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(57) ABSTRACT 

An apparatus comprising a parallel plate waveguide (PPWG) 
comprising two plates separated by a distance that supports a 
multimode wave, and a transmitter configured to emit a wave 
having a frequency from about one hundred Gigahertz (GHz) 
to about ten terahertz (THz) and to couple to one mode of the 
PPWG. Also disclosed is an apparatus comprising two plates 
substantially parallel to one another and separated by at least 
about five millimeters (mm), and an antenna coupled to the 
two plates and configured to transmit or receive a wave having 
a frequency from about one hundred GHz to about ten THz. 
Disclosed is a method comprising polarizing an electromag
netic beam in the first transverse electric (TE1) mode with 
respect to a PPW G comprising two plates, adjusting the diam
eter of the electromagnetic beam based on the separation 
between the plates, and sending the electromagnetic beam 
into the PPWG. 
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ULTRA LOW LOSS WAVEGUIDE FOR 
BROADBAND TERAHERTZ RADIATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

2 
distance that supports a multimode wave, and a transmitter 
configured to emit a wave having a frequency from about one 
hundred Gigahertz (GHz) to about ten THz and to couple to 
one mode of the PPWG. 

In another embodiment, the disclosure includes an appa
ratus comprising two plates substantially parallel to one 
another and separated by at least about five millimeters (rmn), 
and an antenna coupled to the two plates and configured to 
transmit or receive a wave having a frequency from about one 

The present application claims priority to U.S. Provisional 
Patent Application 61/049,887 filed May 2, 2008 by Rajind 
Mendis, et a!. and entitled "Ultra Low Loss Waveguide for 
Broadband Terahertz Radiation," which is incorporated 
herein by reference as if reproduced in its entirety. 

10 hundred GHz to about ten THz. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

In yet another embodiment, the disclosure includes a 
method comprising polarizing an electromagnetic beam in 
the first transverse electric mode with respect to a PPWG 
comprising two plates, adjusting the diameter of the electro-

This invention was made with govermnent support under 
Grant Numbers EECS-0724996 and CHE-0520605 awarded 

15 magnetic beam based on the separation between the plates, 
and sending the electromagnetic beam into the PPWG. 

by the National Science Foundation, and under Grant Num
ber FA8650-07-2-5061 awarded by the Air Force Office of 
Scientific Research. The govermnent has certain rights in the 20 

invention. 

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 

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

Electromagnetic radiation at Terahertz (THz) frequencies 
and sub-millimeter wavelengths are being investigated for 30 

various applications, such as, low-loss interconnects, sub
wavelength imaging, and high sensitivity spectroscopy and 
biosensing. One of the challenges for the success of THz 
technologies is transporting the waves at THz frequencies 
over sufficiently long distances, e.g., many orders ofmagni- 35 

tude greater than the sub-millimeter wavelengths. Various 
waveguides have been examined to transport the waves with 
little promise due to substantial wave attenuation and disper
sion that causes signal loss and distortion. The observed wave 
attenuation for such waveguides is not suitable for sensing 40 

and cormnunications systems, for instance, in comparison to 
optical fiber waveguides that are typically used in telecom
munications to transport optical waves with shorter wave
lengths. 

One examined waveguide that has relatively lower attenu- 45 

ation at THz frequencies is the parallel plate waveguide 
(PPWG), which comprises two parallel plates. The PPWG 
has no low frequency cutoff for THz waves corresponding to 

FIG. 1 is a perspective view of an embodiment of a PPWG. 
FIG. 2 is a section view of an embodiment of the PPWG 

wave propagation. 
FIG. 3 is a chart of an embodiment of a frequency depen

dence curve plot. 
FIG. 4 is a chart of an embodiment of a reflection coeffi

cient curve plot. 
FIG. 5 is a chart of an embodiment of an attenuation con

stant curve plot. 
FIG. 6 is a chart of an embodiment of a plurality of time 

pulses. 
FIG. 7 is a chart of an embodiment of a wave amplitude 

curve plot. 
FIG. 8 is a chart of an embodiment of a plurality of velocity 

curves. 
FIG. 9 is a chart of an embodiment of a plurality of attenu

ation curves. 
FIG. 10 is a chart of an embodiment of a coupling effi

ciency curve plot. 
FIG. 11 is a flowchart of an embodiment of a THz wave 

propagation 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 
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. 

a transverse electric and magnetic (TEM) mode and therefore 
can transport the TEM mode with little or no wave dispersion. 50 

