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We present experimental and theoretical evidence for low loss terahertz pulse propagation along a
two-wire waveguide. We find that the mode pattern at the end of the waveguide resembles that of
a dipole, consistent with the fundamental transverse-electromagnetic mode of the structure.
Compared to the weakly guided Sommerfeld wave of a single wire, this structure exhibits much
lower bending losses. We also observe that a commercial 300 � two-wire TV-antenna cable can be
used for guiding frequency components up to �0.2 THz, although they are generally designed to
operate only up to about 800 MHz. © 2009 American Institute of Physics. �doi:10.1063/1.3268790�

Over the past decade, tremendous progress has been
made in the study of terahertz �THz� waveguides. Single
mode coupling and propagation of THz radiation has been
demonstrated in a variety of waveguides, including both me-
tallic and dielectric structures.1–16 In particular, a bare metal
wire has attracted a great deal of attention for several rea-
sons, including the simplicity of the design and its connec-
tion to plasmonics.17 Nevertheless, since the primary mode
�the Sommerfeld wave� of a single wire is radially polarized,
the commonly used linear dipole THz emitter cannot be used
for the efficient excitation of this mode, and efficient cou-
pling to a single wire requires the use of circular photocon-
ductive antennas.9 Moreover, the weakly guiding nature of
the Sommerfeld wave leads to high losses when the wire
is bent, which limits the practical applications of this
waveguide.7,8

In this letter, we show that a linearly polarized wave can
be efficiently coupled in an end-fire configuration to one end
of a two-wire waveguide, if the input polarization is parallel
to a line connecting the wire axes. We characterize the fun-
damental transverse-electromagnetic �TEM� mode of this
two-conductor structure by mapping the field pattern at the
output, and compare the attenuation to predicted values. Sig-
nificantly, we find that the bending loss is considerably lower
than in the case of a single wire waveguide.

Our experimental setup �inset of Fig. 1� consists of a
THz transmitter/receiver pair �fiber coupled photoconductive
dipole antennas� and two cylindrical stainless-steel wires that
form the waveguide. Each wire is 300 �m in diameter and
24 cm long. The center-to-center wire separation is constant
along the length, equal to 0.5 cm. The wires are supported
using several slabs of Styrofoam which are nearly transpar-
ent to THz radiation. Near the transmitter, the waveguide is
bent to an angle of about 45° in order to separate the guided
mode from the �uncoupled� wave propagating freely in
space. The THz waveform represented by the dashed curve
in Fig. 1 is obtained when the two-wire waveguide is in
place. The solid curve is obtained when the waveguide is
absent, with the THz emitter and receiver undisturbed, indi-
cating no line-of-sight transmission of freely propagating ra-
diation from the emitter to the receiver in this time window.

Next, we image the electric field at the output end of
the two-wire waveguide, in a plane perpendicular to the
wire axes. The THz receiver �with a 1.5 mm aperture for
improved spatial resolution� is raster-scanned in an 8
�6 mm2 grid in steps of 1 mm. By orienting the receiver
parallel and perpendicular to the center-to-center line, we
observe both orthogonal electric field components of the
propagating mode. Once these two components are mea-
sured, the data sets are combined to obtain the total electric
field in magnitude and direction, as shown in Fig. 2. We also
show measured THz waveforms at several points along the
center-to-center line. Here, we observe a polarity flip for the
field between the wires, relative to the field above and below
the wires, due to the dipolar nature of the propagating TEM
mode.

