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RESONANT CAVITY INTEGRATED INTO A 
WAVEGUIDE FOR TERAHERTZ SENSING 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

2 
In another embodiment, the disclosure includes an appa

ratus comprising two plates substantially parallel to one 
another and separated by less than about two millimeters; and 
an antenna coupled to the two plates and configured to trans
mit or receive a wave having a frequency in a range of fre
quencies between about one Gigahertz (GHz) to about ten 
THz, wherein the antenna is further configured to couple a 
TE1 mode into the two plates, and wherein one of the two 
plates comprises a groove machined along its length that has 

This invention was made with government support under 
grant number EECS-0724996 awarded by the National Sci
ence Foundation and grant number FA8650-07-2-5061 
awarded by the Air Force Office of Scientific Research. The 
Government has certain rights in the invention. 

10 a resonance response for the TE1 mode in the range of fre
quencies 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

Not applicable. 

15 

These and other features will be more clearly understood 
from the following detailed description taken in conjunction 
with the accompanying drawings and claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

REFERENCE TO A MICROFICHE APPENDIX 

Not applicable. 

BACKGROUND 

For a more complete understanding of this disclosure, ref
erence is now made to the following brief description, taken 

20 in connection with the accompanying drawings and detailed 
description, wherein like reference numerals represent like 
parts. 

Various engineered waveguides or structures with electro- 25 
magnetic resonant characteristics have been studied for opti-

FIG. 1A is a front view of an embodiment of a PPWG 
integrated resonator. 

FIG. 1B is a section view of the PPWG integrated resona
tor. 

FIG. 2 is a chart of an embodiment of a frequency depen
dent transmission plot. 

FIG. 3 is a section view of an embodiment of an axial 
30 electric field distribution in a PPWG integrated resonator. 

cal sensing applications, such as noninvasive refractive index 
monitoring. Many of the structures exhibit resonance 
responses, where a dip in transmission occurs at a character
istic resonant frequency. The resonant frequency can be sub
stantially dependent on the refractive index of the surround
ing medium, and consequently be used as a highly sensitive 
measure for changes in the refractive index. For example, 
planar integrated waveguide resonators and asymmetric split 
ring arrays have been used to detect Deoxyribonucleic acid 35 

(DNA) hybridization and denaturing. Additionally, coupled 
Terahertz (THz) resonators and resonant metal meshes have 
been studied for biomedical sensing, and planar structures 
have been used to study nanometer-thick films of material. 
However, most of the structures that have been studied have 40 

planar or open geometry, which is not compatible for flow 
monitoring in microfluidics platforms and on-line applica
tions. Further, the resonant frequency linewidth of such struc
tures limits the refractive index detection resolution, where 
sub-linewidth shifts in resonant frequency are difficult to 45 

detect. 

FIG. 4 is a section view of another embodiment of an axial 
electric field distribution in a PPWG integrated resonator. 

FIG. 5 is a section view of another embodiment of an axial 
electric field distribution in a PPWG integrated resonator. 

FIG. 6 is a view of an embodiment of a PPWG integrated 
resonator prototype. 

FIG. 7 is a chart of an embodiment of a plurality of time 
pulses. 

FIG. 8 is a chart of an embodiment of a frequency depen
dent wave amplitude plot. 

FIG. 9 is a chart of another embodiment of a frequency 
dependent transmission plot. 

FIG. 10 is a chart of an embodiment of a resonant fre
quency shift plot. 

FIG. 11 is a view of another embodiment of a PPWG 
integrated resonator prototype. 

FIG. 12 is a chart of another embodiment of a plurality of 
time pulses. 

Electromagnetic radiation at THz frequencies and sub
millimeterwavelengths have also being investigated for sens
ing applications. One of the waveguide structures that have 
been examined to transport the waves at THz frequencies is 
the parallel plate waveguide (PPWG), which comprises two 
parallel metal plates. The PPWG has been investigated for its 
promising wave propagation characteristics, such as rela
tively lower attenuation and distortion at THz frequencies and 

FIG. 13 is a chart of another embodiment of a plurality of 
50 frequency dependent wave amplitude plots. 

no low frequency cutoff. However, no effective PPWG inte- 55 

grated resonators have been successfully introduced. 

SUMMARY 

In one embodiment, the disclosure includes a method com- 60 

prising polarizing and coupling an electromagnetic beam to a 
first-order transverse electric (TE1 ) mode with respect to a 
PPWG integrated resonator comprising two plates and a cav
ity, sending the electromagnetic beam into the PPWG inte
grated resonator to excite the cavity by the TE1 mode and 65 

cause a resonance response, and obtaining wave amplitude 
data that comprises a resonant frequency. 

FIG. 14 is a chart of another embodiment of a frequency 
dependent transmission plot. 

FIG. 15 is a chart of another embodiment of a plurality of 
time pulses. 

FIG. 16 is a chart of another embodiment of a plurality of 
frequency dependent wave amplitude plots. 

FIG. 17 is a flowchart of an embodiment of a refractive 
index sensing method. 

DETAILED DESCRIPTION 

It should be understood at the outset that although an illus
trative implementation of one or more embodiments are pro
vided below, the disclosed systems and/or methods may be 
implemented using any number of techniques, whether cur
rently known or in existence. The disclosure should in no way 
be limited to the illustrative implementations, drawings, and 
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techniques illustrated below, including the exemplary designs 
and implementations illustrated and described herein, but 
may be modified within the scope of the appended claims 
along with their full scope of equivalents. 

Disclosed herein is a system and method for sensing refrac- 5 

tive index values and changes using a PPWG integrated reso
nator and THz frequencies. The PPWG integrated resonator 
may comprise two parallel metal plates and a channel or 
cavity along the length of one of its two plates. The plates may 
have dimensions on the order of millimeters or few millime- 10 

4 
cavity 106 or on top of the bottom plate 104 to cover the fluid 
inside the cavity 106, and thus limit the fluid volume at about 
the cavity 106 volume by preventing the fluid from overfilling 
the cavity 106. However, the dielectric layer may not cover 
the inlet 110 and the outlet 112 to allow the fluid to flow in the 
cavity 106. The thickness of the dielectric layer and the mate-
rial of which it is composed may be chosen such that it may be 
fairly invisible to the propagating wave. 

