
 

 

 



 
 

ABSTRACT 

Devices Based on Parallel-Plate Waveguides for Terahertz 
Applications 

by 

Kimberly S. Reichel 

The promise of terahertz (THz) frequencies for technological applications 

is wide, spanning from wireless communications for faster downloads to non-

destructive imaging for security screening. Although the potential is high, there is 

a lack of the basic devices necessary to make these prospects a reality. One 

essential component for any electromagnetic wave technology is a waveguide, 

which as the name implies can guide light waves, like a hose would direct water 

from the source to the desired target location. Several waveguide types have 

been introduced for THz frequencies, one of the most promising of which is the 

parallel-plate waveguide (PPWG). The PPWG is attractive based on its superior 

waveguiding performance of efficient input coupling and low losses, but 

additionally it serves as an excellent platform for other purposes. The projects 

presented in this dissertation highlight a few new functionalities incorporated into, 

and enabled by, a PPWG for sensing, filtering, and splitting. 

First, we characterize a high quality factor resonator integrated into a 

PPWG used for microfluidic sensing. Typically, the characterization of the 

frequency-dependent electric field profile inside a narrowband resonator is 



 
 

challenging, either due to limited optical access or to the perturbative effects of 

invasive probes. In our situation however, the geometry of the PPWG allows for 

direct access to the resonant cavity via the open sides of the waveguide and a 

novel implementation of the air-biased coherent detection (ABCD) method 

permits non-invasive probing. Through both experiment and simulation, we see 

the narrowband frequencies trapped in the resonator and also discover an 

unexpected broadband asymmetric field distribution due to the resonator inside 

the waveguide, yielding new information that is not available in the far field. 

Second, we investigate a narrowband tunable filter based on extraordinary 

optical transmission (EOT) through a 1D array of subwavelength holes inside a 

PPWG. EOT is an effect where at a particular frequency 100% of the light is 

transmitted through an array of holes with diameters much smaller than the 

wavelength. We demonstrate that the output resonant frequency depends 

strongly on the input mode of the waveguide, where excitation with the TEM 

waveguide mode mimics EOT in a 2D array in free-space, while the TE1 

waveguide mode is vastly different. Through this disparity of outcomes between 

the two different waveguide excitation modes, we can better understand the 

resonant transmission process. We show that the surface plasmon theoretical 

description is invalid for the TE1 resonance, and instead use impedance 

matching to properly predict the resonances in both TE1 and TEM. Additionally, 

we show that the device can be used as a tunable filter at THz frequencies by 

simply changing the separation between the two waveguide plates. 



 
 

Third, we demonstrate a THz variable power splitter based on a PPWG T-

junction excited by the TE1 waveguide mode. By integrating a small triangular 

septum into the waveguide plate, we are able to direct the THz light down to 

either one of the two output channels with precise control over the coupling ratio 

between the waveguide outputs. We find good agreement between experiment 

and simulation in both amplitude and phase. We show that the coupling ratio 

varies exponentially with the septum translation offset and that nearly 100% 

transmission can be achieved. The splitter operates over almost the entire range 

in which the waveguide is single mode, providing a sensitive and broadband 

method for power splitting.  

By incorporating our innovations along the already propagating path of 

THz waves inside a waveguide, we establish multiple functional capabilities into 

one universal platform. The hope of this work is that these devices will ultimately 

serve as fundamental building blocks to make everyday THz applications a 

reality. 
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Chapter 1 

Introduction to Terahertz 

Technology enabled by electromagnetic waves has become essential to 

our way of living, from microwave ovens to quickly heat our food, to x-rays for 

peering under our skin at potentially broken bones. Most frequencies of the 

electromagnetic spectrum have been thoroughly investigated and implemented in 

technology around us, except for one region: terahertz – the final frontier of the 

electromagnetic spectrum. The term terahertz (THz) refers to the band 

frequencies from 0.1 – 10 THz (corresponding wavelengths 3 mm – 30 μm), 

higher than microwave but lower than infrared. Although this region has been 

referred to as the “THz Gap” due to the lack of mature technology, this gap is 

rapidly being filled. One essential component necessary for any electromagnetic 

wave technology is a waveguide, which as the name implies guides or directs 

light waves much like a hose would direct water from the source to the desired 

target location. Several waveguide types have been introduced for THz 
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frequencies, the most promising of which is the parallel-plate waveguide 

(PPWG). The PPWG is attractive based on its superior wave guiding 

performance, but additionally it serves as an excellent platform for other 

purposes. The projects presented in this dissertation highlight a few of these 

functionalities incorporated into, and enabled by, the PPWG, that of a sensor 

based on a resonator, a narrowband tunable filter based on extraordinary optical 

transmission (EOT), and a variable power splitter based on a septum T-junction. 

The structure of this dissertation will be outlined here. The remaining parts 

of Chapter 1 will establish some fundamentals of THz generation and detection 

and also review THz wave guiding platforms with an emphasis on PPWGs. 

Chapter 2 looks at probing and characterizing a resonator incorporated into a 

PPWG. Chapter 3 investigates EOT inside a THz PPWG used for narrowband 

tunable filtering. Chapter 4 introduces a variable power splitter where THz light is 

selectively directed from one PPWG to two new output channels. Chapter 5 

presents future plans in particular to implement liquid metals into PPWGs for 

reconfigurable devices. Finally, Chapter 6 summarizes the key highlights 

presented in this work. 

1.1. Why THz? 

The use of THz waves is attractive for many different purposes and it is 

important to identify specific applications to steer the direction and development 

of THz technology. THz can be used for both spectroscopy, obtaining the 
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material characteristics that depend on frequency, and imaging, obtaining the 

spatial distribution of an object [1,2]. THz waves are transmitted through most 

non-conductive materials (e.g., plastics, clothing, paper), highly absorbed by 

water and other polar liquids, and reflected by metals. When passing through a 

material, the THz wave will be altered and these changes reveal information 

about the material itself, such as its refractive index, absorption, and 

conductivity [3,4]. Looking at the reflection of THz waves enables the use for 

security screening such as at airports to detect weapons or explosives [5] or to 

find defects inside materials including the space shuttle foam isolation (SOFI) 

layers [6]. Most recently, there is a huge interest to move up from microwave to 

THz for wireless communications [7]. Although there are serious disadvantages 

such as narrow beam directivity or high water vapor absorption, the desire for 

higher transmission speeds and greater bandwidth pushes researchers to 

develop ways to work around these drawbacks [8]. Besides these tangible 

applications, research at THz frequencies is intrinsically interesting because 

there is new physics yet to be uncovered and understood. 

1.2. THz Generation and Detection 

Although there are sources of THz frequencies in the galaxy, it has taken 

a long time to generate THz waves on earth. Because it was so difficult to 

generate these frequencies just out of reach from microwave or far-infrared 

technology, research in the THz band was very challenging. In the late 1980’s, 
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however, THz experienced a revolution with the introduction of photoconductive 

antennas (PCA) used for THz time-domain spectroscopy (THz-TDS), developed 

by Grischkowsky and co-workers [9]. Now using PCA systems that have a small 

tabletop sized footprint, THz waves can be generated and detected in a variety of 

locations for a multitude of applications. This compact size allowed more groups 

to easily access THz frequencies and thereby enabled a greater number of 

breakthroughs in understanding and discovery in the past three decades. The 

drawback of PCAs, however, is very low output power. Different non-linear 

phenomena can be exploited to generate high field THz waves, where possibly 

the most commonly implemented is optical rectification in lithium niobate [10]. 

A full list of methods for generating and detecting THz can be found in 

other resources [3,11] and in the following sections the types of THz generation 

and detection specifically used in this dissertation are discussed.  

1.2.1. Photoconductive Antennas 

Photoconductive antennas (PCAs) for THz generation and detection have 

revolutionized the THz community and are the backbone of commercial THz 

systems [2]. They also form the basis for much of the work described in this 

thesis. The essential parts of a PCA system are: a semi-insulating substrate such 

as gallium arsenide (GaAs), an ultrafast laser, electrodes on the substrate in 

connection to either a voltage source for generation or current monitor for 

detection, and collection optics such as a hemi-spherical silicon (Si) lens. Figure 
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1.1 depicts the generation process. The input is typically a titanium sapphire 

(Ti:Sapphire) ultrafast NIR laser source at 800 nm wavelength (above the 

bandgap of the material) and pulse length on the order of 100 fs. The light strikes 

the semiconductor that excites electron carriers across the bandgap from the 

valence to the conduction band where they are now free to move. This is what 

the term “photoconductive” describes, when hit with photons the conductivity of 

the material changes. A voltage bias is placed on the semiconductor that creates 

an electric field in which the now free electrons begin to accelerate. The radiation 

of these accelerating charges creates a single-cycle pulse on the order of 1 ps, 

which when Fourier transformed into frequency contains a broad band of THz 

frequencies. A Si lens is used at the output to collect and direct the THz light. The 

transient THz electric field is proportional to the derivate of the generated current 

(Equation 1) [2]. 

 

Figure 1.1 Photoconductive Antenna 
An ultrafast (100 fs) pulse of NIR (800nm) used to generate a single-cycle THz pulse. 
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ETHz ∝
dJ(t)
dt  

Equation 1 Relationship of Generated THz Transient to Current 
 

A PCA can also be used to detect THz. Part of the NIR light is sent to the 

detector to again create free carriers, but in this case, however, there is no 

external voltage bias on the antenna. Instead, it is the THz electric field itself that 

accelerates the carriers, and the current measured across the electrodes is 

directly proportional to the THz field. This TDS technique is now used worldwide 

by dozens of research groups.  

1.2.1.1. Timing 

In the detection process to measure the THz pulse, the NIR probe is swept 

across the THz pulse in time, as illustrated in Figure 1.2. The probe pulse is an 

order of magnitude narrower that the THz pulse (100 fs compared to 1 ps), thus 

the probe pulse is able to fully resolve the THz transient for typical bandwidths 

from a PCA. Part of the NIR probe is on a mechanical delay stage such that the 

path length of the NIR light can be shortened or lengthened. Since time and 

distance are related, v=d/t (speed=distance/time), where v=c is the speed of light, 

a change in distance corresponds to a change in time. In order for the timing to 

overlap, the optical path lengths of the THz beam and NIR probe beam must be 

equivalent. To complete a scan, the delay stage is translated and at each point 
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the generated current based on the interaction of the NIR probe and THz pulse is 

recorded as a function of time. 

 

Figure 1.2 Detection Timing 
The 800nm femtosecond pulse (red) is scanned along at a rate of Δτ, which is determined by the 

step size of the mechanical delay stage, to map out the THz electric field. 

1.2.1.2. Lock-In Amplification 

The signals produced by PCAs are quite small and without any 

intervention would be difficult to distinguish from noise. To overcome this, lock-in 

amplification is used. This requires the generated signal to be modulated at a 

certain frequency, which is then “locked into” when detecting, thereby getting rid 

of the background noise. For PCAs this is accomplished by oscillating the voltage 

bias on the generation antenna, or optically chopping the generation beam, and 

thus THz is only generated when the bias is on or when the chopper is on. The 
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lock-in amplifier hones into only the signal modulating at this reference 

frequency, thereby revealing the THz signal apart from the noise. 

1.2.1.3. Purging and Time Windows 

Water vapor strongly absorbs certain THz frequencies, the lowest several 

being 0.56, 0.75, 0.99, 1.1 THz [12]. In a THz spectrum, these water vapor 

absorption lines are clearly apparent as deep narrow dips at the aforementioned 

frequencies. If doing an experiment where a clean spectrum is needed, then the 

THz system should be purged, which is accomplished by building a closed box 

around the setup and pumping in either dry air or nitrogen. Figure 1.3 shows the 

difference in both the time traces and the corresponding spectra where the blue 

curves are for 55% humidity (typical indoor value for Houston) and purging with 

the building “dry air” for 38% humidity (this Houston “dry” is equivalent to normal 

Providence indoor humidity). After the main pulse, the ringing in the blue 

waveforms is due to the water vapor absorption, and the strong dips in the blue 

spectra are at the water vapor absorption frequencies listed above. 



 9 

 

Figure 1.3 Purging and Data Analysis 
Time traces (a,c,e) and corresponding frequency spectra (b,d,f) for different time windows of 320 

ps (a,b), 140 ps (c,d), and 50 ps (e,f). 

Additionally, Figure 1.3 demonstrates how different time windows affect 

the spectra. The frequency resolution, Δf, is determined by the total length of the 

time window, T. Since time and frequency are inversely related, the longer the 

time window then the higher the frequency resolution. 

1.2.1.4. Commercial Pulsed System Comparisons 

In the Mittleman Lab, we have two commercial pulsed THz-TDS systems. 

Figure 1.4 shows a scaled side-by-side comparison of the Picometrix T-Ray 4000 

and the Toptica TeraFlash in time and frequency. Figure 1.5 shows the 

polarization crosstalk of the systems, which describes the amount of light 
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collected when the transmitter and receiver are oriented perpendicularly. Ideally, 

there should be no collected light in this orientation. The Picometrix performs 

better at lower frequencies and has a lower polarization crosstalk, whereas the 

Toptica has a much larger bandwidth and higher output power (the power is even 

high enough to be seen with the THz camera, to be talked about in the next 

section). These features should be taken into consideration for determining which 

to use in experiments. 

