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ABSTRACT This article presents an empirical investigation of calibration effects on load-pull measure-
ments collected on wafer and at W-band frequencies. An analysis of scattering parameter (S-parameter)
measurements provides insight into how small-signal metrics germane to load pull are affected by choice of
the calibration technique. It is found that off-wafer line-reflect-reflect-match (LRRM) calibrated measure-
ments of the same transistor with different probes exhibit drastically different maximum small-signal gains
compared to equivalent on-wafer multiline thru-reflect-line (mTRL) calibrated measurements. Load-pull
measurements are heavily influenced by choice of calibration algorithm, and LRRM calibrated large-signal
measurements collected with different waveguide probes yield variations in large-signal gain of over 2 dB
and variations in peak PAE of over 24 percentage points. The equivalent on-wafer mTRL calibrated load-pull
measurements collected with different waveguide probes are consistent to within 0.1 dB for large-signal
gain and 1 percentage point for peak PAE. This work provides quantitative evidence that on-wafer mTRL
calibration with well-designed calibration structures is preferred for large-signal measurements collected at
millimeter-wave frequencies. If utilization of on-wafer mTRL calibration is not possible, this work suggests
using similar measurement setups, i.e., waveguide probes, calibration standards, etc., for evaluating on-wafer
unmatched transistors in a consistent manner.

INDEX TERMS Calibration, load-pull, LRRM, measurements, scattering-parameters, TRL, W-band.

I. INTRODUCTION
On-wafer large-signal measurements at millimeter-wave
(mm-wave) frequencies have received considerable attention
in the past few years due to interest in microelectronics appli-
cations above Ka-band frequencies. Load-pull measurements
are important for device characterization, model extraction
and validation, and characterization and validation of the re-
sulting mm-wave monolithic microwave integrated circuits.
However, at mm-wave frequencies, measurement systems be-
come rare. A W-band passive load-pull system was reported
in [1] for evaluating the large-signal performance of nitrogen-
polar gallium nitride (GaN) high electron mobility transistors
(HEMTs). An active load-pull system designed for W-band

frequency operation was developed by Teppati et al. in [2].
In [3], a commercial W-band vector-receiver hybrid active
load-pull system was presented. A scalar W-band load-pull
system was employed in [4] for nonlinear circuit model vali-
dation.

The most critical aspect of on-wafer measurements is the
calibration of the system. Calibration establishes reference
planes of the corrected measurements at a desired location and
removes systematic errors from the instrument hardware [5].
There exists a wide range of calibration algorithms and
techniques for on-wafer scattering-parameter (S-Parameter)
measurements. The traditional short-open-load-thru (SOLT)
calibration technique is ubiquitous throughout the on-wafer
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radio frequency (RF) measurement community. This calibra-
tion technique requires well defined standards and establishes
the reference planes of the corrected measurements near the
tips of the probes used to measure the devices. Several other
“probe-tip” calibration techniques are also widely used for on-
wafer measurements, including line-reflect-match (LRM) [6]
and line-reflect-reflect-match (LRRM) [7], [8]. The thru-
reflect-line (TRL) calibration [9] is another staple of on-wafer
microwave measurements. This method uses the redundancy
of measurement results to define the reflection coefficient and
propagation constant of the line standard [10]. The major
draw back of the original TRL calibration technique, how-
ever, is that it is inherently frequency limited. Additional line
standards were included to overcome this limitation with the
aid of statistical analyses of the redundant measurement data.
Several approaches were developed to this end including a
weighted least squares method [11], a generalized distance
regression method [12], and an orthogonal distance regression
method [13]. The multiline TRL (mTRL) algorithm developed
at the National Institute of Standards and Technology [13],
[14] is considered the de facto standard technique for preci-
sion on-wafer calibration and measurements [10].

