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Abstract  — Differences in probe-tip-to-line geometry and
substrate permittivity between measurement and calibration
wafer deteriorate measurement accuracy. This is especially
the case when measurements are performed on lossy Silicon
substrates. Two novel general techniques are pre sented
which characterise the discontinuities near the probe-tip
based on the measurement of two lines with different length.
The equivalent elements representing the discontinuity are
extracted at each frequency point together with the propa-
gation constant and the characteristic impedance of the line.
The obtained results are superior to previous methods with a
reduced number of measurements. The validity of the
method is demonstrated with measure ments of CPW-lines on
low and high resistivity Silicon and GaAs.

I. INTRODUCTION

Probe-tip discontinuities have a large effect on the
extracted lineparameters of measured lines. Especially the
characteristic impedance (Zc) is very sensitive. This has
been reported for measurements on high [1, 2] and low-
resistivity [3, 4] substrates. They are present when an off-
wafer calibration is used, however, also in on-wafer cali-
brations, the width and slot of the measured lines usually
differs from the calibration structures. A technique is
therefore needed to accurately characterize Zc and the pro-
pagation constant (γ) of the measured lines. The technique
should be generally applicable to both high as low-resis-
tivity substrates and should have the ability to accurately
characterize the probe-tip discontinuities and remove their
effect from the measurements.

In [1] the calibration comparison method is presented: a
2nd-tier M-TRL calibration is performed to obtain the er-
ror boxes relating a second calibration (using transmission
lines with unknown Zc) to a previous reference calibration.
The error boxes contain the S-parameters of the dis-
continuities followed by an ideal transformer translating
the reference impedance to the Zc of the measured lines.
The Zc is estimated from this errorbox in different ways:
• in [5], the extracted Zc is insensitive to reference
plane transformations but is sensitive to a parasitic
admittance at the probe-tip, hereby degrading the accuracy.
• an improved interpretation of the error-boxes [3],
makes the method insensitive to the presence of a shunt

admittance. However, this technique is sensitive to refe-
rence plane transformations and does not account for the
presence of a series inductance due to the step-in-width
between the probe and strip or a probe misalignment.

Both methods require a correct choice of sign to deter-
mine Zc and its value should, thus, be approximately
known. This is especially difficult when the Zc of the mea-
sured lines approaches 50Ω, e.g., if 01.0=Γ , the ob-

tained value is either 49Ω or 51Ω.
[4] uses the contact-pad model we have already sugges-

ted in [2, 6] but requires more measurements than the
presented methods.

II. PROPOSED ERROR-BOX CALCULATION

A typical two-port measurement is given in Fig. 1: the
DUT is embedded in the probe-tip-to-line transitions, re-
presented by RA and RB. As the discontinuities on both
sides are equal, the measurement problem can be assumed
to be symmetrical, such that only RA is to be determined.

RA L1 RB

Fig. 1: Typical two-port measurement problem: the line L1 is embed-
ded in RA and RB representing the discontinuities.

After an initial (reference) calibration on the calibration
substrate, a thru and line are measured on the measurement
substrate. This provides γ, S11A and X=(S12A.S21A)/S22A [7].
For a reciprocal model, S12A=S21A and an additional
relation is given by equation (1) with 

111LS  the measured

S11 and l1 the length of the shortest line [7]. The extracted
S21A is given by equation (2). The choice of sign is made
by demanding 021 ≈∠ AS  (the differences between measu-
rement and calibration wafer are small): the solutions are
centred round 0°, 90°, 180° and 270°.

γ is accurately extracted over the entire frequency range,
but, just as in a TRL-calibration, the method for the deter-
mination of the error-boxes becomes unstable near
∆l=180° [7]. To prevent the need for a third line, the
extracted values can be easily interpolated from nearby
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frequencies as the extracted parasitics are nearly constant
as a function of frequency. It should be mentioned that [3,
5] solves this problem by measuring multiple line-pairs.

1

1122
1111

22

1

−












−
+=

AL
A SS

Xl
eS

γ (1)

4
1

1111

222
21 )1(

1

1 −

−
+⋅=

AL

ljk
A SS

X
eXeS γπ

 k=0...3 (2)

II. ERROR-BOX MODELS AND CALCULATION

The measured lines usually do not have the same contact
geometry as the calibration standards and also the
substrate may differ. This leads to a different behaviour of
the shunt stub underneath the probe-tip and a step-in-width
between probe and strip. The location of the probe-tips is
also not known exactly. The methods should, therefore, be
able to accurately compensate for an arbitrarily large shunt
admittance at the probe-tip, some extra inductance due to
the step-in-width and a reference plane transformation due
to the not precisely known location of the probe-tips.