 

Figure 1.4 Comparison of Picometrix and Toptica 
Top shows time waveforms and bottom show frequency spectra, where Picometrix is shown in 
blue and Toptica is shown in red. The inset in the bottom panel zooms in to the low frequency 

region from 0 to 650 GHz. The time scans are scaled such that the peak-to-peak value is one in 
order to have a side-by-side comparison. 
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Figure 1.5 Polarization Crosstalk for Picometrix and Toptica 
Left plots show Picometrix and right plots show Toptica. We see the Picometrix system has a 

polarization crosstalk of up to 25% at 600 GHz whereas Toptica reaches up to 40% at 600 GHz. 

1.2.1.5. Continuous Wave THz 

The PCA can also be used for continuous wave (CW) THz generation and 

detection, illustrated in Figure 1.6. The operating principle of the antenna is the 

same as previous described except that carriers are photoexcited by a CW 

source. Here, two CW lasers with slightly different wavelengths are combined 

together such that the beat frequency corresponds to the THz frequency. The 

measured data corresponds to just one THz frequency, unlike the pulsed 

systems that contain a broad band of frequencies. To obtain a full THz spectrum 

in CW, the tuning of the lasers is swept. The advantage of CW is an extremely 

fine frequency resolution, which is limited only by the tunability of the lasers (to 

be discussed more in Section 3.3.1). 
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Figure 1.6 Continuous Wave THz 
From Ref. [13] showing CW THz generation and detection. 

1.2.2. Lithium Niobate for High Fields 

As mentioned previously, the output power of PCAs is small. More power 

can be achieved by increasing the input NIR power, but there is a hard limit to the 

amount of input power the antenna can take before being irreversibly damaged. 

Thus, to achieve high field strength THz sources, other methods must be used. In 

some of the work described in this thesis, we use optical rectification for tilted 

pulse-front THz generation in lithium niobate (LiNbO3) [14]. Optical rectification is 

a second-order nonlinear process where inside a material through difference 

frequency generation (DFG) the spectral components of a single femtosecond 

NIR pulse give a lower frequency in the THz range, as shown in Figure 1.7. This 

requires a material that has a large χ(2) nonlinear component, can withstand high 

pump fluence (a.k.a. has a high damage threshold), and is phase matched [15]. 

LiNbO3 meets the first two criteria, but not the last. To overcome this, a unique 

technique was introduced to where the crystal is pumped at a tilted angle, such 
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that the phase condition is met, and is therefore called tilted pulse-front 

pumping [14]. The input source is an amplified Ti:Sapphire laser at 800 nm with 

100 fs pulsewidth. The chirp, referring to different frequencies coming at different 

times, of the NIR source should be negative, such that the low frequencies come 

earlier in time than the high frequencies for best THz generation because of the 

high material dispersion of LiNbO3 [16]. A greater discussion of this setup is 

found in Section 2.3 with a diagram in Figure 2.3. 

 

Figure 1.7 Diagram of Intrapulse Difference Frequency Generation 
From Ref. [16] illustrating the intrapulse DFG of a NIR laser with central frequency ωc where	two 
photons at ω1 and ω2 (ω2 < ω1) interact with each other in the nonlinear crystal resulting in a new 

photon Ω at the difference of ω1 and ω2 which is in the THz range. 

1.2.2.1. Characterizing THz Output 

There are a few ways to characterize and detect high field THz. One is a 

pyroelectric detector that converts light into electric current proportional to the 

rate of temperature change in the detector material caused by the light. It is only 

sensitive to the power, and is useful to optimize the THz generation to maximize 

the output power. It is also useful for spatial alignment as both the THz and NIR 

probe can be aligned to the same spot.  
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Another useful tool is a THz camera which is actually an array of 

bolometers with each pixel of size ~23.5 μm2. A bolometer detector is also 

sensitive to change in temperature caused by the incident light but in this case 

causes the electrical resistance of the detector to change. Using the THz camera 

is a way to spatially identify the beam shape and quality, and can even be used 

to map out the beam profile along the propagation direction [17]. 

 

Figure 1.8 THz Camera 
Screenshot using the THz camera to measure the output of the THz from LiNbO3. 

A standard detection method that can be used for both high field and low 

field THz detection is electro-optical sampling (EOS) [18]. The detection happens 

in a birefringent crystal (a material having ordinary and extraordinary polarization 

axes), where the THz field and NIR detecting probe are overlapped spatially and 

in time as discussed earlier. When the THz field is zero, the NIR probe 
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propagates as normal, but when the THz pulse is present, the birefringence is 

induced in the material and now when the probe beam passes though the crystal, 

the polarization state changes. This change in polarization of the NIR probe is 

measured, and it is this value that is proportional to the THz electric field. 

Another detection method specially for high field THz is air-breakdown 

coherent detection (ABCD) [19,20], which led to air-biased coherent detection 

(also referred to as ABCD) [21]. Two electrodes are placed around the focal point 

of the THz field and a NIR probe is also tightly focused to the THz focus (this will 

discussed more in detail in Section 2.3). In the presence of the surrounding 

medium of air with third order susceptibility Χ(3), the fields interact to generate the 

second harmonic of the NIR probe at 400 nm. By modulating the electric field 

bias on the electrodes and locking in to that, the detected 400 nm light is directly 

proportional to the amplitude of the THz electric field, as shown in Equation 2. A 

novel adaptation of the ABCD method enables direct measurement of THz 

electric field inside a waveguide [22], shown by Equation 3. The specific 

implementation used in this dissertation of ABCD to measure inside a waveguide 

will be discussed in more detail in Section 2.3. 

I2ω ∝ 4 χ (3)Iω (t)⎡⎣ ⎤⎦
2
EbiasETHz  

Equation 2 ABCD 
ABCD for coherent detection of high field THz from Ref. [21], where I2ω is the intensity of the 

generated second harmonic at 400 nm, Χ(3) is the third order susceptibility of air, Iω is the intensity 
of the NIR probe at 800nm, Ebias is the electric field between the electrodes which is modulated, 

and ETHz is the THz electric field. 
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I2ω (τ )∝ Ebias (

!r )∫ ETHz (t,
!r )Iω

2 (t +τ , !r )dt∫( )d 3!r  

Equation 3 Relationship of ABCD to Measure Inside a THz PPWG 
From Ref. [22] showing the relationship of measured second harmonic intensity I2ω  as function 
of the probe delay time τ . The inner integral is the temporal cross-correlation between the THz 

transient ETHz  and probe beam intensity Iω  at spatial point r, and the outer integral sums 
contributions for each point in the interaction volume in the bias fieldEbias  between the two plates. 

1.3. THz Waveguides 

With THz sources and detectors established, devices to direct and control 

are needed. Like all electromagnetic waves, THz waves diffract and spread out 

with increasing propagation distances. To avoid losing energy due to diffraction, 

waveguides are used to confine the light. The typical waveguide cross-sectional 

size is on the order of the wavelength, so different waveguide sizes need to be 

used at different frequencies, and varying material properties at different 

frequencies also determines the waveguide type. Several designs of waveguides 

for THz frequencies have been evaluated which are shown in Table 1. 

Although each type of waveguide may have a particular strength, we have 

found the parallel-plate waveguide (PPWG) to have desirable characteristics. 

The simple geometry of two flat metal plates held parallel to each other makes 

the design incredibly easy to implement. The Gaussian beams of THz sources 

also couple well to the PPWG for single mode propagation. The TEM waveguide 

mode is ideal for its preservation of the input pulse without distortion, and 

although the TE1 waveguide mode is quite dispersive, many interesting 
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phenomena not possible in TEM are achievable in TE1  [23–30]. The PPWG will 

be the remaining focus in this thesis.  

Waveguide 
Type 

Material 
Shape 

Dispersion Loss Modes Coupling Year Refs. 

Hollow 
Metallic 

Circular pipe Dispersive, 
negative chirp 

Low Circular TE 
and TM 

Good 2000  [31] 

Hollow 
Metallic 

Rectangular 
pipe 

Dispersive, 
negative chirp 

Low Rectangular 
TE and TM 

Good 2000  [31] 

Dielectric 
Fiber 

Single crystal 
sapphire, 
flexible 

Dispersive, 
negative chirp 

Low Primarily HE11 Good 2000  [32] 

Plastic 
Ribbon 

Dielectric slab Dispersive, 
positive chirp 

Low Primarily TM0 Good 2000  [33] 

Parallel-Plate 
(TEM) 

Two slabs of 
metal 

Non-dispersive Low E-field 
perpendicular 
to plates 

Good 2001  [34] 

Photonic 
Crystal Fiber 
(PCF) 

Polythene Dispersive Low Single mode Good 2002  [35,36] 

Photonic 
Crystal Fiber 
(PCF) 

Teflon, 
flexible 

 Low Polarization 
maintaining 

Poor 2004  [37] 

Coaxial 
Transmission 
Line 

Copper-
Teflon-Copper 

Dispersive Low Primarily TEM Poor 2004  [38] 

Metal Wire Bare metal 
wire 

Non-dispersive Low Sommerfield Poor 2004  [39,40] 

Metal Sheet Aluminum 
sheet 

Dispersive High Zenneck 
surface wave 

Good 2006  [41] 

Fiber optic Glass with 
metal outer 
layer, flexible 

 High Circular TE 
and TM 

Good 2007  [42] 

Hollow 
Dielectric 

Teflon air pipe Dispersive Low Good Good 2009  [43] 

Parallel-Plate 
(TE1) 

Two slabs of 
metal 

Dispersive, 
negative chirp 

Low E-field parallel 
to plates 

Good 2009  [23,24] 

Table 1 Comparison of THz Waveguides 
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1.3.1. PPWG Characteristics 

All the things in this section can be found in textbooks [44–48], but are 

important to include here for self-consistency within this dissertation and to 

establish a foundational understanding that the following chapters will be built 

upon. 

1.3.1.1. Modes 

Based on Maxwell’s equations of electromagnetic waves and the 

boundary conditions imposed by the two metal plates of the PPWG, there are a 

discrete number of field patterns allowed inside the waveguide, which are 

referred to as modes. These modes are classified as either transverse-electric 

(TE), with the electric field in the propagation direction (typically the z-direction) 

equal to zero, or as transverse-magnetic (TM), with the magnetic field in the 

propagation direction equal to zero. A special case is the transverse-electric-and-

magnetic (TEM) mode, where both the electric and magnetic fields are zero in 

the propagation direction. These relationships are shown in Equation 4. 

TE Modes: Ez = 0 ,Hz ≠ 0  

TM Modes: Hz = 0 ,Ez ≠ 0  

TEM Mode: Hz = 0 ,Ez = 0  

Equation 4 PPWG Mode Categories 
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The specific field mode patterns are given in Equation 5 for TE modes and 

in Equation 6 for TM modes, where m is the mode order number (m = 0, ± 1, ± 

2…) which describes the discrete set of allowed modes, b is the separation 

between the two plates, β is the propagation constant, C is some constant 

amplitude, ω is the angular frequency, μ is the medium (typically air in our 

experiments) permeability, and ε is the medium permittivity.  

Ex = C sin
mπ y
b

⎛
⎝⎜

⎞
⎠⎟ e

− iβz
, Ey = 0 , Ez = 0  

Hx = 0 ,Hy = − β
iωµ

C sin mπ y
b

⎛
⎝⎜

⎞
⎠⎟ e

− iβz
,Hz = − mπ

iωµb
C cos mπ y

b
⎛
⎝⎜

⎞
⎠⎟ e

− iβz
 

Equation 5 TE Mode Field Patterns 
 

Hx = C cos
mπ y
b

⎛
⎝⎜

⎞
⎠⎟ e

− iβz
, Hy = 0 ,  Hz = 0  

Ex = 0 ,  Ey =
β
iωε

C cos mπ y
b

⎛
⎝⎜

⎞
⎠⎟ e

− iβz
, Ez =

imπ
ωεb

C sin mπ y
b

⎛
⎝⎜

⎞
⎠⎟ e

− iβz
  

Equation 6 TM Mode Field Patterns 
 

The TM0 mode is the same as the TEM mode, as when m = 0 the sine 

term in Ez goes to 0 (meeting the requirement of Equation 4). We also note that 

when m = 0, all the TE0 fields goes to 0, so the TE0 mode is not supported. Figure 

1.9(a) shows the excitation of the TEM mode with a vertically polarized input and 

Figure 1.9(b) shows the field distribution along the propagation direction from 
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finite-element method (FEM) simulation. Figure 1.9(c) shows the excitation of the 

TE1 mode with a horizontally polarized input and Figure 1.9(d) shows the field 

distribution along the propagation direction from FEM simulation.  

 

Figure 1.9 Diagrams Comparing TEM and TE1 Waveguide Modes 
The top shows TEM polarization that is (a) excited by a wave with electric field polarization 

perpendicular to the plates, and (b) inside the waveguide along the propagation direction shows 
FEM simulation where the mode is equivalent to a plane wave. The bottom shows TE1 

polarization that is (a) excited by a wave with electric field polarization parallel to the plates, and 
(b) inside the waveguide along the propagation direction shows FEM simulation where the mode 

shape is cos(π ⋅ y / b), where b is the separation between the two plates.  

