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Differential signaling is very common for high frequency integrated circuit design. Accurate multimode de-embedding at
multigigahertz frequencies, however, is a major challenge. The differential and common-mode parameters can be obtained
by converting the measured four-port nodal S-parameters into the mixed-mode form. Under certain conditions, it is possible
to separate the modes and consider only the entries corresponding to the differential S-parameters. This allows to reduce the
measured 4 × 4 matrix to a 2 × 2 matrix and consider the differential device as a two-port network. Thus, the standard
de-embedding techniques, derived for two-port networks, can be applied to differential S-parameters. The purpose of this
paper is to investigate the applicability of this approach for on-wafer measurements. We describe analytically the conditions
under which this method is valid. As an example, a 2:1 transformer, manufactured in Infineon’s 0.13 mm CMOS (complemen-
tary metal-oxide semiconductor) process, has been characterized. On-chip de-embedding structures have been fabricated using
the same process. The results obtained using Short-Open, Thru-Line, and Thru-Line-Reflect de-embedding techniques are com-
pared. Additionally, the results are verified by simulation of a device under test having high-mode conversion.
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I . I N T R O D U C T I O N

Differential signaling becomes increasingly popular in micro-
wave circuits due to superior-noise immunity, better spurious
response, decreased second-order non-linearity and improved
stability. In order to characterize differential devices, the
mixed-mode S-parameters theory has been formulated [1].
Measurement techniques for on-wafer characterization of
differential devices using a pure-mode vector network
analyzer have been developed [2]. Furthermore, an advanced
calibration technique has been proposed for characterization
of multiport devices by means of multimode networks [3].

Accurate on-wafer S-parameter vector network analyzer
(VNA) measurement of differential devices at microwave and
millimeter-wave frequencies is a challenge. Usually, the
measurement reference planes are set by classical off-wafer cali-
bration techniques such as Short-Open-Load-Thru (SOLT),
Line-Reflect-Reflect-Match (LRRM), or Thru-Reflect-Line
(TRL). However, it is often not possible to set the reference
planes directly at the measured devices. Thus, de-embedding
techniques have to be applied to remove the impact of any
error network between the calibration reference plane and the
measured device. It is usually performed by well-known tech-
niques, such as Short-Open or Thru.

The on-wafer de-embedding techniques can be divided
into two categories. The first category consists of techniques
based on equivalent lumped-element circuit models such as
Short-Open, the three-step or the four-step method. These
approaches assume a specific lumped-element model of inter-
connects. This reduces the de-embedding accuracy at higher
frequencies. The second category consists of cascade-based
two-port techniques, such as Thru-Line (TL) [4] or TRL [5].
These techniques allow to perform de-embedding without
modeling of the internal structure of the error network.
Thus, they are applicable up to higher frequencies and offer
much better accuracy than the techniques based on equivalent
lumped-element circuits.

However, the TRL method has the disadvantage of data
discontinuities at the band edges related to the physical
length of the line standard. This can be resolved by using
the multi-line TRL [6] technique, which applies multiple
line standards to cover a wide frequency range. The TL
method is a special case of the TRL method, which assumes
identical error boxes. As a result, it needs one standard less.
This simplifies the de-embedding procedure and saves the
manufacturing costs of the chips. Furthermore, the result of
both TL and TRL de-embedding methods is referenced to
an unknown characteristic impedance of the reference planes.

In this paper, we present analytical considerations on the
applicability of the classical two-port cascade-based tech-
niques such as TL or TRL for de-embedding of differential
devices. This follows as a reasonable continuation to the
work presented in [7], where the extension of the Thru tech-
nique for differential devices is proposed. The theoretical deri-
vations are verified by measurement and simulation. Firstly, a
2:1 transformer and on-chip de-embedding structures have

Corresponding author:
Vadim Issakov
E-mail: VIssakov@mail.uni-paderborn.de

1Department of High-Frequency Electronics, University of Paderborn,
Warburgerstr. 100, D-33098 Paderborn, Germany.
2Infineon Technologies AG, Am Campeon 1-12, D-85579 Neubiberg, Germany.
3Institute for Electronics Engineering, University of Erlangen-Nuremberg, Cauerstr.
9, D-91058 Erlangen, Germany.

