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Abstract— For millimeter-wave CMOS circuit design, ac-
curate device models are necessary. Especially an accurate
de-embedding method is very important. Hence, precise de-
embedding of pad parasitics is the first and valuable step
to achieve accurate device models. In this work, a new pad
modeling based on an L-2L de-embedding is proposed. The
pad model is derived with an assumption that characteristic
impedance of transmission line becomes constant at high
frequency. Every device used in an amplifier is characterized
with the proposed de-embedding method, and simulation
and measurement results well agree with each other up to
110 GHz.

Index Terms— De-embedding, mm-Wave, modeling, trans-
mission line, CMOS

I. I NTRODUCTION

Wireless communication systems in millimeter-wave
(mm-wave) frequency range attracts attention from both
industry and academia in order to achieve high data-rate
systems. One of the best candidate mm-wave frequency
range to achieve several Gbps data-rate is 60 GHz carrier,
where an unlicensed 9 GHz bandwidth can be used. This
9 GHz unlicensed band enables tens of Gbps communi-
cation with a proper modulation scheme [1], [2]. For a
complete TRX to be implemented with desired perfor-
mances, accurate active and passive device characterization
and modeling is needed, because the models provided
by foundries, unfortunately, are not accurate at mm-wave
frequency. Moreover, several customized devices are es-
sential. The very first part of device characterization is
the de-embedding process, which is used to remove the
effects of test fixtures (probing pads’ characteristics) from
measured results of any kind of Test Element Group
(TEG).

There are vast number of studies about de-embedding. In
[3], several de-embedding methods ([4]-[6]) are discussed
on the characterization and modeling of transmission lines
(TLs) and their influence on amplifier response. According
to [3], L-2L method is the most accurate method [6].
Still, L-2L method is not accurate enough in very high
frequencies. The reason of this inaccuracy is the available
less information from the measurements then required,

since in all of the mentioned methods there are two results
which can be solved for two unknowns. Actually, the pad
responses are not symmetrical but reciprocal. As a result,
the pads should be characterized with three variables for
more accurate de-embedding.

Referring to these reasons, in this paper, a new pad
model is constructed with three components, and the
calculation method to solve three parameters are presented
with the results of L-2L de-embedding method and using
the assumption of constant characteristic impedance of TLs
at high frequencies.

II. CONVENTIONAL PAD MODEL

To use L-2L method, two TLs are needed, the length of
one is twice the length of the other. Fig. 1 briefly illustrates
the L-2L de-embedding method.

In terms of T-parameters it is expressed as follows;

TTTmeas = TTTLpadTTTDUTTTTRpad (1)

TTTL+pad = TTTLpadTTTLTTTRpad (2)

TTT2L+pad = TTTLpadTTT2LTTTRpad (TTT2L = TTTLTTTL) (3)

TTT thru = TTTLpadTTTRpad= TTTL+padTTT
−1
2L+padTTTL+pad (4)

Here,TTTL+PAD andTTT2L+PAD are the measurement results
of TLs. TTTLPAD andTTTRPAD are the T-parameters of left pad
and right pad, respectively.

Since the measurement results of TL TEGs are sym-
metric and reciprocal, the thru has two known values in
terms of S-, Y-, or Z-parameter. On the other hand, because
pads are reciprocal passive device, they are supposed to
be expressed by at least three parameters (double-T-type)
pad model using three parameters shown in Fig. 2. It
is impossible to determine these three parameters (Z1,
Z2, Z3) due to the limitations of the calculation of L-
2L method, some approximation is required. Thus, only
using the thru response the pads can be modeled as
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Fig. 1. Graphical illustration of L-2L de-embedding method.
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Fig. 2. Proposed double-T-type pad model.
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Fig. 3. Conventional pad models.

the combination of one shunt admittance and one series
impedance with two different versions asπ-type (Fig. 3(a))
and T-type (Fig. 3(b)) circuits. Left-pad and right-pad can
be expressed by Y-parameters usingπ-type as follows;

YYYthru π =

[
Y11 Y12

Y21 Y22

]
=

[
Y

′
1+Y

′
2 −Y

′
1

−Y
′
1 Y

′
1+Y

′
2

]
(5)

YYYLpad π =

[
Y11−Y12 2Y12

2Y12 −2Y12

]
YYYRpadπ =

[
−2Y12 2Y12

2Y12 Y11−Y12

]
Similarly, T-type of thru is given in terms of Z-parameters
in Eq. (6). Again in a similar way, Z-parameters of left-pad
and right-pad are provided.

ZZZthru T =

[
Z11 Z12

Z21 Z22

]
=

[
Z

′
1+Z

′
2 Z

′
2

Z
′
2 Z

′
1+Z

′
2

]
(6)

ZZZLpad T =

[
Z11+Z12 2Z12

2Z12 2Z12

]
ZZZRpadT =

[
2Z12 2Z12

2Z12 Z11+Z12

]
TLs is expressed as follows in terms of F-parameter
(ABCD-parameter);

FFFTL =

[
cosγℓ Z0sinγℓ
1
Z0

sinγℓ cosγℓ

]
(7)

When double-T-type pad model is de-embedded by theπ-
type and T-type pad model, the de-embedded results can be
expressed as following equation in terms of F-parameter.

