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An investigation of the lowest-order
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We experimentally and theoretically investigate the lowest-order transverse-electric �TE1� mode of the
parallel-plate waveguide (PPWG) for the propagation of broadband THz pulses. We demonstrate undistorted
THz pulse propagation via the single TE1 mode, solving the group-velocity-dispersion and spectral-filtering
problems caused by the mode’s low-frequency cutoff. We observe a remarkable counterintuitive property of the
TE1 mode: its attenuation decreases with increasing frequency for all frequencies above cutoff. This phenom-
enon has not been observed with any other THz waveguide to date, and it can enable extremely low-loss propa-
gation. We present a physical interpretation of this frequency-dependent behavior using a simple plane-wave
description of the TE1 mode propagation. We also find that it is possible to achieve almost 100% coupling to the
TE1 mode from a focused free-space Gaussian beam. In addition, using the above plane-wave analysis, we show
how to mitigate the diffraction losses inherent to long path-length PPWGs via the use of transverse-concave
plates. © 2009 Optical Society of America
OCIS codes: 230.7370, 320.5390, 320.5540.
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. INTRODUCTION
n recent years, numerous wave-guiding techniques have
een investigated for the propagation of broadband THz
ulses, using hollow metallic structures [1], dielectric fi-
ers [2], dielectric slabs [3], parallel-plate structures [4,5],
hotonic crystal fibers [6], coaxial lines [7], metal wires
8–10], and metallic slits [11]. These have demonstrated
reat potential for applications such as high-speed inter-
onnects, spectroscopy, sensing, imaging, microscopy, and
ignal processing. However, a THz wave-guiding tech-
ique that provides a complete solution, satisfying all of
he requirements of low loss, low dispersion, single-mode
ropagation, with good energy confinement, and efficient
nput coupling, is still lacking. For example, the use of the
ominant transverse-magnetic �TM0� mode of a dielectric
lab waveguide or the Sommerfeld mode of a cylindrical
etal wire can provide extremely low intrinsic losses, but

he former suffers from high group velocity dispersion
GVD) [3,12], while the latter is prone to radiation losses
nd suffers from poor coupling from a linearly polarized
nput beam [9,10]. Additionally, the use of the transverse-
lectromagnetic (TEM) mode of a parallel-plate wave-
uide (PPWG) can provide low losses, negligible disper-
ion, and very good coupling but cannot provide complete
onfinement, due to the one-dimensional nature of the
uide [5].

Towards realizing the goal of a complete solution, we
xperimentally and theoretically investigate the lowest-
rder transverse-electric �TE1� mode of the PPWG. This
ork is motivated by a series of studies performed in the
0740-3224/09/0900A6-8/$15.00 © 2
id-infrared in the 1970’s [13–15]. These earlier studies
ave discussed the possibility of achieving extremely low

osses (in the dB/km range) and good energy confinement
ia the use of the TE1 mode, although under single-
requency or continuous-wave operation. However, until
ow, the TE1 mode has not been considered for guiding
Hz pulses due to the obvious problems caused by the
resence of a low-frequency cutoff fc=c / �2b�, where b is
he plate separation. For broadband THz pulses having
requency components extending from almost DC up to
everal THz, this would cause the loss of frequency com-
onents below cutoff and high GVD for components near
he cutoff. These would result in severe distortion of the
Hz waveform and, therefore, have discouraged the use of

his mode for THz pulse propagation in the past.
In this work, we show how to overcome these problems,

nd we demonstrate, for the first time to our knowledge,
ndistorted THz pulse propagation via the TE1 mode. We
lso find that, (1) the mode attenuation resulting from
hmic losses actually decreases with increasing frequency
or all frequencies above fc—a phenomenon not observed
ith any other THz waveguide to date, and (2) one can
chieve almost perfect input coupling to this mode from a
inearly polarized free-space Gaussian beam. We addi-
ionally show how to achieve good broadband confine-
ent via the use of transverse concave plates by resorting

o a plane-wave analysis of the TE1 mode propagation in
he PPWG. These findings clearly demonstrate the very
romising possibility of realizing a complete wave-guiding
olution via the TE mode.
1
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. EXPERIMENTAL DEMONSTRATION
or the experiment, we fabricate several PPWGs using
ighly polished aluminum plates, all having a transverse
idth larger than the �10 mm input-beam diameter. In