349

International Journal of Microwave and Wireless Technologies, 2010, 2(3-4), 349–357. # Cambridge University Press and the European Microwave Association, 2010
doi:10.1017/S1759078710000498

https://doi.org/10.1017/S1759078710000498 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078710000498


been fabricated using Infineon’s standard 0.13 mm CMOS
process. The differential S-parameters of the transformer are
de-embedded using TL and TRL methods and compared
with Short-Open technique. Secondly, an asymmetrical
on-chip differential line having high mode conversion has
been simulated in a field solver. Mixed-mode S-parameters
of the DUT are de-embedded using the TRL method and com-
pared with directly simulated results.

I I . E R R O R - B O X T H E O R E T I C A L
C O N S I D E R A T I O N S

We consider a four-port device under test (DUT) embedded
between two error networks A and B, as shown in Fig. 1.
We assume that the error network B represents the mirrored
version of the network A and that both networks are
uncoupled. The reference planes A and B are defined by a
standard VNA calibration technique and the reference
planes for the DUT are set by a de-embedding technique.

Using the following transformation

Sm = M E
E M

[ ]−1

Sn
M E
E M

[ ]
, (1)

where E is an empty 2 × 2 sub-matrix and M is defined as
follows

M = 1��
2

√ −1 1
1 1

[ ]
, (2)

the nodal S-parameter matrix Sn of a general four-port
network defined as

Sn =

s11 s12 s13 s14

s21 s22 s23 s24

s31 s32 s33 s34

s41 s42 s43 s44

⎡
⎢⎢⎣

⎤
⎥⎥⎦ (3)

can be easily converted into the modal form

Sm =
sdd

11 sdc
11 sdd

12 sdc
12

scd
11 scc

11 scd
12 scc

12
sdd

21 sdc
21 sdd

22 sdc
22

scd
21 scc

21 scd
22 scc

22

⎡
⎢⎢⎣

⎤
⎥⎥⎦, (4)

where indices 1 and 2 describe the differential terminals, each
containing two single-ended ports, as presented in Fig. 1. This
definition is equivalent to the classical mixed-mode
S-parameter conversion presented in [1], but in this case,
the order of the wave vectors has been modified for conven-
ience of cascading. The terms sdd and scc describe differential
and common-mode S-parameters, respectively, while sdc and
scd describe the mode conversion. The mode conversion
within a differential interconnect occurs due to asymmetry
with respect to horizontal axis along signal propagation or
due to unbalanced loading [8].

In the above transformation, it was assumed that the trans-
mission lines used in the calibration are symmetric.
Furthermore, it was assumed that the propagating waves are
quasi-TEM (Transverse ElectroMagnetic) waves and that
they are composed of the differential and common modes.

As a result, the relation between the nodal and modal
S-parameters in equation (1), determined by the matrix M
in equation (2), is fixed by the symmetry conditions and is fre-
quency independent. In the general case of asymmetric
coupled lines, the individual entries of the matrix M depend
in detail on the line geometry and material properties and
can show a complex frequency-dependent behavior [9, 10].

We shall apply these considerations and refer to Sm as the
modal S-parameters of the error network A. Therefore, under
the assumption of a symmetrical differential error-box, the
S-parameter terms describing mode conversion shall be con-
siderably smaller than the terms corresponding to the
modes propagation. Combining this with reciprocity of the
error-network, this condition can be formulated as follows

sdc
11 ≈ scd

11 ≈ 0,

sdc
12 ≈ scd

12 ≈ 0,

sdc
21 ≈ scd

21 ≈ 0,

sdc
22 ≈ scd

22 ≈ 0.

(5)

Thus, modal matrix (4) can be approximated and simpli-
fied to the following form

bdm
1

bcm
1

bdm
2

bcm
2

⎡
⎢⎢⎣

⎤
⎥⎥⎦ = Sm

adm
1

acm
1

adm
2

acm
2

⎡
⎢⎢⎣

⎤
⎥⎥⎦

≈
sdd

11 0 sdd
12 0

0 scc
11 0 scc

12
sdd

21 0 sdd
22 0

0 scc
21 0 scc

22

⎡
⎢⎢⎣

⎤
⎥⎥⎦

adm
1

acm
1

adm
2

acm
2

⎡
⎢⎢⎣

⎤
⎥⎥⎦. (6)

As we can observe, the sub-matrices in (6) are diagonal.
Thus, the matrix Sm preserves its form upon conversion into
T-parameters

T = S12 − S11S−1
21 S22 S11S−1

21
−S−1

21 S22 S−1
21

[ ]
, (7)

and can be written as

bdm
1

bcm
1

adm
1

acm
1

⎡
⎢⎢⎣

⎤
⎥⎥⎦ = T m

adm
2

acm
2

bdm
2

bcm
2

⎡
⎢⎢⎣

⎤
⎥⎥⎦

≈
tdd
11 0 tdd

12 0
0 tcc

11 0 tcc
12

tdd
21 0 tdd

22 0
0 tcc

21 0 tcc
22

⎡
⎢⎢⎣

⎤
⎥⎥⎦

adm
2

acm
2

bdm
2

bcm
2

⎡
⎢⎢⎣

⎤
⎥⎥⎦. (8)

Therefore, the differential parameters remain separated
from the common-mode parameters.

