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Abstract —The characterization of microwave and millimeter-wave
monolithic integrated circuits (MIMIC’s) using picosecond pulse sampling
techniques is developed, with emphasis on improving broad-band coverage
and measurement accuracy. GaAs photoconductive switches are used for
signal generation and sampling operations. The measured time-domain
response allows the spectral transfer function of the MIMIC to be ob-
tained. This measurement technique was verified by characterization of the
frequency response {magnitude and phase) of a reference 50 Q microstrip
line and a two-stage K, -band MIMIC amplifier. The measured broad-band
results agree well with those obtained from conventional frequency-domain
measurements using a network analyzer. The application of this optical
technique to on-wafer MIMIC characterization is also described.

1. INTRODUCTION

ALLIUM ARSENIDE (GaAs) microwave and mil-
Glimeter—wave devices and monolithic integrated cir-
cuits are currently being developed for applications such as
satellite communications, radar, and phased-array systems.
The conventional frequency-domain approach for testing
these discrete devices and microwave and millimeter-wave
monolithic integrated circuit (MIMIC) chips usually con-

“stitutes one of the major costs of a development program.
This is especially true for devices and circuits operating in
the millimeter-wave regime. Therefore, a low-cost testing
technique which allows on-wafer characterization of
MIMIC’s before dicing the wafer into individual chips is
highly desirable.

In addition to the cost factor, the evaluation of these
devices becomes more difficult as applications extend to
the higher millimeter-wave frequencies. Fairly accurate
characterization of active devices and monolithic circuits
can be achieved by using a waveguide measurement system
that offers small attenuation, and with careful design may
achieve low mismatch loss. However, this approach is
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inherently limited by the waveguide bandwidth, resulting
in the need for multiple calibrations for different wave-
guides when measurements are made over a wide fre-
quency range. Furthermore, high-performance waveguide-
to-microstrip transitions for each waveguide band, as well
as careful assembly of the interface between these transi-
tions and the MIMIC test block, are required. Such an
evaluation process is quite time consuming. In addition,
oscillation may occur during the characterization of active
devices that are not terminated with matching circuits.
This problem occurs because of the purely reactive termi-
nation presented by the waveguide below its fundamental-
mode cutoff frequency.

Current commercially available on-chip characterization
systems for MIMIC’s have provided useful performance
data in the lower microwave range, and attempts are being
made to extend their frequency of operation. However,
several fundamental limitations still exist. Because these
systems use special coplanar waveguide (CPW) probes [1],
it is difficult to achieve a low-loss, impedance-matched
probe at millimeter-wave frequericies. The operating life of
such a mechanical direct-contact probe is usually quite
limited, and a customized probe card is required for each
set of microwave circuits on the wafer. The circuits also
require CPW patterns to be incorporated at various test
locations on the wafer.

Recently, optical techniques have been used in the char-
acterization of microwave devices and circuits.
Frequency-domain measurements have been performed us-
ing electro-optic probing of a microstrip line [2], [3]. In this
work, the microwave signal was launched onto the circuit
using CPW contacting probes. Valdmanis and Mourou [4]
have demonstrated that, by using an electro-optic probe
containing polar material such as lithium tantalate, sub-
strates which do not exhibit the electro-optic effect can
still be probed. Some results for a discrete GaAs field-ef-
fect transistor (FET) mounted on a silicon-on-sapphire
(SOS) test circuit have been presented by Cooper and
Moss [5]. In their work, a pulse generation /sampling tech-
nique using SOS photoconductors to obtain frequency-do-
main scattering parameters for the FET was demonstrated,
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and the results were compared with the manufacturer’s
data. This approach has been extended for on-wafer imple-
mentation of monolithic circuits using GaAs photoconduc-
tive switches, including an experimental study of its accu-
racy and sensitivity [6], [7].

This paper describes an optoelectronic technique em-
ploying a picosecond pulse source which can be used for
on-wafer MIMIC characterization. The approach does not
require high-frequency mechanical contact between the
measuring system and the wafer for either waveform gen-
eration or sampling at millimeter-wave frequencies. The
same measuring system allows broad-band operation from
dc to 100 GHz, and can be extended to higher frequencies,
depending on the optical pulse rise and fall times and the
photoconductive switch dynamics. A proof-of-concept
model of the optoelectronic technique was successfully
demonstrated on a K -band (28 GHz) monolithic power
amplifier circuit. Emphasis was placed on a systematic
study of the validity of this time-domain measurement
technique compared to the conventional frequency-domain
measurement approach. For the same MIMIC, good agree-
ment was found in a direct comparison of the magnitude
and phase of the frequency response obtained using the
optoelectronic technique with those from a conventional
network analyzer measurement.