In an embodiment, the PPWG integrated resonator 100 
may also be coupled to a laser 114, which may be used to 
monitor the level of fluid in the cavity 106 and to determine 
the fluid volume in the cavity. For instance, the laser 114 may 
be a semiconductor laser or gas laser (e. g., a HeN e laser) that 
may be coupled to one end of the cavity 106, e.g. at the outlet 

ters, and the cavity may have dimensions on the order of about 
one millimeter or less and may contain a material, such as a 
fluid. A wave beam may be coupled to the PPWG integrated 
resonator, and used to transmit a TE1 mode wave at THz 
frequencies. The TE1 mode wave may propagate between the 
two plates, interact with the cavity, and exhibit a resonance 
response, where a dip in transmission may occur at a resonant 
frequency. The resonant frequency may be substantially 
dependent on the refractive index of the material in the cavity. 
Accordingly, relatively small changes in the refractive index 

15 112, and may be substantially inclined to the top surface of the 
bottom plate 104 and the floor of the cavity 106. Accordingly, 
a laser beam may be projected onto the surface of the fluid in 
the cavity 106 and the displacement of the corresponding 
reflected beam may be detected and analyzed to measure the 

20 level of fluid. 
of the material may cause substantial shifts in the resonant 
frequency, which may be detected and used to measure the 
refractive index values with significant accuracy. The PPWG 
integrated resonator may have higher detection resolution and 
higher sensitivity to changes in refractive index, and thus may 25 

be more suitable than other resonators or sensors for moni
toring flows in microfluidics platforms and in situ applica
tions. 

FIG. 1A illustrates one embodiment of a PPWG integrated 
resonator 100, which may be used for measuring refractive 30 

index of fluids at THz frequencies. The PPWG integrated 
resonator 100 may comprise a top plate 102, a bottom plate 
104, and a cavity 106. The top plate 102 and bottom plate 104 
may be substantially parallel and may be made from electrical 
conducting material for THz frequencies, such as aluminum 35 

or other metal. The top plate 102 may have a length I and may 
be separated from the bottom plate 104 by a separation dis
tance b. For example, in FIG. 1A, the length I may be in the x 
direction and the separation distance b may be in they direc
tion. The separation distance b may be on the order of few 40 

millimeters and comprise air or other gas. For example, b may 
be equal to about one millimeter, or about two millimeters. 
The length I may be on the order of millimeters or a few 
centimeters. The bottom plate 104 may also have a length 
close to about I and may be longer than the top plate 102 to 45 

allow adding and/or monitoring a fluid in the cavity 106. The 
thickness of the top plate 102 and bottom plate 104 may also 
be on the order of millimeters. Additionally, the top plate 102 
and the bottom plate 104 may be coupled to at least one spacer 
108, which may be used to separate the two plates. For 50 

instance, a spacer may be placed between each of the two 
edges along the length of the top plate 102 and bottom plate 
104. The spacer may be made from a non electrical conduct
ing material, such as glass or any other dielectric material. 

The cavity 106 may be a groove machined or mechanically 55 

drilled in the bottom plate 104 and may be oriented along the 
length of the bottom plate 104. The cavity 106 may be used as 
a channel for containing a fluid, e.g. gas or liquid. In an 
embodiment, the two edges along the length of the cavity 106 
may have upward slopes, for instance to allow the flow of 60 

fluid from an inlet 110 at one end to an outlet 112 at the other 
end. The cavity 106 may be filled with the fluid using a 
syringe or a pump, for instance via a tube coupled to the inlet 
110. The fluid may be allowed to flow from the inlet 110 
through the cavity and out via the outlet 112, which may be 65 

coupled to another tube. In an embodiment, a relatively thin 
dielectric layer, e.g. plastic layer, may be placed on top of the 

FIG.1B illustrates a section view across line 1B-1B in FIG. 
1A. As shown in FIG. lB, the top plate 102 and similarly the 
bottom plate 104 may have a width w, for example in the z 
direction. The width w may be on the order of few millimeters 
and may be smaller than the length I and larger than the 
separation distance b. The cavity 106 may be positioned at 
about the middle of the bottom plate 104 and may have a 
width d less than about one millimeter. Similarly, a thickness 
t of the cavity 106 may be less than about one millimeter or 
equal to about the width d. Additionally, the fluid in the cavity 
106 may have a volume of about few micro liters. In the case 
of such cavity dimensions, the cavity 106 may cause a reso
nance response for an electromagnetic wave propagating in 
the PPWG integrated resonator 100 at THz frequencies. 

For instance, a transmitter or emitter 120, such as an 
antenna, may be coupled to the PPWG integrated resonator 
100 at one side. The transmitter 120 may be used to transmit 
a wave beam between the plates 102 and 104 at a single or a 
plurality of THz frequencies, for example from about one 
hundred GHz to about ten THz. The transmitter 120 may also 
polarize the wave with respect to the direction of the plates, 
such as in the TE 1 mode. Specifically, the wave may be prop a
gated between the plates 102 and 104 along the width w (e.g. 
in the z direction) and may have an electric field (E) in the 
direction parallel to the length! of the plates 102 and 104 (e.g. 
in the x direction), which may be referred to as a transverse 
electric (TE) mode. As such, the electric field of the wave may 
interact with the cavity 106 while propagating along the width 
d and exhibit a resonance response around a resonant fre
quency, which may be dependent on the width d and thickness 
t. The resonance response may be a substantial decrease in 
transmission at about the resonant frequency in comparison 
to the neighboring frequencies, as described in more detail 
below. 

Additionally, a receiver 130 may be coupled to the other 
side of the PPWG integrated resonator prototype 100, which 
may be used to receive a wave at a single or a plurality of 
frequencies from the PPWG integrated resonator 100. The 
top plate 102 and bottom plate 104 may also comprise a 
plurality of mounting holes that may be used to couple the two 
plates to one another (via spacers) and to mount the PPWG 
integrated resonator 100, for example on a mounting plat
form. In some embodiments, a lens, such as a silicon plano
cylindrical lens, may be coupled to the transmitter 120 and the 
two plates 102 and 104. The lens may be configured to focus 
the wave beam from the transmitter and couple the wave 
beam to the PPWG integrated resonator 100. For instance, the 
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lens may adjust a diameter of the wave beam with respect to 
the separation distance b to prevent multiple mode propaga
tion in the PPWG integrated resonator. 