However, the PPWG attenuation for the TEM mode may 
increase as the wave frequencies increase, which causes sig
nallosses and makes it unsuitable for broadband applications. 
For modes other than the TEM mode, the PPWG may have 
THz cutoff frequencies that cause significant wave dispersion 55 

and hence pulse distortion. The distortion for a mode can be 
reduced if its cutoff frequency is decreased, for instance, by 
further separating the two parallel plates of the PPWG from 
one another. However, increasing the distance between the 
parallel plates also allows additional modes to propagate, 60 

which have higher cutoffs and hence introduce additional 
dispersion. Disclosed herein is a system and method for transporting 

waves at THz frequencies without substantial attenuation or 
dispersion using a PPWG. Specifically, a wave beam may be 

65 coupled to the PPWG, where a first transverse electric (TE1 ) 

mode may be propagated. For the TE1 mode, the PPWG 
attenuation may decrease as the wave frequencies increase 

SUMMARY 

In one embodiment, the disclosure includes an apparatus 
comprising a PPWG comprising two plates separated by a 
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above its cutoff frequency. Hence, to reduce the attenuation at 
frequencies above the cutoff frequency, the distance between 
the two plates of the PPWG may be increased. Increasing the 
separation between the two plates may also reduce the dis
persion for the TE1 mode. Further, to prevent or limit addi
tional modes and additional dispersion due to increasing the 
separation between the two plates, the coupling efficiency for 
the TE1 may be improved without exciting the other modes by 
adjusting the wave beam diameter according to the distance 
between the two plates. 10 

FIG. 1 illustrates one embodiment of a PPWG 100, which 
may transport waves at THz frequencies. The PPWG 100 may 
comprise two plates 102, which may be substantially parallel. 
The plates 102 and 104 may be made from electrical conduct
ing material for THz frequencies, such as metal. The two 15 

plates 102 and 104 may be separated from one another by a 
separation distance b, which may be greater than or equal to 
about one mm, about three mm, or about five mm, and com
prise air or any other gas. The plates 102 and 104 may have a 
width wand a length I, which may be larger than the separa- 20 

tion distance b. For instance, the length I may be on the order 

4 
model may be used to analyze the field components of a wave 
corresponding to a TEn mode. For instance, based on the 
model described in "Waveguide Handbook" by N. Marcuvitz 
and published by McGraw-Hill1951, which is incorporated 
herein by reference as if reproduced in its entirety, the TEn 
mode may comprise the following field components: 

(1) 

(2) 

(3) 

where the subscripts x, y, and z indicate the spatial directions 
shown in FIG. 2. In equations 1, 2, and 3, Ex is an electric field 
component in the x direction parallel to the width of the plates 
202 and 204, HY is a magnetic field component in the y 
direction parallel to the separation distance b between the 
plates 202 and 204, and Hz is a magnetic field component in 
the z direction parallel to the length of the plates 202 and 204. 

of millimeters or centimeters, such as for applications includ
ing low-loss interconnects, sub-wavelength imaging, spec
troscopy, biosensing, etc., or may be on the order of meters, 
such as in telecommunications. 25 Further, ~Y is the field phase in they direction and is equal to 

nJt!b, ~z is the field phase in the z direction, An is a constant 
that depends on the input excitation of the PPWG, E

0 
and flo 

are the permittivity and permeability of free space, respec-

In an embodiment, the PPWG 100 may be coupled to a 
transmitter or antenna 105, which may be used to transmit a 
wave beam at a single or a plurality ofTHz frequencies, for 
instance from about one hundred GHz to about ten THz. The 
transmitter or antenna 105 may also polarize the wave with 30 

respect to the direction of the plates 102 and 104, where the 
wave may comprise an electric field aligned in a direction 
with respect to the width w. In some embodiments, a lens 107, 
such as a silicon plano-cylindrical lens, may be coupled to the 
transmitter or antenna 105 and the two plates 102 and 104. 35 

The lens 107 may be configured to focus the wave beam from 
the transmitter or antenna 105 and couple the wave beam to 
the PPWG 100. For instance, the lens 107 may adjust a 
diameter of the wave beam with respect to the separation 
distance b. Additionally or alternatively, the PPWG 100 may 40 

be coupled to a receiver (e.g., an antenna), which may be used 
to receive a wave at a single or a plurality of frequencies from 
the PPWG 100. 

tively, w is an angular frequency equal to 2nf, where f is the 
wave frequency, and j indicates an imaginary number. 

According to the analytical model, the electric field com
ponent Ex above may have a mathematical solution in the 
following form: 

(4) 

The two exponential functions on the right side of equation 4 
indicate that Ex may comprise two plane waves, which may 
propagate in the y-z direction. The two plane waves may also 
bounce back and forth between the plates 202 and 204 while 
propagating in the y-z direction. The two plane waves may be 
s-polarized, e.g., may oscillate in the x direction parallel to the In some embodiments, the plates 102 and 104 may each 

have a curvature that is concave with respect to the other plate 
to transport the waves with less attenuation. A sectional pro
file 109 shows an embodiment of the plates that may have 
curvatures and may be concave with respect to each other. 
Further, the plates 102 and 104 may be curved at least at one 
portion along the length of the PPWG 100. As such, the plates 
102 and 104 may redirect the transported waves along the 
trajectory from the transmitter or antenna 105 to the receiver. 
For instance, the plates 102 and 104 may be curved to redirect 
the propagating waves at about 180 degrees and may have a 
curve radius equal to about seven centimeters. 

