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Abstract—An overview is presented of an experimental search propagating as electric dipoles or electric quadrupoles. The
for an ultrawide-band transmission channel with low dispersion same expectation holds for cross talk as well. Modal consid-

and loss. Such a terahertz (THz) interconnect will soon be required g atinns are very important to the excitation and measurement
by the insatiable demand for higher speed devices and wider

bandwidth communication. Starting with the early optoelectronic of transmission lines. The eXC|tat|or_1 of nonpropagat!ng mode;
generation and detection of single-mode, subpicosecond electricalc@n lead to severe pulse broadening. Due to the increase in
pulses on coplanar transmission lines, their complete characteri- line resistance as the wire cross sections are reduced, the
zation by THz time-domain spectroscopy (THz-TDS) is described. pandwidth of transmission lines markedly decreases as the

_The consequent discovery of phgse-coherent Cherenkov radiation wire dimensions are reduced belowuin. This situation has
in the form of an electromagnetic shock wave from these propa-

gating electrical pulses is discussed together with its dominant role spurred the mves_tlgafuon of normal SUp?rcondUCtmg lines, h_'gh
in the large measured propagation loss of these pulses. Various Ze superconducting lines, and cryogenically cooled crystalline
techniques to reduce this radiation are presented. The importance normal metal lines. The bandwidth of transmission lines is also
of dielectric materials characterization is explained and illus- dependent upon the transparency of the dielectric substrate to
trated by THz-TDS measurements of highT,. substrates. Newly the propagating frequencies, and such data are often lacking.

obtained THz waveguide results are presented and compared to Obtoelectronic techni bini ltrafast | |
the performance of coplanar transmission lines. ptoelectronic techniques combining ultratast faser pulses,

o _ photoconductive switching [1], electrooptic sampling [2], and
Index Terms—Copolanar transmission lines, frequency-do- yary |arge scale integration (VLSI) lithography have enabled
main analysis, millimeter-wave measurement, millimeter-wave . .
propagation, millimeter-wave spectroscopy, millimeter-wave the generanon _and measuremgnt 9f subps electrical pulseg prOp-
waveguide, optoelectronics, time-domain analysis, time-domain @gating as a single-mode excitation on coplanar transmission
measurements, transmission lines, waveguides. lines [1]-[5]. Besides their many applications for device char-
acterization [1], [2], [6], these pulses can also be used to char-
acterize the transmission line itself, by the powerful method of
THz time-domain spectroscopy (THz-TDS) [7]-[9].
HE IMPORTANCE of propagation of picosecond (ps) The advent of optoelectronic sources and receivers of subps
or subpicosecond (subps) pulses on micrometer- pulses of freely propagating THz electromagnetic radiation
submicrometer-sized wiring has forced the consideration lohs generated much interest in the propagation properties
guided-wave propagation effects even on the single electronicthese pulses. For example, all of the pulse propagation
chip level. Phenomena previously considered only by the ngroblems cited above for transmission lines disappear for the
crowave community in the frequency domain and at gigaheqgasi-optical approach using freely propagating THz beams for
frequencies are now becoming manifest in the ps time-domashich subps THz pulses can propagate hundreds of centimeters
at terahertz (THz) frequencies. The basic characteristics Wthout distortion [10]. An associated technical problem has
propagation of ps/subps pulses on lithographically definégen the efficient coupling between freely propagating THz
transmission lines need to be fully understood with respetfives and the guided-wave propagation of such THz radiation.
to realizable design parameters. For example, it has bdg@cently, efficient broadband coupling of freely propagating
shown that the loss properties are very different for pu|S@§Ises of THz electromagnetic radiation into circular and
rectangular metal waveguides and single-crystal sapphire
fibers has been demonstrated [11]-[13]. Single-mode coupling
Manuscript received August 16, 2000. This work was supported in part §d propagation were achieved, even though the spectral
the National Science Foundation and the Army Research Office. bandwidth overlapped as many as 25 additional modes. Such
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Fig. 1. (a) Experimental geometry. (b) Cross section of SOS wafer. E:- L 4
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II. GENERATION OF SINGLE-MODE ULTRASHORT ELECTRICAL < - ]
PULSES ONTRANSMISSIONLINES o2} -
An early optoelectronic method of generation and detection i o —— |
of single-mode ultrashort electrical pulses is illustrated in Fig. 1 % 0.2 0.4 08 0.8 1.0
[4], [5]. This technique is still used today and will be described FREQ (THz)

in some detail. A coplanar transmission line composed of alu-

minum metal lines Iithographically fabricated on a siIicon—onEig- 2. (a) Measured uItrashort electrical pulse (lower tracey &Rpanded
. . . . %cale (upper trace). (b) Amplitude spectrum of pulse.

sapphire (SOS) substrate is shown schematically. Typically, the

lines are several centimeters long,i®s wide, 0.5:m thick, and

separated from each other by 4@, giving a design impedance i |

of 100¢2. A commercial SOS wafer, shown in cross section, RAMPING pulses.

composed of a 0.pm-thick layer of silicon on a sapphire sub- . For the generated pulse shown in Fig. 2(a), the exci_tation

strate. The wafer was heavily implanted with oxygen to ensmf’get was verybcloste_;[_(;]_the sampling gatlp”sotth?t prt(r)]pagatlorl_ef-

a short carrier lifetime. Originally, this electrical arrangeme gets were absent. This measurement Ifiustrates Ine exception-
r%I_Iy clean pulses and high signal-to-noise ratios which can be

was driven by 70-fs ultrashort optical laser pulses from a co Pgtained with this technique. The pulse was measured with a
pensated, colliding-pulse, passively mode-locked dye laser ps ﬁgle scan of the optical delay line and had an amplitude of

ducing pulses at a 100-MHz repetition rate. At the present tim .
ap b P out 10 mV. In the figure, we show the same pulse on:a 10

shorter and more powerful pulses from Ti: Sapphire lasers anded scale, where our signal-to-noise ratio of 500:1 (in a