FFFTL π = FFF−1
Lpad πFFFLpadFFFTLFFFRpadFFF

−1
Rpadπ (8)

=

 cosγℓ Z0(
Z1
Z2

+1)2sinγℓ
1

Z0(
Z1
Z2

+1)2
sinγℓ cosγℓ

 (9)

FFFTL T = FFF−1
Lpad TFFFLpadFFFTLFFFRpadFFF

−1
RpadT (10)

=

 cosγℓ Z0

(
Z3
Z2

+1)2
sinγℓ

(
Z3
Z2

+1)2

Z0
sinγℓ cosγℓ

 (11)

Here,FFFL,Rpadπ,T are the left or right pad model ofπ or T
-model.FFFL,Rpadare the left and right pad model of double-
T-model shown in Fig. 2.
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Fig. 4. Comparison of TL characteristics.
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Fig. 5. Comparison of pad models.

Thus, Q, α, and β characteristics of TLs are not
different depending on the pad model but the characteristic
impedance is different. When de-embedded byπ-type, a
(Z1

Z2
+1)2 fold difference occurs only in the characteristic

impedance. Also a1/(Z3
Z2

+1)2 fold difference occurs only
in the characteristic impedance by T-type pad model.

Fig. 4 compares the characteristics of the de-embedded
TLs for π-type and T-type circuit of pads. It can be
observed thatQ, α , and β characteristics of TLs are
same with each other for the two cases, but the difference
between the two cases on characteristic impedance is
getting larger after 20 GHz. However, it is well-known
from the theory that the characteristic impedance of TL
should be constant when the frequency is high, and this
relation is given by the following equation;

Z0 =

√
R+ jωL
G+ jωC

∼=
√

L
C
(ωL ≫ R,ωC≫ G) (12)

The reason of this difference can be understood by observ-
ing Fig. 5, which shows the capacitance and inductance of
π- and T-type circuit of pads, accordingly. The characteris-
tic impedance behavior and capacitance of the pad models
have a direct relation. Theπ-model over estimates the
capacitance and characteristic impedance gets smaller as
the frequency increases. The counterpart of this comment
can be said for T-type-model. Moreover, the capacitance
of the pad resulted between top-metal and ground can be
assumed constant.

III. PROPOSEDPAD MODEL

As discussed in the previous sectionπ-type or T-type
pad models are expressed by two parameters (Y

′
1,Y

′
2 or

Z
′
1,Z

′
2) due to limitations of the calculation of L-2L method.

However, three parameters should be needed to realize the



reciprocal passive components modeling. As mentioned,
because only two parameters can be obtained from the L-
2L calculation, it is necessary to put some assumption.
Here, following equation is assumed:

Z3 = k×Z1 (0≤ k≤ 1) (13)

From this assumption,Z1 and Z2 can be expressed as
follow by using conventional T-type results.

Z1 = Z
′
1+

Z
′
2

2
(k+1−

√
k2+2k+1+4k

Z
′
1

Z
′
2

) (14)

Z2 =
2k(Z

′
1+Z

′
2)

k−1+

√
k2+2k+1+4k

Z
′
1

Z
′
2

(15)

Then, “k” is adjusted such that the capacitor remains
relatively constant up to 110 GHz. This time,k is found
to be 0.4. Better to note that this value might change
with different processes and different structures of pads
and TLs. Fig. 5 shows the capacitance and the inductance
values of the calculated proposed pad model in comparison
with π-, and T-type. In the inductance of proposed pad
mode, onlyZ1 is included, that ofZ3 is not included. One
can observe that the capacitance of the proposed pad model
remains almost constant up to 110 GHz. Moreover, Fig. 4
providesZ0, Q, α andβ of characteristics of de-embedded
TL by the proposed pad model. Compared to the results
in Fig. 4, Q, α and β are same and the characteristic
impedance become constant in the high frequency regime.
One can conclude that the proposed de-embedding is more
accurate than the conventional methods.

IV. EVALUATION WITH 1-STAGE AMPLIFIER RESULTS

To evaluate the accuracy of de-embedding, a 1-
stage amplifier is designed, manufactured and measured.
Fig. 6(a) provides the schematic of the amplifier and
Fig. 6(b) shows the micro-graph of amplifier. This am-
plifier is constructed with TLs, bend lines, transistor (gate
length of 60 nm and gate width of 2µm by 20 fingers),
MOM-capacitor (150 fF), and decoupling transmission line
(Metal-Insulator-Metal Transmission Line (MIM TL)).
These components are characterized after de-embedding of
proposed pad model. The comparison of the measurement
and modeled results ofS21, S11 andS22 is given in Fig. 7.
S21 andS11 of the simulation results have good agreement
with the measurement result. However,S22 of the simula-
tion result is a bit different from the measurement result,
which is caused by MIM TL modeling error. Because of
the low impedance of MIM TL (2Ω ∼ 3Ω), it is difficult
to obtain accurate measurement results in a 50Ω system.

V. CONCLUSION

Accuracy of conventional de-embedding methods are
discussed, and it is concluded that symmetrical and re-
ciprocal pad characteristics are not accurate enough in the
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Fig. 6. 1-stage amplifier.
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Fig. 7. The comparison of modeled and measured amplifier.

mm-wave range. Hence, a three element -just reciprocal-
pad model is proposed along with its calculation method.
The characteristic impedance of the de-embedded TLs with
the proposed method remains constant in high frequen-
cies as the theory states. Furthermore, with the new de-
embedding method, several devices are characterized and
its validity is evaluated with the measurement results of a
1-stage amplifier. The comparison in amplifier character-
istics demonstrates accuracy of the proposed method.
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