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Abstract—In this paper, at first, three requirements for noise sep-
arators are specified and the disadvantages of traditional evalua-
tion methods are pointed out. Noise separators are then charac-
terized using scattering parameters ( -parameters). Existing noise
separators are evaluated according to the specified requirements.
Finally a noise separator is proposed with parasitic controlled de-
sign and the prototype is evaluated using the proposed method. An
electromagnetic interference (EMI) measurement shows that the
proposed noise separator can effectively separate noise and that it
is easy to use.

Index Terms—Common/differential-mode rejection ratio,
common/differential-mode transmission ratio, line impedance sta-
bilization network (LISN), noise separator, scattering parameters,
transmission line transformer.

I. INTRODUCTION

SEPARATION of conducted differential-mode (DM) and
common-mode (CM) noise is very useful for noise diag-

nosis and electromagnetic interference (EMI) filter design in
power electronics applications. Many papers have discussed
and proposed noise separators [1]–[9], [16], but few of them
seriously characterized, evaluated and designed the separator.
As a result, many of these noise separators fail to offer correct
or accurate DM and CM noise separation.

For a typical noise measurement setup for a power factor cor-
rection (PFC) converter, as shown in Fig. 1, parasitic capaci-
tors, especially the parasitic capacitor between the drain of
the MOSFET and the ground, offer paths for CM noise through
the heat-sink. The CM noise comes back to the converter
through 50 terminations and line impedance stabilizing net-
works (LISNs). DM noise also flows through LISNs and
50 terminations due to the high impedance of the two 50 H
inductors in the LISNs. Here, 50 terminations can also be the
input impedances of a spectrum analyzer. The DM or CM noise
voltage drop on a 50 resistance is defined as DM or CM noise
voltage.

In Fig. 2, the noise voltage drop or on one of the 50
terminations is defined as the total noise, and it is the vector sum
or vector difference of CM and DM noise voltages. The DM and
CM noise voltages can then be calculated from (1) and (2). In
order to separate DM and CM noise, the noise separator should
satisfy three requirements.

1) Input impedances are always real 50 and are inde-
pendent from noise source impedances.
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Fig. 1. EMI noise measurement setup for a PFC converter.

Fig. 2. Using noise separator to separate DM and CM noise.

2) Output is for DM noise measurement
and for CM noise measurement.

3) Leakage between the CM and the DM at the output
should be small.

(1)

(2)

The requirement 1) guarantees consistent measurement con-
ditions and accurate sampling of noise voltage, 2) guarantees
correct noise separation, and 3) guarantees small interference
between the CM and DM noise measurements. Most of the noise
separators [1]–[9], [16] cannot satisfy all these three require-
ments, and therefore measurement results are questionable. For
example, input impedances of many separators are noise source
dependent. These noise separators do not yield correct measure-
ment results because their input impedances are functions of
input voltages or source impedances. Other separators fail to
satisfy requirement 2); therefore they lack an accurate output. In
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Fig. 3. Using a power splitter and a network analyzer to measure the noise
separator may not yield accurate results.

order to evaluate a noise separator, the above three requirements
should be checked one by one. The first is input impedance. Pa-
pers [3], [4] designed and measured input impedance for one
input port, assuming the input of another port was zero with
a 50 source impedance; this method is not correct, because
another input can affect the input impedance of the designed
port and the practical source impedance is not 50 . The second
requirement is the transmission coefficient of noise separators.
The DM transmission ratio (DMTR) for the DM noise separator
and the CM transmission ratio (CMTR) for the CM noise sepa-
rator are two parameters that need to be evaluated, as

For noise separator (3)

For noise separator (4)

where is the DM voltage fed to the inputs of a DM noise
separator, is the output voltage of this DM noise sepa-
rator due to , is the CM voltage fed to the inputs
of a CM noise separator, and is the output voltage of
this CM noise separator due to . From (3), (4), the ideal
DMTR and CMTR should be 0 dB. Papers [2], [3], [6] used
power splitters to generate CM and DM sources and then eval-
uated the transmission coefficients of the noise separators using
a network analyzer, as shown in Fig. 3. This method has three
potential problems. First, in point of network analysis, the mea-
sured result is only valid when noise source is a power splitter.
In fact, nine network parameters are needed to fully characterize
a three-port noise separator. The measured transmission coeffi-
cient is only one parameter, which does not guarantee the noise
separator has the similar performance when noise source is not
a power splitter. Second, the power splitter is imperfect, and its
negative effects cannot be excluded through calibration of the
network analyzer. For example, the phase difference of its two
outputs is not exactly 0 or 180 , and this may cause signifi-
cant measurement errors [5], [9]. The magnitude difference of
the two outputs can cause similar problems [5], [9]. Third, for
a two-way power splitter, the amplitude of the outputs is 3-dB
lower than its input and the network analyzer’s reference, so the
measured DMTR, CMTR, DMRR and CMRR are 3-dB lower
than they should be. The third requirement can be characterized