The proposed models are given in Fig. 2

Yp

Zs

Rref Zc

Yp Rref Z c

Z  , , d γc

Fig. 2: Proposed error-models: method-1 (left), method-2 (right).

A. Method-1
The first method is insensitive to an arbitrary series

impedance (Zs) and shunt admittance (Yp) at the probe-tip.
The proposed model for the error-box is shown in Fig. 2
(left). Zs and Yp can take any arbitrary form but for sim-
plicity, Zs can be regarded as a series inductance (LS) and
resistance (RS), while Yp can be regarded as a parallel
conductance (Gg) and capacitance (Cg). Losses due to a
different contact geometry are represented by RS and Gg,
differences in contact geometry and substrate permittivity
by LS and Cg (e.g. the difference in open-end effect of the
shunt stub underneath the probe-tip or the step-in-width
between probe-tip and strip). Small errors in the probe
position are accounted for by Cg and LS.

The ABCD-representation of the extracted S-parameters
should satisfy equation (3) with Rref the reference impe-
dance of the system after the initial calibration, usually
50 Ω.
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From equation (3), the Zc and probe-tip parasitics are
readily obtained. No choice of sign has to be made for the
determination of Zc as opposed to [3, 5].

B. Method-2
The second method is insensitive to an arbitrary shunt

admittance (Yp) at the probe tips and to an arbitrary shift in
the location of the reference plane. It, therefore, combines
the advantages from [5] and [3]. The proposed error-box
model is shown in Fig. 2 (right), d is the length of the line.

The ABCD-matrix of the error-box should satisfy equa-
tion (4). The location of the reference plane can be found
from equation (5) as γ is already known. Zc and Yp can be
calculated from equation (6) and equation (7). Again, no
choice of sign is required for the determination of Zc  as
opposed to [3, 5].
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( ) ( )( )dARZ refc .cosh22 γ= (6)

( ) ( )( ) ( ) cAp ZddCnY .tanh.cosh γγ −= (7)

IV. MEASUREMENTS ON GAAS

To demonstrate the methods, measurements were per-
formed using Cascade wafer probes (pitch 100µm) and an
HP8510 network analyzer. The system was calibrated with
TRL, using the LRM ISS G-S-G Alumina substrate of
Cascade Microtech (εr=9.9, w=50 µm, s=25 µm). The re-
ference plane was set to 25 µm beyond the physical begin-
ning of the line by positioning with contact marks. Several
lines (lengths 250µm and 3200µm) with different contact
geometries were measured on GaAs. The contact geome-
tries of the lines and the results obtained by implementing
method-1 and method-2 are summarized in TABLE 1.

A. Extracted Parasitics
The methods were first implemented on the calibration

substrate: since all parasitics are removed during calibra-
tion, the obtained values are a measure for the accuracy of
the method. From the values in TABLE 1, we conclude that
the obtained accuracy is very good for both methods.

The extracted Cg for the different lines using method-1
are given in Fig. 3: they are approximately constant over
the whole frequency band. The extracted LS,  RS and Gg

(method-1) for the 50 Ω line are given in Fig. 4: LS only
varies slightly as a function of frequency, RS and Gg are
negligible. The value of the extracted LS for the other lines
is given in TABLE 1.

0-7803-6540-2/01/$10.00 (C) 2001 IEEE



TABLE 1: Contact geometries of the tested lines together with the
extracted parasitics.

line 1 line 2 line 3 line 4 ISS

Zc, MDS 30 Ω 40 Ω 50 Ω 70 Ω 50 Ω

Wline 80 µm 60 µm 30 µm 17 µm 50 µm

Wslot 10 µm 20 µm 22.5 µm 40 µm 25 µm

Zc 29.4 Ω 39 Ω 48 Ω 65.5 Ω 50 Ω
Cg 5.9 fF 4 fF 2.5 fF 1 fF 0.1 fF

M
et

ho
d 

1

Ls 1 pH 1 pH 1.4 pH 2 pH 0.4 pH

Zc 29.4 Ω 39 Ω 48 Ω 65.5 Ω 50 Ω
Cg 3.5 fF 3.9 fF 2.5 fF 0.7 fF -0.2 fF

M
et

ho
d 

2

d 7 µm 1 µm 1.5 µm 2.5 µm 1.2 µm
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Fig. 3: Extracted Cg for a 70 Ω (-∆-), a 50 Ω (-n-), a 40 Ω (-o-)
and a 30 Ω (-t-) line using method-1.
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Fig. 4: Extracted Ls (-o-), Rs (-s-) and Gg (-∇-) for the 50 Ω line
using method-1.