45 width of the plates 202 and 204 and perpendicular to the 
length of the plates 202 and 204. 

Additionally, each plane wave may have a phase constant 
~0 , where ~o=Y~/+~/=2Jt!A0 , and where A0 is the field 
wavelength in free space. The y-component of the phase 

50 constant may be represented as ~Y =~o cos 8, where 8 is an 
incident angle of the wave 210 in the PPWG with respect to 
the y direction. The incident angle may be represented as: 

55 

FIG. 2 illustrates a PPWG wave propagation 200, where a 
wave 210 may be transmitted and polarized in a transverse 
electric (TE) direction. Accordingly, the wave 210 may com
prise an electric field in the direction parallel to the PPWG' s 
plates 212 and 214, e.g., in the x direction, and may propagate 60 

along the length of the plates 202 and 204, e.g., in the z 
direction. In an embodiment, at least one n'h order TE (TEn) 
mode may propagate in the PPWG, where n=1, 2, 3 .... 
Specifically, a TEn mode may propagate at a frequency above 
its cutoff frequency and may not propagate at a frequency 65 

below its cutofffrequency, which may be determined accord
ing to the separation distance b. A two-dimensional analytical 

(5) 

According to equation 5, the cutoff condition of the TEn 
mode may be defined by ilAj(2b)~1, where the incident 
angle 8 may vary between zero and ninety degrees. As such, 
the cutofffrequency may be defined as f c=nc/(2b ), where cis 
the speed oflight in free space. Equation 5 shows that as the 
field wavelength A

0 
increases, e.g., as the frequency 

decreases, the incident angle may approach zero and the 
cutoff condition may be reached. Conversely, when the fre
quency increases, the incident angle may approach 90 
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degrees, where the wave 210 may propagate at grazing inci
dence in the PPWG, e.g., in the z direction. Further, as the 
order n of the TEn mode increases, the cutoff frequency fc may 
increase and the incident angle in the PPWG may decrease at 
any frequency above f c· On the other hand, increasing the 
separation distance b between the plates 202 and 204 may 
reduce the cutoff frequency f c of a TEn mode. 

FIG. 3 illustrates a frequency dependence curve plot 300 
for a first orderTE (TE1) mode in the PPWG, which shows the 
frequency dependence of the angle 8 and the number of 10 

bounces N. The frequency dependence curve plot 300 may 
comprise a first frequency dependence curve 302 and a sec
ond frequency dependence curve 304 that are obtained using 
the analytical model above, where the PPWG's plates are 
aluminum plates and b is equal to about 0.5 mm. The first 15 

frequency dependence curve 302 indicates an increase in the 
incident angle 8 in the PPWG as the frequency of the TE1 

mode increases. For instance, the incident angle 8 may 
increase from about zero at the cutoff frequency f c of the TE1 

mode, which may be about 0.3 THz, to about 70 degrees at 20 

about 1 THz. 

6 
respectively, of the plate internal wall boundary, and 8, is the 
angle of transmission on the transmission side of the plate 
internal wall boundary. Generally, Z1 and Z2 may be equal to 
v'jwf.U'(a+jwE), where w, fl, a, and E are the angular frequency, 
permeability, conductivity, and permittivity, respectively, of 
the material on the corresponding side of the plate internal 
wall boundary. When the plate comprises a high conductivity 
metal, such as aluminum, 8, may be equal to about zero and 
the ratio of Z1 to Z2 may be approximated, such as: 

(8) 

where a may be assumed constant along the frequency range 
of interest, e.g., from about 0.2 THz to about one THz. The 
values for rs may be calculated by substituting in equation 7 
the ratio ofZ1 to Z2 from equation 8 and the values of8 from 
equation 5. The first reflection coefficient curve 402 indicates 
an increase in the reflection coefficient rs as the frequency of 
the s-polarized TE1 mode increases from the cutoff frequency 
(fc=0.3 THz). 

