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Abstract—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 ex-
tracted 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 1 Q.

Index Terms— De-embedding, S-parameter measurement, mm-
wave, RF CMOS, Transmission Line.

I. INTRODUCTION

Recently, the research on mm-wave CMOS circuits becomes
a hot topic [1], [2]. CMOS process is employed for developing
mm-wave wireless systems because of the low cost fabrication
comparing with compound semiconductors [3]. In mm-wave
circuits, even small parasitic capacitors and inductors will
enormously affect the total circuit performance. Therefore, it is
needed to build accurate models of the components including
parasitic elements, such as transistors, capacitor, transmission-
line, and so on.

Before building them, the process, de-embedding, is needed
to remove parasitic components from measurement data be-
cause 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 method 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 dummy pattern.

Some de-embedding methods using only line dummy pat-
terns without short dummy pattern were proposed [7], [8], [9].
One of them uses a thru dummy pattern [7]. However, the
measurement result of the thru dummy pattern has a large
uncertainty and is not reliable because the value of the S-
parameter is too small. Thus, the de-embedding result is also
not reliable. The de-embedding method using only long line
dummy patterns is proposed in [8]. However, this method con-
siders only the parallel parasitic component of the contact pads
and the series parasitic 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 that the
length of the one is two times longer than that of the other [9].

The new technique proposed in this paper can remove not
only the parallel parasitic components of the pads but also

the series one by using two transmission lines with different
length. 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.

II. CONVENTIONAL METHODS
A. 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 measure-
ment data of an open dummy pattern and a short dummy
pattern. The equivalent circuits of the dummy patterns are
shown in Fig. 2. The parallel parasitic components (Yp;, Yp2,
Yp3) are removed from the measurement data by subtracting
the Y-parameter of the open dummy pattern. As the same
procedure, the parallel parasitic components of a short pattern
can be removed. Therefore, the matrix consisting of only
series parasitic components (Zs;, Zsy, 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 inductance,

Fig. 1. Equivalent circuit used in the open-short de-embedding.
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Fig. 2. Equivalent circuits. (a) Open dummy pattern. (b) Short

dummy pattern.
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Fig. 3. Transmission line. (a) Structure. (b) Equivalent circuit.
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Fig. 4. Short thru. (a) Structure. (b) Equivalent circuit.

and the nonideality causes considerable degradation in the de-
embedding accuracy, especially at the mm-wave frequency.

B. 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 dummy pattern. Fig. 4 shows the structure of a short
thru and the equivalent circuit. The m-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 equivalent
circuit consists of lumped components. However, if the length
is short, the distance between the probes is too close. There-
fore, the measurement data become poorly-reproducible and
unreliable.

[II. PROPOSED METHOD

A. 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 nonideality 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. In this method, first the transmission
line is characterized by using the measurement data. The
parasitic components of the contact pads are calculated and the
pad model is built. 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.
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Fig. 5. Multiplying the matrixes of the transmission line.

Fig. 6.

Canceling the pad parasitic Zp.

B. De-Embedding Procedure

Before building the model of the contact pads, the trans-
mission line has to be characterized. Measurement data of two
transmission lines with a length of ¢; and ¢, where ¢, = 2/;,
are used in this method. Separating the segments of contact
pads from the intrinsic line, the T-parameter matrix of test
structure £;, Ty, can be expressed by the following equation.

Ty =Tpr Ty, Teg, (1)

where

Ty, represents the T-parameter of the intrinsic line £;,

Tp; represents the T-parameter of the left pad, and

Tpr represents the T-parameter of the right pad.
Subsequently Ty is defined as multiplying Ty} by the

inverese of TZ”] (Fig. 5).
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T-parameter of this matrix Ty is transformed to the Y-
parameter matrix Yy;. A parallel combination of Yy; and a
port-swapped version of itself, Swap(Yx1), is defined as Yx».
Thus, we can cancel the effect of the pad parasitic Zp as shown
in Fig. 6.

Yo = Yxi+Swap(Yxi)
_ Yvi_nn Yxi_i2 n Yxi_2 Yxi_oi 3)
Yvi_or Yxi_z Yvi_iz Yxi_n

Y3 is defined as the Y-parameter matrix of the intrinsic TL
connected with the pad series parasitic component Zg and the
negative parameter of itself —Zg. Fig. 7 shows the equivalent
circuit of Yy3. Assuming the structure of the intrinsic TL is
perfectly symmetric, the Y-matrix of the intrinsic TL can be



expressed by Eq. (4). By using Eq. (6), Yx3 is approximated
by Eq. (5).
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Therefore, Yy, can be obtained as the twofold of Yy as
explained in Eq. (7). By the procedure as mentioned above,
the Y-parameter matrix of the intrinsic TL Y7, is obtained.