FIG. 2 illustrates an embodiment of a frequency dependent 
transmission plot 200 for a simulated PPWG integrated reso
nator model. The frequency dependent transmission plot 200 
comprises a transmission curve 202 corresponding to a TE1 

mode through the PPWG integrated resonator. The TE1 mode 
may be a first single TE mode that may be achievable without 
any other higher TE modes, where the propagating wave may 10 

suffer less attenuation in comparison to the case of multiple 
TE mode propagation. The transmission values are calculated 
using COS MOL software, which may be commercially avail
able and based on the Finite Element Method (FEM) model 
for solving the Maxwell's electromagnetic equations. Spe- 15 

cifically, the transmission values are calculated for a PPWG 
integrated resonator modeled similar to the PPWG integrated 
resonator 100, where the separation distance b is equal to 
about one millimeter, the width w is equal to about 6.4 mil
limeter, the cavity width dis equal to about 4 72 micrometers, 20 

the cavity thickness tis equal to about 412 micrometers, and 
where the cavity contains air (no test sample). 

The calculated transmission values are shown for a range 
of frequencies from about 0.28 THz to about 0.3 THz. The 
transmission values range from about one to zero, which 25 

indicates a transmission range from about one hundred per
cent to zero percent. The transmission values are equal to 
about one at both ends of the frequency range, but decrease at 
the middle of the range to about zero at a frequency fo equal to 
about 0.291 THz. The dip in transmission at the frequency fo 30 

may indicate a high concentration of energy near the cavity 
and no substantial transmission through the PPWG integrated 
resonator. The frequency fo may be the resonant frequency, 
where the excitation of the cavity by the TE1 mode may cause 
a resonance response. Specifically, at the resonant frequency, 35 

the TE1 mode may interact more strongly with the cavity, 
which may lead to substantially canceling or limiting the 
wave propagation through the PPWG integrated resonator. 

FIG. 3 illustrates a section view of an embodiment of an 
axial electric field distribution 300 of the TE1 mode consid- 40 

ered in FIG. 2. In FIG. 3, the electric field strength is shown 
across a section view of the cavity and the separation between 
the two plates (which corresponds to FIG. 1B), along a plane 
parallel to the width w and perpendicular to the length I. The 
electric field corresponds to a frequency equal to about 0.3 45 

THz at about the end of the range of frequencies in the 
frequency dependent transmission plot 200, where the trans
mission is equal to about one and there is no resonance 
response. At this non resonant frequency, the electric field 
energy is distributed between the two plates without interact- 50 

ing strongly with the cavity. Accordingly, the arrow in FIG. 
1B shows the electric field may enter the PPWG integrated 
resonator 100 from the input face (to the left), propagate 
between the plates while oscillating at the corresponding 
frequency, and exit from the output face (to the right). Since 55 

the propagating wave may propagate between the plates with
out substantial loss, the wave transmission at this frequency 
may be equal to about one. 

FIG. 4 illustrates a section view of an embodiment of 
another axial electric field distribution 400 of the TE1 mode 60 

considered in FIG. 2. In FIG. 4, the electric field strength 
corresponds to the resonant frequency fo at about 0.291 THz, 
where the transmission is equal to about zero. This resonant 
frequency of the electric field may match the cavity width b, 
which may facilitate a coupling between the electric field and 65 

the cavity and cause the electric field energy to be concen
trated around the cavity. As such, no substantial energy may 

6 
exist or propagate away from the cavity and thus no substan
tial transmission may occur at the output face of the PPWG 
integrated resonator. Since the cavity comprises air and no 
test sample, the cavity width dmay also be the cavity effective 
width n.d, where the refractive index of air n may be equal to 
about one. 

FIG. 5 illustrates a section view of an embodiment of 
another axial electric field distribution 500 that corresponds 
to a TEM mode. Specifically, the electric field in the TEM 
mode may be perpendicular to the inside surfaces of top plate 
102 and bottom plate 104. The electric field may correspond 
to a wave propagating in the same PPWG integrated resonator 
considered in FIGS. 2, 3, and 4. The electric field strength also 
corresponds to the resonant frequency fo (at about 0.291 
THz). In FIG. 5, the electric field energy of the TEM mode at 
the frequency fo is distributed between the two plates from the 
input face to the output face of the PPWG integrated resona
tor, similar to the TE 1 mode at the non resonant frequency 0.3 
THz. Since the electric field in the TEM mode may be per
pendicular to the inside plate surfaces, the electric field of the 
TEM mode may propagate between the plates and oscillate at 
any frequency without substantially coupling to the cavity 
and hence without exciting the cavity and causing a resonance 
response. Thus, in the same range of frequencies examined 
for the TE1 mode, the wave transmission for the TEM mode 
may not comprise a substantial dip or reduction in transmis
sion around a resonant frequency and may be substantially 
constant or monotonic. 

FIG. 6 illustrates a PPWG integrated resonator prototype 
600, which was machined based on the designs of the PPWG 
integrated resonator 100. The PPWG integrated resonator 
prototype 600 comprises a top plate 602, a bottom plate 604, 
and a cavity 606, which are configured similar to the corre
sponding components of the PPW G integrated resonator 100. 
Specifically, the width w of the top plate 602, and similarly 
the bottom plate 604, is equal to about 6.4 millimeters. Addi
tionally, the cavity may contain a liquid volume equal to about 
eight micro liters. An input face 616 of the PPWG integrated 
resonator prototype 600 may be coupled to a transmitter or 
emitter (not shown). The transmitter may be used to transmit 
a wave beam between the plates 602 and 604 in the width w 
direction at a single or a plurality of THz frequencies, for 
instance from about one hundred GHz to about ten THz. The 
transmitter may be coupled to the PPWG integrated resonator 
prototype 600 via a lens and may polarize the wave in the TE1 

mode with respect to the direction of the plates. Additionally, 
an output face 618 of the PPWG integrated resonator proto
type 600 may be coupled to a receiver, which may be used to 
receive the transmitted wave at the corresponding frequen
cies. The top plate 602 and bottom plate 604 may also com
prise a plurality of mounting holes 620 that may be used to 
couple the two plates to one another and the PPWG integrated 
resonator prototype 600 on a mounting platform. 