he first set of measurements, the plates are spaced by
=0.5 mm. The THz pulses, generated and detected using

conventional terahertz–time-domain-spectroscopy
THz-TDS) system based on fiber-coupled photoconduc-
ive antennas, are coupled into and out of the PPWGs us-
ng two silicon plano-cylindrical lenses [3–5]. A typical in-
ut reference pulse is shown in Fig. 1(a), where the
eatures seen after the main transient are inherent to the
Hz-TDS system. Its amplitude spectrum, derived by
ourier-transforming the truncated time domain signal,

s shown in Fig. 2. Figure 1(b) shows the pulse after
ropagating through a 25.4 mm long PPWG, where the
nput Gaussian beam is polarized parallel to the plates to
xcite the TE1 mode, in contrast to the more conventional

ig. 1. Time-domain THz waveforms corresponding to (a) input
eference, (b) TE1-mode propagation in 25.4 mm long PPWG with
=0.5 mm, (c) TE1-mode propagation in 6.4 mm long PPWG with
=0.5 mm, and (d) TE1-mode propagation in 25.4 mm long
PWG with b=5 mm. The inset (circled) shows the excitation po-

arization axis with respect to the plate surfaces.
xcitation of the TEM mode where the input beam is po-
arized perpendicular to the plates [4,5]. This pulse is
trongly reshaped and broadened to more than 150 ps,
nd it exhibits a notable positive chirp. Its amplitude
pectrum (dotted curve in Fig. 2) exhibits a complete loss
f spectral power up to fc=0.3 THz, as expected for the
E1 mode with b=0.5 mm. We conclude that the pulse
ropagates via the single TE1 mode, as there are no vis-
ble interference effects in the time domain, and also be-
ause the next possible even-symmetric higher-order
ode [1–5] (the TE3 mode) has its cutoff at 0.9 THz, al-
ost at the high-end of the input spectrum. Figure 1(c)

hows the pulse after it propagates through a 6.4 mm
ong PPWG, again in the single-TE1 mode. The shorter
ropagation length results in less broadening; but the
ositive chirp is still evident. The interference features
hat originate 43 ps after the main burst are due to
ound-trip reflections inside the waveguide. These were
umerically removed in the subsequent analysis.
As in previous studies [4,5], by comparing the phase

nd amplitude spectra of the time signals in Figs. 1(b)
nd 1(c), we can extract the experimental phase constant
and attenuation constant � for the propagating mode.

he derived phase velocity vp�=� /�� and group velocity
g�=�� /��� are plotted in Fig. 3(a) by the open circles and
ots, respectively. These show excellent agreement with
he theoretical (thick solid) curves calculated using clas-
ical guided-wave theory [16,17] for the TE1 mode of the
PWG with b=0.5 mm. The curves clearly demonstrate

he highly dispersive nature of propagation due to the
utoff, where the high-frequency components travel
aster, resulting in the observed positive chirp. The ex-
erimentally derived � is plotted in Fig. 4(a) by the dots,
long with the corresponding theoretical (thick solid)
urve, computed using the expression [16]

� =
4Rs�fc /f�2

Zob�1 − �fc /f�2
. �1�

ere, Zo is the free-space impedance and Rs is the surface
esistance of the metal plates given by Rs=��f� /�, where

is the permeability and � is the DC conductivity. The

ig. 2. Amplitude spectra corresponding to the scans in Figs.
(a) and 1(b). The latter is given by the dots.
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xperimental and theoretical curves agree reasonably
ell, and they reveal a remarkable counterintuitive prop-
rty of the TE1 mode: the attenuation decreases with in-
reasing frequency for all frequencies above cutoff. This
ype of dependence has not been observed with any other
Hz waveguide [1–11,18]. It is important to note that this
haracteristic behavior is true for all frequencies above
utoff, and is truly a unique observation, distinct from
revious THz studies, for example, on hollow-core
aveguides [1,18], where the attenuation decreases for

requencies immediately above the cutoff but then in-
reases for even higher frequencies. As discussed in Sec-
ion 3 below, we can gain some physical insight into this
ehavior via a bouncing-plane-wave description of the
E1 mode propagation.

ig. 3. (a) Phase and group velocity for the TE1 mode. The the-
retical thick and thin solid curves are for b=0.5 mm and 5 mm,
espectively. The open circles and dots are experimental. (b)
lose-up of the phase velocity for b=5 mm. The solid curve is

heoretical and the dots are experimental.