A considerable amount of work has been devoted to
comparing and analyzing the different on-wafer calibration
techniques. In the seminal work of Williams et al. [15], sev-
eral on-wafer calibration techniques were compared using a
new verification technique for determining the measurement
accuracy of calibrated S-Parameters. A comparison of the
accuracy and repeatability of on-wafer calibration techniques
up to 110 GHz was reported in [16]. In [17], an excellent
summary of the pitfalls in on-wafer calibration at mm-wave
frequencies is presented. Probst et al. reported a comparison
of 110 GHz on-wafer measurements in [18]. A comparison
of on-wafer TRL and SOLT calibrations for measurements
up to 500 GHz was reported by Fregonese et al. in [19].
The conclusions of many of these works are that the mTRL
calibration algorithm is superior for on-wafer measurements
at mm-wave frequencies.

There is considerably less work in the literature which com-
pares and analyzes the effects of calibration on large-signal
measurements. In [20], a procedure and metrics for compar-
ing large-signal network analyzer (LSNA) calibrations were
reported. An LSNA round robin exercise was reported by
Barmuta et al. in [21]. A robust approach for the comparison
and validation of large-signal measurement systems was also
reported in [22]. None of these works explore the effect of
different calibration techniques on on-wafer load-pull mea-
surements of unmatched transistors.

In this work, a thorough empirical analysis of calibration
effects on W-band scalar load-pull measurements is presented.
First, in Section II, a comparison of S-Parameter measure-
ments calibrated with the LRRM and on-wafer mTRL meth-
ods is presented. These comparisons are similar to what was
reported in the literature regarding on-wafer calibrations for
small-signal measurements. However, the aim of this section
is to analyze aspects of the S-parameter measurements which

FIGURE 1. The 10 MHz–110 GHz on-wafer S-Parameter measurement
system used to characterize the mm-wave GaN transistors.

are germane to load-pull measurements. Section III presents
a novel investigation of calibration effects on the large-signal
measurements of on-wafer unmatched GaN HEMTs. Differ-
ent waveguide probes are used to highlight the effects of using
the LRRM calibration algorithm and a similar investigation is
conducted using the on-wafer mTRL calibration. Section IV
concludes the article.

II. SMALL-SIGNAL MEASUREMENTS
S-Parameter measurements were collected at the Air Force
Research Laboratory (AFRL) Sensors Directorate using a
10 MHz–110 GHz continuous band on-wafer small-signal
measurement bench illustrated in Fig. 1. The system is
comprised of a Cascade 12 K probe station, an Agilent
E8361 C 67 GHz PNA, an Agilent N5260 A mm-wave head
controller, two OML N5260-60003 67–110 GHz frequency
extenders, two Agilent N5260-60013 combiner assemblies
which enable continuous band measurements across the full
10 MHz–110 GHz frequency range, and an Agilent E5270 A
source/measure unit (SMU). Supply voltages were applied to
the transistors through external bias tees which reside in the
Agilent combiner assemblies. Three different 1 mm coaxial
ground-signal-ground (GSG) RF probes were used to measure
the S-parameters of the GaN HEMTs across a broad frequency
range of 500 MHz to 110 GHz. The probes were FormFactor
ACP 100 μm GSG, FormFactor infinity 100 μm GSG, and
GGB picoprobe 100 μm GSG, which will be referred to as
ACP, i110, and GGB throughout this work, respectively.

The on-wafer S-Parameter measurement system was first
calibrated with the three separate pairs of coaxial probes using
the LRRM calibration algorithm. The system configured with
the FormFactor ACP and i110 probes was calibrated using a
FormFactor 104-783 A impedance standard substrate (ISS).
The system configured with the GGB probes was calibrated
using the GGB CS-5 ISS. All calibrations were accomplished
using the FormFactor WinCal software and with the proper
inputs associated with each pair of probes. Custom settings
were used for the GGB probes and calibration substrate. An
absorber was placed under each ISS for calibration.

After calibration, a delay line was measured on the ISS to
ensure that the calibrated S-Parameter measurements passed
qualitative inspection and did not exhibit any irregularities.
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FIGURE 2. Measured S11 of a FormFactor ISS delay line with each pair of
coaxial probes.