Another important aspect of waveguide physics is the concept of the 

cutoff. When the propagation constant β is real, the wave propagates, but when 

β is imaginary, the wave is evanescent. The frequency where β changes from 

imaginary to real is called the cutoff frequency, fc. Below this frequency, the wave 

is evanescent and therefore waveguide mode cannot propagate, but above this 
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frequency the waveguide mode will propagate. For PPWGs, the cutoff frequency 

for both TE and TM modes is given by Equation 7, where m is the mode order 

number, c is the speed of light, and b is the plate separation. 

fc =
mc
2b  

Equation 7 Mode Cutoff Frequency 
 

1.3.2. Previous PPWG Experiments 

My first project upon joining the Mittleman group was on a multichannel 

microfluidic senor based on a PPWG with rectangular cavity resonators. By using 

two cavities of different sizes and thus different corresponding resonant 

frequencies, we were able to demonstrate independent sensing of two different 

materials filled into each chamber, shown in Figure 1.10. Chapter 2 investigates 

this resonator design further by directly probing inside the waveguide.  
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Figure 1.10 PPWG Multichannel Microfluidic Sensor 
From Ref. [49] demonstrating the functionality of two cavity resonators integrated into a PPWG for 

multichannel sensing where the larger cavity has a lower resonant frequency than the smaller 
cavity. Plot (a) in both top and bottom shows both channels with alkane C10 (blue curves) and 

top with C14 in the large cavity while the small cavity remains C10, and bottom has C10 in large 
cavity and C14 in the small cavity. Plot (b) shows the resonant frequency shift as a function of 

material refractive index for various alkane chain lengths. 

Next, I worked on evanescent coupling between PPWGs in the lateral 

direction. Typically, we design the PPWGs such that the width of the plates in the 

unconfined direction is much larger than the excitation beam diameter to avoid 

any edge effects. In this case, however, we wanted to capitalize on just this 

effect. When the beam size is comparable to the width, some of the light will leak 

out of the unconfined sides of the waveguides, and by placing another waveguide 

in close proximity we demonstrated the ability to excite these adjacent 

waveguides, shown in Figure 1.11. This takes one waveguide input channel and 

distributes over a number of waveguide output channels. The longer the 

propagation length, then the wider the beam spreads out across adjacent 

waveguides, thus the number of output waveguides coupled to is a function of 
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propagation length. These results were described in my Master’s thesis [50]. 

Chapter 4 looks at another design to distribute one waveguide channel to two 

output channels with the additional ability to control the ratio between two output 

channels. 

 

Figure 1.11 Evanescent PPWG Coupling 
From Ref. [51] showing ability to couple THz light to adjacent finite-width waveguide channels 

where the amount of coupling increases (a) with increasing plate separation and (b) shows a cut 
of the coupling with Gaussian fits centered at the position of each waveguide. 

This dissertation continues the work of incorporating other new 

functionalities into PPWGs. Integrating several device options based on the same 

platform is advantageous, demonstrating how the PPWG serves as an excellent 

basis for the future implementation of THz applications. 
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Chapter 2 

In Situ Spectroscopic Characterization 
of a Terahertz Resonant Cavity 

2.1. Introduction to Resonator Characterization 

High quality-factor (Q) resonators are important in many areas of 

optics [52]. At THz frequencies one type of resonator design is a cavity integrated 

into one of the plates of a PPWG  [26] which has a Q-factor of up to 100 as 

shown in Figure 2.1. The cavity is simply a groove milled along the plate in the 

direction transverse to propagation and the resonant frequency is determined by 

the geometry of the groove and the plate separation between the two plates of 

the PPWG. The biggest advantage of this resonator is that it can function as a 

microfluidic sensor with an extremely high sensitivity to refractive index of 105 

nm/RIU (refractive index unit) [26], which is an even higher sensitivity than that 
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reported at optical frequencies [53]. As an interesting topic with a tangible 

application, more research was done to characterize the resonant cavities [54], to 

demonstrate independent multi-channel sensing capabilities [49], and to describe 

the resonances analytically with mode-matching theory [55]. New breakthroughs 

in THz detection opened up yet another way to investigate this device by directly 

probing inside the resonator, which is the focus of this chapter. 

	
Figure 2.1 PPWG with Resonant Cavity 

Computational FEM simulation results showing electric field distribution inside a PPWG with an 
integrated resonant cavity, where only the region of air between the two plates is simulated. Here, 

the polarization is in the y-direction (out of the page), the plate separation is 1 mm, and the 
groove width and depth are 400 mm, with (a) excited at 300 GHz, off-resonance and (b) excited 
at 295 GHz, on-resonance. The color scale is 10 times greater in (b) than (a), revealing a 10x 

field enhancement at the resonance. The green arrows indicate the propagation direction of the 
incident THz field and the dashed line indicates the center of the groove which we define as z = 0. 
(c) Typical experimental measurement of the resonance in the far field, obtained by measurement 
of the total transmission through the waveguide with a groove (bottom plot, red curve), compared 
to one without a groove (top plot, black curve). Both curves exhibit a cutoff at fc = 0.15 THz, and a 
strong water vapor absorption line at 0.56 THz, while the resonance indicated by a red arrow at f0 

= 285 GHz appears in the bottom curve attributable to the resonant cavity groove. 

In most cases, the characterization of the frequency-dependent electric 

field profile inside a narrowband resonator is challenging, either due to limited 

optical access or to the perturbative effects of invasive probes. Typically the 

characterization of such resonators takes place in the far-field, although a few 

measurements of near-field emission have been reported at optical [56,57] and 
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microwave [58] frequencies in photonic crystal cavity resonators. Even in these 

cases, the near-field measurement technique is generally invasive, since it often 

involves a scattering tip or tapered optical fiber immersed in the near field of the 

resonator. This can perturb the field distribution under study [59] and can even 

lead to frequency-dependent filtering that obscures the spectral response of the 

object under study [60]. It is very rare to find examples of an artificial high-Q 

cavity being probed non-invasively and in situ. Yet, this type of measurement can 

give new information that is not available in the far field. An isolated groove inside 

a THz PPWG provides an opportunity to overcome these previously stated 

challenges, as it forms a narrowband resonator and also offers direct access to 

the resonant cavity via the open sides of the waveguide. In this work, we 

experimentally access and characterize a resonant cavity in situ, in the THz 

range, without perturbing the field distribution inside the cavity. We characterize 

the spatially varying spectral response of such a resonator using a non-invasive 

probe and observe a frequency-dependent field enhancement, which varies 

depending on the location of the probe within the cavity. These results reveal 

new information on the frequency-dependent field enhancement due to the 

resonator, going beyond what can be inferred from far field measurements. 
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2.2. Specific Background and Our Implementation 

Typically, information about the internal dynamics of a resonator can be 

accessed only via numerical simulation, with experimental studies limited to the 

region outside the resonator (e.g., see Figure 2.1), but we demonstrate the ability 

to directly probe inside the resonator. Our method for non-invasive in situ probing 

is inspired by a novel adaptation of the air-biased coherent detection (ABCD) 

technique [61] for measuring high-field terahertz transients by Dr. Krzysztof 

Iwaszczuk of the Technical University of Denmark (DTU). The novelty is that the 

electrodes required for ABCD act itself as a PPWG, and thus this detection 

technique easily lends itself to imaging inside the waveguide, as depicted in 

Figure 2.2. In this preliminary demonstration, this technique was used to 

characterize the electric field distribution as a function of propagation length 

inside an adiabatically tapered THz parallel-plate waveguide (PPWG) [61,62], 

where the back reflection due to the impedance mismatch between the tip of the 

waveguide to the output of air was also able to be measured. Here, we employ 

an un-tapered PPWG with a resonant cavity integrated into one of the 

plates [23,26]. We have previously studied these waveguide-integrated 

resonators, and characterized the high Q-factor (Q ~ 95) resonance [49,54,55] 

when the waveguide is excited in the TE1 mode. By combining these resonant 

cavity waveguides with the ABCD technique for non-invasive detection, we are 

able to measure the broadband THz field in situ. The experiments were 
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completed in collaboration with Dr. Krzysztof Iwaszczuk and Dr. Peter Jepsen at 

DTU. Also presented in this chapter are computational electromagnetic (CEM) 

simulations to support these experimental results. 

 

Figure 2.2 Novel Adaptation of ABCD for Measuring Inside a PPWG 
From Ref. [61] showing the tapered PPWG used as the electrodes for ABCD, where through a 
non-linear process the THz field and probe NIR beam (800 nm) interact in the presence of an 

oscillating bias field to generate the second harmonic (400 nm) of the NIR beam. The equation 
shows that the light collected by the PMT of the second harmonic is directly proportional to the 

THz electric field. 

2.3. Resonator Design and Experimental Technique 

As the platform of this experiment, we investigate PPWGs with various 

resonant cavity groove dimensions including rectangular and triangular shapes. 

The simulations of the rectangular and triangular cavities are very similar, having 

the double lobe shape at the resonance as seen in Figure 2.1(b), implying the 

measured effect is the same for either groove shape. We display results from 
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both rectangular and triangular grooves in order to illustrate the generality of this 

phenomenon, which is not limited to one particular groove geometry. The 

orientation of the waveguide is such that the positive z-direction is the forward 

propagating direction and the groove is located at the z = 0 position (halfway 

along the waveguide length). We fabricate the PPWG out of aluminum with a 

width of 5 mm, a propagation length of 9 mm, and a plate separation of 1 mm. In 

the experiments, the measured resonant frequency may differ slightly from the 

simulation predicted resonant frequency, indicating that either the plate 

separation is slightly larger or smaller than 1 mm or that the fabricated groove 

may differ from the designed dimensions. 

The experimental setup is shown in Figure 2.3. To excite the waveguide, 

we use a near-infrared (NIR) beam from a regenerative Ti:Sapphire femtosecond 

laser amplifier (1 kHz, 100 fs, 800 nm) to generate broadband (50 GHz – 2 THz) 

pulses via tilted pulse-front optical rectification in lithium niobate (LiNbO3 [15]. 

This radiation is coupled into the waveguide such that the polarization of THz 

electric field is parallel to the plates in order to excite the TE1 mode  [24]. This 

propagating THz field is detected inside the waveguide using the ABCD method, 

which measures the second harmonic (400 nm) light generated from the 

interaction between a focused NIR probe (in this case, beam waist = 13 μm, 

Rayleigh range = 637 μm) and THz field in the presence of an external DC 

field [21]. As first presented in Ref. [61], the PPWG itself is used as the 

electrodes for the DC bias. This creates a detection region between the metal 
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plates that enables field measurements inside the waveguide, at any position 

along its length. By comparing the detected second harmonic intensity at two 

different DC biases  [62], we estimate that the peak THz field inside the 

waveguide is 340 kV/cm. Evidently, this all-optical method is non-invasive since it 

does not disturb the guided THz wave. 

 

 

Figure 2.3 Resonator Probing Experimental Setup 
Diagram of the experimental setup used for the collinear configuration measurements. 

2.4. Simulation 

We carry out CEM simulations in both the frequency-domain and the time-

domain. Figure 2.1(a-b) shows results of the frequency-domain FEM (finite 

element method) simulation in the off-resonance and on-resonance case for a 
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PPWG with a square cavity of size 400 µm in groove width and depth. The 

simulation region is the air space between the two metal plates, which are 

represented by perfect electric conductor (PEC) on the top and bottom, and 

scattering boundary conditions on the left and right, where the electric field is 

incident from the left. In the off-resonance case we clearly see the propagation of 

the TE1 mode, almost unperturbed by the presence of the cavity. In the on-

resonance case, the electric field is strongly confined to the resonant cavity 

region, forming a pattern with two lobes, and a node halfway between the plates. 

The range of the false color scale of Figure 2.1(b) is 10x greater than in Figure 

2.1(a), showing a strong field enhancement for resonant excitation. 

To explore broadband frequency-dependent effects, we also carry out 

time-domain FDTD (finite difference time domain) simulations. The same 

boundary conditions are used to represent the PPWG, but here we excite with a 

single-cycle pulse (frequency range from DC up to 1 THz) that is also polarized to 

excite the TE1 mode. The resonance due to the groove causes a long ringing in 

the time-domain, shown in Figure 2.4, but we use only about a 100 ps time 

window so as to have a better comparison to our experiments in which the length 

of the measured time axis is limited by the optical delay line. The results of the 

time-domain simulations are compared to the experimental results in Section 2.6. 
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Figure 2.4 Transient Simulations Time Window Comparisons 
Time-domain FDTD simulations for cavity resonator inside a PPWG probing at the position of the 
top resonator lobe showing (top) time traces and (bottom) frequency spectra with two time lengths 
of 1200 ps (blue) and 110 ps (red). We see decreased field amplitude when less of the ringing in 

time is considered. 

 

Figure 2.5 Digrams of Resonator Probing Geometries 
Diagram to take a closer look of experimental detection setup to probe inside the waveguide. 

Black arrows indicate propagation direction of the THz (green) and the NIR probe (red) beams. 
Focusing the probe using a 100 mm focal length lens and modified ABCD technique, the probe 

and THz fields interact within the bias field between the waveguide plates, generating the second 
harmonic at 400 nm (blue), which is filtered and detected via a photomultiplier tube (PMT). Two 
configurations are used: (a) collinear, and (b) angled, where θ = 45°. The polarization directions 

of the THz, NIR, and DC bias fields are illustrated in (c). 
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2.5. Experimental Geometries 

We employ two different geometrical configurations to make use of ABCD. 

