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Dispersion Characteristics of Optically
Excited Coplanar Striplines:
Pulse Propagation
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Abstract —This paper analyzes the propagation of optically excited
picosecond electrical pulses on coplanar striplines. A full-wave analysis
method that includes dispersion and losses over terahertz bandwidths is
outlined. Results of the full-wave analysis are interpreted in terms of the
underlying physical phenomena. The full-wave analysis reveals the exis-
tence of peaks in the dispersion curve of the coplanar stripline. These
are interpreted in terms of the onset and coupling of the substrate
modes to the transmission line mode. Results of the full-wave analysis
are in good agreement with those obtained by established theory. Pulse
propagation is simulated using the dispersion and loss data obtained
from the analysis and accounts for all the relevant mechanisms. Results
of simulations are compared with experimental data available in the
literature for normal as well as superconducting lines. It is demon-
strated that the superconducting phenomena are not dominant, whereas
modal dispersion and substrate losses dominate the evolution of the
output pulse and must be included for accurate modeling of pulse
propagation on coplanar striplines

I. INTRODUCTION

ONTINUED progress in millimeter-wave integrated
Ccircuits, high-speed digital circuits, and switching
devices has necessitated the development of systems ca-
pable of handling the increasing signal bandwidths. One
of the key issues which must be addressed is the disper-
sion of ultrafast signals traveling on the guiding structures
used to interconnect devices in high-speed circuits. This
phenomenon leads to distortion of the spectral and tem-
poral characteristics of the propagated signal, consider-
ably limiting the usable bandwidth. Although generally
associated with performance degradation, this phe-
nomenon may have practical benefits, including disper-
sion compensation of optically transmitted microwave sig-
nals. One way to characterize the transient and broad-
band response of transmission lines is to use optical pulse
excitation. Optical excitation is important for metrology,
and also as an innovative interconnect technology.

Researchers have analyzed various aspects of this prob-
lem. Pulse propagation on microstrips and coplanar
striplines has been investigated [1], [2], where the fre-
quency-dependent propagation velocity has been used to
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find the temporal spread of the output waveform. Various
sampling techniques have been used [3]-[6] to measure
the waveforms. Transmission on superconducting lines
has also been studied, and a general model for analyzing
pulse propagation has been developed [7]. These pulse
propagation models, however, are not complete. The
analysis of [1] and [2], for instance, ignores all losses while
the development in [7] leaves out substrate losses due to
radiation and surface waves. Such losses have been
measured as a function of frequency and a theory based
on reciprocity has been developed to estimate them
(8], [91.

In this paper we take into account all the phenomena
relevant to pulse propagation on coplanar striplines
(CPS’s) and for the first time demonstrate the effects of
substrate losses on pulse propagation. In Section II, we
give a physical description of pulse propagation on the
CPS and determine the relevant parameters of the CPS.
Here, we present the results of the full computation of
waveguide dispersion and losses. The full-wave analysis
reveals new features such as the existence of peaks in the
dispersion curve of a coplanar stripline. These are inter-
preted in terms of the underlying physical phenomena,
viz. the onset and coupling of substrate modes to the
transmission line mode. The results of the full-wave anal-
ysis are compared with empirical and closed-form expres-
sions available in the literature. A detailed mathematical
formulation will be presented in a separate paper [10].
Section III presents a simulation of pulse propagation
based on the results of the foregoing analysis. The simula-
tion outputs are compared with experimental data pub-
lished in the literature.

II. PARAMETERS OF THE COPLANAR STRIP
TRANSMISSION LINE

A schematic diagram of pulse propagation is shown in
Fig. 1(a). The pulses are launched on the line and are
then sampled at suitable distances to monitor attenuation
and spread. The hatched cone in Fig. 1(a) indicates merely
the direction of radiation in the substrate and does not
mean that the radiation precedes the pulse. The CPS
geometry is as shown in Fig. 1(b). CPS with infinite
thickness substrate is a special case of this geometry with
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Fig. 1. The coplanar stripline (CPS) geometry. (a) Pulse propagation
schematic. (b) Cross section of the CPS on a finite-thickness substrate.