. .. . . . e
. The | . .
used € laser beam is divided into two beams, |nd|cated§%%|e scan) can be seen. Fig. 2(b) shows the Fourier transform

the exciting and sampling beams in the figure, where the sa . . : .
pling pulses have a variable delay with respect to the exci implitude spectrum) of this pulse to illustrate the bandwidth

tion pulses. During operation, the excitation pulses short tﬁ\ganable.
transmission line by producing carriers in the silicon. These car-

riers are trapped in less than 600 fs [14]. This transient shorting

of the line produces two approximately 0.5-ps electrical pulsesWe will now discuss some general aspects of transmission
which propagate as single-mode excitations in opposite dirditte theory in the quasi-static limit for which the wavelengths
tions down the transmission line. The single-mode featureiis/olved are large compared to the transverse dimensions of the
due to the micrometer-sized dimensions of the coplanar lifiee [15]. For this case, a two-line transmission line has a single
and to the “sliding contact” method of excitation [4], [5] whichpropagating TEM mode; the electric field pattern of this mode
matches the TEM mode of the transmission line. The generatgtiown in Fig. 3) is the same as that for the static case. Any
and propagated pulses traveling in one direction are measupedse propagating on this line can be described mathematically
by the sampling pulses at the detection gap. As the pulse tag-a Fourier sum of single-frequency components all with this
verses the line adjacent to the detection gap, a voltage appearse frequency-independent TEM field pattern.

across this gap. If this gap is then connected to the line by theConsideration of the sliding contact excitation site shows that,
sampling pulse, current will flow during the time of this conto first order, charge is simply transferred from one line to the
nection. The amount of collected charge will be proportional tther creating a symmetrical field distribution with respect to
the voltage across the gap during the sampling interval. Cdhe two lines. During the excitation process, a current flow is
sequently, the collected charge is measured versus the camiuced between the lines. Localized charge accumulations of

puter-controlled relative time delay between the excitation and

I1l. TRANSMISSIONLINE THEORY
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IV. THz-TDS CHARACTERIZATION OF DIELECTRICS AND
TRANSMISSIONLINES

The powerful technique of THz-TDS is especially appro-
priate for characterizing dielectrics, ultrawide-band transmis-
sion lines, and waveguides [7]-[9]. With this technique, two
electromagnetic pulse shapes are measured, the input pulse
and the propagated pulse which has changed shape due to
its passage through the sample under study. Consequently,
via Fourier analysis of the input and propagated pulses, the
frequency-dependent absorption and dispersion of the sample
can be obtained. The useful frequency range of the method is
determined by the initial pulse duration and the time resolution
of the detection process. Therefore, with each reduction in the
width of the generated electromagnetic pulse, and/or the time
resolution of detection, there is a corresponding increase in the
opposite sign build up on the segments of the two metal ling§ajlable frequency range. Clearly, THz-TDS can be used with
under the laser excitation spot, creating a dipolar field distribygyih guided-wave and freely propagating THz pulses.
tion Similar to that i”ustrated in F|g 3 and thereby, efﬁciently The Subps e|ectrica| pu|ses generated on C0p|anar transmis_
coupling the sliding contact excitation to the TEM mode.  sjon lines can be used for THz-TDS characterization of the

A most important feature of a coplanar transmission line (@fansmission line itself. This is due to two important features.
negligible thickness) on an infinite dielectric half-space is th@i‘,rsuy, the useful bandwidth of the pulses extends up to
fora constant voltage between the two conducting lines the elacTHz, and secondly, the pulses propagate as a single mode of
tric field lines are the same as for the lines immersed in fregcitation on the transmission line. As the ultrashort electrical
space [15]. This result is due to the geometric symmetry Willjjse propagates down the transmission line, its pulse shape
respect to the dielectric boundary and is a consequence of {i¢ change due only to the frequency-dependent electrical and

Fig. 3. Electrical field lines for the propagating TEM mode.

fact that no electric field lines cross this boundary. magnetic properties of the transmission line, e.g., the metal
For this simple situation, it has been shown that the phagethe line, the dielectric substrate, and radiation processes.
velocity is given by [15] Consequently, via THz-TDS, the absorption and dispersion

versus frequency of the line can be obtained [16].
vp = ¢(2/(e(w) + 1)2. @)
_ o ) A. Dielectric Characterization
If we define the effective index. = ¢/v,, the expression for

the group velocity becomes The goal to have a high-speed coplanar transmission line ca-

pable of transmitting a subps electrical pulse a distance of the
order of 10 mm places severe requirements on the THz trans-
parency of the underlying dielectric substrate. This requirement
has generated new interest in the THz characterization of such

For arelatively non_d|sper5|\_/e_d|electr|c, 9. S"’.‘pp.h’w% Yo' dielectric materials [7]. For a specific example, assume that it
The power absorption coefficieatfor the transmission line can is desired o propagate a subps sianal with a 2-THz bandwidth
be written as the sum of the absorption due to the metaldings propag pS SI9

. ) and that the power loss at 2 THz should be less than 0.5 after 10
and that due to the dielectrigy, L
mm of travel on the transmission line. At room temperature the
absorption of sapphire, fused silica, semi-insulating GaAs and
O = O + Q- ®3) MgO is too high. Crystalline quartz is quite acceptable. Plas-

_ . . ) . tics such as high-density polyethylene and TPX would also be
The dielectric loss of the line can be written in the very genergl e niaple. High-resistivity float-zone, intrinsic silicon is prac-

vg = ¢/[ne + w(dne/dw)]. @)

form for guided waves [12] tically transparent with a power absorption coefficient of less
than 0.05 cm! for frequencies below and including 2 THz.
aar = fraavga/vy (4) These considerations become especially important with re-

spect to the realization of a high-bandwidth coplanar transmis-
where thefilling factorf is defined as the ratio of the energy pesijon line fabricated out of the new high. superconducting
unit length in the dielectric to the total energy per unit length omaterials. The THz-TDS characterization at both room tem-
the coplanar lineq, is the power absorption coefficient in theperature and 85 K of three dielectric substrates used with high
bulk dielectric, ancbgd is the group velocity in the dielectric. T. Cop|anar transmission lines, name|y, magnesium oxide, yt-
For the simple case of the coplanar waveguide with the saffg-stabilized zirconia (YSZ), and lanthanum aluminate, pro-
field pattern in the air and in the dielectrify is given by f; = vided limits on the realizable bandwidths obtainable [17]. In
e/(1+€); vga = c/e*/?, anday, is evaluated to be particular, YSZ shows in Fig. 4(a) a very large absorption with

