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We report an experimental and theoretical study of single mode, guided wave propagation in plastic
ribbons. Using cylindrical THz optics, we obtain excellent quasioptic coupling between freely
propagating THz waves and a single TM, waveguide mode. Dispersive, low-loss propagation is
observed within the experimental bandwidth of 0.1-3.5 THz for 2-cm-wide, high-density
polyethylene ribbon waveguides with dimensions of 150 um thick by 10 mm long, and 120 um
thick by 20 mm long. Such ribbons show promise as a flexible THz interconnect with a controllable
group velocity dispersion. © 2000 American Institute of Physics. [S0021-8979(00)08720-X]

The continued improvements in device performance and
the demand for ever increasing bandwidth will soon require
the propagation of ps or subps pulses on micron or submi-
cron sized wiring. This situation has forced the consideration
of guided wave propagation effects for the interconnect be-
tween electronic chips and even down to the single chip
level. Phenomena previously considered only by the micro-
wave community in the frequency domain at GHz frequen-
cies are now becoming manifest in the ps time domain at
THz frequencies. An alternative to lithographically defined,
high-bandwidth transmission lines on dielectric substrates is
wave guided propagation of THz radiation, and the associ-
ated coupling between guided and freely propagating THz
beams. Recently, efficient, broadband coupling of freely
propagating THz pulses into circular and rectangular metal
waveguides has been demonstrated,'” and single-mode THz
propagation in sapphire fibers has been reported.’

By configuring a dielectric waveguide into the form of a
thin, wide ribbon, it becomes possible to utilize the fringing
fields for technical and fundamental research applications.
The planar geometry is amenable to photolithographic tech-
niques, whereby active and passive devices, including copla-
nar transmisston lines, can be fabricated onto the waveguide
itself; these structures are then able to couple into and out of
the waveguide. The feasibility of the THz ribbon waveguide
as a transmission line and a circuit interconnect is enabled by
the low loss factor, flexibility, and ease of coupling into and
out of the guide using cither planar optics or cylindrical qua-
sioptics. The waveguide propagation is also relatively stable
to thickness variations of the order of A/10.° In contrast to
the previous work,'™ the group velocity dispersion (GVD)
can be controlled by the thickness of the ribbon, making it
possible to have a relatively broad frequency range for which
GVD is negligible and within which THz pulses could
propagate without distortion. It is also possible to obtain
within other broad frequency ranges GVD values of the op-
posite sign to those of the metal and fiber waveguides,'™
thereby allowing for the subsequent pulse compression of the
broadened pulses from these waveguides.

Here, we report an experimental study and theoretical
explanation of single-mode propagation and quasioptic cou-
phing of picosecond THz pulses in plastic ribbon
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waveguides. Dispersive, low-loss propagation is observed
within the bandwidth from 0.1 to 3.5 THz for 2-cm-wide
ribbon waveguides made of high-density polyethylene
(HDPE). having nominal dimensions of 150 wm (thick) by
10.0 mm (long), and 120 pm (thick) by 20.0 mm (long). The
large GVD of the waveguide causes extensive pulse reshap-
ing and broadening, resulting in positively chirped output
pulses. The experiment and calculations based on the well-
known two-dimensional (2D) slab waveguide model® show
that the linearly polarized (perpendicular to the plane of the
ribbon) incoming THz beam couples predominantly only to
the dominant TM, mode resulting in single-mode propaga-
tion, even though the wideband input spectrum extends be-
vond the cutoff frequencies of several higher-order modes.

The experimental setup is similar to that used to inves-
tigate THz propagation in metallic waveguides'? and sap-
phire fibers.? Instead of the hyperhemispherical lenses used
previously to couple the energy into and out of the guide,'™
the lens-waveguide-lens system employed here, inset of Fig.
1(h), uses plano-cylindrical lenses, The high-resistivity sili-
con cylindrical lens focuses the incoming THz beam only
along one dimension producing an elliptic Gaussian beam
for the amplitude, whose frequency-independent 1/¢ minor
axis is only 100 um, The unfocused 1/e major axis {8 mm at
1 THz)} is inversely proportional to the frequency, and is
oriented parallel to the ribbon. An identical optical arrange-
ment is used at the exit face.

