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Abstract —We present experimental verification of analytic
formulas for the dispersion and the attenuation of electrical
transient signals propagating on coplanar transmission lines.
The verification is done in the frequency domain over a teraherz
range, although the experiments are in the time domain. The
analytic formulas have been obtained from fits to the full-wave
analysis results. We quantitatively verify that the full-wave
steady-state solutions can be directly applied to the transient
time-domain propagation experiments. We use subpicosecond
electrical pulses and an external electro-optic sampling tech-
nique to obtain the time-domain propagation data. ¥From the
Fourier transforms of the time-domain data we extract both the
attenuation and the phase information as a function of fre-
quency. The dispersion and the attenuation characteristics are
investigated for both coplanar waveguide and coplanar strip
transmission lines. The investigation was also carried out on
both semi-insulating semiconductor and dielectric substrate ma-
terials and indicates no observable losses caused by the semi-
conductor material.

1. INTRODUCTION

HE recent progress in semiconductor devices has

advanced their response frequencies above 400 GHz
[1]. Such bandwidths well exceed the range of validity of
the quasi-static approximations that are often made in
modeling the propagation of the electrical signals on
transmission line interconnects. Also, the measurements
of the transmission line propagation properties have been
applied to more fundamental studies such as the extrac-
tion of material parameters for high-temperature super-
conducting films in the subterahertz frequency region [2],
[3]. The requirement for transmission line interconnect
modeling as well as the application of the propagation
measurements to material characterization necessitates a
precise knowledge of the transmission line dispersion and
attenuation characteristics. It is also of tremendous prac-
tical benefit to allow such computations to be carried out
analytically.
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Hasnain et al. [4] have proposed an analytic formula,
fitted to full-wave analysis results, to model the dispersion
characteristics of coplanar transmission lines (CTL’s) in
the frequency domain. They have qualitatively shown the
formula’s applicability in modeling time-domain pulse
propagation. However, the experimental signal bandwidth
was limited to below 200 GHz, and no quantitative fre-
quency-domain comparisons were performed.

In addition to the dispersion characteristics, the attenu-
ation becomes important at high frequencies.
Grischkowsky et al. [5] have experimentally demonstrated
that the radiative losses are dominant for frequencies
over ~ 200 GHz for CTL dimensions of the order of a
few tens of microns. Rutledge er al. [6] have derived
analytic formulas to model the radiative attenuation of
CTL’s in the frequency domain under quasi-static approx-
imations. However, the measured attention was a factor
of 1.5 higher than the one computed from the analytic
formula. In addition, the functional frequency depen-
dence of the measured attenuation deviated from that
predicted by the formula. More recently, Phatak et al. [7]
have proposed modifications to the analytic attenuation
formulas for coplanar strip transmission lines and have
compared them with full-wave analysis results. The exper-
imental validation was done qualitatively in the time
domain only.

It is reasonable to question the applicability of the
dispersion and attenuation formulas obtained from fitting
the full-wave analysis results to time-domain propagation
modeling. The approach that is used in full-wave analysis
assumes a continuous wave (CW) type of excitation of a
transmission line, and the substrate thickness is explicitly
included in the analysis and the approximations. How-
ever, the time-domain propagation data are obtained from
an inherently transient experiment, The signal round-trip
time across typical 500-um-thick substrates exceeds the
measurement time windows used for picosecond transient
measurements. To the best of the authors’ knowledge, no
quantitative comparisons have been performed between
the measurements and the analytic formulas in the fre-
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quency domain to THz frequencies. Thus, a direct fre-
quency-domain comparison is desirable to show that the
frequency-domain full-wave solutions apply to the time-
domain transient propagation experiments.

In this paper we experimentally demonstrate the appli-
cability of the semiempirical analytic dispersion formula
to the modeling of the subpicosecond electrical pulse
propagation on CTL’s. We also show the significant inac-
curacy in making quasi-static approximations in modeling
the electrical signal attenuation behavior at frequencies in
the hundreds of gigaherz. We present modified analytic
formulas and experimentally demonstrate their validity to
THz frequencies. Both the dispersion and the attenuation
comparisons are carried out quantitatively in the fre-
quency domain.

The dispersion and the attenuation characteristics are
expressed analytically allowing for a convenient and effi-
cient CTL design procedure. For maximum generality,
the experimental measurements are carried out on both
semi-insulating semiconductor and dielectric substrates
with both coplanar waveguide (CPW) and coplanar strip
(CPS) transmission lines.

II. TuEORY

We select CTL’s for the present investigation. They
offer an advantage over more conventional microstrip
lines in that their dimensions, and therefore their propa-
gation properties, are defined by the lithographic limits.
Also, CTL’s have recently been applied as signal feed
lines to a transistor for small-signal parameter extraction
at frequencies up to 100 GHz [8]. Similar lines have been
used for investigating the intrinsic material properties of
high-temperature superconductors [3].