a power absorption coefficient at 85 K approaching 80 &rat

aq = agle/(2 4 26)]V2. (5) 1 THz. For YSZ, the transmission full-width at half-maximum
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§ - e After 8 mm of single-mode propagation, the pulse broadened
5ol wo St "-_..s.-:..;.:.."'., and reshaped as shown in Fig. 5(b). .
. . . . e . These data were used to determine the absorption and
[} 0.5 1.0 1.5 2.0

dispersion of the transmission line within the bandwidth
of the electrical pulse. The waveforms in Fig. 5 were first
numerically transformed into the frequency domain as shown
Fig. 4. Power absorption measurements at room temperature (solid lines) WﬂdFig. 6(a). In comparison to that of the input pulse, the
at85 K (circles). (a) YSZ. (b) Lanthanum aluminate. (¢) MgO. attenuated spectrum of the transmitted pulse only extends
to approximately 0.6 THz. Assuming a linear measurement
(FWHM) bandwidth through a 10-mm coplanar line would b&ystem, the ratio of the measured output to input signal am-
less than 200 GHz. Lanthanum aluminate is significantly bett@jtude spectrao(w)/S;(w) is proportional to the ratio of the
showing in Fig. 4(b) a power absorption coefficient at 85 K oictual pulse spectry(w)/E;(w). The amplitude component
approximately 2 cm® at 1 THz, giving a transmission band-2t frequency. of the transmitted pulsé&(w) is determined
width through a 10-mm coplanar line of 0.7 THz. In contrasbY the amplitude absorption coefficientand the wave vector
MgO appears in Fig. 4(c) to be quite transparent to THz radif-2S follows
tion at 85 K and would have a transmission bandwidth through Ey(w) = E;(w) exp(ikz) exp(—az) (6)

a 10-mm coplanar line well above 2 THz. with z indicating the propagation distance. The absorption co-
efficient « obtained from the spectra in Fig. 6(a) is shown and
B. Ordinary Metal Transmission Lines compared with theory in Fig. 6(b).

] o From lumped-parameter ac transmission line theory [18],
We now describe an early application of THz-TDS to charagy () = E;(w) exp(iyz), with

terize a transmission line [16], based on measurements of subps ) ) ) 1/2

electrical pulses propagating on a coplanar transmission line [4]. v =k +io = [(R+iwl)(iwC)] (7)

The 20-mm-long transmission line was composed of threm5- whereR = 10 /mm, and where the inductanéeand capac-
-wide lines separated by 1@am, lithographically fabricated on itanceC per unit length are determined by the line impedance
an ion-implanted SOS wafer. The sliding contact method of eaf 100 2 and the signal propagation velocity of2.45. This
citation generated the optically sampled voltage pulses shovesult is shown in Fig. 6(b) and (c) as the dashed lines, where
in Fig. 5 [4]. Fig. 5(a) is the generated pulse, sampled by a phtbe high-frequency limit is only 10 GHz and is in complete dis-
toconductive gap 5@m away from the generating beam spotagreement with the data out to the experimental limit of 0.6

Frequency [THz]
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THz. The measured absorption exhibits more structure than the ir e ° . . 1
theory, which appears as a step function. This could be do in part 3 o _=8° ¥
to the skin depth becoming less than the rBthickness of the opec B P E L. .
aluminum line (at approximately 10 GHz), which in turn leads T Y TR

to a frequency-dependeftw). The effective index of refrac-
tion n. (dispersion) for the transmission line, obtained from the
relationshi = ke/w, is shown in Fig. 6(c), along with the

lculat dp?_fe ti c/u()j Th 9 d é) . g Iso diff Fig. 7. (a) Initial electrical pulse. (b) Electrical pulse after 2 mm propagation
Calculated efrective index. € measured aispersion also ailtgsy superconducting transmission line at 2.6 K. (c) Fourier transforms of

from the theory in both the high- and low-frequency limits. initial and propagated pulses at different temperatures. (d) Absorption spectra
of transmission line versus temperature.

FREQUENCY (THz)

C. Normal Superconducting Transmission Lines

One of the early applications of THz-TDS was the study gfattern, as shown in Fig. 1(a), was fabricated in niobium metal
superconducting niobium metal lines [19]. The optoelectronan an ion-implanted SOS wafer.
technique works well in low-temperature cryostats, because theAbove the superconducting transition temperature
time resolution of the method is determined by the measuremé&it = 10 K, the propagated pulse was severely broad-
of optical delay, and, therefore, requires only kilohertz responseed by the highly resistive Nb transmission line, compared to
of the detection electronics. For the experiment, the santiee input pulse shown in Fig. 7(a). At 2.6 K, the propagated
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pulse shown in Fig. 7(b) developed a very characteristic
ringing. When the input and propagated pulses are frequency

Cherenkov

analyzed, the resulting absorption coefficient has a sharp step e Shock Wave
at 0.7 THz, corresponding to the superconducting bandgap.
Consequently, ordinary superconducting lines cannot be used /
to propagate 1-ps pulses. Coplanar _
Transmission\
line k -

D. High 7. Superconducting Lines

As will be explained below, the Cherenkov radiation loss -
of coplanar transmission lines can be reduced to a manage-
able level by reducing the line dimensions to submicrometer
levels. However, in this case the resistive losses of ordinary

metal lines would significantly degrade the bandwidth Ordr_ig.& Top view of the Cherenkov shock wave cone in the dielectric half-space
) aying in the plane of the figure. The dipolar pulse located at the apex of the

nary supe_rconductors can solve this problem for frequen?'@r%renkov cone is propagating at ¢/2.45 down the coplanar transmission line on
below their bandgaps of 0.7 THz or less. However, for the highe surface of the sapphire substrate. The dashed circles represent the near-field