d =, The parameters needed for pulse propagation com-
putations are the real and imaginary parts of the propaga-
tion constant. These correspond to dispersion and losses,
respectively. The dominant dispersion mechanisms are
waveguide dispersion and dispersion due to metallic con-
ductors. The dispersion contributed by lossy dielectric
substrate can be neglected. Loss mechanisms considered
here are substrate losses, conductor losses, and dielectric
material losses. Coplanar striplines on infinitely thick
substrate lose energy to radiation into the substrate, while
lines on a finite thickness substrate lose energy to guided
modes of the substrate when the transmission line mode
propagates faster than substrate modes [8], [9]. We use
the generic term substrate losses (a term distinct from the
dielectric material loss of the substrate) to refer to these
losses. This leakage occurs above a critical frequency, at
which point the dispersion curve of the substrate mode
crosses that of the transmission line. At the frequency of
operation, the radiation occurs around an angle  given
by the phase match condition

propagation constant of the transmission line mode

cos¥ = ;
propagation constant of substrate mode

(1)

More recently, leakage to such modes has been reported
by Oliner et al. for a microstrip line on an anisotropic
substrate [11]. It is believed that the above physical phe-
nomenon, viz. the transmission line mode traveling faster
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than the substrate mode, also accounts for the leakage
effects observed by Oliner et al. [10].

A. Dispersion

Full-wave analyses [12], [13] and semiempirical tech-
niques [14], [15] have been employed to find the fre-
quency-dependent propagation constant of the microstrip.
An approximate expression has been derived through
curve fitting the exact analysis [16] and extended to the
dispersion data of coplanar waveguide [2] to give

\/eeff(oo) - \/Geft(o)

1+ aG™? ’

\/Eeff(f) =\/eetf(0) +
(2)

where €.,(0) is the quasi-static value and has been esti-
mated in literature [17, eq. (7.18)l. G=f/fx is the
normalized frequency, where frp =c /(4hy/e, —1) is the
cutoff frequency above which the first non-TEM mode
enters the microstrip. The dispersion curve for the copla-
nar stripline has a similar shape; hence the above expres-
sion can be used to approximate that curve as well. For a
CPS on a substrate of infinite thickness, however, fp is
not defined. This difficulty can be circumvented by setting

aG P =af™t

e_eff(oo) =€,

ie.

a fig=a (3)
where f is the frequency. The above modification thus
incorporates both finite-thickness and infinite-thickness
substrates and has been employed in our work.

A full-wave analysis of the coplanar stripline was car-
ried out and the data generated were fitted to (2) and (3).
The results are as showrl in Fig. 2(a). Peaks are observed
in the dispersion curve at places where a substrate mode
dispersion curve crosses that of a transmission line mode
[10]. These peaks are attributed to the coupling of the
transmission line mode to the substrate modes. It can be
shown that the poles of the Green’s functions (relating
transverse currents on the z =0 plane to the fields)
correspond to substrate modes (i.e., TE and TM) modes
of the dielectric slab waveguide [10]. Mathematically, the
phase match condition for excitation of substrate modes is
reflected in the fact that the pole corresponding to a
substrate mode is encountered in the reaction integrals
only if its propagation constant exceeds that of the trans-
mission line mode at the frequency of operation. Under
certain conditions these poles are of second order and are
not simple poles, as is commonly believed [10]. When the
phase match condition is met in the forward direction
(i.e., ¢ in (1) is zero), a substrate mode copropagates with
the transmission line mode in the + x direction. In this
case, the corresponding pole is of second order. The
reaction integrals, however, also contain expansion func-
tions that contribute a zero of second order, which can-
cels the double pole contributed by Green’s function, and
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Fig. 2. Waveguide dispersion and substrate mode loss as functions of
frequency. (a) Waveguide dispersion (normalized to k) versus fre-
quency for coplanar striplines with d = 10w. Also shown is the curve
fitted to egs. (2) and (3). Dispersion curves for TM;, and TM; slab
modes are superimposed. (b} Comparison of substrate mode losses
obtained by full-wave analysis and by reciprocity.

renders it a removable singularity [10]. Physically, the zero
of the current expansion function transform is caused by
an odd current distribution of the dominant mode of the
CPS. Such a current distribution cannot support a single
TM to z slab mode propagating in the x direction. It can,
however, support a superposition of such modes that
results in the proper symmetry, to give rise to a radiation
pattern similar to the one illustrated in Fig. 1(a). Thus the
symmetries of the currents and fields affect which of the
substrate modes can be excited.