FIG. 7 illustrates afirstplot710 and second plot720, which 
comprise a first time pulse 712 and a second time pulse 722, 
respectively. The first time pulse 712 and second time pulse 
722 comprise a plurality of wave amplitude measurements 
corresponding to TE1 mode waves that were transmitted at 
THz frequencies through the PPWG integrated resonator pro
totype 600. The cavity of the PPWG integrated resonator 
contained air (no test sample) in the case of the first time pulse 
712 measurements. However, in the case of the second time 
pulse 722 measurements, the cavity was filled with Unde
cane, which is a liquid alkane hydrocarbon that comprises a 
linear chain of hydrocarbons (C11 H24) and has a well char
acterized and nearly frequency dependent refractive index. 
The THz radiation was generated and detected using a con-
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The first transmission curve 902 may represent a power 
transmission spectrum for the air filled cavity case and the 
second transmission curve 904 may represent a power trans
mission spectrum for the liquid filled cavity case. The power 
transmission spectra may be more suitable to differentiate 
between the resonance responses of the two cases since they 
comprise substantially less ripples than the corresponding 
wave amplitude curves, which may result from artifacts in the 
measured time-domain pulses. In FIG. 9, the values in the first 

ventional connnercially available (Picometrix T-Ray 4000) 
THz time-domain spectrometer that produces single-cycle 
THz pulses. Each waveform is an average of about 10,000 
scans of a rapid delay line, which may require less than two 
minutes of averaging. The TE1 mode waves were coupled into 
and out of the PPWG integrated resonator using conventional 
quasi-optics and a single-mode excitation configuration. The 
first time pulse 712 and second time pulse 722 are chirped and 
broadened due to group velocity dispersion. 

10 transmission curve 902 and second first transmission curve 
904 that correspond to the two measurement cases are shown 
using black dots. Additionally, the transmission values in the 
first transmission curve 902 and second first transmission 
curve 904 are fitted using two Lorentzian shape lines. The 

FIG. 8 illustrates a frequency dependent wave amplitude 
plot 800 for the detected TE1 mode pulses in FIG. 7 for the 
PPWG integrated resonator prototype 600. In FIG. 8, the 
amplitudes spectra are obtained using Fourier transforms of 
the TE1 mode pulses at about 320 picoseconds and zero
padding to about 5,120 picoseconds. The frequency depen
dent wave amplitude plot 800 comprises a first wave ampli
tude curve 802 and a second wave amplitude curve 804 that 
represent the detected wave amplitudes for the air filled cavity 
case and the liquid (e11 H24 liquid) filled cavity case, respec- 20 

tively, at a plurality ofTHz frequencies from about 0.1 THz to 
about 0.5 THz. Specifically, the wave amplitudes are detected 
for the TE1 mode waves, where the upper and bottom plates 
are separated by about one millimeter and the TE1 mode has 

15 Lorentzian shape fit for the first transmission curve 902 indi
cates a resonance at about 0.293 THz and a linewidth of about 

a cutoff frequency equal to about 0.15 THz. At the frequencies 25 

below the cutoff frequency of the TE1 mode, the amplitudes 
of the first wave amplitude curve 802 and the second wave 
amplitude curve 804 are equal to about zero. At the frequen
cies above the cutoff frequency of the TE1 mode, the ampli
tudes of the first wave amplitude curve 802 and the second 30 

wave amplitude curve 804 substantially overlap over a por
tion of the frequency range. However, each of the curves 802 
and 804 exhibit a different narrow dip in amplitude across the 
spectrum, which may be caused by the resonant cavity. 

In the case of the first wave amplitude curve 802, the cavity 35 

contains air and the dip in amplitude is located at a corre
sponding resonant frequency equal to about 0.293 THz. The 
resonant frequency in the first wave amplitude curve 802 is 
equal to about the resonant frequency f0 observed in the 
frequency dependent transmission plot 200 for the simulated 40 

PPWG integrated resonator model, which also comprises a 
cavity filled with air. In the case of the second wave amplitude 
curve 804, the cavity contains the Undecane liquid and the dip 
in amplitude is located at a corresponding resonant frequency 
that is smaller than 0.293 THz of the first wave amplitude 45 

curve 802. The shift in the resonant frequency (to the left) 
may be related to the change in the cavity fluid (from air to 
e11 H24 liquid), which causes a change in the effective width 
and height of the cavity since the index of refraction of air is 
different than ell H24 . As such, when the TE1 mode couples to 50 

different cavities, different resonance responses (e.g. dips in 
amplitude) may be observed at different resonant frequen
Cies. 

three GHz at about three decibels around the dip in transmis
sion. As for the second transmission curve 904, the Lorentz
ian shape fit indicates a resonance at about 0.272 THz, a 
linewidth of about 6 GHz, and an extinction coefficient of 
about 30 decibels. The quality factor (Q factor) of the 
obtained transmission curve (for the air filled cavity case) 
may be equal to about 98, which may not be larger than other 
resonant structures used for THz frequencies. However, the 
resonance linewidth at about three GHz may be smaller than 
previously proposed PPWG-based resonant cavity designs 
and many other resonators in the THz range. 

In comparison to the air filled cavity case, the increase in 
the resonance linewidth in the case of the liquid filled cavity 
may be attributed to the higher refractive index of the fluid. 
Additionally, some increase in the resonance linewidth may 
be caused by the absorption property of the fluid at THz 
frequencies, which may not be negligible. As such, the sub
stantial shift in the resonant frequency ll.RF, which may be 
caused by the change of fluid in the cavity, may be used as a 
sensitive and reliable measure of the change in refractive 
index of the material inside the cavity of the PPWG integrated 
resonator. For example, in FIG. 9, the shift in frequency ll.RF 
may be equal to about 0.02 THz, which may be substantially 
larger than the linewidth in the first transmission curve 902 
and the second transmission curve 904. 

