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Optoelectronic Measurements of Picosecond
Electrical Pulse Propagation in Coplanar

Waveguide Transmission Lines
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Abstract — We present onr observations of the effects of coplanar wave-

Wide transmission lines on the propagation of picosecond electrical pulses
rising an optoelectronic time-domain measurement technique. Effects of

varions test structure design factors in optoelectronic transmission fines

such as substrate thickness, thickness of transmission line metallization,

discontinuity spacing, gronnd plane width, pnfser/sampler line length, and

pulser/sampler geometry on picosecond electrical pulse propagation in

microwave/millimeter wave coplanar wavegnide transmission lines are

discnssed and schemes for minimizing the adverse effects of each of the

above factors are provided.

I. INTRODUCTION

H IGH-SPEED experimental electronic devices with

operational capabilities exceeding 100 GHz are not

uncommon today (for example, see [1]–[5]). However,

commercially available measurement systems are quite in-

adequate for the characterization of these devices at such

high frequencies; therefore, there is a definite need for new

electronic measurement techniques. In the last five years,

several groups have developed time-domain sampling tech-

niques that have the potential for on-chip characterization

of these high-speed electronic devices (see [6] for articles

on this subject). In particular, optoelectronic and electro-

optic techniques have been used to generate and sample

electrical pulses with extremely short durations [7]–[9],

which is a prerequisite for the electrical characterization of
high-speed devices. These techniques are well suited for

such characterization because the time-domain data not

only provide impulse–response information but also make

it possible to obtain wide-range (100 MHz–1 THz) fre-

quency information through their Fourier transform, A

good example of the usefulness of this time-domain sam-

pling technique is in the study of picosecond electrical
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pulse propagation in superconducting transmission lines

[10], [11]. Another variation of this technique can be found

in the measurement of certain material properties of a

medium in the submillimeter-wave and far-infrared regions

using optoelectronically driven planar antenna structures

[12], [13].

We have developed a time-domain system for high-speed

( >100 GHz), jitter-free electrical measurements. This sys-

tem is based on an optoelectronic technique in which a

picosecond electrical pulse is launched onto a transmission

line using a photoconducting switch [14] and subsequently

sampled by a second photoconducting switch after propa-

gating a short distance down the line. By inserting an

electronic device in the transmission line between the

points where the pulse is launched and where it is sampled,

it is possible to characterize the impulse response of the

device. However, before any device can be properly char-

acterized, it is essential to understand the propagation

characteristics of electrical pulses with such extremely short

durations through the transmission line test structure.

Although the general principles underlying short electri-

cal pulse propagation in transmission lines are reasonably

well understood in ideal systems, in a real system a variety

of additional factors come into play and complicate our

understanding of such pulse propagation. Unfortunately,

no detailed report is available in the literature where the

effects of the various transmission line design factors on

picosecond pulse propagation are studied systematically.

Such information can be crucial in adapting these time-

domain sampling techniques to actual on-chip device char-

acterization and quantitative measurements (e.g. S-param-

eter measurements). In this paper, our purpose is to rem-

edy this situation to some extent and also provide a series

of experimental observations that we feel will be helpful in

understanding picosecond pulse propagation in transmis-

sion lines in general. In addition, we present schemes for

minimizing the various spurious effects observed in a real

system that unnecessarily complicate the study of short

pulse propagation.

Our measurements show that picosecond pulse propaga-

tion characteristics in coplanar waveguide (CPW) trans-

mission lines (TL’s) are affected by such test structure
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Fig. 1. Coplanar waveguide (CPW) test structure. This particular struc-

ture uses a pulser PCE that is located in-line (end-fire pulser). Side-fire

pulsers (such as the sampler shown here) may also be used.

design factors as transmission line metallization thickness,

pulser/sampler line lengths, substrate thickness, photocon-

ductor design, pulser/sampler discontinuities, discontinu-

ity spacing, and ground plane width. The combined effect

of all these factors is to make picosecond pulse propaga-

tion in such a system a very complex and challenging

problem to explain theoretically. Our approach to this

problem has been to experimentally isolate the effects of

each of the design parameters and study them separately.