T materials the band gap should be higher than 15 THz. The@iation into the sa_tpphire fromthe moving dipole. This radiation is propagating
. . t the phase velocity ¢/3.3 of sapphire.

fore, subps pulses could be transmitted down submicromelier

high T, lines, if the dielectric substrates did not absorb at these

frequencies. V. CHERENKOV SHOCK WAVE RADIATION FROM

An early study involving highZ.. materials was a pulse TRANSMISSIONLINES
propagation study with an aluminum coplanar transmission
line in proximity to an additional higt. ground plane, where By studying the frequency-dependent loss on an Al transmis-
loss-free propagation was observed [20]. Low-bandwid@ion line on SOS, where the coplanar lines were separated by
(approximately 100 GHz) undistorted pulse propagation wa$ xm, a powerful radiation process due to a type of Cherenkov
reported on a YB#Cu;O;_s (YBCO) coplanar transmission radiation was observed [24]. The initial analysis of Cherenkov
line with 15:m linewidths and spacings, fabricated on &adiation was for electric monopoles, but the physical picture
latticed-matched YSZ substrate [21], [42]. The low bandwidtholds true for higher order moments as well [25]. Here, the con-
was due to the wire bonding excitation scheme serving assigered electrical pulses were produced by transferring approx-
low-pass filter and the severe attenuation of the high-frequenigjately 2000 electrons between the two lines at the generation
components of the propagating pulse was due to the lagjte. Consequently, two dipoles with charges of X0a0d sep-
absorption of the YSZ substrate. Because of the low effecti@gations of 15:m move down opposite directions of the line at
bandwidth, very little temperature dependence was observedhe measured group velocity ef2.45. This velocity is signifi-

A later study presented 1-THz bandwidth results for a YBCEantly faster than the phase velocity of approximat¢(§.3 for
coplanar transmission line fabricated on lattice-matched lahtiz radiation in sapphire. Thus, in the dielectric the situation
thanum aluminate [22]. The two 2@m-wide lines were sep- Shown in Fig. 8 generates radiation of an electromagnetic shock
arated by 1Q:m. This study used a flip-chip geometry for exciwave in the form of a Cherenkov-type cone.
tation and electrooptic detection. It was observed that the lossedHz-TDS measurements have characterized this loss process,
on the YBCO line were lower than an equivalent gold line owhich can be so severe that after propagating only 1 mm, power
the same substrate at temperatures below 50 K. at 0.8 THz is reduced to/t of its original value [24]. Previous

A most recent 2-THz bandwidth study of YBCO andnicrowave studies have calculated the radiative loss as the leaky
Au/YBCO transmission lines on a lattice-matched MgO sutwaveguide effect for single-frequency transmission on coplanar
strate found the disappointing result that at 77 K the attenuatigi¢tal lines on dielectrics [26]; these results were confirmed by
and dispersion coefficients were larger for YBCO than fdg#xperimental measurements up to 1 GHz, where the radiation
Au [23]. These results were obtained by photoconductiVess is onlyl0~? of that reported here. The observed frequency-
switching techniques using an amorphous photoconductieépendent absorption [24] remains in good agreement with this
layer of GaAs, laser ablated directly onto the transmission lig&lculation, even though the measurement extends up to 1 THz.
structure. The tentative explanation of this puzzling result, wasThese time-domain experiments add another dimension to
that with respect to the two-fluid model, the surface lossélis process in that all of the Cherenkov radiation over the band-
involving the skin depth of YBCO scaled as the frequencayidth of the propagating pulse is phase coherent resulting in
squared, whereas for a normal metal it scales as the square thetadiation of the conical shock wave illustrated schematically
of the frequency. in Fig. 8. The short electromagnetic pulse associated with this

At this time, YBCO transmission lines have not demonstrate&diock wave has been directly observed [27]. Using conical op-
their superiority to normal metal lines for bandwidths signifitics, this shock wave has been coupled out of the dielectric sub-
cantly above 1 THz. This situation must be resolved, if HIgh strate and demonstrated as a source of freely propagating THz
lines are going to realize their promise as the future material f@diation [28].
the VLSI interconnect with dimensions below.dn and THz Fig. 9(a) shows the measured initial subps electrical pulse for
bandwidths. which the spatial separation between the exciting and sampling
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Fig. 9. (a) Room temperature, measured input pulse. (b) Measured pulse after 6 mm propagation. (c) Amplitude spectrum of input pulse (dote) upper trac
compared to propagated pulse (squares). (d) Experimental amplitude absorption coefficient (dots) compared with theory. (e) 2.5 K measused (f)ibpu

K pulse after 6 mm propagation. (g) Amplitude spectrum of 2.5 K input pulse (dots, upper trace) compared to propagated pulse (squares). (hpEXekiment
amplitude absorption coefficient (dots) compared with theory.

beams was approximately 5. When the sliding contact was In order to test this assumption, the resistivity of the Al lines
moved 6 mm from the optical sampling gap, the pulse propasas reduced by approximately 12 times by cooling the transmis-
gation effects shown in Fig. 9(b) were observed. The Fourision line to liquid helium temperatures. Instead of the expected
analyzes of these pulses are shown in Fig. 9(c), where it is seeduction in the absorption coefficient by at leat12)'/2, due