ig. 4. (a) The attenuation constant for the TE1 mode. The the-
retical thick and thin solid curves are for b=0.5 mm and 5 mm,
espectively. The dots are experimental. (b) Close-up of the base-
ine of the theoretical curve for b=5 mm.
The significance of this frequency dependence is that it
llows one to reduce the attenuation by pushing fc to
ower frequencies. We can lower fc by increasing the plate
eparation. For example, when b=5 mm, fc=30 GHz,
hich is at the low end of the input spectrum for our
ulses (see Fig. 2). The corresponding theoretical attenu-
tion is also plotted in Fig. 4(a) (thin solid curve), with an
nlarged view of the baseline shown in Fig. 4(b). This in-
icates that an extraordinarily low attenuation is attain-
ble. For example, the value at 1 THz is 2.6 dB/km, only
n order of magnitude higher than the attenuation of
elecommunications-grade optical fiber at �=1550 nm.
urthermore, lowering fc also helps to maintain the spec-

ral integrity of the input pulses, while reducing the GVD
o almost negligible values, as seen by the (thin solid) ve-
ocity curves plotted in Fig. 3(a) for b=5 mm. Except for
he very low end of the spectrum, the curves exhibits al-
ost zero dispersion.
The idea of shifting fc to the low-frequency end by in-

reasing the plate separation has not been explored pre-
iously for the PPWG, but a similar concept has been
tudied for the transport of microwave radiation in a hol-
ow metallic circular waveguide, in the 1970’s [19]. In that
ase, as in our situation, one encounters the obvious dis-
dvantage of permitting multimode propagation, result-
ng in an over-moded waveguide. Since the cutoff frequen-
ies of many higher-order modes now fall within the input
pectrum, multiple modes could be simultaneously ex-
ited, leading to excessive loss, dispersion, and mode con-
ersion. For example, when b=5 mm, there exist 17 pos-
ible even-symmetric TE modes (TE1, TE3, TE5, TE7, …..,
nd TE33) having cutoff frequencies that lie within our in-
ut spectrum. However, similar to the earlier study [19],
his problem can be overcome if the input coupling is op-
imized to selectively excite only the TE1 mode via mode
atching. In fact, the electric field of the TE1 mode has a

patial dependence of E�y��sin��y /b�, where y is the co-
rdinate normal to the plates with the origin at the plate
urface. This spatial profile is well matched to a Gaussian
nput beam and should, therefore, enable better coupling
han can be achieved with the more commonly used TEM
ode, which has a flat spatial profile. To quantify this, we

alculate the power coupling efficiency ��� from an input
aussian beam to several lower-order even-symmetric TE
odes, as a function of b /D, where D is the 1/e beam size

f the Gaussian at the input face of the waveguide. This
esult, plotted in Fig. 5, shows that the maximum possible

to the TE1 mode is 99%, achieved when b /D=1.42. In
act, �	90% for the TE1 mode when 0.53
b /D
2.1, im-
lying that we can achieve almost purely single-TE1 mode
xcitation for a large range of input beam sizes.

With the above understanding, we have the freedom to
elect a practically feasible, large value for b to achieve
xtremely low losses and negligible pulse distortion, while
electing a matching input beam size to couple all of the
vailable power to the single TE1 mode. In an attempt to
est some of these capabilities, as a first demonstration,
e use the same PPWGs as in our earlier measurements,
ut with a large plate separation, b=5 mm. We directly
xcite the guided wave with a weakly focused THz input
eam, without using cylindrical lenses. Figure 1(d) shows
he resulting pulse after propagation through a 25.4 mm
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ong PPWG. We observe only a minor reshaping of the
ulse, in sharp contrast to the severe pulse distortion
een in Figs. 1(b) and 1(c). The experimentally derived
hase velocity for this larger value of b, shown in Fig. 3(b)
y the dots, is in excellent agreement with the theoretical
rediction shown by the solid curve, indicating almost
egligible dispersion. This clearly demonstrates that we
ave achieved single TE1 mode propagation, implying the
igh selectivity of the input coupling, and moreover, it
emonstrates that we have successfully overcome the
roblems associated with the cutoff.
Although we expect the attenuation of the pulses

ropagating in these PPWGs to be extremely low, as pre-
icted in Fig. 4(b), an experimental determination of this
arameter is not possible here, because the losses are far
oo small to measure with these propagation lengths.
owever, if we were to employ longer path lengths, we
ould encounter the problem of energy leakage caused by
ave diffraction in the unconfined (transverse) direction

