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Identifying Electromagnetic Noise-Source
Impedance Using Hybrid of Measurement

and Calculation Method
Feng Zheng , Member, IEEE, Wugang Wang, Xiaofan Zhao, Mengke Cui, Qiang Zhang , and Guqing He

Abstract—Identifying the noise impedance is a key step to im-
prove the performance of an electromagnetic interference (EMI)
filter. This paper proposes an impedance perturbation method
to measure and calculate unknowns under a wide frequency
range. Not only the differential mode/common mode (DM/CM)
impedances but also the magnitude and the phase of impedances
will be obtained at the same time. Moreover, the extraneous solu-
tion introduced by computation is checked. In addition, the profile
of the perturbation infrastructure almost keeps the same under
different cases, and it will limit the error of measurement under a
very low level, which is also discussed in detail. Finally, the experi-
mental results validate the methods very well.

Index Terms—Electromagnetic interference (EMI) filter,
impedance perturbation, noise impedance, scattering parameters.

I. INTRODUCTION

E LECTROMAGNETIC compatibility is an important issue
for the electronic systems working safely and reliably. The

high dv/dt and di/dt electromagnetic pulse will induce power in-
tegration or signal integration problems. Nevertheless, as more
and more wideband switching components are applied in power
electronic systems, the pulse intensity as well as the probabil-
ity of noises interfering will be dramatically increased [1]–[4].
Hence, a variety of methods are adopted to alleviate these neg-
ative impacts, and among them utilizing an electromagnetic
interference (EMI) filter to attenuate the noise is still the most
preferable one [5]–[9]. Then, how to improve the performance
of an EMI filter has become a major concern.

Impedance mismatching is a popular method to improve the
performance of an EMI filter. Fully utilizing the mismatching
will lead to shrinking of an EMI filter without compromising its
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filtering effect. This will have profound consequences on a sys-
tem power density improvement. Since an EMI filter comprises
typically of bulky chokes and capacitors, designers can benefit
even more from using the impedance mismatching method to
reduce the size of these components [10]–[14].

Measuring noise source impedance of a switching mode
power supply (SMPS) is the key issue to widen impedance
mismatching between the power supply and an EMI filter
[15]–[17]. In the past decade, a variety of methods have been
proposed to obtain the impedance. These methods can be clas-
sified into three groups. The main idea of the first group is to
use “insertion loss (IL) method,” where a piece of filter with
impedance well defined is inserted, and then following a series
of calculation, the impedance will be obtained [18]. Because the
impedance is almost determined by the parasitic coupling paths,
namely inductive and capacitive coupling, the method classified
into the second group mainly pay attention on these paths, and
designers often acquire them by the finite-element simulation
or measuring method directly [5], [19]. The last group gets the
noise impedance of an SMPS by V--I method. Usually, a vector
network analyzer is adopted both to generate perturbation and
to measure the response at the same time [20]–[23]. However,
all the aforementioned methods are not well suited to be applied
in impedance mismatching designs. First, since the parasitic ca-
pacitors play an important role in CM impedance, and these
parasitic parameters will vary from different coupling paths, the
CM impedance under measurement condition will differ from
the actual one. Second, wide band gap semiconductors need to
be measured in a wider frequency band, and traditional testing
methods are limited by frequency bands or measurement com-
plexity. Third, all the methods mentioned are only the analysis
of CM noise source impedance, and no DM analysis has been
performed. Last but not least, the impedance of a noise source
is typically a series of complex numbers varying in frequencies,
and many methods in literature only present their results in the
magnitude of the impedance, which will puzzle engineers in
their designing process.

As aforementioned, there are many measurement methods
to choose from when measuring impedance, each of which
has advantages and disadvantages. One must consider his or
her measurement requirements and conditions, and then choose
the most appropriate method, while considering some factors
such as frequency coverage, measurement range, measurement
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Fig. 1. Block diagram of measurement setup.