Electrical signal propagation is conventionally modeled
in the frequency domain. Thus, the signal propagation on
transmission lines is assumed to be described in phasor
notation as

V(f,z)= V(f,o)e—(a(f)ﬂﬂ(f))z (1)
where V(f,z) is the Fourier transform of the time-
domain waveform at a distance z, a(f) is the frequency-
dependent attenuation, and B(f) is the frequency-
dependent phase.

A. Dispersion Characteristics

The dispersive characteristics of coplanar transmission
lines have been modeled numerically and analytically by
Hasnain et al. [4]. In that work, an analytic approximation
has been derived from a numerical simulation. The phase
is modeled as

B(f)= 2”"; erff(f) (2)

where e.4(f) is the effective dielectric constant, analyti-

Electrodes S
: Slw
Substrate
(a)
Electrodes
~ s ol ]
Substrate

(b)

Fig. 1. Cross-sectional view of the investigated transmission lines. (a)

Coplanar waveguide (CPW). (b) Coplanar strip (CPS).

cally approximated by
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Ver(f) = /e, + T 3)
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Here
€, +1
€=""7
is the quasi-static effective permittivity,
c
(4a)

Je = 4dyfe, -1

is the surface wave TE, mode cutoff frequency, b (~ 1.8)
is taken to be independent of geometry, e, is the relative
permittivity of the substrate material, and ¢ is the speed
of light in vacuum. The parameter a is related to the
transmission line geometry as

log(a) ~ulog(s/w)+v (4b)

where
u~0.54—0.64g +0.015¢2
y ~0.43-0.86g +0.54g>
- g=log(s/d).
For the CPW and CPS lines the geometric parameters s,
w, and d are as shown in parts (a) and (b) of Fig. 1. It is

important to note that (3) is semiempirical and makes no
quasi-static assumptions.

B. Attenuation Characteristics

As was pointed out in the introduction, the attenuation
is expected to be dominated by the radiative losses for
frequencies over 200 GHz [5]. It has been shown by
Rutledge et al. [6] that the attenuation should follow a
cubic frequency dependence under quasi-static approxi-
mations. For example, for a CPW, the attenuation is given



912 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 39, NO. 6, JUNE 1991

as

“z(z)s‘l‘(lﬁve’)z (s+2w)’e? 5)

2) V2 1+1/e, K'(k)K(k)

where the frequency dependence arises explicitly from the
f£° term. In (5), k=5/(s+2w), K(k) is the complete
elliptic integral of the first kind, and K'(k) = K(V1—k?).

Our experimental data, which are discussed in Section
IV, indicate that this formula is not valid near THz
frequencies. Plotting the frequency dependence of the
measured attenuation on a log-log scale shows that the
slope is significantly below 3, the behavior predicted by
(5). We believe that this discrepancy is due to significant
inaccuracies introduced by the quasi-static approximation
at high frequencies. In this work, we follow the derivation
of the radiative attenuation as outlined in [6] but also
analytically include the non-quasi-static effects as dis-
cussed below. This approach is similar to the one used by
Phatak er al. [7].

The propagating guided signal mode travels with a
velocity which is faster that the electromagnetic propaga-
tion velocity in the substrate. Thus, the guided mode loses
energy through an eclectromagnetic shock wave which
is emitted into the substrate at a radiation angle V.
Rutledge er al. [6] have shown that the magnitude of the
attenuation depends critically on this angle. The angle ¥
is determined by the velocity mismatch between the guided
and the radiated modes as

k,
cos(\If)=k— (6)

d

where k, and k, are the guided and dielectric substrate
propagation constants respectively. This quantity can also
be rewritten in terms of the permittivities as

v €ee( /)
/e

where e, is the effective permittivity experienced by the
guided mode and e, is the dielectric substrate permittivity
experienced by the shock wave.

We assume that the effective permittivity obtained from
the dispersion analysis and (3) applies to the calculation
of the attenuation as well. This assumption is justified
since both effective permittivities describe the guided
mode phase velocity characteristics. The higher guided
mode frequencies are more confined to the substrate,
leading to an increase in k, with a corresponding in-
crease in €. and the commonly observed electrical signal
dispersion. The radiation angle becomes frequency de-
pendent, modifying the frequency dependence of the at-
tenuation. We also point out that as €. approaches e, at
very high frequencies, the radiative angle, ¥, approaches
0, eliminating the shock wave radiation. Similarly, we use
the e,y from (3) to account for the characteristic

cos (V)= (7

impedance variation with frequency as
1207  K'(k)

o =TT AK(K)

for a coplanar waveguide (8a)
1200  K(k)

Z = )
Cps VEeff(f) K'(k)

for a coplanar stripline.