FIGURE 3. Measured S21 of a FormFactor ISS delay line with each pair of
coaxial probes.

Figs. 2 and 3 report the calibrated S-Parameter measurements
of a FormFactor delay line using each pair of coaxial probes.
These results indicate each calibration provides similar re-
sults with the different pairs of probes and using the LRRM
calibration algorithm. The minor difference in the calibrated
measurement collected with the GGB probes highlights the is-
sue of using calibration standards on a different substrate than
the substrate of the DUT. The GGB probes were calibrated
using the GGB ISS, and the delay line was measured on the
FormFactor ISS.

A mm-wave GaN HEMT in a coplanar waveguide (CPW)
configuration was measured using the LRRM calibrated S-
Parameter test bench. The transistor was biased at VDS = 10 V
and ID = 100 mA/mm. Fig. 4 reports the measured input
small-signal reflection coefficient, S11, of the GaN HEMT
collected with the three different sets of RF probes. The mea-
surements collected with the ACP, i110, and GGB probes are
illustrated with solid red, green, and blue lines, respectively.
Good agreement between the three sets of measurements is
observed up to ∼13 GHz. However, the measurements above
this particular frequency do not exhibit good agreement and
considerable discrepancies are observed. The input small-
signal conjugate match (SSCM), S∗

11, computed at 94 GHz

FIGURE 4. Measured input reflection coefficient, S11, of a CPW GaN HEMT
at a single bias using three different coaxial RF probes calibrated with the
LRRM algorithm. The measurements exhibit good agreement up to
∼13 GHz. The input small-signal conjugate matches, S∗

11, computed from
the three measurements at 94 GHz are illustrated with circles.

FIGURE 5. Measured output reflection coefficient, S22, of a CPW GaN
HEMT at a single bias using three different coaxial RF probes calibrated
with the LRRM algorithm. The measurements exhibit good agreement up
to ∼13 GHz. The input small-signal conjugate matches, S∗

22, computed from
the three measurements at 94 GHz are illustrated with circles.

is also illustrated in Fig. 4. It is evident that the SSCM of
the GaN HEMT is different when measured with the three
separate sets of RF probes. This poses a considerable chal-
lenge in the context of on-wafer scalar load-pull measure-
ments. RF transistors are typically impedance matched at the
input using the SSCM, and therefore the transistor may not
be optimally matched when measuring with different sets of
probes due to limitations of the passive impedance tuners [4].

The measured output small-signal reflection coefficient,
S22, of the CPW GaN HEMT collected with the three RF
probes is reported in Fig. 5. The output reflection coefficients
diverge at a particular frequency of ∼13 GHz. The output
SSCM, S∗

22, is plotted for the measurements collected with
the different RF probes. The same transistor measured at an
identical quiescent bias exhibits different output SSCMs when
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FIGURE 6. Maximum small-signal gain of a CPW GaN HEMT at a single
bias using three different coaxial RF probes calibrated with the LRRM
algorithm. The measurements exhibit good agreement up to ∼40 GHz.
Values of maximum gain are reported at 94 GHz.

TABLE 1. Summary of LRRM Calibrated Small-Signal Measurement
Absolute Differences

collected with different sets of RF probes calibrated with
the LRRM algorithm. RF transistors rarely exhibit optimal
large-signal metrics including output power and power added
efficiency (PAE) at their output SSCM. However, this initial
analysis sheds light on the potential differences in optimal
transistor load impedances that could be collected with mm-
wave on-wafer load-pull measurement systems.