We have opted to use GaAs substrates rather for their

technological importance than for their speed because other

substrate materials have been shown to provide faster

transient responses [15]–[17]. The CPW design was used

because the scaling down of the physical dimensions to

obtain a high-bandwidth, low-dispersion structure does not

include the substrate thickness as it does for microstrip

design, thereby eliminating the need for thinning the GaAs

substrate to a thickness of 50 pm.

II. BACKGROUND

The details of the measurement system have been de-

scribed elsewhere [18] and only a brief discussion is pre-

sented here for completeness. We will refer to the electrical

pulse generators and sampling gates that depend on ultra-

fast photoconductors (GaAs) for their operation as photo-

conductive circuit elements, or PCE’S. A short-duration

( <100 fs) laser pulse is used to excite carriers in both the

pulser and sampler PCE’S. The resulting rapid electrical

conductance changes in the pulser and sampler are the

results of both photoexcitation and subsequent recombina-

tion of carriers in the active region of the PCE’S. The rise

time of the electrical pulses generated is probably less than

0.5 ps [19] and is related to the duration of the laser pulse.
There are a minimum of two PCE’S per test circuit, one

pulser PCE and one sampler PCE (see Fig. 1), which are

located adjacent to the transmission line and separated by

a short distance (approximately 2 mm) from each other.

The pulser PCE generates a fast electrical pulse that is

launched onto the transmission line and as this pulse
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Fig. 2. Sampled waveform illustrating t he large positive-valued offset to
the right of the correlation peak (largest peak). This offset was an effect

of the thin (0.2 pm) metal transmission lines used to make this test
structure.

propagates down the line it passes the sampler PCE, where

its amplitude is sampled. The complete sampled waveform

is acquired by sweeping the delay time between electrical

pulse generation and sampler gating and is accomplished

by varying the optical path length between the laser pulse

incident on the pulser PCE and the laser pulse incident on

the sampler PCE. The acquired (sampled) waveform is a

cross-correlation of the pulser-lproduced waveform with

the sampling aperture and, therefore, is not representative

of the actual high-bandwidth pulse generated by the pulser

PCE. The sampled waveform shows a much longer rise

time because it is a combination of the pulser PCE rise

time ( <0.5 ps) and the sampler PCE fall time ( <3 ps). In

order to generate fast electrical pulses and sampling gates,

the fall time of the PCE response is shortened by H+

implantation damage of the semiconductor photoconduc-

tor [20].

Next, we describe the general characteristics of the sam-

pled waveforms. In order to clearly explain how the wave-

form is affected by various design factors of the test

structure, we have divided the sampled waveforms into

three regions (see Fig. 2): (1) the leading edge of the

sampled waveform, (II) the main peak (or correlation

peak), and (III) the trailing edge of the sampled waveform.

Region I provides information on the implantation dam-

age process. The fall time of the sampler may be obtained

directly from the measurement of the rise time of the main

peak (region II), assuming the rise time of the actual

pulser-produced waveform to be less than 0.5 ps. This

measured sampler fall time ( tlo _~0, 10 percent to 90 per-

cent of full amplitude) is typically 3.2 ps and corresponds

to a 3 dB bandwidth of 110 GHz. The estimated. true rise

time ( <0.5 ps) of both PCE’S corresponds to a 3 dB

bandwidth that exceeds 600 GHz. The overall measure-

ment bandwidth based strictly on the correlation wave-
form may be very conservatively estimated by assuming a

symmetric pulse (rise time = fall time) to get a tlo_ go= 2.3
ps and a 3 dB bandwidth= 155 GHz. Region III provides

information on the pulser-produced waveform’s fall time

and also displays the effect of the transmission line charac-

teristics on pulse propagation. Consequently, this paper is
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devoted to discussing and elucidating the various features

observed in this region.

