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Prototype 250 GHz Bandwidth Chip to Chip
Electrical Interconnect, Characterized With

Ultrafast Optoelectronics
Jeong Sang Jo, Tae-In Jeon, and Daniel R. Grischkowsky, Fellow, IEEE

Abstract—We have connected two optoelectronic chips with air-
spaced two-wire transmission lines and have observed essentially
undistorted transmission of 1.8 ps (FWHM) electrical pulses over
propagation distances up to 200 cm. The lines consist of two 0.4mm
(or 0.5 mm) diameter copper wires with centers separated by 1.0
mm. The air spaced two-wire lines show transform-limited TEM
mode pulse propagation with very small group velocity dispersion
(GVD), and relatively low attenuation. Our achieved performance
with a power loss of 5.8 dB/m approaches that needed formm-wave
and THz interconnects. The coupling was enabled by two tungsten
probes with 1 mdiameter tips in near-contact (5 m gap) with the
coplanar transmission lines on the transmitting and receiving op-
toelectronic chips. The air spaced two-wire line’s relatively small,
measured pulse amplitude attenuation coefficient was 1.31 times
larger than the theoretical prediction for the TEMmode. This dis-
crepancy is considered to be primarily due to reduction of the Cu
conductivity in the THz skin-depth layer.

Index Terms—Terahertz (THz), two-wire, pulse propagation,
amplitude attenuation, low-loss.

I. INTRODUCTION

A T PRESENT, no electrical interconnect is available to
transmit undistorted ps electrical pulses for distances of

several meters with acceptable loss. Commercially available
high-bandwidth coaxial cable is specified to have a power loss
of 260 dB/100 ft (equivalent to 8.5 dB/m) at 50 GHz.1 This loss
is mainly due to the PTFE (Teflon) dielectric, and for the same
radial geometry of the commercial cable, the loss increases
linearly with frequency to a loss of 85 dB/m at 500 GHz. This
power loss has been previously measured to be 278 dB/m at
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500 GHz for a much smaller radial geometry coaxial cable [1].
Consequently, the lack of this key component prevents many
technical applications and stimulates the search for such an
interconnect.
The lack of a high-bandwidth electrical chip to chip inter-

connect has led to optically interconnected electronic chips and
devices [2]–[4]. However, the optical-link requires non-silicon
devices to generate and modulate optical signals and then cou-
pling to optical fibers and waveguides, resulting in increased
complexity and cost. The ultimate example of the optical inter-
connect is that for the highest speed supercomputers, which are
connected together by thousands of single mode optical fibers
with bit rates of up to 50 Gb/s. For this case, the output electrical
signal (bit) is converted to a light pulse coupled into the fiber,
and at the output end of the fiber at the attached computer, the
light pulse is then converted back to the electrical signal [5].
The experimental demonstration and characterization of the

chip to chip electrical interconnects described in this paper,
show essentially undistorted transform limited propagation of a
1.8 ps pulse up to a distance of 2000 mm for our latest Type-II,
two-wire transmission line with the comparatively-low1 power
loss of 5.8 dB/m within the frequency range from 50 to 300
GHz. These results present a possible solution to the high-band-
width electrical interconnect problem.
Using two matched electrical probes we have efficiently con-

nected two optoelectronic chips with air-spaced two-wire trans-
mission lines. The pulses were generated by photo-conductively
switching a charged coplanar transmission line on the optoelec-
tronic transmitter ( ) chip [6]–[8]. These pulses were then
efficiently coupled to the two-wire transmission line by two
matched probes. After propagation over the two-wire line, the
pulses were again efficiently transferred to the coplanar trans-
mission line of the receiver ( ) chip, via near-contact coupling
with two probes, one for each wire. The coupled pulses were
then optoelectronically measured on the chip.
Many different waveguides and transmission lines have been

tested for guiding of mm and THz electromagnetic waves,
such as metal tubes [9], parallel plates [10], coaxial cables [1],
two-metal wires [11]–[17], and single metal wires [18], [19].
In order to use any of these waveguides for an application,
single-mode propagation is usually required. For digital ap-
plications TEM-mode propagation is required, because of
no cutoff frequency, and consequently no waveguide-mode
group-velocity dispersion (GVD). Among various types of
THz waveguides, the two-wire line is ideal in terms of the
excellent coupling to the coplanar transmission line on our
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Fig. 1. Experimental setup.

and chips; in addition, the THz beam propagates in
air, thereby eliminating dielectric loss, and is well guided
by the TEM mode propagation on the two metal wires. The
remaining practical problem is how to support the wires and
how to maintain their separation without disturbing the TEM
mode propagation [11]–[17]. A significant step to realize this
is the work on coplanar transmission lines on low-permittivity
substrates [13].