FIG. 10 illustrates a resonant frequency shift plot 1000, 
which was obtained using the PPWG integrated resonator 
prototype 600. The resonant frequency shift plot 1000 com
prises a first resonant frequency shift curve 1010 and a second 
resonant frequency shift curve 1020. The first resonant fre-
quency shift curve 1010 comprises a plurality of measured 
resonant frequency shift values ll.RF (shown by black dots) 
for a plurality of fluids of different n-alkanes in the cavity in 
comparison to the air filled cavity case. The second resonant 
frequency shift curve 1020 comprises a plurality of simulated 
resonant frequency shift values ll.RF (shown by white dots) 
for the same fluids in the cavity. The measured and simulated 
resonant frequency shift values are plotted vs. the refractive 

55 index values of the fluids, which were obtained from previous 
studies. Each measured and simulated resonant frequency 
shift value is equal to the difference between the resonant 
frequencies of the reference transmission spectrum and the 
sample transmission spectrum, similar to the resonant fre-

FIG. 9 illustrates a frequency dependent transmission plot 
900 for the PPWG integrated resonator prototype 600 in the 
case of the air filled cavity and the ell H24 liquid filled cavity. 
The frequency dependent transmission plot 900 comprises a 
first transmission curve 902 corresponding to the first wave 
amplitude curve 802 and a second transmission curve 904 
corresponding to the second wave amplitude curve 804. Spe
cifically, the first transmission curve 902 represents the 
square of the ratio of the first wave amplitude curve 802 that 
may be a reference transmission spectrum and the second 
wave amplitude curve 804 that may be a sample transmission 
spectrum. The second transmission curve 904 represents the 65 

square of the inverse ratio of the first wave amplitude curve 
802 and the second wave amplitude curve 804. 

60 quency shift shown in FIG. 9. 
In FIG. 10, the simulated resonant frequency shift values 

were obtained by modeling a cavity that is uniformly filled 
with the fluids without overfilling. The simulated ll.RF values 
are found at an offset of about one GHz from the measured 
ll.RF values, which may indicate some systematic error 
between the simulations and the measurements. A second set 
of simulated ll.RF values was also obtained using similar 
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modeling as the first set of simulated ll.RF values but consid
ering a slight overfilling of the liquids in the cavity by using a 
convex meniscus of about nine micrometer radius in the simu
lation. The second simulated ll.RF values are also shown in 
FIG. 10 and substantially overlap with the measured ll.RF 5 

values. Since, the cavity in the PPWG integrated resonator is 
open and not directly covered by a layer, the overlap between 
the measured ll.RF values and the second simulated ll.RF 
values may indicate a possible fluid overfill in the cavity 
during the measurements. In future studies, the matching 10 

between the measured and simulated ll.RF values may be 
improved by covering the cavity, for instance using a thin 
dielectric layer, to better determine the volume of the fluid in 
the cavity in simulations. 

FIG. 10 also comprises (at the bottom right corner) a reso- 15 

nant frequency shift curve that extends the number of fluids in 
the first resonant frequency shift curve 1010 to a wider range 
of refractive indices (from about one to about 1.6). The reso
nant frequency shift curve at the wider range of refractive 
indices may reveal a nonlinear dependence of the resonant 20 

frequency shift on the refractive index of the fluid in the 
resonant cavity. To compare the sensitivity of the PPWG 
integrated resonator to other proposed resonant structures, the 
nonlinear resonant frequency shift curve is fitted to a qua
dratic function. The ratio of change in frequency to change in 25 

index ll.f/ ll.n is then calculated from the quadratic curve and 
found equal to about 91.25 GHz/refractive index unit (RIU) 
for n values around 1.4. This ll.f/ ll.n value may also be con
verted to the conventional ratio of change in wavelength to 
change in index ll.A/ ll.n value equal to about 3.7x105 mn/RIU. 30 

The calculated ll.f/ ll.n or ll.IJ ll.n, which may be a sensitivity 
measure of the PPWG integrated resonator, may be more than 
an order of magnitude higher than the highest theoretical 
value reported in the THz regime for a photonic crystal based 
sensor and about an order of magnitude higher than the high- 35 

est values reported in the optical regime for a surface Plasmon 
based sensor. 

FIG. 11 illustrates a PPWG integrated resonator prototype 
1100, which comprises a top plate 1102 that comprises a 
cavity 1106. The PPWG integrated resonator prototype 1100 40 

may also comprise a bottom plate coupled to the top plate via 
a plurality of mounting holes 1120. The components of the 
PPWG integrated resonator prototype 1100 may be config
ured similar to the corresponding components of the PPWG 
integrated resonator prototype 600. However, since the cavity 45 

1106 is positioned in the top plate 1102 instead of the bottom 
plate, the PPW G integrated resonator prototype 1100 may not 
hold a fluid without covering the cavity by a thin dielectric 
layer. Specifically, the separation between the two plates b is 
equal to about one millimeter, the width w of the two plates is 50 

equal to about 6.4 millimeters, and the cavity width dis equal 
to about 538 micrometers. Additionally, the PPWG integrated 
resonator prototype 1100 may be coupled to a transmitter at 
one face and to a receiver at the other opposite face, similar to 
the PPWG integrated resonator prototype 600. The transmit- 55 

ter may also be coupled to a lens or any quasi-optics for 
coupling a wave beam from the transmitter to the PPWG 
integrated resonator prototype 600. 

FIG. 12 illustrates a first plot 1210 and second plot 1220, 
which comprise a first time pulse 1212 and a second time 60 

pulse 1222, respectively. The first time pulse 1212 corre
sponds to a TE1 mode wave that was transmitted at THz 
frequencies through a PPWG, which is configured similar to 
the PPWG integrated resonator prototype 1100 but without a 
cavity in the top plate. The second time pulse 1222 corre- 65 

sponds to a TE1 mode wave that was transmitted at the same 
THz frequencies through the PPWG integrated resonator pro-

10 
totype 1100. The THz radiation may be generated using a 
similar configuration as the PPWG integrated resonator pro
totype 600. The first time pulse 1212 and second time pulse 
1222 are chirped and broadened due to group velocity disper
Sion. 

