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Abstract—We present a broadband on-wafer calibration from
45 MHz to 40 GHz for variable temperature measurements, which
requires three standards: a thru, reflect, and series resistor. At
room temperature, the maximum error of this technique, com-
pared to a benchmark nine-standard multiline thru-reflect-line
(TRL) method, is comparable to the repeatability of the bench-
mark calibration. The series-resistor standard is modeled as
a lumped-element -network, which is described by four fre-
quency-independent parameters. We show that the model is stable
over three weeks, and compare the calibration to the multiline
TRL method as a function of time. The approach is then demon-
strated at variable temperature, where the model parameters are
extracted at 300 K and at variable temperatures down to 20 K, in
order to determine their temperature dependence. The resulting
technique, valid over the temperature range from 300 to 20 K,
reduced the total footprint of the calibration standards by a factor
of 17 and the measurement time by a factor of 3.

Index Terms—Calibration, cryogenic, error correction, mi-
crowave, scattering parameters, series resistor, temperature.

I. INTRODUCTION

M EASUREMENT-BASED circuit modeling of devices
is an important design tool for the development of mi-

crowave components and systems. Since typical measurement
and test systems possess their own frequency-dependent re-
sponse, accurate modeling and characterization of devices over
a broad range of frequencies is challenging without effective
correction techniques. A variety of calibration techniques have
been developed to address this issue, and are routinely applied
to coaxial and on-wafer measurements. Among them, multiline
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thru-reflect-line (TRL) [1], [2] is considered to be one of the
most accurate because of its basis in circuit theory, and is often
used as a benchmark for new calibrations [3], [4]. Apart from
the multiline TRL technique, Padmanabhan et al. [5] recently
showed that on-wafer open-short-load-thru (OSLT) calibrations
can have comparable accuracy to the multiline TRL approach
provided that the shunt-resistor loads are adequately modeled
to account for their high-frequency response. Moreover, the
development of a compact OSLT calibration greatly reduced
the footprint and total measurement time needed to accurately
correct room temperature broadband measurements to 110
GHz.

Temperature-dependent experiments are ubiquitous in
scientific literature as they often elucidate fundamental thermo-
dynamics and temperature-dependent properties of materials,
including conductors and dielectrics. For cryogenic exper-
iments, the relatively large number of standards needed to
correct broadband microwave measurements by the multiline
TRL method, as compared to OSLT, implies longer measure-
ment times and limits the number of measurements that can be
achieved in a single cool-down. Above room temperature, there
are also instances where we must limit the period during which
the sample and measurement system are exposed to heat, an
example of which would be protein measurements [6]. There
are many applications of accurate on-wafer calibrations at
temperatures other than room temperature, including materials
science engineering applications for thin films [7], characteri-
zation biological fluids [8], and cryogenic characterization of
various components for communications applications [9], [10].
Designing calibration standards with predictable temperature
dependent properties will help reduce measurement time, while
also reducing the footprint of the calibration standards, for
variable temperature applications.

We have chosen the series-resistor calibration [11] to achieve
our goal of designing a standard with a predictable temperature
dependence because it requires one less standard than an OSLT,
which further decreases the footprint of the calibration devices
on the wafer. In addition to the series-resistor standard, the cal-
ibration technique employed here also uses a thru and a sym-
metric short-circuit reflect. Experiments have also shown that
the accuracy of the series-resistor calibration can be comparable
to the repeatability of multiline TRL [11] at room temperature.

In what follows, we first describe our fabrication proce-
dure for the series-resistor standard, which is a resistive strip
embedded in the center conductor of a coplanar waveguide
(CPW) [12] [see Fig. 1(a)]. We explain how to use the series
resistor to extract the characteristic impedance of the CPW
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Fig. 1. (a) Representative Pd Au series-resistor standard. The resistive
strip is embedded in a gold CPW with a ground plane of width (�), center con-
ductor of width (�), gap of width (�), and resistive strip. The three hash marks on
each ground plane are alignment marks for the ground–signal–ground probes.
(b) Base electrode layer is fabricated by depositing a 20-nm titanium adhesion
layer followed by 330 nm of gold. (c) 1-nm titanium seed layer is used to im-
prove adhesion of the Pd Au pads. (d) 8.5 nm of Pd Au are de-
posited for the resistor layer. The resistor layer consists of a 10 �m (width)
�10 �m (length) strip which is connected on either side to two large pads,
100 �m� 50 �m. (e) Electrode layer is electrically connected to the resistor by
a 50-nm-thick gold counter electrode layer. The result is a 10 �m�10 �m strip
embedded in the center of a CPW that is the same length on either side as half
the thru standard.

