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In this paper, the uncertainty and the impact of imperfect load calibration standard for on-
wafer Through-Reflect-Match calibration method are analyzed with the help of 3D
electromagnetic simulations. Based on the finding that load impedance can lead to
significant errors in calibration, an automatic algorithm to determine the complex
impedance of the load standard is proposed. This method evaluates the resistance as
well as the parasitic inductance introduced by the misalignment of the probe tip to the
substrate pad at mm-wave frequencies or the non-precize load standard. The proposed
algorithm was verified by practical measurement, and the results show that by
incorporating actual load impedance into the calibration algorithm, the deviations of RF
measurement results are greatly suppressed.
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1 INTRODUCTION

In order to research and develop the application of millimeter wave devices in the commercial world,
accurate on-wafer measurement is a key requirement since it eliminates the additional errors and
uncertainties introduced by the device package [1–3]. For this purpose, careful on-wafer calibrations
must be employed to eliminate the systematic errors typically caused by system directivity, loss/delay
of measurement paths, or the mismatch of measurement ports. The calibration process of
determining error coefficients involves the measurement of a set of pre-defined calibration
standards, and various calibration algorithms have been developed and named according to the
types of calibration standards being used [4]. Those standards are assumed to have either known or
partially known “ideal” characteristics. However, at higher frequencies, due to the difficulty in
manufacturing precise calibration standards, it is widely accepted that TRL calibration, which
consists of measuring Through, Reflect, and Transmission Line standards, is the most accurate
method since it has the least requirement for precise calibration standards and lumped models [5].

However, the TRL technique sets the reference impedance after the calibration by the
characteristic impedance of the through/lines used. The accurate determination of the
frequency-dependent calibration lines’ characteristic impedance thus becomes a key requirement
to allow for the correct S-parameter measurement. At lower frequencies, when radiation losses and
surface waves can be neglected, the line’s characteristic impedance can be calculated using quasi-
static approaches like con-formal mapping [6–8]. But with the frequency increasing and the substrate
becoming complex, these become less accurate. Many techniques have since been proposed to solve
this issue, such as extracting from S-parameter measurements [9], estimating from capacitance per
unit length [10], using 3D EM simulation to estimate transmission line impedance [11], or relating
the characteristic impedance of the line to an ideal pure-real load [12, 13].
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The issue of accurate characteristic impedance of lines, along
with other shortcomings of TRL calibration, such as howmultiple
lines are required to cover greater than an 8:1 frequency band and
the impractically long length of lines at lower frequencies, calls for
an alternative calibration approach to TRL calibration [14, 15].
Recently, the Through-Reflect-Match (TRM) method has shown
the potential to be widely used in on-wafer measurement [16, 17].
TRM is very similar to TRL calibration in that it does not require
accurate specification of the reflect standard coefficient. However,
unlike TRL calibration, the through standards must be a non-zero
length through (line). Additionally, the perfect match standard is
substituted for the line standard in the TRL method, which in
practical terms can be conceived as an infinitely long line. In TRM
calibration, the match standard is the only impedance that needs
to be defined. Moreover, the reflect needs only to be identical for
each port so that a fixed-size well-behaved coplanar resistor is
enough for broadband and accurate on-wafer measurement
systems [18, 19].

However, the biggest problem with TRM calibration is its
reliance on a precise and predictable load standard. When the
assumption of a non-reflecting match standard is not fulfilled,
calibration introduces extra residual errors, which degrades
the measurement accuracy. However, the ideal load standard

to provide a perfect match can never be realized in practice
[20] Moreover, due to the overlap between the probe tip and
the calibration pad, parasitic load inductance also rises. The
accurate determination of the load impedance thus becomes a
key requirement of TRM calibrations, and the actual value of
the match standard must be incorporated into the calculation
of the error coefficients. Many researchers have noticed this
issue, and several complex algorithms to estimate and to
correct the effect of the load reactance have been proposed
[21–23]. These methods still have the assumption that the
resistance of the load is frequency independent and has the
same impedance with the thru lines. Other reported
techniques include using precisely known frequency-
dependent load [17, 24] or using LRRM methods [25] and
TMRR [26] to overcome the inaccuracy of the match
standard.

