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This paper presents an analytical method to simultaneously determine the complex characteristic imped-
ance and the pad parasitics of transmission lines fabricated on silicon. The method uses experimental
two-port network parameters of two lines differing in length without the need of a reflect standard such
as that required in TRL-like formulations. Furthermore, the losses associated with the silicon substrate
are accurately considered using the experimentally determined complex propagation constant of the
lines and three different configurations for the pad parasitics can be assumed. When using the extracted
parameters in a model to represent transmission lines, excellent agreement between simulated and
experimental data was achieved up to 50 GHz even for lines with lengths different to those used in
the determination process.
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1. Introduction

Characterizing and modeling on-chip transmission lines is of
great importance when designing, implementing and measuring
solid-state circuits and devices at high-frequencies. Perhaps the
most common application of these lines is serving as interconnec-
tion channels in ICs. However, transmission lines also play an
important role when performing microwave measurements [1,2],
and when experimentally obtaining material and structure param-
eters [3,4]. For this reason, several methods to determine the fun-
damental parameters of transmission lines have been reported,
which is due to the fact that the equivalent circuit model of a trans-
mission line can be implemented once that the propagation con-
stant (c) and the characteristic impedance (Zc) are known [5,6].
Whereas the accurate extraction of c can be carried out in a simple
way [7], the determination of Zc represents a considerable chal-
lenge due to the difficulty to obtain the experimental reference
impedance when using conventional thru-reflect-line (TRL) cali-
bration algorithms. For this reason, the popular method proposed
in [8] is commonly used to obtain Zc of transmission lines fabri-
cated in low-loss substrates. Unfortunately, this simple method is
not applicable to lines fabricated over silicon due to the loss mech-
anisms associated with this type of substrate [9]. This has moti-
ll rights reserved.

rres).
vated the proposal of different methodologies to obtain Zc: using
a calibration comparison [10–12], simplifying the model for the
pad parasitics [13–15], requiring structures with restricted dimen-
sions [16,17], or using a fitting and optimization approach [18].
With the exception of the methods based on calibration compari-
sons, none of the reported approaches can be applied to accurately
characterize transmission lines fabricated on lossy substrates and
presenting arbitrary complex impedances as series and shunt pad
parasitics, which is the typical case when implementing lines on
RF CMOS. Unfortunately, when using a calibration comparison to
obtain Zc, on-wafer reflect standards are required in addition to
the transmission lines to be characterized, which take precious
space within a test chip and may not be always available.

In order to provide an alternative way to accurately characterize
transmission lines fabricated on silicon substrates, in this paper we
present an analytical and generalized method to obtain Zc and the
pad parasitics from measurements performed to two lines with
different lengths. The method allows the simultaneous determina-
tion of these parameters while considering the substrate losses
even when the pads-to-transmission line transition is not symmet-
rical. Thus, the obtained data can be used to implement models for
transmission lines within an IC design or for measurement de-
embedding purposes.

Before presenting the new method, a brief review of the most
popular methods to characterize transmission lines without
requiring the use of reflect dummy structures is presented.

http://dx.doi.org/10.1016/j.sse.2009.09.004
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2. Simplified approaches

2.1. Assuming low dielectric losses

This approach relies on the fact that the distributed resistance
(R), inductance (L), conductance (G), and capacitance (C) per unit
length associated with the equivalent circuit model of a transmis-
sion line can be related to the product and quotient of c and Zc as
[5]:

cZc ¼ Rþ jxL ð1Þ
c
Zc
¼ Gþ jxC ð2Þ

where x is the angular frequency and j2 = �1. Thus, assuming that
the lines are fabricated over a lossless substrate (i.e. G = 0), the com-
plex Zc can be obtained after solving (2); this is:

Zc ¼
b

xC
� j

a
xC

ð3Þ

In this equation, c = a + jb can be accurately obtained from mea-
surements performed to two lines of different lengths [7] and C can
be estimated either from a curve fitting at low frequencies or from
calculations [8]. In fact, this method is very accurate for low-loss
substrates and was applied in [6] to characterize SiGe transmission
lines fabricated in a fused silica substrate up to 110 GHz. However,
due to the high losses associated with a silicon substrate, this
method cannot be applied in this case since Zc is expressed as:

Zc ¼
b

xC
� GðbG�xaCÞ

xCðG2 þx2C2Þ
� j

a
xC
� GðaGþxbCÞ

xCðG2 þx2C2Þ

" #
ð4Þ

After comparing Eqs. (3) and (4), it is observed that determining
Zc using (3) yields severe deviations from the actual value of this
parameter when G is not negligible. This is the case in silicon
substrates.