We also determine the loss characteristics of the wave-
guide by comparing THz pulses that have propagated
through two different lengths, as in previous
experiments.1–4,7,8,13 For both lengths, we use the same 45°
bend immediately after the transmitter, which introduces a
fixed coupling and bending loss. We change only the length
of the straight section, and extract the intrinsic loss on a
straight waveguide by normalizing out these effects. The two
main pulses �Fig. 3�a�� are almost identical in shape, indicat-
ing the negligible group velocity dispersion expected for the
fundamental TEM mode. The ringing following the main
pulse is repeatable and most likely due to the excitation of
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FIG. 1. Dotted line: Transmitted THz pulse along a 24 cm two-wire wave-
guide, 0.5 cm wire separation. Solid line: measured when the two-wire
waveguide is absent with the THz emitter and receiver remaining fixed in
position. The inset shows the experimental setup, where the two wires are
presented with their center-to-center line perpendicular to the plane of the
figure.
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higher-order modes. The low-loss nature of the propagation
is clear from the relatively small change in amplitude. The
corresponding amplitude spectra obtained by Fourier trans-
forming the truncated pulses �at the dashed line� are shown
in the inset.

The �amplitude� attenuation coefficient derived using the
measured spectra is shown in Fig. 3�b�. For comparison, we
also show the computed attenuation for the two-wire wave-
guide �TEM mode�18 and for a single-wire waveguide �Som-
merfeld wave�. The wires in these calculations are assumed
to have a diameter of 0.3 mm and a conductivity of 1.45
�106 S /m �type 304 stainless steel�, as in our experiments.
For comparison, the dotted curve shows the attenuation for
the TEM mode of a stainless steel parallel-plate waveguide
with a plate separation of 0.5 cm. The measured attenuation
of the two-wire waveguide is relatively low and is in reason-
able agreement with its theoretical value.

In addition to measuring the attenuation of the two-wire
waveguide, we also measure the bending loss. The left inset
of Fig. 4 shows a schematic of the setup for a 65 cm long
waveguide. The straight section of the waveguide near the
receiver is labeled L1, the bent section S, and the straight
section near the emitter L2. The bend angle is � and the
radius of curvature is R. We keep the receiver fixed, and only
vary the bend angle, and the location of the emitter �which is
fixed relative to the straight section L2�. Since the lengths L1,
S, and L2 remained the same for every bend angle, any
changes in transmission with changing � result only from
variations in the bending loss. The time-domain waveforms
for several values of R are shown in Fig. 4. As expected,
the signal decreases with increasing bend angle, but the
decrease is not rapid. Even with a relatively small radius
�R=8.6 cm, corresponding to a 90° bend�, there is still a
significant THz signal guided to the receiver. This demon-
strates the tight coupling of the propagating wave to the two
wires, in contrast to the Sommerfeld wave of a single wire
where the wave is weakly coupled. For an equivalent bend
on a single wire waveguide,8 the attenuation would be more
than a factor of 10, considerably larger than the value mea-
sured here which is less than a factor of 2. The right inset
shows the peak-to-peak electric field versus bend radius, nor-
malized to the value corresponding to no bend ��=0°�.

Finally, we tested a commercially available 300 �, 18
gauge twin-pair TV antenna cable. This is basically a two-
wire waveguide, where the wires are completely enclosed
within a dielectric medium �polyethylene�, as shown in the
inset of Fig. 5�b�. Each wire consists of seven copper strands
of about 500 �m diameter woven together. The center-to-
center separation is about 0.3 cm. The length of the cable

FIG. 2. �Right� The THz receiver is raster scanned around a 8�6 mm2 area
at the output end of the waveguide. The field mapping is done for both the
vertical and horizontal �collection� polarization of the THz receiver while
keeping the orientation of the emitter unchanged. The data sets for both
polarizations are combined to generate the resultant electric field in magni-
tude and direction shown by arrows. The circles show the locations of the
two wires. �Left� THz waveform for points along the center-to-center line
axis of the wires are shown. The waveforms are measured every 2 mm. Note
the flip in polarity �along the vertical dashed line� in the upper and lower
waveforms compared to the central one. Waveforms vertically offset for
clarity.

