is required for spherical THz retroreflectors. As with the previous figures, the depolarization factors used in 

the theoretical fits are 1/8 for micro-Si composites and 1/3 for nano-Si composites. The fact that these depolarization 

factors are identical to the SiO2 depolarization factors is a satisfying finding seeing as the morphologies of the micro 

and nanoparticles are the same for both materials in Figure 4.5. However, unlike the micro-SiO2 and nano-SiO2 

composites, it is seen that the differing depolarization factors of the nanoparticles and microparticles yield a 

significant difference in the refractive index. Figure 4.7c shows the dotted red curve for the nano-Si composites is 

well below the dashed black curve for the micro-Si composites. This suggests that depolarization is a noteworthy 

consideration in composites having a high dielectric contrast between the particles and host—as is the case for these 

Si nanoparticles and microparticles in PDMS. Overall, the results for the nano-Si and micro-Si composites show 

good agreement between the theory and experiment, with root mean squared errors of 0.013 for the nano-Si 

composites and 0.017 for the micro-Si composites. 

Figure 4.7d shows theoretical and experimental results for the extinction coefficient of the nano-Si and micro-Si 

composites. The depolarization factors used in the theoretical fit are the same as for the Si refractive index, 1/8 for 

micro-Si composites and 1/3 for nano-Si composites. Like with the SiO2 composites, interpreting the extinction 

coefficient data for Si composites is nuanced. The extinction coefficients for both the nano-Si and micro-Si 

composites rise with increasing volumetric fraction of particles. This is counterintuitive since the extinction of Si is 

virtually zero in the literature and there is a large discrepancy between the fitted extinction coefficients for the nano-

Si and micro-Si composites. The extinction coefficient for the micro-Si composites is approximately 0.3, which is 

orders of magnitude larger than the 2×10-4 noted in the literature for intrinsic silicon. It will be shown in Section 

4.2.3 that the extinction present in the Si microparticles is due to significant Drude free carrier absorption. The 

measured extinction coefficient for the Si nanoparticles is somewhat lower than for Si microparticles at 0.1. The 

larger extinction coefficient in the case of the Si nanoparticles than what is expected from intrinsic Si is attributed 

to the especially high surface-to-volume ratio found in nanoparticles [126], which alters the extinction coefficient. 

Interestingly, the extinction coefficient measured for the Si nanoparticles is quite similar to the extinction coefficient 
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measured for the SiO2 nanoparticles, lending credence to the hypothesis that the elevated extinction in both cases 

is due to particle size effects. Unfortunately, the low volumetric fraction limitation of nano-Si composites makes it 

difficult to discern if Drude-like losses appear in the extinction coefficient spectrum, as this spectrum is dominated 

by the extinction of PDMS. Ultimately, the results for the nano-Si and micro-Si composites show good agreement 

between the theory and experiment, with root mean squared errors of 0.002 for the nano-Si composites and 0.007 

for the micro-Si composites. 

The results from this analysis are promising, but significant improvements to the composite materials are required 

before implementation as a spherical retroreflector. There are two promising findings. First, the refractive index 

modelling used in this set of experiments provides very good agreement with the experimental data, and the error 

in the refractive indices is small. This indicates that a composite material with a predictable refractive index could 

be fabricated using the method from these experiments. Second, refractive indices around 1.8, the ideal refractive 

indices for spherical retroreflectors in the THz spectrum, were demonstrated using micro-Si composites. This 

indicates that polymer composites are a potential material candidate for spherical THz retroreflectors. However, 

these experiments also uncovered one significant challenge, extinction coefficient. A spherical THz retroreflector 

requires an extinction coefficient on the order of 3×10-3 or less to prevent excessive material loss in the sphere. 

Disappointingly, the only material that comes close to meeting that criteria is the SiO2 microparticles, yet the micro-

SiO2 composites were limited to refractive indices below 1.75 due to agglomeration, and still had high extinction 

due to the PDMS. The large, unpredictable extinction coefficient of the nanoparticles show that any eventual 

composites should be fabricated using microparticles with low extinction. The next section will look at potential 

candidate host and particle materials for low-loss THz composites. 

4.2.2 Low-loss Host Materials 

The large measured extinction coefficients in the previous set of experiments can be primarily attributed to the high 

extinction coefficient of the PDMS host material. By replacing PDMS with a lower loss material, the overall loss 

of the composite can be reduced significantly. However, most low-loss polymers in the THz range are challenging 

materials to make into a liquid form so that they can be mixed with particles to form a composite. Strictly from an 
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extinction coefficient perspective, the two materials that hold the most promise to serve as a host in THz composites 

are HDPE and COC. Both materials have refractive indices near 1.5 and extinction coefficients below 3×10-3 for 

frequencies up to 1 THz. However, both materials are solid at room temperature so mixing them with particles is 

challenging. Nonetheless, two methods were explored in an attempt to mix these polymers with microparticles. The 

first method was to chemically dissolve the polymers using a solvent. Once dissolved, the polymers could be easily 

mixed with particles and the solvent could be left to evaporate out of the composite. The second method was to find 

polymer microparticles that could be dry mixed with the semiconductor or oxide microparticles creating a powder 

mixture. Then, using a hot press, the powder mixture could be fused into a solid sample. The following sections 

will discuss these two methods in detail. 

The first method, chemical dissolution, was tested for COC since it dissolves in some common non-polar solvents. 

In this case, toluene was used as the solvent. This method of dissolving COC in toluene has been used in the 

literature to create a liquid form of COC that could be spin coated in microfabrication applications [127]. A mixture 

of toluene and COC pellets was prepared and poured into several molds to produce pure COC samples for 

spectroscopy. The molds were heated to evaporate the toluene leaving behind only COC. This however proved 

challenging as the toluene was slow to evaporate and left voids in thicker samples due to the large amount of toluene 

required to dissolve the COC pellets. The most uniform samples were those poured onto a large flat surface creating 

samples that were around 1 mm thick. This low thickness introduces significant noise into any measured extinction 

coefficients. To obtain thicker samples, an injection molding machine was used to make discs that were 2-3 mm 

thick. Two samples were made and measured using THz TDS. The first was a thinner sample made from dissolved 

COC with a thickness of 1.5 mm and the second was a thicker sample fabricated using injection molding with a 

thickness of 2.2 mm. The spectroscopy results for both the thin samples, solid black lines, and thick samples, dashed 

red lines, are shown in Figure 4.8. The refractive indices are shown in Figure 4.8a and the extinction coefficients 

are shown in Figure 4.8b. 
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(a)       (b) 

Figure 4.8: The refractive index (a) and extinction coefficient (b) of thick and thin COC samples are shown. The thick sample was 

injection molded, and its data is shown as the red dashed lines. The thin sample was dissolved and poured, and its data is shown as 

solid black lines. 

The results confirm that COC does indeed have very low extinction and a similar refractive index to other polymers. 

The measured refractive index is around 1.52 for the injection molded sample and closer to 1.53 for the dissolved 

sample, which agrees with literature values [128]. The slightly lower refractive index seen for the injection molded 

sample may have been due to small gas voids trapped within the sample, which were commonly present when 

injection molding. These voids resulted both from air being mixed into the molten COC during injection and off-

gassing of the COC when heated. While noisy, the extinction spectra for both samples are very promising. The 

injection molded sample had a slightly lower extinction coefficient around 2×10-3, while the dissolved sample had 

an extinction coefficient of about 4×10-3. Both of these values fall around the target extinction coefficient for 

spherical retroreflectors of 3×10-3. Equation (4.7) indicates that thinner samples will have a higher extinction 

coefficient noise floor, which is seen in these results. Unfortunately, both fabrication methods do not lend 

themselves well to creating thick composite materials. Creating a thick piece of COC would be technically possible 

by pouring many layers of dissolved COC, although this method would be slow, and each additional layer may 

inject toluene solvent into the layers below. On the other hand, the injection molding machine had poor 

reproducibility and was extremely difficult to clean making it a poor candidate for fabricating small runs of polymer 

composites at varying refractive indices. Additionally, composite pellets would need to be prefabricated and fed 

into the injection molding machine, which does not solve the mixing challenge. 
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Before moving on from COC, two composite samples were fabricated using microparticles in dissolved COC. These 

samples were poured as thin sheets and measured using THz TDS to determine if the process is feasible for future 

application requiring thin layers. Since the dissolving and curing process is rather arduous, only one high volumetric 

fraction was fabricated for each of the Si and SiO2 microparticles used in the previous set of experiments. The 

micro-Si composite sample was 0.52 mm thick and had a volumetric fraction of 21%. The micro-SiO2 composite 

sample was 0.94 mm thick and had a volumetric fraction of 34%. The THz TDS results are shown in Figure 4.9 

with the refractive index in Figure 4.9a and the extinction coefficient in Figure 4.9b. The micro-Si composites are 

shown as black dashed line and the micro-SiO2 composites are shown as the solid red lines. 

  
(a)       (b) 

Figure 4.9: The refractive index (a) and extinction coefficient (b) of two COC composite materials are shown. The first sample was 

made using Si microparticles, shown as the dashed black line. The extinction coefficient of this sample was so high that it is not shown 

here. The second sample was made using SiO2 microparticles and its data is shown using the solid red lines. Both samples were 

dissolved in toluene and poured into thin sheets.  

The results show that thin composite materials with a tunable refractive index are indeed possible to fabricate using 

dissolved COC. The average refractive index of the composite fabricated using silicon microparticles was an 

impressive 2.0 around 1 THz. However, these silicon microparticles were the same ones used in the PDMS 

composite experiments and had very high extinction due to Drude losses. This high extinction degraded the SNR 

of the measurements introducing significant error in the refractive index. The average extinction coefficient between 

500 GHz and 1.5 THz was approximately 0.16, which is extremely high, and so it was not plotted in Figure 4.9b. 

The results for composites fabricated using SiO2 show somewhat more promising results. A much more constant 

refractive index of 1.73 was measured over a bandwidth of 500 GHz to 2.5 THz. However, the extinction coefficient 
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was much higher than anticipated at 1.2×10-2, which surpasses the extinction coefficient of both the COC measured 

in this section and the SiO2 microparticles measured in the previous section. Again, the thin sample introduces the 

possibility that this high extinction coefficient is simply due to measurement noise according to (4.7). In summary, 

an experimental demonstration of COC composite materials with tunable refractive indices was carried out. These 

composite sheets could have future applications in multilayer structures such as dielectric mirrors or filters.  

The second method, dry mixing, was tested for HDPE as it was reasonable to find HDPE microparticles. This 

method has been demonstrated to be effective by several other groups in the literature [19], [89]. Two different 

grades of HDPE were used. The first was an ultra-high molecular weight polyethylene (UHMWPE) powder with a 

particle diameter of approximately 45 m. The second was an HDPE wax with a particle diameter of approximately 

4 m. The two powders had fairly different thermal properties and so needed to be pressed at different temperatures 

and pressures. The HDPE wax was much softer and required pressing at 83°C under less than 10 MPa of pressure. 

It was found that pressing the HDPE wax for an extended period of time (>30 minutes) was required for the powder 

to fully fuse into a solid sample. The UHMWPE was much more mechanically robust and required pressing at 

155°C under 20 MPa of pressure. Again, it was found that pressing these samples for an extended period of time 

was necessary for the samples to fully fuse. The first test of both materials was to fabricate pure samples (i.e., no 

particles) to verify their low extinction when using this method. Figure 4.10 below shows THz TDS spectroscopy 

results using system two for both pure HDPE wax, red dashed line, and pure UHMWPE, solid black lines, samples. 

The refractive index for both samples is shown in Figure 4.10a and the extinction coefficient is shown in Figure 

4.10b.  
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(a)       (b) 

Figure 4.10: The refractive index (a) and extinction coefficient (b) of HDPE wax and UHMWPE are shown as a function of THz 

frequency. The HDPE wax data is shown as red dashed lines and the UHMWPE data is shown as solid black lines. 

The results confirm that both forms of polyethylene are viable host materials for low-loss THz composites. Both 

materials have a refractive index of 1.53, which is common for polymers and agrees with the literature [129]. The 

refractive index is also virtually constant over a THz frequency range of 500 GHz to 2.5 THz. The more critical 

parameter that qualifies these two polymers as viable THz spherical retroreflector candidates is their low extinction. 

The UHMWPE sample had an average extinction coefficient of 3.5×10-3, while the HDPE wax had an even lower 

extinction coefficient of 1.3×10-3. There is one other point about the measured data that is worth mentioning related 

to repeatability. While only one representative sample is shown in Figure 4.10 for each polymer, many samples 

were fabricated and tested. The extinction coefficient for all samples was within about ±50% of the measurements 

shown here, due to fabrication inconsistencies as well as experimental noise. Nonetheless, the measured extinction 

coefficients are still low enough to conclude that these polymers are suitable composite hosts. The refractive index 

for both polymers deviated by up to ±0.01. Many measurements of the same sample do not show this level of 

deviation, especially for the refractive index. The deviations between samples are likely due to the fabrication 

procedure itself, which will be discussed presently. It has also been well established that the refraction and extinction 

properties of many materials in the THz frequency spectrum change with microscopic material structure, i.e., 

crystallinity, which will be discussed in the next section. Regardless, pressed polyethylene powders are viable host 

materials for low-loss THz composites and their use will be explored further. 
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The hot-pressing procedure to fabricate the polymer samples used in this work had a significant effect on the 

measured extinction coefficient, especially for composite samples. To investigate the effects of hot-pressing 

procedure on extinction coefficient, micro-SiO2 composite samples were fabricated using the same SiO2 

microparticles used in the PDMS composites. Two sets of samples were made, one with UHMWPE as the host 

polymer and one with HDPE wax as the host polymer. Both sample sets were made for volumetric fractions up to 

25% and were modelled using the Bruggeman model with a depolarization factor of 1/8. To ensure that the 

fabrication process did not have an effect on refractive index, results for the refractive index for both sets of polymer 

composites are given in Figure 4.11. The refractive index is shown for HDPE wax composites in Figure 4.11a and 

UHMWPE composites Figure 4.11b. All data points were obtained by averaging the measured refractive index and 

extinction spectra between 500 GHz and 1.5 THz. 