On the other hand, the second reflection coefficient curve 

As the incident angle 8 varies with frequency, the number 
ofbounces N along the length of the plates in the PPWG, e.g., 
wave reflections from the inside walls of the plates, may also 
vary with frequency. By dividing the length of the plates by 
the distance for one bounce along the PPWG, an mverse 
relation between 8 and N is found, such as: 

25 404 represents the relation between the frequency of a p-po
larized first order transverse magnetic (TM1 ) mode and its 
reflection coefficient rP. The TM1 mode may comprise an 
electric field component parallel to the separation distance b 

1 
N = :;;cot(8). 

(6) 30 

Hence, since 8 increases as the frequency increases, the num
ber of bounces N may decrease as the frequency of the TE1 35 
mode increases, which is indicated in the second frequency 
dependence curve 304. For instance, the number of bounces 

between the PPWG's plates and not to the width of the plates. 
The second reflection coefficient curve 404 indicates a 
decrease in the reflection coefficient r P as the frequency of the 
p-polarized wave increases from the cutoff frequency. Fur
ther, the frequency dependence of rP is greater than the fre
quency dependence ofrs. 

FIG. 5 illustrates an attenuation constant curve plot 500 for 
the TE1 mode and the TM1 mode in the PPWG. The attenu
ation constant curve plot 500 may comprise a first attenuation 
constant curve 502 and a second attenuation constant curve 
504. The first attenuation constant curve 502 represents the 

40 relation between the frequency of the TE1 mode and its 
attenuation constant a. The attenuation constant a of the TE1 

mode may be obtained using the values of rs in the first 
reflection coefficient curve 402 and the number of bounces N 

N may decrease from near infinity at the cutoff frequency to 
about one bounce at about 1 THz. An infinite number of 
bounces may indicate no propagation of the wave along the 
length of the PPWG, e.g., the wave substantially bounces 
vertically between the plates and not along the plates, while 
zero bounces may indicate the wave propagation at grazing 
incidence. Similar to the TE1 mode, the incident angle for 
other higher TEn modes in the PPWG may increase and the 

45 
number of bounces may decrease as the wave frequency 
increases from the corresponding cutoff frequencies. 

at the corresponding incident angles 8, such as: 

a~N(1-Ir,12). (9) 

FIG. 4 illustrates a reflection coefficient curve plot 400 for 
the TE1 mode in the PPWG. The reflection coefficient curve 
plot 400 may comprise a first reflection coefficient curve 402 

50 
and a second reflection coefficient curve 404. The first reflec-

The first attenuation constant curve 502 indicates a continu
ous decrease in the attenuation constant a as the frequency of 
the TE1 mode increases from the cutoff frequency. 

The second attenuation constant curve 504 represents the 
relation between the frequency of the TM1 mode and its 
attenuation constant a. The attenuation constant a of the TM1 

mode may be obtained using the values of rP in the first 
reflection coefficient curve 402 and, such as a=N(1-IrPI 2

). 

tion coefficient curve 402 represents the relation between the 
frequency of the s-polarized TE1 mode and its reflection coef
ficient rs, which is the ratio of reflected wave amplitude to 
incident wave amplitude at one bounce or reflection in the 
PPWG of FIG. 3. In FIG. 4, the values of the first reflection 
coefficient curve 402 also correspond to the values of the 
incident angle 8 in the first frequency dependence curve 302 
as the frequency of the TE 1 mode increases. The r s values may 
be obtained using the following expression: 

Z2cos(8)- Z1 cos(8,) 

r, = Z2cos(8) +Ztcos(81)' 

(7) 

where Z1 and Z2 are the intrinsic impedances of air and metal 
(e.g., aluminum) on the incidence and transmission sides, 

55 Unlike the case of the TE1 mode, the second attenuation 
constant curve 504 indicates a relatively sharp decrease from 
the cutoff frequency to a minimum (at about 0.5 THz) and 
then a continuous increase in the attenuation constant beyond 

60 

that point. 
FIG. 6 illustrates a plurality of plots 610,620, 630, and 640, 

which comprise a plurality of time pulses for different wave 
modes in a PPWG. Plot 610 shows a time pulse 612, for a 
wave beam that is transmitted at THz frequencies using a first 
photoconductive antenna coupled to a receiver via two plano-

65 cylindrical lenses, and may be representative of the signal 
coupled to the PPWG. The wave beam is focused and coupled 
to the PPWG by a plano-cylindrical lens. Specifically, the 
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wave beam has a diameter equal to about 1 0 mm, and the 
PPWG comprises two substantially parallel aluminum plates, 
which are separated by about 0.5 mm. 

The wave beam is polarized perpendicular to the PPWG' s 
plates and coupled to the PPWG to excite or propagate the 5 

TEM mode in the PPWG. Plot 620 shows a time pulse 622 
corresponding to the TEM mode that is detected after propa
gating a distance equal to about 25.4 mm in the PPWG. The 
time pulse 622 is detected using a second photoconductive 
antenna coupled to the output of PPWG. The detected time 10 

pulse 622 is substantially similar to the transmitted time pulse 
612, which may indicate that the TEM mode propagates in the 
PPWG with no dispersion along the examined distance. Fur
ther, the amplitude of the time pulse 622 is smaller than the 
amplitude of the time pulse 612, which may indicate some 15 

attenuation for the TEM mode. 
The wave beam is also polarized parallel to the PPWG's 

plates to excite the TE1 mode in the PPWG. Plot 630 shows a 
time pulse 63 2 corresponding to the TE 1 mode that is detected 
for the same propagation distance as the time pulse 622. 20 