FIG. 13 illustrates a frequency dependent wave amplitude 
plot 1300 for the detected TE1 mode pulses in FIG. 12 for the 
PPWG integrated resonator prototype 1100. In FIG. 13, the 
amplitudes spectra are obtained using Fourier transforms of 
the TE1 mode pulses at about 320 picoseconds and zero
padding to about 5,120 picoseconds. The frequency depen
dent wave amplitude plot 1300 comprises a first wave ampli
tude curve 1312 and a second wave amplitude curve 1322 that 
represent the detected wave amplitudes for the PPW G with no 
cavity and the PPWG integrated resonator prototype 1100, 
respectively, at a plurality ofTHz frequencies from about zero 
to about one THz. The time pulses for the two corresponding 
TE 1 modes have a cutoff frequency fc equal to about 0.15 THz 
and two apparent water-vapor absorption lines at about 0.557 
THz and about 0.752 THz. Additionally, the second wave 
amplitude curve 1322 exhibits a narrow dip in amplitude 
across the spectrum, which may be caused by the resonant 
cavity. The dip in amplitude is located at a corresponding 
resonant frequency equal to about 0.28 THz, which is slightly 
different than the resonant frequency of the PPWG integrated 
resonator prototype 600 at about 0.293 THz. 

FIG.14 illustrates a frequency dependent transmission plot 
1400 for the PPWG integrated resonator prototype 1100. The 
frequency dependent transmission plot 1400 comprises a 
transmission curve 1402 corresponding to the second wave 
amplitude curve 1322. Specifically, the transmission curve 
1402 represents a power transmission spectrum for the 
PPWG integrated resonator prototype 1100, and was 
obtained similar to the second transmission curve 904. The 
values in the transmission curve 1402 are shown using black 
dots. Additionally, the transmission values are fitted using a 
Lorentzian shape line. The Lorentzian shape fit for the trans
mission curve 1402 indicates a resonance at about 0.28 THz, 
a linewidth of about five GHz at about three decibels around 
the dip in transmission, and an extinction coefficient of about 
30 decibels. The Q factor of the obtained transmission curve 
is equal to about 56, which may not be larger than other 
resonant structures used for THz frequencies. 

The resonant frequency may also be calculated based on an 
established resonant frequency expression for an air filled 
generalized 3 dimensional (3D) cavity given by 

where fr is the calculated resonant frequency, du d2 , and d3 are 
the dimensions of the three cavity sides, and mu m2 , and m3 

are positive integers, which may also be equal to zero depend
ing on the reduced dimensionality of the cavity (e.g. 2D or 
1D). Since, the cavity of the PPWG integrated resonator 
prototype 1100 is defined as a 1D square groove, wherem1 =1, 
m2 =0, m3 =0, and d1 =d, the calculated resonant frequency fr is 
equal to about 0.297 THz. The calculated fr is in good agree
ment with the experimental resonant frequency at about 0.28 
THz. 

FIG. 15 illustrates a first plot 1510 and second plot 1520, 
which comprise a first time pulse 1512 and a second time 
pulse 1522, respectively. The first time pulse 1512 corre
sponds to a TEM mode wave that was transmitted at the same 
THz frequencies for the TE1 mode case above through the 
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PPWG with no cavity and the second time pulse 1522 corre
sponds to a TEM mode wave that was transmitted at the same 
THz frequencies through the PPWG integrated resonator pro
totype 1100. The first time pulse 1512 and second time pulse 
1522 comprise no chirp and no pulse broadening compared to 
the TE1 mode waves in FIG. 12. 

FIG. 16 illustrates a frequency dependent wave amplitude 
plot 1600 for the detected TEM mode pulses in FIG. 15. In 
FIG. 16, the amplitudes spectra are obtained using Fourier 
transforms of the TEM, similar to the TE1 case above. The 
frequency dependent wave amplitude plot 1600 comprises a 
first wave amplitude curve 1612 and a second wave amplitude 
curve 1622 that represent the detected wave amplitudes for 
the PPWG with no cavity and the PPWG integrated resonator 
prototype 1100, respectively, at a plurality of THz frequen
cies from about zero to about one THz. The wave amplitudes 
for the two corresponding TEM modes have two apparent 
water-vapor absorption lines at about 0.557 THz and about 
0.752 THz but do not have a cutoff frequency as in the case of 
the TE1 mode. Additionally, the time pulses for the two TEM 
modes do not exhibit a localized resonance dip in amplitude 
even in the presence of the cavity. The cavity in the device 
may not cause a substantial difference in response in com
parison to the case of a PPWG without a cavity, which may 
indicate that the presence of the cavity may not substantially 
perturb the TEM propagating mode. This may also reveal that 
unlike the case of the TE1 mode, which may have a better 
matched orientation with the cavity, the TEM mode may not 
excite the cavity and cause a significant resonance response. 
The presence of significant pulse broadening for TE1 mode in 
comparison to the TEM mode may not necessarily inhibit the 
use of the PPWG integrated resonator for THz sensing appli
cations. For instance, the TE1 mode dispersion may be 
reduced by increasing the separation distance b. However, 
increasing the separation distance b may also weaken the 
resonance response, e.g. reduce the dip in transmission, 
decrease the sensitivity to refractive index or material 
changes, and/or reduce the coupling between the transmitted 
wave and the cavity. 