  
(a)       (b) 

Figure 4.11: The refractive indices of composite materials comprised of SiO2 microparticles and HDPE wax (a) or UHMWPE (b) as 

the host are shown as a function of volumetric fraction. All composites were fabricated by hot pressing a dry mixture of host particles 

and microparticles. 

The refractive index results show that these composites behave as the Bruggeman model predicts. There were a few 

discrepancies in the parameters used to fit these data sets to the Bruggeman model, however. The first discrepancy 

is the refractive index of the polyethylene, which was 1.54 for the HDPE wax and 1.52 for the UHMWPE, which 

deviate from their previously measured value of 1.53. These minor deviations were common between background 

samples for not only the polyethylene powders, but also for PDMS. The other discrepancy is that the fitted refractive 

index for SiO2 in the UHMWPE results is 2.0, which is lower than the 2.04 measured previously with PDMS. This 

could be due to inaccuracies in the PDMS measurements or the fact that the UHMWPE host particles are much 
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larger than the SiO2 particles causing the SiO2 to cluster in roughly spherical groups. Setting the depolarization 

factor of the particles in the UHMWPE results to 1/3, which correspond to spherical particles, produces a fitted 

SiO2 refractive index of 2.04. Nonetheless, the measured refractive indices agree well with the Bruggeman model, 

especially for the HDPE wax samples. However, the measured extinction coefficients show a significant 

dependence on fabrication procedure. Several extinction coefficient spectra are shown in Figure 4.12 for HDPE 

wax composites of varying volumetric fractions. These samples were all pressed for the same time at the same 

temperature. 

 
Figure 4.12: The extinction coefficient for HDPE SiO2 composites is shown as a function of frequency for various volumetric fractions. 

The volumetric fractions are: 6.6% (orange line), 10.4% (red line), 14.9% (solid black line), and 19.9% (blue line). The sample with 

a volumetric fraction of 14.9%* was re-pressed and the extinction coefficient after re-pressing is shown as the dashed black line. 

There are several interesting insights into hot pressing polymer composites from this set of results. First, three of 

the four samples had virtually identical extinction coefficient spectra, which indicates that the extinction coefficient 

of the SiO2 microparticles is similar to that of the HDPE wax. The extinction coefficient was estimated to be around 

0.005 in the PDMS results, though the large extinction in PDMS made this result unreliable. Here, the extinction is 

clearly shown to be on the order of 0.001 depending on THz frequency. This is promising for the fabrication of 

low-loss composite materials in the THz spectrum for refractive indices below 1.65. Second, there is an obvious 

deviation in measured extinction spectrum for the sample with a volumetric fraction of 14.9%. The measured 

extinction coefficient for this sample was nearly an order of magnitude larger than the other samples. Since this 

sample does not have the highest volumetric fraction, it can be concluded that this unexpectedly high extinction 

spectrum is not due to the material properties of the particles. It was found that this sample was improperly pressed 
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during fabrication leaving air voids in the sample. This was evidenced by both obvious visual discrepancies between 

this sample and the others, as well as a lower measured refractive index. Air voids, which typically are concentrated 

near the centre of the sample, result in differing propagation times for various portions of the measurement TDS 

pulse. This discrepancy causes interference in the measured signal, which manifests as higher loss after parameter 

extraction. Consequently, this sample was re-pressed, and its results are shown as the black dashed line in Figure 

4.12. It can be clearly seen that re-pressing the sample reduced the extinction coefficient dramatically, though not 

low enough to conform with the other samples that were pressed correctly. In addition, the refractive index of the 

re-pressed sample increased giving it better agreement with predictions by the Bruggeman model. This indicates 

that the second pressing removed most of the air from the sample, though some manufacturing imperfections 

remain.  

There was also an attempt made to fabricate HDPE wax micro-SiO2 composites with very large volumetric fractions 

of SiO2 microparticles. These samples were pressed for an additional hour to ensure heat was transferred through 

the entire material. The extinction coefficient results for these composites are shown in Figure 4.13 along with the 

previous result with 19.9% volumetric fraction for comparison.  

 

Figure 4.13: The extinction coefficient for HDPE SiO2 composites is shown as a function of frequency for various volumetric fractions. 

The volumetric fractions are: 19.9% (blue line), 41.4% (solid black line), and 58.7% (red line). The sample with a volumetric fraction 

of 41.4% was re-pressed and the extinction coefficient after re-pressing is shown as the dashed black line. 
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The results for the extinction coefficient spectra of high volumetric fractions of SiO2 in HDPE wax are encouraging. 

The sample with 41.4% volumetric fraction, denoted by the solid black line, shows modest extinction that was again 

due to improper pressing. This was partially remedied by re-pressing the sample, denoted by the dashed black line, 

bringing the extinction down by about 25%. The sample with 58.7% volumetric fraction, denoted by the red line, 

shows similar extinction to the 19.9% volumetric fraction sample, denoted by the blue line, indicating that this 

sample was properly pressed. Disappointingly, both of the high volumetric fraction samples had significant error in 

their refractive indices. The measured refractive indices for the 41.4% sample after re-pressing and 58.7% sample 

were 1.68 and 1.64, respectively. However, the Bruggeman model expects these refractive indices to be 1.74 and 

1.83, respectively. While the source of this discrepancy was not fully explored, one possibility is that there is still 

air trapped in the sample between the SiO2 particles. For lower volumetric fractions, the HDPE host particles all 

make contact with each other and will deform to fill any air voids when pressed. However, for high volumetric 

fractions, there may be clusters of SiO2 particles that do not deform to fill voids under pressure. These clusters may 

be too large for the HDPE to deform into; thus, air voids remain in the sample despite the application of significant 

pressure during fabrication.  

Overall, these results show that dry mixing and hot-pressing polyethylene powder is a viable method of fabricating 

polymer composites for THz applications. Special care must be taken to ensure that samples are correctly pressed 

and heated to minimize extinction coefficient, and the maximum volumetric fraction is limited to approximately 

30% due to challenges pressing all the air out of the composite material. Micro-SiO2 composites with extinction 

coefficients below 0.003 were successfully demonstrated. Unfortunately, a refractive index of 1.8 is not practical 

using SiO2 microparticles due to the large required volumetric fraction, so an alternative particle must be sought. 

4.2.3 Low-loss Particle Materials 

To fabricate a spherical THz retroreflector, composite materials can be used so long as both the host and particle 

materials are low loss. The previous section indicated that polyethylene powders are a viable option for a host 

material, yet the SiO2 microparticles used did not have a high enough refractive index for the composite materials 

to achieve a refractive index of 1.8. Therefore, the next task is to identify candidate materials to serve as particles. 
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These particles should have a high refractive index, ideally greater than 3.0, and similarly low loss to what is seen 

in polyethylene. Based on extinction coefficients published in the literature, there are two prospective particles: 

HRFZ Si, and Al2O3 (alumina). The HRFZ Si is similar to the Si microparticles used in the PDMS experiments, but 

with negligible Drude losses. Unfortunately, this material cannot be purchased in microparticle form, so a small 

batch was custom milled for preliminary experiments. The other potential candidate material is alumina, which has 

a refractive index of 3.2 and an extinction coefficient of 3×10-3 [30]. Spherical alumina microparticles were 

purchased with an average particle size of 0.8 m from US Research Nanomaterials. Like with the SiO2 and Si 

microparticles, these alumina microparticles are small enough that scattering losses will be negligible. 

Similar to the host polymers, there are a few considerations to take into account when choosing particles for THz 

polymer composites. The first consideration that will be explored is particle crystallinity. The challenge so far when 

calculating material loss is the inability to accurately measure the particle extinction coefficients separately from 

the host polymer. This means that the values inserted into the Bruggeman model are typically from the literature. 

The issue with this method is that the literature tests large slabs of crystalline material [30], and not potentially 

polycrystalline or amorphous microparticles. The micro-SiO2 composite extinction results have already shown that 

the fitted values for microparticles can be an order of magnitude different than the crystalline material extinction 

and conform more so to polycrystalline or amorphous material properties. The alumina microparticles to be used 

shortly in HDPE micro-Al2O3 composites were fabricated using a high temperature melt process to produce the 

spherical microparticles in liquid phase before they cooled into solid microparticles. This rapid heating and cooling 

likely resulted in the crystal structure of the alumina being polycrystalline with different material properties than 

those measured for crystalline alumina. It has been well established that solids with a lower degree of crystallinity 

tend to have much higher extinction in the THz spectrum than their perfectly crystalline counterparts [25]. The 

power absorption coefficient for various amorphous solids was shown decades ago to be approximately calculable 

using 

( ) ( ) ( )n k 

   = ,      (4.8) 
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where k
is a scaling constant and  is equal to two for most materials including oxides (though slightly less for 

other materials such as polymers) [25]. This simple calculation assumes that defect states in the crystalline structure 

give rise to the approximately quadratic relationship between photon energy (ħ) and power absorption. This 

relationship has been observed in other, more recent THz characterizations of polycrystalline and amorphous 

materials [32], [130]. 

To investigate the crystallinity of the spherical alumina microparticles used in this work, several composite 

materials were fabricated using these alumina microparticles in HDPE wax as a host. The THz refraction and 

extinction characteristics of these composites were tested in THz TDS system three. The results are shown in Figure 

4.14. Each data point corresponds to the measured value at 1 THz. 

  
(a)       (b) 

Figure 4.14 Refractive index (a) and extinction coefficient (b) results are shown for HDPE micro-Al2O3 composites. Two sets of 

samples, thick and thin, were fabricated. The thick samples are denoted by the hollow squares and the thin samples are denoted by 

the solid squares. A theoretical fit using the Bruggeman model is shown as the dashed line. 

The figure shows results for two sets of data, which correspond to a set of thin samples (solid black squares) and a 

set of thick samples (hollow black squares). It is apparent from the results that the measured refractive index is 

entirely independent of the sample thickness, with both sets of samples agreeing well with the Bruggeman model 

for spherical particles, i.e., a depolarization factor of 1/3 (dashed line). The extinction coefficient for each set of 

data shows two distinct effects. First, the extinction coefficients of the thick samples are approximately double that 

of the thin samples indicating that the thick samples were improperly pressed. Their increased volume likely 

required longer pressing times to allow heat to penetrate into the sample. Interestingly, this has no effect on 
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refractive index, likely due to the fact that improper pressing results in scattering losses. Secondly, the extinction 

coefficient of the thinner samples, which are assumed to have been pressed correctly, is indicative of an extinction 

coefficient of 0.04, which is an order of magnitude larger than reported literature values for crystalline alumina 

[30]. 

To determine if this higher extinction coefficient is due to the alumina microparticles being polycrystalline, the 

measured extinction coefficients for three samples with volumetric fractions of 3.5%, 9.4%, and 22.4% are plotted 

in Figure 4.15. The measured extinction spectra were fitted with a Bruggeman model where the extinction 

coefficient of the alumina microparticles was assumed to follow (4.8) with  = 2 and n() = 3.16. The constant k

was taken to be a fitting parameter and the power absorption coefficient was converted to an extinction coefficient. 

The extinction coefficient for HDPE wax was taken from a blank sample with a volumetric fraction of 0%. All 

samples were between 2 mm and 3 mm thick. The results are shown for frequencies above 0.5 THz as the noise 

floor in the measured extinction coefficient becomes large below this frequency. 

 
Figure 4.15: The theoretical and experimental extinction coefficients for the thin HDPE micro-Al2O3 composites are plotted as a 

function of THz frequency. Experimental data for composites with volumetric fractions of 3.5%, blue circles, 9.4%, red triangles, 

and 22.4%, black squares, is shown. This experimental data is fit with Bruggeman curves for volumetric fractions of 3.5%, blue line, 

9.4%, red line, and 22.4%, black line. 

The fitted extinction coefficient spectra agree well with the measured extinction coefficient spectra for THz 

frequencies between 500 GHz and 2 THz indicating that the quadratic relationship between frequency and power 

absorption coefficient is valid for polycrystalline alumina. The fitted constant k
was approximately equal to 1×1046 

J-2m-1, which is an order of magnitude greater than what was found for SiO2 in [25]. Consider though that crystalline 
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SiO2 has an extinction coefficient that is about an order of magnitude lower than crystalline alumina [30], and this 

result is very reasonable. Other groups have also fabricated micro-Al2O3 composites and reported the power 

absorption coefficient. Headland et al. fabricated micro-Al2O3 composites using PDMS as a host [90]. They found 

that the extinction coefficient of their micro-Al2O3 composites was virtually independent of the volumetric fraction 

of alumina indicating that the alumina microparticles used in their work has a very similar extinction coefficient to 

PDMS. They measured an average extinction coefficient of 0.043 over a frequency range of 300 GHz to 1 THz for 

their composites, which had volumetric fractions up to 9%. This agrees well with the extinction coefficients 

measured in this work of 0.045 for PDMS and 0.04 for alumina at 1 THz. Consequently, it can be concluded that 

the alumina microparticles used in this work are polycrystalline, and therefore have higher extinction then their 

crystalline counterparts. 

Overall, the alumina composites could reach a refractive index of 1.8 with an extinction coefficient significantly 

lower than any seen in the PDMS composites. In particular, one of the thinner samples had a refractive index of 

about 1.8 and an extinction coefficient of 7×10-3. While the extinction is somewhat larger than originally hoped, it 

is only about a factor of two greater and shows promise to fabricate THz spherical retroreflectors at lower 

frequencies. 