in which it is embedded, and compare it to the characteristic
impedance obtained from a more common technique using a
shunt resistor. We next describe the modeling procedure used
to fit the measured complex -parameters of the series resistor,
which enables us to use it as a calibration standard. We subse-
quently compare a series-resistor calibration with a multiline
TRL calibration at room temperature, and show that the worst
case deviations between the two calibrations are comparable
to the repeatability error of the multiline TRL calibration. We
then demonstrate that the lumped-element circuit parameters
used to describe the series resistor are stable over three weeks,
and develop a description of the temperature dependence of the
lumped-element circuit parameters down to 20 K. We compare
the series-resistor calibrations based on a model using parame-
ters with a simplified temperature dependence to series-resistor
calibrations where the model is extracted at each measurement
temperature and show that this error is also comparable to the
repeatability of the benchmark calibration.

II. FABRICATION

The series-resistor artifact is the central feature of this cali-
bration technique. The choice of metals used along with the di-
mensions of the resistive strip make it useful for a broad range
of frequencies and affects the temperature dependence of its re-
sponse. Fig. 1(a) shows a representative 10 m 10 m se-
ries-resistor standard embedded at the center of a gold CPW of
length mm. The gold CPW has a 100 m wide center
conductor ( ), a 10 m wide gap ( ), and 250 m wide ground
planes ( ) fabricated on a 0.5-mm-thick low-loss polycrystalline
quartz substrate. The composition of the Pd Au resistive
strip was inferred from the composition of the target. We chose
Pd Au alloy as the resistive material because it has a weak
linear temperature dependence from 4 to 500 K [13]. We pat-
terned the devices with conventional photo-lithographic tech-
niques and deposited the metal layers with electron-beam evap-
oration.

In Fig. 1(b), we show the base electrode layer. We patterned
this layer with approximately 1 m thick lift-off-resist, over-
coated using 1 m thick image resist. The lift-off-resist process
ensures well-defined devices and edges for thick conductors
[14]. We used electron-beam evaporation to deposit a 20-nm
titanium adhesion layer, followed by 330 nm of gold. The re-
maining layers are sequentially patterned with only 1- m image
resist for each layer. Before depositing each layer in Fig. 1, we
use an Argon plasma to clean the surface, which helps to ensure
clean metal–metal interfaces.

For the resistor layer, a 1-nm titanium layer [see Fig. 1(c)]
is deposited and defines the 100- m-wide by 50- m-long pads
to promote the adhesion of the resistor and counter-electrode
layers. The 8.5-nm-thick Pd Au resistor layer shown in
Fig. 1(d), includes the 10 m 10 m resistive strip and the
100- m wide by 50- m-long contact pads. The resistor layer is
electrically connected to the electrode layer by depositing 50 nm
of gold over the conductors and pads in Fig. 1(e). The entire
fabrication process for the series resistor (also used to fabricate
separate shunt resistors) presented here required four total de-
position layers.

In addition to the series-resistor standard, we also fab-
ricated the devices to complete the benchmark multiline
TRL calibration in the base electrode layer. These nine
devices included a set of seven CPWs with lengths of

mm mm mm mm mm
mm mm , a symmetric short circuit reflect stan-

dard, and the series-resistor standard. The reflect standard
consisted of a 0.210-mm-long transmission line on each port
centered about the termination. For all of the following mea-
surements, we calibrated the network analyzer first with a
first-tier coaxial OSLT calibration with a six-position sliding
load. We found that this improved the accuracy of the low-fre-
quency response of the on-wafer calibrations and it removed
the requirement to directly measure the reflection coefficients
of the loads internal to the vector-network analyzer.

III. DETERMINATION OF THE CPW REFERENCE IMPEDANCE

Before we can develop the series-resistor calibration, we need
to determine the characteristic impedance of the CPW devices
that are used in the benchmark multiline TRL calibration. This
is typically done using a set of shunt resistors; however, we show
that a single series resistor can be used to acquire the same in-
formation.

