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SUMMARY This paper proposes a de-embedding method for on-chip
S-parameter measurements at mm-wave frequency. The proposed method
uses only two transmission lines with different length. In the proposed
method, a parasitic-component model extracted from two transmission
lines can be used for de-embedding for other-type DUTs like transistor,
capacitor, inductor, etc. The experimental results show that the error in
characteristic impedance between the different-length transmission lines is
less than 0.7% above 40 GHz. The extracted pad model is also shown.
key words: de-embedding, S-parameter measurement, mm-wave, RF
CMOS, transmission line

1. Introduction

Recently, the research on mm-wave CMOS circuits be-
comes a hot topic [1], [2]. CMOS processes are employed
for developing mm-wave wireless systems because of the
low cost fabrication comparing with compound semicon-
ductors [3]. In mm-wave circuits, even small parasitic ca-
pacitors and inductors will considerably affect the total cir-
cuit performance. Therefore, it is needed to build accu-
rate models of the components including parasitic elements,
such as transistors, capacitor, transmission line, and so on.

Before building models of them, the process, de-
embedding, is needed to remove parasitic components from
measurement data because measurement data include the
parasitic components of the contact pads. A variety of de-
embedding methods for on-chip measurement have been
proposed [4], [5]. There is one of the most common methods
called open-short method [6]. The method, however, cannot
remove parasitic components of the contact pads completely
in high frequency because it is difficult to fabricate an ideal
short pattern.

Some de-embedding methods using only line patterns
without short pattern were proposed [7]–[9]. One of them
uses a thru pattern [7]. However, the measurement result
of the thru pattern has a large uncertainty and is not re-
liable because the value of the S-parameter is too small.
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The length of thru pattern must be short because the mea-
surement data is converted to a π-type lumped-component
circuit. On the other hand, too short thru-pattern causes
larger measurement error. According to the probe manufac-
turer (Cascade Microtech, Inc.), RF probes should be sep-
arated more than 200 μm. Too close probes have larger in-
terference, and it results in larger measurement error [10].
Thus, the de-embedding result is also not reliable. The de-
embedding method using only long line patterns is proposed
in [8]. However, this method considers only the shunt par-
asitic component of the contact pads and the series par-
asitic component are ignored. Moreover, this method is
only applicable to de-embedding of a transmission line, not
for other test element groups. In addition, there is a de-
embedding method using two transmission lines [9], and
the method is evaluated up to 110 GHz with experimental
results using a 60 GHz power amplifier [11]. However, the
method in [9] has the limitation that one transmission line
has to be exactly twice as long as the other.

The new technique proposed in this paper can remove
not only the shunt parasitic components of the pads but also
the series one by using two transmission lines with different
length [12]. In addition, this method can be applied to other
test element groups, such as transistors, capacitors, and so
on, by building a model of the contact pads.

2. Conventional Methods

2.1 Open-Short De-Embedding

At first, we introduce Open-Short De-embedding noted
above [6]. This method builds the model of the contact
pads and the ground plane, as shown in Fig. 1, from the
measurement data of an open pattern and a short pattern.
The equivalent circuits of the patterns are shown in Fig. 2.
The shunt parasitic components (YP1, YP2, YP3) are removed
from the measurement data by subtracting the Y-parameter

Fig. 1 Equivalent circuit used in the open-short de-embedding.
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of the open pattern. As the same procedure, the shunt para-
sitic components of a short pattern can be removed. There-
fore, the matrix consisting of only series parasitic compo-
nents (ZS1, ZS2, ZS3) is obtained. By subtracting this matrix,
the matrix of the DUT is obtained.

However this method has an issue at high frequencies
like mm-wave frequency. It is impossible to fabricate ideal
open and short patterns due to parasitic capacitance and in-
ductance, and the non-ideality causes considerable degrada-
tion in the de-embedding accuracy, especially at the mm-
wave frequency.

2.2 Thru-Only De-Embedding

Next, we introduce the thru-only de-embedding [7]. Fig. 3
shows the structure of a transmission line and the equivalent
circuit of the measurement data. This method uses only a
short thru pattern. Figure 4 shows the structure of a short
thru and the equivalent circuit. The π-type equivalent circuit
is utilized to characterize the measurement data. The pad
model is built by separating the equivalent circuit into two
symmetric parts.

However, this method has an issue. The length of the
short thru has to be as short as possible because the equiv-
alent circuit consists of lumped components. However, if
the length is short, the distance between the probes is too
close. Therefore, the measurement data become poorly-
reproducible and unreliable.

Fig. 2 Equivalent circuits. (a) Open pattern. (b) Short pattern.