(8b)
Furthermore, we correct a prefactor error in the CPS
attenuation coefficient formula.

As will be shown in the discussion of the experimental
measurements in Section IV, these modifications result in
excellent agreement between the functional frequency
dependence of the measured and computed attenuation
to THz frequencies. The experimental attenuation is fur-
ther supported by the fully numeric time-domain trans-
mission line matrix method simulations [9].

With the above frequency-dependent corrections ap-
plied to the radiation angle, ¥, and the characteristic
impedance, Z,, the radiative attenuation coefficients be-
come, for a CPW,

l_feff(f) ’
T 52 €, (s+2w)’e? X
acpw—(g) (/) c3K’(k)K(k)f (9a)
er
and for a CPS
o = (3—‘/§) €eri(f)
cps 2 er
ea(f) )" (s +2w)°e?
e cxmr T O

These equations are expected to be valid for geometries
approximately constrained by 0.1 <s/w <10 and d > 3w
and for wavelengths A > s +2w.

To appreciate the influence of the non-quasi-static ef-
fects on the results, we plot in Fig. 2 the radiative attenu-
ation computed from (9a) for several CPW transmission
line geometries on GaAs substrate. For comparison, we
also include the results from a quasi-static equation, (5),
for one of the geometries as curve (iii). Even for small
geometries, the attenuation shown by curves (i) and (i)
exhibits an appreciable deviation from a simple cubic
frequency dependence. With increasing CPW dimensions,
the low-frequency attenuation increases as (s +2w)?, as
evidenced by curves (i), (iv), and (v). However, the high-
frequency roll-off is also stronger, leading to an overall
smaller attenuation at the highest frequencies. This result
may be of practical significance in transmission line de-
sign.

The surface wave attenuation is not important for the
present investigation because the substrate thickness is
much greater than the CTL dimensions, and the signal
round-trip time across the substrate is greater than the
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Fig. 2. Radiative attenuation computed from eq. (9a) on a log-log
scale. (i) s =30 pm, w = 20 pm, d = 500 um, a = 334, f,, = 43 GHz; (i)
§=30 pm, w=20 pm, d =250 um, a =286, f,.=76 GHz; (iii) Quasi-
static approximation for same dimensions as (i) with a —o0; (iv) 5 =60
pm, w=40 pm, d=500 pm, a=76, f,.=43 GHz; (v) s=120 um,
w =180 wm, d = 500 pm, a =21, f,, = 43 GHz.
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Fig. 3. Typical excitation and electro-optic sampling geometry for a
coplanar waveguide.

measurement time window. Therefore, the attenuation
should be dominated bv thé radiative term only.
An additional attenuation term can be added to ac-

count for the conductor skin-effect losses. These losses -

are assumed to obey the conventionally accepted behavior
and follow a square root frequency dependence [10]. They
are almost negligible compared with the radiative attenu-
ation for frequencies above 200 GHz, but are still taken
into account. The dielectric losses, to a good approxima-
tion, can be ignored for the substrate materials investi-
gated.

III. EXPERIMENT

The experimental data are presented for a CPS fabri-
cated on a 430-um-thick sapphire substrate and for a
CPW fabricated on a 500-um-thick GaAs substrate using
standard photolithographic techniques. The conducting
electrode was 0.4 um of Al metal for the CPS and
0.05/0.35 pwm of Ti/Au metal for the CPW.

In these experiments the THz bandwidth, subpicosec-
ond electrical pulses are produced by a gap photoconduc-
tor switch [11]. As shown in Fig. 3, a gap between the
conductors in a CTL behaves as an open circuit until it is
illuminated by the 100 fs laser pulses from a balanced

colliding-pulse mode-locked (CPM) dye laser [12]. The
photogenerated carriers increase the switch conductivity.
The dc electric field applied across the switch is dis-
turbed, causing a voltage transient to be launched onto
the CTL. The transient duration is determined primarily
by the carrier lifetime in the photoconductor material.
The CPS uses ion-implant damaged silicon-on-sapphire
(SOS) as the photoconducting material. To eliminate any
possible influence of the semiconductor film on the CPS
measurements, the silicon is etched off everywhere except
for a small patch which defines the switch. The CPW uses
low-temperature molecular beam epitaxial grown GaAs
(LT-GaAs) material. The SOS and the LT-GaAs materi-
als have subpicosecond carrier lifetimes [13], resulting in
subpicosecond fall times of the electrical pulses. Typical
full width at half maximum (FWHM) for the generated
electrical pulses is ~ 0.6 ps; therefore, they have a 3 dB
bandwidth of ~ 500 GHz.