The ability to transform the calibration reference impedance
from the characteristic impedance of the CPW to a known ref-
erence impedance is valuable for simplifying the modeling of
a given device. It is also necessary to transform the reference
impedance of the calibration to a real value to compare different
calibrations because is required to achieve quanti-
tative comparison of different calibrations [4]. In the case of
the multiline TRL, the calibration is relative to the character-
istic impedance of the transmission line , which is neither
real, nor constant as a function of frequency for normal metal
transmission lines. Hence, multiline TRL calibrations need to
be transformed to a known reference impedance for calibration
comparison.
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Williams and Marks [15] showed that a shunt load could be
used to approximate for transmission lines fabricated on low-
loss substrates. We can also develop a similar approach using
the series resistor, where we make the same assumptions as in
[15]. One assumption is that at low frequencies, the impedance
of the resistive load can be approximated by dc resistance
of the strip . The dc resistance of the strip is deter-
mined experimentally from the difference between two-port dc
measurements of the series resistor and the thru. For low-loss
substrates, such as that employed here, we can assume
and , where and are the capacitance and con-
ductance per unit length of the CPW transmission lines and
are constant as a function of frequency. Thus, the character-
istic impedance for transmission lines on a low-loss substrate
can be simplified as , where is the com-
plex propagation constant. We can obtain by either an-
alyzing the corrected -parameters of a transmission line of
known length or from the multiline TRL method. We can later
use to translate the reference planes of the resulting cali-
bration.

For the shunt-resistor standard discussed in [5] and [15], the
device has two resistive strips, one on port 1 and the other on
port 2. In this case, both shunt resistors are needed for the two-
port OSLT calibration, otherwise the wafer must be rotated a
full 180 so that the device can be measured at both ports. An
added benefit of the series-resistor approach is that instead of
one reflection coefficient corresponding to a single standard (as
is the case for the shunt resistor), all four -parameters of the
series resistor can be used to extract the capacitance per unit
length from a measurement of a single resistive strip.

To obtain an estimate for the of the CPW from the series
resistor, we start with the simple model for the -parameters of
a series load

(1)

and make the same definitions and approximations as before.
Inserting into (1) and , we can
then solve for

(2)

(3)

Once we obtain (2) and (3) from the reflection and transmis-
sion coefficients of a single series resistor, we determine by
taking the low-frequency limit, which yields for estimates of .
Note that (2) and (3) are derived using an oversimplified model
of the frequency dependence for the series resistor, where we
assume that, at low frequency, .

We demonstrated that the obtained by the series and shunt
approaches are equivalent by fabricating both shunt and series-
resistor standards in identical CPW transmission lines on poly-
crystalline quartz substrates. The devices were corrected with
multiline TRL calibrations relative to the CPW characteristic
impedance . We then used (2) and (3) for the series re-
sistor and a similar equation for the shunt resistors [15] to eval-

Fig. 2. Comparison of the effective capacitance per unit length extracted from
the series-resistor and shunt resistor standards. The red curve (in online version)
shows the � extracted from the series-resistor transmission coefficients
of the corrected �-parameters, and the blue line (in online version) shows the
� from the reflection coefficients. The black line is� extracted from
the shunt resistor on port 1, and green (in online version) �� � for port 2.
� is determined by taking the low-frequency limit of� ,� ,� ,
and � .

uate with determined by the multiline TRL algorithm.
Fig. 2 shows as calculated from the two approaches. In Fig. 2,
the extracted from the shunt resistors, one on each port, are
shown as the solid green (in online version) and black lines.
The value extracted from (2) using the reflection coefficient
data for series resistor, averaged together, is shown as the solid
red line; the corresponding value calculated from (3) using the
transmission coefficient data, averaged together, is shown as the
solid blue line (in online version). We then use the median value
below 1 GHz of to estimate at zero frquency and ob-
tain a value of 1.05 pF/cm. This value is consistent with the ca-
pacitance per unit length obtained from finite-element simula-
tions of the cross-sectional geometry of these CPW transmission
lines on quartz. We can then obtain the reference impedance of
the CPW from the expression . Once we
have obtained , we can transform the reference impedance
to 50 .