In Fig. 2(a) the peaks appear only at the crossings of
TM-type substrate modes because the transverse current
is negligibly small compared to the longitudinal current
for the line dimensions considered there. When wider
lines are used in the computation, additional peaks are
observed at crossings of TE-type modes [10]. It is ex-
pected that coupling to substrate modes will be stronger
when substrate thickness is approximately the same as the
line dimensions. This is borne out by the dispersion plot
of Fig. 7(a). The dispersion data available in the literature
do not show peaks. The empirical fits generated by using
(2) and (3) smooth out the peaks and therefore lack the
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sharp features. The effect of these features on the pulse
dispersion is considered in the next section.
Dispersion due to metal conductors can be estimated as

I Z
Bcond_ m V4 8

0

’

P w
g=17.34-—-—-(1+—)
TS

N
1.25 4w 1.25d
ln( +1+

't %
4
w  1.25d 4w ] )

1+2—+ ~(1+ln )
s TS d

where Z is the frequency-dependent complex surface
impedance, Z; is the quasi-static impedance, and g is a
geometry factor. Further details can be found in [17].

Waveguide dispersion is about an order of magnitude
larger than metal dispersion and dominates the total
dispersion. Hence, error in the estimation of metal dis-
persion has negligible effect on the total dispersion. The
above model for metal dispersion, although approximate,
is sufficient for our purposes.

B. Losses

At the frequencies of interest, the line is lossy. Dielec-
tric loss, metal loss, and radiation /surface wave loss are
considered here. The substrate losses have been evalu-
ated by a theory based on reciprocity [8], [9]. There, it is
shown that radiation losses in the air region above the
line are negligible. Modified versions of those loss expres-
sions have been employed in our work. These losses are
given by

ind 2

€ SINTY W
' 3

KK' X

s = (3-18) 2 (5)

r

a4 V1i+1/e,

2
w
aszE=—2—\/—§— W KK sm3\Ifsmﬂdcosz¢TE(7\——)

d

- (6)
7t J1+1/€,

Y 3 KK

2
-sin ¥ cos? Wsin 0, cos? 6, sin” ¢ 1y, ( —)?}—) )
d

The notation used here is the same as that in the above-
mentioned references. However, frequency-dependent
values of e.; have been used here instead of the quasi-
static value. Also, a few errors in some of the prefactors
have been corrected.
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Fig. 3. Losses for a CPS with ¢,=43, w=150 um, s=350 um, and
d =500 pm over the frequency range spanned by the input pulse in Fig.
5(a). (a) Surface wave loss for a substrate having a thickness d = 500 um
and radiation loss for d =c. (b) Conductor and dielectric losses.

The dielectric and conductor losses are given by
1)tan &
=X,

€ ( 6qstat

'\/ gstat (e

' V4
ong = Re [ ZS } g dB/unit length
0 :

X gielec =

dB /unit length

(8)

respectively, where the geometry factor g is given by (4).
Further details on the loss expressions can be found in
[17]. There are many models of conductor losses. Depend-
ing on surface roughness and other factors, more elabo-
rate theories may be necessary. Also, the accuracy of the
dielectric loss model has not been established. The above
models, however, are sufficient for our purposes, since
these losses turn out to be much smaller than surface
wave loss in the frequency range of interest.

Losses given by (5)-(8) are added to obtain Im(k,) (i.e.,
the total attenuation per unit length). Such a method
implicitly assumes that the real part of the propagation
constant can be evaluated independently of the imaginary
part. This assumption has to be verified along with the
accuracy of the above loss expressions. Such an error
assessment is essential for the substrate losses since they
dominate the total attenuation. To this end, a full-wave
analysis including the dielectric and substrate losses was
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carried out by extending the method of [18]. The lossy
nature of the metal, however, was not incorporated in the
full-wave analysis, and the boundary condition E,,, =0
on perfect conductors was applied to the strip conductors.
A sample result of this computation is shown in Fig. 2(b).
Also plotted in the figure is the substrate loss curve
computed by reciprocity based on expressions (5)—(8).
The agreement is good. Moreover, the values of the real
part of the propagation vector as given by this full-wave
computation are essentially the same as those obtained by
the full-wave analysis with losses excluded [10]. This shows
that the real part of the propagation vector can be treated
independently of these losses over the frequency range and
line dimensions under consideration. It also shows that
losses can be considered additive [10]. Thus the full-wave
analysis demonstrates that expressions (5)~(8) are suffi-
ciently accurate to model losses for pulse propagation
computations.

The frequency range of 1nterest spanned by the pulses
typically used in the propagation experiments is roughly
up to 400 GHz. For this frequency range, losses for a CPS
with €, =43, w=s5="50 pm, and thickness =500 pm,
computed using expressions (5)—(8), are shown in Fig: 3.
Part (a) shows the radiation loss and part (b) shows

conductor and dielectric losses. It is evident that the

substrate losses are substantially higher than metal or
dielectric losses.