Fig. 6 presents the maximum small-signal gain, Gmax, of
the CPW GaN HEMT calculated from S-Parameter mea-
surements collected with the three sets of RF probes. It is
interesting that good agreement between Gmax collected with
the different probes is observed up to ∼40 GHz. However,
above this particular frequency, the measured values exhibit
drastic differences. This is especially evident in the W-band
frequency range. To highlight this, Fig. 6 also illustrates the
computed values of Gmax at 94 GHz. The maximum small-
signal gain values of the same transistor are 4.5 dB, 8.2 dB,
and 10.8 dB when measured with the i110, GGB, and ACP
probes, respectively. This is a vast difference in the maxi-
mum small-signal gain of the same transistor collected with
different RF probes. These results have a direct impact on
large-signal measurements collected on the mm-wave tran-
sistors. A higher measured gain implies a potentially higher
calculated PAE. A summary of the absolute differences be-
tween the S-Parameter measurements collected with each pair
of coaxial probes and calibrated with the LRRM algorithm is
reported in Table 1.

FIGURE 7. Calculated characteristic impedance, Z0, of the on-wafer CPW
transmission line using the mTRL algorithm with each pair of coaxial
probes.

Next, on-wafer S-Parameter measurements of a mm-wave
GaN HEMT in a CPW extended reference plane (ERP) con-
figuration are investigated. The “intrinsic” component of this
on-wafer unmatched transistor is nominally the same as the
CPW transistor measured with LRRM calibration. However,
the ERP transistor included CPW traces which connect the
GSG pads and the intrinsic component of the transistor. The
mTRL algorithm was used for calibrating the S-Parameter
measurement system configured with the three sets of differ-
ent RF probes. Well-designed on-wafer calibration structures
were used for the mTRL calibrations. The on-wafer calibra-
tion kit included a thru, two shorts for each port, and three
delay lines with lengths 200 μm, 400 μm, and 1400 μm.
The same sets of ACP, i110, and GGB probes and the
same on-wafer calibration kit were used for measuring the
S-Parameters of the ERP transistor. The calibrations were
verified by analyzing the resulting transmission line char-
acteristic impedances determined by the mTRL algorithm.
Fig. 7 illustrates the CPW transmission line characteristic
impedance determined with the mTRL algorithm and with the
three separate pairs of coaxial probes. These results indicate a
consistent calibration.

The measured input small-signal reflection coefficient of
the ERP transistor collected with the three pairs of RF probes
and using the mTRL calibration is reported in Fig. 8. The mea-
surements collected with the ACP, i110, and GGB probes are
plotted with red, green, and blue lines, respectively. All three
measurements exhibit excellent agreement up to 100 GHz,
with a small shift observed in the measurements collected with
the i110 probes above 100 GHz. The input SSCM computed at
94 GHz is included in Fig. 8. It is clear that the measurements
collected using the three different sets of RF probes are very
consistent when the system is calibrated using the on-wafer
mTRL algorithm and well-designed calibration standards.

Fig. 9 illustrates the measured output small-signal reflection
coefficients collected with the three different sets of RF probes
and using the mTRL calibration algorithm. Good agreement
between all three measurements is observed across the entire
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FIGURE 8. Measured input reflection coefficient, S11, of an ERP GaN HEMT
at a single bias using three different coaxial RF probes calibrated with the
mTRL algorithm. The measurements exhibit excellent agreement across
the entire frequency range. The input small-signal conjugate matches, S∗

11,
computed from the three measurements at 94 GHz are illustrated with
circles.

FIGURE 9. Measured output reflection coefficient, S22, of an ERP GaN
HEMT at a single bias using three different coaxial RF probes calibrated
with the mTRL algorithm. The measurements exhibit excellent agreement
across the entire frequency range. The input small-signal conjugate
matches, S∗

22, computed from the three measurements at 94 GHz are
illustrated with circles.

frequency range. Minor discrepancies are observed in the
measurements above 50 GHz which could be due to small
variations in probe placements on the calibration structures
and on the measured ERP transistor. These measured results
also provide good evidence that the on-wafer mTRL cali-
bration provides consistent measurements regardless of the
choice of RF probes.