Now the four-port error networks A and B are cascaded in
order to construct the Thru standard, as shown in Fig. 2.
When the network is mirrored, ports 2 and 1 are swapped.
Thus, the S-parameters of the network B can be obtained
from the S-parameters of the network A by simply interchan-
ging the port indices. Then the S-parameters of B have to be
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converted to T-parameters and multiplied with the
T-parameters of the error network A. This results again in a
matrix containing four diagonal sub-matrices. The T-matrix
for the Thru standard can be written in a simplified form as
follows

T Thru

=

(tdd
11 )2−(tdd

12 )2 0

0 (tcc
11)2−(tcc

12)2

tdd
11 tdd

21 −tdd
12 tdd

22 0

0 tcc
11tcc

21−tcc
12tcc

22

tdd
12 tdd

22 −tdd
11 tdd

21 0

0 tcc
12tcc

22−tcc
11tcc

21

(tdd
22 )2−(tdd

21 )2 0

0 (tcc
22)2−(tcc

21)2

⎡
⎢⎢⎢⎣

⎤
⎥⎥⎥⎦.

(9)

As we can observe, under the multiplication the
differential- and common-mode parameters remain separated
and the operations can be also reduced to two-port matrices
containing either mode. Obviously, under conversion back
to S-parameters the matrix maintains the same form.

Similar considerations are valid for the S-parameters of the
line standard, presented in Fig. 3. The T-matrices of the error
networks A and B have the form of (8) and the transmission
matrix of the line is given by a diagonal matrix containing
the mode propagation coefficients e+gdml and e+gcml. This
would simply result in multiplication of the entries in (9) by
the corresponding propagation coefficients.

Therefore, under condition of negligible mode conversion
on the de-embedded error networks, it is valid to treat the
modes separately and apply the classical two-port TL or
TRL procedures for the S-parameters of each mode separately.
Obviously, the presented considerations can be further

expanded to similar techniques, such as e.g. multi-line TRL
[6]. The additional lines follow the same reasoning and
under the assumption of a weak mode conversion the
S-parameters corresponding to different modes remain
separated.

In practice, it is difficult to determine the four-port
S-parameters of an error network in order to verify, whether
the conditions in (5) are fulfilled. Since the terms correspond-
ing to the mode conversion in (9) remain negligible, if
assumption (5) is fulfilled, we can formulate an equivalent
condition on the applicability of the mode separation
approach using the measured four-port S-parameters of the
Thru or Line structures. The differential on-chip error boxes
are usually designed to be symmetrical and the measured
mode-conversion terms commonly remain below 230 dB.
Therefore, a practical condition equivalent to (5) can be
defined by observing the mode conversion S-parameters of
the Thru or Line standards, obtained by conversion of the
measured four-port nodal matrix into the mixed-mode
form. The parameters s11

dc , s11
cd, s12

dc , s12
cd, s21

dc , s21
cd, s22

dc , s22
cd should

be negligible over the whole frequency range. Usually, it is suf-
ficient that these parameters are lower than 230 dB for the
presented considerations to be applicable.

The above conditions are typically fulfilled for on-chip
de-embedding structures. However, if these conditions are
not fulfilled, the multimode TRL [3] has to be applied for
de-embedding of differential S-parameters.

I I I . D U T D E - E M B E D D I N G

Assuming that the error boxes have negligible mode conver-
sion, the considerations presented in the previous section
can be used to obtain S-parameters of the error boxes.
However, two cases shall be considered: of a DUT having

Fig. 1. Chain connection of four-port DUT and error networks.

