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Abstract—The suppression mechanism of the differential-mode
noise of an X capacitor in offline power supplies is, for the
first time, attributed to two distinct concepts: 1) impedance mis-
match (regarding a line impedance stabilization network or mains
and the equivalent power supply noise source impedance) and
2) C(dv/dt) noise current balancing (to suppress mix-mode
noise). The effectiveness of X capacitors is investigated with this
theory, along with experimental supports. Understanding of the
two aforementioned mechanisms gives better insight into filter
effectiveness, which may lead to a more compact filter design.

Index Terms—Impedance mismatching, mix-mode (MM) elec-
tromagnetic interference (EMI) noise, noise current balancing.

I. INTRODUCTION

E LECTROMAGNETIC interference (EMI) filters have

been widely used for years to solve conducted EMI prob-

lems for offline switching power supply applications. However,

even up to date, some sort of “cut-and-try” effort has been nec-

essary in normal design process for the filter. Progress has been

made in the recent past in this regard, and new methodologies

have been reported for the analysis and design of the EMI filters

[1]–[4]. However, in the authors’ opinion, there are two major

problem areas that are still confounding to the designers. One

is the proximity electromagnetic coupling problems of high fre-

quency in filter components and the packaging environment [5].

The other area arises from the fact that there is mix-mode (MM)

noise in addition to the differential-mode (DM) and common-

mode (CM) noise conventionally associated with offline power

converters [6]–[10]. Generally speaking, the former problem

area occurs in the upper end, and the latter occurs in the lower

end of the conducted EMI frequency spectrum.

This paper intends to address problems in the latter area.

Discussions of the MM noise phenomenon have been reported

in several recent papers [6]–[9]. However, the implications of

the MM noise theory have not been fully exploited yet for filter

design purposes and for resolution of some mysteries often

cited by the designers. Investigation in this area revealed that

some common questions confusing many designers in their ef-

forts to minimize the filter size can be dealt with. Understanding

of this intricate phenomenon can sometimes be very useful in

solving their problems and may provide guidance for improving

their designs.
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Fig. 1. Illustration of MM noise coupling. (a) Noise current flow during the
“one-diode-conduction” period when MOSFET Q is “on,” diode D5 is “off,”
and the parasitic capacitors are being discharged. (b) Noise current flow during
the “one-diode-conduction” period when MOSFET Q is “off,” diode D5 is
“on,” and the parasitic capacitors are being charged.

II. INTRINSIC DM (IDM) NOISE AND MM NOISE

Conducted EMI noise is normally classified into two modes:

1) DM noise and 2) CM noise. The recent addition, i.e., MM

noise, accounts for some phenomenon that is unexplainable

before. The MM noise is actually part of the DM noise, as seen

from the line impedance stabilization network (LISN) side. It

is the DM noise measured during the period when all the four

bridge rectifying diodes of an offline power supply are thought

to be off. During this period, contrary to conventional thinking,

one of the diodes actually conducts high-frequency C(dv/dt)
current through parasitic capacitances in the circuit, as pointed

out first in [7]. This current, if flowing through the two LISN

resistors with imbalance, accounts for the DM noise measured

during that period. Because the generating mechanism of this

noise is similar to that of the CM noise but the suppression of

the noise can be done with the DM filter, it is called MM noise.

Fig. 1 shows the paths of the C(dv/dt) current in an offline

supply, illustrating the MM noise generation process. One can

see that the current paths are different from those of when one

pair of the rectifying diodes conducts; noise current also flows

through the LISN resistors. This part of the DM noise, called the

IDM noise, is conventionally known as the DM noise. To see
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Fig. 2. Display of time-domain waveforms of the DM noise. Circuit operating
conditions: Vin(ac) = 110 V, Po = 40 W, Vo = 12 V, and the switching
frequency is 50 kHz. (a) Zero-span mode (without Cx). (b) Balancing capacitor
(with Cx). (c) Zero-span mode (with Cx = 0.68 µF); notice that the MM noise
is much reduced but not the IDM noise.

the MM noise and the IDM noise on a spectrum analyzer, one

can use the “zero span” mode of the analyzer, which displays

the time-domain waveform of the noise spectrum at a selected

frequency. Fig. 2(a) shows the time-domain waveform of the

DM noise at the selected frequency of 200 kHz. In other words,

DM noise at 200-kHz frequency fluctuates with respect to time.

In the figure, Period A is the diode conduction period, and

Period B is the period when only one diode conducts. The

noise measured is called IDM during Period A and MM during

Period B. Fig. 1 shows the MM noise current flow when the

input line voltage polarity is as shown. When the input voltage

polarity changes, then D2 or D4 conducts. The larger level of

the two determines the final DM EMI level at this frequency,

if an EMI peak detector is used. If an average detector is used,

Fig. 3. Typical EMI filter topology.

then the final measurement levels are dependent on the magni-

tude proportion of the two levels and their relative duration [11].

When an X capacitor Cx is added to the circuit, as illustrated in

Fig. 2(b), then the noise current through the two LISN resistors

is balanced, as indicated by the dotted lines. The MM noise is

therefore much reduced for Period B, as shown in Fig. 2(c).