Fig. 4. Characterizing noise separator in terms of waves.

by two parameters: the CM rejection ratio (CMRR) and the DM
rejection ratio (DMRR), which are defined as

For noise separator (5)

For noise separator (6)

where is the CM voltage fed to the inputs of a DM noise
separator, is the output voltage of this DM noise separator
due to , is the DM voltage fed to the inputs of a CM
noise separator, and is the output voltage of this CM noise
separator due to . CMRR and DMRR should be as small
as possible.

For the same reason as the second requirement, if a power
splitter is used to evaluate CMRR and DMRR, the measurement
does not guarantee the noise separator has the similar perfor-
mance in practical applications; thus the method is not adequate.

Appropriate network parameters must be introduced in
order to characterize and evaluate noise separators using the
three requirements. Scattering parameters ( -parameters) are
selected in this paper because of three reasons. First, frequency
domain characterization of network employing , ,
and parameters often requires either a short circuit
or an open circuit at one port, which is difficult to achieve in
the high frequency (HF) range because of parasitic parameters
[14], [15]. On the other hand, for -parameters, no short or
open circuit is needed. Second, -parameter method can be
calibrated to the exact points of measurement, so that the effects
of parasitics due to measurement interconnects are excluded.
For , , and parameters measurement,
expensive special probes may be needed for calibration. Third,

-parameters are analytically convenient, and capable of pro-
viding a great insight into a measurement or design problem
[15]. Thanks to -parameters, the powerful signal flow graph
can be used for network analysis with clear physical concepts.

II. CHARACTERIZATION OF NOISE SEPARATOR

For a DM or CM noise separator, there are two input ports
port1 and port2 and one output port port3 so it is a three-port
network. This three-port linear passive network can be charac-
terized in terms of waves, as shown in Fig. 4. In Fig. 4, is the
normalized incident wave, and is the normalized reflected
wave. Port voltage can be expressed by (7) [10], [11]

(7)

where is the reference impedance, which is usually 50 ,
and is the port number.
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Fig. 5. Characterizing the noise separator using a signal flow graph.

To fully characterize a three-port linear passive network, three
linear equations are required among the six wave variables [11].
The nine -parameters in (8) are therefore introduced to corre-
late and [10], [12]. refers to the reflection coefficients,
and represents the transmission coefficients. According to
the transmission-line theory [10], [13], when reflected wave
reaches the source or load side, it will also be reflected because
of the mismatched impedances. The reflection coefficients
at source side and at load side are given through (9) and (10).
It is known that for passive networks, and

(8)

(9)

(10)

Fig. 4 is then characterized by the signal flow graph in Fig. 5.
In Fig. 5, is the normalized wave emanating from the source.
For a given voltage source with source impedance ,
is given by (11) [13]

(11)

Because the output of the noise separator is terminated by
the 50 input impedance of the spectrum analyzer, which is
shown in Fig. 2, reflection coefficient is zero. As a result,

is zero, and the signal-flow graph is equivalent to Fig. 6.
Fig. 6 characterizes a practical noise separator matched by a
spectrum analyzer at port3. It is now important to determine the
appropriate matrix for an ideal noise separator.

In order to achieve 50 input impedance independent from
noise source impedance, the reflection coefficients at port1 and
port2 must be zero. The reflection coefficients and for
port1 and port2 in Fig. 6 are described as

(12)

(13)

where and are the input impedances of port1 and
port2. From (12), (13), in order to guarantee a 50- input
impedance independent from noise source impedance, ,

, and , must be zero; therefore and are zero.

Fig. 6. Signal-flow graph for a practical noise separator with a matched load
at port3.

Fig. 7. Signal-flow graph for an ideal noise separator with a matched load
at port3.

So the signal-flow graph is thus equivalent to Fig. 7. In Fig. 7,
based on (7), the voltage at port3 is given by

(14)

Based on (1), (2), (14), for a DM noise separator

or (15)

For a CM noise separator

or (16)

The final matrix for an ideal DM noise separator is therefore

(17)

And for an ideal CM noise separator

(18)

In (17) and (18), the third column in the matrix has nothing
to do with the performance of a noise separator because port3 is
matched. Therefore, there is no need to match output impedance
although paper [3] tries to get 50 output impedance. For a
noise separator, , and , should be as small as
possible. and should be 0.5, and should be out of phase
for a DM noise separator, and in phase for a CM noise separator.