For the collinear configuration shown in Figure 2.5(a), the probe is focused to a 

particular point within the waveguide and propagates along the same optical axis 

as the THz beam. This geometry achieves maximum detection of the second 

harmonic signal, since the polarization of the probe is parallel to the bias-field, i.e. 

perpendicular to the plate surfaces  [63]. In this geometry, the spatial resolution 

originates from the focusing of the optical probe beam, since the THz-field-

assisted second harmonic radiation is largely generated at the probe beam focus 

where the intensity is highest. Another alternative (Figure 2.5(b)) is to angle the 

probe beam propagation direction with respect to the THz beam. This provides 

improved spatial resolution along the THz propagation direction, while still 

maintaining the perpendicular polarization (with respect to the plate surfaces) of 

the probe beam. In both of these configurations, the probe beam focal point can 

be moved along the waveguide (z-axis), and in particular can be situated in the 

section of the waveguide in which the groove (resonant cavity) is located. We 

also note that the focal spot can be translated between the two plates along the -

x-axis to independently probe the two lobes of the resonating mode shown by the 

simulation in Figure 2.1(b). Interestingly, the measured field enhancement factors 

in these two locations have different spectral behaviors. 
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2.5.1. More Notes on Polarization 

When this technique was first applied to measuring inside a PPWG, the 

waveguide mode excitation was TEM, where the THz electric field is polarized 

perpendicularly to the two plates. For ABCD, the polarization of the bias field can 

only be perpendicular to the two plates as basic physics dictates, and the probing 

beam was also aligned perpendicular to the two plates. Thus, previously all fields 

had the same polarization. Since in our experiment we are now using the TE1 

waveguide mode, the best polarization to use was initially unclear. On the 

assumption that the probe beam polarization should be aligned with the THz 

field, our first experiments employed this configuration. However, in this 

configuration hardly any signal was observed. Subsequently, new results from 

the group of X.-C. Zhang, demonstrated a different configuration. These data are 

shown in Figure 2.6. 
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Figure 2.6 ABCD Dependace on Polarization 
From Ref. [64] at IRMMW-THz 2013 conference showing various combinations of polarizations 

for ABCD. The THz electric field is fixed in the y-direction. There’s two pair of electrodes such that 
the bias electric field can be in the x-direction (left plots) or y-direction (right plots). The probe 
polarization is oriented in either the x-direction (top two lines) or y-direction (bottom two lines). 

We see the greatest field amplitude in the bottom right trace when all the 

fields are aligned in the same direction, which is the configuration for a PPWG in 

TEM mode. For a waveguide in TE1 mode, which forces the bias field to be 

perpendicular to the THz field, the only remaining variable is to determine which 

probe polarization yields the highest signal (Figure 2.6 (left plots)). We see that 

for this constraint, the highest signal is achieved when the probe is polarized in 

the same direction as the bias field as shown in the top left trace in blue of Figure 

2.6. This is clearly superior to the configuration shown as the red trace on the left. 

With this new knowledge, we checked by rotating the polarization of the probe 
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beam as shown in Figure 2.7. We see a minimum when at 90° when the probe is 

aligned to the THz polarization and a maximum at 0° when the probe is aligned to 

the DC bias field polarization. The kink in the first few data points arises because 

the half-wave plate before the polarizer was not accordingly rotated to maximize 

the signal that goes through, which is accounted for from 60° and onwards. 

 

Figure 2.7 Testing of Probe Polarization Angle 
Although the first few data points were not properly optimized, we see the smallest signal when 
the probe beam is aligned to the THz field and the largest signal when aligned to the bias field. 

We see the highest measured peak-to-peak signal when the probe polarization is 

aligned to the bias field polarization, and the lowest signal when the probe 

polarization is perpendicular to the bias. Thus, for the subsequent measurements 
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the probe polarization is horizontal to be in the same direction as the bias field 

polarization. 

2.5.2. More Notes on Detection 

We also observed a great amount of noise in the experimental setup. After 

much searching, we discovered the unwanted noise at 500 Hz, which is the rate 

of the DC bias field oscillation. To get rid of this extra noise, we used a second 

lock-in detector with a chopper on the THz generation beam at a low frequency of 

27 Hz. This gave stability to the measurements, but drastically increased the 

acquisition time. Figure 2.8 shows a comparison of two back-to-back time 

measurements with a single lock-in and then again with dual lock-ins. Obviously, 

with a single lock-in the measurements are not repeatable, thus dual lock-ins are 

required for the data acquisition. 
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Figure 2.8 Comparison of Single vs. Dual Lock-In for Noise Reduction 
Using a single lock-in, plot (a) compares two times cans and (b) the ratio between these two 

scans. Obviously these measurements are not repeatable. Using two lock-ins, plot (c) compares 
two time scans and (d) the difference, revealing a now stable measurement setup. The first lock-

in operates at 500 Hz and the second at 27 Hz. 

2.6. Results of Measuring the Resonator 

2.6.1. Angled Configuration 

We use the angled configuration (Figure 2.5(b)) to probe along the length 

of the waveguide, thereby characterizing the spectral response both before and 

after the resonant cavity. For this experiment, we employed a PPWG with a 60° 
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triangular groove and a depth of 265 µm, with expected resonance at f0 = 299 

GHz from simulation. We obtain measurements along the length of the 

waveguide by translating the probe beam along the propagation direction. We 

use a bare PPWG (without cavity) as a reference to compare to the grooved 

PPWG (with cavity). In Figure 2.9, the measured spectra are plotted at selected 

positions, showing the emergence and development of the resonance. For z < 0, 

the THz pulse is measured at a spatio-temporal location such that it has not yet 

reached the groove at z = 0, thus the spectra overlap. For z > 0, the pulse is 

measured at a later time after it has passed the resonant cavity. The cavity acts 

as a reservoir, collecting a certain narrow range of frequencies while allowing 

other frequencies to pass. Thus, after propagating past the groove, a narrow 

band of spectral components have been removed from the broadband spectrum 

of the incident wave, appearing as a dip in the spectra in Figure 2.9(c-d). Overall, 

this result validates the experimental procedure, and confirms that we can 

spatially isolate the resonant cavity with the optical probe. 
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Figure 2.9 Angled Geometry Measurements 

Measurements in the angled configuration (Figure 2.5(b)) of a PPWG containing a resonant cavity 
at z = 0 (red curves) and reference measurements of a PPWG without a cavity (black curves), 

where the measurement was taken closer to the plate with the groove. This shows the resonant 
feature due to the groove emerging inside the waveguide with increasing distance in the 

propagation direction from (a)-(d). 

	

	
Figure 2.10 Collinear Field Probing Aligned to Resonance Lobes 

Evidence of field enhancement at the narrowband resonance frequency and additional broadband 
features due to the cavity, observed by comparing a bare reference PPWG (black curves) to a 

PPWG with a resonant cavity (red curves). Experimental measurements in the collinear 
configuration where (a) the probe is focused to the top lobe, the position denoted in schematic 
(b), and (c) the probe is focused to the bottom lobe, denoted in schematic (d). The dips at 0.56 

THz, and 0.75 THz in the experimental measurements (a,c) are water vapor absorption lines, and 
the schematics in (b,d) are obtained from FEM simulation. 
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2.6.2. Collinear Configuration 

To directly probe the region containing the resonant cavity, we use the 

collinear configuration (Figure 2.5(a)). We use the same PPWG dimensions but 

now with a square cavity of 400 μm width and depth that was used in Figure 2.1. 

Again we compare a bare reference PPWG to the grooved PPWG, which is 

shown in Figure 2.10(a,c). Here, the focus of the probe beam is situated at the z 

= 0 position (centered over the groove), and placed either closer to the top plate 

at x = ¾b (Figure 2.10(c)) or bottom plate at x = ¼b (Figure 2.10(d)) to 

investigate the two lobes observed from simulation. To further analyze these 

results, we normalize the spectra obtained with the waveguide containing a 

groove to those without a groove for both experiment and simulation in order to 

derive the field enhancement, which are shown in Figure 2.11(a-d).  

	
Figure 2.11 Field Enhancement 

Measured and simulated field enhancement (the spectral response from a waveguide with a 
resonant cavity, normalized to the response of a waveguide without a cavity). In (a) and (b), the 

measurement point is closer to the upper waveguide plate, while in (c) and (d) it is near the lower 
plate, as in the schematics of Fig. 2.7(b,d). For a broad range of frequencies above the 

fundamental resonance at 295 GHz, both the measurements and simulations indicate a greater 
than unity field enhancement near the upper waveguide plate, and a less than unity enhancement 

near the lower plate. 
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These results clearly indicate both a narrowband (ω/Δω ~ 20) field 

enhancement at the resonant frequency and also an asymmetric broadband 

(ω/Δω ~ 3) response on the high frequency side of the resonance that is 

unanticipated from far-field measurements. Here, ω is the center frequency and 

Δω is the bandwidth. Figure 2.11(a) shows results for the probe aligned closer to 

the top waveguide plate. We see the largest electric field at f0, but we also see a 

weaker broadband enhancement, extending up to about 415 GHz (the location of 

the next higher cavity resonance). Throughout this spectral range, the field at this 

location is stronger with the groove as compared to without it. At even higher 

frequencies however, the spectra of the sample and reference coincide almost 

precisely in Figure 2.10(a,c), indicating no groove-induced field enhancement. 

Additionally, the result from the time-domain simulation, shown in Figure 2.11(b), 

exhibits qualitatively the same effect, exhibiting both a narrowband and a 

broadband component. In contrast, when the probe is aligned closer to the 

bottom plate (Figure 2.11(c)), we again see the largest electric field at the 

resonant frequency f0, but here the broadband region shows a diminished field 

strength with the groove as compared to without (i.e., a field enhancement factor 

less than unity). Again, this result is qualitatively reproduced by the time-domain 

simulation (Figure 2.11(d)). 

This analysis more clearly shows the nature of the spectrally asymmetric 

field enhancement inside the waveguide. Over the range between the first 

resonance and the next higher-order resonance, there is a field enhancement 
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greater than unity near the upper waveguide plate, and less than unity near the 

lower one. These results strongly contrast with far-field transmission 

measurements, which show modifications to the transmission only in a very 

narrow frequency range near f0 (Figure 2.1(c)). 

2.7. Comparison to Transient Simulations 

To explain this unanticipated broadband effect, we look more closely at 

the FDTD simulations. In Figure 2.12, we use a longer time-window of 1200 ps to 

provide higher spectral resolution and a more complete picture of the dynamics. 

Figure 2.12(a) shows the computed field enhancement factors near the top and 

bottom waveguide plates at the same values of x = ¾b and x = ¼b. Here, we see 

dramatically the field enhancement at the resonance and the distinct spectral 

response at higher frequencies. When we add these two curves together to 

compute a superposed field enhancement factor in Figure 2.12(b), the broadband 

component cancels, leaving only the narrowband resonance at f0, as observed in 

far-field measurements. It is reasonable to expect an asymmetric response inside 

the waveguide with respect to the horizontal mirror plane of the waveguide, since 

the resonator is located only on the bottom plate, breaking the symmetry. Even 

so, the nearly perfect cancellation of the broadband asymmetric response in the 

far field is surprising. This serves as a strong argument that the ability to directly 
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probe the resonant cavity inside the waveguide reveals unanticipated effects that 

cannot easily be observed outside the waveguide. 

	
Figure 2.12 Simulation with Long Time Window 

Simulated field enhancement, extracted from simulations with a longer time window of 1200 ps, 
which gives a higher field enhancement. When the spectra extracted from the top (blue) and 

bottom (red) of the waveguide (a) are superposed, the very narrow resonance remains but the 
broad spectral features cancel out (as shown in (b)). Thus, the asymmetrical field enhancement 

inside the waveguide cannot readily be observed by far-field measurements outside the 
waveguide, which are only sensitive to the superposed result. 

2.8. Conclusion 

We have investigated in situ a resonant cavity inside a PPWG through 

both experiment and simulation. We have seen the emergence of the resonance 

as a function of propagation length, and also resolved an asymmetric frequency 

response over a broader bandwidth inside the waveguide. Through the 

application of non-linear second harmonic generation in ABCD, we have shown 

the ability to experimentally measure narrowband resonant features of a high-Q 

cavity inside a waveguide that has yielded new information that is not available in 

the far field. 
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Chapter 3 

Mode Selectivity of Extraordinary 
Optical Transmission 

3.1. Introduction to EOT Inside a Waveguide  

Subwavelength holes in metals screens have been a topic of interest since 

the 1940’s. The work of Bethe showed that transmission through a 

subwavelength hole (diameter, d << wavelength, λ), normalized to the area, 

scales as (d/λ)4  [65], but in 1998 a surprising result demonstrated extraordinary 

optical transmission (EOT) in an array of subwavelength holes [66]. EOT is an 

effect where at a particular frequency 100% of the light is transmitted through an 

array of holes with diameters much smaller than the wavelength. Since the 

introduction of EOT, metal screens with subwavelength holes have been 

extensively researched across visible [67–71], infrared [66,72,73], terahertz [74–
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78], and microwave [79–82] frequencies. In nearly all cases, these studies have 

been done in free-space, where both the input and output waves can propagate 

freely. One might expect different behavior if the subwavelength-sized aperture is 

placed inside a single-mode waveguide, since both input and output fields would 

be restricted to the lone (or few) allowed waveguide mode. Some previous works 

have demonstrated EOT via subwavelength holes inside a waveguide [83,84], 

but to our knowledge, the mode selectivity of the EOT effect – that is, the extent 

to which the input mode affects the transmission – has not been fully 

investigated. In this work, we examine this effect and find a strong dependence of 

output transmission on the input excitation mode of the waveguide in the context 

of a parallel-plate waveguide (PPWG) operating at terahertz (THz) frequencies. 