111. EXPERIMENTAL

The measurement system employed here provides sam-

pled waveforms with a maximum signal-to-noise ratio

(fLVR) of 72 dB (limited by the 12 bit analog-to-digital

converter that is used to acquire the analog data) for an

integration time of 10 ms and a bandwidth that exceeds

150 GHz. The data are acquired at a rate of 50 samples per

second. A colliding-pulse-mode locked dye laser [21] (pulse

width = 80 fs) was used for excitation of the GaAs PCE’S

that are integrated into the test structure.

The test fixtures used in this study were coplanar wave-

guide transmission lines fabricated on semi-insulating

GaAs substrates. The dimensions of the transmission lines

were: center line width = 60 pm; center line to ground

plane spacing =30 pm; pulser and sampler line width and

ground spacing = variable, PCE gap= 10 pm; pulser and

sampler line length = variable; signal line length =10 mm;

and substrate thickness = 375 pm. The GaAs wafers were

used in the form supplied by the manufacturer. The design

of the transmission lines was varied to study various

transmission line effects on picosecond pulse propagation.

The ohmic contacts were made by evaporating 0.2-pm-thick

AuGeNi onto the GaAs substrate followed by annealing at

425°C for 3 min in forming gas (95 percent Ar, 5 percent

H2). Resistive layers were made by evaporation of O.1-

pm-thick NiCr (80 percent Ni). For the thick metallic

transmission lines, 3-pm-thick evaporated Au was used.

All metallization was delineated with a photolithographic

lift-off process. The details of the implantation damage

used to provide fast-response photoconductors can be

found in [20].

IV. RESULTS

In this section, we discuss the various coplanar wave-

guide transmission line and test structure design schemes

and concepts that were used to optimize the propagation

of picosecond electrical pulses. The optimization involved

minimizing the number and the magnitude of spurious

reflections caused by the TL discontinuities as well as

reducing other deleterious propagation effects observed in

the sampled data. We examined seven areas of transmis-

sion line test structure design; these are described in the

following sections.

A. Transmission Line Metallization Thickness

Sampled waveforms obtained from test structures pre-

pared with thin-metal TL’s displayed a large shoulder

(positive-valued dc offset with respect to the leading edge

of the sampled waveform) to the right of the primary peak

(see Fig. 2, region HI). The presence of such a large offset

(shoulder) at the end of the time-domain record unneces-

sarily complicates the data analysis and introduces error in

deriving quantitative scattering parameter information on

electronic devices, and so attempts were made to minimize

this effect. This shoulder was observed in transmission
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Fig. 3. Sampled waveforms showing the effect of 0.2-pm-thick, gold-

alloy transmission lines (unbroken line) and 3.O-pm-thick pure gold

transmission lines (broken line). In either case, afl metallization was
either the thin gold–alloy or the thick gold,

lines independent of the pulser-to-sampler spacing (60 pm,

1 mm, 2 mm, and 4 mm pulse transmission length) while

maintaining all other parameters constant. In each case,

identical waveshapes and ratios of shoulder magnitude to

peak height were found, which clearly rules out the possi-

bility of this effect being due to dispersion in the line.

Furthermore, no effect on the shoulder could be found

either by varying the photoexcitation intensity or by apply-

ing different voltage biases to the PCE’S, thereby ruling

out any direct relationship between the observed shoulder

and the PCE?S. This shoulder in the waveform, however,

could be attributed to the thinness (0.2 pm) of the Au-alloy

TL’s. To investigate this hypothesis several samples with

3-pm-thick-Au TL’s were prepared. The thick-Au TL’s

appeared to reduce the shoulder amplitude but the con-

comitant decrease in SNR was too large to make any

definitive conclusions regarding the effect of the metalliza-

tion thickness.