FIG. 3. �a� Transmitted THz pulses along a 60 cm and 24 cm waveguide.
The inset shows the spectra for the pulses after truncation at the dashed line.
�b� Amplitude attenuation coefficient. Dots: Measured for two-wire wave-
guide, stainless steel with 0.5 cm wire separation. Thin curve: Calculated
values corresponding to the measurement conditions. Thick curve: Calcu-
lated values for a single-wire stainless steel waveguide �Sommerfeld wave�
of 0.3 mm diameter. Dotted curve: Calculated values for a stainless steel
parallel-plate waveguide with 0.5 cm plate separation.

FIG. 4. Transmitted THz pulses along a 65 cm waveguide with various
radii of curvature. Solid R=51.6 cm ��=15°�. Dotted line: R=17.2 cm
��=45°�. Thin: R=8.6 cm ��=90°�. The top left inset shows a schematic of
the experimental set-up. The top right inset shows the THz peak-to-peak
electric field normalized to the value corresponding to no bend ��=0°�.
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used in our measurements is 9.5 cm. We position this length
of cable between the THz transmitter and receiver, incorpo-
rating a 90° bend so that no freely propagating radiation can
be detected. After measuring the propagated signal, the an-
tenna cable is removed, and the measurement is repeated
with the emitter and receiver undisturbed. As anticipated, no
detectable THz signal is observed in this configuration. Fi-
nally, the receiver is repositioned to face the emitter �with the
distance between them kept at 9.5 cm�, and the measurement
is repeated for the freely propagating beam.

The THz waveforms for these measurements are shown
in Fig. 5�a�. For the signal with the antenna cable �thick solid
trace�, we observe a positive chirp in the initial burst �up to
110 ps�, with high frequency components arriving later in
time. This dispersive behavior is distinct from both the free-
space wave �dashed curve in Fig. 5�a�� and the TEM mode
propagating in the two-wire waveguide �as in Fig. 1�, prob-
ably because some of the energy propagates in air while
some propagates in the polyethylene casing.19 The long-lived
oscillations following the initial burst may be due to the
excitation of higher-order modes.

Figure 5�b� gives the spectra corresponding to the two
waveforms in Fig. 5�a�. We observe greater low-frequency
content in the guided signal compared to the freely propa-
gated one. This demonstrates that the antenna cable has func-
tioned as a waveguide, inhibiting the diffractive losses
�which are higher at low frequencies�, and transporting sig-
nals around a 90° bend. The dramatic drop in the high-
frequency content is probably due to the additional losses
caused by the dielectric medium, which likely represents the
dominant loss mechanism. Nonetheless, we find that this TV-
antenna cable can carry frequency components up to about
0.2 THz, although these are generally designed to carry fre-
quencies only up to about 800 MHz �ultrahigh-frequency TV
broadcast band�.20

In summary, we have studied the THz propagation char-
acteristics of two-wire waveguides. Experimental results in-
dicate that the mode at the end of the waveguide resemble a
dipole pattern, consistent with the fundamental TEM mode
of this two-conductor structure. The demonstrated low at-
tenuation and bending loss is consistent with early results at
microwave frequencies.21,22 We also demonstrate that a com-
mercial 300 � twin-pair TV-antenna cable can be used to
propagate radiation up to about 0.2 THz, with large bend
angles.
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FIG. 5. �Color online� �a� Thick solid curve: THz pulse transmitted through
a 9.5 cm length of commercially available TV twin-lead antenna cable, with
THz emitter and receiver at 90° to one another. If the cable is removed with
the transmitter and receiver in this orientation, no signal is measured.
Dashed curve: The free-space THz transmission along a direct line-of-sight
between the transmitter and receiver separated by the same 9.5 cm spacing,
with no waveguide or optics in between. �b� Amplitude spectra for the two
THz waveforms shown in �a�. Compared to free-space transmission, the
guided wave contains more low-frequency content, which indicates that the
twin-lead antenna cable does act as a waveguide, suppressing diffraction
losses. Frequencies up to �0.2 THz are guided around the 90° bend. The
inset shows a photograph of the antenna cable, showing its cross-section.
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