Our use of the PPWG enables the ability to excite the transverse-electromagnetic 

(TEM) mode, which is not possible in the tubular rectangular or circular 

waveguides. This allows us to compare our measurements directly to free-space 

arrays, where the resonances are typically explained by the excitation of surface 

plasmons by an incident TEM wave. We also excite our waveguide with the first-

transverse-electric (TE1) mode and find that these previous predictions based on 

surface plasmon physics do not hold for this different mode pattern. This leads us 

to apply another theoretical perspective utilizing modal expansion methods, 

which proves to be predictive for both waveguide excitation modes. By 

comparing these differences between TEM and TE1 excitation modes, we more 



 47 
 

clearly distinguish the best way to understand and predict the observed 

extraordinary transmission phenomena. 

Additionally, utilizing this PPWG geometry provides the unique ability to 

tune the resonant frequency by simply changing the separation between the two 

plates. Other works have shown the ability to modulate the transmission 

amplitude electronically [85–87], thermally [88,89], or optically  [90,91], but it is 

more difficult to change the resonant transmission frequency. There is an 

example of tuning the EOT resonant frequency by applying an external magnetic 

field [92,93], but this is a cumbersome technique. It has been shown that the 

position of resonant frequency is most strongly determined by the periodicity of 

the array aligned with the polarization direction [94,95]. While most geometries 

employing EOT are fixed (i.e., the periodicity of the hole array is not variable), the 

distance between plates in a PPWG is easily changed, thereby allowing us to 

modify the array geometry and tune the resonant frequency continuously. This 

can be exploited for use as a type of tunable narrowband frequency selective 

filter. 

In this chapter we progress through various theoretical descriptions from 

surface plasmons to impedance matching and compare these predictions to both 

experimental measurements and computational simulations based on the finite-

element method (FEM). 
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3.2. Background and Theory 

Although most EOT investigations consider a two-dimensional (2D) array 

of subwavelength elements, previous studies have shown one-dimensional (1D) 

chains of subwavelength elements also display the same EOT phenomena [96], 

where the orientation of the linear array is in same direction as the incident 

polarization. Thus, by inserting a 1D hole array inside a PPWG oriented parallel 

to the plate surfaces and perpendicular to the propagation direction (see Figure 

3.1) we can expect to observe the same EOT phenomena. Additionally, since the 

metal plates are good conductors, we can conceive of the waveguide plates 

acting to make images of the 1D hole array both above and below [97], thus 

mimicking a 2D array. Here, we will establish the physical understanding and 

perspectives used in this chapter. 

 

Figure 3.1 Diagram of an Array Inside a PPWG 
Panel (a) shows a 3D view of the PPWG with an array of holes in the middle, where the 

waveguide plates are pictured translucent to see the screen, b is distance between the two 
plates, a is the distance between two holes, and d is the diameter of the hole. Panel (b) shows 
the experimental confocal configuration where two lenses are used to focus down onto the first 
PPWG of length L, the screen with holes of thickness t is sandwiched in the middle between the 

second PPWG, and two lenses are used to measure the output. 
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3.2.1. Resonances Based on SPP Theory 

After the introduction of EOT in 1998, the first theoretical description of the 

transmission peaks were based on the excitation of surface plasmon polaritons 

(SPPs) at the dielectric-metal interface (see Equation 8) [98,99], and 

transmission minima were attributed to Rayleigh-Wood’s anomalies (RWA), 

shown in Equation 9. Both are strongly dependent on the periodicity (the relevant 

periodicity is that which is in the direction of polarization, which in our 

experiments will be the x-direction), and hence these two features are quite close 

together, only differing by a factor related to the dielectric constant of the 

metal  [68,100]: 

fmax,SPP = c
εd+εm
εdεm ( mLm )

2 + ( nLn )
2

 

Equation 8 Maximum Transmission Based on SPP 

fmin,RWA = c
εd

( mLm )
2 + ( nLn )

2

 

Equation 9 Minimum Transmission Based on RWA 
 

where εd is the dielectric constant of the surrounding medium, in this case air, εm 

is the dielectric constant of the metal, Lm and Ln are the periodicity in their 

respective dimensions, and m and n are integers. In the limit that εm >> εd ~ 1, 

we see that the transmission maxima are shifted in frequency from the 

transmission minima by a factor of 



 50 
 

1+ εm
εm

≈1+ 1
2εm

 

Equation 10 Series Expansion of Dielectric Constant Term 
 

which explains the close proximity of transmission maxima and minima (and 

therefore the highly asymmetric line shapes) observed experimentally. 

EOT was also demonstrated at microwave frequencies where strongly 

surface-localized SPPs are not supported because of the extremely large 

conductivity of most metals. However, it was shown that periodic corrugations on 

metals can support spoof plasmons [101] at any frequency, thus enabling the 

SPP explanation of EOT to remain valid. At THz frequencies, the conductivity of 

most metals is high, but not as high as at lower frequencies. Thus, it is important 

to note that metals at THz frequencies can support pure SPPs [102], even in the 

absence of surface corrugations or structures. Previous works have 

demonstrated EOT at THz frequencies, relying on an explanation involving the 

excitation of SPPs [76,103]. We compare these predictions to our situation with 

the hole array inside a waveguide using simulation results (since we are 

experimentally limited in our spectral resolution, which is discussed in Section 

3.3.1). The values of SPP maxima and RWA minima predicted by Equation 8 and 

Equation 9 line up closely to our simulated results when the hole array is excited 

by the TEM waveguide mode. But, they fail to accurately predict the spectral 
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locations of resonant features when the TE1 waveguide mode is used (see Figure 

3.2). As a result, it is necessary to employ a different theoretical description. 

 

Figure 3.2 Comparison of EOT Excited by TEM and TE1 Modes 
Illustration of the electric field polarization in order to excite either (a) the TEM mode or (b) the 

TE1 mode. In (c) the simulation results for a = 1.00 mm and b = 1.00 mm are shown. The distance 
between holes in the polarization direction is what matters the most, which for TEM is b, the plate 

separation, and for TE1 is a, the hole spacing. We chose b = a here to show a side-by-side 
comparison. Yellow and purple lines show expected transmission max and min, from SPP (±1,0) 
excitation for the max and RWA (±1,0) for the min. There is good agreement for excitation in the 

TEM mode, but not in the TE1 mode. 

3.2.2. Use of Impedance Matching to Predict Resonances 

Other groups, coming from the microwave community, have used a 

different picture to describe the EOT effect. Instead of invoking SPPs, they have 

applied an impedance matching view of EOT. Here, in order for light to be 

transmitted from one side of the aperture to the other, the impedance must be 

matched through the aperture [79,83]. This can be accomplished by matching the 

modes across the interfaces. The 2D array is broken up into unit cells containing 

one aperture (this is appropriate for periodic structures as Bloch’s theorem can 
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be applied to give continuity over the whole structure). The unit cell, with side 

lengths corresponding to the periodicity of the array, can be viewed as an 

individual waveguide by applying the appropriate boundary conditions on the unit 

cell walls, as depicted in Figure 3.3. The TEM waveguide mode has PEC 

boundaries on the plate boundaries and perfect magnetic conductor (PMC) 

boundaries on walls separating the holes [79], and the TE1 waveguide mode has 

perfect electric conductor (PEC) boundaries on all sides [104]. 

The impedance matching method can be applied in a number of ways, 

which are discussed in the following sections. 

 

Figure 3.3 Unit Cell and Equivalent Boundary Conditions 
The left panel shows the breakout of a unit cell of a 2D array of holes, and the right shows our 

equivalent boundary conditions depending on the input excitation waveguide mode, where the top 
is for TE1 and the bottom is for TEM. 

3.2.2.1. Impedance Matching with Circuit Theory 

The work of Medina describes EOT from a circuit theory perspective, 

where the unit cell structure previously described is represented as an equivalent 

circuit, then impedance matching is applied to reveal transmission maxima and 
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minima [79]. Figure 3.4 shows the circuit model where the waveguide inputs and 

outputs are described by Yc, the characteristic admittance, and the aperture is 

described by an LC circuit, where L is the inductance and C is the capacitance. 

 

Figure 3.4 Equivalent Circuit Model of EOT Inside a Waveguide 
From Ref.  [79] depicting the circuit model of a zero-thickness diaphragm inside a PPWG, where 

Yc is the waveguide admittance, and the subwavelength hole is represented by LC circuit. 

The aperture is a discontinuity inside the waveguide and this perturbation 

allows for higher evanescent modes to be excited. In the equivalent LC circuit 

representing the aperture in the waveguide, there is a minimum (total reflection) 

when the capacitance becomes infinite [79,105]. Since the capacitance is related 

to the inverse of the impedance, the condition of infinite capacitance is achieved 

when the impedance approaches zero. It can be shown that for TM modes the 

capacitance diverges as f → fcmn (i.e. 1
ZTMmn

→∞ ) whereas for TE modes the 

capacitance goes to zero at this same frequency (see Equation 11). Thus, it is at 

the cutoff of TM modes that there is a transmission minima. The resonance of 

this LC circuit corresponds to total transmission maxima, which is present just 

below the cutoff frequency [79]. 
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ZTMmn
=η0 1− fcmn f( )2 ,  ZTEmn =

η0
1− fcmn f( )2  

Equation 11 Impedances for TM and TE Waveguide Modes 
Impedances, Z, for TM and TE waveguide modes, where η0 is the free-space impedance (since 

the waveguides are filled with air), and fcmn  is the cutoff frequency. 

Based on the symmetry of a hole centered in the waveguide, for TEM 

input excitation all TM2p,2q (with m=2p and n=2q) modes show this divergent 

nature. For TE1 input excitation it is the TM2p+1,2q (with m=2p+1 and n=2q) 

modes  [83]. These cutoff frequencies are given by the standard cutoff equation 

for rectangular waveguides [45], where in our axis labeling (Figure 3.1), b is the 

plate separation corresponding to the m term, and a is the hole spacing 

corresponding to the n term: 

fmin,TEM = fcTM2 p ,2q =
c

2π εd
(mπb )

2 + ( nπa )
2 = c

εd
( pb )

2 + ( qa )
2

 

Equation 12 Minimum Transmission Based on TEM Modes 

fmin,TE1 = fcTM2 p+1,2q =
c

2π εd
(mπb )

2 + ( nπa )
2 = c

εd
( 2 p+12b )

2 + ( qa )
2

 

Equation 13 Minimum Transmission Based on TE1 Modes 
 

 The relevant mode facilitating transmission will be the lowest order 

evanescent TM waveguide mode, which for TEM is the TM20 mode, and for TE1 

is the TM12 mode. Figure 3.5 shows this relationship for FEM simulation results 

where we present the data as transmission normalized to hole-area ratio and the 
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solid lines come from Equation 12 and Equation 13 predicting where the 

transmission goes to zero. Both TEM and TE1 mode transmission minima are 

accurately predicted. We see the main transmission peak appears just before the 

minimum predicted by the corresponding lowest order cutoff mode. We even see 

higher order minima correctly predicted by the next orders of p and q.  

 

Figure 3.5 TEM and TE1 Transmission 
Comparison of normalized transmission to the relevant cutoff mode that dictates the resonant 

frequency. Plots (a-c) TEM input mode excitation at a fixed b, plate separation, where the cutoff of 
the TM20 mode, which is insensitive to the hole spacing, facilitates transmission. The next higher 
order mode is TM22, which does depend on the hole spacing, we see decrease with increased 
hole spacing. Plots (d-e) show TE1 input mode excitation at a fixed a, hole spacing, where the 

cutoff of the TM12 mode, which is sensitive to both plate separation and hole spacing, facilitates 
transmission. In this range, the next higher order mode is TM32 which is visible for b = 1.5mm. 

It is important to note how for the TEM waveguide mode this cutoff 

relationship in Equation 12 (right hand side) is the same as Equation 9, which is 

the minimum predicted by RWA. However, for the TE1 waveguide mode, 

Equation 13 is not the same. In this circuit theory description, the transmission 

minima for both TEM and TE1 are accurately predicted, whereas RWA does not 

account for the conditions of the TE1 waveguide mode. 
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3.2.2.2. Impedance Matching with Bethe’s Theory 

With the same understanding that it is the divergent nature of evanescent TM 

modes at the aperture that facilitate EOT, Gordon brought Bethe’s work back into 

this conversation. Bethe’s theory replaces a subwavelength aperture with an 

infinitesimal magnetic polarization current and shows that the aperture can be 

equivalently represented by a magnetic dipole [65]. This concept is illustrated in 

Figure 3.6. It must be noted that Bethe’s theory applies only in the limit that the 

diameter of the hole is much smaller than the wavelength (d << λ, and than the 

periodicity is smaller than the wavelength (a,b < λ) [104]. 

  

Figure 3.6 Magnetic Dipole Representation of a Subwavelength Hole 
From Ref. [45] showing (left) magnetic field lines impinging parallel to a conducting wall, (middle) 
magnetic field lines when the conducting wall has a small aperture opening, and (right) equivalent 

representation of the aperture as two oppositely directed infinitesimal polarization currents, pm. 

