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Direct optoelectronic generation and detection of sub-ps-electrical pulses
on sub-mm-coaxial transmission lines
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We report efficient direct optoelectronic generation of sub-ps-THz pulses oft &0axial
transmission lines with a 33@m diameter solid copper outer tube filled with Teflon containing the

80 um diameter inner conductor. The transmitted pulses after propagating as much as 105 mm were
measured at the end of the line with an optoelectronic antenna having sub-ps-time resolution. We
observed low-loss, single transverse electromagnetic mode propagation with very little group
velocity dispersion. The experimentally derived values for the frequency-dependent absorption are
consistent with the theoretical predictions.2004 American Institute of Physics

[DOI: 10.1063/1.1839645

Recently, efficient broadband coupling of freely propa-coaxial lines by THz-TDS from 0.05 to 1 THz, the broadest
gating pulses of THz electromagnetic radiation into circularbandwidth and highest frequency characterization of coaxial
and rectangular metal waveguides has been demonstratedtransmission lines to date.

Single-mode coupling and propagation were achieved for For completeness we note the earlier work on the trans-
these waveguides, and thereby demonstrated much largar of shorter than 5 ps pulses to and between coplanar and
bandwidths with 1/10 the loss of lithographically defined co-coaxial device$,and the optoelectronic characterization of a
planar transmission Iin@sAIthough these waveguides are microwave probe up to 400 GHzAlso, the related and un-
quite useful for narrow band or THz time-domain spectros-usual observations of guided ps pulse propagation on the
copy (THz-TDs) applications, they all have very high group single wire of a near-field optical probe have been repdtted.
velocity dispersion(GVD), which make them incapable of The experimental setup is different from that used
sub-ps-pulse propagation. previously, > because here the sub-ps-THz pulses were di-

The excessive broadening of sub ps THz pulses by thesectly generated on the coaxial transmission line, using a
waveguides is caused by the extreme GVD near the cutofiew method for which the photoconductive material is
frequencies™ This excessive pulse broadening would notbrought into physical contact with the biased microstructure.
occur for the transverse electromagn&fiéM) modes of a  As shown in Fig. 1, the inner conductor of the coaxial line is
two-wire transmission line, a coaxial transmission line, or abiased at =120 V with respect to the outer conductor. The
metal parallel-plate waveguid®PWG, that do not have a photoconductive silicon on sapphigsOS chip has the
cutoff frequency. The group and phase velocities of thes®.5-um-thick silicon face in contact with the biased inner
TEM modes are determined solely by the surrounding di-and outer conductors of the coaxial line on the polished flat
electric. Unfortunately, quasioptic coupling techniques argnput face. Ultrafast 40 fs, 800 nm incoming laser pulses at a
not effective for the complex field patterns of the TEM repetition rate of 83 MHz and an average power of 88 mW
modes of the two wire or the coaxial transmission lines. illuminate the SOS to generate pulses of photoconductors.

However, efficient coupling is possible for the simple These carriers are accelerated by the strong radial elecric
field pattern of the TEM mode of the metal PPWG and hadield from the line and thereby generate THz pulses, well
been recently reporte”d.ln a more recent demonstration, matched to the propagating TEM mode. The coupled THz
0.22 ps THz input pulses to a flexible Cu PPWG were ob-pulses propagate through the line and are measured at the
served to broaden only to 0.39 ps after propagatingutput by an ion-implanted SOS THz antenna, for which the
250 mm?> The minimal broadening of the output pulses wassilicon side faces the polished output face of the coaxial line,
due to the absorption of the higher frequency components afovered by a 55:m-thick polyethylene tape for insulation
the pulse by the waveguide due to the finite conductivity offrom the bias voltage. The transient electric fields are de-
Cu. Consequently, a THz interconnect capable of propagatected by driving the antenna with the sampling laser pulses,
ing sub-ps-pulses with minimal loss and little distortion hasas a function of the relative time delay between the excita-
been realized. tion and sampling pulses?

Here, in the continuing search for the ideal THz inter- The measured propagated pulses through the 15 mm
connect, we report the first optoelectronic generation of sublong, 44 mm long, and 105 mm long coaxial transmission
ps-THz pulses launched directly into commercial sub-mmdines are shown in Figs.(@-2(c). For the shortest 15 mm
diameter coaxial transmission lines and the optoelectronipropagation the measured full width at half maximum
measurement of the propagated pulses. These THz puls@&sWHM) output pulsewidth is 0.87 ps, as indicated on Fig.
were then used to characterize the frequency response of t2€); for 44 mm the pulsewidth is 1.15 ps, and for 105 mm
the pulsewidth is 1.56 ps. These relatively short pulsewidths
are comparable to those generated on coplanar transmission
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FIG. 1. (a) The input face of the coaxial transmission line showing the outer

Cu tube with 330um outside diameter and 260m inside diameter, the 100
PTFE (Teflon) dielectric, and the 8@m diameter Au plated W inner con-
ductor. The cable was from Coax Co., Ltd. Yokohama, Japan with Part No.
SC-033/50, design impedance 8) and maximum single mode frequency
0.392 THz.(b) the output face shows the central conductor extended outside
of the line for biasing. The optoelectronic antenna is also shqanthe
experimental schematic shows the SOS excitation plate in contact with the
input face of the coaxial line, shown in cross section. The biasing is shown
together with the positioning of the insulating film, the SOS antenna and the
additional 0.5 mm sapphire plate, used to extend the time between the trans- 201
mitted and reflected THz pulses. The dielectric is shown cross-hatched.
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PPWG.”” The desired TEM propagation 1Is shown by the FIG. 2. Measured output THz pulséa)—(c) for the coaxial transmission

small broadening observed upon propagation, mainly due the lengths of 15, 44, and 105 mm, respectively. The arrows indicate the
the attenuation of the high frequency componéﬁtsal- truncated pulses used to obtain the simplified Fourier transforms.