IV. MODELING THE SERIES RESISTOR

In Section IV, we used the approximation that
to estimate the of the CPW transmission line from mea-
surements of the series resistor, but we need a more accurate
model of to use the series resistor as a calibration stan-
dard at high frequencies. As a first step toward obtaining a better
model of the series resistor, we correct a measurement of the se-
ries resistor with multiline TRL calibration (making use of the
technique from the previous section to transform to a reference
impedance of 50 ) with the calibration reference planes trans-
lated to either end of the resistive strip using the obtained
from the multiline TRL algorithm.

We then transform these corrected -parameters of the series
resistor to an admittance matrix, which we model by a -net-
work. The series-admittance term describes the response of the
resistive strip, and we parameterize this by the resistance ,
inductance , and capacitance , which are assumed to
be frequency independent. In general, there is a shunt admit-
tance between the strip and ground plane of the
transmission line; however, for these experiments, we found that
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Fig. 3. Equivalent lumped-element circuit model for the series-resistor stan-
dard. The series components of the circuit include the resistance �� �, induc-
tance �� �, and capacitance �� �. The shunt element is � � ��� , where
� is the capacitance to ground.

Fig. 4. Comparison of the real part (blue in online proofs) and imaginary part
(red in online proofs) of the admittance, � , of the series-resistor standard cor-
rected with the multiline TRL calibration. The modeled � (black) was cal-
culated with the series resistor lumped element model parameters of � �
����� �, � � �	�
� pH, and � � ���� fF.

including this term did not affect the overall error. Fig. 3 shows
the lumped-element model of the series resistor, with the shunt
admittance, , and the series admittance, , where

(4)

We then obtain initial values for , , and in the fol-
lowing manner. A series capacitor, which is identical to the se-
ries resistor, except that it has no resistive strip, is used to obtain
an estimate for . Using (4) and this value for , we estimated

with a linear fit as a function of frequency. was approxi-
mated by the dc resistance. We construct the modeled -param-
eters using these estimates for , , and . We then mini-
mized the difference between the modeled and measured -pa-
rameters (summed over all frequencies) by varying , , and

using the Levenburg–Marquadt algorithm [16]. We define

the error to be , where

are the -parameters of the series resistor corrected with
multiline TRL and are the -parameters of the model
calculated with the parameters , , and . In Fig. 4, we
show the real part (blue in online version) and imaginary part
(red in online version) of the series admittance corrected with
multiline TRL calibration along with the resulting lumped-el-
ement model (black). For the data shown in Fig. 4, we obtain

, pH, and fF. In practice,
the optimized values differ from our initial estimates by at most
approximately 10%. From Fig. 4, it is clear that the series-re-
sistor model captures the basic frequency-dependent response
of the series resistor, but it cannot explain the fine features such

Fig. 5. (a) Maximum error in �-parameters between two successive multiline
TRL calibrations is shown as the blue line (in online version) (TRL-TRL). The
black line shows the maximum error for two successive calibrations with the
series-resistor standard (SR-SR). In red (in online version), we show the max-
imum error between the series-resistor calibration and multiline TRL (SR-TRL).
(b) Difference, � , in �-parameters for CPWs 1.000- and 11.570-mm-long
corrected with multiline TRL and with the series-resistor calibration.

as the small peak around 1 GHz. At present, it is unclear if this is
an artifact in the multiline TRL calibration, series-resistor stan-
dard, or measurement system; however, future experiments will
address this issue in greater detail.

V. COMPARISON WITH MULTILINE TRL

Once we have adequately modeled the frequency-dependent
response of the series resistor, we can use this model to perform
a calibration using measurements of the series resistor, thru, and
symmetric short-circuit reflect and evaluate the accuracy of the
series-resistor calibration relative to the benchmark multiline
TRL calibration. For the -parameters of an arbitrary passive
device corrected using two different calibrations relative to the
same real-valued reference impedance, a matrix corresponding
to the maximum errors in each -parameter can be calculated by
the approach outlined in [3] and [4]. Although the error matrix
carries information in all four elements, the worst case max-
imum error is often used as the metric for
comparing calibrations. We use this metric in what follows to
compare calibration techniques, like those shown in Fig. 5.