II. EXPERIMENTAL SETUP

Commercial copper (Cu) wires of 0.4 mm (or 0.5 mm) di-
ameter and various lengths are used for the measurement. The
two-wire transmission line with 1.0 mm separation between the
wire centers is supported and put under tension by two or three
tightly fitting 25 mm diam. Teflon holders of 3 mm thickness at
the ends of the line, similar to those used in the previous report
[19].
The photo-excitation of the biased dipole switch (antenna)

imbedded in the coplanar transmission line as shown in Fig. 1,
generates two counter-propagating electrical pulses down the
line and excites a short burst of radiation due to the photocurrent
pulse, which has the shape of the derivative of the current pulse.
We couple to the current pulse with the probes. It is best to make
contact near the dipole switch or on the switch in order to couple
out the shortest electrical pulse, which rapidly broadens with
propagation down the coplanar line [6], [8].
Two 30-mm-long commercial tungsten (W) probes are used

to make the coupling between the THz pulses and the Cu wires.
The probes consist of a 0.5 mm diameter W cylinder for 25
mm that terminates in a 5 mm long conical taper ending on
the 1- m diameter probe tip. The 25-mm-long cylindrical ends
of the probes are supported by the same type of tightly fitting
Teflon holders used for the Cu wires. As shown in Fig. 1, the
two 1- m tips are near-contact (with 5 m gap) to the dipole
switch on the silicon on sapphire (SOS) or chips. The
cylindrical end faces of the probes and end faces of the Cu wires
are closely spaced with air gaps of about 100 m. The observed
signal strength is only increased by 3% with a 25 m gap and
drops by 2% if the gap is increased to 150 m [20]. Direct con-
tact would only increase the signal by 4%, but would disturb
and possibly damage the delicate connection at the tapered end.
Consequently, theW-probe tips and the dipole antenna chips are
rigidly fixed. Thereby, the THz wave coupling to the W-probe

Fig. 2. (a)–(d) Measured THz pulses for the Type-I air spaced two-wire lines
lengths of 125, 210, 380, and 720 mm, respectively.

tip remains the same, when the air-spaced two-wire lines are re-
placed by air-spaced two-wire lines of different lengths.
A Ti-sapphire mode-locked laser provides 41 and 28 mW

of average power to the generation and sampling beams of the
0.18 ps, 780 nm pulses at a repetition rate of 83 MHz from the
two optical fibers guiding the laser beams to the Tx and Rx
chips. The fiber guided laser beams are focused on the 5 m
gaps of the photoconductive dipole switches, situated between
the two 10 m lines separated by 30 m of the coplanar lines on
the optoelectronic chips, as shown in Fig. 1. The coplanar lines
extend for 10 mm on each side of the dipole switch in order to
eliminate short delay time reflections.

III. MEASUREMENT AND ANALYSIS

Themeasured THz pulses, transmitted over our initial Type-I,
125-mm, 210-mm, 380-mm, and 720-mm-long air spaced two-
wire lines (400 m dia. 1 mm, center to center separation) with
two Teflon holders are displayed in Fig. 2. The THz pulses
shown in Fig. 2(a)–(d) are remarkably similar to each other
in complete detail, indicating the negligible GVD expected for
the TEM mode propagation. The peak amplitudes of the refer-
ence THz pulses are reduced only 55% by extending the wire
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Fig. 3. (a). Corresponding amplitude spectra of the THz pulses shown in
Figs. 2(a)–(d). (b). Measured amplitude attenuation coefficients of the Type-I
air spaced two-wire lines (open circles), and the calculated absorption coeffi-
cients for the air spaced two-wire lines (solid top line), and a Cu PPWG with a
1.0 mm gap (dashed bottom line) for Cu conductivity of 5.8 10 (Mhos/m).
For units conversion, an amplitude attenuation of 0.01 /cm corresponds to a
power attenuation of 0.02 /cm, which is equivalent to a power attenuation of
8.7 dB/m.

from 125 to 720 mm. The amplitude attenuation with propa-
gation distance is simply described by , for which

/cm. This result predicts a pulse height of
pA for a propagation distance of 2000 mm.