Fig. 2. Profile-constant parameter-variable network.

accuracy, and ease of operation. After weighing all of these
factors, we proposed an IL perturbation method, which can be
considered as expansion of the I–V method, to measure the
impedance of a noise source.

This paper presents a method that inserting an EMI filter
with variable impedance and noise response is measured at the
same time, as shown in Fig. 1. Then, a series of calculation
by deducing the scattering parameters (s-parameters) was used
to obtain the CM and DM noise source impedances, respec-
tively. It adopts a profile-constant parameter-variable network
(PCPVN) to achieve impedance perturbations in a wider fre-
quency band, as shown in Fig. 2. Meanwhile, the errors and
applicable conditions are analyzed under different numerical
examples in this paper. Therefore, designers can flexibly use
this method to recognize the impedance of the noise source ac-
curately, and impedance mismatching is achieved as much as
possible.

This paper is organized as follows. Sections II and III provide
the methodology for measurements; Section IV is the exper-
imental verification; and discussion and conclusions are pre-
sented in Sections V and VI, respectively.

II. METHODOLOGY FOR MEASUREMENTS

The principle of the measurement is quite simple. Since the
noise level read by the spectrum analyzer is closely related
to the amplitude and impedance of the noise source as well
as the EMI filter, we can describe the relationship by forming

an equation. Assuming the noise source keeps almost constant
during the measurement procedure and the character of EMI
filters is exactly known, a series of equations on the impedance
of noise source will be obtained by varying the character of EMI
filters. Finally, the impedance will be gotten by solving these
equations.

A. Obtaining the Simultaneous Equations for Impedance
Calculation

The IL of EMI filters is an important index to characterize
their suppression capabilities, and IL can be defined in different
forms based on various kinds of parameters. s-Parameters are
popularly used thanks to their simplicity, accuracy, and easy
implementation [24]–[26]. The typical IL of a two-port network
can be defined as the following form in terms of s-parameters
[27]:

IL = 20 � lg
∣
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∣
∣
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(1)

where V20 is the voltage across line impedance stabilization
network (LISN) without a filter, whereas V2 is the voltage after
the filter being applied, and the reflection coefficients on load
side (ΓL ) and noise source side (ΓS ) are defined as

ΓL =
zL − z0

zL + z0
, Γs =

zs − z0

zs + z0
.

For simplifying the calculation, attenuation capability is de-
scribed in a nonlogarithm form as
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∣
∣
∣
∣

(1 − S11ΓS )(1 − S22ΓL ) − S21ΓLS12ΓS

S21(1 − ΓLΓS )

∣
∣
∣
∣
=

∣
∣
∣
∣

V20

V2

∣
∣
∣
∣
.

(2)
It is well known that the equivalent load impedance in com-

mon and differential mode is 25 and 100 Ω, respectively [27],
[28]. Hence, the corresponding ΓL equals to 1/3 and –1/3, re-
spectively. Then, (2) in the common mode can be simplified
as

I =
∣
∣
∣
∣

Δ
S21

+
3 − S22 − 3Δ
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1
(3 − ΓS )

∣
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∣

(3)

where

Δ = 3S11 − S11S22 + S21S12

and let

�x =
1

3 − ΓS
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Δ
3 − S22 − 3Δ

, and c =
∣
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3 − S22 − 3Δ
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∣
∣
I.

(4)
Substituting these two vectors �x and �a and variable c into (3)

will lead to

c = |�a + �x| . (5)

Expanding (5), we will get

�a�a∗ + �a∗�x + �a�x∗ + �x�x∗ = c2 (6)
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where
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Now, we set �x = u + jv, and substituting �x into (6) yield

�a�a∗ + �a∗ (u + jv) + �a (u − jv) + u2 + v2 = c2 . (7)

Since the noise signal V2 can be measured, we can write

d = �a�a∗, f = �a∗ + �a, e = j (�a∗ − �a) ,

g =
1

V 2
2
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2

.