Fig. 5(a) shows for a series of calibrations
comparing the series resistor to subsequent series resistor
(black), multiline TRL to subsequent multiline TRL (blue in
online version), and multiline TRL to series resistor (red in
online version). The maximum error between successive multi-
line TRL calibrations (blue in online version) shows a gradual
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TABLE I
SERIES-RESISTOR CIRCUIT PARAMETERS VARIATION

OVER A THREE-WEEK PERIOD

increase below 500 MHz and above 4 GHz. The TRL–TRL
maximum error demonstrates the repeatability of the bench-
mark calibration. The successive series-resistor calibrations
(SR-SR) show similar repeatability at high frequencies to the
multiline TRL calibration, and show that good repeatability is
maintained for very low frequencies. We have also compared
the series resistor to TRL (red in online version), which is larger
than the repeatability between the successive multiline TRL
and successive series-resistor calibrations. At low frequencies,
the increase in the maximum error follows the repeatability of
the TRL calibration. comparable to the maximum error at high
frequency in the repeatability of both calibration techniques
and the maximum error is below 2% for the majority of the fre-
quency regime. The measured error in the -parameters, ,
is shown in Fig. 5(b) for specific devices (CPW of lengths
1.000 and 11.570 mm) where we compute , as defined
in the previous section, but we take the difference between the
measurements corrected with the multiline TRL calibration and
the measurements corrected with the series-resistor calibration.

We demonstrated the stability of this technique by repeating
both the series resistor and benchmark multiline TRL calibra-
tions each week for a three-week period. In Table I, we report
the parameters , , and from Fig. 3 extracted over a
three-week period. The values are comparable to the ex-
tracted to within 1%. The other circuit parameters showed
increased variation from measurement to measurement, but rep-
resent a small contribution to frequency-dependent impedance
of the series resistor. In Fig. 6(a), we compare the series-resistor
calibration to a subsequent multiline TRL calibration using the
model parameters extracted on Week 1 over a period of three
weeks (Week 1, Week 2, Week 3). Fig. 6(a) shows that the
lumped element circuit parameters used to describe the series re-
sistor are stable over relatively long times. In Fig. 6(b), we show
the maximum error between series-resistor calibrations using
the model from Week 1 and the models extracted on Week 2 and
Week 3. The long-term stability of the circuit parameters used
to characterize the series resistor is an important issue. Within
the conditions of our experiments, we have seen no evidence of
degradation in the device response and variation in modelling
parameters over a period of approximately one year.

VI. VARIABLE TEMPERATURE

In order to quantify the applicability of the series-resistor
calibration over variable temperature, we repeated the analysis
described in Section V for measurements at different temper-
atures, from room temperature down to 20 K. We then exam-
ined the temperature-dependent behavior of , , and . We
have performed our temperature-dependent measurements with
a cryogenic probe station, which maintains the measurement
devices and microwave probes under vacuum. The substrate is

Fig. 6. (a) Maximum error between the series-resistor calibration and the mul-
tiline TRL calibration, using the same series-resistor model. Each series resistor
calibration was calculated using the model from Week 1. The lumped-element
circuit parameters for the series resistor are � � ����� �, � � ����	 pH,
and � � ���� fF. The red (in online version), black, and blue (in online ver-
sion) lines correspond to Week 1, Week 2, and Week 3, respectively. (b) Max-
imum error between series-resistor calibrations extracted on Week 2 and Week
3 compared to calibrations using the model extracted on Week 1.

TABLE II
SERIES-RESISTOR CIRCUIT PARAMETERS

AT VARYING TEMPERATURE

physically, electrically, and thermally connected to a platform
with integrated heaters and thermometers that is cooled with a
cold finger, which allows us to control the sample and probe
temperatures to within 0.01 K. At each temperature, we per-
formed the benchmark multiline TRL calibration described in
Section I and then measured the series-resistor standard.

Table II summarizes the model parameters , , and fit
to the data corrected with the multiline TRL calibration at each
temperature (as described in Section IV). The capacitance per
unit length of the CPW, , was 1.05 pF/cm, and varied by less
that 1% as a function of temperature from 300 down to 20 K.
Fig. 7 shows the values extracted from the series resistor
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Fig. 7. Temperature dependence of � lumped-element circuit parameter of
the series-resistor standard, which has been extracted at each temperature with
measurements corrected with the multiline TRL calibration. � and � are
shown as discrete red circles and blue (in online version) squares, respectively.
� is fit by the solid black line and � is fit by the dashed black line. The
equation for the solid black line is � �T� � ����� �	 
�
��� � K � � T and
the dashed black line is � �T� � �
�� � 	 
�
��� � K � � T.

over the measured temperature range. The extracted from
the series resistor can be linearly fit as a function of temperature
by T K T. The dashed black line in
Fig. 7 is the fit to the dc resistance, T
K T. and showed comparatively weak temperature
dependence. Varying and away from the value extracted
at 300 K did not significantly affect the magnitude or frequency
dependence of the maximum error.