though there is a small GVD due to the dielectric. The struc-

ture observed on th? firs_t 2.0 ps of the trailing edges is CONfhe additional amplitude absorption constaitdue to the
sidered to be refiective ringing on the output du_e to both th%ielectric is the same as for a freely propagating electromag-
bent apd extended central conductor used for biasing and ﬂ?ﬁetic wave. The total TEM amplitude absorption coefficient
sap;_)rrr]:re plate. di | h in Fi is given by o, = a.+ ay.

e corresponding pulse spectra are shown in Figs. = is jnformative to compare with the absorption coeffi-
3(a)—3(c) for the coax lengths of 15, 44, and 105 mm, re- cient of the metal PPWG given b;{’P:nd R/(, h), where

spectively. The large feature spectral oscillations are due tQ . . . . .
the complicated features on the trailing edge of the pulseR s the plate separatichAgain, the absorption loss, in the

: " i .. dielectric is the same as for a freely propagating wave. Al-
Igt?e srazﬁfo?qssiltl?fl?[ﬂz %Eﬁé\éigzlqh'zglgﬁgspgafﬁ )fc;rr](ljzlig though thg coaxial Iipe solyes th.e problem of the .beam_di—
3(c) has effectively attenuated. the TJEmode with higher' vergence in the unguided Q|men5|on of the PPW.G' It requires
propagation loss. When the Fourierltlransform of the outpu .dlel_ectrlc to support the |nn'er'conduct0r. Even' if the dielec-
pulses is only performed on the initial section of the trans- ric did not absorb THz radiationy, would be increased,

. . S .~ because it is proportional t. However, it is relatively easy
mitted pulse out to the times indicated by th_e arrows on F'gto have an air-spaced parallel plate waveguide and to thereby
2, the lower resolution frequency spectra indicated by the

: N ; eliminate this loss. Consequently, the observed loss for the
heavy dashed Ilnes. In Flgs(68—3(c) are obtained and are coaxial transmission line is significantly higher than for a
used in the calculations of absorption.

: comparable air-spaced PPWG due to beghandng.
fite conductiyo of the metal can be expressed i torms . I9UTE 4 presents the calculateg using Eq(L for the
yo P 330 um diameter coaxial line, assuming a Cu inner conduc-

. . . 10
of an amplitude absorption constag given by tor. Figure 4 also presentg, from our THz-TDS chmter-
_ ization of Teflon, which is consistent with earlier w ut

= 051 +b/AR [z b In(b/a)], @ is more precise. The total absorption coefficiept a.+ oy is
whereny=1.43 is the index of refraction of TeflofPTFE),  also presented. For an additional compari&§ﬁ is shown
b=130 um is the inside radius of the Cu tub@=40 um is  for the air spaced, Cu PPWG with=90 um.’ It is to be
the radius of the inner conducton,=377(2 is the imped- noted that the radial separation of the conductors of the
ance of free space. The characteristic resistaRed0.88 330 um diameter coaxial transmission line is also @,
X 1072 10"/ o\, will be in Q, if o is in 1/Qm and the and thata./ng=1.25 afp, showing that if the coaxial trans-

free-space wavelengtk, is in meters. For the TEM mode mission line could be air spaced the total loss would be only
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FIG. 4. Measured total amplitude absorption coefficigrc/a, dot3 and o,

(c/b, open circlescompared to the theoretical absorptianThe theoretical
absorption coefficient of the coaxial line, and the measured Teflag, are
also shown. For comparison the theoretical absorpiighis shown for the
air-spaced, Cu PPWGRef. 5.
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Lower conductivity metal and higher absorption in the di-
electric are possibilities. Nevertheless, the agreement with
theory is acceptable at this stage and shows that the system is
understood.

In summary, we have characterized a sub-mm-coaxial
transmission line from 0.05 to 1 THz, using direct optoelec-
tronic generation of sub-ps-THz pulses on the line and high-
1 bandwidth optoelectronic detection of the output pulses. For
15 mm propagation we observe 0.87 (SWHM) output

0 . 4 h pulses, which broaden to 1.56 ps with 105 mm propagation.
0 o2 °-l_f 06 (TH:-" 10 12 Our measurements are consistent with theory and show that
requency {THz) for frequencies below the TEcutoff, a sub-mm-coaxial line
FIG. 3. (8~(c) Corresponding amplitude spectra of the THz pulses shown iniS @ practicable TEM-THz interconnect with minimal pulse
Figs. 2a)-2(c) respectively. The heavy dashed line spectra are for the trundistortion and loss.
cated pulses of Figs.(@-2(c). The light vertical dashed lines indicate the
cut-off frequency of the TE mode. This work was partially supported by the National Sci-
ence Foundation, the U.S. Army Research Office, and the

25% more than for the PPWG. For our coaxial line approxi-Semiconductor Research Corporation, Center for Advanced

mately one half of the observed loss is due to the metal anthterconnect Systems Technologies.
the other half is due to the dielectric. ) _
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