Then, we will get

d + fu + ev + u2 + v2 = gV 2
20 . (8)

Obviously, (8) involves three unknowns, namely, u, v, and V 2
20 ,

where u and v are closely related to the noise impedance, and
V20 is the noise source voltage. If these unknowns are obtained,
the noise impedance will be gotten. Thus, we must setup a set of
simultaneous equations (SE) as demonstrated in the following
equation:

⎧

⎪⎨

⎪⎩

d1 + f1u + e1v + u2 + v2 = g1V
2
20

d2 + f2u + e2v + u2 + v2 = g2V
2
20

d3 + f3u + e3v + u2 + v2 = g3V
2
20 .

(9)

After solving (9), we will get the CM impedance of the power
supply. Similarly, DM noise impedance of the power supply can
be obtained following the identical procedure.

B. Formulating SE With PCPVN

The straightforward method of formulating SE’s is to mea-
sure the noise level across LISN under different cases while
keep the noise source and its impedance constant. Therefore,
we need three different two-port networks to obtain three sets
of s-parameters. Generally speaking, variations in components’
value will derive different s-parameters. However, the change of
components’ value will bring variations in profile, and the dif-
ference may be bigger when the changes take place on inductors
or capacitors.

In order to maintain the same working condition for power
supply, we must reduce the impact introduced by different exper-
imental setup as small as possible. In other words, the coupling
effects, such as mutual inductance and capacitances among com-
ponents of the power supply and EMI filters, should practically
keep constant under various measurements. Hence, we fabricate
a PCPVN using an integrated magnetic component to fulfill this
task. As shown in Fig. 2, the integrated magnetic component is
wound with a tunable port, which we named balance winding.
Then, the two port s-parameters will be varied by connecting
different tiny profile components to the tunable port. Since the
component size is so small, the impact on the coupling path will
be negligible.

We theoretically explain PCPVN’s working principle in terms
of six-port network parameter, as shown in Fig. 2. Taking the
frame of the power supply as the common ground, we can

then regard the PCPVN as a six-port network S6∗6 . Ports 1, 2,
3, and 4 comprise the power path, whereas ports 5 and 6 are
two leading-out ports of the balanced winding. The balanced
impedance is connected across leads 5 and 6. Then the six-port
network is converted into four-port network, the s-parameters
of the four-port network are S’4∗4 , and it will be changed when
different balanced impedance is connected. At the same time,
the filtering characteristic of the integrated magnetic component
will be varied significantly.

The PCPVN’s IL in CM and DM will be derived with respect
to the four-port mix-mode network. Following s-parameter theo-
ries, we will obtain a four-port network after a two-port network
being cascaded down to a six-port network, and the relationships
among incidental and reflected waves on the network ports will
then be described as follows:

[b]1∗8 =

[

S6∗6 0

0 S2∗2

]

[a]1∗8 (10)

where the S2∗2 is parameters of the two-port network. The
s-parameter matrix in (10) can be divided into a set of submatri-
ces by rearranging its elements. The rearranging rule is that the
s-parameters of the unconnected ports are collected together and
left the s-parameters of the connected ports together. The full
matrix is then comprised of four 4 × 4 subblocks, as shown in
the following equation:

[b]1∗8 =

[

SI−I SI−II

SII−I SII−II

]

[a]1∗8 (11)

where SI−I , SI−II , SII−I , and SII−II are the four submatrix.
Hence, we will get the mix-mode s-parameters of the four-port
PCPVN based on the relationship among ports as following:

[S]′4∗4 = [SI−I ] + [SI−II ] ([ε] − [SII−II ])
−1 [SII−I ] (12)

where [ε] is called the connection matrix

[ε] =

⎡

⎢
⎢
⎢
⎢
⎣

0 0 0 1

0 0 1 0

0 1 0 0

1 0 0 0

⎤

⎥
⎥
⎥
⎥
⎦

.