Fig. 3 Transmission line. (a) Structure. (b) Equivalent circuit.

Fig. 4 Short thru. (a) Structure. (b) Equivalent circuit.

3. Proposed Method

3.1 Multi-Line De-Embedding

As explained in the previous sections, the conventional
open-short and thru-only methods are not so accurate at
mm-wave frequencies, which is caused by the non-ideality
of open- and short-patterns and the inaccuracy of the
short thru pattern. Thus, this paper proposes a novel de-
embedding method using two long line patterns [12]. In this
method, first the transmission line is characterized by us-
ing the measurement data. The parasitic components of the
contact pads are calculated and the pad model is built. The
structure of the contact pad and the equivalent circuit are
shown in Fig. 5. The circuit consists of 4 components and
the values of them are frequency dependent. The pad model
built by two transmission lines can be utilized to de-embed
the pad parasitics of other-type DUTs such as transistors,
capacitors, inductors, etc. The procedure of the proposed
method is as follows.

3.2 De-Embedding Procedure

Before building the model of the contact pads, the transmis-
sion line has to be characterized. Measurement data of two
transmission lines with a length of �1 and �2, where �1 < �2,
are used in this method. While the method in [9] requires
the condition �2 = 2�1, the proposed method can utilize var-
ious length of transmission lines. Separating the segments of
contact pads from the intrinsic line, the T-parameter matrix
of test structure �i, Tm

�i
, can be expressed by the following

equation.

Tm
�i
= TPL · T�i · TPR, (1)

where

T�i represents the T-parameter of the intrinsic line �i,
TPL represents the T-parameter of the left pad, and
TPR represents the T-parameter of the right pad.

Subsequently TX1 is defined as multiplying Tm
�2

by the in-
verse of Tm

�1
(Fig. 6).

TX1 = Tm
�2
· [Tm

�1
]−1

= TPL · T�2 · TPR · T−1
PR · T−1

�1
· T−1

PL

Fig. 5 Contact pad model. (a) Structure. (b) Equivalent circuit.



814
IEICE TRANS. ELECTRON., VOL.E93–C, NO.6 JUNE 2010

Fig. 6 Multiplying the matrices of the transmission line.

Fig. 7 Canceling the pad parasitic ZP.

= TPL · T�1 · T−1
PL (2)

T-parameter of this matrix TX1 is transformed to the Y-
parameter matrix YX1. A parallel combination of YX1 and
a port-swapped version of itself, Swap(YX1), is defined as
YX2. Thus, we can cancel the effect of the pad parasitic ZP

as shown in Fig. 7.

YX2 = YX1 + Swap(YX1)

=

[
YX1_11 YX1_12

YX1_21 YX1_22

]
+

[
YX1_22 YX1_21

YX1_12 YX1_11

]
(3)

YX3 is defined as the Y-parameter matrix of the intrin-
sic TL connected with the pad series parasitic component ZS

and the negative parameter of itself −ZS . Fig. 8 shows the
equivalent circuit of YX3. Assuming the structure of the in-
trinsic TL is perfectly symmetric, the Y-matrix of the in-
trinsic TL which length is �21(= �2 − �1), YT L_�21 , can be
expressed by Eq. (4). By using Eq. (6), YX3 is approxi-
mated by Eq. (5). ytoz() is a transformation function from
Y-parameter to Z-parameter.

YT L �21 =

[
YT L_1 �21 YT L 2 �21

YT L_2 �21 YT L 1 �21

]
(4)

YX3 = ztoy
(
ytoz(YT L �21 ) +

[
ZS 0
0 −ZS

])

�
[

YT L 1 �21 − ZS (YT L 1 �21
2 − YT L 2 �21

2)
YT L 2 �21

YT L 2 �21

YT L 1 �21 + +ZS (YT L 1 �21
2 − YT L 2 �21

2)

]
(5)

The following assumption is used.

Z2
S �

1
YT L 1 �21

2 − YT L 2 �21
2

(6)

Therefore, YX2 can be obtained as the twofold of
YT L �21 as explained in Eq. (7). By the procedure as
mentioned above, the Y-parameter matrix of the intrinsic
TL YT L �21 is obtained.

YX2 = YX3 + Swap(YX3)

Fig. 8 The equivalent circuit of YX3.

=

[
2YT L 1 �21 2YT L 2 �21

2YT L 2 �21 2YT L 1 �21

]
= 2YT L �21 (7)

YT L �1 can be obtained from YT L �21 by using Eq. (8).

