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We demonstrate terahertz (THz) pulse propagation on a cylindrical aluminum plate, with low loss
and negligible dispersion via transverse-electric type whispering gallery (WG) modes. We observe
an apparent superluminal effect where the group velocity is greater than ¢, and explain this
phenomenon by means of a plane-wave description of the WG modes. The propagation loss is
dominated by the diffraction loss due to unbounded lateral spreading, with a negligible ohmic-loss
contribution. Both experimental and theoretical results indicate a total loss as low as 2.6 dB/m at a
frequency of 0.47 THz. © 2010 American Institute of Physics. [doi:10.1063/1.3466909]

It is well known that electromagnetic-wave modes in a
parallel-plate waveguide (PPWG) (Ref. 1) can be analyzed in
terms of traveling plane waves, continuously reflecting back
and forth between the two metallic plates..2 Assuming this
bouncing plane-wave picture holds even when the PPWG is
curved, a natural consequence would be the possibility of
guiding energy using only a single curved (concave) plate,
provided there is sufficient curvature to sustain continuous
reflections. This waveguiding concept is analogous to the
“whispering gallery” (WG) modes first demonstrated by
Rayleigh,3 in which acoustic waves were found to cling to
and follow a concave surface. Generally, there can be two
manifestations of these WG modes: one where the wave un-
dergoes total reflection at a curved metallic surface,‘"5 and
the other where the wave undergoes fotal internal reflection
at a curved boundary between two dielectric media.® Here,
we demonstrate the former in the terahertz (THz) frequency
regime, and determine the loss and dispersion characteristics
of this curved waveguide.

For the experiment, we use a system that generates pi-
cosecond THz pulses having a fiber-coupled transmitter and
receiver. We start with the waveguide configuration shown in
the left inset of Fig. 1, fabricated using polished aluminum
plates. This composite PPWG has a 3 cm straight section
followed by a semicircular section having radii of 7 and 8 cm
for the inner and outer plates. The fabrication was such that
the curved inner plate could be detached leaving the 25.1 cm
long curved outer plate and the straight PPWG section intact,
as shown in the right inset. The THz beam was coupled in
through the straight PPWG section, polarized parallel to the
plates, to excite the TE; mode in this section.” The blue trace
in Fig. 1 shows the THz signal that has propagated through
the composite PPWG. This signal exhibits good single-mode
behavior with low loss and negligible dispersion. When the
inner plate is detached (right inset), we observe the signal
shown by the red trace in Fig. 1. Remarkably, the main THz
pulse is almost indistinguishable from that of the previous
configuration. This indicates that the inner curved plate has
minimal affect on the propagating signal, implying that en-
ergy is mostly concentrated near the outer plate in the curved
section. To investigate this further, we formed a variable slit
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near the surface of the plate using a flat aluminum plate, at
three different positions [input, center (as shown in the in-
set), and output] along the curved path, and measured the
propagated signal. Figure 2 plots the peak positive amplitude
of the main pulse of this signal as a function of the slit
opening d. This confirms that energy is well confined within
1 cm from the plate surface, while being guided along the
curved path.

Following the theoretical analysis in Ref. 9, which in-
volves a conformal mapping from cylindrical to rectangular
coordinates under the assumption that the radius-of-
curvature R>\, we calculate the propagation constants for
the TE-type WG modes. These are then used to derive the
frequency dependent phase (v,) and group (v,) velocities for
the three lowest-order TE-type WG modes for our case of
R=8 cm. These results are plotted in Fig. 3, along with the
experimental values (dots) derived by comparing the phase
of the propagated pulse of the WG waveguide (right inset of
Fig. 1) to that of the output of a 3 cm long straight PPWG
identical to the one in the original composite. The agreement
between experiment and theory (for the WG, mode) is rea-
sonably good, and is seen to improve as A decreases, consis-
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FIG. 1. (Color online) The blue trace is the THz waveform corresponding to
the composite PPWG in the left inset, while the red trace is the one when the
inner plate is detached as in the right inset. The right inset shows a flat
aluminum plate forming a slit at the center, and also the polygonal chain
(red) depicting the plane-wave path of the WG mode.
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FIG. 2. (Color online) The peak positive amplitude of the propagated signal
as a function of the slit opening d, formed at the input, center, and output of
the curved plate. There is no change in signal after 10 mm.

tent with the primary theoretical assumption that R> \.

This analysis reveals several important points. First, we
note that WG modes do not have low-frequency cutoffs,
which is consistent with the single boundary of the guiding
structure. Second, we note an extraordinary superluminal ef-
fect, where vy >, which is rarely observed in practical
waveguides. At the same time, since Uy > Vg, this represents a
regime of normal dispersion, and it is safe to say that v,
represents the velocity of energy propagation.lo However,
this poses a quandary since energy cannot obviously propa-
gate faster than c. We resolve this by resorting to the plane-
wave description of WG modes as illustrated by the red po-
lygonal chain shown in the right inset of Fig. 1. This shows
that the path-length traveled by this equivalent plane wave is
shorter than the circumferential path-length traveled by an
idealized reference wave. This geometric effect mathemati-
cally results in v >c for the WG modes considered here, but
does not amount to superluminal energy propagation. We
have also plotted the mode profiles of the three lowest-order
WG modes in Fig. 4, which indicate that energy becomes
less concentrated to the plate as the mode number increases.
For a given mode this occurs when the frequency decreases.
This is consistent with the increase in velocity as the mode
number increases, and also when the frequency decreases for
a given mode, as seen in Fig. 3.
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FIG. 3. (Color online) The frequency dependence of the phase (a), and
group (b) velocity of the three lowest-order TE-type WG modes based on
theory, compared to the experimental values (dots).
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FIG. 4. The spatial electric field profiles of the three lowest-order TE-type
WG modes at 0.1 THz (solid curves) and 0.3 THz (dashed curves) based on
theory. The profiles are vertically offset for clarity.