FIG. 17 illustrates an embodiment of a refractive index 
sensing method 1700, which may be implemented using the 
PPWG integrated resonator. At block 1710, a wave beam may 
be polarized to excite the TE1 mode with respect to the PPWG 
integrated resonator. For instance, the wave beam may be 
initially transmitted at a single or a plurality ofTHz frequen
cies using an antenna or a THz laser. The electric field com
ponent of the wave beam may be aligned, for instance, by 
rotating the antenna or laser, or using a polarizer, or alterna
tively rotating the PPWG to excite the TE1 mode. At block 
1720, the wave beam may be focused based on the PPWG 
plate separation. The plates may be separated by a distance to 
excite only the single TE1 mode depending on the size of the 
focused input beam. In an embodiment, the wave beam may 

12 
may be transmitted in the PPWG integrated resonator where 
the cavity may contain a fluid to obtain sample measure
ments. At block 1760, the detected time pulse for the fluid 
filled cavity case may be converted to a sample frequency 
domain amplitude data. For instance, the second time pulse 
722 in FIG. 7 may be converted to the second wave amplitude 
curve 804 in the frequency domain in FIG. 8. Next, at block 
1770 in FIG. 17, the reference and sample frequency domain 
amplitude data corresponding to the empty cavity case and 

10 the fluid filled cavity case may be processed, for instance 
using a computer model, to calculate the frequency shift 
associated with the fluid in the cavity and hence to determine 
the refractive index of the fluid. For example, as shown in 
FIG. 9, the shift in the resonant frequency llRF may be first 

15 obtained between the first transmission curve 902 corre
sponding to the first wave amplitude curve 802 and the second 
transmission curve 904 corresponding to the second wave 
amplitude curve 804. Next, as shown in FIG. 10, the change in 
refractive index associated with the shift in resonant fre-

20 quency llRF may be calculated based on the ratio llf/ lln of the 
first resonant frequency shift curve 1010. 

In an embodiment, a continuous flow of fluid may be pro
vided through the cavity and continuous wave amplitude 
measurements may be obtained for the flow, which may be 

25 converted into continuous frequency domain amplitude data. 
The continuous frequency domain amplitude data may be 
processed to calculate a continuous resonant frequency shift 
in the flow and thus monitor continuous changes in the flow at 
about real time. In some embodiments, a narrowband THz 

30 source may be used instead of a broadband THz source to 
generate and transmit the TE1 mode waves into the PPWG 
integrated resonator. For instance, a narrowband source with 
a limited tunability, e.g. about 10 percent, may be used to 
detect a substantially wide range of targets with varying 

35 refractive index values. The resonant frequency of the cavity 
may also be engineered by changing the dimensions of the 
cavity, e.g. the cavity width d and thickness (height) t. 

In some embodiments, a plurality of PPWG integrated 
resonators, which may have different engineered plates (e.g. 

40 different separation distance b and/or width w) and/or differ
ent engineered cavities (e.g. having different cavity width d 
and height t, or different shapes other than a rectangular 
cross-section), may be combined in parallel to obtain a mul
tiple sensor platform. The multiple sensor platform may be 

45 used in a single waveguide and may simultaneously comprise 
a reference target (e.g. air) and a sample target (e.g. fluid) in 
the cavity, which may eliminate the need to obtain reference 
and sample measurements separately or to replace the refer
ence and sample fluids. For example, a plurality of PPWG 

50 integrated resonators may be coupled in parallel, where each 
resonator may comprise the same or different cavities. Each 
cavity may be filled with a different fluid, which may be a 
reference fluid of known refractive index or a sample fluid of 
unknown refractive index. Each cavity may then be excited be a Gaussian beam, which may be focused using a lens. The 

lens may be aligned with the PPWG and may be positioned to 
adjust the diameter of the Gaussian beam according to the 
separation distance between the plates to improve the cou
pling to the TE 1 mode of the PPW G and prevent higher modes 
from propagating. At block 1730, the wave beam may be 
transmitted in the PPWG integrated resonator where the cav- 60 

ity may contain no fluid to obtain reference measurements. At 
block 1740, the detected time pulse for the empty cavity case 
may be converted to a reference frequency domain amplitude 
data. For instance, the first time pulse 712 in the time domain 

55 using the TE1 mode to cause a resonance response and detect 
a corresponding wave amplitude. The shifts in resonance 
frequencies in the wave amplitudes may then be obtained and 
processed to determine the changes in refractive index of the 
sample fluid(s) with respect to the reference fluid(s ). 

At least one embodiment is disclosed and variations, com-
binations, and/or modifications of the embodiment(s) and/or 
features of the embodiment(s) made by a person having ordi
nary skill in the art are within the scope of the disclosure. 
Alternative embodiments that result from combining, inte-

in FIG. 7 may be converted using Fourier transforms to the 
first wave amplitude curve 802 in the frequency domain in 
FIG. 8. Returning to FIG. 17, at block 1750, the wave beam 

65 grating, and/or omitting features of the embodiment(s) are 
also within the scope of the disclosure. Where numerical 
ranges or limitations are expressly stated, such express ranges 
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or limitations should be understood to include iterative ranges 
or limitations of like magnitude falling within the expressly 
stated ranges or limitations (e.g., from about 1 to about 10 
includes, 2, 3, 4, etc.; greater than 0.10 includes 0.11, 0.12, 
0.13, etc.). For example, whenever a numerical range with a 
lower limit, R1 , and an upper limit, Ru, is disclosed, any 
number falling within the range is specifically disclosed. In 
particular, the following numbers within the range are spe
cifically disclosed: R =R1 +k*(Ru-R1), wherein k is a variable 
ranging from 1 percent to 100 percent with a 1 percent incre- 10 

ment, i.e., k is 1 percent, 2 percent, 3 percent, 4 percent, 5 
percent, ... , 50 percent, 51 percent, 52 percent, ... , 95 
percent, 96 percent, 97 percent, 98 percent, 99 percent, or 100 
percent. Moreover, any numerical range defined by two R 
numbers as defined in the above is also specifically disclosed. 15 

Use of the term "optionally" with respect to any element of a 
claim means that the element is required, or alternatively, the 
element is not required, both alternatives being within the 
scope of the claim. Use of broader terms such as comprises, 
includes, and having should be understood to provide support 20 

for narrower terms such as consisting of, consisting essen
tially of, and comprised substantially of. Accordingly, the 
scope of protection is not limited by the description set out 
above but is defined by the claims that follow, that scope 
including all equivalents of the subject matter of the claims. 25 

Each and every claim is incorporated as further disclosure 
into the specification and the claims are embodiment(s) of the 
present disclosure. The discussion of a reference in the dis
closure is not an admission that it is prior art, especially any 
reference that has a publication date after the priority date of 30 

this application. The disclosure of all patents, patent applica
tions, and publications cited in the disclosure are hereby 
incorporated by reference, to the extent that they provide 
exemplary, procedural, or other details supplementary to the 
disclosure. 35 

While several embodiments have been provided in the 
present disclosure, it should be understood that the disclosed 
systems and methods might be embodied in many other spe
cific forms without departing from the spirit or scope of the 
present disclosure. The present examples are to be considered 40 

as illustrative and not restrictive, and the intention is not to be 
limited to the details given herein. For example, the various 
elements or components may be combined or integrated in 
another system or certain features may be omitted, or not 
implemented. 45 

14 
obtaining wave amplitude data that comprises a resonant 

frequency. 
2. The method of claim 1 further comprising focusing the 

electromagnetic beam based on a separation distance 
between the two plates. 