Notice that very little noise attenuation occurs for IDM

(Period A). Since conventional DM noise measurement takes

the worse noise level (in this case, the IDM noise level during

Period A is the worse), Cx seems to be providing little EMI

suppression. However, in the cases when MM dominates the

overall DM noise, then Cx would play a significant role.

Filtering of the complete DM noise, therefore, must be

considered in two parts: one for IDM and the other for MM

noise. Using the typical EMI filter topology shown in Fig. 3, the

explanation of the DM filtering mechanism will be given here.

The effectiveness of an X capacitor, according to conventional

theory, depends on the degree of impedance mismatching [10]

between the X capacitor and its paralleled element (either the

power supply noise source impedance or the LISN impedance).

This means that, if the impedance of the X capacitor is much

smaller than the impedance of the paralleled element, then the

attenuation would be effective. The elements in parallel with

the two X capacitors are the noise source impedance of the

power supply (for Cx2) and the LISN 100-Ω resistor (for Cx1).

So, for effective suppression of the IDM noise, the X capacitor

used must be with low-enough impedance compared to the

respective paralleled element. For effective suppression of the

MM noise, however, the criterion is much different. The root

cause of the MM noise is the unbalance flow of high-frequency

C(dv/dt) current through the two LISN 50-Ω resistors, as

depicted in Fig. 1. When an X capacitor Cx is used, however,

the current that flows through the two LISN resistors becomes

balanced if the impedance of Cx is low compared to the rest

of the path. Fig. 2(b) shows such a case. When the current

path is balanced, the MM noise is much reduced. Therefore,

the effectiveness of Cx on MM noise suppression depends on

the degree of LISN current balancing. To be effective in this

regard, the impedance of the X capacitor Cx1 or Cx2, ZCx1
,

and ZCx2
, respectively, must be insignificant compared to the

impedance of the rest of the path. Referring to Fig. 3, the

balancing conditions for the MM noise are expressed in (1)

and (2). Notice that if (1) is satisfied, then the IDM noise also

satisfies an impedance mismatch condition in (3). Notice that

(2) is only valid for the MM noise and is not valid for the

IDM noise. It is pointed out that, when (2) is satisfied, the two

currents through the two windings of the CM choke are nearly
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balanced, not only in magnitude but also in phase. Therefore,

the CM choke presents itself as inductance LC for each path.

A. For Cx1 (to Achieve Both MM Noise Current Balancing

and Impedance Mismatch)

ZCx1
=

1

ω · Cx1
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∣

∣
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50 +
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jω · C

∣
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∣
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where C is the line frequency blocking capacitor of 0.1 µF

inside LISN. The impedance of C at EMI-noise frequency is

usually much less than 50 Ω.

B. For Cx2 (to Achieve MM Noise Current Balancing)
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where LC and LD are the inductance values of the CM choke

and DM choke, respectively.

C. For Cx1 (to Achieve Impedance Mismatch)

ZCx1
=
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∣
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∣

. (3)

An X capacitor is, therefore, serving both as an impedance-

mismatching capacitor and a balancing capacitor. The effec-

tiveness of each function depends on different criteria. For

example, Cx1 is effective as an IDM filter only if its impedance

is small compared to that of the LISN (100 Ω). However, its

effectiveness for suppressing MM noise lies on (1). Therefore,

the same Cx1 exerts different influences on the IDM part and

the MM part of the DM noise.

CM choke LC plays no role in suppressing the conventional

DM noise (i.e., the IDM noise called in this paper). This is

because the IDM noise current flows into the dot in one winding

and out of the dot in the other winding of LC . However, for

the MM noise, LC plays a role because the noise current flows

through either only one leg of the CM choke or both legs but in

the same direction. Either way, LC impedance is present in the

path. This is clearly indicated in [7].

III. ADDRESSING SOME COMMON QUESTIONS

There are questions often raised by practicing engineers

about the elusiveness of filter issues. Some of the questions

are related to the IDM/MM issue. It should be pointed out

that one cannot see the full picture by just looking at the total

EMI noise. Better knowledge of the “behind-the-scenes” CM,

IDM, and MM noise would allow the designers to deal with the

root causes, which may lead to a more compact filter design.

Answers to some commonly raised questions will be given here.

In all the experimental zero-span mode waveforms given, a

selected frequency of 150 or 170 or 200 kHz was used. For

other frequencies, the theory is the same. It should be pointed

out that, at high frequency, when the component resonance

effect becomes pronounced, the values of capacitors and in-

ductors are no longer independent of frequency. Under such a

condition, (1) should be replaced by ZCx1
≪ |50 + ZC |, and

(2) should be replaced by ZCx2
≪ |50 + ZC + ZLC

+ ZLD
|,

where the Z’s represent the impedances of respective elements.

The effect of frequency on this matter is dictated by (1) and (2).

In addition, capacitors Cx of 0.22 or 0.68 µF were often used in

the experiments. An X capacitor of 0.68 µF satisfies (1), and an

X capacitor of 0.22 µF satisfies (2) at the selected frequencies.