that the amplitude spectrum of the initial pulse extends beyotalthe consequent reduction in the surface resistance controlled
1 THz and that the transmitted pulse has suffered a significdmt the frequency-dependent skin effect, the results shown in
frequency-dependent loss. From these spectra, the absorpEian 9(e)—(h) were obtained. The initial pulse looks almost iden-
coefficient is obtained as a function of frequency, as shown fical to the room-temperature result. The propagated pulse illus-
Fig. 9(d). This large absorption needs an explanation. The dtated in Fig. 9(f) broadened considerably and developed a slight
sorption of the thin 0.5:m layer of silicon is relatively insignif- ringing. In addition, as shown in Fig. 9(g), the Fourier spectra of
icant [7]. The same is true for the sapphire substrate, whose #ie input and propagated pulses at 2.5 K look very similar to the
sorption coefficient in this frequency range is also insignificambom-temperature results. This comparison is made more pre-
[7]. Therefore, the initial explanation was that this absorptiocise when the absorption coefficient is plotted [Fig. 9(h)]. Thus,
was due to the aluminum metal film. it is clear that the main component of the observed loss is not
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due to the aluminum metal film. Evaluating the predicted [26]
loss for these conditions, the amplitude absorption coefficient
is found to bea = (0.4 mm~1)f3, wheref is the frequency
in THz. This result is to be compared with the measurements in
Fig. 9(d) and (h). The solid line fit to the data in Fig. 9(d) is given
by the relationshipr = (0.2 mm~1) f1/2 4 (0.65 mm~1) f2,
The first term gives the frequency-dependent loss due to the re-
sistive skin effect for the Al lines, while the second term with
the f2 dependence describes the loss due to the radiation. In
Fig. 9(h), the solid line fit to the measured absorption is again the
sum of two termsg = (0.06 mm—1) £1/2 4(0.65 mm~1) f3. It
is to be noted that the radiative term, as expected, remained the
same, while the resistive loss term decreased by approximately
1/(12)'/2, corresponding to the reduction of 12 in the resistance
of the lines. The measured loss due to the radiation is approXg- 10. “Scanning electron micrograph of the etched CAT line. Linewidth
mately 1.5 times the calculated value; this good agreement agiq;pag'rg?n's[g]n The front edge of the SiOlayer has been highlighted for
especially the cubic frequency dependence confirms the nature
of the effect responsible for the excess absorption.

Other groups have studied the loss mechanisms involved ¢11o“|._

the propagation of ultrashort electrical pulses on coplanar tran AIR GaAs
mission lines [29]-[31]. It is generally agreed that the main ab _ SAMPLING
sorption loss at lower frequencies200 GHz) is through con- Al BEAM
. . . . R
duction losses in the linesq( f/2, wheref is the frequency), 2, S GaAs Maws
whereas the high-frequency absorptien£?) is predominantly WégﬂNG

due to Cherenkov radiation. Later work has shown that in th
full-wave analysis approach for the absorption, the effective di
electric constant is slightly frequency dependent, thereby moc
ifying the absorption from a strigt® dependence [30].

FREE-STANDING
A. Methods to Eliminate Cherenkov Radiation from FILM
Transmission Lines
TRANSMITTED

The Cherenkov radiation loss was eliminated by the use ¢ GaAs SUBSTRATE SIGNAL
silicon-on-insulator materials with a microstrip geometry [32]
and thin-film microstrip lines [33], but the total observed loskig- 11. “Sample structure. A 10m gold coplanar stripline which is 5 mm
owing 1o the dielectric and the metal was stll approximatelf™ s atere rto  samle composed of ol Gans quantur welon
the same as that for the coplanar transmission line. A variekyh area. A pump beam excites the stripline and the probe beam samples the
of transmission line structures have been designed to redQé@toniclelec'troabsorption response anywh_ere inthe cir(_:uit. The insetindicates
the permittivity mismatch responsible for the Cherenko\'?at the field lines propagate in air on both sides of the dielectric.” From [35].
radiation [34]—-[37]. The ideal transmission line would have
no substrate/superstrate mismatch. Along these lines, coplaga#n mode, where the electric fields between each gap are par-
air transmission (CAT) lines shown in Fig. 10 were fabricateallel with a dipole field pattern, or the odd mode, which has the
[34]; these coplanar striplines are edge supported by a 200-slactric fields in the gaps anti-parallel with a quadrupole field
layer of SiG on GaAs. The GaAs below the transmission linpattern, can be exclusively excited. A series of ultrashort elec-
is etched away leaving the striplines supported in free spagdcal pulse data for both the dipole and quadrupole configura-
Rise times as short as 0.8 ps after a propagation lengthtiohs is shown in Fig. 13(b), with pulse propagation distances
2.8 mm were obtained [34]. Coplanar striplines have also befom 0.2 to 5.2 mm.
fabricated on low-permittivity substrates and membranes, onvia THz-TDS analysis, the obtained amplitude absorption co-
the order of micrometers thick, demonstrating significantlgfficients «( f), for the quadrupole pulse and dipole pulse are
reduced loss and higher bandwidths [35]-[37], e.g., Figs. &hown in Fig. 14(a). The absorption for the quadrupole is dra-
and 12. matically reduced over that of the dipole; at 0.8 THz a factor of

A new approach to the reduction of radiative loss in ultrafastvo difference between the two coefficients is observed. Both
coplanar transmission lines has been demonstrated [38]. Instear/es are fit with the relationshig(f) = Ayes f*/% + Araaf>,
of reducing the permittivity mismatch, the mode characteristigghere the resistivel,.. and the radiativel, .4 loss coefficients
of a three-line stripline were utilized to generate a quadrupdiee adjustable parameters. This relation fits both curves reason-
ultrashort electrical pulse with significantly reduced absorpticably well, with the two resistive coefficients having values that
and dispersion compared to that of the dipole pulse. As showreigree to within about 15%. For the dipole pulde, is 6 cnT !,
Fig. 13(a), through appropriate bias of the striplines, either tiempared to 7 cm' for the quadrupole. For the dipole pulse,
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Fig. 12. “Cross-sectional view of ultra-low-distortion coplanar waveguide

with a 1.4:m thick substrate of silicon dioxide and silicon nitride. Waveguide " .
had a center strip width of 40m and spacings of 26m.” From [37]. 0 0.2 0.4 0.6 0.8 1 1.2
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o Fig. 14. (a) Measured amplitude absorption coefficient overlaid with the fit to
g the data for (Q) quadrupole (odd mode) and (D) dipole (even mode) pulses. (b)
Z Measured index of refraction for the (Q) quadrupole and (D) dipole pulses.
of this length, Fig. 9 would predict ad,.q = 28 cm~! for a
- : ' ' . 30-:m-sized dipole in good agreement with observation.
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VI. THz-TDS CHARACTERIZATION OF WAVEGUIDES