This 34 pA signal could be easily measured with our system
with a noise level 0.8 pA. The relatively short pulse widths and
small pulse attenuation in Fig. 2 showmuch less attenuation and
broadening per unit length than previous optoelectronic pulse
measurements on high bandwidth solid copper clad coaxial ca-
bles [1].
The corresponding THz pulse amplitude spectra are shown

in Fig. 3(a), in which the spectrum bandwidth can be seen to
extend up to 0.5 THz. Theoretically, for TEM mode propaga-
tion the amplitude absorption is expected to be very small for
the air spaced two-wire lines, with an amplitude absorption co-
efficient of cm at 0.2 THz [1], [21]. The corre-
sponding power absorption coefficient of 0.01/cm is equivalent
to power absorption of 4.3 dB/m. The theoretical TEM value of
0.005/cm is significantly smaller than the above measured value
of /cm from Fig. 3(b), describing the observed pulse
attenuation. This extra-loss of THz propagating waves on metal
has also been seen in parallel plate waveguide measurements
[22], [23] and Zenneck THz surface wave measurements [24],

Fig. 4. (a) Calculated coherent THz output pulse, assuming an in phase fre-
quency spectrum given by the measured 720 mm amplitude spectrum shown in
Fig. 3(a). (b) Measured THz output pulse shown in Fig. 2(d).

[25], where it was explained by a reduction of the metal con-
ductivity in the thin THz skin depth layer. The reduction in THz
conductivity has also been observed in thin metal films [26]. For
the two-wire line case of Fig. 3(b), this explanation would re-
quire a large reduction in conductivity by 4 times, in the skin
depth region. Another possibility is co-propagating leaky mode
radiation loss [27], [28]. This problem becomes important for

, where d is the center to center separation of the wires
and is the free space wavelength. For our high frequency limit
0.4 THz, and some leaky mode excitation may
occur, but for the low frequency of 0.1 THz, and
leaky-mode effects should be negligible. It is also important to
note that the analytic TEM result is for a perfect two-wire line
with no irregularities in wire diameters or spacing. In contrast,
for the Type-I lines the spacing varies adiabatically [23] over
the length of the line with the estimated spacing precision is
1.0 mm 0.3 mm. More abrupt variations can lead to signifi-
cant scattering (radiation) loss.
The analytic solutions for amplitude absorption coefficients

for the TEM propagation mode of the two-wire transmission
line, the coaxial waveguide and the parallel plate waveguide
(PPWG) are given in [1], [21]. For the Type-I air-spaced two-
wire lines geometry with Cu wire diameters of 0.4 mm and
center to center separation of 1.0 mm, the theoretical TEM am-
plitude absorption coefficient is 1.69 times larger than that for
an air-spaced Cu PPWG with a plate separation of 1.0 mm, as
shown in Fig. 3(b). The comparative absorption strength for an
air-spaced coaxial waveguide with an inner conductor diameter
of 0.4 mm and the inside radius of 1.0 mm to the outer con-
ductor is 1.86 times larger than that for the PPWG. For these
three waveguides the theoretical absorption is proportional to
the square root of the frequency and inversely proportional to
the square root of the conductivity.
The amplitude attenuation coefficients, calculated from the

THz pulse spectra shown in Fig. 3(a) are obtained according to

(1)



456 IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 3, NO. 4, JULY 2013

Fig. 5. Experimental setup to measure guiding strength as a function of curve depth for the Type-I two-wire line. The length of the two-wire line between the end
Teflon holders is 170 mm. The actual curve depth was perpendicular to the ribbon geometry of the line to more easily maintain the 1 mm separation.

where and are the amplitude spectra transmitted
through different lengths of the air spaced two-wire lines, and
is the effective wire length.
The measured amplitude attenuation for the air spaced two-

wire lines shown in Fig. 3(b) is obtained by (1), for which
and are the amplitude spectra of the 125-mm long
and 380-mm long wires, respectively; – . The
obtained attenuation is approximately 2.5 times larger than the
theoretical calculation for the TEM mode.
Although the observed general trend is that the attenuation in-

creases with frequency, in the region from 0.1 to 0.4 THz con-
taining most of the pulse energy, the amplitude attenuation is
reasonably constant about the value of 0.015/cm, corresponding
to power attenuation of 0.03/cm, equivalent power attenuation
of 13 dB/m. This feature explains the attenuation without re-
shaping pulse propagation results of Fig. 2.
In order to show the phase coherence of the 720 mm output