Finally, the maximum small-signal gain of the ERP transis-
tor computed from the S-Parameter measurements collected
with the three sets of RF probes and calibrated with the
mTRL algorithm is presented in Fig. 10. The values of Gmax

at 94 GHz are 8.67 dB, 8.78 dB, and 8.79 dB when the
same transistor is measured using the GGB, i110, and ACP

FIGURE 10. Maximum small-signal gain of an ERP GaN HEMT at a single
bias using three different coaxial RF probes calibrated with the mTRL
algorithm. The measurements exhibit excellent agreement across the
entire frequency range. Values of maximum gain are presented at 94 GHz.

TABLE 2. Summary of mTRL Calibrated Small-Signal Measurement
Absolute Differences

probes, respectively. These results provide further evidence
that the mTRL calibration algorithm with well-designed cali-
bration structures exhibits very consistent measurements up to
110 GHz. A summary of the absolute differences between the
mTRL calibrated S-Parameter measurements collected with
each pair of coaxial probes is reported in Table 2.

III. LARGE-SIGNAL MEASUREMENTS
The large-signal response of the mm-wave GaN HEMTs is
next investigated using different combinations of waveguide
probes and calibration algorithms. The on-wafer W-band
scalar load-pull measurement system at AFRL was used to
characterize the mm-wave GaN HEMTs [4]. This measure-
ment system is a good candidate to conduct this analysis as
it has been used extensively to characterize mm-wave GaN
HEMT technologies [23], [24]. A picture of the W-band on-
wafer scalar load-pull system is presented in Fig. 11. The
components of the measurement system include a Keysight
N5183B 40 GHz signal generator, a MI-WAVE 936W-
85/105/20/387 WR-10 6x frequency multiplier, a MI-WAVE
511 W/387ND WR-10 programmable attenuator, a QuinStar
QBP-94024030-H002 93–95 GHz 10 W solid state power am-
plifier, two Keysight E8486A-201 WR-12 extended frequency
and dynamic range power sensors, two Flann 27333-3E W-
band switches, two Virginia Diodes, Inc. WR-10 frequency
extenders, two Maury MT979AL WR-10 automated mechan-
ical impedance tuners, an Agilent E5273 A SMU, and a
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FIGURE 11. W-band (75 GHz–110 GHz) on-wafer scalar load-pull
measurement system used to characterize the mm-wave GaN transistors.

FIGURE 12. Block diagram of the W-band on-wafer scalar load-pull
measurement system.

Keysight N5273B PNA-X. A block diagram of the W-band
scalar load-pull system is illustrated in Fig. 12.

First, measurements of the on-wafer unmatched GaN
HEMT in CPW configuration were investigated. Two sets
of WR-10 waveguide probes were used to characterize the
transistor. Namely, a pair of FormFactor ACP WR-10 100 μm
probes and a pair of GGB picoprobe WR-10 100 μm probes
were used. The LRRM calibration algorithm was used for
both S-Parameter measurements on this system and also for
the in-situ tuner characterization process required for scalar
load-pull measurements. The FormFactor 104–783 A ISS was
used for calibrating the system with the ACP WR-10 probes
and the GGB CS-5 ISS was used for calibrating the system
with the GGB WR-10 probes. An absorber was placed un-
der both the FormFactor ISS and the GGB ISS. Again, all
calibrations were accomplished using the FormFactor WinCal
software.

The impedances of the passive W-band source and load
tuners were set using the following procedure. First, the input
and output SSCMs of the transistors were calculated from
the S-Parameter measurements collected on the W-band load-
pull system in its S-Parameter measurement configuration.
Then, the impedances of the passive tuners were set as close
to the calculated SSCMs as possible. The prescription of
impedances based on the SSCMs enables a simplified anal-
ysis of the transistor power measurements without the need

FIGURE 13. Measured transducer gain versus output power of the CPW
GaN HEMT at 94 GHz fundamental frequency using the ACP WR-10 and
GGB WR-10 probes. The LRRM algorithm was used to calibrate the system
for these measurements.

for high power load-pull which could degrade the transistor
performance.