2.2. Using single line measurements

Traditionally, when characterizing transmission lines, the asso-
ciated experimental S-parameters are converted to the ABCD-
parameters. In this case, the ABCD matrix of a line with length ln
is expressed as [5]:

Tn ¼
An Bn

Cn Dn

� �
¼

cn Zcsn

Z�1
c sn cn

� �
ð5Þ

where cn ¼ coshðclnÞ, sn ¼ sinhðclnÞ; and the subscript n is used to
distinguish between lines of different lengths. Thus, Zc can be ob-
tained as:

Zc ¼

ffiffiffiffiffiffi
Bn

Cn

s
ð6Þ
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Fig. 1. Setup used to measure a CPW and the corresponding equivalent circuit
model.
Even though this approach can be used when the substrate
losses are not negligible, the pad parasitic effects associated with
an actual measurement setup, as the one shown in Fig. 1, are still
not considered. These parasitics are neglected in (5), which origi-
nates unexpected fluctuations on the real and imaginary parts of
Zc when plotting Eq. (6) versus frequency [18].

2.3. Using a simplified model for the pad parasitics

In order to consider the effect of the pad parasitics on the exper-
imental Tn, error matrices are used to represent the electrical tran-
sitions from the probes to the uniform transmission line (UTL)
section. On silicon, these transitions are typically represented by
means of a shunt admittance y shown in the model depicted in
Fig. 1, whereas the series impedance z is considered to be negligi-
ble [10,13]. Thus, in order to correct the measurements from the
error introduced by the shunt parasitics, the ABCD matrices (T1

and T2) of two lines differing in length are multiplied in such a
way that the matrix M is defined as:

M ¼ T1T�1
2 ð7Þ

Afterwards, M is converted to the corresponding Y-parameter
matrix Y, which is given by:

Y ¼
Y11 Y12

Y21 Y22

� �
¼ YC þ

y 0
0 �y

� �
ð8Þ

where YC is the Y-parameter matrix corrected from the effects of the
shunt parasitics. Hence, the following matricial operation is applied
to obtain YC [13]:

YC ¼
1
2

Y11 Y12

Y21 Y22

� �
þ

Y22 Y21

Y12 Y11

� �� �
: ð9Þ

Once that YC is known, it can be converted to the corresponding
ABCD-parameter matrix, which is assumed to be corrected from
the pad parasitics, allowing to apply (6) to obtain Zc.

As shown later in this paper, taking into account the shunt
parasitics improves the extraction of Zc in comparison with the ap-
proach that neglects the pad parasitics at all. However, the para-
sitic series impedance z can be considerable and introduce errors
in the transmission line characterization process [11]. This is due
to the fact that, in accordance with the model shown in Fig. 1,
the experimental matrix Y after considering y and z is given by:

Y ¼ YC þ
y 0
0 �y

� �� ��1

þ
z 0
0 �z

� �( )�1

ð10Þ

Notice that once z is included in the analysis, (9) lacks of validity
and additional data processing is required. In addition, although
the matricial operations applied in (10) are very simple, the deter-
mination of YC cannot be carried out in a direct way since the
experimental data associated with the pad parasitics are not easily
separable. This originates that, even though (10) is similar to those
equations used in step-by-step de-embedding algorithms (e.g.
those applied in test fixtures for probing relatively small devices)
[2], these methods are not directly applicable for the case of trans-
mission lines unless y and z are known a priori.