Fig. 13. (a) Three-line coplanar transmission line with sliding contact The technical capability to optoelectronically transmit
excitation and side gap detection. The aluminum strip lines grendwide ; _ ;

separated by 1xm. Quadrupole electrical pulses are generated with bias nd detect smgle c.yclle pL”SeS of freely propggatlng .THZ
dipole pulses with bias D. (b) Measured quadrupole (lower curves) and dip lectromagnetic radiation has generated much interest in the

electrical pulses at propagation lengths of 0.2, 1.2, 2.2, 3.2, 4.2, and 5.2 mnguided-wave propagation of such pulses. At the present time,
the highest guided-wave performance has been obtained with a

the strongf? dependence is seen with a radiative coefficier?[‘lo"““ﬁn'diam(ater stainless-steel wavgguide over the frequt_ancy

Araqa = 32 cm !, whereas the quadrupole pulse has the mu ngg 'from 0.8 t0 3.5 THz and W't.h a power absorption

smaller coefficientd,.q = 3 cm™!. This order of magnitude re- Coeﬁ'c'e‘_“ of less than 1 Cm_l [11]. This is more than _an_orde_r

duction clearly demonstrates that the radiative loss for an elé _magnitude less absorption than for the transmission lines

tric quadrupole pulse is significantly less than that for a dipo scussed above.

pulse. The index of refraction for the two modes of the trans- )

mission line is plotted for the same set of pulses in Fig. 14(); Metal Waveguides

The frequency-dependent part of the index for the quadrupoleExperimental investigations using quasi-optical methods to

pulse is less than one-third that for the dipole pulse. efficiently couple freely propagating subps pulses of THz radi-
It is instructive to compare the measurdd,qy = 32 cm~!  ation into submillimeter circular metal tubes used as waveguides

for the 30.um-sized dipole with that expected from the meaand to consequently measure the transmitted pulses from these

surements of Fig. 9, wherd,.q = 6.5 cm~! for a 15um waveguides have been recently reported [11], [12]. Within the

dipole. Because the radiation loss is proportional to the squa@ssband of the waveguide, the measured power coupling into
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Fig. 15. (a) Field absorption and (b) phase and group velocities for the couple 0.2F
three modes in a 24fm-diameter stainless-steel waveguide.
0

0 0.5 1 15 2 25 3 35 4
the waveguide was typically 40% of the incoming THz power. Frequency (THz)
Dispersive propagation with low loss over the frequency band
from 0.65 to 3.5 THz was observed with frequency-dependesy 16. (a) Schematic diagram of the optoelectronic THz-TDS system
group velocitiesy, ranging frome/4 to ¢ and phase velocities incorporating quasi-optical coupling to the investigated THz waveguide.
v from 4c to ¢, wherevgvp — 2. Even though the input spec-(b) Measured reference THz pulse. (c) Relati_ve amplitude spectrum of the
. reference pulse compared to that of the transmitted pulse.
trum overlapped the cutoff frequencies of more than 25 wave-
guide modes, the linearly polarized incoming THz pulses only
significantly coupled into the Tg, TM;;, and TE> modes.  The reference THz pulse shown in Fig. 16(b) is obtained
The observations are in agreement with waveguide theory dmdremoving the waveguide and moving the two silicon lenses
were obtained using 24-mm-long and 4-mm-long stainless-stéeltheir confocal position. Fig. 16(c) shows that the useful
tubes with inside diameters of 240 m and 288, respectively. amplitude spectrum extends from 0.1 to 4 THz. The observed
As shown in Fig. 15[18], [39], [40], at 1 THz the power absorptransmitted signal from the 24-mm-long waveguide dramati-
tion coefficient for the dominant T mode isee = 0.7 cm~*  cally demonstrated the strong group velocity dispersion of the
for a 280um-diameter SS waveguide. waveguide [11], [12]. The 1-ps input pulse was stretched to
The ultrafast optoelectronic measurements were perform@@put 70 ps, with the high frequencies arriving earlier in time
by THz-TDS with a simple modification of the THz optoeleccorresponding to negative chirp.
tronic beam system [10] shown in Fig. 16(a), consisting of an Compared to the 24-mm-long waveguide, the transmitted
optoelectronic transmitter and receiver along with THz beapulse from a 4-mm-long waveguide displays much less cumula-
shaping and steering optics. For the waveguide experimentjva dispersion in Fig. 17(a) (dots); the pulse is only spread over
lens—waveguide—lens system was placed at the THz beam wa®ps and shows fewer oscillations. The spectrum of this pulse,
between the two parabolic reflectors. For this system, the Hyig. 17(b) (dots), shows the lowest frequency cutoff at about
perhemispherical silicon lenses [7], [10] focus the THz beath65 THz, which is also calculated (for SS) to be 0.65 THz
to a frequency-independehte waist diameter of 20@m. The for the TE; mode. The comparison of the relative amplitude
focused THz beam is coupled into and propagated through gpectrum of this pulse with that of the reference pulse, where
circular metal waveguide and coupled out with the second dihey both have the same normalization, illustrates the excellent

icon lens. amplitude coupling of the freely propagating THz pulse into
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400 T . - The observed extreme broadening of ps THz pulses due to
(a) p their waveguide propagation is caused by the extreme group ve-
3001 locity dispersion (shown in Fig. 15) near the cutoff frequencies.
This situation does not occur for the TEM mode of a two-wire
~ 200k transmission line or for the TEM mode of a coaxial waveguide,
:é which do not have a cutoff frequency. Such TEM transmission
g has the group and phase velocities determined solely by the sur-
’5‘: 100 rounding dielectric. However, quasi-optical coupling techniques
8 would not be effective for such modes, because of the small
§ 0 ~ overlap integral.
<
-100F ; ; i
B. Dielectric Waveguides
=2001 " ] An alternative approach to low-loss, guided-wave, THz
0 s 10 T 20 25 30 propagation would be to use dielectric waveguides. Such
Time (ps) waveguides do not have the sharp low-frequency cutoff of
07 , : metal waveguides and would thereby extend the low-frequency
(b) limit. Given a suitable low-loss dielectric, such as high-resis-
0.6k tivity silicon with a power absorption coefficient of much less
than 0.05 crmt up to 2 THz [7], dielectric waveguides could
0.5 have much less absorption than metal waveguides. In addition,
g due to boundary considerations, it should be possible to
504_ essentially completely couple linearly polarized THz radiation
g' ) into the single dominant HE mode for dielectric waveguides.
20l Such dielectric single-mode THz waveguides would have the
i=he promise of an extremely low-loss, flexible interconnect and
&~ communications channel, with advantages similar to those of
0.2 : single-mode optical fiber.
- Demonstrations of single-mode propagation of subps THz
0.1F ) pulses in dielectric waveguides (fibers) have been recently re-
it 1 po_rted [13_]. The_ observed dominance of Fhelh;lh‘enode, de—_
00 spite the fiber diameters allowing for multimode propagation,