Clearly, the mix-mode s-parameters involve both CM and DM
information, and the functionality of the DM and CM noise at-
tenuation can be described by 2 two-port networks, respectively
[27], [29]. Then, following the rule of transforming a four-port
to a two-port matrix yield

[S]′4∗4 = [B] [S ′] [A]−1 =

[

Scc Scd

Sdc Sdd

]

(13)

where

[A] = [B] =
1√
2

⎡

⎢
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⎢
⎢
⎣

1 1 0 0

1 1 0 0

0 0 1 1

0 0 1 1

⎤

⎥
⎥
⎥
⎥
⎦

.
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The Scc submatrix contains the CM s-parameters, which is
related to the s-parameters of the new two-port CM filter as
follows:

Scc =

[

Scc11 Scc12

Scc21 Scc22

]

=
1
2

[

S ′
11 + S ′

13 + S ′
31 + S ′

33 S ′
12 + S ′

14 + S ′
32 + S ′

34

S ′
21 + S ′

23 + S ′
41 + S ′

43 S ′
22 + S ′

24 + S ′
42 + S ′

44

]

.

(14)

The Sdd submatrix contains the DM s-parameters, which is
related to the s-parameters of the new two-port DM filter as
follows:

Sdd =

[

Sdd11 Sdd12

Sdd21 Sdd22

]

=
1
2

[

S ′
11 − S ′

13 − S ′
31 + S ′

33 S ′
12 − S ′

14 − S ′
32 + S ′

34

S ′
21 − S ′

23 − S ′
41 + S ′

43 S ′
22 − S ′

24 − S ′
42 + S ′

44

]

.

(15)

According to (12)–(15), we can obtain the CM and DM
s-parameters. It is readily seen from (11) and (12) that the param-
eters of two-port network will change when different balanced
impedances are connected across ports 5 and 6.

III. DETERMINATION OF REAL VALUE BY HYBRID OF

MEASUREMENT AND CALCULATION METHOD

Calculation or verification of the obtained solutions is an
essential step to acquire the noise impedance. As shown in (9),
the SEs are all second-order equations. Typically, there will be
two solutions for every unknown. However, IL has just a certain
value when the noise source is kept constant. Obviously, we
have to determine which one is the real result, namely the real
noise source impedance.

Since the three unknowns u, v, and V20 are all needed to be
tested, it is difficult to fulfill the trial just by measurements.
V20 is superficially the one might be measured. Nevertheless,
noise level on the LISN is so high in case of no EMI filter being
applied that it may be over the input range of an instrument.
Thus, we measure the noise voltage on the load side with an
EMI filter being connected instead. Assume V 1

2 and V 2
2 are the

noise voltages across the LISN when two different filters are
applied, and the right side of (2) will be calculated using the
measured s-parameter and noise source impedance to be trialed,
and the results are

I1 =
∣
∣
∣
(1−S 1

1 1 ΓS )(1−S 1
2 2 ΓL )−S 1

2 1 ΓL S 1
1 2 ΓS

S 1
2 1 (1−ΓL ΓS )

∣
∣
∣

I2 =
∣
∣
∣
(1−S 2

1 1 ΓS )(1−S 2
2 2 ΓL )−S 2

2 1 ΓL S 2
1 2 ΓS

S 2
2 1 (1−ΓL ΓS )

∣
∣
∣ .

(16)

According to (2), we can get

I1 =
V20

V 1
2

I2 =
V20

V 2
2

. (17)

Fig. 3. Flowchart of our methodology.

Further simplification leads to

V 2
2 =

I1

I2
V 1

2 . (18)

Because we have gotten two sets of noise source impedance,
two IL can be obtained. Then, we will obtain two calculated V 2

2
using (18), and compare the calculated V 2

2 ’s with the measured
one. Finally, the impedance corresponding to the equaling result
is the real set of noise source impedance.