Gordon connects Bethe’s representation to an array of holes by showing 

that the magnetic polarization currents couple to the evanescent TM mode that 

reradiates on the other side of the screen [104]. It must be an array of holes since 

it is the quasi-rectangular waveguide unit cells that give rise to the TM modes. By 

knowing the magnetic field constraints imposed by the waveguide and the 
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magnetic polarizability of the hole, αm , the equivalent infinitesimal magnetic 

polarization current, pm, can be shown to be 

pm (x, y, z) =αm Hy(0,0,0
− )− Hy(0,0,0

+ )⎡⎣ ⎤⎦δ (x)δ (y)δ (z)  

Equation 14 Equivalent Magnetic Polarization Current 
 

from Ref.  [104], where the hole is considered to be centered at x = 0, y = 0, and 

z = 0, Hy(0,0,0
− )  is the magnetic field coming from the input side of the 

aperture,Hy(0,0,0
+ )  is the magnetic field on the output side of the aperture, δ  

is the Dirac-delta function, and the magnetic polarizability of a circular hole with 

radius r is αm = 4r3 / 3 . It is in this matching of the magnetic fields that the 

impedance matching plays a role. From here the transmission can be determined 

through the self-consistency requirement that the transmitted power be equal to 

the power of the magnetic dipole. This analytical description we will refer to as 

the Gordon-Bethe theory. 

 We apply the Gordon-Bethe theory to our case of a 1D array inside a 

PPWG. For the TE1 waveguide mode, in Equation 14 we consider the magnetic 

fields due to the TE1 waveguide mode and the evanescent TM12 mode (explained 

in Section 3.2.2.1) as the dominant mode that facilitates the transmission. 

Equation 15 shows the field transmission for the input TE1 waveguide mode, t10. 

Similarly, for the TEM waveguide mode we consider the magnetic fields due to 
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the TEM waveguide mode and the evanescent TM20 mode. Equation 16 shows 

the field transmission for the input TEM waveguide mode, t00. These results are 

shown in the third row of Figure 3.12 – Figure 3.17. 

t10 = 1+ 1
4(1− ( fc10 f )2 )

cab
4π fαm

− 4
( fc12 f )2 −1
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Equation 15 Gordon-Bethe Theory for TE1 Mode Transmission 
Transmission for TE1 waveguide mode input, where fc10  is the cutoff of the TE1 mode, fc12  is the 

cutoff of the TM12 mode. 

t00 = 1+ 1
4

2cab
4π fαm

− 4
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Equation 16 Gordon-Bethe Theory for TEM Mode Transmission 
Transmission for TEM waveguide mode input, where fc20  is the cutoff of the TM20 mode. 

Again, we emphasize that this theory only applies when d << λ and a,b < λ, so 

the application of the Gordon-Bethe theory is limited.  

3.2.2.3. Impedance Matching with Coupled Mode Method 

A more general theory is the coupled mode method (CMM), which 

considers the waveguide modes of the hole instead of treating the hole as the 

magnetic polarization current discussed above. Thus, this theory applies outside 

of the very small hole limit unlike the previously described application of Bethe’s 

theory. The CMM expands the EM fields into eigenmodes for each respective 

region, then calculates the scattering coefficients from one domain to another by 
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setting appropriate continuity conditions [106,107]. The coupled mode equations 

relating the input and output sides of the hole array are given by Equation 17 and 

a helpful drawing to understand the different components is shown in Figure 3.7. 

Gαα − Σα( )Eα + Gαβ
β≠α
∑ Eβ −Gα

VEα
' = Iα  

Gγγ
' − Σγ( )Eγ

' + Gγυ
'

υ≠γ
∑ Eυ

' −Gγ
VEγ = 0  

Equation 17 Coupled Linear Equations of the CMM 
From Ref. [107] giving the set of coupled mode linear equations, where Iα  is the initial 

illumination over hole α, Σα  is the bouncing back and forth inside hole α (likewise for γ), Gα
V  is 

the coupling between the two sides of the aperture, Gαβ  is the coupling between two holes α 
and β, Gαα  is the coupling within the same hole α (likewise for γ), Eα  is the modal amplitude of 

the electric field at hole α (likewise for γ), and the primes '  describe the output side of the array. 

 

Figure 3.7 Schematic Conceptualization of the CMM 
From Ref.  [107] illustrating all of the relevant contributions considered in the CMM. 

Previously, the method has only been applied to free-space domains and 

so would use plane waves as the input and output fields. Here, since we are 

instead in a waveguide, the only thing we do differently is to instead use the 

supported waveguide modes for the input and output. The advantage of this 
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method is that it can apply to any size hole, screen thickness, or array spacing. 

These results are shown in the fourth row of Figure 3.12 – Figure 3.17. 

3.2.3. Simulation 

For the FEM simulations, we break the system up into unit cells, as 

described previously (see Figure 3.3), containing one hole and specify equivalent 

boundary conditions to match our input excitation mode. In this way, each unit 

cell acts as a quasi-rectangular waveguide with a single aperture, where we also 

treat the screen as PEC. These results are shown in the second row of Figure 

3.12 – Figure 3.17. 

3.3. Experimental Design and Methods 

Each PPWG section is fabricated out of aluminum with length, L = 10 mm, 

and a variable plate separation, b, where we select discrete values of b = 0.75, 

1.00, 1.25, and 1.5 mm. The metal screens are made out of stainless steel foil of 

thickness, t = 25 μm, and have a 1D array of holes with uniform spacing between 

holes, a, where we select a = 0.75, 1.00, and 1.50 mm. Figure 3.1 illustrates 

these parameters. Two different methods are used to create the holes. The first 

is through conventional machining where the hole diameter is determined by the 

drill bit size of 380 μm. To achieve smaller hole diameters we chose laser 

machining by KMLabs to fabricate 300 μm diameter holes. The width of the 

waveguide and the screen in the unconfined direction is much larger than the 
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excitation beam, thereby ensuring no edge effects to be present. The screen 

under investigation is sandwiched between two waveguide sections, as illustrated 

in Figure 3.1(b), making sure of a tight fit of the screen with no air gaps. We use 

a commercially available fiber-based pulsed THz system with photoconductive 

antennas (PCA) in a confocal configuration to take these measurements (in this 

case the Picometrix T-Ray 4000). Figure 3.8 shows an example of the 

measurements where there is 100% transmission. All of the experimental 

parameters measured are shown in the first row of Figure 3.12 – Figure 3.17. 

 

Figure 3.8 Typical Experimental Result for EOT Measurements 
Experimental measurements for plate separation b = 0.75 mm and hole spacing a = 0.75 mm 

excited by the TE1 mode where (top) typical time-domain measurements comparing the reference 
without the screen (black) to the waveguide with the screen of holes (red), and (bottom) shows 

the frequency content. We see a sharp cutoff at 200 GHz as expected for the TE1 mode with this 
plate separation, and see that the transmission through the screen reaches 100% at the resonant 

frequency. The dips in both spectra at 0.57, 0.75, 0.99 THz are the expected water vapor 
absorption lines. 



 62 
 

3.3.1. Limitations of Experiment 

It is important to note the limitations of our current experimental system. 

Figure 3.8 shows the experimental results for the broadest resonant feature we 

observe, with a plate separation of b = 0.75 mm and hole spacing of a = 0.75 

mm. As we increase the plate separation and the hole spacing, the resonances 

become narrower. From the analytically Gordon-Bethe theory, the full-width half-

maximum (FWHM) line width for a plate separation of b = 1.0 mm and hole 

spacing of a = 1.0 mm in TE1 mode is about 35 GHz and in TEM mode is about 5 

GHz. For a larger plate separation of b = 1.5 mm in TE1 mode is about 13 GHz 

and in TEM mode is about 0.3 GHz. Using a time-domain spectrometer, the 

frequency resolution, Δf, is determined by total length of the time window, T. One 

time-domain scan is 320 ps, which corresponds to a resolution of 3.1 GHz. Many 

time-domain scans can be stitched together for greater frequency resolution, 

however, this requires the measured signal to ring for a while in time and that this 

signal will be bigger than the noise. For what comes through the screen with the 

array of hole, the signal is buried in the noise past 640 ps. This time window of 

640 ps yields a frequency resolution of 1.6 GHz. When the frequency resolution 

is greater than the width of the resonances, the amplitude will appear washed 

out. Equivalent to this experimental situation, we can visualize this effect by 

under sampling in the Gordon-Bethe theoretical results, as shown in Figure 3.9, 

with two different frequency step sizes. In the experiments, for the TE1 
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waveguide mode we use a time window of 320 ps, and for the TEM waveguide 

mode we use time window of 640 ps. 

 

Figure 3.9 Freqeuncy Resolution 
This figure uses the results from the Gordon-Bethe theory to compare the expected amplitude for 
two different frequency resolutions of (top) 3 GHz step size and (bottom) 0.01 GHz resolution. We 

see than when the frequency step size is too large the peak amplitudes are washed out. 

Additionally, this limited experimental frequency resolution makes the 

resonances that arise form the small diameter holes impossible to measure. As 

shown in Figure 3.10, the smaller the diameter of the hole, the narrower the 

resulting resonance. To be used as a tunable filter, a sharp narrowband 

transmission such as this is ideal. However, with our current experimental setup, 

it is not possible to resolve spectral features this narrow. 
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Figure 3.10 Comparison of Different Diameter Holes 
These results are also from the Gordon-Bethe theory. For a smaller hole diameter the resonances 

become much narrower. This would be great, but unfortunately our limited experimental 
resolution this makes this measurement unattainable. 

In the near future we are expecting a new piece of equipment that has a 

very fine frequency resolution down to 10 MHz. This high resolution is possible 

using a continuous wave (CW) THz system with a fiber stretcher. CW THz is 

generated by photomixing of two infrared lasers that are at slightly different 

frequencies in a photoconductive antenna, and it is the beat of these two 

frequencies that corresponds to the generated THz frequency. The detected 

photocurrent signal depends on both the amplitude of the THz electric field and 

also the phase difference between the sampling beat and the THz field, as shown 

by the relationship in Equation 18 [108]. 
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I ph ∝ETHz cos Δφ( ) = ETHz cos
2πΔLυ
c

⎛
⎝⎜

⎞
⎠⎟  

Equation 18 Continuous Wave THz Detection 
Relationship of detected photocurrent, Iph, to THz electric field, ETHz, and phase difference, ΔΦ, 

where ΔL is the difference in path length between the emitter and the detector, ν is the THz 
frequency, and c is the speed of light. 

This cosine term of the phase complicates the analysis. In the standard 

configuration, the THz frequency is swept and the amplitude must be extracted 

from the measured oscillating cosine to get the spectrum. Thus, the frequency 

resolution is determined by the frequency difference of the maxima of the cosine 

term, which is determined by the path length difference, ΔL. A longer fiber on the 

transmitter arm could be used to increase ΔL and thereby improve the frequency 

resolution, which is shown in Figure 3.11. However, in this imbalanced setup with 

two very different fiber path lengths, the system is more susceptible to thermal 

drifts and thus frequency drifts of the infrared lasers. Another method can be 

employed to instead sweep through the phase by using a fiber stretcher [109], 

which quickly changes the optical path length while keeping a more equal 

balance of fiber lengths. At a particular THz frequency, ν, the phase is swept by 

changing the ΔL in the fiber, and by fitting to the measured cosine, the amplitude 

at the frequency is extracted. In this configuration, the frequency resolution is 

limited only by the step size of achievable THz frequency, which depends on the 

tunability of the incident infrared lasers and their linewidths.  
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Figure 3.11 CW THz Comparison of Path Lengths  
Measured photocurrent, Iph, with the normal system fiber (blue) or with a 2 m long fiber (red), both 

with a step size of 10 MHz and an integration time of 3 ms. The frequency resolution is 
determined by the maxima to minima distance in the fringes, so for the normal fiber the resolution 
Δf ~ 3 GHz and for the 2 m fiber the resolution is Δf ~ 50 MHz. A better frequency resolution is 

achieved with the longer fiber, however this introduces more noise onto the signal. 

3.4. Performance 

In the following figures, we compare the experimental measurements to 

simulation and theories for a hole diameter of d = 380 μm and various number of 

plate separations for TE1 with a = 0.75 mm (Figure 3.12), a = 1.00 mm (Figure 

3.13), a = 1.50 mm (Figure 3.14), and for TEM with a = 0.75 mm (Figure 3.15), a 

= 1.00 mm (Figure 3.16), a = 1.50 mm (Figure 3.17). Here, we present the data in 

terms of power transmission, where 1 corresponds to 100% transmission. The 

experiments are shown in the top row of the plots, and the FEM simulations are 

shown in the second row. The previously described theories were developed and 



 67 
 

applied to this context by Peter Lu, a research undergraduate (REU) student from 

Harvard University who worked in our lab during the summer of 2014, and are 

plotted in the third and forth rows of the plots. Keeping in mind that our 

experimental frequency resolution is limited, we find good agreement between 

the position of the resonant frequencies for the experiments, simulation, and 

theories, except for the application of Bethe’s theory in TE1 mode for a = 0.75 

and 1.00 mm since the parameters are outside of the applicable limits. We see 

this exception with the TE1 mode and not TEM mode because the resonances 

are at higher frequencies for TE1 and thus exceed the limit d << λ whereas the 

TEM resonances are at lower frequencies and stay below this limit. For the TEM 

results, the Gordon-Bethe theory better predicts the frequency of maximum 

resonance, but the CMM theory better captures the width of the resonance. 

For use as a tunable filter, using a TEM mode waveguide gives a broad 

range of tuning, whereas using the TE1 mode give a finer tuning range. 
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Figure 3.12 EOT for a = 0.75 mm in TE1 Waveguide Mode 
Power transmission for fixed hole separation of a=0.75mm. Alignment: top-experiment, second-

simulation, third-Gordon-Bethe theory, bottom-CMM theory. 