3. Formulation of the new method

The model shown in Fig. 1 corresponds to a UTL embedded be-
tween two identical coplanar waveguide (CPW) adapters as that
shown in Fig. 2a. In contrast to previously reported approaches,
this model considers the series and parallel pad parasitics as gen-
eral impedance (z) and admittance (y) elements respectively.
Whereas y represents the effective capacitive effects between the
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Fig. 2. (a) Transition used to feed the fabricated CPWs and (b) corresponding model for the three analyzed cases.
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signal pad and the ground pads, z is associated with the inductance
between the probe tips and the transmission line. As discussed in
[11], there is an error on the extracted value for Zc depending on
how z is assumed to be distributed along the pad. Thus, although
the common practice is considering that z is equally distributed
at both sides of y in order to assume the symmetry condition re-
quired to apply the methods in [13–15,18], this is not always the
best choice. For this reason, notice in Fig. 2b, that the proposed
model for the transition can be used for several distributions of z
along the pad depending on the value selected for m as explained
later. Furthermore, in other approaches the use of an impedance
transformer is required in the model of the test fixture since the
UTL is simply represented by means of c and l [10,11]. In our case,
however, the transformer is not necessary since the effect of Zc is
considered in the model for the UTL, allowing to simplify the anal-
ysis as shown hereafter.

The method proposed here requires two lines differing only in
length and embedded between transitions as shown in Fig. 1. Thus,
the experimental ABCD-parameters of these lines can be expressed
by the following equation:

TXn ¼ XL Tn XR ¼
AXn BXn

CXn DXn

� �
ð11Þ

where the subscript n is used to distinguish between line 1 and line
2 parameters, the matrices XL and XR are associated with the left
and right transitions respectively, and Tn is defined in (5).

In (5), cn and sn incorporate the propagation effects of the trans-
mission line, including the losses and delay. Also notice that the
line lengths are known and the complex value for c can be obtained
from S-parameter measurements performed to two lines with dif-
ferent lengths and embedded between identical pad structures [7].
This allows the simple calculation of cn and sn, and reduces the un-
knowns at the right hand side of (5) to Zc.

In order to express XL and XR in terms of the pad parasitics, a
variation of the ABCD-matrices used to represent series and shunt
admittances and available in many textbooks can be used [19].
Thus, in accordance with the model shown in Fig. 2b, and assuming
that the left and right transitions are identical but one rotated 180�
with respect to the other, the associated matrices are:

XL ¼
1þmzy zþmð1�mÞz2 y

y 1þ ð1�mÞzy

" #
ð12Þ

XR ¼
1þ ð1�mÞzy zþmð1�mÞz2 y

y 1þmzy

" #
ð13Þ

where m can take values of 0, 0.5, and 1 depending on the desired
distribution for the parasitics in the model for the pad (see
Fig. 2b). These cases have been separately analyzed in the literature
depending on the more suitable model for the transition used to
probe the transmission line. The advantage of the characterization
method proposed here is that one single algorithm can be used to
obtain the unknown parameters and representing the complete
structure in a consistent way.
When substituting (5), (12), and (13) into (11), an expression for
AXn is found, this is:

AXn ¼ acn þ bsn ð14Þ

where a is given by:

a ¼ 2ðm�m2ÞðyzÞ2 þ 2yzþ 1; ð15Þ

and b depends on m, y, z, and Zc.
In order to determine a, the experimental data corresponding to

the two lines is used to establish a linear equation system based on
(14), this is:

AX1 ¼ ac1 þ bs1 ð16Þ
AX2 ¼ ac2 þ bs2 ð17Þ

which can be solved to determine a from:

a ¼ AX1s2 � AX2s1

D
ð18Þ

where D ¼ c1 s2 � c2 s1.
Once a is known and a value for m has been selected, the prod-

uct yz can be obtained by solving Eq. (15). Since y and z are mainly
capacitive and inductive respectively, the correct root of (15) has a
negative real part.