Unlike the detected time pulse 622, the time pulse 632 is 
substantially different than the transmitted time pulse 612 and 
has substantially smaller amplitude, which may indicate 
stronger attenuation for the TE1 mode. Further, the time pulse 
632 is substantially broadened, reshaped, and comprises posi- 25 

tive chirps, which may be due to strong dispersion. The strong 
attenuation and dispersion of the TE1 mode may be related to 
the cutofffrequency of the TE1 mode, which is equal to about 
0.3 THz as described in more detail below. The next higher 
order TE mode that may be excited in the PPWG is the third 30 

TE (TE3 ) mode, which may have a cutofffrequency equal to 
about 0.9 THz close to the end of the transmitted and detected 
frequency range. Therefore, at this frequency range, no higher 
order TE modes may propagate with about 0.5 mm separation 
between the plates in the PPWG, also referred to as single 35 

mode propagation. 
The separation distance between the PPWG' s plates is then 

increased from about 0.5 mm to about five mm to decrease the 
cutoff frequency of the TE1 mode from about 0.3 THz to 
about 30 GHz. Plot 640 shows a time pulse 642 corresponding 40 

to the TE1 mode with reduced cutoff frequency, which is 
detected after propagating the same distance as the time pulse 
622. Similar to the detected time pulse 622, the detected time 
pulse 642 is substantially similar to the transmitted time pulse 
612, and also has about the same amplitude as the time pulse 45 

622. Accordingly, after increasing the separation distance 
between the plates and reducing the cutoff frequency of the 
TE1 mode, the TE1 mode may have about the same dispersion 
and attenuation as the TEM mode. 

FIG. 7 illustrates a wave amplitude curve plot 700 for the 50 

detected TEM mode and the TE1 mode of FIG. 6. FIG. 7 
comprises a first wave amplitude curve 702 and a second 
wave amplitude curve 704 that represent the detected wave 
amplitudes for the TEM mode and TE1 mode, respectively, at 
a plurality of THz frequencies, e.g., from about zero to one 55 

THz. Specifically, the wave amplitudes are detected for the 
TEM mode and the TE1 mode, where the PPWG's plates are 
separated by about 0.5 mm and the TE1 mode has a cutoff 
frequency equal to about 0.3 THz. At the frequencies below 
the cutoff frequency of the TE1 mode, the first wave amplitude 60 

curve 702 and the second wave amplitude curve 704 show 
that the wave amplitudes for the TEM mode are substantially 
higher than the wave amplitudes of the TE1 (equal to about 
zero). However, at the frequencies above the cutoff frequency 
of the TE1 mode, the wave amplitudes for the TEM mode and 65 

the TE1 mode are close. The substantial difference in the wave 
amplitudes curves for TEM mode and TE1 mode may explain 

8 
the difference in the detected time pulse 622 and time pulse 
632. For instance, the substantial broadening, reshaping, and 
positive chirps of the time pulse 632 may be attributed to the 
cutoff frequency of the TE1 mode. 

FIG. 8 illustrates a plot 810 and a plot 820, which comprise 
a plurality of velocity curves for the TE1 mode of FIG. 6. In 
FIG. 8, plot 810 comprises a first velocity curve 812a and a 
second velocity curve 812b that each illustrates theoretical 
phase velocity vP values (solid lines) and experimental phase 
velocity v P values (hollow circles) at a plurality of THz fre
quencies (from about zero to one THz). Plot 820 also com
prises a curve 822, which is a zoom-in view of the second 
velocity curve 812b. Specifically, the first velocity curve 812a 
is obtained for the TE1 mode with about 0.3 THz cutoff 
frequency and about 0.5 mm separation distance between 
plates, and the second velocity curve 812b is obtained for the 
TE1 mode with about 30 GHz cutofffrequency and about five 
mm separation distance between plates. The experimental 
values are obtained by first measuring the wave amplitudes 
for a plurality of PPWGs with different lengths (different 
propagation distances) and calculating a phase constant ~ at 
each frequency, which is then used to calculate phase velocity 
vP values at different frequencies or angular frequencies w, 
such as vP =w/~. The theoretical values are obtained using a 
guided-wave theory described by N. Marcuvitz and/or 
described in "Advanced Engineering Electromagnetics" by 
C. A. Balanis and published by John Wiley & Sons, New 
York, 1989, which is incorporated herein by reference as if 
reproduced in its entirety. The first velocity curve 812a may 
indicate a highly dispersive nature of the TE1 mode, where the 
phase velocity of the wave drops sharply after the cutoff 
frequency. 