In this paper, we propose an improved method to characterize
the imperfect match standard for precise on-wafer TRM
calibration. Firstly, an uncertainty analysis of TRM calibration
using imperfect calibration standards is carried out. Next, a model
of the load standard is established using 3D EM simulation. A
smart automatic load impedance determination algorithm is thus
elucidated. Finally, in section 4, the proposed method is verified

FIGURE 1 | Typical on-wafer measurement system structure: (A) Topology diagram and (B) Simplified error network diagram.
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on a real on-wafer measurement bench, showing the effectiveness
of this method.

2 UNCERTAINTY ANALYSIS OF TRM
CALIBRATION

A simplified block diagram of an on-wafer measurement system
is shown in Figure 1A, where the main instruments used are a
probe station and a Vector Network Analyser (VNA) and its
simplified error network can be expressed as in Figure 1B. If the
isolation and non-symmetry between the non-measurement
ports can be dismissed, the standard 16-term error model can
be simplified to a standard eight-term error model, where
e00,e11,e01, and e10 are the error terms of block A, and
e22,e23,e23, and e32 are error terms of bock B. The calibration
process can thus be inferred to determine the eight error terms
from a set of uncorrected S-parameters measured on a set of
calibration standards. For a two-port network, the S-parameter Sij
of calibration items are therefore linearly related to the raw
S-parameter measurement data by error terms e00 e32. For
TRM calibration, the raw S-parameter measurement data
measured by the Vector Network Analyzer can be expressed as

Sraw11 � (e00 − S11U)(1 − S22e22) − S21S12e22U
N

(1)

Sraw22 � (e33 − S22V)(1 − S11e11) − S21S12e11V
N

(2)

Sraw12 � (S12(e00e11 − U))
KN

(3)

Sraw12 � (S21K(e22e33 − V))
N

, (4)

where

U � e00e11 − e01e10 (5)

U � e22e33 − e23e32 (6)

K � e01
e23

(7)

In order to evaluate the measurement deviations zSij, it is
necessary to find the deviations of error terms
ze00, ze11, ze22, ze33, zU , zV , zK . Assume that the deviation of
the original measured value of the S-parameter is 0, calculate
the differentials the Eqs 1–4, and we have

zSrawij �
zSrawij

zS11
zS11 + zSrawij

zS12
zS12 + zSrawij

zS22
zS22 + zSrawij

ze00
ze00 + . . .

+zSrawij

zU
zU + zSrawij

zV
zV + zSrawij

zK
zK � 0(i � 1, 2; j � 1, 2)

(8)

By Eq. 8, the deviations of measurement S parameters, zSij, can be
represented by the deviations of error terms from the calibration.
Typically for on-wafer measurement system |K| � 1, |U | ≈ − 1,
|V | ≈ − 1 , and |e00|, |e11|, |e22|, and|e33|#0.1. Based on the TRM
calibration algorithm, for a two-port network, its reflection
coefficient S11 and S22 are mainly influenced by the deviations

Sze00 and ze33, respectively. The transmission coefficient S12 and
S21 are mainly influenced by the deviations Sze01 , ze23, and Sze32 ,
ze10, respectively. The deviations from the ideal S-parameters
associated with Through, Match, and Reflect standard
measurement can therefore be described by the deviations
scattering matrices as

Rm � [ Γactual + δS11 0
0 Γactual + δS22

] (9)

Tm � [ δT11 1 + δT12

1 + δT21 δT22
] (10)

Mm � [ δM11 0
0 δM22

] (11)

In the above equations, the Rm, Tm, and Mm correspond to the
measured S parameters of the Reflect, Thru, andMatch standards,
respectively. In the scenario that the calibration standards are not
ideal, the deviations of the S parameters are calculated as

Rm � [ Γactual + zS11 0
0 Γactual + zS22

] (12)

Tm � [ zT11 1 + zT12

1 + zT21 zT22
] (13)

Mm � [ zM11 0
0 zM22

] (14)

In the above equations, the Rm, Tm, and Mm correspond to the
measured S parameters of the Reflect, Thru, and Match standards
respectively. In the scenario that the calibration standards are not
ideal, the deviations of the S parameters are calculated as follows.

