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We study the reflection of terahertz (THz) radiation at the end of a parallel-plate waveguide

(PPWG), due to the impedance mismatch between the propagating transverse-electromagnetic

mode and the free-space background. We find that, for a PPWG with uniformly spaced plates, the

reflection coefficient at the output face increases as the plate separation decreases, consistent with

predictions by early low frequency ray optical theory. We also study the reflection coefficient for

tapered PPWGs where the plate spacing is tapered, for which no analytical theory exists,

and quantify the reflection coefficient as a function of the plate separation and the THz frequency.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3695329]

Since it was first observed that a parallel-plate wave-

guide (PPWG) could support undistorted propagation of tera-

hertz (THz) pulses via its dominant transverse

electromagnetic (TEM) mode,1 the PPWG has been

exploited for a plethora of THz applications. These include

spectroscopy,2,3, imaging,4 sensing,5 and many others.6–9

Very recently, tapered PPWGs have been used for achieving

subwavelength confinement of THz radiation (even super-fo-

cusing) over a broad spectral bandwidth10–12 with potential

applications in near-field imaging and spectroscopy of sub-

wavelength materials. For nearly, all of these applications, it

is important to have a good understanding of the impedance

mismatch between the propagating mode and the free space

background, since this could influence the transmission

throughput of the device. For example, a strong frequency

dependence in this impedance mismatch may lead to signifi-

cant distortions of the time-domain THz pulse, which could

complicate the interpretation of near-field measurements.

However, for the important case of a tapered PPWG and

even for most implementations of a conventional (un-

tapered) PPWG, there is no simple analytical theory which is

valid in the regime of b� k or b < k, where b is the plate

separation.

In this work, we study the impedance mismatch between

the propagating TEM wave in the PPWG and the free space

background, at the output face of the abruptly terminated

waveguide. This mismatch results in a fraction of the propa-

gating wave being reflected at the output facet, back into the

waveguide. We quantify the impedance mismatch by meas-

uring this back-reflected wave after it emerges from the input

end of the waveguide. We study both uniformly spaced and

tapered waveguides, and compare to the existing theoretical

treatments.

A schematic of the experimental setup is shown in

Fig. 1. We use two synchronized mode-locked erbium-doped

fiber lasers in an electronically controlled optical sampling

(ECOPS) configuration.13,14 THz pulses are generated via

surface emission from a bare p-InAs wafer, and these pulses

are detected using a LT-GaAs photoconductive antenna,

gated with the second harmonic of the probe laser. The THz

radiation is guided using a polyethyelene lens through a thin

silicon beam splitter. A cylindrical teflon lens is used to

focus the THz beam into the waveguide to excite the TEM

mode. A metal mirror can be placed at the output face of the

waveguide to retro-reflect the guided mode back towards the

input facet, or it can be removed to allow the THz pulse to

emerge from the waveguide into free space. In this way, we

can compare the incident pulse propagating in the waveguide

(measured by retro-reflection from the metal mirror) to the

pulse reflected due to the impedance mismatch between the

guided wave and free space (as measured when the retro-

reflector is absent).

We compare the THz pulses measured with and without

the retro-reflecting mirror, for several different plate separa-

tions, for a waveguide length of L¼ 12.7 mm. Results, for

b¼ 1.8 mm, 1 mm, and 0.63 mm, are plotted in Figs. 2(a)–2(c).

In these figures, the reflection from the front facet of the

waveguide arrives earlier in time followed by the reflection

from the back of the waveguide. The feature (12 ps) immedi-

ately following the initial THz pulse and the one following

FIG. 1. (Color online) Schematic of the experimental setup. THz pulses

from a bare p-InAs wafer are focused into the waveguide with the right

polarization to excite the TEM mode. A metal mirror can be placed at the

output face of the waveguide to retro-reflect the TEM mode, or it can be

removed to allow the THz pulse to emerge from the waveguide into free

space. A silicon beam splitter directs the retro-reflected signal to a LT-GaAs

receiver for coherent detection.
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the pulse reflected from the back of the waveguide are due to

multiple reflections inside the silicon beam splitter. In each

case, the signals arising from reflections at the front face of

the waveguide are unchanged by the removal of the retro-

reflecting mirror, as expected. However, the reflection origi-

nating from the back facet of the waveguide, at a later delay,

changes dramatically when this mirror is removed, exhibit-

ing a diminished amplitude and a reversed polarity. By com-

paring these two reflections (with and without the retro-

reflecting mirror), we can estimate the impedance mismatch

(or reflection coefficient) between the guided wave and free

space. This reflection coefficient is expressed as the ratio

between the signal with the reflector absent and the signal

when it is present.