Before continuing further with the search for the cause

of the shoulder it was necessary to remedy the problem of

SNR decrease. There are two possible causes for the de-

crease in SNR with thick-Au lines. First, any high-

frequency noise would be attenuated less in the thick-Au

TL’s than in the thin-Au-alloy TL’s, and second, the PCE

implant damage profile is significantly different when

thick-Au TL’s are used, which may result in poor PCE

performance. For example, the 200 keV H+ ions will

easily penetrate the 0.2-pm-thick-Au-alloy TL’s and then

implant the underlying GaAs but they will not penetrate

the 3-pm-thick-Au TL’s and thereby affect PCE perfor-

mance. To investigate the second possibility, a two-metal-

layer TL was designed, one layer for the 0.2-pm-thick

ohmic contacts to the PCE’S and the other layer for the

3-pm-thick-Au TL’s. The two-metal-layer TL design clearly

demonstrated the effect of the thin-gold-alloy TL on the

shoulder magnitude. Use of the two-layer TL reduced the

shoulder amplitude from a value that was approximately

30 percent of the peak amplitude to 8 percent of the peak

amplitude (see Fig. 3). In addition, the SNR returned to

the higher values obtained with thin-metal TL’s, indicating
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Fig. 4. Sampled waveforms showing the effect of pulser/sampler line
iengths. Th~ solid line is taken from samples prepared with 0.25-mm-
long pulser/sampler lines; the broken line is from samples prepared
with 1.O-mm-long pulser/sampler lines. It can be seen that samples
prepared with the shorter lines have more small-amplitude reflections
in the corresponding sampled waveforms than the sampled waveforms
from samples prepared with longer lines, which show only one observ-
able reflection that 1s negative-valued. All metallization was 0.2-pm-
thick gold alloy.

that the observed decrease in the SNR with samples pre-

pared with thick-Au, single-layer TL’s was caused by an

adverse effect on the PCE performance.

B. Pulser/Sampler Line Length

After the shoulder amplitude was decreased by using the

two-layer metallization scheme, it became apparent that

reflections previously thought to have been positive-going

reflections superimposed on a zero-amplitude shoulder

were actually negative-going reflections resting on a posi-

tive-amplitude shoulder. This observation follows from the

fact that some of the positive-going reflections could not

be assigned to any TL discontinuities. The position of

negative-going reflections, on the other hand, did corre-

spond to the time it would take for a pulse to reflect from

the open ends (ends opposite the PCE end) of the pulser

and sampler lines. The test structure designs were changed

to provide variable pulser and sampler line lengths, and

measurements on these structures clearly showed that the

negative-going reflections were indeed caused by reflec-

tions from the open ends of the pulser and sampler lines

(see Fig. 4). The reflections from the open ends of the

pulser/sampler lines are negative in amplitude because, at

the instant the positive-going pulse is launched onto the

TL, a corresponding negative-going pulse is launched onto

the pulser/sampler line which then propagates down these

lines, reflects off the open ends, returns to the PCE end of

these lines, and then finally partially couples into the

center line. To separate these reflections from the primary

pulse by a sufficient amount so as to provide an unclut-

tered time window for device characterizations? the pulser

and sampler line lengths need to exceed 4 mm, which

would make the test structure unnecessarily large. There-

fore, to minimize the pulser/sampler line length con-

straints, pulser/sampler lines with significantly higher re-

sistivit y were tried to determine whether the negative-going
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Fig. 5. Sampled waveforms displaying the effect of resistive pulser/
sampler lines on the acquired data. Thr resistive lines (dotted line) were
made with O.1-~m-thick NiCr (80 percent Ni), and the conducting lines
(solid line) were made with 3-pm-thick pure gold. This clearly shows
that the negative-amplitude reflections are caused by reflections from
the open ends of the pulser/sampler lines. Only the pulser/sampler
line materials were varied here (as indicated above); all other metalliza-
tion was 3-pm-thick gold. The multiple reflections to the right are
caused by transmission line discontinuities.

