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Abstract—We develop an on-wafer waveform calibration tech-
nique that combines a frequency-domain mismatch correction to
account for the effects of the probe on the measurement with an
oscilloscope calibration. The mismatch correction is general and
can be applied to any type of microwave probe, including scan-
ning and internal-node probes for noninvasive integrated-circuit
tests. We show that, for the commercial high-impedance probe we
used, this calibration approach allows accurate on-wafer waveform
reconstruction for a variety of probe ground configurations.

Index Terms—Calibration, high-impedance probe, on-wafer
measurement, waveform measurement.

I. INTRODUCTION

WE HAVE developed a calibration for on-wafer wave-
form measurements performed at the internal nodes

of an integrated circuit with a high-impedance probe and an
oscilloscope. The calibration relies on a mismatch correction
based on the broad-band frequency-domain probe-characteri-
zation method introduced in [1] and on a separate oscilloscope
calibration. The calibrations account for the finite impulse
response of the oscilloscope, signal distortion in the probe, and
multiple reflections between the probe and oscilloscope.

The goal of internal-node probing and field mapping is to
measure voltage and/or current waveforms at different locations
within digital or microwave integrated circuits. A number of
broad-band probes with low invasiveness have been developed
for this task. Common approaches include electrooptic probes
[2], photoconductive probes [3]–[5], microwave microelec-
tromechanical system (MEMS) probes [6], and commercial
microwave probes [7], [8].

Most optical, and some micromechanical probes, incorporate
waveform measurement systems directly in the probes and
cannot be characterized directly with the method developed
here. However, a broad class of passive and active microwave
probes, including those described in [6]–[8], can be treated as
standard two-port microwave devices, and can be characterized
with the method of [1].
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Fig. 1. Our experimental apparatus, on-wafer CPW transmission lines, and the
equivalent circuit used to develop our mismatch corrections.

Here, we develop an on-wafer waveform calibration method
for measurement systems consisting of an oscilloscope and
a passive or active microwave probe characterizable with the
method of [1]. The calibration combines a novel mismatch
correction with previously developed oscilloscope calibrations.
We show that the calibration works well even when the probes
have a ground contact that can either be arbitrarily positioned
on the circuit or not used at all [7].

II. WAVEFORM MEASUREMENTS

Fig. 1(a) shows a sketch of our experimental apparatus. The
source on the left-hand side drives the input of a conventional
ground–signal–ground (GSG) microwave probe. This probe has
a low loss and a nominal impedance of 50 . While the method
is applicable to any type of signal source, in our experiments,
we used a comb generator that creates a distorted 800 MHz sine
wave rich in harmonics at its nominally 50- coaxial output.

The GSG probe just to the right-hand side of the source injects
the signal from the source’s coaxial output port into a coplanar
waveguide (CPW) transmission line printed on a gallium ar-
senide (GaAs) substrate. The goal of the experiment is to ac-
curately measure the waveform at the right-most end of
the CPW transmission line, as illustrated in Fig. 1(a), with the
high-impedance probe and oscilloscope. Here, the subscript “ ”
indicates that the voltage in the CPW we wish to measure is near
the tip of the high-impedance probe. To measure the waveform

, we contacted the CPW center conductor near its end with
the high-impedance probe. The probe transmitted the signal at
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Fig. 2. Comparison of the voltage v measured at the source and 20 times
v , the voltage generated by the source at the coaxial port of the high-impedance
probe.

its tip to the sampling oscilloscope at the right-hand side of the
figure. The probe we used was equipped with a movable ground
contact that could be connected to either of the CPW grounds,
or not connected at all, and a 950- resistor integrated in its
tip to reduce its invasiveness. The oscilloscope had a 50-GHz
bandwidth and a nominal input impedance of 50 at its coaxial
port.