Additionally, plot 810 comprises a third velocity curve 
814a and a fourth velocity curve 814b that each illustrates 
theoretical group velocity v g values (solid lines) and experi
mental phase velocity v g values (solid circles) at the THz 
frequencies. The third velocity curve 814a and the fourth 
velocity curve 814b is also obtained for the TE1 mode with 
about 0.3 THz cutoff frequency and about 30 GHz cutoff 
frequency, respectively. The experimental values are obtained 
using the calculated phase constants ~ such as v g =ow/a~ and 
the theoretical values are obtained using the guided-wave 
theory. The third velocity curve 814a may also indicate a 
highly dispersive nature of the TE1 mode, where the group 
velocity of the wave varies sharply near the cutoff frequency. 
However, at the reduced cutoff frequency (at about 30 GHz), 
the group velocity and the phase velocity are about constant 
over a substantial portion of the frequency range and only a 
small portion of the range at the smaller frequencies is 
affected by the frequency cutoff. 

FIG. 9 illustrates a plot 910 and a plot 920, which comprise 
a plurality of attenuation curves for the TEM mode and TE1 

mode of FIG. 6. In FIG. 9, plot 910 comprises a first attenu
ation curve 912a and a second attenuation curve 912b that 
illustrate theoretical attenuation arE values (solid lines) in 
decibel per centimeter (dB/em) obtained for the TE1 mode 
with about 0.3 THz cutofffrequency and about 30 GHz cutoff 
frequency, respectively. The theoretical values are obtained 
using the relation 

4R,(f,/ f) 2 

O!TE = 2' 
Zob..J 1 - (f, I f) 

where Z0 is the impedance of free space, and Rs is the surface 
resistance of the plates and may be equal to v'nfflla. Plot 910 
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comprises a third attenuation curve 914 that illustrates experi
mental attenuation aTE values (solid circles) obtained for the 
TE1 mode with about 0.3 THz cutoff frequency. 

10 
wave diffraction, each plate may have a curvature that is 
concave with respect to the other plate. The plates may have 
about the same or different curvature, which may focus the 
wave inside the PPWG and away from the edges of the plates 
at each bounce between the plates. Consequently, wave dif
fraction and diffraction losses may be reduced. 

The first attenuation curve 912a, the second attenuation 
curve 912b, and the third attenuation curve 914 indicate 
strong attenuation of the TE1 mode at the cutoff frequency 
and below the cutoff frequency, where aTE increases sharply 
and substantially as the frequency decreases. However, the 
attenuation decreases slowly as the frequency increases 
beyond the cutoff frequency. At the smaller cutoff frequency 
of the second attenuation curve 912b, the attenuation is rela
tively low and decreases slowly over a substantial portion of 
the frequency range. Plot 920 also comprises a curve 922, 
which is a zoom-in view of the second attenuation curve 912b 
and shows clearly the decrease in aTE as the frequency 
increases. For instance aTE is equal to about 2.67 decibel per 
kilometer ( dB/km) at about one THz and equal to about 0.67 
dB/km at about 2.5 THz, which may be about three times 
larger than the attenuation of typical optical fibers for tele
communications and about 1000 times smaller than other 
reported lowest attenuation values at THz frequencies using 
dielectric/metal waveguides. 

FIG.10 illustrates a coupling efficiency curve plot 1000 for 
the TEM mode and a plurality of TE modes. The coupling 
efficiency curve plot 1000 comprises a first coupling effi-

10 ciency curve 1010, a second coupling efficiency curve 1012, 
a third coupling efficiency curve 1014, a fourth coupling 
efficiency curve 1016, and a fifth coupling efficiency curve 
1018. The first coupling efficiency curve 1010 represents the 

15 
coupling efficiency for TE1 mode in a PPWG and the second 
coupling efficiency curve 1012 represents the coupling effi
ciency for the TEM mode. The coupling efficiency may be the 
percent of energy that is coupled to the PPWG from the total 
transmitted wave energy. The coupling efficiency values are 

20 shown for a plurality of ratios from about zero to about 10. 

Additionally, plot 910 comprises a fourth attenuation curve 
916 and a fifth attenuation curve 918 that illustrate theoretical 

The ratios correspond to the values of the separation distance 
b between the plates divided by the values of a fraction D of 
the beam diameter (e.g., 1/e Gaussian amplitude size of the 
beam diameter). 