For non-ideal Reflection standard:

zSii � − Sii
2 · ΓzΓ (15)

For non-ideal Thru standard:

zS12 � −(S12 · zT11 − zT12 − S11zT22)S12 (16)

For non-ideal Match standard:

zS12 � S12S22zM11 + S11S12zM22

zS11 � −(1 + S12S21zM11 + S11S11zM22) (17)

The above analysis suggests that the non-ideal reflect standard
does not affect the measured reflection coefficient, whilst the
deviation of the through and match standards would cause
degradation of the measured impedance and insertion loss. In
other words, the errors in the TRM calibration mainly come from
the asymmetry of a through/line standard and the deviation of the
load standard from 50Ω.

The error comes from the first source and can be minimized
by introducing an additional reverse injected active VNA
measurement as proposed in Ref. 18, but the latter has to
rely on perfect fabrication of load standard or accurate
characterizing the load impedance. However, the impedance
of most on-wafer loads is non-ideal; it is not only limited by the
fabrication process but could also contribute to the variation in
environment temperature. This would lead to significant error
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in the subsequent measurement, especially in mm-wave and
further high-frequency bands. It is therefore necessary to
characterize the actual load impedance and incorporate them
to TRM calibration.

3 DETERMINE THE ON-WATER LOAD
IMPEDANCE

3.1 Model of the Match Standard
For on-wafer measurement, the calibration standard is typically
fabricated in the form of coplanar waveguide (CPW) geometry.
As shown in Figure 2, the load consists of two 100Ω resistors in
between the Ground-Signal-Ground (GSG) pads, which are
typically made of thin film gold to connect with the probe
tips. Figure 2 also shows the real image of a typical
microscope view of the load standard under the probe station.
Because the probe tip is fragile, the connection between the probe
tip and the calibration standards may vary during different
measurements. Moreover, since the probe position to the pad
relies wholly on the operators’ manipulation under microscopic
observation, the contact point between the probe tips and the
pads may differ from one measurement to another. Usually for
high-frequency measurement, the complete calibration
measurement must be iterated several times before acceptable
measurement results are obtained.

To better understand the influence of the probe-pad alignment
on the load impedance, EM simulation using HFSS software was
carried out. In the simulation, the meshed ground planes were
simplified considering a continuous metal connection, both
vertically and horizontally. This simplification provides a good
approximation of the electrical response of the structure, the
openings in the metal mesh being much smaller than the
wavelength. The signal pad is modeled as a 50*50*3.4 um
metal with conductivity of 4.9E7 S/m, and the distance from
the signal pad to ground is 100 um. The load consists of two
identical zero-thickness rectangular sheets in contact with the
signal pad and the ground with a boundary condition of 100
lumped resistance. The CPW line is excited by a wave-guide port
considering parasitic effects.

Figure 3 provides the electric field distribution at the wave
feeding port, indicating a gentle discontinuity when load
resistance is present. This mainly comes from the simulation

process where resistance presents a large topological
discontinuity, and the boundary conditions therefore lead to
the numerical solution deviations in the finite-element
numerical simulation process. Figure 4 shows that by putting
the probe tip at three different positions 40 um apart, a non-
negligible deviation in the impedance emerges, which indicates a
possible source of calibration error.