The reference pulse is obtained by removing the wave-
guide and moving the two silicon lenses to their confocal
position. This pulse is shown in the inset of Figs. 1(a) and
2(a), and its amplitude spectrum in Figs. 1(b) and 2(b),
shows a useful spectrum extending from 0.1 to about 3 THz.
The measured propagated pulses through the 10- and 20-
mm-long waveguides are shown in Figs. 1(a) and 2(a), re-
spectively, and their corresponding amplitude spectra in
Figs. 1(b) and 2(b). The incident 1 ps THz pulse has been
stretched to about 20 ps with 12 major cycles of oscillation
by passage through the short waveguide, and to about 40 ps
with 29 major cycles of oscillation by passage through the
long waveguide. The leading portions of these two output
puises exhibit a positive chirp, where high frequencies arrive
later in time, opposite to what has been observed in the metal
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FIG. 1. (a) Measured (dots) and theoretical (solid line} propagated pulse
through the short waveguide. The measured reference pulse is shown in the
inset. (b) Amplitude spectra of the measured (dots) and calculated {solid
line) propagated pulse, and measured reference pulse (crosses). The lens-
waveguide-lens system is shown in the inset. (¢) Upper curve gives the
theoretical phase velocity v, as a ratio to the free-space value c. The dots
give the experimental values. Lower curve gives the theoretical group ve-
locity v, as a matio to the free-space value ¢. The open circles give the
experimental values.

waveguides'” and sapphire fibers.> The trailing portions of
these output pulses exhibit slight interference effects at 25
ps. Figs. 1(a) and at 45 ps, Fig. 2(a).

The amplitude spectra of the propagated pulses, com-
pared to the spectrum of the reference pulse, clearly exhibit
very efficient wave-guiding characteristics. The loss in signal

level is mainly attributable to coupling losses at the entrance

and exit faces of the waveguide, since our measured power
absorption constant of HDPE is quite low, less than 1 cm™’
throughout the available spectrum. It is also clear from the
relatively smooth output spectra that there is no sharp low-
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FIG. 2. (a) Measured propagated pulse through the long waveguide. The
measured reference pulse is shown in the inset. (b) Amplitude spectra of the
measured propagated pulse (dots), and measured reference pulse (crosses).
{c} Upper curve gives the theoretical v, /¢ ratio. The dots give the experi-
mental values. Lower curve gives the theoretical v, /c ratio. The open
circles give the experimental values.

frequency cutoff or any unusual oscillations (interference in
the frequency domain due to multimode propagation) as ob-
served in earlier investigations."? This smoothness in the
amplitude spectra confirms single-mode propagation, with a
cutoff frequency of zero.

The fundamental equation governing the input and out-
put relationship of the system, assuming single-mode TM,
propagation, can be written in the frequency domain as

E o @) =E o @) TC? exp{ — j (B, ~ Bo)ztexp{ — az/2}.
(1)
where, E ,(w) and E_{ w) are the complex spectral compo-
nent at angular frequency  of the output and reference elec-
tric fields, respectively; T is the total transmission coefficient
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which takes into account the reflections at the entrance and
exit faces; C is the coupling coefficient, the same for both the
entrance and exit faces; B, is the phase constant; g,
=2m/Ny; ais the power absorption constant; and z is the
distance of propagation.