The second consideration when choosing particles is free carrier density. As was seen in the PDMS micro-Si 

composite results, the free carrier density of the microparticles was catastrophic for extinction. To verify that these 

losses follow the Drude model, an HDPE wax composite sample was made with a very low concentration of the 

low resistivity silicon used in the PDMS composite experiments. The measured extinction coefficient of this 

composite was fitted using the Bruggeman model with experimental data for the HDPE wax dielectric constant and 

the Drude model for the particle dielectric constant. Figure 4.16 shows the extinction spectrum of a representative 

sample with 0.96% volumetric fraction of low resistivity silicon. The red squares are the experimentally measured 

extinction coefficient, while the black line is the theoretical fit using the Bruggeman model. 
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Figure 4.16: The extinction coefficient spectrum of a composite sample made of HDPE wax and low resistivity silicon microparticles 

is shown. Experimental data is shown as the red squares and theoretical data generated using the Bruggeman model, with other 

experimental data for the HDPE dielectric constant and the Drude model for the silicon microparticle dielectric constant, is shown 

as the black line.  

There are a few interesting conclusions from this analysis. First, the theoretical Bruggeman curve fits the 

experiments data very well for a depolarization factor of 1/6, indicating that the losses can be definitively attributed 

to free carrier absorption. This depolarization factor in this fit was somewhat lower than for the PDMS composites, 

though this could be explained by the fact that dry mixing the particles leaves the possibility of the multiple silicon 

particles clustering into a slightly more spherical particle. The depolarization factor still varies significantly from 

the case of spherical particles. The second interesting conclusion from these results is the fact that both the theory 

and the experimental data show that composite extinction coefficient is effectively zero at low THz frequencies, 

rises rapidly until about 500 GHz, plateaus around 750 GHz, and slowly decreases for higher frequencies. This is 

counterintuitive since, as will be seen in Section 5.3, a pure material exhibiting free carrier absorption should have 

infinite extinction at low frequencies and extinction should decrease approximately with 1/. Simply summing the 

extinction introduced by free carrier absorption in the silicon microparticles with the extinction of the HDPE wax 

should produce a concave curve with THz frequency. However, combining the dielectric constants of the host and 

particles using the Bruggeman model produces the opposite effect, a convex curve that peaks around 750 GHz. This 

is due to the fact that the imaginary component in the solution to the Bruggeman model becomes zero if the dielectric 

constant of one of the materials dominates over the other. Finally, several other samples were fabricated using 

HDPE wax and low resistivity silicon. These samples were fabricated with higher volumetric fractions (>4%), thus 

their losses were proportionally higher making them difficult to fit to the Drude model as their measurements were 
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only valid below 1 THz. However, they all showed the same rapid increase in extinction coefficient with frequency 

below 500 GHz followed by a leveling off the extinction coefficient around 750 GHz. The Drude fit in Figure 4.16 

showed that the low resistivity silicon microparticles were n-type with an electron density of 4×1017 cm-3 and a 

carrier mobility of 1100 cm2/Vs. These results clearly show the detrimental effects of free carrier absorption in the 

particles. The sample shown in Figure 4.16 had a volumetric fraction of particles that was less than 1%, yet 

extinction was still dominated by the particles for frequencies below 1.5 THz. For useful volumetric fractions (i.e., 

V > 15%), the losses from these particles is catastrophic due to free carrier absorption for thick samples. 

To remedy this, HRFZ Si can be used as the particles due to its low free carrier density. Unfortunately, these 

microparticles cannot be purchased as they are expensive to produce and find little use in other industries. Therefore, 

several thick wafers of HRFZ Si were purchased and ground into microparticles. The microparticle fabrication was 

done in two steps. First, the HRFZ Si wafers were crushed using a mortar and pestle to produce particles that varied 

in size between 50 m and 2 mm. Since these particles are still an order of magnitude larger than what is required 

for composites, the particles were further broken up using a high energy planetary ball mill. The powdered HRFZ 

Si was cooled using liquid nitrogen to make the particles more brittle before ball milling. The resulting 

microparticles after ball milling were filtered using a 45 m stainless steel mesh filter to remove any large particles 

that may not have been ground sufficiently. The particle size distributions after grinding, milling, and filtering are 

shown in Figure 4.17a, and an SEM image of the particles after grinding and filtering is shown in Figure 4.17b. 

Approximately 6 grams of milled, filtered HRFZ Si was fabricated.  
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(a)       (b) 

Figure 4.17: Particle size distributions of the ground, milled, and filtered HRFZ Si particles are shown in (a). The solid line 

corresponds to the particle size distribution after grinding, the dashed line corresponds to the particle size distribution after milling, 

and the dotted line corresponds to the particle size distribution after filtering the milled particles. The vertical axis corresponds to 

the volumetric occurrence of particles at a particular size. An SEM image of the particles after grinding and filtering is shown in (b).  

Clearly, simply grinding the particles produces an average particle size of 100 m, which is far too large to be used 

in THz composite materials. Grinding the particles in the planetary ball mill produced a significant volume of 

particles that were around 10 m, though a few larger particles remained. Note that a number of particles that 

remained above 1 mm after grinding were manually removed before milling. After filtering, only particles small 

enough to fit through the 45 m mesh remained giving an average final particle size of 9.43 m with 90% of the 

particles falling below 26 m. 

These particles were used to fabricate a few micro-HRFZ Si composite samples, using UHMWPE as a host, with 

varying volumetric fractions. The refractive index and extinction coefficient results are shown in Figure 4.18. 

Scanning electron microscope images of the samples are shown in Figure 4.17b. These images were taken to see 

whether the HRFZ Si microparticles were roughly spherical, like the alumina microparticles, or highly irregular, 

like the Si and SiO2 microparticles. Each data point corresponds to the average refractive index or extinction 

coefficient spectrum between 500 GHz and 1 THz. 
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(a)       (b) 

Figure 4.18: The refractive index (a) and extinction coefficient (b) for composites made using UHMWPE and HRFZ Si are shown as 

a function of volumetric fraction. The black squares correspond to the experimental data, while the black line corresponds to the 

Bruggeman model fit. The hollow black square in (b) corresponds to the extinction coefficient of one of the samples after re-pressing. 

The results for refractive index show almost perfect agreement with the Bruggeman model with a depolarization 

factor of 0.286 or 1/3.5. This indicates that the HRFZ Si particles are roughly spherical, though with some 

irregularities. This corroborates the particles seen in Figure 4.17b, which show the HRFZ Si particles as roughly 

spherical. The fitted refractive index for UHMWPE was somewhat lower than in previous composites at 1.5, though 

this could be a result of a small amount of air remaining trapped in the samples. A refractive index of 1.77 is 

observed for a volumetric fraction of 16.7%, again confirming the silicon is a good choice of particle from a 

refractive index standpoint. The extinction coefficient results are somewhat less encouraging. The black squares are 

the experimentally measured extinction coefficient from the original pressing of the composite samples. These 

results show significant extinction in the composite samples with an estimated extinction coefficient for the HRFZ 

Si microparticles of approximately 0.1. This was largely due to improper pressing, as evidenced by the significantly 

lower extinction for the sample with a volumetric fraction of 12.1%, so two samples were re-pressed. The result for 

the sample with a volumetric fraction of 8.1% is shown as the hollow square in Figure 4.18b. Unfortunately, the 

sample with a volumetric fraction of 4.1% was damaged during re-pressing and the sample with a volumetric 

fraction of 16.7% was destroyed to investigate its internal structure by SEM, though this analysis did not yield any 

useful insights. Clearly the extinction coefficient goes down after re-pressing, though it remains significantly higher 

than the UHMWPE host and even somewhat higher than the alumina particles. It is unclear whether this high 

extinction is entirely due to the manufacturing process, since re-pressing other samples did not entirely eliminate 
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the excess extinction from poor fabrication, or whether the Si microparticles themselves had a higher extinction 

coefficient than expected. It is entirely possible that the Si microparticles have an increased extinction coefficient 

due to their fabrication. The high energy ball milling process may have modified the crystal structure of the 

crystalline Si wafer to be somewhat polycrystalline, since the ball milling process generated a significant amount 

of heat, which would allow grain fractures to occur without the entire microparticle breaking apart. An alternative 

possibility is the presence of impurities from the milling and filtering process. These could be alumina 

microparticles from the milling balls and cup, or silicon dioxide from the stone mortar and pestle. However, the 

number of uncontrolled variables in the fabrication of the Si microparticles indicate that more experimentation is 

unlikely to yield more conclusive results. Therefore, micro-HRFZ Si composites made from milled HRFZ Si 

microparticles are poorly suited to fabricate spherical THz retroreflectors. 

In summary, fabricating spherical retroreflectors for THz applications is challenging due to material loss. An 

appropriate refractive index can be easily obtained by making composite materials with high refractive index 

particles. Unfortunately, all the particles investigated in this work had unacceptably high extinction. This means 

that any spherical retroreflector fabricated using these composite materials would absorb most of the retromodulated 

signal, reducing retroreflection efficiency to an unusable level. If composites with lower loss particles could be 

demonstrated in for THz spectrum, it may still be possible to implement a spherical THz retroreflector at that point. 
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: Terahertz Modulators 

The previous chapter designed and characterised THz retroreflectors. The other half of a THz retromodulator, the 

modulator, will be designed and characterised in this chapter. The characterisations are compared to the theoretical 

predictions in Chapter 3. This chapter will deal exclusively with optical modulators comprised of a long-lifetime 

semiconductor as these are the simplest to fabricate and produce deep, broadband modulation. It is found that these 

modulators are capable of nearly 100% modulation efficiency, though at low modulation rates.  

5.1 Optical Modulator Measurement Configurations 

The optical modulator investigated in this thesis is an intrinsic germanium wafer. Intrinsic germanium was selected 

as an optical modulator for the THz spectrum primarily due to its long charge carrier lifetime, which allows for high 

modulation efficiencies. However, as will be shown later, this comes at the expense of modulation rates. Analysis 

of the intrinsic germanium modulator was divided into four parts. First, the charge carrier dynamics of the 

germanium modulator were modelled using the Drude model, extended to include both the charge carrier generation 

and THz detection mechanics. Second, the intrinsic germanium modulator was measured in a THz TDS system and 

the results were compared to the models to extract various material parameters such as charge carrier density and 

charge carrier scattering time. Third the charge carrier lifetime of the germanium modulator was measured, then 

reduced by modifying the modulator's surface characteristics to obtain higher modulation rates. Over an order of 

magnitude increase in modulation rate is observed, though at the cost of modulation efficiency. Finally, the 

experimental results for the modulation efficiency and insertion efficiency of the unmodified modulator are 

compared to the modulation efficiency and insertion efficiency expressions from the link budget analysis in Chapter 

3.  

Much of the analysis in this section is based off a modified version of THz TDS system three, described in Chapter 

4. The primary modification is the introduction of a CW NIR pump laser whose beam is coincident with the focus 

between the second and third parabolic mirrors of THz TDS system three. The CW NIR pump beam photo-generates 

charge carriers in the germanium modulator, which is placed at the focus of the parabolic mirrors. Now the THz 
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radiation passing through the germanium sample, which will be referred to as the probe beam, is subject to the 

photo-induced charge carriers. The THz probe beam simulates the active downlink signal being modulated and has 

a larger beam diameter than the THz beam so that uniform illumination of the modulator can be assumed. Figure 

5.1 shows a diagram of the modified experimental setup. The intrinsically doped germanium modulator has an 

orientation of (111), a thickness of  = 325 m, and a resistivity of 50 ·cm (corresponding to an intrinsic carrier 

density of 2×1013 cm-3 for both electrons and holes). Placing the germanium modulator in the focused beam allows 

measurements to be made with a greater SNR, though it should be noted that the focal depth of THz TDS system 

three is long enough that the THz modulator is effectively in a collimated beam. The CW NIR pump laser (Newport, 

LQD980-220E) outputs a maximum power of 220 mW at 980 nm at a maximum modulation frequency of 100 

MHz, shown as the purple beam in Figure 5.1.  

 

Figure 5.1: A schematic of the experimental setup is shown. The THz emitter and detector, the CW NIR pump laser, and the sample 

are denoted. The red beam incident on the THz emitter and detector is a 100 fs, 780 nm pulsed beam, the yellow beam is the 

broadband THz pulse, and the purple beam is the 980 nm CW NIR pump beam. In the first configuration, which is for ultrafast 

measurements, the yellow THz beam is directly modulated at an angular frequency of pr, while the purple CW NIR pump beam is 

unmodulated, i.e., pp = 0. In the second configuration, which is for quasi-static measurements, the purple CW NIR pump beam is 

directly modulated at an angular frequency of pp, while the yellow THz beam is unmodulated by the emitter, i.e., pr = 0, but is 

externally modulated by effects induced in the germanium sample by the CW NIR pump beam. Figure reproduced with permission 

from [50] © 2021 IEEE. 

The detected signal can be modelled by allowing the THz probe beam to propagate through the experimental setup 

including propagation through the modulator. Much of this modelling was done in Section 3.4.4, so this analysis 

will begin with the equation for transmission through a THz modulator (3.7). In the experimental setup, the 
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amplitude of the THz probe beam can be modulated by the THz emitter at an angular frequency of pr, i.e., the 

yellow beam in the figure is directly modulated by the green THz emitter, giving the transmitted electric field 

amplitude to be 
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The amplitude of the THz probe beam is not the only quantity that is modulated. As will be discussed later, the 

secondary probe beam perturbs the modulator refractive index and extinction coefficient through the electrical 

susceptibility of the modulator described by the Drude model. For now, the refractive index and extinction 

coefficient in (5.1) can be written as the sum of the intrinsic and perturbed values giving  
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This equation describes the electric field of THz probe beam as it arrives at the electro-optic detector. Converting 

the electric field in the ZnTe crystal to a voltage measurement from the differential detector produces   
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where V0 is a combination of the electric field amplitude and the detector gain/conversion constants, and d is the 

time delay between the probe pulse and the THz pulse. Finally, the homodyne detector mixes the detected voltage 

signal with a local oscillator at ref and applies a lowpass filter to the output. After mixing and lowpass filtering, 

the detected voltage signal will be 
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where Tp is the period of the reference sinusoid. All the analysis done in this thesis will be done in the frequency 
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domain with respect to the THz signal. Therefore, the Fourier transform of (5.4) must be taken with respect to r. 