The sampling technique and two-port analysis are pre-
sented in Section II. The optical measurement system is
described in Section III, and the measured results are
presented in Section IV, Section V describes the implemen-
tation of the optoelectronic technique for on-wafer testing
and compares this approach with other optical techniques.
Section VI summarizes the significant results.

II. ANALYSIS

The proposed technique was adapted from a picosecond
photoconductivity measurement technique developed by
Auston [8], [9]. This technique assumes a sufficiently low
optical intensity such that small-signal conditions apply.
Fig. 1 illustrates the generation and sampling operations.
The time-dependent portion of the sampled signal as a
function of delay time has been shown to correspond to a
cross-correlation between the electrical signal on the line
and the photconductive response of the sampling gap. The
generation and sampling time responses are determined by
the photoconductance of the gaps, which also include the
contribution of the laser pulse width. For identical genera-
tion and sampling photoconductors, the time-dependent
sampled signal, g, (2), is the cross-correlation of the volt-
age pulse on the line at the output, y(¢), and the generated
voltage, x(¢), as

gl = [ x(r)y(i+m)ar. (1)

Fig. 2 is a schematic diagram of the optoelectronic
characterization system, including the device under test
(DUT). A short electrical pulse is generated by a dc-biased
photoconductive switch [10] at port a and travels down
the input transmission line toward the DUT. The pulse
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Fig 2. Schematic of the two-port S-parameter measurement system.

traveling in the opposite direction is absorbed by the
matched termination, which at present is coaxial load but
which can readily be implemented as an integrated mono-
lithic resistor (MR). The pulse approximates a delta func-
tion in the time domain, resulting in a very broad fre-
quency spectrum. Since the input electrical pulse generated
is in complete time synchronization with the optical pulse,
this electrical pulse can be precisely sampled at port b by a
time-delayed laser pulse illuminating a second picosecond
photoconductive switch on the input side of the DUT.

The output of the DUT can be sampled using the same
procedure, with a photoconductive switch at the output of
the device (port ¢ or d). By comparing the Fourier trans-
forms of the transmitted and reflected waveforms to those
of the incident waveform, the two-port scattering parame-
ters can be determined without using CPW probes.

In the following analysis (referenced to the measurement
system schematic shown in Fig. 2), a picosecond electrical
pulse is generated at port a. The signal at port b corre-
sponds to an autocorrelation of the voltage pulse, f,(1),
created at port a (assuming identical photoconductors at
ports a and b) and is obtained by illumination of the gaps
associated with ports ¢ and b. The time-dependent sam-
pled signal at port b is given by

gn(t) = 1= )% £(1) 2)

where # represents the convolution operation, the first
subscript on g(t) refers to the port identification, and the
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second refers to the incident (7), reflected (#), or transmit-
ted (7) signal, depending on which is measured. In (2) it is
assumed that the time-domain signal is windowed (by
selecting the length of sampling time) so that only the
contribution from the incident signal is measured. The
frequency-domain spectrum of the sampled input signal at
port b is

Gu(f) =1F, ()% 3)

If the time-domain window at port b is such that only

the reflected signal f.(¢) is sampled, then the reflected
time-domain waveform

8y (1) = f(= 1)+ £,(1) (4)
can be obtained. Thus, the spectrum of the windowed
reflected signal which is sampled is

Gy (f)=F*(f)-F(f)

where F* is the complex conjugate of F.

At the output of the MIMIC, the voltage pulse is given
by

()

L(8) =h(t)*£(t) (6)
where Ah(tz) is the impulse response of the DUT. The
photoconductive switches in the output network are the
same as those used for generation and sampling in the
input network. The sampled signal at port ¢ or d is given
by the cross-correlation of f,(¢) with f (¢), or

8.(1) =1 (=)= 1,(2).

The Fourier transform of g_(¢) is therefore

G, (f)=IF(f)IPH(f). (8)

The complex input scattering parameters, S, (f) and

S,,(f), for the DUT can thus be expressed as a function of
frequency as

(7)

st =gl ©)
Sul/) = g’; 8; : (10)

Equations (9) and (10) establish the phase reference planes
at ports b and c; however, these references can be ad-
justed. The complex scattering parameters, S;,(f) and
S,,(f), can also be obtained in a similar manner. The
time-domain to frequency-domain transforms are per-
formed numerically using the fast Fourier transform (FFT)
algorithm on a Hewlett-Packard (HP) minicomputer, which
was also used to control the experiment.