5]. Since the ohmic attenuation would be extremely
mall, this diffraction loss would be expected to be the
ominant loss mechanism in long waveguides. Therefore,
t is important to control this diffraction loss to achieve
ood confinement behavior when practically utilizing this
ave-guiding technique for long-distance transmission.

n order to achieve this, we turn to a previously proposed
dea of using transverse concave plates [13,15]. It has
een demonstrated that concave plates having a slight
urvature can provide the necessary confinement at a
ingle frequency ��=10.6 �m� [13]. In our case, where we
re dealing with pulses, we have to investigate the feasi-
ility of this method for a broadband THz spectrum, and
his is discussed in Section 4 below.

The following sections are theoretical analyses, where
n Section 3, we present a bouncing-plane-wave descrip-
ion of the propagating modes in a PPWG, starting from
eneralized TE modes, and then, derive the attenuation
or the TE1 mode based on this simple plane-wave picture
nd compare to that given by Eq. (1). This is followed by a
hysical interpretation of the characteristic frequency de-
endence of the attenuation observed in our experimental
ork, where the discussion is extended to include the TM
odes of the PPWG. Specifically, we compare the attenu-

tion behavior of the TE mode to that of the TM mode,

ig. 5. The power-coupling efficiency from an input Gaussian
eam to several even-symmetric TE modes of the PPWG.
1 1
nd also to the well-known attenuation of the TE10 mode
f a hollow, metallic rectangular waveguide [1,16,17] that
s widely used for the transport of microwave radiation.
inally, in Section 4, we use this plane-wave picture to
nalyze the diffraction losses for the TE1 mode in a long
aveguide, and show how this could be controlled via the
se of transverse concave plates to achieve complete con-
nement.

. WAVEGUIDE LOSS CALCULATIONS
ased on the well-known classical guided-wave theory

16], for an input electric field that is linearly polarized in
direction �x� parallel to the plane of the plates, only TEn
odes can exist in the PPWG. With plates made of perfect

lectric conductors, separated by air, the nonvanishing
erms of the modal field components for z-directed propa-
ation are

Ex =
An�y

�o
sin��yy�e−j�zz, �2�

Hy =
An�y�z

��o�o
sin��yy�e−j�zz, �3�

Hz = −
jAn�y

2

��o�o
cos��yy�e−j�zz, �4�

here �y=n� /b with n=1,2,3, . . .. In these expressions,
, �0, �0, � have their usual meanings, the constant An
epends on the input excitation of the PPWG, and sub-
cripts x, y, z indicate the respective spatial directions as
esignated in Fig. 6.
By converting the sinusoidal functions in Eqs. (2)–(4) to

xponentials, we can represent the field components as
uperpositions of upward and downward traveling plane
aves of the form

Ex,Hy,Hz � �e−j�yy  e+j�yy�e−j�zz. �5�

his implies that the TE-mode propagation in the PPWG
s equivalent to two plane waves bouncing back and forth
etween the plates with s-polarized incidence while mov-
ng in the z direction. Without loss of generality, we will
se only one plane wave for the following discussion as
epicted in Fig. 6, whose phase constant �0=��y

2+�z
2

2� /�0.
Taking into consideration the y component of the phase

onstant, we can write �0 cos �=�y, which gives the angle
f incidence of the plane wave at the metal surface as

ig. 6. Longitudinal cross section of the PPWG depicting the
ouncing plane wave.
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� = cos−1��y

�o
� = cos−1�n�o

2b � . �6�

ere, n�0 / �2b��1, defines the cutoff condition for the TE
odes of the waveguide, and results in the cutoff fre-

uency fc=nc / �2b�. According to Eq. (6), for a given plate
eparation, when the frequency goes down, the angle � as-
ociated with any TEn mode also goes down, and at cutoff
s equal to zero (i.e., normal incidence). Correspondingly,
hen the frequency goes up, � gets closer to 90°, where

he plane wave approaches grazing incidence. This fre-
uency dependence is shown in Fig. 7 for the TE1 mode
ith b=0.5 mm, where the cutoff frequency fc=0.3 THz is

ndicated by the dashed line. We note that this general
ependence is common to all the TEn modes, where the
elative differences among the modes arise in the form of
smaller � for a particular frequency as the order n of the
ode becomes higher.
For a given waveguide length, as � varies with fre-

uency, the number of bounces N of the plane wave will
lso vary with the frequency, where N increases as the
requency decreases. By dividing the waveguide length by
he spacing required for one bounce, we can calculate