The measured transducer gain, GT, versus output power
is reported in Fig. 13. Here, the red line represents the
measurements collected with the ACP WR-10 probes and
the blue line represents the measurements collected with the
GGB WR-10 probes. The power sweeps were collected at a
94 GHz fundamental frequency with the transistor biased at
VDS = 10 V and ID = 100 mA/mm. The � GT metrics of the
measurements collected with the ACP WR-10 and the GGB
WR-10 probes were 0.17 dB and −0.06 dB, respectively.
These verification metrics provide confidence in the precision
of the on-wafer load-pull measurements. There is a substantial
difference in the measured transducer gain collected with the
load-pull system configured with the ACP WR-10 and GGB
WR-10 probes. A difference of over 2 dB in GT is observed in
both the small-signal and large-signal regimes of Fig. 13. The
large-signal gain highlighted in Fig. 13 was analyzed at the
input power corresponding to peak PAE. The discrepancies
in the measurements of the exact same transistor at nominally
the same operating conditions (i.e., quiescent bias, frequency,
matching conditions) appear to be due to using the LRRM
calibration with different waveguide probes.

Fig. 14 reports the PAE of the CPW transistor collected
with both sets of waveguide probes calibrated with the LRRM
algorithm. Again, the red line represents the measurements
collected with the ACP WR-10 probes and the blue line rep-
resents measurements collected with the GGB WR-10 probes.
It is clear that the PAE of the transistor is substantially affected
by the choice of waveguide probes. In this example, the PAE
varies by nearly 24 percentage points – a 125% increase. This
amount of variation in PAE of on-wafer unmatched transistors
is due to utilizing different waveguide probes with the LRRM
calibration algorithm. This can cause considerable disagree-
ments when benchmarking mm-wave transistor technologies
at independent RF measurement laboratories.
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FIGURE 14. Transistor PAE versus output power of the CPW GaN HEMT at
94 GHz fundamental frequency using the ACP WR-10 and GGB WR-10
probes. The LRRM algorithm was used to calibrate the system for these
measurements.

TABLE 3. Summary of LRRM Calibrated Large-Signal Measurements. The
Output Power and Gain Were Evaluated At the Input Power Corresponding
to Peak PAE

The on-wafer unmatched transistor was load pulled to
investigate whether the large variation in PAE could be over-
come by choice of a load impedance other than the SSCM.
However, the transistor moderately responded to a high power
load pull and did not exhibit an increase in PAE on the same
order as what was observed with a different pair of probes.
Therefore, the substantial variation in large-signal measure-
ments is attributed to the LRRM calibration algorithm.

As a final example, the on-wafer W-band scalar load-pull
system was re-characterized with the GGB WR-10 probes, the
LRRM calibration, and without the absorber under the GGB
CS-5 ISS. The on-wafer CPW transistor was re-measured
using identical operating conditions as the previous two mea-
surement sets. The results are added to the summary of LRRM
calibrated data in Table 3. Clearly, the off-wafer LRRM cali-
bration algorithm is highly sensitive to the choice of W-band
waveguide probes and whether an absorber was placed under
the ISS. This sensitivity yields drastically different large-
signal measurements of the same on-wafer unmatched GaN
HEMT when collected with different probes.

Next, the on-wafer ERP GaN HEMT was measured with
the same W-band scalar load-pull system and pairs of wave-
guide probes. The load-pull system was characterized using
the on-wafer mTRL calibration algorithm and the on-wafer
calibration standards associated with the ERP transistor. Spe-
cial care was taken to ensure consistent probing of the

FIGURE 15. Measured transducer gain versus output power of the ERP
GaN HEMT at 94 GHz fundamental frequency using the ACP WR-10 and
GGB WR-10 probes. The mTRL algorithm was used to calibrate the system
for these measurements.

calibration standards and transistor using the two sets of wave-
guide probes. The source and load impedances presented to
the transistors were set as close to the measured SSCM as pos-
sible within the limits of the passive measurement system. The
measured SSCM collected with the two pairs of waveguide
probes were similar to the results presented in Figs. 8 and 9.