An equation similar to (14) can be written for CXn, this is:

CXn ¼ dcn þ esn; ð19Þ

where d and e are respectively given by:

d ¼ 2yð1þ ð1�mÞyzÞ ð20Þ

e ¼ y2Zc þ
1
Zc
ð1þ ð1�mÞyzÞ2 ð21Þ

Thus, d and e can be found by solving the equation system based
on (19) and the data corresponding to the two lines, which yields:

d ¼ CX1s2 � CX2s1

D
ð22Þ

e ¼ CX2c1 � CX1c2

D
ð23Þ

After determining d and the product yz, the parallel pad para-
sitic element can be directly calculated by solving (20); this is:

y ¼ d
2ð1þ ð1�mÞyzÞ ð24Þ

which allows the determination of Zc by solving a quadratic equa-
tion derived from (21). This is expressed as:

y2Z2
c � eZc þ ð1þ ð1�mÞyzÞ2 ¼ 0 ð25Þ

As can be observed, y and Zc have been simultaneously obtained
using the exact matricial equations associated with a UTL embed-
ded between two transitions represented by means of the model of
Fig. 2b. In this case, the sign ambiguity associated with (21) is re-
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solved considering that Re(Zc) presents positive values continuous
when plotted versus frequency, which are close to the designed
impedance of the transmission line.

In order to obtain z, an expression for BXn is written as:

BXn ¼ f cn þ g sn ð26Þ

where:

f ¼ 2zð1þmyzÞð1þmð1�mÞyzÞ ð27Þ

and g depends on m, y, z, and Zc.
The coefficients f and g can also be determined from the solu-

tion of a linear equation system. Thus, associating the data of the
two lines with (16) and solving to obtain f yields:

f ¼ BX1s2 � BX2s1

D
ð28Þ

which allows the determination of z after solving (27), this is:

z ¼ f
2ð1þmyzÞð1þmð1�mÞyzÞ ð29Þ
4. Experimental verification

Several CPWs with different lengths and terminated at both
sides with the transition shown in Fig. 2a were fabricated in a p-
type silicon substrate with a resistivity of 20 X cm. The stripes
were formed with aluminum having a sheet resistance of about
40 mX/square. The experimental ABCD-parameters of these lines
were obtained from measured S-parameters using the correspond-
ing two-port network parameter conversion. The measurements
were performed using a previously calibrated vector network ana-
lyzer (VNA) and ground-signal-ground (GSG) coplanar probes with
a pitch of 150 lm. The VNA calibration was performed to establish
the measurement plane at the end of the probe tips and the S-
parameter reference impedance at 50 X. In addition, the propaga-
tion constant of the lines was obtained as in [7] so that the new
method can be applied.

The method was applied to the experimental ABCD matrices
corresponding to two CPWs with lengths of 500 lm and 250 lm
respectively. For the case of the proposed method, Zc and the pad
parasitics (i.e. y and z) were simultaneously determined assuming
the different transition representations depicted in Fig. 2b. In Fig. 3
the real and imaginary parts of Zc are plotted versus frequency for
the three cases covered in this paper: assuming that the series
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Fig. 3. Extracted characteristic impedance obtained for the three different distri-
butions assumed for the transition elements. Notice the different scales.
impedance is located after the shunt admittance (m = 0), assuming
that this impedance is evenly distributed at the right and left sides
of the admittance (m = 0.5), and assuming that the impedance is lo-
cated before the admittance (m = 1). Notice in these plots that,
although the curves obtained in the three cases present almost
the same values below 20 GHz, beyond this frequency a difference
becomes apparent. This is due to the fact that as the frequency in-
creases the second order terms in the Eqs. (12) and (13) also in-
crease yielding variations in the extracted Zc. Thus, Fig. 3 shows
that assuming m = 0 results in smaller values for Re(Zc) and bigger
values for Im(Zc) when compared with the other two cases,
whereas the opposite occurs when assuming m = 1.

In order to determine m, a 2-port network model as the one
shown in Fig. 1 was implemented in the Advanced Design System
(ADS) circuit simulator of Agilent and compared with experimental
data. In this model, the experimental data obtained for z, y, and Zc

for the three considered distributions of the pad parasitics (m = 0,
0.5, and 1) were used. With this model, the S-parameters of a line
with length l = 6400 lm were obtained by performing the corre-
sponding frequency domain simulations. The reason for using this
relatively long line is to observe in an accentuated way the error
introduced by the models. The results of the simulations are com-
pared with experimental data in Fig. 4. As can be seen in this figure,
although the insertion loss (|S21|) is well represented considering
the three cases, the return loss (|S11|) is better reproduced when
using m = 1 and this value is used in what follows.