Frequency (THz) is attributable to the efficient, quasi-optical, free space to wave-
guide coupling [41]. These demonstrations show the viability of
Fig. 17. (a) Measured THz pulse (dots) transmitted through a 4-mm-lorthe single-mode THz fiber interconnect. The fact that the diam-

280um-diameter stainless-steel waveguide. The inset shows the THz pu@% 50m : i
on an expanded time scale. (b) Amplitude spectrum (dots) of the measu rs (325’ 250, and 1 ) of the THz fibers used are similar

e . . . . . .
transmitted pulse [Fig. 17(a)]. The inset shows the amplitude spectrum on{é)nthoSe Qf opt|c_al flbers, 'n(?I_Ud'ng the core and cladc_ilng, gives
expanded frequency scale. The solid curves are the theoretical predictions.the THz fibers similar flexibility and handling properties.

The experimental arrangement employed for coupling

the waveguide. Multimode interference is observed to jc%%-{free-space single-cycle pulses of THz radiation into the

stronger in the shorter waveguide, starting at about 1.3 T er was similar to that shown in Fig. 16(a). The measured

. 4z pulse transmitted through the 3283 sapphire fiber
The dominant Ty mode has a cutoff frequency of 0.65 TH%S presented in Fig. 18(a). For all fibers, the incident 0.6-ps

(77%), the second coupled mode is the 1iMvith a cutoff gt THz pulse undergoes considerable absorptive and dispersive
1.31 TI_—|z (20%), and the third weakly coupled mode is thf%shaping and broadening due to the waveguide propaga-
TE.2 with a cutoff at 1.81 THz (3%), where the percentage o, and emerges strongly frequency chirped. The degree of
the tqtal coupled power into each mode is in parenthesc_as. chirping is dependent on the fiber diameter, with the 32%-
Using the spectrum of the reference pulse, a theoretical Cjyer stretching the pulse tes10 ps, while the smallest fiber,
culation for the output spectrum from the 4-mm waveguide was,o ;;m, leads to a pulse duration of greater than 30 ps. The
performed which included the three coupled modes, their r@ecreased signal obtained for the smaller fibers is attributed
spective cutoff frequencies, as well as their frequency-depes- the lower coupling efficiency. The amplitude spectrum
dent complex propagation vectors, obtainable from Fig. 15. Thigtained for transmission through the 326+ fiber is shown in
calculation overlays as the solid line the measured spectrafig. 18(b), together with the corresponding reference spectrum;
Fig. 17(b), where good agreement is obtained for the interfehe considerable attenuation of the higher frequencies is due to
ence oscillations as well as the other features of the spectta absorption of sapphire.
The calculated time-domain output pulse (solid line) is given by The reference pulse was subjected to a theoretical propaga-
the inverse Fourier transform of the calculated complex outptithin through the 325:m fiber, resulting in the calculated wave-
amplitude spectrunt,; (w, 2) and is compared favorably with form shown in Fig. 18(a), and the calculated transmission spec-
experiment in Fig. 17(a). trum shown in Fig. 18(b). The pulse propagation was obtained
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Fig. 19. Properties of the HE mode of sapphire fibers of diameter 32

. . . . (solidline) and 15@:m (dashed line). (a) The power absorption coefficient (right
1"':tl>g. 18f'| (at)hT7heS THz ;#]Ise trlijnls'mlt_tectihthroulghl at;agﬁ_-dlarlnetirl S?ﬁph'rel axis, lower curves) and coupling coefficient (left axis). (b) The calculated group
iber ot ‘ength 7.5 mm. The solic line IS the calculated signal, whilé the CIrtley, y )h5q6 velocities. The upper curves are the phase velacitjeshile the
are the measured transmitted pulse. The measured reference input pulseis s %ME velocities,. are given by the lower curves ‘
in the inset. (b) Transmitted amplitude spectra. The solid line is the calcula g 9 y '