A lumped elements model, as shown in Figure 5, was
constructed to further analyse the impedance of the match
standard, which takes account of the distributed nature of the
load, as well as the coupling between the probe and the calibration
standard. During the measurement, the capacitance across the
resistor stayed nearly constant, but the inductance changed
significantly due to the change of probe tip contact position.
Since the capacitance was very small and can be regarded as
negative inductance, a simplified first order inductance in series
with the resistor, also as shown in Figure 5, can be used to
simplify the analysis. It is also worth noting that the value of this
inductance now includes different probe contacts between
different measurements.

As can be seen in Figure 6, the simplified model accounts for
the DC resistance of the load and the series inductance fits well

FIGURE 2 | The full structure including probes, pad and calibration standard (left), and the microscope view of a real load standard (right).

FIGURE 3 | Field distribution of match standard at 100 GHz simulated
by Ansoft HFSS Software.
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with the complicated mis-alignment model and the EM
simulation. It is therefore possible to use the simplified
model alone to determine the resistance and inductance of
the load.

3.2 Evaluation of Actual Match Impedance
From the analysis in section 2, if the TRM calibration is
performed with the assumption that the match is ideal, while
in reality it is not, an offset will be introduced into the measured

FIGURE 4 | The variation of match standard impedance with different probe tip position on pads.

FIGURE 5 | The lumped circuit model for probe contacting with the calibration standard in ADS simulation software (left) and simplified equivalent circuit model
(right).

FIGURE 6 | The load impedance using EM simulation, probe misalignment model and simplified model.
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DUT impedance. Supposing the load has an actual impedance of
ZL � R + jX, then a one-port DUTwith actual impedance Zactwill
have the measured impedance equals to Zmeas � ZactZ0/ZL, where
Z0 � 50Ω.

The TRM calibration method, by definition, always solves
the error terms with the reference plane at the center of the
Through standard. The probes-in-air open therefore actually
corresponds to a negative-length open stub with a length one-
half that of the Through standard and with the reflection
coefficient magnitude of unity. If the match standard used
in the calibration is offset, it would appear to have a magnitude
different from one; additionally, as the on-wafer ISS short
standard typically has the same length as the Through line, the
short standard will have the reflection coefficient magnitude of
unity but in the admittance chart. The open and short
calibration standard thus provides a convenient means of
determining how far the match standard is offset from the
standard 50 Ω.

Returning to the calibration models described in Figure 1,
supposing the same match standard is used in both port 1 and port
2 measurement, the complete measurement matrix of TA can be
represented as

TA � [AA BA

CA DA
] (18)

ZM represents the impedance of the loads used as thematch standard at
measurement port. The terms AA,BA,CA, and KA are determined by
the rawcalibrationmeasurement ofReflect andThroughmeasurement.
In the case of measuring match standard, the Y parameter, or the
admittance of the match standard, can be expressed as

Yload � DA

BA
� KA (19)

As the KA is solely decided by the match standard, for one port,
DUT is measured at port 1, Eq. 16 is still valid, and the measured
Y parameter of the DUT can be expressed as

FIGURE 7 | The measurement bench and the imperfect calibration standard used in the experiment.

FIGURE 8 | The real part of load impedance (left) and the imaginary part of the load impedance (right) calculated load measured.
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Ydut−measure � TA · Tdut � KA · Ydut−real (20)

If the match standard is improperly defined, the above function
will behave as

Ydut−measure � Yload−ideal
Yload−real

· Ydut−real (21)

Obviously, the Y parameter of the ideal load and actual load can
be separately defined as

Yload−ideal � 1
50
Yload−actual � 1

R + jwL
(22)

Considering the scenario that the DUT is a pure reflection such as
an open standard, and combining Eqs 12 and 13, we have

Yopen−measure � G + jB � R + jwL
50

Yopen−real (23)

Similarly, considering the DUT is a pure reflection as short
standard, we have

Zshort−measure � R + jX � 50

(R + jwL)Zshort−real (24)

According to Eqs 20 and 21, therefore, after TRM calibration, if
we have the ideal open and short calibration standard, the
correct impedance and inductance of the load can be
calculated. However, this algorithm so far still has the
assumption that the loss from the probe tip to the center-
of-through is 0. Since the length of the Through standard

FIGURE 9 | The re-measured open standard with conventional TRL calibration method (red) and the correction method proposed in this work (blue).