For a practical noise separator, , and , are not
zero; and and are not exactly 0.5, so Fig. 6 should be
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used for evaluation. The input impedance of a noise separator
can be evaluated through (12) and (13). In (12) and (13), the
second term can be ignored if it is much smaller than the first
term, which means input impedances are independent from
and , which represent the source impedances. Then the input
impedances can be characterized solely by and , and are
free of noise source impedances

(19)

(20)

Based on (3), (4), (7), and Fig. 6, the DMTR for the DM
noise separator and the CMTR for the CM noise separator can
also be derived using Mason’s rule [see (21) and (22)], in which
the approximately equal values hold if the third term is much
smaller than the second term in the denominators. This is also
the condition for independent real 50 in (19) and (20)

For DM noise separator

(21)

For noise separator

(22)

Based on (5), (6), (7), and Fig. 6, the CMRR for the DM
noise separator and the DMRR for the CM noise separator can
be derived similarly as follows:

For noise separator

(23)

For noise separator

(24)

Fig. 8. Noise separator proposed by paper [1].

Equations (19)–(24) are critical for noise-separator evalua-
tion. For a noise separator, as long as the -parameters are mea-
sured using a network analyzer, its performance can be evalu-
ated through (19)–(24). No extra power splitter is needed; there-
fore the results can be applied to any applications. In (12) and
(13), if is small enough to make the second term ap-
proach zero or much smaller than the first term, the input im-
pedances are independent from noise source impedances.

III. EVALUATION OF EXISTING NOISE SEPARATORS

Just as stated in chapter I, a qualified noise separator should
meet three requirements. The first requirement is independent
real 50- input impedances. Some existing noise separators as-
sume the noise impedances are infinite [1], [2], [5], [9], real 50
[3], [4] or 0 [7]. This is not correct because the noise source
impedances can be any value. As an example, the noise sepa-
rator in paper [1] is shown in Fig. 8. The input impedances for
this separator are given as

and (25)

(26)

Obviously, if , ;
however for practical cases, and , so

and . This also means the input
impedances are functions of the input voltages. As a result, this
noise separator cannot correctly separate noise. Theoretically,
only the noise separators in papers [6], [16] can offer 50 input
impedances.

Under the condition of real 50 input impedances, CMTR
and DMTR should be 0 dB, which is the second requirement.
Because the noise separators in paper [1]–[5], [7], [9] cannot
meet the first requirement, they certainly cannot meet the second
one. The input impedances of the noise separator (power com-
biner) in paper [6] are real 50 ; however both CMTR and
DMTR are 3 dB higher. Furthermore, two set of circuits are
needed to measure CM and DM noise respectively. The noise
separator in paper [16], which is shown in Fig. 9, meets 0 dB
CMTR but its DMTR is 6 dB higher.

The third requirement is very small CMRR and DMRR. The
noise separator works at frequencies as high as 30 MHz, so par-
asitic parameters play very important roles on separator perfor-
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Fig. 9. Noise separator proposed by paper [16].

Fig. 10. Parasitic parameters in a noise separator.

mance. Because both CMRR and DMRR are usually very small,
parasitic parameters can significantly affect them at high fre-
quencies. Some designs are theoretically applicable; however
due to parasitics, may not be good in practical designs.

For HF design, the conventional transformer and the con-
ventional common choke shown in Fig. 9 should be avoided.
The parasitic parameters in this noise separator are shown in
Fig. 10. In Fig. 10, , , and are the leakage
inductance between primary and secondary sides of the trans-
former. and are the winding capacitance between pri-
mary and secondary sides of the transformer. and are
leakage inductance between two windings of the CM choke. Ob-
viously the DM input impedance of the CM choke shown
in Fig. 10 would no longer be real 100 due to leakage induc-
tance and at high frequencies. , , and

also introduce extra impedances at high frequencies. As a
result of these parasitics, the input impedances of the separator
would deviate from real 50 at high frequencies. The trans-
former would also no longer block CM noise at high frequencies
due to winding capacitance and . The CMRR is there-
fore compromised. The transformer could be unbalanced at high
frequencies due to parasitic parameters, which also degrades the
CMRR and DMRR. In order to reduce leakage inductance, two
windings of the transformer are twisted in paper [4]; however
this increases winding capacitance so that CMRR is degraded.