III. MEASUREMENT SYSTEM

The optical system and components, including the laser
source and the GaAs photoconductive switch to generate
the electrical pulse, are now described.

A. The Optical Source

The optical system is shown schematically in Fig. 3. It
consists of a continuous-wave, actively mode-locked
Nd:YAG laser, whose output is compressed by a fiber-
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Fig. 3. Optical system with delay line and switch.

grating pair pulse compressor and then frequency-doubled
by passing through a potassium titanyl phosphate (KTP)
crystal. The optical pulses have a wavelength of 532 nm
(green spectrum), a repetition rate of 100 MHz, a full-
width-at-half-maximum (FWHM) pulse duration of 5 ps,
and an average power of 400 mW. The laser output is split
into two beams: one focused on the pulse generator photo-
conductive switch, and the other on the sampling gate,
with a typical fluence of 30 pJ/cm? Two separate stepper
motors vary the length of the delay line between the two
laser beams: a high-resolution stage with a step size of 0.4
pm and a total travel distance of 5 cm, and a longer delay
stage with a step size of 10 pm and a total travel length of
15 cm. Thus, the optical delay line can provide a variable
time delay of 1.3 ns between the two beams, with a
resolution of 0.01 ps. The pulse train illuminating the
generator gap was chopped at 200 Hz, and the resultant
signal from the sampling gap was fed to a lock-in ampli-
fier.

B. Photoconductive Switch

The optically activated photoconductive switches for
picosecond pulse generation consist of 100-pm-wide by
5-pm-long gaps between metal conductors on a 245-pm-
thick liquid-encapsulated Czochralski (LEC) grown GaAs
semi-insulating substrate. They were fabricated between a
planar 50 @ microstrip line and a shunt high-impedance
line. The gaps were proton-implanted at 150 keV with
hydrogen at a dose of 10*/cm? on the surface of the
substrate, in order to reduce the carrier lifetime. Oxygen
implantation at a lower dosage can also be used. A Ti-Au
metal conductor thickness of 3 um was used to achieve
sufficiently low conductor loss. The shunt microstrip lines
were designed to minimize the discontinuity seen by the
electrical pulse in the optical measurement, and by the
microwave signal used in the experimental validation tests
with the network analyzer, propagating along the 50
transmission line. Measurements on a switch circuit and a
GaAs 50 Q line of the same physical length confirmed that
the presence of the switches did not affect the transmission
characteristics of the pulses or the microwave signals. In
addition, a reference measurement with respect to a 50 £
microstrip line (the same length as the MIMIC) was per-
formed prior to the actual measurement, and the calibra-
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tion data were used to normalize the magnitude and the
phase for the MIMIC.

When photons are absorbed in GaAs, electron-hole
pairs are created, increasing the conductivity of the illumi-
nated GaAs. In a biased photoconductor, the photocon-
ductive signal responds instantaneously to the optical pulse.
The decay of the photoconductive signal is influenced by
carrier recombination and carrier sweep-out. The process
with the shorter characteristic time constant dominates the
photoconductive signal decay process. '

In very pure GaAs, the recombination time is measured
in microseconds [11], a factor of approximately 10° longer
than the required pulse length. Carriers in GaAs have a
saturation velocity of approximately 0.1 pm/ps. If a con-
stant electric field greater than 0.3 V/um can be main-
tained across the gap, the carrier sweep-out time for a 5
pm gap is 50 ps. However, in undamaged semi-insulating
GaAs, current is observed to persist for as much as 200 ps
after illumination of the gap ceases. This is because the
electric field in the gap “collapses,” creating a low field
region in the center of the gap from which carriers leak
relatively slowly.

The solution to the above problem is to heavily damage
the GaAs lattice in the gap by proton implantation. This
creates a high density of recombination centers, which
reduces the recombination time to the subpicosecond range
in SOS [12] and, in the present work, to approximately 10
ps in GaAs. The trade-off for this is an increase in the
illuminated resistance by a factor of 2 or more and a
decrease in the dark resistance due to conduction via
defect sites. The photoconductive switches for the present
study typically have a dark resistance of several megohms,
and with sufficiently intense illumination can have an
illuminated resistance as low as several ohms. Fig. 4 shows
the change in conductance as indicated in the /- charac-
teristics of a switch with illumination from a microscope
light source and without illumination.

The measured FWHM pulse length at port b is 10 to 12
ps, close to the resistance/capacitance (RC) time constant
of the photoconductive gap [13]. Therefore, to obtain
shorter pulses, it is necessary to reduce this time constant.
When the time constant becomes negligible, the pulse
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length becomes the sum of the optical pulse length (5 psin
the present case) and the carrier recombination time. The
carrier recombination time can be reduced, if necessary, by
increasing the proton bombardment fluence. Shorter opti-
cal pulses will also decrease the electrical pulse duration.
Optical pulses from lasers with a duration of 80 fs [14], [15]
have been used to make optical sampling measurements.