A. Measurement Step Summary

Identifying the noise source impedance should follow the
steps shown in Fig. 3. Although the procedures seem complex,
designers will obtain all his or her focused noise impedance.
Owing to the accuracy of s-parameters spanned over a wide
frequency, the measurement will also keep almost the same
accuracy all over the CISPR22 demand frequency range. More-
over, if perturbation plays no effect at some frequencies, we
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Fig. 4. CM inductor with balanced winding.

Fig. 5. Comparison of IL. (a) Comparison of CM IL. (b) Comparison of
DM IL.

only need to accumulate the data on these missed solution fre-
quencies. Thus, the method will present solutions on all cared
frequencies and reduce the work to a very low level.

IV. EXPERIMENTAL RESULTS

A. Measurement of the s-Parameter

A photograph of the CM inductor with balanced winding is
shown in Fig. 4. The central leg of the E-E core is provided
with air-gap. In experimental setup, the balanced impedance
we choose to be connected across ports 5 and 6 is 68, 200,
430, 5, 100, and 360 Ω, respectively. The CM and DM IL of
the integrated magnetic element will be changed when different
impedances are connected, and the results are shown in Fig. 5.

B. Calculation of CM Noise Source Impedance

The calculation of CM noise impedance is carried out in the
first step. The experimental setup contains a two-port LISN and
a 0° power combiner, which is used to separate the noise, as
shown in Fig. 6 [30], 31]. The output of the power combiner is
the sum of the noise signal of the light and neutral line, and it is

Fig. 6. Picture of the experimental setup.

Fig. 7. CM noise when different resisters were connected between port 5
and 6.

two times higher than the actual CM noise. Therefore, the final
measured results minus 6 dB are the real CM noise. In order
to reduce the coupling effects between the noise source and the
integrated magnetic element, the integrated magnetic element
is covered by an iron box, and we can regard it as a black
box system. A series of impedances are sequentially connected
across ports 5 and 6 to change the s-parameters of the black box.
Thus, the CM IL of the black box is changed following these
impedances.

The power supply to be measured is a voltage-source inverter,
and its input voltage is 60 V. Generally, the CM noise is mainly
located in the frequency range from 2 to 10 MHz. The mea-
sured results are shown in Fig. 7, where three different balanced
impedances are sequentially connected across port 5 and port 6.

The CM noise source impedance is obtained by aligning the
SE’s and solving them. The magnitude and phase of the CM
impedance are calculated and are shown in Figs. 7 and 8. As
aforementioned, there is only one solution that is the real, al-
though two solutions are displayed. Then, we will verify the real
solution in the next step.

C. Verification of the Correctness of the Solution

We applied two extra integrated elements to distinguish the
real noise source impedance. When a 10-Ω resistor is connected
across ports 5 and 6 of the first integrated element, we can
measure the noise level on LISN by the spectrum analyzer. Fol-
lowing (16)–(18), we can predict the noise across LISN when
a balanced impedance whose value is 82 Ω is connected across
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Fig. 8. Calculated result of CM noise source impedance. (a) Magnitude.
(b) Phase.

Fig. 9. Comparison of predicted and measured noise.

ports 5 and 6 of the second integrated element. We can then ob-
tain the CM noise using the aforementioned comparison method,
and the results are shown in Figs. 9 and 10.

A commercial EMI filter was used to validate the calculated
impedance. At the first step, we obtained the four-port mix-mode
s-parameter of the filter by measurement. We then calculated the
equivalent two-port CM and DM IL, respectively. Thus, we can
get the IL based on our calculated impedance, and the noise
level across LISN will be predicted. The predicted noise level
and measured noise level across LISN are shown in Fig. 11.
Obviously, the differences between the two results are so small
that we can neglect the error. In other words, the effectiveness
of the method is validated.

D. Obtaining DM Noise Source Impedance

The experimental procedures and setup for DM measurement
are almost identical to the CM’s except a 180° power combiner
being used [30], [31]. Because of the large input filter capacitor,
the equivalent DM noise source impedance is very small. Hence,
our proposed method may yield some inaccurate results. In
order to prove the effectiveness of the proposed method, a DM
conductor is in series on the input side of the converter, which
is used to increasing the DM impedance deliberately. Now the

Fig. 10. (a) Magnitude and (b) phase of the real noise source impedance.