II1. PuLse ProPAGATION MODEL AND RESULTS

The method used to analyze the pulse propagation is
superposition:

V(r,2) =5 [F{V(r,0)} e “f)z] %)

where % denotes the Fourier transform. The input pulse
is Fourier decomposed into its frequency components.
Each component is then propagated to the given distance
z with its characteristic propagation factor y(f), which-
includes dispersion and losses. Finally, all the frequency
components are reassembled via an inverse Fourier trans-
form to obtain the propagated pulse waveform. The real
part of y(f), which accounts for dispersion, and the
imaginary part, which accounts for losses, have to be
computed at all the fr(,quency components in the pulse.

In the computer programs we use IMSL routines to do
the forward and reverse transforms. For accuracy, we use
a sufficiently large number (1024) of sample points for
computing the transforms. The full-wave analysis is ex-
tremely computation intensive, and requires about 30 min
of CPU time on a VAX-11,/780 machine to evaluate y(f)
at one frequency. Therefore, a full-wave analysis cannot
be performed on line at each of the frequency samples in-
the discrete Fourier transform of the pulse. Moreover the
loss expressions (5)-(8) are accurate enough to replace
the full-wave computation. Also, these are simple and can
be evaluated on line at each of the frequency samples.

The waveguide dispersion, however, cannot be approxi-
mated by simple closed-form expressions because of peaks.
In view of this, our strategy is to compute the waveguide
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dispersion contribution to y(f) beforehand. The data
points are computed with sufficient resolution to allow
accurate linear interpolation for frequency samples that
fall within the range of computed data. This linear inter-
polation is essential in order to include the effects of the
peaks of the dispersion curve in the simulation. At high
frequencies many more modes are encountered and the
peaks come closer together but individual peaks are not
so prominent. In this limit, the full-wave computation of
€. becomes increasingly time consuming. Hence, we
compute data points only up to a maximum frequency.
This frequency is determined by the lower of the two
values: (i) where eight poles are encountered or (ii) where
A, =(w /3). Beyond this point, the number of expansion
modes needed for a convergent solution is large and the
moment method solution is not practical. In this region,
empirical expressions are used to extrapolate the wave-
guide dispersion data. These expressions are obtained by
curve fitting constants a and b in (2) and (3) to the data
computed by full-wave analysis, and adequately describe
the shape of the dispersion curve in the asymptotic re-
gion. Metal dispersion, all losses, and the attenuation
coefficient are computed on line at each frequency in the
discrete Fourier transform, since these terms are easy to
evaluate.

The results of the simulation are shown in Figs. 4-7.
All the plots titled “measured” in our figures have been
obtained by digitizing the waveforms published in the
literature. Line dimensions and all other relevant parame-
ters are also‘taken from published data. In Fig. 4, we
simulate the propagation of pulses measured in [19]. The
maximum amplitude of the digitized data is normalized to
unity to obtain the input pulse. Fig. 4(a) compares the
measured waveform to the simulated one, at low temper-
atures, with metal conductivity o = 4.8 X 10® mho /m. Fig.
4(b) compares the measured and simulated waveforms for
room temperature propagation with o = 4.0 X 10” mho /m.
The delay and general shape of the simulated output
agree well with the measured waveforms. The loss models
of (7) and (8) slightly underestimate the substrate loss and
overestimate the metal loss compared with the values
obtained in [19].

In Fig. 5 we simulate propagation of the experimentally
measured input pulses in [7]. It should be noted that the
time values here are not absolute times with respect to
the launched pulse, as in the previous figure. Instead,
they represent time in an interval, which is suitably chosen
to capture most of the propagated pulse waveform, in-
cluding the rising and falling edges. The shape, spread,
and other characteristics of measured waveforms are
properly reproduced by the simulations. The data in [7],
however, do not give measured values of the ficld ampli-
tudes. Therefore, one can only compare the shape and
qualitative features of the output pulse. Fig. 5(a) shows
the measured waveforms. Fig. 5(b) shows the simulated
output including surface wave losses, and Fig. 5(c) shows
the output without surface wave losses. In the computa-
tions of Fig. 5(b) we do not account for the superconduct-
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Fig. 4. Simulation of pulse propagation data from [19]. (a) Cooled
lines. (b) Lines at room temperature.

ing dispersion or loss, yet all the qualitative features of
the measured output are reproduced by the simulation.
The exclusion of surface wave losses does lead to more
ringing and higher pulse amplitudes, as expected, since
the surface wave loss rapidly depletes the higher frequen-
cies. This output suggests that superconducting dispersion
or loss is not a dominant mechanism for these lines at the
frequencies contained in these pulses. It also shows that
radiation loss does not have significant effects on output
pulse shape at the propagation distances shown in that
figure. To see the effects of radiation, shorter pulses have
to be propagated over much longer distances on lines with
thicker substrates [19], [20].