FIGURE 10 | The re-measured short standard with conventional TRL calibration method (red) and the correction method proposed in this work (blue).
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typically is very short, the loss usually is so small that it can be
considered negligible. For example, the FormFactor 101-190
ISS calibration standard has a loss of 0.04 dB at 40 GHz.
However, at higher frequencies on the mm-Wave band, the
Through loss becomes an issue which would make the
reflection coefficient of the open/short standard not equal,
nor equal to unity, thus rendering the extracted load
impedance no longer accurate.

To correct the limitations of the proposed algorithm, an
iteration process is thus being introduced, which will take
account of the length of the Through and the Short standard.
The full calibration steps can thus be summarized as follows:

1. Make a TRM calibration with the assumption that the load
standard is ideal 50Ω impedance.

2. Use the calculated error coefficients to measure the
S-parameters of the open and short standard.

3. Calculate the actual impedance of the load standard as the
guess value.

4. Recalculate the error terms from the calculated actual load
impedance.

5. Re-measure the S parameters of the open, short, and through
standard with the corrected error terms.

6. Calculate a difference between the expected reflect coefficient
of open, short, and thru standard.

7. Repeat step 3 to step 6 to minimizes the errors and obtain the
desired load impedance.

4 MEASUREMENT RESULTS OF THIS
CALIBRATION METHOD

In order to validate the method proposed, we built a
measurement bench composed of a manual probe station,
Cascade Summit 11,000, and a Keysight PNA-X Vector
Network Analyser. A detailed photo of the measurement
bench is shown in Figure 7. A used FormFactor 101-190 ISS
substrate, which was clearly worn and by no means in its best
condition, was selected to verify if the proposed method could
correct the calibration error from the imperfect calibration
standard. The measurement frequency was from 0.1 to
40 GHz. The calibration algorithm was implemented using
Python as was the instrument control method.

Figure 8 shows the real and imaginary parts of the calculated
load impedance extracted using the proposed method. The
impedance of the load standard, though perhaps very precise
when it was fabricated, is away from 50 and disperses with
frequency. This was very probably caused by the worn surface,
which can be clearly seen via the microscope, as shown in
Figure 7. The dispersion with the frequency also suggests that
the parasitic inductance of the load standard changes with the
frequency.

Next, we drew the S-parameter measurements of the open
and short standard, by both the classical TRM calibration
method and the impedance correction method proposed in
this work. As can be seen in Figure 9 and Figure 10, the

ideal probe-on-air open standard has negative inductance,
and the short standard is also inductive with the magnitude
of unity. Due to the imperfection of the load standard, both the
open and short standard are offset from the unity circle using
the classical TRM calibration method, which was effectively
corrected with the calculated load impedance to recalculate the
error coefficients.

5 CONCLUSION

In this paper, a comprehensive analysis of the error source of
TRM calibration is presented, leading to the conclusion that load
impedance is the most important determinant of on-wafer
calibration quality. Based on full wave 3D EM simulations, it
is shown that the imperfect load impedance was not only caused
by the non-precize DC resistance of the load but also by the
overlap between the probe tips and the pads on the substrate.

An improved load impedance estimation algorithm has
therefore been presented, which automatically calculates the
load’s complex impedance in the calibration process. Actual
measurements on worn calibration standards up to 40 GHz
show that the RF performance due to the variations of
imperfect load standard can be corrected by accommodating
the calculated load impedance into the TRM calibration method.
The novelty of the estimation method lies in is its immune to pad-
to-tip discontinuities since it calculates the actual impedance at
the time of calibration. Moreover, the dependence on a fully
automated probe station or an operator experienced in on-wafer
measurement is eliminated with the proposed smart impedance
calculation method. The proposed algorithm would find
immediate application in the on-wafer characterization of
mm-wave or higher frequencies device.
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