The coupling efficiency values of the TE1 mode are larger 
than the coupling efficiency values of the TEM mode along 
most of the b/D ratios. Accordingly, it may be advantageous 
to use the TE1 mode instead of the TEM mode to initially 
couple more transmitted wave energy in the PPWG. For 

attenuation aTEM values (solid lines) and experimental 25 

attenuation aTEM values (hollow circles) obtained for the 
TEM mode. The theoretical values are obtained using the 
relation aTEM=2R)Z0b Unlike, the first attenuation curve 
912a and the third attenuation curve 914, the fourth attenua
tion curve 916, and the fifth attenuation curve 918 show no 
cutoff in the frequency of the TEM mode. However, the fourth 
attenuation curve 916 and the fifth attenuation curve 918 also 
indicate a continuous increase in the attenuation of the TEM 
mode aTEMas the frequency increases. The attenuation of the 
TEM mode is found larger than the attenuation of the TE1 

mode with the smaller cutoff frequency (second attenuation 
curve 912b) over a substantial portion of the frequency range. 

30 instance, the maximum coupling efficiency of the TE1 mode 
is equal to about 99 percent where b/D is equal to about 1.42, 
while the maximum coupling efficiency of the TEM mode is 
equal to about 89 percent at b/D is about one. Further, the high 
coupling efficiency of the TE1 mode may not be critically 

35 sensitive to the b/D ratio within a broad range of ratios. For 
example, the TE1 mode may have about the same coupling 
efficiency (e.g., greater than 90 percent) over the range of 
ratios from about 1.14 to about 1.52. The decrease in attenuation of the TE1 mode may be 

explained in view of the attenuation analysis of FIG. 5 for the 
TE1 mode. As shown above, the attenuation constant for the 40 

TE1 mode may decrease as the frequency of the wave 
increases due to an increase in the incident angle of the wave 
in the PPWG and a decrease in the number of bounces 
between the plates along the PPWG. 

Since the TE1 mode may have lower attenuation values 45 

than the TEM mode as the frequency increases from the cutoff 
frequency, it may be advantageous to use the TE1 mode 
instead of the TEM mode to propagate THz pulses and signals 
along a PPWG with lower losses. The attenuation for the TE1 

mode may further be reduced by increasing the separation 50 

distance between the plates of the PPWG and hence reducing 
the cutoff frequency. Additionally, increasing the separation 
distance between the plates and reducing the cutofffrequency 
may reduce the dispersion for the TE1 mode, as shown above. 
However, increasing the separation distance between the 55 

plates may also allow additional modes, such as higher TE 
modes, to propagate with the TE1 . The additional modes may 
have higher cutoff frequencies than the TE1 mode and hence 
may have higher attenuation and dispersion, which could 
deteriorate the THz signals or pulses. 60 

Further, since the side areas between the plates and along 
the plates may not be bounded, a portion of the wave propa
gating in the PPWG may be diffracted along the edges of the 
plates, which may be referred to as lateral beam diffraction. 
Such wave diffraction may cause additional wave losses, 65 

which may be more significant as the wave propagates longer 
distances along the PPWG. To prevent or limit losses due to 

The third coupling efficiency curve 1014, the fourth cou
pling efficiency curve 1016, and the fifth coupling efficiency 
curve 1018 represent the coupling efficiencies for the TE3 

mode, the fifth TE (TE5 ) mode, and the seventh (TE7 ) mode, 
respectively. The coupling efficiency values of the TE3 mode, 
the TE5 mode, and the TE7 are smaller than the coupling 
efficiency values of the TE1 mode at each b/D ratio. However, 
at some b/D ratio ratios, the coupling efficiencies of the TE3 

mode, the TE5 mode, and/or the TE7 may be substantially 
high and as such the wave in the PPWG may comprise the 
higher TE modes in addition to the TE1 mode and therefore 
may suffer significant attenuation and/or dispersion. On the 
other hand, at some other b/D ratios, the coupling efficiencies 
of the TE3 mode, the TE5 mode, and/or the TE7 may be 
relatively small or negligible and as such the wave in the 
PPWG may comprise substantially the TE1 mode and may 
have lower attenuation and/or dispersion. For instance, at the 
maximum coupling efficiency of the TE1 mode, where b/D is 
equal to about 1.42, the higher order TE modes may have 
minimum coupling efficiencies, which may be equal to about 
zero. 

The b/D ratio may be adjusted by adjusting b, D, or both to 
achieve the single TE1 mode propagation in the PPWG. For 
instance, the separation distance b between the plates may be 
increased to reduce the cutoff frequency of the TE1 mode and 
hence the wave attenuation and dispersion. Since, increasing 
b may also allow higher TE orders to propagate in the PPWG, 
the diameter of the transmitted wave beam may also be 
adjusted (e.g., by refocusing the beam) to obtain an optimum 
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biD ratio. As such, the higher TE orders may not be excited 
and potential attenuation and dispersion may be suppressed. 

12 
incorporated by reference, to the extent that they provide 
exemplary, procedural, or other details supplementary to the 
disclosure. 