Fig. 2. Differential Thru standard. Fig. 3. Differential line standard.
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negligible mode conversion and of a DUT having non-
negligible mode conversion. This is due to the fact that in
the next step, when DUT parameters are de-embedded,
certain simplifications may or may not be applied, depending
on the properties of the DUT. Measurement of the setup in
Fig. 1, performed using a calibrated VNA, provides a chain
connection of three networks described by

T meas = T A · T DUT · T B, (10)

where TA and TB are the T-parameters of the error networks A
and B, respectively, and TDUT are the actual DUT parameters.
Once the parameters of the error boxes have been estimated,
the de-embedded DUT parameters T̃DUT are given as follows

T̃ DUT = T̃
−1
A · T meas · T̃

−1
B . (11)

A) DUT with negligible mode conversion
When the DUT has negligible mode conversion, as expected
from a differential amplifier or a symmetrical passive struc-
ture, its T-matrix can be written as

T DUT ≈

tdd
11,DUT 0 tdd

12,DUT 0
0 tcc

11,DUT 0 tcc
12,DUT

tdd
21,DUT 0 tdd

22,DUT 0
0 tcc

21,DUT 0 tcc
22,DUT

⎡
⎢⎢⎢⎣

⎤
⎥⎥⎥⎦. (12)

Therefore, under assumption that T-matrices describing
the error networks A and B have the same form as TDUT in
(12), the differential and common-mode parameters of the
measured chain connection in Fig. 1 remain separated and
matrix Tmeas in (10) maintains the same form as in (8) and
(12). Thus, in case that differential parameters of the DUT
are of interest, it is sufficient to only consider the differential
parameters, i.e. the matrices in (11) become 2 × 2

T̃
dd
DUT = tdd

11 tdd
12

tdd
21 tdd

22

[ ]−1
tdd
11,meas tdd

12,meas

tdd
21,meas tdd

22,meas

[ ]

× tdd
11 −tdd

21

−tdd
12 tdd

22

[ ]−1

,

(13)

where t11
dd, t12

dd, t21
dd, t22

dd are the differential T-parameters of the
error box A that can be obtained using any cascade-based
technique and tdd

11,meas, tdd
12,meas, tdd

21,meas, tdd
22,meas, are the

measured differential T-parameters of the setup described in
Fig. 1. The T-parameters of the 2 × 2 error network B are
obtained from the parameters of the network A, under the
previously mentioned assumption that the network B rep-
resents the mirrored version of the network A, by simply
interchanging and multiplying by 21 the off-diagonal
terms. The de-embedding procedure for obtaining the differ-
ential DUT parameters in case that DUT has negligible mode
conversion can be thus summarized as follows:

1) Convert the measured 4 × 4 S-parameter matrix of a setup
including the DUT and error networks into T-parameters.

2) Apply any two-port cascade-based technique, as e.g. TL or
TRL to obtain the differential S-parameters of the error
box A.

3) Convert the obtained S-parameters of the error box A into
T-parameters.

4) Rearrange the parameters of the error box A to obtain the
T-parameters of the error box B.

5) Apply equation (13) to de-embed T-parameters of the
DUT.

6) Convert the obtained T-parameters into S-parameters.

Obviously, in case that the common-mode parameters of
the DUT are of interest, the same procedure can be applied
to common mode instead of differential parameters.

B) DUT with non-negligible mode conversion
If mode conversion of the DUT is not negligible, the T-matrix
of the DUT has to be considered as a full 4 × 4 matrix

T DUT ≈

tdd
11,DUT tdc

11,DUT tdd
12,DUT tdc

12,DUT

tcd
11,DUT tcc

11,DUT tcd
12,DUT tcc

12,DUT

tdd
21,DUT tdc

21,DUT tdd
22,DUT tdc

22,DUT

tcd
21,DUT tcc

21,DUT tcd
22,DUT tcc

22,DUT

⎡
⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎦. (14)

Therefore, the differential and common-mode parameters
of the measured chain connection in Fig. 1 get mixed and
cannot be separated and matrix Tmeas has to be treated as a
full 4 × 4 matrix. Thus, the matrices of the A and B error net-
works have to be considered as 4 × 4 matrices having the
form (8). The matrices in (11) can be thus written as

T̃DUT = T̃
−1
A · Tmeas · T̃

−1
B

=

tdd
11 0 tdd

12 0

0 tcc
11 0 tcc

12

tdd
21 0 tdd

22 0

0 tcc
21 0 tcc

22

⎡
⎢⎢⎢⎣

⎤
⎥⎥⎥⎦

−1

×

tdd
11,meas tdc

11,meas tdd
12,meas tdc

12,meas

tcd
11,meas tcc

11,meas tcd
12,meas tcc

12,meas

tdd
21,meas tdc

21,meas tdd
22,meas tdc

22,meas

tcd
21,meas tcc

21,meas tcd
22,meas tcc

22,meas

⎡
⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎦

×

tdd
11 0 −tdd

21 0

0 tcc
11 0 −tcc

21

−tdd
12 0 tdd

22 0

0 −tcc
12 0 tcc

22

⎡
⎢⎢⎢⎣

⎤
⎥⎥⎥⎦

−1

, (15)