N =
1

b
cot �, �7�

or a waveguide length of one meter. The frequency de-
endence of N is also plotted in Fig. 7 for the TE1 mode
ith b=0.5 mm. We note that the number of bounces in-

rease asymptotically at the cutoff frequency, at which
oint the plane wave simply bounces vertically up and
own without moving in the z direction.
In order to derive the attenuation of a practical wave-

uide where the plates are not made of perfect electric
onductors, we can use the above plane-wave description
f the modes and calculate the losses due to the bounces
ccurring at the plate surfaces. At each bounce there will
e some power loss due to the imperfectly conducting sur-
aces, which can be deduced by considering the Fresnel
eflection coefficient at the air–metal boundary under ob-
ique incidence of the plane wave.

ig. 7. Frequency dependence of the incidence angle � [left ver-
ical axis] and the number of bounces N per meter length of the
aveguide [right vertical axis], for the plane wave corresponding

o the TE1 mode with b=0.5 mm. The cutoff frequency is indi-
ated by the dashed line.
The reflection coefficient rs for s-polarized incidence is
iven by the well-known expression [17]

rs =
Z2 cos �i − Z1 cos �t

Z2 cos �i + Z1 cos �t
, �8�

here Z1 and Z2 are the intrinsic impedances of the me-
ia on either side of the boundary, subscript 1 denoting
he incidence side, and �i and �t are the angles of inci-
ence and transmission, respectively. For the air–metal
oundary in Fig. 6, �i=�, and it can be shown that �t=0°
lways, due to the high conductivity of the metallic me-
ia.
Starting from the general expression Z

�j�� / ��+ j��� for the intrinsic impedance of a medium,
here the conductivity � accounts for any losses, we can

btain the impedance ratio for the air and metallic media
s

Z1

Z2
�� �

j��o
, �9�

here the approximation holds under the high conductiv-
ty of the metal. In the following analysis, we assume � to
e equal to its DC value, since aluminum, used to fabri-
ate the PPWGs in our experimental work, has a flat re-
ponse in our frequency range. Substituting the imped-
nce ratio from Eq. (9), and � from Eq. (6), into Eq. (8), we
an calculate rs as a function of frequency, whose magni-
ude is plotted (upper curve) in Fig. 8. This curve indi-
ates a very mild frequency dependence, slowly increasing
ith increasing frequency. For comparison, we have also
lotted in the same figure, the magnitude of the reflection
oefficient rp under p-polarized incidence. This shows a
uch stronger dependence with frequency, and more

trikingly, the opposite dependence, decreasing with in-
reasing frequency. The significance of these opposing fre-
uency dependences will be apparent later.
We can now derive the attenuation constant �, which is

efined as the power loss per unit length, by taking the
roduct of the number of bounces per unit length and the
ower loss per bounce. For a unit power, the power loss
er bounce is equal to �1− �rs�2�. Therefore,

ig. 8. Magnitude of the reflection coefficient for the plane-wave
ncident at the air–metal boundary for the two orthogonal polar-
zations s and p, which correspond to the TE1 and TM1 modes,
espectively. The conductivity of the metal is taken to be 3.96
107 S/m, the DC conductivity of aluminum.
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� = N�1 − �rs�2�. �10�

his quantity is plotted in Fig. 9 by the dots, along with
hat computed using Eq. (1) by the solid curve. The agree-
ent is so good that the two curves are indistinguishable

t this scale. This comparison not only strengthens the
alidity of the plane-wave argument, but also proves the
athematical accuracy of Eq. (1), which is stated in [16]
ithout any proof. These curves clearly indicate the coun-

erintuitive frequency dependence observed in our work,
here the TE1 mode attenuation decreases with increas-

ng frequency for all frequencies above cutoff.
We can compare this loss behavior to that of TM modes