Fig. 15 illustrates the measured transducer gain versus
output power of the ERP transistor at 94 GHz fundamental
frequency and VDS = 10 V and ID = 100 mA/mm quiescent
bias. The measurements collected with the ACP WR-10 and
GGB WR-10 probes are plotted with red and blue lines,
respectively. The calculated �GT metrics of the large-signal
measurements collected with the ACP WR-10 and the GGB
WR-10 probes were −0.15 dB and −0.35 dB, respectively.
Again, this provides confidence in the on-wafer load-pull
system calibration and the conclusions drawn from the
measurements collected with this system. Both sets of power
sweep measurements exhibit excellent agreement despite the
fact that separate waveguide probes were used to collect the
measurements. The difference in the measured large-signal
transducer gain is <0.1 dB. This is in stark contrast to the
measurements collected using the same waveguide probes on
a similar on-wafer unmatched transistor but using the LRRM
calibration algorithm.

The PAE of the ERP transistor collected using both sets
of waveguide probes and the on-wafer mTRL calibration al-
gorithm is presented in Fig. 16. Again, the measurements
collected with the ACP WR-10 and the GGB WR-10 probes
are illustrated with red and blue lines, respectively. These
results indicate that the measurements collected with two
substantially different waveguide probes exhibit excellent
agreement with each other. Specifically, the difference in the
peak PAE collected with both pairs of waveguide probes is
<1 percentage point. This result provides confidence that
measurements collected using a system calibrated with the
on-wafer mTRL calibration algorithm and well-design cal-
ibration structures are not affected by choice of waveguide
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FIGURE 16. Transistor PAE versus output power of the ERP GaN HEMT at
94 GHz fundamental frequency using the ACP WR-10 and GGB WR-10
probes. The mTRL algorithm was used to calibrate the system for these
measurements.

TABLE 4. Summary of mTRL Calibrated Large-Signal Measurements. The
Output Power and Gain Were Evaluated At Peak PAE

probe. A summary of the mTRL calibrated large-signal mea-
surements is provided in Table 4.

IV. CONCLUSION
This article presented a thorough analysis of the effects of cal-
ibration on small-signal and large-signal on-wafer measure-
ments of unmatched mm-wave GaN HEMTs. Specifically,
this work detailed a comparison of LRRM calibrated on-wafer
S-Parameters measurements collected with three different
types of coaxial RF probes and on-wafer load-pull measure-
ments collected with two types of waveguide probes. It was
found that the LRRM calibrated S-Parameter measurements
of a single CPW GaN HEMT exhibited substantial variations
in the calculated SSCM and in the maximum small-signal
gain. A variation of over 6 dB in maximum small-signal gain
was observed in the LRRM calibrated measurements with
different RF probes. Furthermore, the LRRM calibrated on-
wafer load-pull measurements of a single CPW GaN HEMT
exhibited a large variation in measured gain and PAE. The
measured large-signal transducer gain varied by over 2 dB and
the peak PAE varied by over 24 percentage points. mTRL cal-
ibrated on-wafer S-Parameter measurements of a single ERP
GaN HEMT exhibited minimal variation when collected with
three different coaxial RF probes. Variations in the maximum
small-signal gain were less than 0.1 dB. The mTRL cali-
brated on-wafer load-pull measurements of a single ERP GaN
HEMT also demonstrated excellent precision when collected
with two sets of waveguide probes. The measured large-signal

gain varied by less than 0.1 dB and the peak PAE varied by
less than 1 percentage point. These results provide quantita-
tive evidence that the on-wafer mTRL calibration algorithm
combined with well-designed on-wafer calibration structures
are the preferred choice for precision on-wafer large-signal
measurements at mm-wave frequencies. If it is not possible
to calibrate the on-wafer load-pull system using on-wafer
mTRL with quality calibration structures, then it is preferred
to use consistent probes, calibration algorithm, and ISS when
comparing measurements of different mm-wave on-wafer un-
matched transistor technologies.
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