YT L �1 = f toy((yto f (YT L �21 ))n) (8)

�1 = n�21 (9)

This method mentioned above is the same as [8]. For
de-embedding of other DUTs such as transistors, capaci-
tors, inductors, etc, the pad parasitics of ZS and ZP are de-
rived, which are frequency-dependent parameters. The Y-
parameter matrix of the measurement data, Ym

T L �1
, of the

TL is expressed by YT L �1 in Eq. (10). ZP is a shunt com-
ponent at both ports, so it is derived from the Y-parameter
matrix.

Ym
T L �1

= ztoy

(
ytoz(YT L �1 ) +

[
ZS 0
0 ZS

])

+

[ 1
ZP

0
0 1

ZP

]
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
ZS + Z′1
�Z′2

+
1

ZP

Z′2
�Z′2

Z′2
�Z′2

ZS + Z′1
�Z′2

+
1

ZP

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(10)

�Z′2 = (ZS + Z′1)2 − Z′22

Z′1 =
YT L 1 �1

YT L 1 �1
2 − YT L 2 �1

2
, Z′2 =

YT L 2 �1

YT L 1 �1
2 − YT L 2 �1

2

The Y-parameter matrix YX4 is defined as expressed in
Eq. (11). If Eq. (13) is satisfied, the shunt parasitic ZP is
obtained by adding Y(1,1) and Y(1,2) of YX4 as expressed
in Eq. (12).

YX4 = Ym
T L �1
− YT L �1 (11)

YX4 11 + YX4 12 � 1
ZP

(12)∣∣∣∣∣∣ 1
ZP · (YT L 1 �1 + YT L 2 �1 )

·
(
1 +

1
ZS · (YT L 1 �1 + YT L 2 �1 )

)∣∣∣∣∣∣ � 1 (13)

To use the approximations, Eqs. (6) and (13), the para-
sitic components in the contact pad should be small as com-
pared with the transmission line.

Next, we evaluate the pad series parasitic compo-
nent ZS . By subtracting the shunt parasitics from the mea-
surement data of the TL, we can obtain YX5 that is the pa-
rameter of the intrinsic TL with the series parasitic compo-
nents as expressed in Eq. (14).

YX5 = Ym
T L −

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1

ZP
0

0
1

ZP

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (14)
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Here, ZS is derived from YX5. It is assumed that
YX5 expresses a reciprocal and uniform transmission line.
The resistance and the inductance per length are defined as
Rip( f ) and Lip( f ), respectively. These value can be calcu-
lated from YX5 [13], and the values are frequency depen-
dent. As shown in Fig. 9, the total series resistance Ri( f )
and inductance Li( f ) can be expressed by multiplying the
line length �i as follows.

Li( f ) = �iLip( f ) (15)

Ri( f ) = �iRip( f ) (16)

The following assumption is used (See Appendix).

|γ�i| � 1, (17)

where γ is the propagation constant of the transmission line.
This procedure is implemented by using two transmis-

sion lines with different length. The values of the calculated
inductances are plotted on a graph as shown in Fig. 10(a).
Then the line connecting these two points is drawn. The in-
tercept of the line, L0( f ), is the inductance of the series para-
sitic components of the contact pad because Li( f ) is the only
component of the pad when the line length is zero. L0( f ) can
be calculated by Eq. (18).

L0( f ) =
�2L1( f ) − �1L2( f )

�2 − �1 (18)

In this case, the measurement data of two transmission
lines are used. However, by using growing number of trans-
mission lines in different length, the more accurate value of
L0( f ) can be obtained. In that case, the offset value can be
derived by the method of least squares.

The same procedure is applied to the resistance. The
graph of the resistance is shown in Fig. 10(b). R0( f ) can be
calculated by Eq. (19).

Fig. 9 The resistance and inductance of YX5.

Fig. 10 The graph of total series components. (a) Inductances. (b)
Resistances.

R0( f ) =
�2R1( f ) − �1R2( f )

�2 − �1 (19)

The series parasitic components of the pad, ZS , is de-
fined by the following equation.

ZS =
1
2
· (R0( f ) + jωL0( f )) (20)

The parasitic components, ZS and ZP, can be obtained
by Eq. (20) and Eq. (12). This pad model can be utilized for
the de-embedding of other-DUTs.

4. Experimental Results

The evaluations of the conventional and proposed meth-
ods are applied by using the measurement data of transmis-
sion lines with different length. Twelve-metal-layer 65 nm
CMOS process is used. The structure of transmission lines
is a coplanar strip line with a bottom ground as shown in
Fig. 11. In this experiment, the lengths of the transmission
lines are 200 μm and 400 μm. Because the probe manufac-
turer (Cascade Microtech, Inc.) recommends the distance
between probes should be more than 200 μm. Besides, if
the length is long as compared with the wave length, the
λ/4 resonance occurs and it has effect on the measurement
data. The structure and size of the contact pad are shown
in Fig. 12. The size of signal pad is minimized as possible,
40 μm × 60 μm, to reduce parasitic inductance and capaci-
tance. Therefore, the pad model can be assumed as lumped
parameters as shown in Fig. 5. Fig. 13 shows the chip mi-
crograph of the transmission lines with the contact pads.