f the PPWG, by resorting to the same plane-wave de-
cription to derive the attenuation constant, but in this
ase, with p-polarized incidence. We note that the lowest-
rder TM mode, which is the TEM mode, cannot be ana-
yzed using this bouncing-plane-wave picture, since the
ssociated plane wave undergoes no bounces but propa-
ates at grazing incidence at the metal surfaces at all fre-
uencies. For all other TM modes, the plane-wave de-
cription will be valid and analogous to the TE modes,
xcept that the reflection is p polarized rather than s po-
arized. The resulting TM1 mode attenuation is also plot-
ed in Fig. 9 by the squares, using the rp values in Fig. 8,
long with that corresponding to the loss expression given
n [16] by the solid curve. Again we see excellent agree-

ent between the two curves, but this time with a differ-
nt frequency dependence compared to that of the TE1
ode. In fact, this is the characteristic frequency depen-

ence that one would encounter in a hollow metallic rect-
ngular waveguide—the attenuation decreases sharply
ear the cutoff, and then it increases when moving away

rom cutoff as the frequency increases [1,16,17].
Now that we have a very simple way to understand the

oss behavior, it is possible to gain some physical insight
nto the origin of the frequency dependence in the TE1

ode. Since the number of bounces of the plane wave fol-

ig. 9. Comparison of the attenuation constant derived using
he simple plane-wave description and the expressions given in
16]. The derived curves are represented by the dots and squares
or the TE1 and TM1 modes, respectively, whereas the solid
urves are from [16]. The agreement is so good that the corre-
ponding curves are indistinguishable at this scale. The unique
requency dependence of decreasing attenuation for all frequen-
ies above cutoff for the TE1 mode, in contrast to that of the TM1
ode, is clearly evident.
ows the same dependence for both the TE1 and TM1
odes, the discrepancy in the frequency dependence is di-

ectly related to the reflection coefficient. If the magni-
ude of the reflection coefficient remained constant with
requency, the variation in the number of bounces would
ause the loss to decrease monotonically with frequency.
ince the magnitude increases (although slightly) in the
E1 case, this assists to pull the loss down even more with

requency, whereas, since the magnitude decreases (rela-
ively strongly) in the TM1 case, this will tend to pull the
oss up as the frequency increases. Therefore, this plane-
ave picture clearly explains the contrasting difference in

he loss behavior of the TE1 mode compared to the TM1
ode. We conclude that the characteristic frequency de-

endence in the TE1 mode’s attenuation is dominated by
he frequency dependence of the number of bounces, and
ot so much by the ohmic loss (at each bounce), resolving
he counterintuitive aspect of this behavior.

Interestingly, we can extend this plane-wave descrip-
ion to the dominant TE10 mode of the hollow metallic
ectangular waveguide. We can show that the TE10-mode
ropagation can be described by two plane waves bounc-
ng back and forth, with s-polarized incidence, between
he plates making up the long sides of the rectangular
ross section. Therefore, as far as the bouncing plane
ave is concerned, it is similar to the TE1 situation of the
PWG. However, there is one major difference in that the
lane wave simultaneously undergoes grazing incidence
n a p-polarized sense at the plates making up the short
ides. Therefore we can expect that, while the s-polarized
lane-wave contribution could assist to bring down the
oss as the frequency increases, similar to the TE1 case,
he p-polarized part of the contribution would tend to
ring it up with frequency, resulting in the well-known
requency dependence of a sharp decrease near the cutoff
nd a steady increase away from cutoff [1,16,17].

. LOSSES DUE TO DIFFRACTION
n added advantage of the plane-wave description of the
odes is that it provides a convenient way to analyze the

patial extent of the beam in the unconfined x direction of
he waveguide and thereby look at possible ways to miti-
ate any losses that may arise due to beam diffraction.
his is an important consideration in the practical imple-
entation of a long-path-length PPWG. As we would nor-
ally couple energy to the waveguide using a Gaussian

eam, it is reasonable to expect the plane wave to diffract
n the unconfined dimension, according to Gaussian beam
ptics. Based on this intuitive picture, it is easy to visual-
ze that, by introducing a slight curvature to the plate
urfaces (a transverse concavity), we could, in principle,
egate the diffraction by imparting a slight focusing effect
t each bounce of the wave [13,15]. Incidentally, although
e could expect this idea to work for the TE1 mode, it
ould not be expected to work for the TEM mode, since

he associated plane wave undergoes no bounces.
The cross-sectional geometry of this modified plate con-