 

Figure 3.13 EOT for a = 1.00 mm in TE1 Waveguide Mode 
Power transmission for fixed hole separation of a=1.00mm. Alignment: top-experiment, second-

simulation, third-Gordon-Bethe theory, bottom-CMM theory. 
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Figure 3.14 EOT for a = 1.50 mm in TE1 Waveguide Mode 
Power transmission for fixed hole separation of a=1.50mm. Alignment: top-experiment, second-

simulation, third-Gordon-Bethe theory, bottom-CMM theory. 

 

Figure 3.15 EOT for a = 0.75 mm in TEM Waveguide Mode 
Power transmission for fixed hole separation of a=0.75mm. Alignment: top-experiment, second-

simulation, third-Gordon-Bethe theory, bottom-CMM theory. 



 70 
 

 

Figure 3.16 EOT for a = 1.00 mm in TEM Waveguide Mode 
Power transmission for fixed hole separation of a=1.00mm. Alignment: top-experiment, second-

simulation, third-Gordon-Bethe theory, bottom-CMM theory. 

 

Figure 3.17 EOT for a = 1.50 mm in TEM Waveguide Mode 
Power transmission for fixed hole separation of a=1.50mm. Alignment: top-experiment, second-

simulation, third-Gordon-Bethe theory, bottom-CMM theory. 



 71 
 

3.5. Screen Thickness 

Another factor not yet discussed that has an influence on the resonant 

frequency is the thickness of the screen. With the concept in mind that it is an 

evanescent TM wave connecting the two sides, then the thinner the screen the 

more easily light can couple between the two sides, which results in a higher 

transmission. This was evaluated experimentally and is shown in Figure 3.18. 

 

Figure 3.18 EOT as a Function of Screen Thickness 
Experimental results of various screen thicknesses with a = 1 mm and b = 1 mm with a diameter 

of 380 μm, where the left panel shows results when excited with the TEM mode and the left 
shows TE1 mode. The transmission decreases with increasing screen thickness. 

3.6. Discussion and Conclusions 

This work provides further insight and understanding into the phenomena 

of EOT within the context of subwavelength holes inside a waveguide. We find 

the restrictions of the discrete waveguide modes to have a strong impact 

determining the position of the resonant frequency. We investigate several 
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theoretical descriptions previously used to predict resonant features in 

subwavelength hole arrays in free-space, and we find that in the context of arrays 

of holes inside a waveguide, the SPP representation does not accurately predict 

resonances when constrained to the TE1 waveguide mode, but that impedance 

matching methods can and do accurately predict EOT spectral features. Although 

further experimental work needs to be completed to improve the spectral 

resolution, we see a good agreement between experiment, simulation, and 

theory. These hole arrays are easy to incorporate into PPWGs, making this an 

excellent design for a tunable narrowband filtering device. 
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Chapter 4 

Broadband Waveguide T-Junction 

Variable Power Splitter 

4.1. T-Junction Introduction 

As the demand for wireless bandwidth increases, the use of terahertz 

(THz) frequencies for wireless communications has experienced a surge of 

attention. Numerous recent reviews discuss a growing list of options for THz 

transceivers, evaluation of THz wave propagation windows through the 

atmosphere, and possible network architectures [7,110,111]. However, many 

important system needs remain unaddressed.  For example, there has been little 

attention directed towards the need for routing and switching of THz light [7]. One 

of the most basic routers is a switch that can pass a signal from one input 

channel to multiple output channels [112]. A useful example of such a switch is a 



 74 
 

guided wave T-junction power splitter, a geometry that is well known in both the 

microwave [45,113,114] and optical [115,116] regimes. In the THz range, several 

configurations have been proposed, including planar Goubau lines [117] and 

photonic crystals [118]. Due to the inherent limitations of these geometries, the 

ratio of power splitting is typically fixed. In THz photonic crystal power splitters, 

an external magnetic field can be used to vary the coupling ratio [118–120], a 

novel idea which however adds considerable complexity and cost.  

Here, we demonstrate a variable power splitter based on a movable 

septum integrated into a parallel-plate waveguide (PPWG) H-plane T-junction. 

We use the TE1 waveguide mode which has already been employed for a 

promising number of THz applications [23,24,30,49,121]. The device splits the 

propagating THz wave from one input waveguide channel to two output 

waveguide channels. By simple mechanical translation of the septum, we can 

vary the ratio of power at the two output ports, without causing any additional 

misalignment to the waveguide configuration. The device operates with a 

continuously variable power ratio over nearly the entire single-mode region of the 

waveguide.  Indeed, it can even be used over a much larger bandwidth as long 

as frequencies near the higher-order mode cutoff frequencies are avoided. Thus, 

the device provides a versatile and robust broadband solution to one of the key 

challenges in THz signal routing. 



 75 
 

4.2. T-Junction Design 

The T-junction design is depicted in Figure 4.1(a). We excite the PPWG 

with the TE1 waveguide mode at the bottom of the “T”, so this is an H-plane T-

junction (i.e., the guided wave’s magnetic field polarization axis is in the plane of 

the “T”) [122]. The T-junction serves as a power splitter, taking light from one 

input channel and splitting it into the two perpendicular output channels. Typically 

the junction consists of a flat wall and the power is split equally between either 

output arm [45]. Here, we incorporate a triangular septum that juts out from this 

junction wall. Septa have been used in microwave T-junctions [123,124], but 

because the rectangular waveguide geometry has walls on each side, the 

septum position is typically fixed, and therefore cannot be used as a tuning 

element. In our case, we are free to translate the septum by moving the metal 

plate with the septum relative to the other two (fixed) waveguide walls, since the 

PPWG is open on two sides. Figure 4.2 demonstrates the operating principle of 

the translatable septum. The septum acts as a rudder to direct light down either 

one pathway or the other, thereby giving the ability to tune the power splitting 

ratio between the two output arms. The triangular shape of the septum, as well 

as its height and base width, are optimized using numerical simulations in order 

to minimize back-reflection towards the input port and to maximize the sensitivity 

of the splitting ratio to the septum’s position relative to the input waveguide’s 

symmetry plane.  
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Figure 4.1 T-Junction Design and Experimental Setup 
(a) Diagram of PPWG H-plane T-junction with tunable septum. Each arm has a plate separation 
of b = 1 mm. The septum is a triangular shape with angle of θ = 30° as measured from the tip 
away from the offset. For a septum depth, d = 600 μm, this gives a width, w = 692.8 μm. The 

offset is varied in steps of 100 μm from -700 μm to +700 μm by translating the whole metal piece. 
Experimental setup where (b) shows the reference configuration and (c) shows the T-junction 

configuration. The length, L, depicted here is 12.7 mm and the input excitation in (c) is the same 
as in (b). 

We anticipate that the most common implementation of this splitter will be 

for operation in the single-mode range of the waveguide. For a plate separation 

of b = 1 mm, the waveguide is restricted to the single TE1 mode in the range from 

150-300 GHz, thus providing a full octave of operating bandwidth. 

The experimental device is fabricated from bulk aluminum using standard 

machine milling. Figure 4.1(a) shows a 2D slice of our device in the y-z plane. 

The device extends 5 cm in the x-direction (out of the plane of the diagram) so 

that the plates are wide enough in the unconfined direction to ensure that no 

edge effects are present. We characterize our device (Figure 4.1(b-c)) using a 
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commercial pulsed THz system using fiber coupled photoconductive antennas for 

THz generation and detection. We use two lenses after the transmitter to focus 

down onto our waveguide with a 1/e diameter of 4 mm at 300 GHz. We use the 

same collection optics at the output of the waveguide.  

 

Figure 4.2 FEM Simulation Demonstrating T-Junction Operation 
Simulation showing operating principal of variable T-junction device excited by the TE1 waveguide 
mode at a selected frequency of 225 GHz. The top panels show the |S-Parameters|2 to give the 
power transmission with increasing septum offset from left to right. Port 1 (blue) is the reflection; 

Port 2 (green) and Port 3 (red) are the transmission through the top and bottom arms, 
respectively. The bottom panels show field patterns at offset distances of (a) 0 μm, (b) 200 μm, 
and (c) 500 μm, indicated by the red arrows. As the septum is moved less transmission can be 

seen through Port 2 and stronger coupling can be seen through Port 3. The change in phase with 
septum offset can also be clearly seen. 

 

Figure 4.3 Photograph of Fabricated T-Junction Septum 
Experimental device fabricated by the machine shop at Brown University. 
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4.3. Variable Power Splitting Performance 

We measure the signal at both output ports as a function of the position of 

the septum, in 100 μm increments, and use a Savitzky-Golay smoothing filter on 

the experimental data to remove some of the system noise. In order to obtain a 

reference waveform for normalization of these measured signals, we use a 

straight waveguide with a path length equal to that of the input arm plus one 

output arm (Figure 4.1(b)). This accounts for the fact that the beam diffracts 

slightly in the unconfined (out of the plane of the diagram) direction, an effect that 

accumulates linearly with increasing propagation distance inside the waveguide. 

There are also ohmic losses that increase with increased propagation, but this 

value is small. This procedure ensures an accurate comparison of the input 

spectrum to the spectrum emerging from each of the output arms. The output 

collection optics and receiver are on a breadboard so that it can be easily moved 

between output channels while still maintaining the same light collection 

configuration (Figure 4.1(c)). The center position of the septum is determined by 

comparison of the THz signal emerging from the two output ports – when they 

are equal, we assume that the septum is accurately centered. The plate 

separation of the output arms is verified by comparing the output of each arm 

when the septum is translated to the position of maximum transmission – at the 

correct plate separation the waveguide cutoff frequency matches that of the 

reference. 
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Figure 4.4 Simulation and Experimental T-Junction Performance 
Power transmission as a function of frequency for septum offsets increasing from left to right in 

steps of 100 μm, where the solid lines represent the output channel that is open and the dashed 
lines represent the output channel that is blocked. The top panels (a) show simulation results, (b) 
experimental results for offsets from 0 μm to +700 μm where the septum directs the light to the 
Port 3 output (shown in red), and (c) experiment results for offsets from 0 μm to -700 μm where 

the septum directs the light to the Port 2 output (shown in green). 

We compare the experimental measurements to finite-element method 

(FEM) simulation for septum offsets of -700 μm to +700 μm (where we define the 

positive offset to be in the direction as shown in Figure 4.1(a)) in steps of 100 

μm, shown in Figure 4.4. Since simulations are perfectly symmetric, Figure 4.4(a) 

shows simulation results where the solid lines indicate the port that the light is 

directed towards, and the dashed lines indicate the port that is more blocked. 

Figure 4.4(b) shows experimental results for positive offsets where light is 

directed down Port 3, and Figure 4.4(c) shows results for negative offsets where 

light is directed down Port 2. When the offset is zero (left panels of Figure 4.4), 

the power is split equally between Port 2 and Port 3 (about 40% in each output 
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arm, with the remaining 20% back-reflected). As we translate the septum, we find 

the ratio between output arms (Port 3 : Port 2, or vice versa) to be extremely 

sensitive to the offsets close to the zero position. At a central frequency of 225 

GHz, we observe the coupling ratio vary from 1:1 for offset = 0 μm, to 6:1 for 

offset = ±100 μm, and to 30:1 for offset = ±200 μm. The maximum output occurs 

at an offset = ±400 μm where we achieve almost 100% coupling (and therefore 

nearly zero back-reflection), then begins to decrease for larger offsets. These 

trends are clearly visible in both experiment and simulation. 

4.4. Ratio Between Waveguide Outputs 

To quantify our results, we take the ratio of the power between output 

channels for a few selected frequencies as a function of the septum offset, shown 

in Figure 4.5, plotted on a log scale. From the range of -400 μm to +400 μm (from 

maximum transmission through Port 2 to maximum transmission in Port 3), the 

coupling ratio between waveguide output arms varies exponentially. By fitting to 

this central portion of the data, we extract a coupling coefficient, s, defined by 

ratio = exp{± s ⋅ offset}. We plot s as a function of frequency in the inset of Figure 

4.5. The parameter s shows the rate at which frequencies prefer one output 

channel over the other. This analysis shows that lower frequencies are more 

sensitive to the offset position and are diverted more quickly. 
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Figure 4.5 Power Splitting Ratio 
Ratio between waveguide outputs for Port 3 : Port 2 from experimental measurements on a log 
scale at a few selected frequencies of 180 GHz (blue squares), 230 GHz (red circles), and 280 
GHz (green triangles). A linear fit to the region from -400 μm to +400 μm shows the relationship 
ratio = exp{± s ⋅ offset} plotted as the dashed lines. The inset shows s as a function of frequency, 

which is linear except for the regions near cutoffs shaded in red. 

4.5. Phase 

In addition to the power ratio, the phase at the output ports is also an 

important parameter in many applications, such as for phased array 

antennas [125]. When the septum is centered, the phase at Port 2 and Port 3 is 

equal. However, when the septum is offset, the phase difference increases 

simply because the wave propagates a different distance down each output arm. 

The phase difference between Port 3 and Port 2 as a function of frequency is 

shown in Figure 4.6 for all septum offsets. For better visualization, we select a 
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few frequencies to show the phase difference as a function of septum offset, 

shown in Figure 4.7 for both experiment and simulation. The slope of the phase 

difference increases slightly with increasing frequency, since the group velocity 

increases with increasing frequency for the TE1 waveguide mode [24]. The shift 

in phase can be visualized by comparing the field pattern at the output of Port 3 

in Figure 4.2(a) and Figure 4.2(c). The phase at each output could be matched 

by changing the length or width of the output arm, as has been demonstrated in 

rectangular waveguide T-junctions [124]. However, since rectangular waveguides 

geometries are fixed, the power splitting ratio would not be variable in these 

configurations. Using the PPWG that is open on two sides, one could also 

incorporate a variable width of the output waveguide plate separation in order to 

provide a method for fine-tuning of the phase. 