III. WAVEFORM DISTORTION

Fig. 2 plots the uncalibrated voltage measured at the
coaxial reference plane of Fig. 1(a) at the output of our source
as a solid line. This figure compares to 20 , where

is the uncalibrated voltage we measured at the coaxial ref-
erence plane of Fig. 1(a) at the output of the high-impedance
probe after the signal from the source has propagated through
the 50- GSG probe, coplanar line, and high-impedance probe,
as illustrated in Fig. 1. The factor of 20 accounts for the ex-
pected attenuation of the signal due to the 950- series resistor
integrated into the tip of the high-impedance probe.

The voltage waveforms in Fig. 2 illustrate key problems of
this time-domain measurement. The voltages and in
Fig. 2 are the oscilloscope measurements of the same source
voltage waveform. Clearly, the high-impedance probe and os-
cilloscope do not exactly reproduce the voltage waveform
generated by the source; the voltage waveform measured
by the probe and oscilloscope differs in amplitude, shape, and
time delay1 from that generated by the source.

The observed differences between these measured voltage
waveforms are primarily due to the nonideal transfer function of
the high-impedance probe and electrical mismatches between
the high-impedance probe and oscilloscope. The calibration
method we developed corrects for these effects, as well as
for the finite impulse response of the oscilloscope and for the

1In this case, the error in the time delay, which is attributable to the neglect of
the electrical length of the high-impedance probe shown in Fig. 3(b), is some-
what greater than a single period of the waveform.

(a)

(b)

Fig. 3. Sketch of the two measurement configurations employed in the probe
characterization procedure of [1].

oscilloscope’s time-base distortion. The calibration measures
the correct voltage waveforms both on the wafer and at the
coaxial ports.

IV. ON-WAFER WAVEFORM CALIBRATION

To calibrate waveforms measured with the high-impedance
probe, we used both oscilloscope calibrations and mismatch
corrections. We used the procedure in [9] to correct for the
time-base distortion in the oscilloscope, and the swept-sine
calibration of [10] to correct for the oscilloscope’s amplitude
response. The swept-sine calibration is based on injecting
sine waves of known amplitudes into the coaxial input of
the oscilloscope to characterize its amplitude response, and is
traceable to power measurements. We then used the “nose-to-
nose” calibration [11], [12], as implemented in [10] to calibrate
the phase response of the oscilloscope. Finally, we measured the
scattering parameters of the cable attached to the oscilloscope
and moved the reference plane of the oscilloscope calibration to
the end of the short coaxial cable at reference plane in Fig. 1(a).
After these calibrations, we calculate the frequency-domain
voltage from the uncalibrated voltage measured
by the scope. The voltage is the voltage that would
be generated by the source across a perfect 50- load at the
coaxial reference plane of Fig. 1(b) if the source had a
perfect 50- output impedance, as explained in [10].

We also developed an extensive frequency-domain probe mis-
match correction. We used procedure A of [1] to characterize
the probes because the conventional two-tier fixture character-
ization scheme [13] fails for lossy probes [1]. The corrections
account for distortion due to the nonideal transfer function of
the high-impedance probe and multiple reflections between the
probe and oscilloscope.

The procedure outlined in [1] begins with a conven-
tional two-tier characterization of the two 50- GSG
probes in Fig. 3(a). We started with a first-tier sliding-load
short-open-load-thru (SOLT) vector network analyzer (VNA)
calibration at coaxial reference planes indicated in Fig. 3. We
then performed a second-tier on-wafer multiline thru-reflect
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Fig. 4. Magnitude and phase of the transmission coefficient of the
high-impedance probe with its ground connected (solid line) and disconnected
(dashed line). We subtracted a time delay of 0.66 ns from the measurements to
better illustrate the deviation from linear phase.

line (TRL) calibration [14] with reference impedance correc-
tion [15] based on a transmission-line capacitance determined
from the measurement of a lumped resistor embedded in the
line [16]. The artifacts we used in the second-tier on-wafer
calibration consisted of CPW transmission lines 20.195-,
7.065-, 3.7-, and 2.635-mm long, a 0.5-mm-long CPW thru,
and a symmetric CPW reflect printed on GaAs substrate. The
reference plane for this on-wafer calibration was initially set
in the center of the thru standard, but we moved the reference
plane on port 1 to a position 25 m from the right-most end of
the thru line.