1V. EXPERIMENTAL AND NUMERICAL RESULTS

Measured results were obtained for both a 50 & line
reference circuit and an MIMIC using the optical and
network analyzer techniques. This section presents a com-
parison of these results.

A. Test Circuits

Two GaAs circuits were tested: the reference and the
MIMIC to be characterized. The reference circuit con-
sisted of a sample 50 § microstrip line for overall system
calibration. The MIMIC to be tested was a two-stage
power amplifier with a nominal gain of 4 dB per stage and
an output power close to 0.5 W at 28 GHz [16]. Fig. 5
shows the nominal performance of a one-stage MIMIC
measured in a waveguide housing. An output power of 1
W was achieved with these MIMIC’s in a balanced config-
uration.

The MIMIC tested was mounted between two circuits,
each containing two photoconductive switches. Fig. 6 is a
photograph of the switch/MIMIC assembly. In the imple-
mentation of this technique, the bias of the switch and the
collection of the signal are achieved with simple low-
frequency probes (LFP’s) at the end of the high-impedance
shunt transmission lines. Since the sampled signals are at
the 200 Hz chopper frequency, coaxial LFP’s such as those
used in the existing automated on-wafer dc characteriza-
tion are needed to pick up the sampled signal, eliminating
the need for expensive microwave CPW probes. In the
experiment, a bias voltage of 20 V was applied to the
photoconductive switches. This produces a voltage pulse
amplitude of 80 mV, which is well within the linear range
of the MIMIC amplifier.

B. Measured Results

The measured autocorrelation signal at port b is shown
in Fig. 7 for the case where data have been taken every 0.5
ps. A similar time response was obtained at the output
port when the reference circuit was tested. In order to
correctly determine the phase response of the device, the
time delay between the signal at the input port and the
signal at the output port was determined by moving the
delay stage. For the reference circuit, this.delay was 186
ps. The time-domain data obtained at the output were
shifted by this delay time before the FFT was performed.
Fig. 8 shows the transfer function magnitude and phase
response of the 50 Q reference line after the FFT of the
time domain data. A 4000 point FFT was used to obtain
each set of the input and output spectral-domain data; the
measured data were padded with zeros.
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To verify these measured results, the transfer function of

the 50 Q reference circuit was measured using an HP8510
network analyzer. An additional reference test fixture was
also measured to eliminate the effect of the coaxial launch-
ers used in the reference line and in the MIMIC measure-
ments in the frequency domain. The reference circuit con-
tained an appropriate length of GaAs 50 € microstrip line
for circuit loss calibration. The transfer function for the
reference line determined by this method is depicted in

1227

T " (b) L
Fig. 6. . (a) GaAs optoelectronic switch and (b)4 MIMIC/ switch assem-
. " bly. . : .

" l""l""l'"'|""|"."I""|""|""'
o | 4
c
or -
e
ol
>>
s
o |
-—___,,__/'/
o
m»—
1 1 S T | 1 I 1 | oty Looaa
-48 ~38 -20 -18 @O 1@ 20 38 48
Delay Time (ps)
Fig. 7. Time-domain correlation response measured at the input of the

reference line (including dc leakage of the bias voltage).

Fig. 9. The good agreement between the results in magni-
tude and phase, as shown in Figs. 8 and 9, confirms the
accuracy of the optoelectronic technique.

For the MIMIC circuit, the time-domain signal obtained
at the input port is similar to that of Fig. 7. The electrical
pulse waveform detected at the output, which is shown in
Fig. 10, consists of 800 points taken at 0.5 ps intervals.
Since the electrical pulse was amplified through the MIMIC
with a narrow bandwidth around 28 GHz, the pulse at the

" output is expected to have a much broader waveform

compared to that at the input.

The magnitude and the phase of the transfer function,
S,1, as determined by the FFT program of the data ob-
tained from the optical technique are shown in Fig. 11.
This figure can be compared with Fig. 12, which shows the
transfer function measured by the network analyzer tech-
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nique. Good agreement in the broad-band response was
obtained. S;; can be determined in a similar manner. In
this case, both the input and the reflected pulses are
measured at the input port. This measurement is being
studied with an emphasis on the dynamic range [17].