The extracted d and Cg for the 50 Ω line using
method-2, are given in Fig. 5: they are approximately
constant over the whole frequency band. The other values
are given in TABLE 1. Notice that an excellent probe-
positioning has been obtained.

B. Extracted Line Parameters

The extracted Zc for the 30 Ω-line using method-1 is
given in Fig. 6 together with the extracted Zc if no com-
pensation is made. Our method gives a much smoother
result due to the better removal of the parasitics. The ex-
tracted Zc using method-1 and method-2 nearly coincide
with a maximum difference of 4mΩ  for the 50 Ω line
over the 45 MHz-40 GHz band. As compared to method-1
[3] gives a maximum difference of 10 mΩ, while [1]
results in a maximum difference of 0.5 Ω @ 40 GHz. This

illustrates that, even for high-resistivity substrates, the
presented techniques provide a higher accuracy and
provide more insight in the parasitics which is advanta-
geous to correctly interpret the obtained results.
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Fig. 5: Extracted d (reference plane transition) (-n-) and Cg (-o-)
using method-2 for the 50 Ω line.
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Fig. 6: The extracted Zc using method-1 (-n-) is compared with the
extracted Zc if no compensation is made (-o-).
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Fig. 7: The extracted ε eff (left) and intrinsic losses (right) for the
CPW-line on high (-o-) and low (-∆-) resistivity silicon.

V. MEASUREMENTS ON SILICON

The methods have also been applied to low- and high-re-
sistivity silicon with 3µm Cu-metallization. CPW lines
(w=47µm, s=35µm) with lengths 510µm and 4510µm
were characterized. The extracted εeff and α (dB/mm) are
given in Fig. 7. The extracted Zc using method-1 are given
in Fig. 8. If uncompesated measurements were used, an
error of +/-10% would be made on εeff@20GHz while the
losses would be wrong by 5%. The accuracy of the 4
methods are compared in Fig. 9 and Fig. 10. Here the rela-
tive differences in the real and imaginary part of the ex-
tracted Zc are given.
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Fig. 8: The extracted Zc for the CPW-line on high and low re-
sistivity silicon using method-1: real-part (-o-) and imaginary part
(-l-) for the high-resistivity silicon line; real-part (-∆-) and
imaginary (-s-) part for the low-resistivity silicon line.
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Fig. 9: Relative difference for real(Zc) using the different methods
(compared with method-1): (-n-) method-2, (-o-) method of [1],
(-∆-) method of [3], (-∇-) uncompensated measurements.
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Fig. 10: Relative difference for imag(Zc) using the different me-
thods (compared with method-1): (-n-) method-2, (-o-) method of
[1], (-∆-) method of [3], (-∇-) uncompensated measurements.

Method-1 and method-2 give nearly the same result (a
maximum difference of +0.5% on the real-part, the diffe-
rence on the imaginary part remains below 0.4%). As
compared to method-1, [1] gives a maximum difference of
–6% on the real part and +3% on the imaginary part, [3]  a
difference of +2% on the real part and –4% on the imagi-
nary part. The uncompensated measurements (using [8])
result in a maximum difference of –9% on the real part
and -45% on the imaginary part. We can conclude that our
methods provide a higher accuracy than previous methods
and that compensation for the probe-tip parasitics is

required. The obtained LS and d were nearly frequency
independent, whereas Cg is frequency dependant.

VI. DISCUSSION AND CONCLUSIONS

Two novel general techniques have been presented
which characterise the discontinuities near the probe-tip
based on the measurement of 2 lines with different length.
The equivalent elements of the discontinuity model are ex-
tracted at each frequency point together with γ and Zc of
the line. The results are superior to previous methods. The
validity of the method is demonstrated with measurements
of CPW-lines on GaAs, low and high resistivity silicon.

Both methods are insensitive to an arbitrary large admit-
tance at the probetip. In addition, one method is insensitive
to an arbitrary series impedance, the other is insensitive to
an arbitrary shift in the location of the reference plane.

The presented techniques, therefore, require less
measurements than [3-5] but with increased performance.
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