Doing so gives the THz spectrum for each time-domain scan to be 
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The THz TDS measurement system operates in one of two configurations depending on what is being measured. 

The first configuration is used to measure the ultrafast (femtosecond) material parameters of the germanium 

modulator, while the second configuration measures the quasi-static (microsecond) charge carrier lifetime of the 

germanium modulator, which is related to its modulation rate. In the first configuration, which is for ultrafast 

measurements, the THz probe beam is modulated directly by modulating the THz emitter at an angular frequency 

of pr and the CW NIR pump beam unmodulated with pp = 0. In this configuration, the frequency selective 

homodyne detection system measures at the angular frequency of the THz probe beam. This effectively gives a THz 

TDS measurement of the modulator at various modulation efficiency based on the intensity of the CW NIR beam. 

Two measurements are required to determine ultrafast material properties of the modulator, one with and one 

without the CW NIR pump beam incident on the modulator.  

In the second configuration, which is for quasi-static charge carrier lifetime measurements, the THz probe beam is 

unmodulated with pr = 0 and the CW NIR pump beam modulated at an angular frequency of pp, i.e., the purple 

beam in the figure is directly modulated and the yellow beam is indirectly modulated by the purple beam after the 

modulator. In this configuration, the frequency selective homodyne detection system measures at the angular 

frequency of the CW NIR pump beam. This effectively measures the modulation in THz signal induced by the CW 

NIR pump beam. The modulation efficiency is dependent on the angular frequency of the CW NIR pump beam and 

decreases with increasing frequency. Table 5.1 summarizes the corresponding frequencies and measured parameters 

used for each configuration. The ultrafast measurements include electron scatter time, s,e, hole scatter time, s,h, 

and charge carrier density, N. The quasi-static measurements are used to determine charge carrier lifetime, r, and 

surface recombination velocity, S. It should be noted that the homodyne detection described here requires that the 
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repetition rate of the ultrafast pulsed laser be much faster than the reference frequency to simplify the separation of 

these two effects by filtering during detection. Otherwise, narrow-band filtering is required to separate effects from 

the ultrafast pulsed laser and the reference frequency when both are on the same order of magnitude. While this 

experimental setup is used in this thesis to measure the properties of a germanium modulator, it can also be used to 

measure other semiconductor materials with ultrafast scatter times and quasi-static charge carrier recombination 

times, such as intrinsic silicon. 

Table 5.1: Frequencies and measured quantities for each measurement configuration 

 
Ultrafast 

configuration 

Quasi-static 

configuration 

CW NIR pump 

frequency, pp/(2) 
DC 500 Hz – 500 kHz 

THz probe frequency, 

pr/(2) 
40 kHz DC 

Reference frequency, 

ref/(2) 
40 kHz 500 Hz – 500 kHz 

Measurements s,e, s,h, N r, S 

 

It must be emphasized here that this measurement system only measures relaxed charge carriers due to the 

continuous nature of the CW NIR pump beam. As a result, the ultrafast scatter times measured in the first 

configuration are for electrons at the bottom of the L valley and holes at the top of the heavy and light hole bands 

in the valence band. Although the CW NIR pump beam excites charge carriers with excess kinetic energy, these 

carriers relax within a few picoseconds [131] and remain in their relaxed state until recombination occurs several 

hundred microseconds later. Consequently, the density of hot carriers is negligible compared to density of relaxed 

carriers, and the results in this work reflect the dynamics of relaxed charge carriers.  

5.2 Charge Carrier Dynamics Modelling in Germanium 

Each model for detected THz signal in (5.5) for each configuration will now be evaluated. The first step is to model 

the charge carrier density in the modulator generated by the CW NIR pump beam. These charge carriers 

subsequently affect the phase and absorption of the THz electric field co-incident on the modulator regardless of 

configuration. The charge carrier density is defined by  
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This equation states that the rate of change in the charge carrier density in the modulator is the rate at which carriers 

are optically excited minus the rate at which charge carriers recombine. In the optical excitation term, Gop is the 

optical generation rate in electron-hole pairs per unit time,  is the thickness of the germanium modulator, which is 

assumed to be much less than the diffusion length of the charge carriers, and A is the effective (diffusion broadened) 

spot size of the charge carrier distribution. This spot size is assumed to be independent of the charge carrier density 

for simplicity, although others have done similar analyses including diffusion since they were interested in the 

spatial distribution of charge carriers [132]. This is a valid assumption since the spot size will be larger than the 

THz beam diameter. The optical excitation term is multiplied by an infinite series describing a square wave with 

angular frequency pp and a mean value of one. The integer i is the index of the sum. In the first measurement 

configuration the pump beam is unmodulated, pp = 0, which has the sine term in the infinite series go to zero giving 

a constant optical excitation of 
op /G A . In the second measurement configuration the pump beam is modulated, 

pp > 0, which has the infinite series form a square wave with an amplitude of two and a frequency of pp. The 

charge carrier recombination term contains the current charge carrier density and the charge carrier lifetime, r. The 

steady state solution to the previous equation gives a charge carrier density of 
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where i =  – arctan(1/(ppr(2i–1)) is the phase between the photo-generation and ensuing charge carrier density. 

The time varying charge carrier density shown in (5.7) induces a time varying electric susceptibility in the 

modulator. One very insightful conclusion can be drawn from the presence of the charge carrier lifetime as a 

multiplicative constant in (5.7). The charge carrier lifetime will directly affect the magnitude of the charge carrier 

density with shorter charge carrier lifetimes resulting in smaller charge carrier densities, which in turn result in 

lower modulation efficiencies. This is unfortunate since modulation rate is directly proportional to charge carrier 



99 

lifetime. Consequently, faster modulators will have lower modulation efficiencies. As shown in Section 3.4.4, time 

varying charge carrier density maps itself onto the time varying susceptibility, which finally manifests as a time 

varying change in refractive index, n(,t), and extinction coefficient, (,t), in the modulator. The next step is 

to model the detected signal for each configuration. 

Configuration one, which is for ultrafast measurements, has the charge carrier density in the germanium modulator 

be constant during measurements. This removes any time dependence from the change in refractive index and the 

change in extinction coefficient. Additionally, setting ref = pr simplifies the measurement spectrum to  
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The challenge in solving this equation lies in the fact that V0(), which is the spectral power at each THz frequency 

coming from the emitter, is unknown. However, taking two measurements and dividing the output spectra results 

in V0() cancelling out. Therefore, two measurements must be taken: one with the pump beam off (() = n() = 

0) and one with the pump beam on (() ≠ 0 and n() ≠ 0). Dividing (5.8) with the beam on by (5.8) with the 

beam off gives the measured spectrum for configuration one, V1(), to be 
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The measured spectrum for V1() is used to extract the changes in refractive index, n(), and extinction 

coefficient, (), and these results are fit to the Drude model via (2.2), (2.3), (2.4), and (5.7). The fitting yields 

values for the volume of the charge carrier distribution, A, charge carrier lifetime, r, and scatter times of electrons 

and holes, s,e and s,h, with corresponding mobilities of electrons and holes being e = qs,e/me
* and h = qs,h/mh

*, 

respectively. 
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Configuration two, which is for quasi-static measurements, has the charge carrier density in the germanium 

modulator be modulated with a square wave during measurements and the amplitude of the incident THz electric 

field be constant over time. The reference frequency in this configuration is set to ref = pp. This simplifies (5.5), 

giving the measured spectrum for configuration two, V2(), to be 
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The challenge now is that the change in refractive index and extinction coefficient in the exponential terms are 

modulated with a square wave. This is a non-linear process, compounded by the internal reflections. While it is 

possible to solve this equation numerically, a simpler analytical solution may still provide useful insight. Of 

particular interest is finding the THz spectrum amplitude's dependence on pump frequency, pp, as this should show 

the charge carrier lifetime, r. To obtain a simple expression for this, the following assumption are made: 

1. Ignore all internal reflections. This was verified to only introduce a scalar amplitude error and no error to 

the pump frequency dependence. 

2. Assume that 
e ( , )t   and 

h ( , )t  are much less than 2( )n  . This allows (2.3) to be linearized using the 

Taylor series. 

3. Assume that the square wave modulation can be approximated by its first term. The process of mixing with 

the reference frequency and applying the lowpass filter will remove most of the higher order terms 

regardless. 

4. Assume that k0(t) is much less than one. This allows the linearization of one of the exponential terms 

in (5.10) using the Taylor series. This assumption is valid to a first order approximation for all pump 

fluences used in this work, though it breaks down for higher pump fluences. 

5. Assume that () = 0 and n() >> n(t) which is particularly valid for germanium and the pump fluences 

in this work.  
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Applying these assumptions and simplifying gives, 
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−
= −
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A more detailed derivation is given in Appendix C. Clearly, the THz spectrum amplitude will be constant when 

ppr < 1 and will roll off with the inverse of the pump frequency when ppr > 1. At the critical point ppr = 1, the 

amplitude of the THz spectra will have fallen to 1/ 2  of its zero-frequency value. Therefore, the THz spectral 

amplitudes can be plotted as a function of pump frequency and then fit to this roll-off to determine the charge carrier 

lifetime. To determine the error introduced by the assumptions used to obtain this result, (5.10) and (5.11) were 

coded into MATLAB and plotted together as a function of the pump frequency for a THz frequency of 1 THz and 

a charge carrier lifetime of 50 s/rad or about 314 s. The simulation of the full equation (5.10) still neglects internal 

reflections, as these only apply a multiplicative factor to the results. It should be noted that homodyne detection 

measurements for all configurations are carried out using a vector lock-in amplifier, which splits the input signal 

from the detector into two channels and mixes one channel with sine and the other with cosine. The advantage of 

this is that when the reference frequency is out of phase with the detected signal in one of the channels, it will be 

perfectly in phase with the other channel. This is important for the second configuration since the phase of the 

charge carrier density oscillations vary with pp as seen by the inclusion of the cos(1) term. The simulated 

measurements are the quadrature sum of two forms of (5.10), one where the equation is as shown (in phase), and 

one where cos(ppt) is replaced by sin(ppt) (quadrature). Figure 5.2 shows the output of both the in phase and 

quadrature channels individually as well as the sum and the simplified approximation at a THz frequency of 1 THz. 
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Figure 5.2: Simulated pump frequency dependence of the lock-in amplifier output amplitude for various approximations of 

configuration two. The full expression in (5.10) with no approximations, other than no internal reflections, is shown as the solid black 

line. This is the sum of the lock-in amplifier's in-phase, dotted line, and quadrature, dashed line, components. The simplified 

approximation in (5.11) is shown as the hollow circles.  

The figure clearly shows that the phase of the charge carrier density shifts the detected signal from the in-phase 

channel (dotted line) to the quadrature channel (dashed line). Note that the signal from each channel is equal at the 

inverse charge carrier lifetime. In addition, the shape of the quadrature sum (solid line) agrees very well with the 

approximation (circles) to a multiplicative factor. This indicates that the measured THz spectra can be normalized 

and compared to the approximate equation to extract charge carrier lifetime. 

5.3 Ultrafast Germanium Modulator Measurements 

The characterization of ultrafast charge carrier scattering in the intrinsic germanium modulator was carried out 

using the first measurement configuration. The CW NIR pump beam was unmodulated, pp = 0, and the THz probe 

beam modulated at a frequency of pr/2 = 40 kHz, which was locked to by the homodyne detection system. Figure 

5.3a shows the resulting THz TDS time-domain waveforms with the CW NIR pump beam off, on at low intensity, 

and on at high intensity. All three waveforms were Fourier transformed and the two spectra with the CW NIR pump 

beam on were each divided by the spectrum when the CW NIR pump beam was off for fitting to the theory in 

Section 5.2. The amplitude spectrum ratios are plotted along with the fitted model in Figure 5.3b. In addition, Figure 

5.3c and Figure 5.3d plot the refractive index and extinction coefficient, respectively, for the high and low CW NIR 

pump beam intensities. These values more intuitively show the effects of CW NIR pump beam intensity on the 

optical germanium modulator. In all plots, experimental data for the high-intensity ratio is shown by black circles, 
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the experimental data for the low-intensity ratio is shown as black triangles, the theoretical data for the high-intensity 

ratio is shown as an orange dashed line, and the theoretical data for the high-intensity ratio is shown as a solid 

orange line. In all theoretical fits, the intrinsic refractive index and extinction coefficient were taken to be n() = 4 

and () = 1×10-3, respectively. It is interesting to note that modulation is so deep in Figure 5.3b for frequencies 

below 1 THz when the CW NIR laser's intensity is high, that experimental data in this region lies outside of the 

dynamic range of the measurement system and is unreliable, see Chapter 4. However, the remaining bandwidth up 

to 2.5 THz is reliable.  

  
(a)       (b) 

  
(c)       (d) 

Figure 5.3: The ultrafast characterization of the intrinsic germanium modulator using THz TDS system three in configuration one 

is shown. The time domain signals for the modulator with the CW NIR pump beam off (solid black line), at low intensity (solid orange 

line), and at high intensity (dashed orange line) are shown in (a). The measured amplitude spectrum ratios (b), refractive index (c), 

and extinction coefficient (d) for low intensity and high intensity are also shown. In figures (b)-(d), theoretical curves are denoted by 

the solid orange line for low intensity data and the dashed orange line for high intensity data. The experimental data itself is denoted 

by the black triangles for low intensity and the black circles for high intensity. 