Figure 14 shows the calculated results by the proposed
and conventional methods. After de-embedding, the char-
acteristic impedance Z0 is calculated from S-parameter by
Eq. (21).

Z2
0 = Z2

nom

(1 + S 11)2 − S 212

(1 − S 11)2 − S 212
(21)

where Znom represents the normalized impedance, and it
is 50Ω in this case. Figure 14(a) shows characteristic
impedances of 200 μm-long and 400 μm-long transmission
lines, which are de-embedded by the open-short method.
Figure 14(b) shows a result by the thru-only method, and
Fig. 14(c) shows a result by the proposed method.

The characteristic impedance should be equal to each

Fig. 11 The structure of TL.
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Fig. 12 The structure of pad.

Fig. 13 The chip micrograph of TL.

Fig. 14 The calculated result. (a) Open-Short. (b) Thru-only. (c)
Proposed.

other even if it is calculated from different-length transmis-
sion lines. However, the open-short method and thru-only
method have large error in characteristic impedance, which
is caused by the error in the de-embedding calculation. In
addition, Z0 calculated by the thru-only method has the vari-
ation caused by the measurement error of the thru pattern,

Fig. 15 The values of the transmission line per length. (a) Inductance.
(b) Resistance. (c) Capacitance. (d) Conductance.

which is caused by the too short thru pattern, 40 μm.
Using the proposed method, the characteristic imped-

ances of the transmission lines agree with each other as
shown in Fig. 14(c). In the thru-only method, the error be-
tween characteristic impedances is 1∼4% above 40 GHz.
Meanwhile, in the proposed method, the error is less than
0.7%. This result demonstrates the accuracy of the proposed
de-embedding method.

The values per length of the transmission lines calcu-
lated from YT L �21 are shown in Fig. 15. Figure 16 shows
the pad parasitics calculated by the proposed method. Fig-
ures 16(a)(c) show the series inductance and the shunt ca-
pacitance, and they are almost constant with frequency. The
inductance is about 13 pH, and the capacitance is about
20 fF. Figures 16(b)(d) show the series resistance and the
shunt conductance, and they increase with frequency be-
cause of skin effect and frequency-dependence of dielectric
loss. The value of R0 is unstable around 60 GHz. The rea-
son is that the measurement of resistance is difficult at high
frequency. However the inductance and the capacitance are
dominant at high frequencies, so the error in R0 is not so
important.

The extracted values shown in Fig. 16 are reasonable
according to the actual structure of the contact pad, and ap-
proximate values can be calculated as follows. By calculat-
ing from the value of intrinsic transmission line, the induc-
tance of 30 μm-length transmission line is about 9 pH. The
half length of the contact pad is 30 μm, so we can expect
that its inductance is nearly 9 pH. If the probes are put on
center of the contact pads, the DC resistance of the contact
pad is about 0.1Ω. It is nearly equal to the value of R0.
Calculating from process parameters, the capacitance of the
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Fig. 16 The pad parasitics calculated by the proposed method. (a) Se-
ries inductance. (b) Series resistance. (c) Shunt capacitance. (d) Shunt
conductance.

Fig. 17 The left terms in (a) Eq. (22) and (b) Eq. (23).

contact pad is about 11 fF. There are dummy metals under
the contact pad, so 19 fF of C0 is a reasonable value. The
tangent-delta values calculated from the transmission line
and the pad model are 0.04 and 0.08, respectively.

In this way, the pad model can be built and be also ap-
plied for de-embedding other DUTs, e.g., transistors, capac-
itors, etc.

Next, the effect of the approximation, Eqs. (6) and (13),
in the proposed method is discussed. Equations (6) and (13)
can be converted to Eqs. (22) and (23), respectively. The
real and imaginary parts in the left terms in Eqs. (22) and
(23) are shown in Fig. 17.∣∣∣∣∣∣Z

2
S

Z2
0

∣∣∣∣∣∣� 1 (22)

∣∣∣∣∣∣ZS · ZP · (YT L 1 �1 + YT L 2 �1 )2

1 + ZS · (YT L 1 �1 + YT L 2 �1 )

∣∣∣∣∣∣ � 1 (23)

The absolute values of the real and imaginary parts are
less than 0.02 among the entire frequency. Thus, the approx-
imation is valid in this case.