+

SINGLE-GAP

INTERDIGITATED
GAP

Fig. 6. Optimized metallization scheme for the optoelectronic test fix-
ture. The inset shows the two different PCE designs that were tested:
the top is the single-gap PCE and the bottom is the interdigitated gap
PCE.

pulses could be attenuated while still preserving the shape

of the primary pulse. This was indeed the case, and 0.8-

mm-long NiCr pulser/sampler lines completely attenuated

the negative-going pulses without distorting the primary

pulse (see Fig. 5). The resistance ratio of the (0.8-mm-long,

60-pm-wide, O.I-pm-thick, 5 X 10-5 Q. cm) NiCr lines to

the (4-mm-long, 60-pm-wide, 3-pm-thick, 2.5 X 10-c

Q. cm) Au lines is approximately 120; therefore, a large

increase in the attenuation of NiCr lines over that of the

Au lines was expected. The optimized metallization scheme

uses three layers: 0.2-pm-thick ohmic contacts for the

PCE’S, 3-pm-thick TL, and O.1-pm-thick resistive pulser/

sampler lines (see Fig. 6).

C. Substrate Thickness

A small reflection located on the right side of the

primary peak was also evident in the sampled waveforms

(see Fig. 7, region III). The location of this small perturba-

tion could not be correlated with any physical spacings of
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Fig. 7 Sampled waveforms showing the back plane reflection. The
dotted line shows a waveform exhibiting a back plane reflection as
manifested by the first positive-vahred peak to the right of the mam
peak. The solid line represents the sampled data acquired from a
transmission line when a microwave-absorbing materiaf was placed
under the GRAS wafer. Note the disappearance of the back plane
reflection and the decrease m the shoulder amplitude with the use of
the microwave absorber. All rnetalhzation was 0.2-pm-thick gold afloy.

the TL discontinuities. However, its location in the sam-

pled waveform was consistent with the propagation time

for a reflection of the pulse from the back side of the

wafer. The location of the back plane reflection can be

determined by the following expression: td = tp – t,, where

tP = L/v, and t, = 2[(L/2)2 + h2]1/2. ~,/c. Here, td is the

position of the back plane reflection peak with respect to

the main peak, tp is the time for the pulse to reach the

sampler after propagating along the TL, t, is the time for

the pulse to reach the sampler after reflecting from the

substrate back side, L = spacing between pulser and sam-

pler, h = substrate thickness, u = propagation velocity of

the electromagnetic wave in the TL, c = speed of light in

vacuum, and e, = dielectric constant of the substrate. By

varying the substrate thickness a corresponding shift in the

location of the back plane reflection was observed. Ivlore-

over, use of a microwave-absorbing material on the back

side of the wafer completely removed the observed back

side reflections from the sampled waveforms and also

decreased the amplitude of the shoulder.

D. PCE Design

The PCE design was varied to provide more efficient

pulse generation and sampling. The typical PCE design
consisted of a single 10-pm-wide gap separating two TL’s.

By using interdigitated PCES with 2-pm-wide lines and

spaces (see Fig. 6), instead of the single-gap PCE’S, the

peak amplitude could be increased 50 times. This indicates

approximately a sevenfold increase in responsivity for both

the pulser and the sampler PCE. The increase is caused by

the larger active area offered by interdigitation. The corre-

lation rise time (and therefore measurement bandwidth)

had not increased (degraded) from the use of interdigitated

PCE’S, indicating no change in the RC time constant of

the PCES. The capacitance and resistance of the PCE

(neglecting fringing fields) can be simply approximated by
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Fig. 8. Sampled waveforms showing effect of wire bonds on picosecond
electrical pulse propagation. The solid line is from a waveform ac-
qomed with samples lacking wire bonds; the dotted hne is from
samples with wire bonds.

C = c,wtl/d, and R = pL/( wt2), where p = substrate re-

sistivity, c, = effective dielectric constant of the insulator,

d = spacing between PCE contacts, w = width of PCE,

tl = capacitor thickness, and t2 = resistor thickness. It is

straightforward to show from the geometry of the PCE’S

that for any PCE configuration the geometric variables

cancel each other in the RC product and, therefore, will

not affect the PCE response times. This absence of any

effect of the PCE geometry on response time is consistent

with measurements taken from test structures prepared

with various PCE designs.