The figure shows good agreement between the theoretical values and experimental measurements. The theory in 

(5.9) is fitted to the experimental data in Figure 5.3, yielding a charge carrier density of N() = 5.6×1015 cm-3 (which 
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is equal for both electrons and holes), a scatter time of s,e = 210 fs for electrons, and a scatter time of s,h = 180 fs 

for holes. These scatter times give mobility values of e = qs,e/me
* = 3100 cm2/(V·s) for electrons and h = qs,h/mh

* 

= 1500 cm2/(V·s) for holes. These mobilities are somewhat lower than the literature mobility values of e = qs,e/me
* 

= 3900 cm2/(V·s) for electrons and h = qs,h/mh
* = 1900 cm2/(V·s) for holes [30], [133], a discrepancy attributed to 

the presence of carrier-carrier scattering. The Drude model fits to the experimental data yield an equal carrier density 

for both electrons and holes of roughly 1.4×1015 cm-3, with charge carrier scatter times of s,e = 266 fs for electrons 

and s,h = 227 fs for holes. These scatter times give mobility values of e = qs,e/me
* = 3900 cm2/(V·s) for electrons 

and h = qs,h/mh
* = 1900 cm2/(V·s) for holes, which correlate with the mobilities found in the literature [30], [133]. 

While it is possible to attempt to measure the scatter time for various CW NIR pump beam intensities and quantify 

the dependence of carrier scatter time on charge carrier density, the uncertainty in the scatter times shown above is 

significant. As a result, any analysis of the charge carrier density dependence on scatter time would be challenging 

to assert with confidence. In addition, while the fitted charge carrier densities could be used in (5.7) to estimate the 

charge carrier lifetime, r, such a result would be unreliable. The charge carrier lifetime, r, and effective (diffusion 

broadened) spot size, A, appear as an unknown ratio in (5.7), making it necessary to assume a value for A to 

calculate r. To avoid this problem, the quasi-static characterization is applied next with controlled levels of 

diffusion. 

5.4 Quasi-static Germanium Modulator Measurements 

The characterization of quasi-static charge carrier recombination in germanium was carried out using the second 

measurement configuration. In this configuration, the CW NIR pump beam is modulated with a square-wave whose 

frequency is swept over pp/2 = 100 Hz to 300 kHz. The THz probe beam was unmodulated, pr = 0. The reference 

for homodyne detection is locked to the CW NIR pump beam, such that ref = pp. At each probe frequency, pp, a 

THz TDS measurement is taken, and Fourier transformed to give a THz amplitude spectrum. Next, the THz 

amplitude spectra for various pump frequencies are compared to show the roll-off in THz amplitude at higher pump 

frequencies. The THz amplitude spectrum used in these measurements spans 500 GHz to 1 THz. The roll-off in 
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amplitude at each THz frequency is normalized to its largest amplitude at that frequency and plotted as a function 

of pump frequency. Roll-off plots from the entire range of THz frequencies are averaged to produce an aggregate 

charge carrier lifetime (the individual charge carrier lifetimes for each THz frequency are fairly consistent, though 

noisy).  The averaged roll-off plot is then fit with the simplified model for configuration two in (5.11) and a charge 

carrier lifetime is extracted. Figure 5.4a shows the experimental magnitudes displayed as markers, versus the CW 

NIR pump beam modulation frequency, pp/2, with theoretical curve-fits from (5.11) displayed as lines. Results 

are presented for an unmodified germanium wafer (solid black circles with a solid black line) and a modified 

germanium wafer that has been immersed in boiling water for several minutes to remove oxide buildup (solid black 

circles with a dashed black line). The curve-fits for the modified and unmodified germanium samples roll off to 

1/ 2  of their zero-frequency values at pp/(2) = 1/(2r) ≈ 10.3 kHz and 75.8 kHz, respectively, suggesting 

charge carrier lifetimes of r ≈ 97 s and 13.2 s, respectively. The differing values of r seen for the two samples, 

along with the fact that neither conform to the millisecond bulk charge carrier lifetime measured by others [132], 

[134], [135], [136], suggest that surface recombination is strongly impacting the charge carrier lifetimes. The effects 

of surface recombination can be simply modelled using the linear relation  

r r,b sv1/ 1/ SR = + ,                     (5.12) 

where r,b is the bulk charge carrier lifetime, S is the surface recombination velocity, and Rsv is the surface-area-to-

volume ratio of the sample [137], [138]. The literature suggests that the unmodified wafer has a surface 

recombination velocity on the order of 103 cm/s [135], while the modified wafer has a surface recombination 

velocity of 104 cm/s [139]. Given the similar surface-area-to-volume ratios for both wafers, and negligible bulk 

recombination due to the millisecond bulk recombination time in germanium, the tenfold difference in surface 

recombination velocities for the two bulk wafers matches the nearly tenfold difference in measured charge carrier 

lifetime. 

To more accurately quantify the relationship between charge carrier lifetime and surface recombination, intrinsic 

germanium samples were fabricated with micro-hole arrays and characterized in terms of their quasi-static charge 
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carrier recombination. The micro-holes were fabricated using a laser-micromilling machine (Oxford Lasers A-355), 

and were arranged as square arrays of micro-holes with a hole diameter, dm, of 100 m, and pitches between holes, 

am, of 240, 270, 320, 350, 400, 500, or 650 m. Surface-area-to-volume ratio was calculated using Rsv = dm/am
2, 

giving values ranging from 7 to 55 cm-1. All samples were immersed in boiling water to remove oxides from the 

laser micromill and so should correlate with measurements taken from the modified wafer. Figure 5.4a shows 

representative experimental and theoretical results for the normalized amplitude spectrum, V2(), of three micro-

hole arrays: an array with Rsv = 12.6 cm-1 (hollow red circles with a solid red line), an array with Rsv = 25.6 cm-1 

(hollow red circles with a dashed red line), and an array with Rsv = 43.1 cm-1 (hollow red circles with a dotted red 

line). Fitting these curves to the simplified equation for configuration two in (5.12) gives the charge carrier lifetimes 

of these micro-hole arrays to be r = 7.0, 3.2, and 1.5 s, respectively. Charge carrier lifetime measurements are 

made for THz probe frequencies ranging from 500 GHz to 1 THz and the error bars in Figure 5.4a correspond to 

the standard deviation in the data over this range. Clearly, increasing the surface area of the micro-holes hastens 

surface recombination and decreases the charge carrier lifetime. To extract the surface recombination velocity of 

the modified germanium samples, the reciprocal of the charge carrier lifetime, 1/r, is plotted in Figure 5.4(b) 

(hollow red circles) versus surface-area-to-volume ratio, Rsv, for these three samples and six additional samples. A 

representative scanning electron microscope image of laser micro-milled holes in germanium is shown in Figure 

5.4c. The figure also shows a theoretical curve-fit (solid red line) for the linear relation in (5.12). The slope of the 

trendline in Figure 5.4b gives a surface recombination velocity of S = 14,200 cm/s. This velocity agrees with values 

seen in the literature for germanium surfaces treated with boiling water [139]. The error bars in Figure 5.4b 

correspond to the standard deviations in the measured charge carrier lifetimes and were consistently about ±16%. 

This leads to the more prominent error bars seen for larger reciprocal lifetimes. This standard deviation makes it 

challenging to identify an accurate value for the vertical axis intercept, which corresponds to the inverse bulk charge 

carrier lifetime. The bulk charge carrier lifetime could be assumed to be 13.2 s, corresponding to the modified 

wafer charge carrier lifetime. However, this is over an order of magnitude shorter than literature values for bulk 

charge carrier lifetime in intrinsic germanium indicating that surface effects are still present in this sample. 



107 

Therefore, the inverse bulk charge carrier lifetime of the theoretical fit is set to zero, to better conform with the 

millisecond charge carrier lifetimes seen in the literature. 

  
(a)       (b) 

 
(c) 

Figure 5.4: The quasi-static characterization of the intrinsic germanium modulator using THz TDS system three in configuration 

two is shown. The normalized amplitude spectra for various germanium samples are shown in (a). Experimental and theoretical 

results are shown for the unmodified germanium sample (solid black circles and a solid black line), the modified germanium sample 

(solid black circles and a dashed black line), a modified germanium sample with a micro-hole array having Rsv = 12.6 cm-1 (hollow 

red circles and a solid red line), a modified germanium sample with a micro-hole array having Rsv = 25.6 cm-1 (hollow red circles and 

a dashed red line), and a modified germanium sample with a micro-hole array having Rsv = 43.1 cm-1 (hollow red circles and a dotted 

red line). In (b), the reciprocal of the charge carrier lifetime, 1/r, is plotted versus the surface-area-to-volume ratio, Rsv. Experiment 

results are shown as hollow red circles and theoretical results from the linear curve-fit are shown as a solid red line. A representative 

scanning electron microscope image of laser micro-milled holes in germanium with the hole pitch and diameter denoted is shown in 

(c). Portions of this figure were adapted with permission from [50] © 2021 IEEE. 
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5.5 Modulation Efficiency, Insertion Efficiency, and Germanium Modulator Summary 

The final measurement to be made on the intrinsic germanium modulator is modulation efficiency. To quantify 

modulation efficiency, the measured THz spectrum ratio from Section 5.3 is taken and converted into modulation 

efficiency. To do so, the THz amplitude spectrum ratio must be squared to convert from electric field to intensity, 

then one minus this ratio squared is taken. The figures below show the experimental results for modulation 

efficiency for the high-intensity, Figure 5.5a, and low-intensity pump beam, Figure 5.5b, along with the theoretical 

fits from Section 5.2. Experimental data is shown as the black points and the theoretical fits are shown as the orange 

lines. 

  
(a)       (b) 

Figure 5.5: Modulation efficiency as a function of THz frequency is shown for a pump beam with high intensity (a) and low intensity 

(b) is shown. Theoretical results are shown as the dashed orange line in (a) and the solid orange line in (b). The experimental results 

are shown as the black circles in (a) and the black triangles in (b).  

These results show a few interesting trends. First, the high-intensity pump beam has virtually 100% modulation 

efficiency between 400 GHz and 1.2 THz, making it an excellent broadband modulator. Broadband modulators 

such as this one are especially useful as they operate with the same modulation efficiency for glancing incident 

polar angles, which have the modulated THz beam take a longer path through the modulator than for normal 

incidence. This longer path shifts the etalon fringes, which are seen above 1.2 THz, producing an incident angle 

dependent modulation efficiency unless extinction in the modulator is large enough to eliminate the etalon fringes. 

Second, when the pump beam intensity decreases, as seen in Figure 5.5b, the modulation efficiency becomes 

extremely frequency dependent. While modulation efficiency above 80% exist in bands up to 1.5 THz, there are 

also bands above 1.5 THz where modulation efficiency goes negative. This presents an interesting design possibility 
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where modulation could manifest as an increase in transmission through the modulator as opposed to a decrease. 

This increase in transmission is caused by the optically induced change in refractive index shifting the etalon fringes 

enough that certain frequencies see destructive interference when the pump beam is off and constructive interference 

when the beam is on. The increase in signal strength caused by the change in interference is greater than the loss 

induced by the optically induced extinction coefficient. However, since negative modulation efficiency occurs for 

frequencies that normally see destructive interference, the overall transmitted signal will still be low. It is better to 

find a frequency where transmission is high due to constructive interference when the pump beam is off. In that 

case modulation is induced by both extinction and by a shift to destructive interference by the changing refractive 

index when the pump beam is on. 

The final parameter that is required to quantify the intrinsic germanium optical modulator is its insertion efficiency. 

Two measurements were taken for the germanium modulator, one with the modulator in place, but without the 

pump beam on, and one with the modulator entirely removed from the testing setup. Dividing the spectra for these 

two measurements and squaring to convert to intensity gives insertion efficiency, which is plotted in Figure 5.6. In 

the figure, experimental data is shown as black circles and the theoretical curve from (3.10) is shown as the orange 

line. 

 

Figure 5.6: Insertion efficiency as a function of THz frequency is shown. The theoretical results are denoted by the solid orange line 

and the experimental results are denoted by the black dots. 
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The insertion efficiency is a stark reminder of the effects of interference on the transmission through the modulator. 

Both the theory and experimental data in Figure 5.6 show huge swings from 25% transmission through the 

modulator to 100% transmission over only about 50 GHz. This means that modulator performance is going to be 

extremely frequency dependent regardless of whether the modulation efficiency is frequency dependent since 

overall modulator performance is the product of insertion efficiency and modulation efficiency. Note that changing 

the thickness of the modulator will change the interference fringes significantly. To make performance more 

independent of frequency, the modulator can be made thinner, which will reduce the number of fringes and widen 

them. 

Finally, the intrinsic germanium modulator can be specified for a few different frequencies and pump powers. Table 

5.2 below is a summary of the performance specification of the modulator. Note that numbers were adjusted to 

correspond to the nearest resonance peak, since modulator thickness can be designed to place these peaks at any 

desired frequency and these peaks are wider than the 1 GHz bandwidth used for the SHM detector. Additionally, 

the resonance peaks in Figure 5.5 and Figure 5.6 lie at the same frequency, meaning that a frequency with peak 

insertion efficiency will also have peak modulation efficiency. 