An interesting point to be remarked here is the fact that the
adequate value for m depends among other things on the structure
of the transition and the probe position while performing the S-
parameter measurements. For instance, placing the probes at dif-
ferent distances from the edge of the pads may yield substantial
inductance variations [20], which consequently introduces differ-
ences in the position of the shunt capacitance within the model.
Thus, consistent probe positioning is necessary for physically
meaningful parameter extractions when using line-line algo-
rithms. Additionally, the configuration and structure of the pads
determines the most appropriate value for m. For example, when
using microstrips a considerable series inductance is introduced
by the ground pads [21], which is dependent on the number of vias
used to interconnect these pads with the ground plane. In this case,
m will also be dependent on the position of these vias and a
straightforward way to determine the most appropriate value for
this parameter is using a simulation-experiment correlation such
as that shown in Fig. 4.
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Once that c and Zc are determined, (1) and (2) can be used to ob-
tain the electrical parameters per unit length of the analyzed lines.
The results are shown in Fig. 5. Notice the difference in L, C, R, and
G depending on value of m used to extract Zc. This difference is
accentuated as frequency increases and an incorrect selection on
m may introduce substantial differences in these electrical param-
eters and consequently in the corresponding transmission line
model of a practical interconnect. In Fig. 5b, G and R are plotted
up to 30 GHz since above this frequency the corresponding data
become very noisy due to the difficulty to accurately determine
the phase of Zc at high frequencies (i.e. when Re(Zc)� Im(Zc)) [10].

In addition, a comparison with the methods discussed in Sec-
tion 2 was carried out and presented in Fig. 6. As can be seen in this
figure, the Re(Zc) versus frequency curve presents an accentuated
unphysical valley when the data is extracted assuming that the
pad parasitics can be represented by means of a shunt admittance
as in [13]. This valley becomes even more noticeable when using
single line measurements and neglecting the pad parasitics. In con-
trast, in the curve associated with the data extracted with the new
method using m = 1 the unphysical trend is almost removed. For a
complete removal of this valley, more complicated models consid-
ering additional effects in the signal and ground pads have to be
implemented [21].

Observe in Fig. 6 that neglecting the substrate losses as in [8]
yields the Re(Zc) versus frequency curve to deviate from the extrac-
tions performed with the other studied methods, which is due to
the error introduced by neglecting G in (3). Furthermore, using this
method results in a considerable underestimation of the Im(Zc)
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data. For the case of the method in [13], the difference with the
new method is noticeable in the extraction of Im(Zc) up to about
15 GHz, whereas neglecting the pad parasitics yields even positive
values for Im(Zc), which is unexpected for lines fabricated on sili-
con substrates.

In order to verify the validity of the proposed methodology,
simulations were performed using the extracted data assuming
m=1 and the ADS circuit simulator. The results are shown in
Fig. 7. Notice the excellent simulation-experiment correlation for
a line with length l = 1450 lm. An important point to be remarked
is the fact that even though this line was not used in the parameter
extraction process, the simulations based on the new method
reproduce the experimental data with accuracy. Conversely, when
performing the simulations either using a single shunt admittance
to represent the pad parasitics or neglecting these parasitics at all,
there are significant deviations in the simulated insertion loss
(|S11|) and return loss (|S21|) of the lines. This suggests that consid-
ering both the series and shunt parasitics is necessary to accurately
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represent the effect of the pads when characterizing transmission
line structures on silicon.

Since Zc, y, and z determined with the new method allow the
correct representation of the lines, these parameters can be used
with de-embedding purposes in structures fed with CPWs. This is
a common case when probing devices on-wafer. As a final remark
on the length of the lines used throughout the characterization
procedure, the difference in length between line 1 and line 2 has
to be so different that allows the proper solution of the systems
of linear equations associated with (14), (19), and (26). Otherwise,
when l1 � l2 the equations in these systems become linearly
dependent and no solution can be found. Fortunately, the same
lines used for the experimental determination of c as in [7,22]
can be used in the proposed characterization method.
5. Modelling the pad parasitics

In accordance to previously developed models [11,18,19], the
series and shunt pad parasitics present mainly inductive and
capacitive effects respectively. However, in addition to these ef-
fects, the losses related to the inherent resistance of the substrate
and metal used to form the lines influence the values of y and z.
Taking this into consideration, an equivalent circuit can be used
to represent y and z [2]. Thus, experimentally determining the
equivalent circuit elements that represent y and z allows to dem-
onstrate the feasibility of obtaining a physically meaningful model
for the pad parasitics by using the proposed extraction method.
This is shown hereafter.