The ohmic (resistive) loss introduced by the curved me-
tallic plate can be theoretically analyzed using the bouncing
plane-wave description of the WG modes, similar to previ-
ous work on PPWGs.? Here, the loss per unit (curved) length
is derived as

ag=N(1-|ry), (1)

where r; is the reflection coefficient at the air-metal boundary
for s-polarized incidence and N is the number of bounces per
unit length. We can show that N=1/[R(7w—26)], where 0 is
the angle of incidence at each bounce [inset of Fig. 5(a)]. To
be consistent with the velocity curves, the total path-length
of the plane wave supported by a given curved plate, has to
decrease as the frequency decreases, resulting in a decreasing
6 as well as a decreasing N. By equating the relevant com-
ponent of the propagation constant derived using the previ-
ous theoretical analysis9 to that of the bouncing plane wave,
we obtain the frequency dependence of 6. This is plotted in
Fig. 5(a), along with that of N, for the WG, mode. These
curves show that both 6 and N increase with increasing fre-
quency, as expected. It is interesting to note that the fre-
quency dependence of N is in direct contrast to that observed
for the TE; mode of the PPWG. For the TE; mode, N de-
creases with increasing frequency, which was influential in
bringing down ap as the frequency increases.” Therefore,
here we expect the opposite frequency dependence in ay for
the WG, mode. Since N is known, and r, can be calculated
for the air-aluminum boundary, we can derive ay using Eq.
(1). This is plotted in Fig. 5(b), along with that for the TE,
mode of a PPWG (plate-separation=1 cm). The ohmic loss
is 2.2 10™* dB/cm for both modes at 0.06 THz (cross-over
point), and 6.4 X 10™* dB/cm for the WG, mode and 9.3
X107 dB/cm for the TE; mode at 0.5 THz. In practice,
there will be an additional diffraction loss that manifests as a
reduced energy coupling to the receiver (with a finite input
aperture) due to unbounded diffractive spreading.z’11

To estimate the experimental propagation losses, we fol-
low the analysis in Ref. 11 and apply the generalized input-
output expression separately to the WG waveguide and a
3 cm long PPWG, to obtain
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FIG. 5. (Color online) (a) Frequency dependence of the incidence angle 6
(left vertical axis) and the number of bounces N (right vertical axis), for the
plane wave corresponding to the WG, mode as depicted in the inset. (b)
Comparison of the ohmic loss ay for the WG; mode and the TE; mode of a
PPWG. (c) Amplitude spectra corresponding to the outputs of the WG wave-
guide (open circles) and a 3 cm long PPWG (dots). The output of the 3 cm
PPWG is shown inset. (d) Experimental (open circles) and theoretical (solid
black curve) comparison of the total loss ap. The red solid curve, almost
perfectly overlapping with the black curve, gives the theoretical diffraction
loss arp.
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where the subscripts “1” and “2” stand for the two
waveguides. E, is the output electric field, C is the output
coupling coefficient parallel to the plate surface, and L is the
propagation length. C accounts for the diffractive spreading,
and is calculated using the standard overlap-integral
method.'? Here, arp is artificially defined to give the total loss
accounting for both the diffraction loss and the ohmic loss.
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Rearranging Eq. (2), we can derive an expression for ag as

. {cz] G)
aT—aR+(L1_L2)n Cl =ar+ ap,
where ap=[1/(L;-L,)]In[C,/C,] accounts for the diffrac-
tion loss and L,—L;=25.1 cm. Figure 5(c) gives typical am-
plitude spectra corresponding to the truncated output pulse of
the WG waveguide and that of the 3 cm PPWG (inset). Ap-
plying Eq. (2) to these spectra, we can derive the experimen-
tal e, which is shown by the connected open circles in Fig.
5(d). The thick solid black curve gives the theoretical ar
obtained using Eqgs. (1) and (3). The solid red curve, which is
almost perfectly overlapping with the black curve, gives ap
alone, and indicates that the ohmic loss is negligible com-
pared to the diffraction loss. Also, as expected, ap, increases
with decreasing frequency, since the low frequencies diverge
more strongly with propagation. A possible method to miti-
gate this diffraction loss would be to provide a slight curva-
ture to the metallic plate in the transverse direction,” effec-
tively forming a biconcave plate.

The experimental and theoretical ey in Fig. 5(d) show
good agreement toward the low-frequency end, while they
tend to deviate toward the high-frequency end. This discrep-
ancy could result from several factors. First, we considered
the output of the 3 cm PPWG to be the input to the curved
plate in the data analysis of the WG waveguide. Clearly,
there will be some mode mismatch when energy couples
from the PPWG-section to the curved plate. This mismatch
becomes more severe as the frequency increases due to the
frequency dependence in the WG, mode profile (Fig. 4). In
addition, other loss mechanisms such as surface roughness
become more significant at higher frequencies. Nevertheless,
our experimental and theoretical results indicate that ey can
be as low as 2.6 dB/m at 0.47 THz.

In conclusion, we have introduced a family of THz
waveguides that utilize curved metallic surfaces, where en-
ergy propagates via WG modes. This concept can be easily
extended to design high-Q resonant cavities for the THz re-
gime. This concept can also be applied to incorporate sharg
bends into PPWGs, compared to traditional miter bends
that could result in pulse distortion due to mode mixing.
Incidentally, we note that these WG modes cannot exist on
flat metallic surfaces and are thus distinct from Zenneck sur-
face waves.'*
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