Table 5.2: Experimentally measured modulation efficiency and insertion efficiency for the intrinsic germanium modulator 

Frequency (GHz) 
Modulation efficiency 

(low/high) 

Insertion 

efficiency 

300 0.98/0.97 0.99 

650 0.98/0.94 0.99 

850 0.99/0.90 0.99 
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: Terahertz Retromodulators 

The previous chapters have analysed the individual components of a THz retromodulator in depth and made 

recommendations on which retroreflector and modulator to use. The conclusions of their respective chapters 

recommend that a cornercube retroreflector should be used with an optical modulator made of a long lifetime 

semiconductor such as intrinsic germanium. This modulator will have a high retroreflection efficiency and 

significant modulation efficiency, though at the cost of slow modulation rate. This chapter will briefly describe the 

design of a prototype THz retromodulator then evaluate its performance for incident angle efficiency, modulation 

efficiency, insertion efficiency, and modulation rate. These experimental values will be used to carry out one final 

link budget analysis for the prototype THz retromodulator.  

6.1 Retromodulator Design 

The final THz retromodulator design uses the shutter architecture with an intrinsic germanium modulator placed 

over top of a cornercube retroreflector. This design takes advantage of the good retroreflection efficiency of the 

cornercube retroreflector and the significant modulation efficiency of optically pumped intrinsic germanium. The 

retroreflector used in the experimental setup was the same one quantified in Section 4.1 and the intrinsic germanium 

modulator was the unmodified modulator described in Chapter 5. The modulator was placed directly over top of 

the cornercube and the assembled prototype THz retromodulator is shown in the rendering in Figure 6.1. The 

intrinsic germanium modulator is mostly transparent in the rendering to show the cornercube underneath, though 

the modulator is opaque in reality. 
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Figure 6.1: A modelled image of the prototype THz retromodulator with an affixed coordinate frame is shown here. The intrinsic 

germanium modulator is affixed overtop of the cornercube retroreflector shown in Figure 3.2d. For illustrative purposes, the intrinsic 

germanium modulator is shown to be mostly transparent.  

The prototype THz retromodulator fits into a 2.5 cm diameter circular holder and has an effective retroreflection 

area of 0.87 cm2 due to the retroreflection efficiency of the cornercube measured in Section 4.1. The modulator was 

pumped by the CW NIR pump laser described in Section 5.1 with a peak power of 220 mW.  

6.2 Incident Angle Efficiency, Modulation Efficiency, Insertion Efficiency, and Modulation Rate 

The prototype THz retromodulator was tested to determine its incident angle efficiency, modulation efficiency, 

insertion efficiency, and modulation rate. All measurements were carried out in THz TDS system four. As with the 

cornercube retroreflector, the incident angle efficiency of the prototype retromodulator was determined by making 

THz TDS measurements of the retroreflected signal at various incident polar angles. The TDS measurements were 

Fourier transformed and the average amplitude spectrum from 300 GHz to 1 THz was plotted for each incident 

angle. The results are shown in Figure 6.2, where the squares correspond to the experimental data and the solid line 

corresponds to the theory presented in Section 3.4.1. The error bars are the standard deviation of the experimental 

measurements over the averaged bandwidth. 
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Figure 6.2: The incident angle efficiency results are shown as a function of incident polar angle for the prototype THz retromodulator. 

The experimental data is shown as the black squares, while the theoretical curve is shown as the solid black line. The error bars on 

the experimental data correspond to the standard deviation of the experimental data over the averaged bandwidth. 

The results confirm that the prototype THz retromodulator has the same incident angle efficiency as the cornercube 

retroreflector it makes use of. In fact, artefacts such as the erroneously high value at  = -4° are reproduced for the 

retromodulator. The poor SNR in TDS system four is the cause of the poorer fit of the data in general as well as the 

larger error bars in these results compared to the results presented in Figure 4.4. However, the overall incident angle 

efficiency trend remains the same. This is important since the free-space modulator used in a retromodulator cannot 

affect the retroreflection performance. The results here show that this is the case for the germanium optical 

modulator. 

The modulation efficiency of the prototype THz retromodulator was measured by pumping the retromodulator in 

configuration one, as described in Section 5.1. In this configuration, the CW NIR pump beam is unmodulated, and 

the THz signal beam is sinusoidally modulated. Two measurement scans are taken: one with the CW NIR pump 

beam on, and one with the CW NIR pump beam off. The two measured time domain waveforms are Fourier 

transformed and their amplitude spectra are divided. Taking one minus the divided spectra gives the measured 

modulation efficiency as a function of frequency, which is shown in Figure 6.3. 
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Figure 6.3: The modulation efficiency results are shown as a function of THz frequency for the prototype THz retromodulator.  

The figure shows that the experimental modulation efficiency of the prototype THz retromodulator is significant, 

though noisy. The noise in the measurements is due to poor SNR in the THz TDS system due to the use of THz 

TDS system four and not to the retromodulator itself. While the plot appears to show random scatter, the associated 

time domain waveforms show clear modulation. The average modulation efficiency between 300 GHz and 1.3 THz 

is 48% ± 17%. These modulation efficiency results have been converted from the measured field quantities into 

intensity to match the retromodulation equation. The modulation efficiency of the measured electric field was 

around 30%.  Note that this modulation efficiency is for two passes through the modulator. While it is technically 

possible to attempt to fit the modulation efficiency data shown here to a theoretical curve, such as the ones shown 

in Figure 5.5, little correlation would be present due to the error on the measurements. Therefore, no theoretical 

models were plotted in Figure 6.3. 

The modulator insertion efficiency of the prototype THz retromodulator was determined by taking several THz 

TDS scans of the retromodulator with and without the modulator present. The retromodulator was at an incident 

polar angle of about 10° for all measurements. The experimental and theoretical results for insertion efficiency as a 

function of frequency are shown in Figure 6.4. 
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Figure 6.4: The insertion efficiency results are shown as a function of THz frequency for the prototype THz retromodulator. 

Experimental data is shown as the black circles, while the theoretical model for a single pass through the modulator is shown as the 

solid orange line and the theoretical model for two passes through the modulator is shown as the dashed orange line.  

As with the modulation efficiency, the results for the prototype THz retromodulator insertion efficiency are quite 

noisy. Again, this is due to low SNR in THz TDS system four as opposed to an issue with the retromodulator. The 

experimental data for insertion efficiency, shown as the black circles in Figure 6.4, follows the same periodic trend 

seen in the insertion efficiency for the intrinsic germanium modulator alone in Section 5.5. The theoretical model 

for insertion efficiency is shown for both one pass though the modulator, solid orange line, and two passes through 

the modulator, dashed orange line. Strangely, the measured insertion efficiency does not seem to be correlated well 

with the solid line for one pass through the modulator as was seen in Figure 6.4. The measured insertion efficiency 

for the prototype retromodulator seems to be equally well correlated to the model predicting two passes through the 

modulator. The r squared values for the single pass and double pass models are 0.51 and 0.48, respectively. This is 

likely an artefact of the TDS measurement system. The reason insertion efficiency should only be applied to the 

incoming signal is the fact that all energy that enters the retromodulator will eventually be transmitted back out, 

though it may be reflected several times off the underside of the modulator first. Unfortunately, a TDS system only 

measures the THz waveform over a certain period of time. This period of time is likely too short to capture all the 

reflections between the cornercube and the underside of the modulator, so the retroreflected signal looks as if the 

insertion efficiency was applied one and a half times. While a longer TDS scan could be made, the decreasing 

amplitude of the THz pulse with each set of internal reflections inside the retromodulator along with the poor SNR 

of the system mean that it is unlikely that many reflections will be measured. The measurements used to generate 
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Figure 6.4 were able to capture one internal reflection with a useable SNR, which resulted in measured insertion 

efficiency values that were closer to the single pass model between 700 GHz and 1 THz.  

The modulation rate of the prototype THz retromodulator was experimentally verified using measurement 

configuration two from Section 5.1 in the retroreflection TDS setup. In this configuration, the CW NIR pump beam 

was modulated with a square wave and the homodyne detection was locked onto its frequency. The results are 

shown in Figure 6.5. Charge carrier lifetime measurements are made for THz probe frequencies ranging from 400 

GHz to 1 THz and the error bars correspond to the standard deviation in the data over this range. 

 

Figure 6.5: Normalized amplitude spectrum results are shown as a function of NIR pump beam frequency for the prototype THz 

retromodulator. The experimental data points, shown as the black circles, correspond to the average measured THz spectrum 

between 400 GHz and 1 THz at each CW NIR pump frequency. The error bars correspond to the standard deviation of the 

measurement spectra over this bandwidth. The solid black line is the fitted frequency roll-off to the experimental data.  

The measured charge carrier lifetime for the prototype THz retromodulator is approximately 260 s, which is 

somewhat longer than the 97 s measured for the free-standing modulator. The longer lifetime can be attributed in 

part due in part to the poor SNR of the retroreflection measurement system, evidenced by the large error bars which 

denote the standard deviation of the measurements over a bandwidth of 400 GHz to 1 THz. The second pass through 

the modulator does not affect the charge carrier lifetime as two passes act as if the modulator was simply twice as 

thick.  
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6.3 Link Budget Analysis of an Experimental Retromodulator  

The primary goal of this thesis is to answer the following question: is a practical THz retromodulation system 

feasible given current technology? This section will take the values for modulation efficiency, insertion efficiency, 

retroreflection efficiency, and incident angle efficiency measured from the prototype THz retromodulator (or its 

components in the case of retroreflection efficiency) and do one final link budget analysis to determine if the 

prototype THz retromodulator designed in this thesis is capable of operating in a practical THz retromodulation 

system. This link budget analysis will utilize the transmitters and detectors from systems 1, 3, 4, 5, and 6 in Section 

3.4.5. The experimental values for the real retromodulator parameters of the prototype THz retromodulator are 

given in Table 6.1. 

Table 6.1: Experimental values for the real retromodulation parameters of the prototype THz retromodulator 

Insertion efficiency* 0 dB 

Modulation efficiency -3.2 dB 

Retroreflection efficiency -7.5 dB 

Incident angle efficiency 2cos (2.3 )   

*Assuming that the modulator thickness can be modified to have internal resonance correspond to the operating frequency.  

The link budget results from Figure 3.5 are plotted in Figure 6.6 along with new results for the prototype THz 

retromodulator as the hollow black triangles. The device dimensions for the prototype THz retromodulator are 

identical to what is used in Section 3.4.5 (i.e., link length, detector aperture, etc.) with the exception of the 

retromodulator diameter, which is 2.5 cm. 
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Figure 6.6: Real passive THz link budget results for the five viable systems shown in Figure 3.5 with the addition of experimental 

data from the prototype THz retromodulator is shown here. The number shown below each set of results corresponds to the 

respective system. The parameters for each of these systems were given in Table 2.1. The results shown here are identical to the ones 

in Figure 3.5 with the addition of results for the prototype THz retromodulator, denoted as the prototype data points. As was done 

in Figure 3.5, the results are for normal incidence, i.e., an incident polar angle of  = 0°.  

The link budget analysis shows that the prototype THz retromodulator demonstrated in this thesis is superior to the 

theoretical retromodulators given in Section 3.4.5. This is largely due to the unity insertion efficiency and high 

modulation efficiency of the intrinsic germanium modulator, giving the prototype THz retromodulator a 4 dB 

advantage over the next best retromodulator. While the high modulation efficiency came at the expense of 

modulation rate, the unity insertion efficiency was a result of internal reflections within the modulator and can be 

applied to other, higher speed modulation techniques. The performance of the prototype THz retromodulator 

resulted in detected signal powers that were at least 10 dB above the noise floor for a SHM detector for all systems 

with the exception of system 6 at 850 GHz. Of particular importance is system 2, which was the commercially 

available HHG transmitter. This system was able to close the passive THz link with over 18 dB between the detected 

signal level and the noise floor. Consequently, this proves that a practical THz retromodulation system is feasible 

given current technology. 
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: Conclusion 

The future of wireless communications will require an eventual transition from current wireless carrier frequencies 

in the low tens of gigahertz to hundreds of gigahertz and even low terahertz. This transition comes with a 

technological challenge since wireless transmitters for frequencies above 300 GHz are bulky and consume a 

significant amount of power. This limits their use to fixed installations and cannot be practically implemented for 

handheld mobile devices. This prevents handheld mobile devices from transmitting data with carrier frequencies 

over 300 GHz. This thesis proposed a novel solution to this challenge through the introduction of passive THz 

communication links. A passive THz link uses a retromodulator on a mobile device to return power transmitted by 

a fixed transceiver. This return power is encoded with data by the retromodulator enabling the mobile device to 

effectively transmit data at carrier frequencies above 300 GHz without needing an onboard THz transmitter. The 

goal of this thesis was to discover if a passive THz link was feasible given current technology for THz transmitters, 

detectors, and retromodulators. Theoretical predictions based on literature values were first presented, then a 

prototype THz retromodulator was designed and characterized to provide a true measure of the feasibility of passive 

uplinks. The results of a link budget analysis using the prototype THz retromodulator showed that passive THz 

uplinks are indeed possible given current technology, though there are still significant challenges to be overcome 

in the design of both the retroreflector and modulator. Improvements to modulation rate, retroreflection efficiency, 

and incident angle efficiency are required before this technology will be viable for commercial use. Nonetheless, 

this is the first demonstration of THz retromodulation, which will hopefully enable future low-power handheld 

mobile devices to operate in bidirectional wireless THz communication system without the need for a THz 

transmitter. 

7.1 Summary of Conclusions and Contributions to the Literature 

The body of the thesis, excluding introduction and conclusion, was divided into five chapters, each with their own 

contributions to overall body of knowledge in THz communication technology. Chapter 2 was a thorough literature 

review of current THz transmitter and detector technologies as well as a simple review of atmospheric loss in the 
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THz spectrum. Chapter 3 presented a comprehensive link budget analysis for both active and passive uplinks using 

both the data from the literature review in Chapter 2 as well as a theoretical model developed for passive links and 

the various non-idealities of these passive links. Chapter 4 was an experimental analysis of both cornercube and 

spherical retroreflectors, whose results were compared to the theoretical predictions from Chapter 3. Chapter 5 was 

an experimental analysis of optical modulators, whose results were compared to the theoretical predictions from 

Chapter 3. Chapter 6 was an experimental analysis of a prototype THz retromodulator comprised of a cornercube 

retroreflector and an optical modulator. The results of this analysis were compared to the theoretical results in 

Chapter 3 and the experimental results for each individual component in Chapter 4 and Chapter 5. Chapter 6 closed 

with one final link budget analysis using the characterisations of the prototype THz retromodulator in the real 

retromodulation equation. Specific details of the contributions found in each chapter are listed below. 