Fig. 11. Comparison of noise after a standard filter inserted between prediction
and actual measurement.

magnitude of the measured impedance should be almost equal to
the value of the inductor in series, and the phase of the measured
impedance should be close to 90°. The calculated and measured
results are shown in Fig. 12, and the negligible difference read
from figures validate the effectiveness of the proposed method
once again.

V. DICUSSION

A. Error Propagation Analysis

Because of the impacts of various factors, such as the pre-
cision of the measuring instrument, the measuring condition,
and the measuring method, the data obtained from the measure-
ment often have some errors, and the results derived from the
inaccurate data will also have some errors, which are named
indirect error. Based on the results of the previous experiments,
we can see that the value of both the noise prediction and the
impedance prediction is in slight difference to the actual mea-
surements. This is because in the case of experiment, the noise
source impedance is calculated by measuring the relevant data,
namely, s-parameters and noise level. In the process of mea-
suring the s-parameters and noise, the measurement result has
errors due to the inaccuracy of instruments. Thus, the error of
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Fig. 12. Comparison between calculated impedance and serious inductor.
(a) Magnitude. (b) Phase.

the calculated results may be worsened or may be improved
with respect to the weight of the factors. In order to evaluate the
reliability of the final results, we need to analyze the cause and
the value of the error.

According to (1) we can see that the independent variables are
S11 , S12 , S21 , S22 , V2 , and ΓS , where ΓS is a variable associated
with the noise source impedance ZS

ZS =
1 − ΓS

1 + ΓS
. (19)

Therefore, (19) is alternatively described as

ZS = F (S11 , S12 , S21 , S22 , V2) (20)

where F represents the error propagation function in terms of
s-parameters and the noise level.

The errors propagated in the CM calculation procedure are
first analyzed. The s-parameter and noise on certain frequency
are selected, and we define them as S ′

11 , S ′
12 , S ′

21 , S ′
22 , and V ′

2 .
We can then obtain a Z ′

S based on these parameters. The error
syntheses will be conducted on a typical procedure, and we take
S11 as an example to demonstrate the procedure. Assume S11
contains 5% error, we can obtain a Z ′′

S by substituting 0.95 S ′
11

to (20) while keep the other four variables unchanged. Thus, the
final relative error caused by the measurement error of S11 is

es11 =
∣
∣
∣
∣

Z ′
S − Z ′′

S

Z ′
s

∣
∣
∣
∣
. (21)

Assume that all variables contain 5% error, similarly, the rela-
tive error caused by the measurement error of the other four inde-
pendent variables can also be obtained, namely es12 , es21 , es22 ,
and eV 2 . Comparing the sum of es11 , es12 , es21 , es22 with eV 2 ,
we can know whether the measurement error of the s-parameter
or the measurement error of the noise has a greater effect on the
result.

Fig. 13. Comparison of the relative error caused by s-parameter measurement
and noise measurement.

Fig. 14. Comparison of the relative error caused by s-parameter measurement.

Fig. 15. Comparison of the relative error caused by s-parameter measurement
and noise measurement.

The analysis results on error propagation in the case of com-
mon mode are shown in Figs. 13 and 14. It can be readily read
that the error propagation is more severe when the noise mea-
surement contains inaccuracy, and the uncertainty of Scc11 will
incur larger error among others. Thus, much attention should
be paid and careful calibration should be conducted during the
measurement of these sensitive parameters.

The DM error analysis is conducted in the same way. As
shown in Fig. 15, the influence of noise measurement error is
much larger than that of s-parameters. Furthermore, we can
see that the relative error caused by the measurement error of
s-parameters is very small. Therefore, we do not have to weigh
the impact of differential mode s-parameters.