Fig. 8 shows the equivalent circuit model of a GSG pad system
including the finite resistance of the pads and the resistive cou-
pling through the substrate. When analyzing this circuit as a
O
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Fig. 9. Plots illustrating the extractio
two-port network, it can be demonstrated that the equivalent cir-
cuits associated with the shunt admittance and the series imped-
ance of the pad system are those shown at the bottom of Fig. 8,
where the effective values of the corresponding elements are
approximately given by: Cy1 � 2CSG, Cy2 � 2CGCS/(2CG + CS), Ry �
Rsubs/2, Lz � LS + LG/2, and Rz � RS + RG/2. Notice that in this particu-
lar case, the shunt elements are assumed to be located at the end of
the pads (m = 1), but the same result is obtained for the other cases
studied in previous sections. In addition, it is important to mention
that this model presents a limited frequency range of validity and
higher order effects have to be considered for extending this range.
However, good results were obtained up to 30 GHz for the ana-
lyzed structures as shown hereafter.

In accordance to the equivalent circuit for y, the following equa-
tion can be written:

y ¼ Reðy2Þ þ j½xCy1 þ Imðy2Þ� ð30Þ

where y2 is the admittance associated with the series connection of
Ry and Cy2. Thus, the real part of y can be rearranged as:

x2

ReðyÞ ¼
1

C2
y2Ry

þ Ryx2 ð31Þ

Observe that (31) can be seen as the equation of a line. Thus,
when plotting the experimental x2/Re(y) versus x2 data, Ry can
be obtained from the slope of the corresponding linear regression,
and therefore Cy2 can be obtained from the intercept with the abs-
cises. Since at relatively high frequencies Re(y)� Im(y), this plot
becomes noisy beyond a given frequency dependent on the sub-
strate resistivity and the pad capacitances. For this reason, in
Fig. 9a the linear regression is performed up to 5 GHz, allowing a
proper extraction of Ry and Cy2.
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Once that Ry and Cy2 are obtained, the imaginary part of y2 can
be computed from:

Imðy2Þ ¼
xCy2

1þ ðxCy2RyÞ2
ð32Þ

Therefore, when solving (30) for Im(y) � Im(y2) yields:

ImðyÞ � Imðy2Þ ¼ xCy1 ð33Þ

In this equation, Im(y2) is computed using (32), which allows to
determine Cy1 as illustrated in Fig. 9b.

For the case of z, the equation associated with the correspond-
ing equivalent circuit is:
z ¼ Rz þ jxLz ð34Þ

Thus, a straightforward determination of Rz and Lz can be car-
ried out when plotting the experimental Re(z) and Im(z) versus fre-
quency as illustrated in Fig. 10.

After determining all the equivalent circuit parameters for y and
z, the 2-port network model shown in Fig. 1 was implemented
again in ADS, but now substituting the blocks that represent y
and z for the corresponding equivalent circuits. The simulated S-
parameters for two lines with very different lengths are compared
with experimental data in Fig. 11 showing an excellent agreement
in magnitude as well as in phase up to 30 GHz. This demonstrates
that the pad parasitics obtained using the proposed method allow
the determination of physically meaningful parameters associated
with the corresponding electrical behaviour.
6. Conclusions

An analytical methodology for characterizing transmission lines
fabricated on silicon substrates has been proposed and verified. In
addition, a comparison with other methodologies that use two
lines to obtain the parameters associated with a transmission line
was carried out. The proposed methodology allows the simulta-
neous determination of arbitrarily distributed pad parasitics and
the characteristic impedance whereas considering the losses asso-
ciated with a silicon substrate. These parameters can either be
used with de-embedding or characterization purposes, which rep-
resents a valuable tool when measuring and characterizing devices
and interconnects on-wafer.
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