where the T-matrix, describing the error network A, is
obtained by applying any cascade-based de-embedding tech-
nique twice: once to differential and once to common-mode
parameters and combining the 2 × 2 matrices into a 4 × 4
matrix. The T-parameters of the error network B are obtained
from the T-parameters of the error network A, under assump-
tion of the mirror symmetry, similarly as described in the pre-
vious section for differential and common modes, and
combined into a 4 × 4 matrix. The de-embedding procedure
for obtaining the full four-port DUT parameters in case that
DUT has a non-negligible mode conversion and the error
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network has a negligible mode conversion can be thus sum-
marized as follows

1) Convert the measured 4 × 4 S-parameter matrix of a setup
including the DUT and error networks into T-parameters.

2) Apply any two-port cascade-based technique, as e.g. TL or
TRL to obtain a 2 × 2 differential S-parameter matrix of
the error box A.

3) Apply any two-port cascade-based technique, as e.g. TL or
TRL to obtain a 2 × 2 common-mode S-parameter matrix
of the error box A.

4) Convert the obtained 2 × 2 S-parameter matrices of the
differential and common-mode parameters of the error
box A into T-parameters.

5) Combine the obtained 2 × 2 T-parameter matrices into a
4 × 4 matrix of the error box A according to (15).

6) Rearrange the parameters to obtain the T-parameters of
the error box B.

7) Apply equation (15) to de-embed T-parameters of the
DUT.

8) Convert the obtained T-parameters into S-parameters.

I V . R E S U L T V E R I F I C A T I O N

We confirm the presented theoretical considerations in
measurement and simulation. Firstly, a 2:1 transformer fabri-
cated using Infineon’s standard 0.13 mm CMOS process is
de-embedded using TL and TRL methods. The results are
compared with Short-Open technique. The presented trans-
former exemplifies a DUT with negligible mode conversion.
Secondly, an asymmetrical on-chip differential line designed
in the same CMOS process has been de-embedded by apply-
ing TRL to results obtained from a field solver. This example
describes a case of a DUT with high-mode conversion, since
the lines of the differential pair have different lengths.

A) Measured transformer
On-wafer de-embedding structures have been produced in
Infineon’s 0.13 mm CMOS process [11]. They include short,
open, matched load, transmission line, thru, and pads. Apart
from the differential TL or TRL, the fabricated on-wafer struc-
tures enable to perform different types of 12- and 8-terms
based calibration algorithms or to apply various
de-embedding techniques for comparison.

The measurements have been performed on-wafer using
Cascade Microtech Infinity probes with 100 mm pitch in
GSSG (Ground-Signal-Signal-Ground) configuration and
Agilent’s four-port VNA up to 50 GHz, calibrated using the
four-port SOLT technique.

The test structures have been realized in the top 1.3 mm
Aluminium layer. Underneath the transmission lines there is
a continuous ground plane, realized in the first copper metal
layer. The micrographs of the structures are presented in
Fig. 4. The metal fill, seen as the metal balls at the top
Aluminium layer, is always required in chips to fulfill the
density rules. As can be seen in the micrographs, we have
excluded the fill structures in order to reduce the parasitic
effects and to increase the accuracy of the standards.

As an example, we characterize the 2:1 transformer pre-
sented in Fig. 5. The chip is manufactured in the same
CMOS process. The primary ports, P+ and P 2 , are
located on the left side. The secondary ports, S+ and S 2 ,

are located on the right side. The outer diameter is 92 mm
and the inner diameter is 50 mm. The lateral spacing
between the turns is 2.5 mm. The conductor-width of the
primary windings is 6 mm and of the secondary winding is
4 mm.

As mentioned previously, the essential requirement for
applicability of the used de-embedding methods is that the
error boxes are uncoupled. The load standard was used to esti-
mate the crosstalk between the error boxes. The measured
crosstalk was below 40 dB over the whole frequency range.

We apply the cascade-based TRL [5] and simplified TL [12]
techniques to differential S-parameters. Further, we apply the
lumped-element-based two-step Short-Open [13] technique

Fig. 5. Chip micrograph of the 2:1 transformer (553 mm × 430 mm).