B. Method Applicability and Improvement

We need to analyze the applicability of the method and put
forward improvements to reduce the inaccuracy of the results.
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Generally speaking, the common-mode impedance of the
voltage-source inverter is large, whereas the counterpart of the
differential mode impedance is small. The common-mode noise
source impedance calculated by the proposed method is hence
more accurate than that of the differential-mode impedance.
When a filter inductor is cascaded to alleviate the input cur-
rent ripple, the proposed method can be used to calculate the
differential-mode impedance accurately. The conclusion is that
the larger the impedance is, the more accurate the results are.

From the analysis results, we can see that the measurement
error of s-parameters has little effect on the results obtained
in the case of the differential mode. Therefore, we just need
to ensure the accuracy of the noise measurement, and then the
results will narrow the results’ standard deviation. In the case
of common mode, we should improve the accuracy not only
of noise measurement but also of s11 . Furthermore, we must
pay attention to that s11 is only a description parameter of the
equivalent two-port network and is not measured directly. In the
experiment, we directly measure the s-parameters of the six-port
networks. According to (12)–(14), we can obtain

SC C 11 =F ′ (S ′
11 , S

′
13 , S

′
31 , S

′
33)

=F (S15 , S16 , S35 , S36 , S51 , S53 , S55 , S56 , S61 , S63 , S65 , S66).
(22)

It can be seen clearly from (22) that the equivalent s11 is
related to the s-parameters among ports 1, 3, 5, and 6. Thus,
one should take some measures, such as averaging data, care-
fully calibrating the instruments to improve the accuracy of the
s-parameters among the four ports.

VI. CONCLUSION

In this paper, a method is proposed to obtain the CM and
DM noise source impedance separately. Compared with con-
ventional ones, the proposed method can accurately obtain the
noise source impedance within a wide frequency range. At the
same time, the perturbation components are so tiny that the
impedance measurement setup is almost under working con-
dition. Hence, the variation and uncertainty in measurement
results from setup to prototype are limited to a low level. More-
over, the multiple impedance solution problems are highlighted,
and the discussion on the accuracy of measurement consolidates
the usefulness of the method. Finally, the results of experiments
strongly validate the proposed method.

APPENDIX

A. Derivation of Analytical Solution

For easier understanding, the concrete process of deriving the
analytical solution is given. In other words, the process is that
how do we solve (9). We make

h = (g3 − g1) (g2d1 − g1d2) − (g2 − g1) (g3d1 − g1d3)

k = (g3 − g1) (g2f 1 − g1f2) − (g2 − g1) (g3f1 − g1f3)

l = (g3 − g1) (g2e1 − g1e2) − (g2 − g1) (g3e1 − g1e3) .

By using the elimination method, we will get a binary liner
equation, as shown in the following

h + ku + lv = 0.

Meanwhile, we make

m = (g2 − g1)
k2 + l2

l2

n = (g2f1 − g1f2) − k

l
(g2e1 − g1e2) + 2

kh

l2
(g2 − g1)

o = (g2d1 − g1d2) − h

l
(g2e1 − g1e2) +

h2

l2
(g2 − g1) .

Then, we can get a quadratic equation with one unknown

mu2 + nu + o = 0. (23)

After solving the equation, we get

u1 =
−n +

√
n2 − 4mo

2m

u2 =
−n −√

n2 − 4mo

2m
. (24)

Therefore, we obtain two �x, as shown below

�x1 = u1 + jv1

�x2 = u2 + jv2 . (25)

According to (4), (19), (24), and (25), the CM noise
impedance can be obtained

zscm1 =
1 − 4 (u1 + jv1)
4 (u1 + jv1) − 2

zscm2 =
1 − 4 (u2 + jv2)
4 (u2 + jv2) − 2

. (26)

Similarly, DM noise impedance of the power supply can be
obtained following the identical procedure.

