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Abstract—We review approaches developed at the National
Institute of Standards and Technology for on-wafer transistor
characterization and model parameter extraction at sub-
millimeter wavelengths and compare them to more common
approaches developed for use at lower frequencies. We discuss
important improvements in accuracy, approaches to estimating
the uncertainty of the procedure, and recent research on further
improving these methods.

Index Terms—Vector-network-analyzer calibration, on-wafer
measurements, scattering parameters, sub-millimeter-wave,
transistor, uncertainty.

I. INTRODUCTION

HE National Institute of Standards and Technology (NIST)

has been a leader in the development of on-wafer
measurement approaches. This work began in the early 1990s,
and included the development of methods for extending the
bandwidth of on-wafer thru-reflect-line (TRL) vector-network-
analyzer (VNA) calibrations [1], measuring the characteristic
impedance of the transmission lines used in the calibrations [2,
3], and resetting the reference impedance of the calibration to
50 Q. This calibration strategy has become the de facto on-
wafer calibration of reference to which all other on-wafer
calibrations are compared. It has been successfully used in
coplanar waveguide (CPW), microstrip, coaxial transmission
lines, and rectangular waveguide.

However, excitation of higher-order modes in coplanar
waveguide (CPW) makes it difficult to control calibrations at
sub-millimeter wavelengths [4, 5]. Figure 1 illustrates this with
an example of a measurement of the reverse transmission
through a transistor. These measurements were calibrated with
commercial impedance-standard substrate (ISS) placed on
ceramic and metal chucks, and designed for use with 50 pm-
pitch probes at sub-millimeter-wave frequencies. The curves
labeled “ISS on ceramic” correspond to measurements
performed with the ISS placed on a thick ceramic substrate. The
curves labeled “ISS on metal” correspond to measurements
calibrated when the ISS was placed directly on the metal chuck.
The figure illustrates how difficult it is to accurately measure
reverse transmission, which also impacts important figures of
merit such as the maximum stable gain and unilateral gain of
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Fig. 1. Comparison of TRL measurements to measurements
corrected with an impedance standard substrate (ISS) placed on a
metal chuck and on a thick ceramic substrate. The measurements
are banded over the frequency ranges 10 MHz — 110 GHz, 90-140
GHz, and 140-220 GHz, resulting in overlaps and discontinuities at
the band edges. From [6].

these transistors. We have only been able to do somewhat better
with on-wafer CPW calibrations.

In this paper we will show how on-wafer TRL calibration in
microstrip lines fabricated on thin BCB layers can be used to
make accurate measurements at submillimeter wavelengths.
We will also touch on coupling corrections, uncertainty
analyses, the importance of Monte-Carlo simulations, and how
traceability can be established for transistor measurements at
these frequencies.

II. THE TRL APPROACH

The same measurements calibrated with the TRL approach
based on microstrip lines printed on the integrated circuit, as
developed at the National Institute of Standards and
Technology in [6], are shown in blue lines in Fig. 1. This is a
true on-wafer calibration, as the calibration and transistor test
structures use the same access lines. This ensures that electrical
contact-pad and access-line parasitics are removed from the
measurements as accurately as possible. This calibration
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Fig. 2. The thru line used in our calibration kit. The small squares
are dielectric fill patterns, and have a negligible impact on the
electrical behavior of the microstrip transmission lines. From [6].

exhibits none of the problems of the CPW calibrations.

The TRL calibration locates the measurement reference
plane directly in small, single-mode microstrip lines shown in
Fig. 2. These are placed adjacent to the transistor, minimizing
extrinsic transistor parasitics. In this case, the transmission lines
were low-loss 22 pm-wide microstrip lines printed on
bisbenzocyclobutene-based (BCB) monomers approximately 8
pm thick, which raises the cutoff frequency of any higher-order
modes to well over 1 THz.

The microstrip TRL calibration can be extended to very high
frequencies. Fig. 3 compares measurements of the propagation
constant of these microstrip lines to calculations performed
with the microstrip transmission-line model of [7], and shows
excellent agreement to 750 GHz, despite having to acquire
these measurements over six different frequency bands,' and
not always being able to reuse the same calibration kit in each
band due to the inevitable damage to probe contacts caused by
repeated alignment and testing.

III. UNCERTAINTY AND TRACEABILITY

Since the introduction of on-wafer TRL calibrations, NIST
has continued to work on understanding their uncertainties and
developing traceability for these on-wafer measurements.
However, because it is difficult to develop standard on-wafer
calibration structures with specified metal conductivities,
complex permittivities and geometries in different integrated-
circuit technologies, the work has not focused on developing
standard artifacts as has been done in coaxial transmission lines
and rectangular waveguide. Instead, uncertainties and the
traceability that follows from them are developed for each
specific integrated-circuit technology.