 

Figure 4.6 Simulation Phase Difference for All Septum Offsets 
Phase difference between output arms for Port 3 - Port 2, shown from simulation for clarity. The 

positive offsets are shown from +100 μm (dark red) to +700 μm (light red), and the negative 
offsets are shown from -100 μm (dark green) to -700 μm (light green). We see the largest phase 
difference when the septum offset is largest, and note the breakdown close to cutoff at 300 GHz. 
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Figure 4.7 Phase Difference as a Function of Septum Offset 
Phase difference between Port 3 and Port 2 from experiment as a function of septum offset for 

three selected frequencies of 180 GHz (blue squares), 230 GHz (red circles), and 280 GHz 
(green triangles). The solid lines are from simulation. The slope of the phase difference increases 

with increasing frequency. 

4.6. Higher Order Modes 

So far we have focused on the single mode region, but what happens 

outside this region is also interesting. Higher modes are strongly generated and 

excited above their respective cutoff frequencies at the T-junction due to the 

perturbation of the septum, which is displayed in Figure 4.8. Just before the next 

higher order mode cutoff is a strong resonance where the transmission outputs 

dip and the back reflection increases. Perhaps this feature at cutoff could be 

exploited for other purposes. Nevertheless, we do see higher mode excited and 

the initial energy is now shared by these higher modes. To account for the total 

power we must add together all the modes as shown in Figure 4.8(left, bottom). 
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We see the same power splitting effect between output ports due to the T-

junction with septum that has a fairly consistent ratio across the spectrum, except 

for at the mode cutoffs. We emphasize that above higher order mode cutoffs, the 

power is now distributed across these excited modes, and therefore all must be 

considered to account for the transmission. When we experimentally measure 

the higher order modes, however, these electric field patterns may not couple 

well to our bow-tie antenna detector and is therefore most sensitive to the TE1 

electric field pattern, which is why we compare the simulation results for only the 

TE1 mode to our experimental measurements in Figure 4.8(right). 

 

Figure 4.8 Higher Order Modes 
All plots show a septum offset of +300 μm and where the dashed lines indicate the frequency 

cutoff of the corresponding TE mode. Left plots (a) show simulation results considering (top) only 
TE1 mode, (middle) TE2 mode, and (bottom) addition of all TE modes. We see the septum acts to 
divert energy even at higher frequencies than the single mode region where higher modes must 

be taken into consideration. Right plots compare simulation and experiment, where since the 
experimental detection is most sensitive to the TE1 mode pattern we use the TE1 simulation 

results for a side-by-side comparison. 
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4.7. Losses 

In simulation, we tested the sensitivity of device function considering 

variation in the fabricated septum geometry. We see the case when the septum 

is a perfectly sharp triangle, shown in Figure 4.9 (blue curve), has the highest 

transmission, and if the septum has a curved tip then transmission is decreased. 

Looking at the photograph of the septum (Figure 4.3) and the data we achieve, 

we can conclude that the septum was fabricated well. 

 

Figure 4.9 Simulation of Losses Due to Septum Geometry 
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4.8. Other Design Possibilities 

This first design of a tunable septum depends on manually translating the 

entire metal section with the septum. Here, this has been accomplished 

manually; however, a motorized automated tuning could be easily implemented. 

Additional tuning capability can be incorporated by adjustment of the plate 

separation, either at the input port or (independently) at the two output ports. As 

the plate separation decreases the cutoff frequency increases, shifting the device 

operation to higher frequencies, at the expense of possibly reducing the input 

and output coupling between the guided wave and free-space. As mentioned 

previously in the phase section, adjustment of the phase can be achieved by also 

incorporating the ability to change either the output arm path length or waveguide 

width. 

4.9. Conclusion 

We have demonstrated a H-plane T-junction with translatable septum that 

functions as a tunable power splitter. The coupling ratio between output arms 

varies exponentially and nearly 100% transmission can be achieved. This 

coupling is highly controllable in both amplitude and phase, and the device can 

be used over practically the entire single mode region. This demonstrates a key 

component for the signal routing of terahertz waves, which will be important in 

future applications in wireless networking. 
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Chapter 5 

Future Work 

5.1.  Liquid Metals 

Recently, I have been inspired by an IEEE Spectrum news article 

showcasing the use of reconfigurable liquid metals in the group of Dr. Michael 

Dickey at North Carolina State University (NCSU). In this dissertation, each work 

previously presented relies solely on the geometry of the metal that is always 

fixed. If we could instead implement using liquid metals for our waveguide 

designs, then a door to a whole new realm of possibilities is opened. The metal 

that could make this a possibility is eutectic gallium indium (EGaIn), which is 

liquid at room temperature and not toxic unlike mercury. THz groups have used 

this liquid metal before, however, to remove the metal had to apply an acid such 

as hydrochloric acid (HCl) [126–128]. The recent breakthrough in Dr. Dickey’s 
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group demonstrated the ability to move the metal all electronically with very small 

voltages by controlling the outer oxide layer skin of EGaIn [129]. Now the 

geometry can be controlled and altered dynamically at fast speeds. Figure 5.1 

shows the basic mechanism behind the reconfigurable liquid metal. 

 

Figure 5.1 Electronically Controlled Reconfiguable Liquid Metals 
From Refs. [129,130] demonstrating the concept of reconfigurable liquid metals. In all the panels 
the dark regions are EGaIn, a metal that is liquid at room temperature, and the light regions are 
NaOH, an electrolyte used to complete the electrical circuit. In (a) only a small plug of EGain is 

used which is drawn towards a positive bias. In (b) when in a capillary tube a negative bias on the 
EGaIn causes the oxide layer to dissolve and the metal retracts to the reservoir to its lowest 
energy state, and (c) shows the motion of the EGaIn being retracted down the capillary tube. 

5.2. PPWG Directional Coupler Based on Liquid Metals 

There are many different ways we could implement the liquid metal into 

our waveguides, and so far the most attractive is as a narrowband directional 

coupler. Figure 5.2 shows a sketch of how the device would function using a plug 

of EGaIn in a continuous electrowetting (CEW) fashion, where the bias on either 

side of the EGaIn plug oscillates in polarity thereby causing the plug to move 

back at forth. When the plug is in-between the waveguide channels the light is 

blocked and nothing couples. When the plug is away from the waveguide 
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channels the light at a particular resonant frequency couples out to the bottom 

waveguide. We expect this to be able to happen on a fast time scale, but needs 

to be evaluated. Many channels can be put together such that we can control the 

gap size and thus change the resonant frequency (see Figure 5.3).  

 

Figure 5.2 Diagram of CEW  
Panel (a) introduces the geometry of each component, (b) shows when the EGaIn plug blocks 

coupling, and (c) shows when the plug allows for coupling. 

 

Figure 5.3 PPWG Liquid Metal Narrowband Directional Coupler Design 
The top waveguide channel is excited and the bottom channel is not. By opening a small gap in 

the metal layer between the two plates, the light can couple through to excite the bottom 
waveguide. This happens at a particular resonant frequency, which can be tuned by changing g 

the gap size. By using liquid metals inside, the gap region can be dynamically controlled. 
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We use finite-element method (FEM) simulation to evaluate a preliminary 

design. The field distributions for different gap sizes are shown in Figure 5.4 for 

off-resonance and on-resonance frequencies. The region between the waveguide 

plates is considered air and the capillary tubes are considered glass. When the 

gap is considered open the tube is filled with an ionic liquid (to be discussed in 

the next section), and when it is considered closed the tube is treated as perfect 

electric conductor (PEC). Figure 5.5 shows simulation results for increasing gap 

size as a function of frequency. We see multiple resonances appear whose 

resonant frequency is determined by the gap size. Interestingly, at large enough 

gap size these resonances begin to overlap and nearly 100% transmission is 

achieved to the lower waveguide. 

 

Figure 5.4 FEM Simulations of Directional Coupler Design 
Plots (a,b) show a two channel gap opening of g = 340 μm both (a) off-resonance where the light 
stays in the top waveguide channel and (b) on-resonance where the light couples to the bottom 

waveguide. Plots (c,d) show the same for a four channel gap opening of g = 680 μm. 
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Figure 5.5 Frequency Output with Increasing Gap Size 
Simulation results of S-matrix components for each port showing spectral features for increasing 
gap size, where the colors of the lines match those in Figure 5.3 with Port 1(black), Port 2 (blue), 
Port 3 (red), Port 4 (magenta). At first no light couples through, then with a large enough gap the 

light at a narrow frequency couples through. As the gap increase this resonance redshifts and 
another resonance appears, and both continue to redshift with increasing gap size. The bottom 
plot is really interesting; at some point these two resonances overlap, and most of the light will 

couple to the bottom channel out Port 3. 

Before implementing the liquid metals, we experimentally evaluate the 

functionality of this design for various fixed gap sizes as shown in Figure 5.6 and 

Figure 5.7. We see good agreement between experiment and simulation, 

demonstrating the electromagnetic viability of this directional coupler design. 
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Figure 5.6 Directional Coupler Port 2 Transmission 

Experimental results for fixed gap sizes showing transmission through Port 2 (as illustrated in 
Figure 5.3), where the solid red line is simulation and the dotted blue line is experimental. 

	
Figure 5.7 Directional Coupler Port 3 Transmission 

Experimental results for fixed gap sizes showing transmission through Port 3 (as illustrated in 
Figure 5.3), where the solid red line is simulation and the dotted blue line is experimental. 
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5.3. Ionic Liquids 

Key to the functionality of the reconfigurable liquid metal is the use of a 

conductive fluid to complete the electrical circuit. Without this, the liquid metal 

must be connected to fixed rigid wires, which would minimize the usefulness of 

the liquid metal to be reshaped. In order for our design proposal to work, the 

conductive fluid must be transparent to THz. The previously used electrolytes are 

not good candidates because they are highly absorptive at THz frequencies. 

Instead we look to ionic liquids, which have a decent conductivity and should 

have lower THz absorption than the previously used electrolytes. A few THz 

spectroscopy studies have been completed on ionic liquids [131,132], but our first 

step is to measure these ionic liquids for ourselves to confirm the feasibility of this 

project. Another criterion for this material is that it has low viscosity, which 

enables it to flow more easily. Table 2 shows a comparison of the five ionic 

liquids selected to study. The THz absorption measurements will be completed 

with Nico Lozada-Smith, an undergraduate student at Brown University. 
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  Test Ionic Liquids   η, Viscosity σ, Conductivity  α, Absorption 

1 Methylammonium 
formiate (MAF)  3.5 cP (25 °C) 23.51 mS/cm (25 °C) TBM 

2 Ethylammonium nitrate 
(EAN) 36.5 cP (25 °C) 25.4 mS/cm (30 °C)  TBM 

3 
1-Ethyl-3-

methylimidazolium 
tricyanomethanide 

14.3 cP (25 °C) 21.3 mS/cm (30 °C)  TBM 

4 
1-Ethyl-3-

methylimidazolium 
dicyanamide  

14.6 cP (25 °C) 17.7 mS/cm (30 °C)  TBM 

5 
1-Ethyl-3-

methylimidazolium 
thiocyanate  

24.7 cP (20 °C) 17.8 mS/cm (20 °C)  TBM 

Table 2 List of Ionic Liquid Options 
THz absorption to be measured (TBM). 
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Chapter 6 

Conclusion 

Specific functionalities incorporated into terahertz (THz) parallel-plate 

waveguides (PPWGs) were investigated and discussed in this dissertation. 

By probing a cavity resonator inside a PPWG, we discovered an 

unexpected asymmetric field distribution around the resonator. This information is 

not possible to obtain in typical far field measurements, but was made accessible 

through the novel implementation of air-biased coherent detection (ABCD) with 

high field THz excitation. This resonator serves as a microfludic sensor with a 

high sensitivity to refractive index. This work has been published in Optica [133]. 

By investigating 1D arrays of subwavelength holes inside a PPWG, we 

were able to study extraordinary optical transmission (EOT) with the restrictions 

of discrete mode excitations. We find a significant difference in transmission 
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between the TEM and TE1 waveguide modes, and show how the resonant 

frequencies correspond to the excitation of evanescent TM modes due to the 

aperture as the mediator of transmission. The resonances can be easily tuned by 

changing the waveguide plate separation, making it an excellent tunable 

narrowband filter. Once we are able to take higher frequency resolution 

measurements, this project will be submitted for publication. 

By incorporating a translatable septum into a PPWG T-junction, we 

demonstrate the ability to vary the power splitting ratio between two output 

channels. This is an essential component needed for routing of THz waves in 

wireless communications. This T-junction variable power splitter has recently 

been submitted for publication. 

Also presented is a new idea to integrate liquid metals into PPWGs to 

allow for reconfigurable waveguide geometries. This ability could revolutionize 

the way waveguide applications are implemented. This topic will be pursued the 

months to come. 

Although these innovations may be only small steps, each piece is crucial. 

Within the next decade, THz could be as ubiquitous as radio waves for human 

applications. By incorporating multiple functionalities into the already propagating 

path of THz waves inside a waveguide, one universal platform for THz 

applications is established. It is my hope that the devices introduced in this 

dissertation will help to enable the use of THz waves in everyday life. 
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