For the noise separators in [6], [18], conventional trans-
formers are used at outputs for impedance transformation
[18]: 50 –100 and 50 –25 . These transformers have
two disadvantages: first, the parasitics degrade separator HF

Fig. 11. Transmission line transformer.

performance; second, the output is 3-dB higher. Output should
be redesigned to get rid of conventional transformers. The
transmission line transformers [17], which have much better
performance at high frequencies, should be used in noise
separator design.

IV. DEVELOPING A HIGH PERFORMANCE NOISE SEPARATOR

In order to build a high performance noise separator, trans-
mission line transformers [17] are employed in this paper. A
transmission line transformer is constructed by winding a trans-
mission line on a magnetic core such as a ferrite toroid. Fig. 11
shows the schematic and the typical structure of a transmission
line transformer. In Fig. 11, two wires form a transmission line
and are wound on a ferrite toroid. L is the CM inductance of
transmission line, which is attributed to the high permeability
of the ferrite toroid. The DM inductance of the transmission
line is factually the distributed leakage inductance of two CM
inductance. is the distributed winding capacitance between
two wires. Ignoring the losses, it is well-known that the charac-
teristic impedance of the transmission line is given by

(27)

can be determined through measurements using

(28)

where is the short-circuit impedance (with the other end of
the transmission line short-circuited) and is the open-circuit
impedance (with the other end of the transmission line open).

According to transmission line theory, if the characteristic
impedance is equal to load impedance, the input impedance is
equal to load impedance. The DM input impedances and

of transmission line transformer shown in Fig. 12 are there-
fore equal to half of the load impedance. The output DM voltage
is also equal to input DM voltage. The CM input impedance is
very high because of CM inductance and HF losses. As a result
the output CM voltage is very small.

These properties are important because the effects of the
winding capacitance and the leakage inductance are cancelled
so that DM input is transferred to the load without change.
The negative effects of parasitics are factually excluded. It is a
significant difference from the conventional CM choke shown
in Fig. 10.

The transmission line transformer can also be connected to
the style as shown in Fig. 13. In Fig. 13, the terminals 2 and
3 and load are connected together. It can be proven that if
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Fig. 12. Utilizing winding capacitance and leakage inductance to match
DM load.

Fig. 13. Utilizing winding capacitance and leakage inductance to match
CM load.

Fig. 14. Proposed noise separator.

the characteristic impedance of the transmission line is equal to
, CM input impedances and are . The CM

input is then added to the load without change. Because effects
of the winding capacitance and the leakage inductance are can-
celled, the negative effects of parasitics are excluded so that the
design is better than the design in Fig. 10. Because two windings
are in series for DM noise, the DM input impedance is very high.
Because load is connected to the midpoint of two windings, the
output due to DM inputs is zero.

A performance-improved noise separator shown in Fig. 14
is finally proposed based on the circuits in Figs. 12 and 13.
In Fig. 14, transmission line transformer T1 is connected as in
Fig. 13. It conducts CM noise, while blocks DM noise. T2 is
connected as in Fig. 12. It conducts DM noise, while blocks CM
noise. A 50 resistor is in parallel with the input impedance of
the spectrum analyzer at CM output port, and another 50 re-
sistor is in series with the input impedance of the spectrum ana-
lyzer at DM output port. Based on previous analysis, this simple
design for outputs results in two benefits: 1) Real 50 DM and
CM input impedances occur without using conventional trans-
formers at output to transform impedance. 2) Outputs are exact
DM and CM noise voltages: no extra adjustment needed.

The following is the circuit analysis for Fig. 14 on output
voltages and input impedances

(29)

(30)

(31)

Fig. 15. Prototype of the proposed noise separator.

From (30) and (31), the separator outputs the exact DM and
CM noise voltages. The input impedances are real 50 , because

(32)

(33)

(34)

(35)

In the design, the characteristic impedance should be 50
for T1 and 100 for T2. For convenience, commercial prod-
ucts (Coilcraft WB1010, inductance: 780 H, 250 mA, ferrite
toroid, ) are used in the design. The magnetizing
inductance of the transformer should be large enough to cover
low end frequency. The length of winding wires should be as
short as possible to reduce the effects of possible standing waves
in the windings. The characteristic impedance of PCB traces is
designed to 50 because their parasitic inductance and capac-
itance may affect noise separator HF performance.

The prototype is shown in Fig. 15. Port1 and 2 are for inputs,
port3 is for CM output and port4 is for DM output. In the design,
in order to keep four ports an equal ground potential at high
frequencies, four BNC connectors are mounted on one PCB and
kept as close as possible.