Y2 Y3 +Swap(Yy3)
2Yrp1 2Yrio
= =2Y 7
2Yrp2 2Yrpa Tt )

For de-embedding of other DUTs such as transistors, ca-
pacitors, inductors, etc, the pad parasitics of Zg and Zp are
derived, which are frequency-dependent parameters. The Y-
parameter matrix of the measurement data, Y7;, of the TL is
expressed by Y7z in Eq. (8).
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The Y-parameter matrix Yy4 is defined as expressed in
Eq. (9). If Eq. (11) is satisfied, the parallel parasitic Zp is
obtained by adding Y(1,1) and Y(1,2) of Yy4 as expressed in
Eq. (10).
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The equivalent circuit of Yys3.

Fig. 7.

Next, we evaluate the pad series parasitic component Zs.
By subtracting the parallel parasitics from the measurement
data of the TL, we can obtain Yys that is the parameter of the
intrinsic TL with the series parasitic components as expressed
in Eq. (12). Then we calculate the resistance and inductance
of this parameter as shown in Fig. 8. This procedure is
implemented by using two transmission lines with different
length.

1

— 0
Yys=Yp — | 2P 1 (12)
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The values of the calculated inductances are plotted on a
graph as shown in Fig. 9. Then the line connecting the two
points is drawn. The intercept of the line, Ly, is the inductance
of the series parasitic components of the contact pad because
L; is the only component of the pad when the line length is
zero. Ly can be calculated by Eq. (13).

Lo=2L;—Ly; (13)

In this case, the measurement data of two transmission lines
are used. However, by using growing number of transmission
lines in different length, the more accurate value of Ly can be
obtained. In that case, the line shown in Fig. 9 is drawn by
the method of least squares.

The same procedure is applied to the resistance. The series
parasitic components of the pad, Zs, is defined by the following
equation.

1
Zs = §~(R0+j(1)L0) (14)

The parasitic components, Zg and Zp, can be obtained by
Eq. (14) and Eq. (10). This pad model can be utilized for the
de-embedding of other-DUTs.

IV. EXPERIMENTAL RESULTS

The evaluations of the conventional and proposed methods
are applied by using the measurement data of transmission
lines with different length. The structure of transmission lines
is a coplanar strip line with a bottom ground as shown in
Fig. 10. After de-embedding, the characteristic impedance Zy
is calculated from S-parameter by Eq. (15). Fig. 11 shows
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Fig. 9. The graph of the induc-
tances.

Fig. 8. The resistance and
inductance of Yys.
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Fig. 10. The structure of TL. Fig. 11. The chip micro-
graph of TL.
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Fig. 12.  The calculated result. (a) Open-Short. (b) Thru-only.

(c)Proposed. (d) Zg calculated by the proposed method.

the chip micrograph of the transmission lines with the contact
pads.

_p ( +81) = 85,2
"M (1 —811)2 = 8y,2

where Z,,, represents the normalized impedance, and it is
50 Q in this case.

Fig. 12 shows the calculated results by the proposed
and conventional methods. Fig. 12 (a) shows characteristic
impedances of 200 um-long and 400 um-long transmission
lines, which are de-embeded by the open-short method.
Fig. 12 (b) shows a result by the thru-only method, and
Fig. 12 (c) shows a result by the proposed method.

The characteristic impedance should be equal to each other
even if it is calculated from different-length transmission 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.

Using the proposed method, the characteristic impedances
of the transmission lines agree with each other as shown in
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Fig. 12 (c). This result demonstrates the accuracy of the pro-
posed de-embedding method. The values of the series parasitic
components Zg are shown in Fig. 12 (d). The inductance of the
series parasitic component is about 10 pH, and the resistance
is less than 1 Q.

V. CONCLUSION

A new de-embedding method using two long lines is
proposed. Using this method, the accurate de-embedding is
realized, 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 utilized the open- and short-patterns and the short thru
pattern used in the conventional methods. The conventional
dummy patterns cause the de-embedding error at mm-wave
frequencies. The de-embedding of the transmission lines is
demonstrated. In the experimental results, the error in charac-
teristic impedance between the different-length transmission
lines is less than 1Q for the proposed method while two
conventional methods have larger error.
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