E. Pulser/Sampler Discontinuities

Features introduced into region III of the sampled

waveforms that are caused by the pulser/sampler line

discontinuities may be diminished by narrowing the width

of the discontinuities and/or by bridging the discontinu-

ities with multiple wire bonds. Typically, the pulser/sam-

pler lines were 50 Q lines of the same dimensions as the

main line. By reducing the pulser/sampler line widths and

ground spacings to 15 pm each, the amplitudes of the

reflections due to the pulser/sampler discontinuities were

reduced with no observable effects on the SNR, the re-

sponse times, or the amplitudes of the sampled waveforms.

Wire bonds can also significantly reduce the amplitude of

the pulser/sampler reflections (see Fig. 8). In addition,

wire bonds eliminated oscillations observed in the sampled
waveforms that were probably caused by an increased

reactance caused by the pulser/sampler discontinuity [22].

The pulser PCE may be in either an end-fire or a

side-fire configuration (see Fig. 1). The end-fire geometry

provides waveforms with fewer observed reflections in

region HI than do side-fire pulser PCE’S. This situation is

expected since more breaks in the ground plane will in-

crease the interference to the propagating pulse. The disad-

vantage of the end-fire pulser PCE is in its end-of-line

location, which causes problems in terminating and biasing

the center line that is to be attached to an electronic device

for testing. Because of the trade-offs associated with both
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Fig. 9. Overlay of sampled waveforms with varying ground plane
widths. The ground plane widths were 1 mm, 0.5 mm, 0.25 mm, and
0.125 mm. The pulser and sampler discontimnties were bridged with
multiple wire bonds.

types of pulser design, we are currently investigating varia-

tions of these geometries to satisfy the requirements for an

integrated optoelectronic pulse generator.

F. Discontinuity Spacing

Consideration must be given to discontinuity spacing

when using a time-domain test structure. For example,

consider the effect of the sampler discontinuity. As the

electromagnetic pulse propagates down the TL, it encoun-

ters the sampler PCE. At this discontinuity, part of the

incident pulse is reflected and sent back in the direction of

the pulser PCE. This reflected pulse is then partially (com-

pletely) reflected at the side-fire (end-fire) pulser PCE and

sent back toward the sampler. The spacing between pulser

and sampler lines should be sufficiently long so that sam-

pler reflections can be easily resolved (in time) from the

main peak to permit measurement of electronic device

response waveforms or any other desired waveforms. Re-

flections from other discontinuities are also referred to the

main peak and should be given the same spacing consider-

ation as the sampler discontinuity.

G. Ground Plane Width

Effects of the ground plane width on the sampled wave-

forms were also studied. As can be seen in Fig. 9, the wider

ground planes provided waveforms with smaller shoulders

and fewer oscillations. The shoulder was reduced to ap-

proximately 2 percent of the peak amplitude from an

amplitude of approximately 8 percent of peak as observed

in the data taken from samples prepared with the three-

layer metallization

of the oscillations

increased.

In the previous

scheme. The amplitude and frequency

decreased as the ground plane width

V. DISCUSSION

section we described how picosecond

pulse propagation is affected by various design parameters

of a coplanar transmission line test structure. It is obvious

that, in a practical system, one deals not only with pulse

attenuation and dispersion, which are tractable theoreti-

cally, but also with a host of spurious effects, including

reflections from various parts of the transmission line

structure. These undesirable effects combine to make the

study of pulse propagation very complex. From a practical

point of view, it is more expeditious to minimize all these

spurious effects by p~oper transmission line design before

studying pulse propagation than to try to extract the

desired information by removing these spurious effects

from the experimental data. In addition. attempts to re-

move these adverse effects from the data directly can be

highly unreliable because some c~f the effects we observe

are not simple reflections from sc~me part of the transmis-

sion line. For instance, the shoulder observed in the sam-

pled waveform, as discussed in the previous section, is not

caused by reflections or anything related to the geometry

of the transmission line. This fact was verified by making

measurements on several structures, each of which had a

different pulser-sampler spacing (60 pm, 1 mm, 2 mm,

and’ 4 mm), and finding no observable change in the

shoulder magnitude.