External electro-optic sampling techniques with a
LiTaO, probe tip are used to measure the picosecond
electrical transients [14]. The probe has a 40x40 um?
face and can be moved to any point along the transmis-
sion line where the measurements are desired. Previous
measurements [14] have indicated that the time resolution
of this technique is about 0.3 ps, and the parasitic loading
effect of the external probe is less than 0.1 ps. The
frequency-domain attenuation and phase data are ob-
tained from a ratio of the Fourier transforms of any pair
of measurement points. Any influence of the needle probe
tip is linear and cancels out in the frequency domain, and
it is not necessary to explicitly de-embed its response. It is
absolutely imperative, however, for the consistency of the
data over the THz frequency range that the relative
position of the probe and the probing laser beam with
respect to the transmission lines remain constant for each
measurement point. This is easily achieved through care-
ful measurement techniques.

IV. DiscussioN or ResuLTs

Typical time-domain experimental waveforms are shown
in Fig. 4. The launched electrical pulse, measured ~ 200
wm away from the originating gap switch, is ~ 0.6 ps
FWHM. This position is taken to be as the origin with
length /= 0.0 mm. Measurements at various points up to
/=52 mm are taken. Effects of the finite propagation
velocity, attenuation, and dispersion are clearly seen in
the pulse propagation data. Qualitatively, we observe the
decaying signal amplitude caused by attenuation as well
as the broadening of the rising edge and the ringing on
the tail of the pulses caused by the frequency dispersion.

Parts (a) and (b) of Fig. 5 show the experimental and
the computed effective permittivity €., for a CPW on
GaAs and a CPS on sapphire. The sapphire substrate
orientation was unknown and the relative permittivity was
taken as the mean of those for the ordinary (e, = 9.4) and
the extraordinary (e, = 11.6) rays. The fitting parameters
were computed from the analytic formulas for a finite
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Fig. 4. Typical time-domain picosecond pulse propagation data.
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Fig. 5. Effective permittivity plots. (a) CPW on GaAs measurement
and analytic model; @ =1840 and f,, =43 GHz. (b) CPS on sapphire
measurement and analytic model; a =193 and f,. =57 GHz.
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Fig. 6. Attenuation plots. (a) CPW on GaAs with a = 1840 and f,. = 43
GHz. (b) CPS on sapphire with a =193 and f,, =57 GHz.

substrate (egs. (4a) and (4b)), and their values are shown
in the figures for the respective transmission lines.

We can immediately see that there is excellent agree-
ment over the complete THz frequency range. This vali-
dates the use of the analytic formulas for the computation
of the dispersion behavior of coplanar transmission lines.
It also indicates the applicability of the effective permit-
tivity concept.

Parts (a) and (b) of Fig. 6 show the attenuation as a
function of frequency from the measurements and the
theoretical computations with (8a) and (8b). It is seen that
the agreement between the measured and the computed
attenuation is very good. The experimental range of accu-
racy extends to 900 GHz. The rapid roll-off of the mea-
sured attenuation near 900 GHz is due to the influence of
the spectral noise floor. As the spectral content of the
signal measured down the transmission line reaches the
noise floor, it appears as an apparent increase in the
energy and a roll-off of attenuation at those frequencies.

The good functional agreement for the radiative atten-
uation between the modified analytic formulas and the
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Fig. 7. Same as Fig. 6 on a log-log scale: (a) CPW; (b) CPS.

measurement can be more clearly seen in parts (a) and (b)
of Fig. 7, which are log-log plots. For visualization pur-
poses we have also indicated the slope that would be
expected if the losses followed the cubic frequency depen-
dence predicted by the quasi-static approximation to the
radiation losses. it is quite apparent that the dependence
is closer to a quadratic fit than a cubic one, as is also
predicted by the modified formula. The small ripple in
the measured attenuation which is visible on the linear
plot and is accentuated on the logarithmic one can be
shown to be due to a small time-domain waveform trunca-
tion error.

V. CoNCLUSION

The tremendous signal bandwidths required by modern
clectronic technology necessitate coplanar transmission
line characterization to THz frequencies. It is also of
significant benefit to be able to predict the behavior with

a minimum computational effort. We have experimentally
verified the analytic dispersion formulas that take into
account the transmission line geometry and the substrate
thickness for both coplanar waveguide and coplanar
striplines. We have also demonstrated the functional in-
consistency of the quasi-static radiative loss formula with
the measured data at high frequencies. Including the
non-quasi-static effects, a roll-off of the radiation loss is
predicted. This functional behavior is fully supported by
the experimental data over a THz frequency range.
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