The optoelectronic technique has provided good results
for S parameters when compared to frequency-domain
network analyzer measurements. The dynamic range of the
time-domain technique achieved thus far is less than that
from the HP8510 network analyzer when comparison is
made at the lower microwave frequency range. However,
this dynamic range can be improved by limiting the band-
width of the optically generated electrical pulse. If broad-
band data are required, the time-domain technique pro-
duces these data in one measurement, rather than as a
superposition of frequency-domain measurements. There-
fore, there is a bandwidth /signal-to-noise trade-off.

The sensitivity of the present optoelectronic switch is
also limited by the switch-off characteristics of the present
photoconductors, which exhibited some leakage current.
Better photoconductive switches can be fabricated to over-
come this difficulty. The pulse amplitude could be raised
by reducing the on-state resistance with a lower fluence of
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protons, increasing the photoconductive gap size, or using
higher voltage across the switch.

V. ON-WAFER IMPLEMENTATION

. At.present, auxiliary test structures on separate chips are
used to implement the optoelectronic characterization
technique. For application to on-wafer characterization,
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the mask set can be designed with microstrip test struc-
tures connected to the MIMIC’s to be characterized. A
pulse generation optical switch and a pulse sampling port
(which can be an identical optical switch) must be placed
at sites along the line. The line length limit is determined
by the need to resolve incident from reflected signals and
to remove spurious reflections. The line lengths can be
shortened by using electrical signals of shortér duration or
by performing additional measurements and enhancing the
FFT algorithm to separate the different signal waveforms.
If these lines are made short and implemented in areas
normally not occupied by devices (such as in saw kerfs
around' the border on each MIMIC chip or in test pattern
locations), the required test patterns can be incorporated
on the wafer while maintaining the same chip density.

To allow the measurement of scattering parameters at
each MIMIC port, transmission lines terminated in their
characteristic impedance may not be required, as they are
in a conventional frequency-domain measurement method.
In the pulse technique, this requirement can be eliminated
by using appropriate time-domain windowing to remove
the reflected pulses from the sampled data. Data collection
is simply terminated before the reflected signal arrives at
the sampling point. However, good RF terminations, espe-
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cially on the output transmission line, will permit a reduc-
tion in the size of the test structure.

By using the photoconductive switch for broad-band
spectral signal generation, electro-optic sampling could be
employed, instead of built-in optical sampling switches
along a transmission line. This has the advantage that the
electric field (which is proportional to the voltage) at any
point on the line, or even at any internal node within the
MIMIC itself, can be selected for sampling [3], [4]. I
addition, this sampling technique causes minimal dlSCOlltl-
nuity since no physical sampling structure is required. Also
of interest is the fact that electro-optic sampling usually
has better time resolution. In the present system, three
factors contribute' to the resolution limit: 2 ps due to
optical transit time across the 100-um-thick substrate, 60
fs due to the transit time of the electrical pulse across the 5
pm sampling spot, and 5 ps due to laser pulse duration. By
using a laser pulse with shorter duration (0.1 ps is possible)
and a thinner substrate, the time resolution may be im-
proved to 1 ps [2]-[4]. :

The disadvantages of electro-optic sampling are. that
adequate electric field magnitude and exact placement of
the optical signal are required in order to obtain a mean-
ingful detected signal, and this approach works best with
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materials that exhibit the electro-optic effect (such as
GaAs). For measurements on materials which are not
electro-optic, such as silicon, an electro-optic probe can be
used [4]. In this case, the magnitude of the electric field is
more critical, but the probe material could be chosen to
have the largest possible electro-optic effect.

The electro-optic sampling approach is currently being
applied to the testing of the same MIMIC used in the
optoelectronic experiment. Preliminary test results indicate
that similar time-domain waveforms have been obtained
from both the photoconductive and electro-optic tech-
niques [17].

VI. CONCLUSIONS

An optoelectronic characterization technique has been
demonstrated to achieve broad-band frequency response
for both the magnitude and the phase of a K -band
MIMIC. The optical system has been calibrated using a
reference measurement, and the measured scattering pa-
rameters show close agreement with data obtained from
network analyzer measurements on the MIMIC amplifier.
This technique. offers significant potential for on-wafer
characterization of both high-speed devices and high-
frequency circuits.

Based on these experiments, an automated measurement
system suitable for the manufacturing environment can be
developed to achieve high throughput in on-wafer MIMIC
evaluation. With an appropriate pulse width, the measure-
ment system can be extended to frequencies above 100
GHz. Signal-to-noise ratio and dynamic range issues, as
well as the application of the optical technique to measure-
ment of the nonlinear and multiport characteristics of
MIMIC components and subsystems, are currently being
studied.
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