Fig. 6 simulates the pulse propagation data reported in
[21]. Fig. 6(a) shows the input pulse. Once again, the time
axes in parts (b) and (c) of the figure are not absolute
delays with respect to the times in part (a) but represent
intervals chosen to capture the propagated pulse wave-
forms. Fig. 6(b) shows the pulse propagated on gold lines.
In the simulation, we have used a conductivity value of
~ 5x10® mho/m for gold at 10 K. The agreement with
measured data is excellent. Fig. 6(c) shows the same pulse
propagated on superconducting YBCO lines. Here again
our analysis does not include any superconducting disper-
sion or losses. To approximate the low-loss behavior in
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Fig. 5.

Simulation of pulse propagation on a CPS with a finite-thickness substrate having w =150 pm, s =50 pm, and

d =500 pm. (a) Measured (from [7]). (b) Simulated. (c) Simulated excluding surface wave losses.

the superconducting state, we used conductivity values 10
and 100 times that of cooled gold for the simulations
plotted in Fig. 6(c). The simulated outputs are almost
identical despite an order-of-magnitude difference in con-
ductivity values. This again suggests that metallic losses or
dispersion do not significantly influence the output pulse
waveform. Radiation losses and modal dispersion are the

dominant mechanisms. The good agreement with mea-
sured data despite exclusion of any superconducting phe-
nomena again suggests that the superconducting effects
do not dominate pulse propagation on the lines under
consideration.

Finally, to see the effect of dispersion peaks on pulse
propagation we simulate the propagation on a CPS with
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(¢) Measured and simulated output for propagation on YBCO lines.

dimensions that give rise to a strong peak in the disper-
sion curve. The input pulse waveform is the same as that
in Fig. 4(a). The pulse duration is such that the frequency
component in the transform which corresponds to the
strong dispersion peak has a significant amplitude com-
pared to the maximum. The transform of the input pulse
is plotted along with the waveguide dispersion in Fig. 7(a).
Fig. 7(b) shows the simulated output, once with the dis-
persion. peak included and then with the peak excluded
and the actual dispersion curve replaced by the smoothed
curve fitted as per (2) and (3). There is more ringing in
the calculation which includes peaks than with the
smoothed curve. In this simulation, only one peak of the
dispersion curve was included to isolate its effect on the
propagated waveform. In reality, however, more peaks
are present in the dispersion curve when more than one
substrate mode is excited. These additional peaks can
lead to more spread and ringing in the output.

IV.  ConcLusion

This analysis shows that substrate losses dominate pulse
propagation and must be incorporated along with disper-
sion peaks, modal dispersion, and other relevant phenom-
ena in the pulse propagation model. Conductor and di-
electric losses are not estimated very accurately, but it is
evident that these losses contribute little to the total loss,
particularly at high frequencies. The onset and coupling
of the substrate modes to the transmission line mode lead
to the peaks in the dispersion curve. This can deteriorate
pulses on propagation. Coplanar stripline parameters ob-
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Fig. 7. Effect of the dispersion peak on pulse propagation. The CPS
dimensions are w =10 um, s=20 um, and d =50 pm. (a) Fourier
amplitude spectrum of the input pulse, the actual, and fitted disper-
sion_curve, plotted versus the same frequency scale. (b) Simulated
output pulses at a distance z =4.5 mm with and without the disper-
sion peak included in the calculation.

tained by full-wave analysis agree well with results of
established theory and data and indicate that lines can be
closely placed with little interference if the surface wave
losses can be eliminated. Field estimates also help evalu-
ate optimal distances and dimensions for electro-optic
sampling gaps, probes, and other experimental apparatus.
The pulse propagation results also imply that supercon-
ducting phenomena are not the dominant mechanisms.
Hence, curtailing radiation losses by using very thin sub-
strates or other means will yield a larger improvement in
pulse propagation performance than superconducting
lines alone.
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