The -parameters of the prototype are measured using an HP
4195A network/spectrum analyzer. The oscillator level is set at
122 dB V (Maximum level HP4195A can offer). For higher
noise power measurement, two precision 50 attenuators can
be used before the noise separator. For EMI standard EN55022,
the sweep range is from 150 kHz to 30 MHz (other EMI stan-
dards may specify different frequency ranges). When the DM
noise separator is measured, the CM port is terminated by a 50
termination and vice versa. Measurement results are shown in
Figs. 16 and 17.

From Figs. 16 and 17, because the approximation conditions
for (19)–(24) are satisfied, the input impedances are therefore
independent from noise source impedances and are calculated
using (19) and (20). CMTR and DMTR, CMRR and DMRR
are calculated using (21)–(24). All of them are shown from
Figs. 18–20. Fig. 18 shows that the input impedances are be-
tween 48.4 and 50.8 ; the phases are between 0.3 and
3.3 . They are very near a real 50 . From Figs. 19 and 20, the
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Fig. 16. Measured S-parameters of the prototype.

Fig. 17. Measured S-parameters of the prototype.

Fig. 18. Input impedances of the prototype.

dB and the dB, so the leakage
between DM and CM is very small. Transmission ratios DMTR
and CMTR range from 0.1 dB to 0.5 dB. The prototype satis-
fies all the requirements and achieves DM and CM noise sepa-
rators in one circuit.

Based on all these analyzes and measurements, the proposed
noise separator has the following advantages.

1) Input impedances are always real 50 and are inde-
pendent from source impedances.

2) Outputs are exact DM and CM noise voltages.
3) DM and CM are simultaneously measured using the

same circuit.
4) DMRR and CMRR are very good.

Fig. 19. DMRR and CMTR of the prototype.

Fig. 20. CMRR and DMTR of the prototype.

Fig. 21. Conducted EMI measurement setup for a 1.1-kW PFC converter.

V. NOISE MEASUREMENT RESULTS

The prototype was finally used for the noise measurement of a
1.1-kW PFC converter. The PFC converter has a circuit topology
similar to that shown in Fig. 2 and a switching frequency of
67 kHz. The measurement setup is shown in Fig. 21. An HP
4195A network/spectrum analyzer is used in the measurement.
Because the HP 4195A has four input ports for spectrum mea-
surement, port3 and port4 of the prototype were connected to
input ports R1 and R2 of the HP 4195A, respectively, through
50 coaxial cables. In the measurement, DM and CM noise can
be measured separately just by selecting the input port between
R1 and R2 through the panel of HP 4195A or the connected
computer. There is no need to replace the noise separator or shut
off the converter, which is very convenient.
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Fig. 22. Total noise and CM noise when heat-sink is ungrounded.

Fig. 23. Total noise and DM noise when heat-sink is ungrounded.

For this PFC converter, diode and the MOSFET are
mounted on one heat-sink. Experiments are carried out for two
cases. In the first case, the heat-sink of the converter is not
grounded; therefore the parasitic capacitance in Fig. 21
is small. In the second case, the heat-sink is grounded, so
is larger. It is expected that the CM noise in the second case
will be much larger, and DM noise will be almost same due to
balance capacitor . Figs. 22 and 23 show measured CM,
DM, and total noise when the heat-sink is ungrounded. It shows
that for this case, total noise is determined by DM noise when
the frequency is below 1 MHz and above 20 MHz; meanwhile
CM noise is dominant from 1 MHz to 20 MHz.

Figs. 24 and 25 show results after the heat-sink is connected
to the ground. Once the heat-sink is grounded, CM noise is dom-
inant in almost the entire frequency range (150 kHz–30 MHz)
because of the larger . DM noise is almost unchanged. This
proves the good performance of the prototype.

Based on the preceding -parameters and noise measure-
ments, the prototype can correctly and accurately separate DM
and CM noise; thus it is a powerful tool for EMI noise diagnosis.

VI. CONCLUSION

In this paper, both ideal and practical noise separators are ini-
tially characterized using -parameters. Based on these models,
the methods and equations used to correctly and accurately
evaluate noise separators are specified and developed. Existing
noise separators are investigated one by one according to devel-
oped methods and equations. It is found that most existing noise
separators offer neither real 50 input impedance nor exact
noise separation. A performance-improved noise separator is
then proposed with parasitic cancellation. The prototype is
evaluated using the developed methods. Experiments verify
that the proposed noise separator satisfies all requirements and
that it shows very good performance.

Fig. 24. Total noise and CM noise after heat-sink is grounded.

Fig. 25. Total noise and DM noise after heat-sink is grounded.
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