Based on our study, it is very difficult to narrow down

the possible causes for the shoulder to any single mecha-

nism because the observed should er is affected by many of

the design variables investigated here. The possible causes

for this shoulder phenomenon include the following: con-

tact effects on semi-insulating GaAs; electric field termina-

tion on the GaAs beyond the ground plane and the con-

comitant induced carrier density at the GaAs surface; the

sampler discontinuity; metal effects; and substrate effects.

We carried out additional experiments to see whether any

of these possibilities could be eliminated. For instance, the

metal–GaAs contact effect could be eliminated because no

effect on the shoulder could be found when varying the

voltage bias on the pulser and sa~mpler from 10 mV to 10

V. Similarly, any contribution to the shoulder amplitude

from the electric field extending beyond the ground plane

can be eliminated because we find absolutely no effect on

the shoulder when the ground plane edges were covered

with thin ceramic plates. The electric field coupling at the

ground plane edges would increase when covered with

ceramic plates because of the hi~her dielectric constant of

the ceramic. Similarly, the pulser and sampler discontinu-

ities were covered with ceramic plates and no effect on the

shoulder was observed. Lack of an effect on the shoulder

magnitude after placing the ceramic plates on various parts

of the test structure indicates that the field lines are

confined to the center line region and do not extend far

into the ground planes. On the other hand, a very obvious

effect on the shoulder could be observed by changing the

transmission line metal of the optimized three-layer design

(as previously discussed), from 3-pm-thick AuGeNi to

3-pm-thick Ag. The change in line electrical resistance is

significant: the resistivity of the AuGeNi lines is approxi-
mately 16 times that of the Ag lines and the corresponding

change in the shoulder amplitude was from 9 percent to 2

percent of the correlation peak amplitude. Also, the sub-

strate material cannot be discounted as a possible contrib-

utor to the shoulder because we observed a decrease in the

shoulder magnitude when measurements were performed
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at lower temperatures. The temperature would affect both

the substrate and the metal conductivity.

VI. CONCLUSION

Because the design and the fabrication of the transmis-

sion lines used in this study are compatible with present

semiconductor device processing technology, these opto-

electronic transmission line test fixtures can be monolithi-

cally incorporated into an electronic device fabrication

process. The monolithic integration of these test fixtures

can provide scattering parameter measurements of elec-

tronic devices that eliminate the effects of bonds or other

contacting schemes on device performance and thereby

increase the accuracy and reproducibility of the scattering

parameter measurement. Moreover, the inherently high

cutoff frequencies (frequencies above which modes other

than the dominant mode may propagate) of CPW lines

allow a single test fixture to be used to obtain scattering

parameters in the 1–200 GHz range. We have measured

the effects of a coplanar waveguide optoelectronic trans-

mission line test structure on the propagation of picosec-

ond electrical pulses. The effects described here were ob-

served with a minimum measurement bandwidth of 150

GHz. The following is a list of the various schemes that we

used to optimize the transmission lines for picosecond

electrical pulse propagation: (1) The reflection of the elec-

trical pulse from the back side of the wafer was eliminated

by placing a microwave-absorbing material underneath the

GaAs wafer. (2) Pulser and sampler end-of-line reflections

were eliminated by the use of resistive metal in the fabrica-

tion of these lines. (3) Interdigitated PCE’S have proved to

increase the overall measurement sensitivity without any

concurrent decrease in temporal response. (4) Narrowing

the side-fire pulser and sampler discontinuities and bridg-

ing the discontinuities with wire bonds have minimized the

reflection and oscillations previously present in the sam-

pled waveforms. (5) Finally, the dc offset observed at the

right of the main peak of the correlation waveforms was

minimized by the use of thick gold metallization, place-

ment of a microwave absorber on the back side of the

wafer, and wider ground planes.
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