pulse, the inverse fast Fourier transform (IFFT) was performed
on the amplitude (magnitude) spectrum (which assumes all
of the frequency components are in phase) and is shown
in Fig. 4(a), in comparison to the observed pulse shown in
Fig. 4(b). The similarity of this comparison shows the phase
coherence of the output pulse and the importance of this low
dispersion, low GVD line for digital communications.
In addition to the attenuation and GVD of the two-wire line,

it is important to measure the guiding strength with respect to
curvature. Here, it will be shown that the two-wire propagating
THz pulse is much more tightly bound than the single wire THz
pulse, propagating as the THz Sommerfeld wave [19]. For the
measurement setup shown in Fig. 5, consider that the two wires
form a thin ribbon with a width equal to the wire separation,
similar to a highway or a railroad track. The measured curva-
ture is in the direction perpendicular to the plane of the ribbon,
similar to rolling up the ribbon on a spool.
As shown in Figs. 6 and 7(a), the signal pulse and spectrum

are relatively unchanged with a modest 0.8 cm curve depth
smoothly changing over the 170-mm line. However, as the
curve depth increases, notable changes occur in both the signal
strength and the corresponding spectra, which show much
larger reductions of the higher frequencies. It is expected that
the curvature losses would be less with smaller separation
between the wires and smaller ratios. The measured loss of
the two-wire line is directly compared to a previous measure-
ment of curvature loss of the single wire THz Sommerfeld wave
[19] in Fig. 7(b). Clearly, and as expected, the binding of the
waves to the wires is much stronger for the TEM propagation

Fig. 6. Transmitted signal strength over the 170 mm long Type-I two-wire line
with the indicated curve depths.

of the two-wire line. It is to be noted that the TEM mode of the
two-wire line also applies to perfect electrical conductor (PEC)
lines, while the Sommerfeld wave vanishes for a PEC line.
Consequently, it is expected the measured binding strength of
the TEM mode would be the same for perfect conductors.
Stimulated by the above set of Type-I measurements and their

analysis, we have very recently performed another series of
longer measurements with improved Type-II two-wire lines of
0.5 mm diameter with centers separated by 1.0 mm and lengths
of 210, 1000, and 2000 mm, respectively. These Type-II wires
match the diameter of the back face of the tungsten probes and
give excellent coupling from probe to wire. The Type-II lines
were constructed with three, much tighter and stronger Teflon
holders, which hold the Type-II two-wire lines more precisely
and with more tension. Consequently, the lines were straighter
and with a more constant separation for the entire line. The pre-
cision of the separation for the Type-II is mm, and
varies more slowly (adiabatically) [23] than for the Type-I line.
Abrupt variations, which can lead to significant scattering (ra-
diation) loss, are believed to be responsible for the significantly
higher absorption of the Type-I line compared Type-II line.
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Fig. 7. (a) Corresponding amplitude spectra for the pulses shown in Fig. 6.
(b) Normalized amplitude pulse peaks in Fig. 6 for different curve depths (top
curve), compared to a similar measurement for single wire guiding (bottom
curve).

As shown in Fig. 8, these lines propagated transform limited
pulses, resulting in a 1.6 ps FWHM pulse after 210 mm of prop-
agation, a 1.7 ps pulse after 1000 mm, and a 1.8 ps pulse after
2000mmwith an amplitude S/N of 360:1. The slight broadening
seen with propagation is due to attenuation of the higher-fre-
quency components. The corresponding amplitude spectra for
the pulses of Fig. 8 are shown in Fig. 9(a).
The amplitude attenuation coefficient , obtained from the

amplitude ratio (220/735) of the 2000-mm pulse to the 210-mm
pulse, is /cm, compared to the theoretical value
of 0.0051/cm at 0.2 THz, as shown in Fig. 9(b). The corre-
sponding ratio of 1.31 for experiment attenuation compared to
TEM theory can be reasonably explained by the expected re-
duction in THz conductivity in the skin depth [22]–[26]. The
ohmic attenuation coefficient increases as the conductivity
decreases, where is proportional to . Consequently
an increase in attenuation by 1.31 would correspond to a de-
crease in conductivity by the factor of 0.58, within the range of
the expected reduced conductivity.
The frequency-dependent amplitude attenuation for the 2000

mm measurement with respect to the 210 mm is shown in
Fig. 9(b). The measured attenuation was calculated with (1),
using and for the 210- and 2000-mm-long wires,
respectively. The attenuation measurement of Fig. 3(b) is also
shown, together with the calculated absorption from two-wire
TEM theory and the PPWG. The theoretical TEM amplitude
absorption coefficient of the Type-II with 0.5 mm diameter and

Fig. 8. Measured THz pulses (a)–(c) for the improved Type-II air spaced two-
wire lengths of 210, 1000, and 2000 mm.