Early work began with a straightforward analytic analysis
[8]. This was followed with the automation of frequency-point-
by-frequency-point uncertainties in the TRL calibration with

'The band edges occur at 90 GHz, 110 GHz, 140 GHz, 220 GHz, 325 GHz
and 500 GHz.

’Registered trademark of the National Institute of Standards and
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Fig. 3. Real and imaginary parts of the measured effective
dielectric constant, as determined by our TRL calibration,
compared to calculation. The measurements are banded over the
frequency ranges 10 MHz — 110 GHz, 90-140 GHz, and 140-220
GHz, resulting in overlaps and discontinuities at the band edges.
From [6].

the StatistiCAL? software package at NIST [9, 10]. This
software package was used in [6], and leveraged ODRPACK
[11] and its ability to estimate uncertainty from residuals in the
measurements.

However, the level of automation was low, and the
uncertainties developed with these early approaches were not in
a form that could be propagated through more complex
processes and analyses. For example, the measurement errors
could not be easily propagated through Fourier Transforms
used to support complex traceability chains and propagated
through other complex analyses such as model parameter
extraction.

1IV. THE MICROWAVE UNCERTAINTY FRAMEWORK

These limitations led to the development of the Microwave
Uncertainty Framework [12] at NIST and VNATools [13] at
the Swiss Federal Institute for Metrology (METAS). The
Microwave Uncertainty Framework supports both conventional
sensitivity analyses, which is useful for linear problems, and
Monte-Carlo analysis, which is required for nonlinear
problems. The Microwave Uncertainty Framework was
developed specifically to support a broad range of measurement
applications, including coaxial, rectangular waveguide, and on-
wafer VNA calibrations, complex traceability chains including
waveform, power, and oscilloscope calibrations, and system
level measurements and applications, such as error-vector-
magnitude determination, transistor model parameter
extraction, and circuit simulations.

In the context of prior work, the Microwave Uncertainty
Framework captures correlated uncertainties not available from

included only to better define experiments. Other products may work as well or
better.
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Fig. 4. The maximum-stable gain of a transistor corrected with
standard TRL and with TRL augmented with coupling corrections.
From [6].

StatisitiCAL. Correlated uncertainties are key to propagating
uncertainty though Fourier Transforms, complex traceability
chains, and other complex analyses, including the transistor-
model-parameter-extraction process.

NIST has now applied the Microwave Uncertainty
Framework to many of these problems [14-22], including
transistor model parameter extraction and circuit design [23-
25]. One of the key conclusions of our work is that correlated
uncertainties are not enough to solve many of these problems
accurately. Monte-Carlo approaches must be used in nonlinear
problems such as transistor model parameter extraction and
error-vector-magnitude  calculations at millimeter-wave
frequencies [23-25].

V. COUPLING

Despite the use of small single-mode microstrip transmission
lines in our measurements, correcting for probe-to-probe
coupling remains one of the key difficulties in performing
accurate on-wafer measurements. Coupling behavior is
complex, involves many tradeoffs, and can greatly impact the
accuracy of on-wafer transistor measurements.

Nevertheless, probe-to-probe and other coupling in on-wafer
measurement scenarios can be modeled and corrected for to
first order [26, 27]. We illustrate this in Fig. 4 with a
comparison of the maximum stable gain measured with TRL
calibrations using different probes both before and after
applying coupling corrections. Clearly, applying coupling
corrections improves the consistency and accuracy of the
measurements.

However, a key remaining problem is determining the
uncertainty in coupling-corrected, on-wafer measurements.
This is difficult because coupling models are not easy to
develop, and assessing how much of the coupling is left
uncorrected by the coupling-correction algorithm is
challenging.

Current research at NIST is focusing on how to use
measurement residuals to capture correlated uncertainty in
coupling-corrected-transistor and other measurements where

models of the corrections are suspect.

VI. CONCLUSION

NIST algorithms allow for on-wafer calibrations traceable to
dimensional and other measurements performed on the same
integrated circuits on which the transistors are fabricated.
These calibrations can now correct for most errors in the
measurements, including probe-to-probe coupling, and then
used to extract transistor models with measurement uncertainty
and process variations [23, 24]. These models can then be used
in conventional circuit simulators to estimate the expected
range of circuit performance based on the uncertainty and
process variations in the transistor models [25].
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