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 
as illustrative and not restrictive, and the intention is not to be 

FIG. 11 illustrates an embodiment of a THz wave propa
gation method 1100, which may be used to transmit and 
propagate a wave at THz frequencies in a PPWG. At block 
1110, a wave beam may be polarized with respect to a PPWG. 
For instance, the wave beam may be initially transmitted at a 
single or a plurality ofTHz frequencies using an antenna or a 
laser. Additionally, the electric field component of the wave 
beam may be aligned, for instance, by rotating the antenna or 
laser, or using a polarizer, or alternatively rotating the PPWG, 
parallel to the width of the plates of the PPWG to excite the 
TE1 mode in the PPWG. At block 1120, the wave beam may 

10 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. be focused based on the PPWG plate separation. The plates 

may be separated by a distance that reduces the cutoff fre- 15 

quency of the TE 1 mode to a frequency, which may be smaller 
than the range of transmitted frequencies or at the lower end 
of that range. In an embodiment, the wave beam may be a 
Gaussian beam, which may be focused using a lens. The lens 
may be aligned with the PPWG and may be positioned to 20 

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 1130, the wave beam may be 
transmitted in the PPWG, for instance in the form of a modu- 25 

lated signal or time pulse, which may be used for telecom
munications, sensing, or other THz applications. 

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- 30 

nary skill in the art are within the scope of the disclosure. 
Alternative embodiments that result from combining, inte
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 35 

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 40 

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*(RuR1), wherein k is a variable 
ranging from 1 percent to 100 percent with a 1 percent incre- 45 

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. 50 

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 55 

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. 60 

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 65 

this application. The disclosure of all patents, patent applica
tions, and publications cited in the disclosure are hereby 

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 
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. 

What is claimed is: 
1. An apparatus comprising: 
a parallel plate waveguide (PPWG) comprising two plates 

separated by a distance that supports a multimode wave; 
and 

a transmitter configured to emit a wave having a frequency 
in the range between about one hundred Gigahertz 
(GHz) to about ten terahertz (THz) and to couple to the 
TE1 mode of the PPWG. 

2. The apparatus of claim 1, wherein the distance between 
the plates is equal to about five millimeters (mm). 

3. The apparatus of claim 2, wherein the wave has a fre
quency equal to about one THz, and wherein the wave is 
attenuated by about 2.7 dB/km. 

4. The apparatus of claim 2, wherein the wave has a fre
quency equal to about 2.5 THz, and wherein the wave is 
attenuated by about 0.7 dB/km. 

5. The apparatus of claim 2, wherein the PPWG has a cutoff 
frequency equal to about 30 Gigahertz (GHz). 

6. The apparatus of claim 1, wherein the PPWG has neg
ligible wave dispersion. 

7. The apparatus of claim 1, wherein the PPWG has wave 
attenuation less than about one dB/km. 

8. The apparatus of claim 1, wherein the distance between 
the plates is at least about five millimeters (mm). 

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

rated by at least about five millimeters (mm); and 
an antenna coupled to the two plates and configured to 

transmit or receive a wave in the TE1 mode having a 
frequency in the range between about one hundred Giga
hertz (GHz) to about ten terahertz (THz). 

10. The apparatus of claim 9, wherein the antenna transmits 
a wave through the plates, and wherein the wave has an 
electric field polarized parallel to the two plates. 

11. The apparatus of claim 10, wherein the attenuation of 
the wave decreases as the frequency of the wave increases. 

12. The apparatus of claim 10, wherein the wave is a 
Gaussian beam that has a diameter equal to about the distance 
between the two plates. 
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13. The apparatus of claim 12, wherein the Gaussian beam 
has a diameter equal to about ten mm. 

14. The apparatus of claim 12, further comprising a lens 
coupled to the antenna and the two plates, and wherein the 
lens focuses the Gaussian beam. 

15. The apparatus of claim 9, wherein the antenna receives 
a wave from the plates, and wherein the wave has an electric 
field polarized parallel to the plates. 

16. The apparatus of claim 9, wherein the plates comprise 10 

aluminum. 

17. The apparatus of claim 9, wherein the plates each have 
a curvature that is concave with respect to the other plate. 

18. The apparatus of claim 9, wherein the plates are curved 
and redirect a propagating wave without substantial losses. 

14 
19. A method comprising: 
polarizing and coupling an electromagnetic beam to the 

first transverse electric (TEO mode with respect to a 
parallel plate waveguide (PPWG) comprising two 
plates; 

adjusting the diameter of the electromagnetic beam based 
on the separation between the plates; and 

sending the electromagnetic beam into the PPWG. 
20. The method of claim 19, wherein the coupling effi

ciency of the electromagnetic beam to the PPWG is greater 
than or equal to about 90%. 

21. The method of claim 19, wherein the diameter of the 
THz beam prevents multi-mode wave propagation. 

22. The method of claim 19, wherein the distance between 
the two plates is at least about five millimeters (mm). 

* * * * * 
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