5. Conclusion

A new de-embedding method using two long lines is pro-
posed. Using this method, the accurate de-embedding is re-
alized, and it can be applied to transistors, capacitors, etc
as well as transmission lines. The proposed de-embedding
method is accurate even at mm-wave frequencies because it
does not utilize the open- and short-patterns and the short
thru pattern used in the conventional methods. The conven-
tional de-embedding patterns cause the de-embedding error
at mm-wave frequencies. The de-embedding of the trans-
mission lines is demonstrated. In the experimental results,
the error in characteristic impedance between the different-
length transmission lines is less than 0.7% above 40 GHz for
the proposed method while two conventional methods have
larger error.
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Appendix

In this appendix, it is shown that the series parasitic
impedance ZS can be calculated from the series impedance
per length Z0γ.

The Z-parameter of �i-length transmission line is de-
fined as ZT L �i . ZT L �i is expressed as shown in Eq. (A· 1).

ZT L �i = ytoz(YT L �i )

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

YT L 1 �i

Y2
T L 1 �i

− Y2
T L 2 �i

−YT L 2 �i

Y2
T L 1 �i

− Y2
T L 2 �i

−YT L 2 �i

Y2
T L 1 �i

− Y2
T L 2 �i

YT L 1 �i

Y2
T L 1 �i

− Y2
T L 2 �i

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(A· 1)

=

[
A B
B A

]
, (A· 2)

where A and B are defined as follows.

A =
YT L 1 �i

Y2
T L 1 �i

− Y2
T L 2 �i

=
Z0 cosh(γ�i)

sinh(γ�i)
(A· 3)

B =
−YT L 2 �i

Y2
T L 1 �i

− Y2
T L 2 �i

=
Z0

sinh(γ�i)
(A· 4)

The characteristic impedance Z0 and the propagation con-
stant γ are expressed by using A and B [13].

Z2
0 = A2 − B2 (A· 5)

eγ�i =
A
B
+

√
A2 − B2

B
(A· 6)

In addition, the resistance Rip( f ) and the inductance Lip( f )
per length are expressed by the following equations.

Lip( f ) =
Im[Z0γ]

2π f
(A· 7)

Rip( f ) = Re[Z0γ] (A· 8)

Next, the influence of the series parasitic impedance
ZS is calculated. The total series impedance is expressed by
Z0γ�i, and the difference by ZS is defined as �(Z0γ�i). In
this case, the term A becomes A + ZS . The difference can
be expressed by the sum of the differences of Z0 and γ�i as

follows.

�(Z0γ�i)
Z0γ�i

=
�Z0

Z0
+
�(γ�i)
γ�i

(A· 9)

Here, �Z0/Z0 can be obtained by the following equa-
tions.

�Z0

Z0
=

√
(A + ZS )2 − B2 − √A2 − B2

Z0

=

√
1 +

2AZS

Z2
0

+
Z2

S

Z2
0

− 1 (A· 10)

� AZS

Z2
0

=
ZS

Z0 tanh(γ�i)
(A· 11)

where the following assumption is used.∣∣∣∣∣∣Z
2
S

Z2
0

∣∣∣∣∣∣ � 1 (A· 12)

Then, the difference of �(γ�i) is calculated as follows.

�(γ�i)
γ�i

=
ln X′ − ln X

ln X

=
ln X′

X

ln X
, (A· 13)

where X and X′ are defined as follows.

X = eγ�i =
A
B
+

√
A2 − B2

B
(A· 14)

X′ = eγ
′�i =

A + ZS

B
+

√
(A + ZS )2 − B2

B
(A· 15)

The difference of �(γ�i)/(γ�i) can be calculated by the fol-
lowing equations.

X′

X
=

A + ZS +
√

(A + ZS )2 − B2

A +
√

A2 − B2

� 1 +
ZS

Z0
(A· 16)

�(γ�i)
γ�i

=

ln
X′

X
γ�i

(A· 17)

=

ln

(
1 +

ZS

Z0

)
γ�i

(A· 18)

� ZS

Z0γ�i
(A· 19)

From Eqs. (A· 9), (A· 11) and (A· 19), the following
equation can be obtained.

�(Z0γ�i) = ZS

(
1 +

γ�i
tanh(γ�i)

)
(A· 20)

� 2ZS , (A· 21)

where the following assumption is used.
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|γ�i| � 1. (A· 22)

Under the assumptions Eqs. (A· 12) and (A· 22), Eq. (A· 21)
means that the series parasitic impedance ZS can be derived
from the product of the impedance per length Z0γ and the
line length �i.
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