The phase constant 8, was numerically evaluated using
the nonlinear transcendental equation, characteristic of the
slab waveguide.® B, was experimentally determined using
Eq. (1), and the measured relative phase obtained from the
ratio of the complex spectra of the propagated and reference
pulses, where TC? is real. The phase velocity (v,,) and group
velocity (v,) were then derived from 8,, and are plotted in
Figs. 1(c) and 2(c) for the short and long waveguide, respec-
tively. For this comparison, a thickness of 155 um and a
propagation length of 10.0 mm for the short waveguide, a
thickness of 116 um and a length of 20.1 mm for the long
waveguide, were used as the fitting parameters, in good
agreement with the measured values. Consistent with previ-
ous measurements,’ a frequency-independent refractive in-
dex of 1.5 for HDPE was also used. It is seen that v pand v,
approach that of bulk HDPE at high frequencies, while at
very low frequencies they approach that of free-space ¢, This
change over is due to the spatial power flow of the wave-
guide changing from containment within the core region at
high frequencies, to a surface-guided wave traveling mainly
in the free-space region at low frequencies. At the low fre-
quency limit, v, is very close to ¢, explaining the almost
immediate arrival of the output pulses with respect to the
arrival of the reference pulse, as shown in Figs. 1(a) and 2(a),
with the same time synchronization. The maximum GVD is
seen to occur in the low-frequency part of the spectrum, up
to about 1 THz for the short and thick guide, Fig. 1(c), and
up to about 1.4 THz for the long and thin guide, Fig. 2(c).
This highly dispersive region, where v ¢ decrease as the fre-
quency increases, produces the observed positive chirp in the
time domain. An interesting feature in the v ¢ Dlot is the
presence of a well-defined minimum region with zero GVD,
which conveys the possibility of two different frequency
components on cither side of the minimum, propagating with
the same v,. This would cause an interference effect be-
tween these frequency components in the time domain, but
will not be present in the amplitude spectra. The v ¢ curves
were obtained from the numerical derivative of @8, and
thereby have significantly more experimental noise than the
Uy curves.

The quasioptic calculation of coupling and transmission
cocfficients assumes fundamental Gaussian beam propaga-
tion through the free-space paths. Coupling from and to the
Gaussian beam is assumed to take place at planar phase
fronts based on the confocal nature of the experimental sys-
tem. Via the completeness and orthogonality of the wave-
guide modes,”®%? the overall coupling (and reflection) loss,
given by the product 7C? in the frequency domain, can be
expressed as

2 4 7];) o

TC -
(ﬂp+ 770)_

L(Ei-E,,)dA}', 2)
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where E; and E, represent the normalized electric fields of
the fundamental Gaussian beam and the dominant waveguide
mode, respectively, with their corresponding impedances o
and 7, , where 5, is the impedance of free space. The over-
lap integral is calculated over the cross-sectional area of the
guide, which includes the surrounding space.

The calculated absorption of a propagating mode of a
dielectric waveguide'® requires the absorption of the bulk
material. We directly determined the absorption constant
from the ratio (corrected for TC?) of the amplitude spectrum
of the propagated pulse of the long guide to the spectrum of
the reference pulse, based on Eq. (1). The bulk power ab-
sorption obtained for HDPE was less than 1 cm™! over our
frequency range and was consistent with published data.’
Our measured absorption was used on the short waveguide
data to derive the theoretically propagated pulse. This com-
parison shown in Fig. 1(a) and the corresponding amplitude
spectra in Fig. 1(b) clearly show excellent agreement be-
tween theory and experiment.

This study demonstrates the feasibility of the plastic rib-
bon waveguide as a low-loss, single-mode transmission
channel for the THz region, capable of utilizing efficient
quasioptic coupling. Ultralow-loss lines are possible by re-
ducing the thickness of the ribbon such that most of the
guided wave energy propagates outside the core region.* The
performance can be further enhanced by the use of a very
low-loss material such as high-resistivity silicon. Due to the
ability to change the group velocity dispersion (GVD) by
changing the thickness of the ribbon waveguide, large fre-
quency regions with essentially no GVD can be obtained. In
addition, by changing the sign of GVD of the ribbon wave-
guide with respect to that of the metal and fiber waveguides,
mutual pulse compression should be possible, in analogy to
dispersion compensation with optical fibers. The ribbon
waveguides are particularly well adapted for THz time-
domain spectroscopy (THz-TDS) studies of surface-specific
molecular adsorption layers, or other thin films coating the
waveguides due to the extensive fringing fields of the propa-
gating THz waves.
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