This two-tier calibration procedure measures a pair of elec-
trical “error boxes” relating the coaxial and on-wafer calibra-
tions to each other. Since the two calibration reference planes
were physically separated by the probe and a short section of
CPW line, the error boxes describe the electrical parameters of
the 50- GSG probes and section of CPW transmission line we
wished to characterize. As a result, the port 1 error box of the
second-tier calibration describes the electrical characteristics of
the GSG probe at port 1 and the section of CPW line between it
and the end of the thru.

Finally, we replaced the 50- GSG probe at port 2 with
the high-impedance probe that we wished to characterize, as
illustrated in Fig. 3(b). We then measured the cascade of the GSG
and high-impedance probe at the coaxial reference planes with
the SOLT calibration. We finished by deembedding (subtracting)
the electrical characteristics of the GSG probe and thru line
characterized earlier, yielding the scattering parameters of the
high-impedance probe. This completed the high-impedance
probe characterization procedure A of [1]. As demonstrated
in [1], the alternative probe characterization procedure B of
[1] would have yielded similar results.

Fig. 4 shows typical measurements of the magnitude
and phase of the forward transmission coefficient of the
high-impedance probe. The solid lines in the figures cor-
respond to measurements with the ground contact of the
high-impedance probe attached to the ground plane of the
CPW transmission line, while the dashed lines represent the

measurements with the high-impedance probe ground contact
disconnected. We found that these differences were quite
important, and could not be neglected in the development of
the calibration.

V. MISMATCH CORRECTION

Referring again to Fig. 1(a), which sketches the experimental
apparatus, the objective of the mismatch correction was to cor-
rect for the nonideal transfer function of the high-impedance
probe, as well as for multiple reflections between the probe
and oscilloscope, on the measurements. To do this, we used an
approach similar to those used in [17] and [18].

Fig. 1(b) shows an electrical block diagram of the experi-
mental apparatus. For completeness, we included the equiva-
lent circuits of both the source and oscilloscope. In this figure,

is the Fourier transform of the voltage on the wafer
we wish to measure, is the actual voltage at the coaxial
reference plane of Fig. 1(a) (not to be confused with ,
the voltage measured by the oscilloscope after it is calibrated
to test devices with a 50- input impedance [10]), is the
Thévenin equivalent impedance of the source corresponding to
its reflection coefficient at the coaxial reference plane

of Fig. 1(a), is the reflection coefficient of the os-
cilloscope’s sampling head at the coaxial reference plane of
Fig. 1(b), and are the scattering parameters of the high-
impedance probe we determined from the procedure of [1].

From Kirchhoff’s laws and the well-known relations between
the input and output waves for the scattering-parameter matrix
circuit description, we calculated the voltage from the
voltage measured by the calibrated oscilloscope. After
some algebraic manipulation, we derived a compact expression
relating these two voltages. The expression is

(1)

where

(2)

and

(3)

and is the Fourier transform of the voltage
that the source would deliver to the oscilloscope at reference
plane in Fig. 1(b) if the input impedance of the oscilloscope
and cable was 50 . Finally, we took the inverse Fourier trans-
form of to determine the voltage at the end of the
CPW transmission line.

VI. MEASUREMENT RESULTS

Fig. 5 compares our on-wafer measurement of the voltage
waveform calibrated with the procedure described in the
last section with the ground of the high-impedance probe both
connected to and disconnected from the CPW ground.