guration is illustrated in Fig. 10(a), where the inner sur-
aces exhibit a cylindrical curvature with a radius R. This
urvature will impart a lateral focusing effect to the beam
s it bounces off the surface, similar to a plano-concave
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irror with a focal length of R /2. We resort to Gaussian
eam optics to derive the lateral divergence of the beam
nd, for simplicity, assume that the wave originates cen-
ered at the input plane of the PPWG as shown in Fig.
0(b). This diagram illustrates a particular situation
hen the wave undergoes three bounces as it propagates

rom the input to the output, where the bounce-to-bounce
ropagation distance is 2d. It is important to note that
he actual propagation distance for the bouncing wave is
onger than the length L of the PPWG; in this case, it is
qual to 5d+d�, where d� is the final path-length segment
fter the last bounce. Figure 10(c) illustrates the lateral
rofile of the “unfolded” propagating wave, where the re-
etitive interaction with the curved surface is simulated
y a series of identical thin lenses with focal length R /2.
or this optical configuration, we can write a generalized
xpression for the ABCD matrix [20] as

	A B

C D
 = 	1 d�

0 1 
		 1 0

− 2/R 1
	1 2d

0 1 

�N−1�	 1 0

− 2/R 1

�	1 d

0 1
 , �11�

here d�= �L /sin ��−d�2N−1�, and the number of
ounces N	0. In the trivial case of no bounces, the ex-
ression reduces to only the first matrix with d�=L /sin �.
We apply this theoretical formalism to a 1 m long

PWG having a plate separation of 10 mm, starting from
frequency-independent lateral 1/e beam size of 2 cm at

he input plane. Figure 11 shows the computed lateral 1/e
eam size at the output plane of the PPWG as a function

ig. 10. (a) Transverse cross section of the PPWG showing the
oncave plate geometry. (b) Longitudinal cross section of the
PWG, indicating the path of the associated plane wave for the
ase of three bounces within the length L. (c) The equivalent un-
olded lateral beam profile of the bouncing wave, where the thin
enses simulate the focusing effect caused by the curvature.
f the frequency, for several different values of the curva-
ure ranging from no-curvature (flat plates) to R=1 m.
or the flat plates, the beam size increases as the fre-
uency decreases due to diffraction, reaching an imprac-
ical size of 20 cm at a frequency of 0.1 THz at the output.
n a real-world situation, where the plates need to have a
nite width, it is clear that this low-frequency energy
ould leak out of the PPWG giving rise to the aforemen-

ioned diffraction loss. However, as we increase the cur-
ature (reduce R), we note that the output beam size is
radually reduced, with a proportionally higher reduction
ccurring at the low frequencies. When R=1 m, the beam
ize is relatively close to the input size of 2 cm throughout
he spectrum, allowing one to extract all the energy at the
utput. The reason for this frequency-dependent reduc-
ion in beam size is the varying number of bounces as the
requency changes. Interestingly, low-frequency waves
ndergo more bounces (as shown earlier), which assists to
ccumulate a higher degree of focusing, thereby naturally
roviding the required relative-frequency dependent ef-
ect to mitigate the diffraction problem in a broadband
ense. Furthermore, the curves in Fig. 11 indicate a char-
cteristic segmented nature, implying different operating
egimes in different spectral regions. This is a conse-
uence of the number of bounces varying in a discrete
anner with frequency, when moving from one operating

egime to the next.

. CONCLUSIONS
e have demonstrated how to achieve undistorted THz

ulse propagation via the single TE1 mode of the PPWG,
vercoming the GVD and spectral-filtering problems
aused by the mode’s low frequency cutoff. We experimen-
ally achieve this using an over-moded PPWG, where the
pectral bandwidth of the input THz pulses span 17 pos-
ible waveguide modes. Single-mode propagation is made
ossible by the almost perfect TE -mode selectivity by the

ig. 11. Lateral beam size at the output of the PPWG as a func-
ion of frequency for varying radii of curvature of the plates.
1
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nput Gaussian beam. We observe that the mode’s ohmic
ttenuation decreases with increasing frequency, a coun-
erintuitive property that would enable extremely low-
oss propagation, and we explain this behavior using a
imple bouncing-plane-wave analysis. We theoretically
emonstrate that the use of transverse concave plates can
rovide the necessary complete confinement for long-
ath-length PPWGs. These findings open up the possibil-
ty of realizing a complete THz wave-guiding solution via
he use of the TE1 mode of the PPWG, which would pro-
ide low loss, low dispersion single-mode propagation
ith good energy confinement and efficient input cou-
ling.
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