1.0 mm center to center separation is 1.67 times larger than that
for an air-spaced Cu PPWG with a plate separation of 1.0 mm.
Clearly, the Type-II, two-wire lines show enhanced measured

performance compared to the Type-I lines. The measured am-
plitude attenuation for the 2000 mm Type-II, two wire line is
consistent with an underlying square root frequency dependence
with the Cu conductivity reduced by the factor 0.6. Below 140
GHz, the attenuation is reduced at 100 GHz, but goes to a rela-
tively constant value at 50 GHz, the low frequency limit of our
measurements. The cause of this extra low frequency attenua-
tion is not known.
In order to show the phase coherence of the 2000 mm output

pulse, the IFFT was performed on the amplitude (magnitude)
spectrum and is shown in Fig. 10(a), In comparison to the ob-
served pulse shown in Fig. 10(b). The similarity of this compar-
ison shows the phase coherence of the output pulse and the im-
portance of this low dispersion, low GVD line for digital com-
munications.
In order to increase the depth of our understanding of the

measurements made on the Type-II two-wire transmission line,
an FDTD CST Microwave Studio numerical simulation was
made for single frequency propagation with the results shown in
Fig. 11. The wire waveguide was modeled in three dimensions
which were bounded by a 3 mm (width) 3 mm (height) 10
mm (length) rectangular domain, with the two wire line located
in the center. Approximately 5 million meshes, requiring typ-
ically 6 hours of running time, were used for each simulation
to achieve accurate results, and the calculation loop was run-
ning until the ratio of old and new calculation results converged
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Fig. 9. (a) Corresponding amplitude spectra of the THz pulses shown in
Figs. 8(a)–(c). (b). The attenuation of the Type-II two-wire line from the
amplitude spectra of Fig. 9(a) is shown by the small dots. The larger attenuation
of the Type-I two-wire line of Fig. 3(b) is shown by the open circles, together
with the calculated absorption of the Cu two-wire TEM mode theory (solid
upper line) and the TEM absorption of the PPWG (dashed lower line) as shown
in Fig. 3(b) for Cu conductivity of (Mhos/m). The pink triangles
on the two-wire TEM theory curve mark the attenuation obtained from the
simulation for 50, 100, 200, 300, and 400 GHz, respectively. The open square
at 0.0002/cm for 300 GHz is the simulation attenuation for a perfect electrical
conductor (PEC). The CST simulation will be described in detail below.

Fig. 10. (a) Calculated coherent THz output pulse, assuming an in phase fre-
quency spectrum given by the measured 2000 mm amplitude spectrum shown
in Fig. 9(a). (b) Measured THz output pulse shown in Fig. 8(c).

less than dB. The copper wire is considered to have a con-
ductivity of 5.8 10 (Mhos/m) or PEC. In this simulation, the

Fig. 11. FDTD CST numerical simulation of propagation 50, 100, 200, 300,
and 400 GHz waves on Type-II two-wire Cu transmission line with wire diame-
ters of 0.50 mm and center to center separation of 1.0 mm, and Cu conductivity
of 5.8 10 (Mhos/m). The dashed black line indicates the simulation at 300
GHz for a perfect electrical conductor (PEC) line. The calculated vertical elec-
tric field strength at the mid-point between the two wires is shown.

plane wave is excited on the square input face of the rectangular
tube. The outer wall of the domain is assumed to be an absorbing
boundary to minimize any back reflections on the wires.
As shown in Fig. 11, after the input coupling of the single fre-

quency THz plane wave to the two-wire transmission line, there
is an initial high loss corresponding to the coupled non-propa-
gating modes and the propagating leaky modes. The leaky, ra-
diating modes quickly disappear and the propagation becomes
stable with a much smaller frequency dependent linear loss,
from which we obtain the corresponding amplitude attenuation.
It is important to note that for the 300 GHz simulation the ini-
tial coupling loss is the same for the Cu and PEC two-wire lines,
but the stable PEC loss is much smaller (approaching zero) com-
pared to the Cu line. The approach to zero is limited by the nu-
merical accuracy of the simulation. The corresponding stable
amplitude attenuation coefficients for the Cu line, indicated as
the pink triangles in Fig. 9(b), are in good agreement with the
analytic curve for the TEM mode.
Stated more precisely, the values of the simulated amplitude

attenuation coefficients are 0.0018/cm at 50 GHz, 0.0040/cm at
100 GHz, 0.0050/cm at 200 GHz, 0.0065/cm at 300 GHz, and
0.0076/cm at 400 GHz. The corresponding power loss terms are
1.60 dB/m at 50 GHz, 3.47 dB/m at 100 GHz, 4.38 dB/m at 200
GHz, 5.62 dB/m at 300 GHz, and 6.56 dB/m at 400 GHz.
The stable propagating vertical field pattern is shown in