Chapter 2 presented a thorough literature review of free-space THz communication technology, so no new work 

was presented in this chapter. The literature review included THz transmitters, THz detectors, atmospheric 

absorption in the THz spectrum, THz retroreflectors, and free-space THz modulators. Specific attention was given 

to technologies that have reached maturity as evidenced by commercial availability. The following are the major 

conclusions from this chapter: 

• There are a wide range of THz transmitter and detector technologies both in the literature and commercially 

available. THz transmitters in particular have many competing technologies with their own advantages and 

drawbacks. Some transmitter technologies are capable of high-power output, while others are capable of 

extremely high data rates with complex modulation schemes. Unfortunately, no single technology delivers 

an ideal THz transmitter, so analyses of multiple different technologies was required. There were also many 

competing THz detector technologies; however, most of these technologies were unsuitable for wireless 

THz communication links due to cryogenic cooling requirements or low bandwidth. Only two THz detector 

technologies, both based on Schottky diodes, were found to be feasible.  

• Atmospheric absorption can significantly limit the range of wireless THz communication links. Based on 

published data from others, water vapour absorption is the dominant atmospheric loss mechanism, though 
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only at certain resonance frequencies. At these resonance frequencies, wireless THz communication links 

of only a few metres will be rendered useless due to atmospheric absorption. Fortunately, away from these 

resonance frequencies atmospheric absorption is low enough to allow wireless THz communication links 

to operate over hundreds of metres before signal degradation becomes a significant challenge. 

• While there have been many demonstrations of retroreflectors in the literature for optical and NIR 

frequencies, there has been virtually no work done on THz frequencies. This is a major hole in the literature 

as THz retroreflectors should be simple to fabricate and behave similarly to those for other spectra. There 

are two additional challenges that exist for THz retroreflectors that typically do not exist for other spectra: 

signal divergence over short distances, and power absorption when using a refractive retroreflector. A 

model from the literature is given for aperture diffraction due to the finite size of the THz retroreflector. 

Power absorption for various materials in the THz spectrum are given and as well as an effective medium 

theory to facilitate the fabrication of custom materials in the THz spectrum for spherical retroreflectors. 

These models were used in later chapters. 

• Free-space THz modulator designs from the literature are given for both optical and electronic modulators. 

The Drude model is presented for free carrier absorption in optical modulators. It is found that most optical 

modulators can be simply modelled; however, the performance of electronic modulators is extremely design 

dependent and so design metrics were simply tabulated. 

Chapter 3 presented a link budget analysis for wireless THz communication links based on active uplinks, ideal 

passive uplinks, and real passive uplinks. The following are the major conclusions and contributions to literature 

found in this chapter: 

• Link budget equations are presented for active THz uplinks, ideal passive THz uplinks, and real passive 

THz uplinks. The link budget equation for active THz uplinks is a form of the Friis transmission equation, 

a common wireless communication link equation. The link budget equation for ideal passive THz uplinks 

was inspired by the radar range equation, though it was modified to be applicable for passive uplink 

systems. To the best of the author's knowledge, this equation has not been presented before for THz 
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retromodulation, though similar forms have been presented for optical retromodulation systems. The link 

budget equation for real passive THz uplinks is a modified version of the ideal passive THz uplink link 

budget equation that considers additional losses that occur due to the presence of a retromodulator. These 

include incident angle efficiency, modulation efficiency, modulator insertion efficiency, and retroreflection 

efficiency.  

• The link budget equations for active and ideal passive THz uplinks are populated based on literature values 

for THz transmitters, detectors, and atmospheric absorption. This results in several candidate 

communication systems with various detector technologies, transmitter frequencies, transmitted power, 

device dimensions, and detector technologies. It is found that systems with low transmitted power, such as 

optical heterodyning systems, and systems with onerous implementations, such as quantum cascade lasers, 

are impractical. It is also found that subharmonic mixing detectors are significantly more sensitive than 

zero-bias detectors, and so only subharmonic mixing detectors should be considered going forward. This 

analysis concluded that ideal passive THz uplinks are feasible for short link lengths (~5m). To the best of 

the author's knowledge, a comprehensive link budget analysis of active and ideal passive THz uplinks does 

not exist in the literature. 

• In order to populate the real retromodulation equation, a number of theoretical models needed to be 

established for retroreflectors and modulators. Ray tracing analyses were done to quantify the 

retroreflection efficiency and incident angle efficiency for both cornercube and spherical retroreflectors. 

The effective medium theories presented in Chapter 2 were used to estimate the power absorption of a THz 

spherical retroreflector, which was included in the retroreflection efficiency. Generalized modelling is only 

possible for optical modulators and expressions were derived for insertion efficiency and modulation 

efficiency based on multiple internal reflections in optical modulators along with representative values for 

free carrier absorption. This results in a highly frequency dependent modulation efficiency and incident 

angle efficiency, which is verified in Chapter 5. 
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• The real retromodulation equation is populated for the remaining feasible THz communication systems that 

came out of the first link budget analysis. Results for various retromodulator diameters, retroreflectors, and 

modulators are shown. It is apparent that the additional losses associated with real retromodulators result 

in significantly lower detected signals from real retromodulators when compared to ideal retromodulators. 

That said, real retromodulators can still close the link for short range communication systems over several 

metres. To the best of the author's knowledge, a comprehensive link budget analysis of real passive THz 

uplinks does not exist in the literature. 

Chapter 4 presented results for THz retroreflectors. Both cornercube and spherical retroreflectors were considered. 

An experimental cornercube retroreflector was fabricated and tested. Several attempts were made at fabricating a 

spherical retroreflector; however, practical considerations prevented a proper spherical retroreflector from being 

fabricated. The following are the major conclusions and contributions to literature found in this chapter: 

• A 2.5 cm diameter cornercube retroreflector was fabricated and tested for incident angle efficiency and 

retroreflection efficiency. The measured incident angle efficiency agrees well with the theoretical 

predictions in Chapter 3, though the measured retroreflection efficiency was noticeably lower than the 

theoretical predictions in Chapter 3. The lower retroreflection efficiency is likely due to imperfect 

manufacturing of the cornercube retroreflector. To the best of the author's knowledge, no experimental 

characterizations of cornercube retroreflectors in the THz spectrum have ever been made. 

• To fabricate a spherical retroreflector, a material with the correct refractive index must be used. However, 

no pure material in the THz spectrum is suitable, so a number of polymer composite materials were 

fabricated using PDMS as a host material and either Si or SiO2 microparticles or nanoparticles were used 

as particles. Composites with a wide variety of volumetric fractions were fabricated. Good agreement 

between the measured refractive indices of these composite samples and the Bruggeman model was 

observed when both the material dielectric constants and particle geometries were taken into account. This 

indicates that composite materials can be used to fabricate spherical retroreflectors from a refraction point 
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of view. However, the absorption loss in these polymer composites was too high to be useful in centimetre 

diameter spherical retroreflectors. 

• Low-loss polymers and particles were pursued as potential candidates to fabricate composite materials for 

spherical THz retroreflectors. Both polyethylene and COC were considered as host materials, though 

fabrication challenges needed to be overcome since both polymers are solid at room temperature and could 

not be easily mixed with particles. The COC was dissolved in toluene and mixed with microparticles, then 

poured into molds and allowed to dry. This method was effective in producing lower loss composite 

materials for thin samples; however, thicker samples contained voids due to the significant amount of 

toluene that needed to evaporate. Since thick samples need to be fabricated for centimetre sized spherical 

retroreflectors, COC was abandoned as a potential low-loss polymer host. Polyethylene was found in 

microparticle form allowing it to be dry-mixed with particles and then hot pressed to fully fuse the sample. 

This method was capable of producing thick polymer composite samples with significantly lower material 

loss. 

• The polyethylene composite fabrication revealed two additional considerations when attempting to 

fabricate a thick, low-loss polymer composite in the THz spectrum. The first was the effects of the material 

losses of the particles. Specifically, Drude losses in semiconductors and low degrees of crystallinity in 

insulators can increase the material losses of the particles by orders of magnitude over what has been 

observed for pure, crystalline materials. The second consideration was the effects of improper hot-pressing 

procedure as this potentially introduced significant losses. It was found that improper pressing leaves air 

voids that not only interfere with the refractive index, but also greatly increase extinction coefficient. This 

can be alleviated to some extent by re-pressing the samples for an extended period of time, bringing the 

material losses back down closer to their values predicted by the Bruggeman model.  

Chapter 5 presented the results for an experimental optical modulator based on intrinsic germanium. The following 

are the major conclusions and contributions to literature found in this chapter: 
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• Measurements for the ultrafast and quasistatic material properties of intrinsic germanium needed to be made 

using a modified THz TDS setup. Derivations showing the relationship between the measured quantities 

and the desired material parameters were presented and applied in the remainder of the chapter. These 

derivations bear resemblance to the work of others, though they were independently derived.  

• Ultrafast measurements of intrinsic germanium were made using the modified THz TDS system. The 

measured ultrafast material parameters corroborated the published values of other groups and showed that 

large extinction could be optically induced in germanium, which was later seen to result in high modulation 

efficiencies. 

• Quasistatic measurements were made using the modified THz TDS system. The charge carrier lifetime of 

intrinsic germanium as measured, and it was found that surface recombination plays a significant role in 

the overall charge carrier lifetime due to the very long bulk lifetime for intrinsic germanium. The effects of 

surface chemical treatment on intrinsic germanium were briefly explored showing that surface 

recombination velocity is highly dependent on surface treatment. Next the effects of surface-area-to-volume 

ratio on charge carrier lifetime were investigated. This analysis showed an order of magnitude reduction in 

charge carrier lifetime due to increased surface-area-to-volume ratio allowing for the maximum modulation 

rate of the intrinsic germanium modulator to be engineered. However, decreasing charge carrier lifetime 

corresponds to a decrease in modulation efficiency limiting the usefulness of this method for optical 

modulation. The surface recombination velocity for intrinsic germanium treated with boiling water was 

also extracted and showed good agreement to literature values. While analyses of charge carrier lifetime 

dependence on surface treatment and surface-area-to-volume ratio have been explored in the literature, to 

the best of the author's knowledge, this dependence has not been probed using THz on intrinsic germanium. 

• The measured results for the ultrafast and quasistatic material parameters of intrinsic germanium with no 

surface treatment were converted to modulation efficiency and insertion efficiency and compared to the 

models presented in Chapter 3 for these parameters. Excellent agreement was found between the theory 

and experimental data, with a modulation efficiency of effectively 100% and an insertion efficiency of 
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100% both predicted by the theory and observed in experiment. These impressive results, especially 

insertion efficiency, were highly frequency dependent due to internal reflections within the modulator. 

These results motivated the use of the intrinsic germanium optical modulator in the prototype 

retromodulator. 

 

Chapter 6 presented the design and characterisation of a prototype THz retromodulator. The non-ideality parameters 

in the retromodulation equation were all measured for the prototype THz retromodulator and these values were used 

to create a link budget for this prototype THz retromodulator. To the best of the author's knowledge, this is the first 

demonstration of a THz retromodulator, so all of the content in Chapter 6 is novel and cannot be found elsewhere 

in the literature. The following are the major conclusions of this chapter: 

• The design and fabrication of the prototype THz retromodulator is given. The retromodulator consists of a 

cornercube retroreflector and an intrinsic germanium optical modulator.  

• The modulation efficiency, insertion efficiency, incident angle efficiency, and modulation rate are measured 

for the prototype THz retromodulator. The measured values for the prototype THz retromodulator were 

largely in line with the corresponding values measured for the cornercube retroreflector or intrinsic 

germanium optical modulator, though poor SNR in the measurement system resulted in larger experimental 

errors.  

• The measured modulation efficiency, insertion efficiency, incident angle efficiency, and modulation rate 

were inserted into the real retromodulation equation and a link budget analysis was done for the prototype 

THz retromodulator. It was found that the prototype THz retromodulator performs better than the theoretical 

retromodulators in Chapter 3 largely due to significant modulation efficiency and an insertion efficiency of 

essentially unity. This indicates that passive THz uplinks are feasible given current technology.  



127 

7.2 Limitations 

This section will give a brief discussion of the limitations of the work presented in this thesis. There are several 

major limitations of this work. The first is the size of the cornercube retromodulator. While a 2.5 cm diameter 

retromodulator is small in comparison with a conventional THz transmitter, it would still be somewhat unwieldy to 

integrate with current mobile devices. While a smaller retromodulator could be used, this will greatly reduce the 

retroreflected power, and thus will make the passive THz link more challenging to close. Additionally, integrated 

electronics are constantly being shrunk down to smaller sizes with lower power requirements. It is not unreasonable 

that the high harmonic generation transmitters may one day be small enough to fit in a mobile device and be efficient 

enough to run on a standard lithium-ion battery. The second limitation of the prototype THz retromodulator 

presented in this work is the link length. The link length used in all analyses was five metres, which is reasonable 

for small indoor environments, but too short for larger indoor spaces. Ideally, with additional transmitter power, the 

link lengths should be extended to a few tens of metres. Finally, the prototype THz retromodulator had an 

approximate bit rate of about one kilobit per second, which is extremely slow. For this technology to meet even 

modest wireless bandwidth expectations, this data rate needs closer to one gigabit per second. This could be 

achieved using electronic modulators, which would a natural continuation to the work presented in this thesis. 