;‘;‘;ﬁggﬁﬂﬁ;i‘;ggﬁg ;”,,‘ﬂ,fg’ggcfr';f"fjsgg‘;ﬂigI;“”e) are the meastisq)sth the time and frequency domains, excellent agreement is
obtained between theory and experiment.
by a frequency-domain analysis in terms of the singleeHE A significant experimental and theoretical study of
waveguide mode as follows: single-mode propagation and quasi-optic coupling of ps
THz pulses into plastic ribbon planar waveguides has just been
Eoui(w) = Epe f(w)TCFy exp{i(k11 — ko)z} exp{—a112/2}  reported [43]. Dispersive, low-loss propagation was observed
(8) Wwithin the bandwidth from 0.1 to 3.5 THz for 2-cm-wide
ribbon waveguides made of high-density polyethylene, having
where the propagation constant of the fibekis and the power dimensions of 150 m (thick) by 10 mm (long), and 120 m
absorption coefficient is;;. As shown in Fig. 19(a), above 0.5(thick) by 20 mm (long). The large group velocity dispersion of
THz, a1 closely follows that of the ordinary ray in bulk sap-the waveguide, opposite to that of hollow metal waveguides and
phire [7]. However, below 0.2 and 0.4 THz;; is significantly the sapphire fiber waveguide discussed above, caused extensive
reduced, because for these lower frequencies a significant frpaise reshaping and broadening, resulting in positively chirped
tion of the power propagates outside the absorbing fiber. Adutput pulses. The experiment and calculations based on the
though the small frequency-dependent variation of the sapphivell-known 2-D slab waveguide model showed that the linearly
refractive index was included in the calculations, it was fourgblarized (perpendicular to the plane of the ribbon) incoming
that the pulse dispersion was almost entirely due to the wavieHz beam coupled predominantly to the dominant TM mode
guide propagation characteristics. The group and phase vel@sulting in single-mode propagation, even though the wide-
ities for the 325- and 15@m fibers are shown in Fig. 19(b), band input spectrum extends beyond the cutoff frequencies
from which it can be clearly observed that the phase velocitf several higher order modes. The experimental setup was
approaches that of bulk sapphire at the higher frequengi2s (similar to that used for the cylindrical and rectangular wave
THz), while for the very low frequency end of the spectrum thguides shown in Fig. 16(a), except that plano-cylindrical lenses
velocity approaches that of free space. The transmission coeffere used.
cientT ~ 0.74 accounts for reflection losses at the fiber input This study demonstrated the feasibility of the plastic ribbon
and output, while”;; is the overlap integral for the HEmode. waveguide as a low-loss, single-mode transmission channel for
The calculated”;; are shown in Fig. 19(a) for both the 325+the terahertz region, capable of utilizing efficient quasi-optic
and 150um fibers. The second factor 6f;; in (8) accounts for coupling. Ultralow-loss lines are possible by reducing the thick-
the coupling out of the fiber and onto the detector, for the symess of the ribbon such that most of the guided wave energy
metric and confocal experimental arrangement. As can be s@eapagates outside the core region. The performance could be
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further enhanced by the use of a very low-loss material suchgming to realize their promise as the future material for the
high-resistivity silicon. Due to the ability to change the group/LSI interconnect with dimensions below dn and with THz
velocity dispersion (GVD) by changing the thickness of theandwidths.
ribbon waveguide, large frequency regions with essentially noTHz waveguides have been recently demonstrated to be
GVD can be obtained. In addition, by changing the sign of GVBn alternative to transmission lines. The attenuation of metal
of the ribbon waveguide with respect to that of the metal andaveguides has been shown to be more than 10 times lower
fiber waveguides, mutual pulse compression should be possiltkgn that for lithographically defined transmission lines on
in analogy to dispersion compensation with optical fibers.  dielectric substrates. In addition, bandwidths up to 3.5 THz
have been transmitted with minimum loss. Within the passband
of the waveguide, the measured power coupling into the wave-
guide was typically 40% of the incoming THz power. Dielectric
An overview of experimental efforts to obtain a THzawaveguides do not have the sharp low-frequency cutoff of
ultra-wideband transmission channel has been presented. M&sal waveguides and thereby extend the low-frequency limit.
importance of ultrafast optoelectronics has been paramode initial demonstration used single-crystal sapphire fibers
in this effort, whereby the combination of optics, ultrafasind achieved single HE mode propagation. The waveguide
laser pulses, and electronics has enabled bandwidth @mgorption was that of bulk sapphire. A later demonstration
performance increases of as much as 100 times, compa@ébieved single mode propagation in a planar waveguide in
to purely electronic techniques. The importance of completege form of a thin ribbon of plastic ribbon. Given a suitable
characterization of transmission lines and waveguides Haw-loss dielectric, such as high-resistivity silicon with a power
been illustrated by select examples, where characterizat@psorption coefficient of less than 0.05 chdielectric waveg-
was achieved by THz TDS. For these characterizations, itUigles could have much less absorption than metal waveguides.
imperative that single-mode excitation and propagation apgich dielectric single-mode THz waveguides would have the
achieved. Sliding contact excitation of coplanar transmissig@fomise of an extremely low-loss, flexible interconnect and
lines was shown to be such a single-mode excitation methé@mmunications channel, with advantages similar to those of
For the THz waveguide investigations, quasi-optical couplirgingle-mode optical fiber or simple plastic ribbons. Because
techniques were shown to be capable of exciting only a singl# group velocity dispersion of the planar waveguides can
mode of both metal and dielectric waveguides, even though @ opposite to that of the metal tube and fiber waveguides,
many THz bandwidth of the incoming pulse covered as muélispersion compensation or mutual pulse compression between

VII. SUMMARY AND CONCLUSION

as 30 waveguide modes. the two type waveguides should be possible.
The performance of lithographically defined planar trans-
mission lines was shown to be limited by the resistive loss of ACKNOWLEDGMENT

the metal lines, Cherenkov radiation loss from the propagating , .

pulse, and absorption by the underlying dielectric. Typically, 't s been the author's pleasure to have worked with the fol-
for THz bandwidth pulses, Cherenkov radiation is the domina ing outstanding scientists for various lengths of time, while
loss process, which can be so severe that after propagating Jif/developed and demonstrated the usefulness of the optoelec-
1 mm, power at 0.8 THz is reduced tgdof its original value. tronic techniques applied to single-mode coplangr transmission
Various techniques have been demonstrated to reduce this raﬁ?-s_’ the _THZ'TDS_ system, and the THz waveguides desc_rlbed
ation. The most straightforward approach, which is compatibfe this review. The individuals are: J. C. Chen, R. A. Cheville,
with VLSI processing, is to reduce line dimensions (linewidth C- C- Chi, F. E. Doany, I. N. Duling, Ill, C. Fattinger, B. N.
and separations) to below;am. However, for such dimensionsFIanderS’ W. J. Gallagher, G. Gallot, R. H. M Groeneveld, N.
resistive loss of the lines restricts the bandwidth. Normdj Halas, J.-M. Halbout, H. Harde, S. Jamison, T.-l. Jeon, N.
superconductors can solve this problem for |0W_frequenéptzenellenbogep, S. R. Keiding, M. B. Ketchen, R. W. Mc-
applications up to the bandgap frequency of typically 0.7 THZOWeN, R. Mendis, R. Menon, J. A. Misewich, S. E. Ralph_, N.
above which the line shows severe loss. As an added bendfitScherer, A. G. Schrott, and M. van Exter. H. Chan provided
cryogenic temperatures usually lower the THz absorption Io s’t of the excellent.masks. and wafer fabrication. It is the au-
of crystalline substrates. To achieve high-frequency resport8@"’s honor to describe their accomplishments.

with submicrometer linewidths, the high. superconductors
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