B. Implementation of Two-Port Network

As aforementioned, the two-port network s-parameters are
derived from the six-port network s-parameters. The scatter pa-
rameter of six-port network is

S =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

S11 S12 S13 S14 S15 S16

S21 S22 S23 S24 S25 S26

S31 S32 S33 S34 S35 S36

S41 S42 S43 S44 S45 S46

S51 S52 S53 S54 S55 S56

S61 S62 S63 S64 S65 S66

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (27)
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Let

[SII ] =

⎡

⎢
⎢
⎢
⎢
⎣

S11 S12 S13 S14

S21 S22 S23 S24

S31 S32 S33 S34

S41 S42 S43 S44

⎤

⎥
⎥
⎥
⎥
⎦

[

SI
∐

]

=

⎡

⎢
⎢
⎢
⎢
⎣

S15 S16 0 0

S25 S26 0 0

S35 S36 0 0

S45 S46 0 0

⎤

⎥
⎥
⎥
⎥
⎦

[

S∐
I

]

=

⎡

⎢
⎢
⎢
⎢
⎣

S51 S52 S53 S54

S61 S62 S63 S64

0 0 0 0

0 0 0 0

⎤

⎥
⎥
⎥
⎥
⎦

[

S∐ ∐
]

=

⎡

⎢
⎢
⎢
⎢
⎣

S55 S56 0 0

S65 S66 0 0

0 0 S77 S78

0 0 S87 S88

⎤

⎥
⎥
⎥
⎥
⎦

[ε] =

⎡

⎢
⎢
⎢
⎢
⎣

0 0 0 1

0 0 1 0

0 1 0 0

1 0 0 0

⎤

⎥
⎥
⎥
⎥
⎦

.

Then, the scatter parameters of this new four-port network
are

[S]′ =

⎡

⎢
⎢
⎢
⎢
⎣

S ′
11 S ′

12 S ′
13 S ′

14

S ′
21 S ′

22 S ′
23 S ′

24

S ′
31 S ′

32 S ′
33 S ′

34

S ′
41 S ′

42 S ′
43 S ′

44

⎤

⎥
⎥
⎥
⎥
⎦

= [SII ] +
[

SI
∐

] (

[ε] − [

S∐ ∐
])−1 [

S∐
I

]

. (28)

Afterward, the equivalent two-port network s-parameters can
be obtained by (12)–(14)

S ′ =

⎡

⎢
⎢
⎢
⎢
⎣

s51 − σ4s15 − σ8s16 s52 − σ3s15 − σ7s16

s61 − σ4s25 − σ8s26 s62 − σ3s25 − σ7s26

−σ8s36 − σ4s35 −σ7s36 − σ3s35

−σ8s46 − σ4s45 −σ7s46 − σ3s45

s53 − σ2s15 − σ6s16 s54 − σ1s15 − σ5s16

s63 − σ2s25 − σ6s26 s64 − σ1s25 − σ5s26

−σ6s36 − σ2s35 −σ5s36 − σ1s35

−σ6s46 − σ2s45 −σ5s46 − σ1s45

⎤

⎥
⎥
⎥
⎥
⎦

where

σ1 =
s64σ10

σ11
+

s54σ9

σ11

σ2 =
s63σ10

σ11
+

s53σ9

σ11

σ3 =
s62σ10

σ11
+

s52σ9

σ11

σ4 =
s61σ10

σ11
+

s51σ9

σ11

σ5 =
s64σ13

σ11
+

s54σ12

σ11

σ6 =
s63σ13

σ11
+

s53σ12

σ11

σ7 =
s62σ13

σ11
+

s52σ12

σ11

σ8 =
s61σ13

σ11
+

s51σ12

σ11

σ9 = s88 − s66s77s88 + s66s78s87

σ10 = s87 + s56s77s88 − s56s78s87

σ11 = s56s78 + s55s88 + s66s77 + s65s87 − s55s66s77s88

+ s55s66s78s87 + s56s65s77s88 − s56s65s78s87 − 1

σ12 = s78 + s65s77s88 − s65s78s87

σ13 = s77 − s55s77s88 + s55s78s87 .
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