We also predicted the voltage on the wafer from a di-
rect measurement of the source at the coaxial reference plane
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Fig. 5. On-wafer waveforms measured at the tip of the high-impedance probe.
The waveform v (t) is calculated from the measured characteristics of the
source. The calibrated waveforms v (t) are determined with the procedure
presented in the text. The waveform 20v (t) is uncalibrated.

of Fig. 1(a) using our calibrated oscilloscope and a measure-
ment of the reflection coefficient of the source. This allowed
us to determine the Thévenin equivalent voltage and resistance
of the coaxial source. We then used the scattering parameters
of the 50- GSG probe and the CPW transmission line on the
left-hand side of Fig. 1(a), as determined from the first step of
the procedure described in [1], to calculate the waveform
on the wafer from the model of the source. Fig. 5 shows that
the corrected measurements of also agree well with the
prediction , showing that the calibration presented here
accurately determines the voltage waveform in the CPW line.

Fig. 5 also plots the voltage , the uncalibrated wave-
form measured by the oscilloscope and multiplied by
20, the expected factor for this 20 high-impedance probe
with a 950- resistor integrated into the tip. Not only does
this uncalibrated measurement show the pulse arriving at the
wrong time, but also the measured peak voltage and details
of the pulse shape are incorrect. This illustrates the signifi-
cant improvement in accuracy obtained with the calibration
procedure proposed here.

VII. DISCUSSION AND LIMITATIONS

The reference plane at which the high-impedance probe and
oscilloscope measure is determined during the scattering-
parameter characterization of the probe used in the procedure
of [1] and is set by the on-wafer CPW TRL calibration to a
reference plane 25 m from the right-hand-side end of the CPW.
As a result, the measured is a well-defined voltage in the
CPW transmission line.

However, it is important to keep in mind that is not actually
measured at the tip of the high-impedance probe, where the
voltage may not always be well defined. In fact, the scattering-
parameter matrix we used to perform the mismatch
corrections includes the high-impedance probe, its connection
parasitics, and the 25- m section of CPW under the probe
and its fringing capacitance. Reference [19] shows that these

Fig. 6. Comparison of waveforms at the tip of high-impedance probe
calibrated with the full 40-GHz bandwidth, truncated at 20 GHz and truncated
at 10 GHz.

on-wafer calibrations are specific to the particular CPW lines
in which they are developed, and are not universally applicable
to other transmission lines and measurement situations.

We also found that the differences in the electrical behavior
of the probes with the ground connected and disconnected were
not negligible. While not shown in the figures, we found that,
if we used a mismatch correction with the ground disconnected
to correct measurement performed with the ground connected,
or vice versa, the error in measuring increased significantly.
Again, we see that the calibration is a custom calibration that
should be performed in the specific test environment in which
the probes are to be used to give the best results.

VIII. CALIBRATION BANDWIDTH

Since our calibration scheme depends on frequency-domain
mismatch corrections, the finite bandwidth of the correction
results in some degradation of the waveform. In our experi-
ment, the power from the source fell from its maximum value at
800 MHz by 12 dB at 10 GHz, 24 dB at 20 GHz, and 40 dB at
40 GHz. As a result, we expected that our 40-GHz calibration
bandwidth would be adequate for characterizing .

To test for this, we reduced the bandwidth of the corrections
to 20 and 10 GHz. Fig. 6 compares the results. This figure shows
that, while truncating the measurement bandwidth at 10 GHz
introduced significant ripple on the waveform, truncating the
measurement bandwidth at 20 GHz introduces only small
ripples. From this, we concluded that our 40-GHz measurement
bandwidth was indeed adequate in our experiments.

We also found that the impact of the mismatch corrections in
our measurement system (and the time–base-distortion correc-
tion, which is needed to obtain accurate mismatch corrections)
on the overall accuracy of the waveform measurements was
much greater than the impact of the oscilloscope calibration.
We attribute this to the fact that our oscilloscope response
was quite flat to 20 GHz so the corresponding swept-sine
and nose-to-nose corrections were quite small, below 20 GHz
where most of the signal energy was present.
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IX. CONCLUSIONS

We introduced a calibration technique for the measurement
of on-wafer voltage waveforms with noninvasive internal-node
probes. We demonstrated this technique on commercially avail-
able high-impedance probes, and showed that these probes can
be used both with and without a ground connection with com-
parable results.
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