Given the small changes in the model parameters as a function
of temperature, we explored the possible use of the room-tem-
perature model parameters to correct low-temperature measure-
ment data. The dashed lines in Fig. 8(a) are the maximum error
between a series-resistor calibration using the 300-K model and
one where the model parameters are extracted at the given tem-
perature. For clarity, we show only 20 K (red in online version),
100 K (blue in online version), and 180 K (black) data sets in
Fig. 8(a). This figure shows, as expected, that significant errors
are generated by applying a room-temperature series-resistor
calibration to data measured at lower temperatures.

To improve the accuracy of the low-temperature calibration
without extracting the series-resistor model at each individual
temperature, we can fit the temperature dependence of the model
parameters, such as T . In Fig. 8(a), the solid lines show
the maximum error between a series-resistor calibration at the
given temperature and one where the linear fit used is to calcu-
late T , while and values from the 300 K are used.
Fig. 8(b) shows the solid lines from Fig. 8(a) in greater de-
tail. The solid gray line in Fig. 8(b) is the maximum error be-
tween the modeled temperature dependence of T evaluated
at 300 K and model extracted at 300 K. The solid gray line il-
lustrates the effect of only changing , and therefore, has no
frequency dependence because and are the same as those
extracted at 300 K without extracting the model at each temper-
ature.

Fig. 8 demonstrates that by simply allowing for temperature
dependence of T we can dramatically reduce the maximum
error for any temperature between 300–20 K. We also calcu-
lated the maximum error at each temperature between the series

Fig. 8. (a) Dashed lines compare a series-resistor calibration using the model
extracted at 300 K compared to a calibration using the model extracted at 20 K
(red in online version), 180 K (blue in online version), and 300 K (black). The
model extracted at each temperature was calibrated with a multiline TRL cali-
bration conducted at that temperature. The solid lines show the maximum error
between to series-resistor calibrations using the model extracted at a given tem-
perature compared to one using the temperature dependent model for � �T�
and the 300-K values for� and � . (b) Solid lines from (a) are shown in more
detail with the maximum error for the 300-K calibration in light gray using the
predicted temperature dependence of � �T� and the actual extracted value.

resistor and multiline TRL calibrations and found it to be sim-
ilar in magnitude and frequency dependence to that shown in
Fig. 5(a).

We can apply these results to create a compact calibration set
for use from 45 MHz to 40 GHz at variable stable temperatures.
Our compact variable-temperature calibration set includes a se-
ries resistor, thru, and symmetric short circuit reflect. The series
resistor can be modeled after an initial characterization at room
temperature that includes a correction with a brenchmark mul-
tiline TRL calibration. Once the series resistor is characterized
at room temperature, dc measurements of the series resistance
as a function of temperature can be used to obtain T , and
the compact series-resistor calibration can be applied at vari-
able static temperatures to correct broadband microwave mea-
surements. Also, based on the frequency response of the series
resistor, this technique can be extended to lower frequencies,
where it is similar to the line-reflect-match technique [17].

VII. CONCLUSION

We have demonstrated a broadband on-wafer calibration
technique based on a series-resistor artifact that decreased the
total area required for the calibration standards by a factor of
17 compared to a nine-standard multiline TRL calibration.
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By parameterizing the response of the series resistor with a
simple model, we obtained a maximum error comparable to the
repeatability of the benchmark multiline TRL calibration for
room temperature calibrations. We showed that the parameters
extracted using this simple model were relatively stable over
a period of three weeks. We also found that the series-resistor
calibration showed improved repeatability compared to a
nine standard multiline TRL calibration at frequencies below
1 GHz, and the technique can easily be extended to even
lower frequencies. In addition to greatly reducing the footprint
and measurement time, the series resistor could also be used
to extract the characteristic impedance of transmission lines
on low-loss substrates. We demonstrated that the predictable
temperature response of the series-resistor artifact enabled
compact broadband on-wafer calibrations that can be applied
over a wide range of temperatures with a minimal increase in
maximum error.
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