3. The method of claim 2, wherein the electromagnetic 
beam is focused by adjusting its diameter with respect to the 
separation distance between the two plates to prevent multi
mode wave propagation in the PPWG integrated resonator. 

4. The method of claim 1 further comprising: 
sending the electromagnetic beam when the cavity com

prises a reference fluid; and 
detecting a corresponding reference time pulse to obtain 

reference amplitude measurements. 
5. The method of claim 4 further comprising: 
transmitting the electromagnetic beam when the cavity 

comprises a sample fluid; and 
detecting a corresponding sample time pulse to obtain 

sample amplitude measurements. 
6. The method of claim 5 further comprising: 
converting the reference amplitude measurements into ref

erence frequency domain amplitude data comprising a 
dip in transmission around a reference resonant fre
quency; 

converting the sample amplitude measurements into 
sample frequency domain amplitude data comprising a 
dip in transmission around a sample resonant frequency; 
and 

calculating a resonant frequency shift between the sample 
resonant frequency and the reference resonant fre
quency. 

7. The method of claim 6 further comprising obtaining a 
refractive index of the sample fluid based on a refractive index 
of the reference fluid and the resonant frequency shift. 

8. The method of claim 6, wherein the dip in transmission 
has a linewidth that improves the resolution of refractive 
index detection of the sample fluid. 

9. The method of claim 8, wherein the linewidth of the dip 
in transmission is less than about ten Gigahertz (GHz). 

10. The method of claim 9, wherein the resonant frequency 
shift is substantially larger than the linewidth of the dip in 
transmission and improves the sensitivity of refractive index 
detection of the sample fluid. 

11. The method of claim 1 further comprising: 
providing a continuous flow of fluid through the cavity; 
obtaining continuous wave amplitude measurements for 

the flow; 
converting the continuous wave amplitude measurements 

into continuous frequency domain amplitude data; and 
calculating a continuous resonant frequency shift based on 

the continuous frequency domain amplitude data to 
monitor continuous changes in the flow at about real 
time. 

In addition, techniques, systems, subsystems, and methods 
described and illustrated in the various embodiments as dis
crete or separate may be combined or integrated with other 
systems, modules, techniques, or methods without departing 
from the scope of the present disclosure. Other items shown so 
or discussed as coupled or directly coupled or communicating 
with each other may be indirectly coupled or communicating 
through some interface, device, or intermediate component 
whether electrically, mechanically, or otherwise. Other 
examples of changes, substitutions, and alterations are ascer
tainable by one skilled in the art and could be made without 
departing from the spirit and scope disclosed herein. 

12. The method of claim 11, wherein the continuous reso-
55 nant frequency shift corresponds to a continuous change in 

index of refraction in the flow. 

What is claimed is: 
1. A method comprising: 
polarizing and coupling an electromagnetic beam to a first

order transverse electric (TE1) mode with respect to a 
parallel plate waveguide (PPWG) integrated resonator 
comprising two plates and a cavity; 

60 

sending the electromagnetic beam into the PPWG inte- 65 

grated resonator to excite the cavity by the TE1 mode and 
cause a resonance response; and 

13. The method of claim 1 further comprising: 
polarizing and coupling a second electromagnetic beam to 

the TE1 mode with respect to a second PPWG integrated 
resonator comprising two second plates and a second 
cavity and coupled in parallel to the PPWG integrated 
resonator; 

sending the second electromagnetic beam into the second 
PPWG integrated resonator to excite the cavity by the 
TE1 mode and cause a resonance response at about the 
same time as the electromagnetic beam in the PPWG 
integrated resonator; and 
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obtaining a second wave amplitude data that comprises a 
second resonant frequency at about the same time as the 
wave amplitude data of the PPWG integrated resonator. 

14. An apparatus comprising: 
two plates substantially parallel to one another and sepa

rated by less than about two millimeters; and 
an antenna coupled to the two plates and configured to 

transmit or receive a wave having a frequency in a range 
of frequencies between about one Gigahertz (GHz) to 
about ten terahertz (THz), 

wherein the antenna is further configured to couple a first
order transverse electric (TE1 ) mode into the two plates, 
and 

wherein one of the two plates comprises a groove 
machined along its length that has a resonance response 
for the TE1 mode in the range of frequencies. 

15. The apparatus of claim 14 further comprising: 
an inlet at one end along the groove configured to allow a 

fluid to flow inside the groove; and 
an outlet at the other end along the groove and configured 

to allow the fluid to flow outside the groove. 
16. The apparatus of claim 14, wherein the resonance 

response of the groove is determined by the width and height 
of the groove. 

16 
17. The apparatus of claim 14, wherein the groove is con

figured to interact with the TE1 mode, cause higher concen
tration of energy near the cavity, and limit or cancel wave 
propagation away from the cavity. 

18. The apparatus of claim 14, wherein the groove has 
different resonance responses at different resonant frequen
cies for different fluids in the groove, wherein the different 
resonance responses are substantially sensitive to refractive 
index differences of the fluids, and wherein the refractive 

10 index differences are detectable with substantially improved 
resolution. 

19. The apparatus of claim 14, wherein the groove has no 
substantial resonance response when a transverse electric 
magnetic (TEM) mode is coupled into the two plates. 

15 20. The apparatus of claim 14, wherein the two plates are 
coupled in parallel to a plurality of second two parallel plates, 
wherein one of each of the second parallel plates comprises a 
second groove or multiple grooves in the same set of two 
plates, and wherein the groove has a similar or different 

20 resonance response than the second groove. 

* * * * * 