Fig. 12, and is also in good agreement with the TEM mode field
pattern. Thus, we can conclude that to a good approximation the
propagated pulses shown in Fig. 8 are propagating in the TEM
mode of the two-wire transmission line, and that the extra loss
shown by the Type-II two-wire line compared to the analytic
TEM result is primarily due to the reduction of the conductivity
in the skin depth.
The field pattern shown in Fig. 12, extends a distance of sev-

eral times the wire separation, and is strongest in the plane of
symmetry between the wires. Metallic and dielectric objects
within the field pattern will cause reflections and coupling to
the perturbation. Also, overlapping external signal fields will
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Fig. 12. Simulated 50 GHz propagating (vertical) electric field pattern 42
mm down the line, which is in close agreement with the analytic TEM mode.
The centers of the two wires are separated vertically by 1 mm.

couple unwanted cross-talk into the propagating wave. There-
fore, for most applications it becomes important to shield the
two-wire line.
We will now propose a possible embodiment for supporting

and shielding the two-wire line. We have been able to construct
two-wire lines with excellent mechanical precision by bonding
to one surface of adhesive tape, usually 50 m thick. However,
the resulting THz performance has been limited by the attenua-
tion of the tape and the adhesive. Our best results have been with
75 m Teflon tape. The tape also has significant GVD due to the
wavelength dependent fringing fields. The straight forward way
to overcome these problems is to use a thin film tape of the order
of 5 m thick and made of material with low THz loss, similar
in concept to the measurements on a co-planar transmission line
on a thin dielectric layer [13]. Such a film holding the two-wires
would be placed vertically with respect to Fig. 12.
For shielding the above two-wire line, consider the field pat-

tern to be at the center of a cylindrical tube with a radius of 3
mm, three times the wire separation, and that the tube has been
cut in half for the entire length. The adhesive side of the thin
film tape can be attached to the outside edges of one of the half
tubes, and the two wire line will be secured. Then the two half
tubes can be taped together. The resulting tube, if metal pro-
vides shielding, or if plastic can be covered with metal foil or
conducting tape. This simple example shows one promising ap-
proach to bring the two-wire line performance reported in this
paper to the THz interconnect.

IV. SUMMARY AND CONCLUSIONS

In summary, we have demonstrated and characterized a chip
to chip electrical interconnect that transmits 1.8 ps electrical
pulses (extending over the frequency range from 50 to 300 GHz)
with essentially no distortion a distance of 200 cm with a power
loss of 5.8 dB/m. The observed pulses are capable of supporting
a 100 Gb/s digital link, using this air spaced two-wire transmis-
sion line. Two tungsten probes efficiently couple the on-chip
coplanar transmission line of the to the two-wire line and
from the two-wire line to the on-chip coplanar transmission line
of the . Because the two-wire line, the coplanar on-chip line

and the dipole excitation switch have similar dipole field pat-
terns, pulse generation, coupling and detection, are wide-band,
non-dispersive and efficient.
The probes adiabatically transfer the propagating TEMmode

of the coplanar line with 30 m separation to the two-wire line
with 1 mm separation between wires, thereby minimizing the
excitation of higher order leaky-modes of the two-wire line. As
confirmed by a numerical simulation, the air spaced two-wire
lines show transform limited TEMmode pulse propagation with
relatively low attenuation and very small GVD. The measured
amplitude attenuation coefficient for the Type-II line is 1.31
times larger than theory for the TEM mode of the air-spaced
two-wire Cu line, which can be explained primarily by the re-
duction of conductivity in the skin depth layer and some scat-
tering by the variable wire separation.
If the practical problems of how to hold the two-wire lines,

maintain the wire separation, and shield the wires, could be
solved, this demonstrated capability would be sufficient to en-
able connection of such short pulses to the highest speed elec-
tronics and thereby provide some new science and technology
opportunities.
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