Fig. 3 shows the measured amplitude reflection coeffi-

cient for a 12.7 mm long waveguide when the plate separa-

tion is varied uniformly. The width of the waveguide is

chosen to be sufficiently larger (25.4 mm in size) than the

input beam diameter, so that the waveguide mimics infinitely
wide plates to the propagating beam. Therefore, the width

has no bearing on the results. The reflection coefficients are

obtained from the Fourier transforms of the relevant trun-

cated portions of the measured time-domain waveforms. The

Fourier-transformed amplitude spectra corresponding to

b¼ 1 mm are shown in Fig. 2(d). In Fig. 3, we note that, for

large plate separations, most of the propagating wave is

transmitted into empty space and is not reflected back to the

detector, and therefore, the reflection coefficient increases as

the plate separation decreases. Additionally, for a given plate

separation, the reflection coefficient increases as the wave-

length increases.

Fig. 4 shows logarithmic plots of the reflection coeffi-

cient for the TEM mode versus the ratio of the plate separa-

tion to the wavelength (b/k). The experimental data points in

Figs. 4(a) and 4(b) correspond to 170 GHz and 300 GHz,

respectively, and are for two waveguides with L¼ 12.7 mm

and 25.4 mm. These are plotted along with approximate

results predicted by ray optical theory.15,16 Exact results are

only available for the case where the waveguide plates are

infinitely thin.17,18 Following the analysis in Ref. 15, for our

case, where the plates have a finite thickness, the ray optical

theory considers the input beam to consist of two plane

waves: one traveling along and almost parallel to the top

plate and the other propagating in the same manner along the

bottom plate. Once the plane waves reach the end of the

waveguide, they are “scattered” back after diffraction from

the edges at the output end of the waveguide. The reflection

FIG. 2. (Color online) THz pulses measured with and without the retro-

reflecting mirror, for a 12.7 mm long waveguide with three different plate

separations: (a) b¼ 1.8 mm, (b) b¼ 1 mm, and (c) b¼ 0.63 mm. The reflec-

tion from the front end of the waveguide arrives earlier in time followed by

the reflection from the back end of the waveguide. The feature (12 ps) im-

mediately following the initial THz pulse and the one following the pulse

reflected from the back end of the waveguide are due to multiple reflections

inside the silicon beam splitter. Amplitude spectra corresponding to the rele-

vant reflections for b¼ 1 mm are shown in (d).

FIG. 3. (Color online) Measured amplitude reflection coefficient for a

12.7 mm long PPWG, for several different plate separations. Here, the plate

separation is uniform along the direction of propagation.
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coefficient is derived based on the resultant sum of these dif-

fracted waves. The inset in Fig. 4(b) shows the two waves u
and �u (symbols denoting normalized amplitudes) that are

scattered by the lower and upper edges, respectively. Equa-

tions (1) and (2) describe the reflection coefficient for a par-

ticular TM mode assuming only primary diffraction, where

higher-order diffraction that results from multiple interac-

tions at the output edges has been ignored,

CNn ¼ ½ð�1ÞnuDða; hn; hNÞ þ �uDða; hn; hNÞ�
ffiffiffiffiffiffiffiffi
2pk
p

2Knb
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Here, CNn is the reflection coefficient corresponding to the

nth mode due an incident Nth mode, h is the incidence angle

of the decomposed waves, a is the exterior wedge angle (at

the output edges), and Kn is the phase constant of the nth

mode.