Fig. 4. Micrographs of the de-embedding structures in CMOS.
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for comparison. In order to be able to perform a comparison
with the lumped-element technique, the port impedances of
the S-parameters, de-embedded using TL and TRL, have
been re-normalized to 100 V. The unknown line impedance,
required for the re-normalization, was obtained in measure-
ment using the method presented in [14].

The equivalent inductance of the primary and secondary
windings, calculated for S-parameters de-embedded using
various techniques, is presented in Figs 6 and 7, respectively.

As can be observed, the comparison shows a good match
over a wide range of frequencies. The larger discrepancy for
the secondary side stems from the inaccuracy of TL and
TRL methods with a single line standard at lower frequencies.
There is a deviation of the inductance extracted using the
Short-Open method at higher frequencies, since this
de-embedding technique is based on lumped element equival-
ent circuit. As a consequence, it is accurate only at lower
frequencies.

Since the error boxes are identical, the TRL method reduces
to the TL method. Thus, the results de-embedded using both
methods are identical, as can be observed in Figs 6 and 7.
Small differences observed at very high frequencies are prob-
ably due to asymmetry introduced by inaccuracy of probe
placement.

The mode conversion parameters of the Thru and line
standards were measured to be below 235 dB over the
whole frequency range. Thus, condition (5) was fulfilled and
the presented mode separation considerations were appli-
cable. Therefore, only differential S-parameters have been
treated and equation (13) has been applied.

B) Simulated asymmetrical line
An asymmetrical differential on-chip microstrip line has been
designed in the same CMOS technology and simulated using a
full-wave Ansoft HFSS (High Frequency Structure Simulator)
field-solver. Unfortunately, due to time and cost reasons, it
was not possible to realize the test structures. However, we
have a high degree of confidence in the correlation between
the measurement and simulation results, as has been
thoroughly analyzed in [15].

The line has been realized in the top 1.3 mm Aluminium
layer, while a continuous ground plane underneath the line
has been realized in the lowest copper metal layer. The
width of traces is 10 mm. The separation between the traces
is also 10 mm. The differential impedance of the line has
been designed to be close to 100 V. The length of one line
of the differential pair is 1220 mm, while the length of the
other line is 2076 mm. Obviously, due to the high asymmetry
of the DUT a high-mode conversion is expected. The DUT
structure without error networks, presented in Fig. 8, has
been simulated as a reference for further comparison and ver-
ification of the described approach.

Fig. 6. Primary side inductance of the 2:1 transformer in CMOS.

Fig. 7. Secondary side inductance of the 2:1 transformer in CMOS.

Fig. 8. Simulated asymmetrical differential DUT.

Fig. 9. Simulated asymmetrical differential DUT with error boxes.

Fig. 10. Simulated de-embedding structures.
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Furthermore, the DUT has been extended by symmetrical
differential error boxes representing on-chip pads and short
interconnects, as shown in Fig. 9. The simulated results of
this structure are used as a four-port DUT with high mode
conversion having error boxes that need to be de-embedded.

The error-box structure has been characterized by simulat-
ing the test structures shown in Fig. 10.

The TRL technique has been applied twice to the simulated
S-parameters of the Thru, Line, and open standards in Fig. 10
in order to obtain the 2 × 2 matrices of the differential and

common-mode S-parameters of the error box. The impact
of the error boxes has been removed using (15) and the
de-embedded DUT has been compared with the directly
simulated S-parameters of the structure in Fig. 8.

Figure 11 presents the comparison of the differential
transmission S-parameter of the line. Figure 12 presents
the comparison of the differential to common-mode
conversion S-parameter of the structure. Finally, Fig. 13
shows the comparison of the common-mode transmission
S-parameter. As can be observed, in all the cases, the

Fig. 11. Comparison of the differential transmission parameter.

Fig. 12. Comparison of the differential to common-mode conversion parameter.

Fig. 13. Comparison of the common-mode transmission parameter.
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four-port de-embedding using mode decomposition shows
very accurate results.

V . C O N C L U S I O N S

We have presented the theoretical considerations on the
de-embedding of differential devices using the standard
cascade-based techniques. In case of a negligible mode conver-
sion on the error networks and on the DUT, the modes
can be treated separately and the classical two-port methods,
such as TL or TRL can be directly applied on differential
S-parameters. However, in case of a negligible mode conversion
on the error networks, but non-negligible mode conversion of
the DUT, a cascade-based technique has to be applied twice, the
results shall be combined into a 4 × 4 matrix and de-embedded
from the full DUT matrix. We have verified the presented analysis
by measurement of a 2:1 transformer and by simulation of an
asymmetrical differential on-chip transmission line.
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