Nonetheless, the work presented in this thesis is the first demonstration of passive THz uplink technology, which 

has the potential to open the door to a new class of low power devices operating in the THz spectrum.  

7.3 Future Work 

There are two major extensions and two minor extensions to the work presented in this thesis that would greatly 

benefit THz retromodulation technology. The first major extension is to move from optical modulators to electronic 

modulators based on frequency-selective surfaces. This would be a very involved project taking several years to 

complete. The objectives of this work would be as follows: 

1. Design and fabricate a non-switchable frequency-selective surface for THz wavelengths. This would 

establish key fabrication capabilities and demonstrate that a broadband, polarization insensitive surface 

can reliably fabricated. 
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2. Design and fabricate a switchable THz frequency-selective surface based on the non-switchable frequency-

selective surface from the previous objective. The switching would be brought about by lightly doping a 

surface layer of charges in a low-loss semiconductor for THz frequencies such as GaAs. By applying a 

voltage to the antenna array of the frequency-selective surface, charges would either be attracted to or 

repelled from the antennas altering their resonance frequency. This method has been shown in the literature 

to produce modulation rates of 10 kHz to 1 MHz. 

3. Finally, to increase modulation rate, transistors would need to be embedded into gaps in the frequency-

selective surface antennas. This would be challenging; however, it has been shown to be possible in the 

literature. Potentially, modulation rates of several MHz could be achieved. This modulator could be 

combined with the cornercube retroreflector shown in this work to demonstrate a prototype THz 

retromodulator capable of modulation rates high enough to be feasible. 

The second major extension to the work presented in this thesis is to attempt to design and fabricate a cat's eye 

retroreflector for THz wavelengths. A cat's eye retroreflector uses two hemispheres of the same refractive index, 

but different radii to achieve retroreflection. This is motivated by the high losses present in the composite materials 

investigated in this work. Pure HDPE would be a viable material for a cat's eye retroreflector. The objectives for 

this work would be as follows: 

1. Run FDTD simulations for a cat's eye retroreflector to determine the required hemisphere diameters for 

retroreflection. This has been carried out by other students working with the author's research group. 

2. Fabricate several hemispheres to be used in the cat's eye retroreflector out of a low-loss polymer, such as 

HDPE, by either injection molding, hot pressing, or milling from a solid block. This work is currently 

underway. 

3. Coat the appropriate hemispherical surfaces with metal and assemble the cat's eye retroreflector.  

4. Test the assembled cat's eye retroreflector in the THz TDS system four to determine retroreflection 

performance. 
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The first minor extension is to enhance modulation efficiency of the existing modulators by integrating them into a 

1D photonic crystal. The photonic crystal would need to be transparent to any optical pumping wavelength, though 

several different polymers and semiconductors could be viable photonic crystal layers. Polymer layers of arbitrary 

thickness and modestly tunable refractive index could be fabricated using dissolved COC composites. The 

objectives for this work would be as follows: 

1. Design the refractive indices and layer thicknesses required for the photonic crystal using either closed form 

derivations or numerical simulations. 

2. Fabricate thin single layers of various materials with high accuracy to ensure the photonic crystal can be 

fabricated with acceptable tolerances. 

3. Fabricate a non-switchable photonic crystal to ensure that the fabricated structure agrees with the theory. 

4. Fabricate and test a switchable photonic crystal using the germanium modulators presented in this thesis. 

The second minor extension would be to attempt to improve the retromodulator design given in this thesis to be 

more compact and efficient. This could be done in several different ways as follows: 

1. Trim the corners of the cornercube retroreflector and increase its size. It was shown in this thesis that the 

corners do not contribute appreciably to the retroreflected signal, yet they significantly reduce the size of 

cornercube that can fit into a holder. This would increase retroreflection efficiency and reduce beam 

divergence. 

2. Make the internal surfaces of the cornercube out of germanium that can be modulated directly. If the back 

surfaces are germanium wafers with metallization on their back surface, degrade modulation efficiency will 

increase somewhat compared to the shutter architecture due to multiple passes through the modulating 

material. However, the larger surface area and surface reflection will hamper modulation efficiency. 

3. Pump the retromodulator using LEDs as opposed to a laser. LEDs would be more than capable of operating 

at the kilohertz modulation rates and hundreds of milliwatts seen in this thesis. They could be inserted 

behind the modulator by cutting the corners of the retroreflector out, since these corners do not contribute 
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appreciably to retroreflection. This would provide a more monolithic retromodulator design where all the 

required components are mounted into a single block. 

These potential future work projects show that, while the prototype retromodulator demonstrated in this thesis is an 

exciting development, there are many improvements that can be made to enhance the performance of passive THz 

uplinks. 
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Appendix A: Drude Free Carrier Absorption Model for Metals 

In this appendix, the derivation for Drude free carrier absorption is presented in additional detail. The Drude free 

carrier absorption models the motion of charge carriers assuming these charge-carriers are not bound to their nuclei. 

When subject to an applied force, FApplied, from an external electric field, EApplied, the dynamics of these charge-

carriers depends on only their inertia and a damping force, FDamp, resulting from their interactions with each other 

and with the lattice. The force equations are 

Applied Applied
F qE=       (A1.1) 

and 

*

e/h

Damp

s,e/h

m dx
F

dt
= − ,       (A1.2) 

giving the total equation of motion, which is the sum of forces, to be 

*2

* e/h

e/h Applied2

s,e/h

md x dx
m qE

dt dt
+ = .            (A1.3) 

This linear ordinary differential equation can be solved by assuming harmonic oscillation in both the charge-carrier 

displacement, x, and the applied electric field, EApplied. Doing so, gives a charge-carrier displacement, x, and an 

applied electric field, EApplied, to be 

j

o

tx x e = ,                  (A1.4) 

and 

j

Applied o

tE E e = .                   (A1.5) 
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Inserting (A1.4) and (A1.5) into (A1.3) and cancelling out j te −  from all terms give the equation of motion for the 

charge carriers to be 

*

* 2 e/h

e/h o o o

s,e/h

j
m

m x x qE 


− + = .              (A1.6) 

Solving (A1.6) for the maximum charge-carrier displacement, xo, gives 

o

o *

e/h s,e/h
( j(1/ ))

qE
x

m   

−
=

+
.            (A1.7) 

This is the solution for the maximum charge-carrier displacement under an applied electric field. This maximum 

displacement creates a dipole moment, p, which is defined for a single charge to be 

2

o

o *

e/h s,e/h
( j(1 / ))

q E
p x q

m   

−
= =

+
               (A1.8) 

The dipole volume density, also known as polarization, is the sum of the contributions of N(t) identical dipoles per 

unit volume. Summing these dipoles gives 

2

o
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e/h s,e/h
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( j(1 / ))

q N t E
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−
=

+
,           (A1.9) 

which is the time varying polarization in the charge-carrier plasma. This can also be written in terms of the 

susceptibility for either electrons or holes, e/h, as 

2
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o e/h o *

e/h s,e/h

( )
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q N t E
P E

m
 

  

−
= =
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Solving for susceptibility gives 
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2
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which is the equation given in (2.4a) and (2.4b) for electrons and holes, respectively. 
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Appendix B: Material Parameter Extraction 

Extraction of material parameters from THz TDS scans is a challenging task to accomplish in general. The internal 

reflections within the sample prevent the derivation of a closed form solution for refractive index and extinction 

coefficient. While iterative algorithms exist to solve (4.1), these are typically not required. It can be shown that the 

error introduced into the extinction coefficient using the simplified expressions is equal to 

0 02 ( ) 4 ( )2 4

0

1
ln

1 2 ( ) cos(2 ( ) ) ( )
k k

c

r e k n r e
         − −

 
−  

− + 
.        (A2.1) 

Interestingly, the same amount error is introduced into the refractive index as is introduced into the extinction 

coefficient, though the error phase shifted in the frequency domain by /2. Consequently, etalon induced errors are 

much more noticeable in extinction coefficient since the background refractive index is typically several orders of 

magnitude larger than background extinction coefficient. 

The most challenging material to extract parameters from is one with a high refractive index and a negligible 

extinction coefficient, which is common for many semiconductors. Spectroscopy of these materials can still be 

carried out if one can assume that the refractive index of the material is constant over the frequency of interest. In 

this case, the etalons can be compensated for by modelling the material with a constant estimated refractive index, 

nE, and zero extinction coefficient. The estimated expressions for the compensated refractive index, nc(), and 

extinction coefficient, c(), with etalon effects are 

( )c THz E( ) 1 ( ) ( ) 2
c

n i     


= + + +         (A2.2) 

and 
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,                  (A2.3) 
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where E() and EE() are the estimated phase and amplitude, respectively, introduced by the presence of internal 

reflections. The estimated amplitude and phase shift can be determined using 

E
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E j22

E

1
( )

1 ( )

j

k n
E e

r e








−

−
=

−
.        (A3.3) 

To show the potential effect that etalons have on the measured refractive index and extinction coefficient, a sample 

of intrinsic germanium was measured with a thickness of 320 m. Germanium, with its high refractive index and 

low extinction coefficient, produces very large etalons. Figure 7.1 below shows the results for parameter extraction 

with (Compensated) and without (Uncompensated) etalon estimation. 

 
(a)       (b) 

Figure 7.1: The extracted refractive index (a) and extinction coefficient (b) for an intrinsic germanium wafer is shown. The material 

parameters are extracted using two algorithms. One algorithm does not compensate for etalons (Uncompensated), while the other 

algorithm compensates for etalons by assuming a constant refractive index (Compensated). 

The effects of etalons for this sample are clearly visible in both the refractive index and extinction coefficient of the 

parameters extracted without etalon compensation, as they are much larger than the measurement noise. Conversely, 

the results with etalon estimation push the internal reflections mostly into the measurement noise floor, and flat 

refractive index and extinction spectra are produced. This level of improvement in spectroscopy results is only 

possible when the refractive index of the sample is large and constant. Owing to the large etalons seen in germanium, 

the modulator results in Chapter 5 were analysed including internal reflections.  
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Etalon estimation can also be used to for samples with lower refractive indices, but this does not produce the same 

dramatic effects. The following results are for a composite sample with a volumetric fraction of approximately 8% 

of SiO2 microparticles in HDPE wax and a thickness of 6.4 mm. This gives a sample with low refractive index and 

extinction coefficient. Figure 7.2 below shows the results for parameter extraction with (Compensated) and without 

(Uncompensated) etalon estimation. 

 
(a)       (b) 

Figure 7.2: The extracted refractive index (a) and extinction coefficient (b) for composite sample comprised of approximately 8% of 

SiO2 microparticles in HDPE wax is shown. The material parameters are extracted using two algorithms. One algorithm does not 

compensate for etalons (Uncompensated), while the other algorithm compensates for etalons by assuming a constant refractive index 

(Compensated). 

The results for this case show that the low refractive index of the composite introduces minimal etalon effects 

regardless of which algorithm is chosen. Interestingly, the etalon compensation appears to actually introduce minor 

additional oscillations into the material parameters. Consequently, the material parameter estimation with and 

without etalon compensation are functionally equivalent for this type of sample. Therefore, the composite results 

presented in the thesis did not use any etalon compensation as it was not required.  
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Appendix C: Configuration Two 

In configuration two, the reference frequency for the homodyne detection system is set to ref = pp. The THz probe 

frequency is set to zero, i.e. pr = 0. In this case, the expression for the measured spectrum becomes 
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which is a modified version of (5.5). To begin simplifying this expression, assumption 1, which is to ignore all 

internal reflections, is applied. This gives the measured spectrum to be 
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Appling assumption 5, which states that () = 0 and n() >> n(t), gives 
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The challenge now is determining (,t). To do so, equation (5.7) for optically induced charge carrier density is 

first simplified using assumption 3, which stipulates that the square wave modulation can be approximated by its 

first term. This gives a charge carrier density of 

op r pp 1 pp 1
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cos( ) cos( )4 4
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where the constant N0 is a combination of several other constants. In order to relate this charge carrier density to a 

change in refractive index and extinction coefficient, the relationship between susceptibility and change in refractive 

index and extinction coefficient needs to be linearized. This is assumption 2 and gives 
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which can be simplified to 
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Now, inserting (A3.4) into the susceptibilities gives 
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where n0() and 0() are the changes in refractive index and extinction coefficient induced by the scaling factor 

N0. Taking the imaginary part of (A3.7) gives the change in extinction coefficient to be 

pp

0
2

pp r

cos( )4
Δ ( , ) Δ ( ) 1

π 1 ( )

kt
t

 
   

 

 −
 = +
 +
 

.         (A3.8) 

In order to insert (A3.8) back into (A3.3), the second exponential term in (A3.3) needs to be linearized. Assumption 

4, which states that the absolute values of the terms in the second exponential function are much less than one, 

allows (A3.3) to be linearized into 
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This expression only takes the first two terms of the Taylor series. Inserting (A3.8) into (A3.9) and expanding gives 
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Multiplying further gives 
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The first two terms of the integral are zero after integration over one period giving 
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Splitting up the second cosine and simplifying gives 

p
0j ( ) 2in out 0 0

d 0 pp pp
2 0

p pp r

( ) ( ) Δ ( )4
( ) ( ) cos ( )cos( ) 0.5sin(2 )sin( )

π 1 ( )

T
k n

k k

t t k
V V e t t dt

T

     
     

 

−
= − +

+
 .  (A3.13) 

The second term in the integral now goes to zero when integrating over one period giving 
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Now all that is left is to evaluate the integral, which gives 

0 pj ( )in out 0 0
d 0

2
p pp r

( ) ( ) Δ ( )4
( ) ( ) cos( )

π 21 ( )

k n

k

Tt t k
V V e

T

     
  

 

−
= −

+
.  (A3.15) 

Simplifying and absorbing a few constants into V0 gives 
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which is (5.11) in Section 5.2. 