For our case, where propagation is purely due to the

dominant TEM mode, n¼ 0, hn ¼ hN ¼ 0, a ¼ 3
2
p,

k ¼ Kn ¼ 2p
k , and u¼ �u¼ 1

2
. Combining Eqs. (1) and (2) with

these substitutions, we can derive the magnitude of the

reflection coefficient for the single-TEM mode as

jCTEMj ¼ 0:0613
k
b

� �
: (3)

Equation (3), although approximate, implies an (inversely)

linear b/k dependence. The corresponding theoretical curves

[solid blue curves in Figs. 4(a) and 4(b)] show reasonable

agreement with the experimental results. Additionally, we

have shown theoretical curves corresponding to infinitely

thin plates [solid green curves in Figs. 4(a) and 4(b)], which

indicate the same dependence but with a slightly higher over-

all magnitude. The lower magnitude in the case of thick

plates is probably caused by the softening of the physical dis-

continuity due to the 90� edge at the output end.

In order to achieve smaller plate separations than were

possible with the uniformly spaced PPWG, next, we resort to

a tapered PPWG. At smaller plate separations, the signifi-

cantly reduced energy coupling into the uniformly spaced

FIG. 4. (Color online) Logarithmic plots of the amplitude reflection coeffi-

cient for the TEM mode. The black squares and red circles correspond to

measured values for a 12.7 mm long and a 25.4 mm long waveguide, respec-

tively. The solid blue and green curves correspond to the calculated values

using ray optical theory for thick and infinitely thin plates, respectively.

Parts (a) and (b) correspond to the frequencies of 170 GHz and 300 GHz,

respectively, at which the experimental points were derived (from Fig. 3, for

example). The inset in (b) shows a schematic used for the calculation.

FIG. 5. (Color online) Measured amplitude reflection coefficient for a

76.2 mm long tapered PPWG with a knife-edged output end. An axial cross-

section of this waveguide is shown in the inset.
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waveguide would preclude a reliable measurement. How-

ever, using a tapered waveguide, the input plate spacing

could be held constant at a sufficiently large size to couple

enough energy, while the output plate spacing is varied. An

axial cross-section of this tapered waveguide is shown in the

inset of Fig. 5, whose output ends are formed into knife

edges. This knife-edge geometry permits us to place the

retro-reflecting mirror very close to the output aperture even

for the largest taper angle, which is crucial for obtaining an

accurate measurement of the reference waveform. For these

measurements, the plate separation of the waveguide at the

input facet is kept fixed at 2.3 mm, using steel ball-bearings

as spacers to provide sufficient pivoting for the surfaces of

the plates. Only the output plate separation of the waveguide

is varied.

As before, the reflection coefficient is derived after Fou-

rier transforming the relevant portions of the time domain

data. Similar to the previous case (with uniformly spaced

plates), the reflection coefficient is found to increase as the

output plate spacing is decreased (for a given frequency) and

also when the frequency is decreased (for a given output

plate separation). This latter dependence has also been

observed in a finite-width tapered PPWG very recently,19

using an air-photonic field imaging technique. It should be

noted that, in our data analysis, we are assuming that the for-

ward propagating wave is not affected by the placement of

the mirror in deriving the incident (reference) signal. This

assumption is reasonable for large plate separations, but may

not be quite valid at very small plate separations, where plas-

monic effects dominate.11 This probably explains the rela-

tively higher estimated values for the reflection coefficient at

smaller separations in Fig. 5, compared to what one might

expect intuitively under TEM mode propagation.

Furthermore, since we are using an adiabatic taper, we

can assume that there are no additional reflections due to the

continuously varying local impedance in the tapered wave-

guide. The only appreciable reflection is caused by the ab-

rupt impedance change at the output face. This implies that

the reflection coefficients corresponding to both untapered

and tapered waveguides having the same output plate separa-

tions, should match favorably. In fact, if we compare the

curves for 0.63 mm and 0.8 mm in Figs. 3 and 5, we see that

the differences are small and within experimental error.

In summary, we have characterized the impedance mis-

match relevant for the dominant TEM mode of THz PPWGs.

In the case of a PPWG with uniformly spaced plates, the

reflection coefficient at the output-facet of the PPWG

increases as the plate separation decreases. This dependence

is approximately linear with the ratio b/k, as predicted by a

ray optical theory. This same trend is observed in tapered

PPWGs, when the input separation is fixed and the output

separation is varied. The reflection coefficients that we mea-

sure, especially for the smaller plate separations, are unex-

pectedly high, since one would not generally associate a high

impedance mismatch under TEM mode propagation. These

results shed more light on the propagation of THz radiation

in practical PPWGs.
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