A. Relative Effectiveness of Cx1 and Cx2

Cx2 is, in general, not very effective in IDM noise sup-

pression because of the low DM noise source impedance of

an offline power supply [10]. However, it is effective for MM

noise suppression, because it is relatively easier to satisfy (2).

On the other hand, Cx1 is relatively more effective for IDM

suppression when connected in parallel to 100-Ω total LISN

resistance. It is relatively poorer for MM noise suppression,

because (1) is more difficult to satisfy compared to (2) due

to the presence of the inductors. The aforementioned assertion

is supported by the experimental waveforms shown in Fig. 4.

Fig. 4(a) shows the complete circuit diagram including the

complete EMI filter. Fig. 4(b) shows the time-domain display

of the DM noise at 170 kHz for both cases: one without Cx1

and Cx2, and the other with Cx1 = 0 but Cx2 = 0.22 µF. One

can see that the suppression effect of Cx2 is very evident for

Period B (MM noise) but very little for Period A (IDM noise).

However, when Cx1 is added, the suppression for Period A is

very evident, but that for Period B is slight, because the circuit

has already been balanced before Cx1 was added. Therefore,

if a certain value of Cx1 is necessary to keep the IDM noise

under acceptable level, such capacitance value has to be large

enough to satisfy (1). In that case, Cx1 plays a major role in

suppressing both the IDM noise and the MM noise. Cx2 can

be removed without much difference, as shown in Fig. 5. If the

Cx1 value that keeps IDM under acceptable level is not large

enough to also meet (1), then there are two options: One option

is to keep Cx2 with a value that is barely large enough to meet

(2). The other option is to eliminate Cx2 but increase the Cx1

value to the point where Cx1 meets (1). It should be noted that

the DM noise source impedance of an offline power supply is

generally low because of a large bulk capacitor (C3) in this

type of circuit. In current-fed power converters such as a power-

factor-correction boost configuration [12], the DM noise source

impedance is high due to its inductive nature. In such a case,

Cx2 can be effective for IDM noise suppression.

Designers often ask the question, “If only one X capacitor is

allowed, on which side should it be placed: the LISN side or

the power-supply side?” The answer to this question depends

on the IDM noise level before any X capacitor is used. For

convenience of discussion, this level will be called the “pre-X

cap” IDM level. If the pre-X cap IDM and MM level already

exceeds the specification, then Cx1 should be used, i.e., an X

cap should be placed on the LISN side. The Cx1 value would
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Fig. 4. Effectiveness of Cx1 and Cx2 under various conditions. (a) Complete
diagram with the EMI filter (LD = 100 µH, LC = 8.5 mH, Cy = 3300 pF).
Circuit operating conditions: See Fig. 2 caption. (b) Zero-span mode (top:
Cx1 = Cx2 = 0; bottom: Cx1 = 0, Cx2 = 0.22 µF). (c) Zero-span mode
(Cx1 = 0, Cx2 = 0.22 µF). (d) Zero-span mode (Cx1 = 0.68 µF, Cx2 =
0.22 µF).

Fig. 5. Cx2 be removed and DM noise without much difference. (a) Zero-
span mode (Cx1 = 0.68 µF, Cx2 = 0.22 µF). (b) Zero-span mode (Cx1 =
0.68 µF, Cx2 = 0). (c) DM EMI noise for a range of frequency of 150 kHz–
3 MHz (Cx1 = 0.68 µF, Cx2 = 0.22 µF). (d) DM EMI noise for a range of
frequency of 150 kHz–3 MHz (Cx1 = 0.68 µF, Cx2 = 0).
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Fig. 6. Zero-span mode (Cx1 can be effective in suppressing the MM noise
when Cx2 is not present).

have to be enough for both suppressing IDM and meeting (1).

Fig. 6 shows the waveform comparison when the Cx1 value

was increased from 0.22 to 0.68 µF, with Cx2 = 0. It can

be seen that Cx1 is effective in suppressing both the IDM

and MM noise levels when its value is increased. Notice that

Cx2 = 0 in the experiment leading to Fig. 6. When Cx2 is

absent, there is no effective way to suppress the MM noise,

and the burden is shifted to Cx1. As long as Cx1 satisfies (1),

then it is effective. However, this may lead to a much larger

Cx1 than the case of adding Cx2. On the other hand, if the

pre-X cap IDM noise level is below the specification, but the

MM noise level is above it, then Cx2, which is the X cap on

the power-supply side, should be used. Fig. 4(b) shows the

effectiveness of Cx2 on the MM noise but not that on IDM.

However, since IDM is not a concern in this case, it does not

matter. One can see from preceding discussions why the filter

issue is so elusive. The solution depends much on particular

conditions and may not be generalized. Understanding of the

issues allows sophisticated designers to have a better grip on

this elusive subject. It should be pointed out that the one-cap

solution may not be optimal, because the two-cap solution may

end up with less total capacitance.

B. Oversizing X Capacitance

Sometimes, increasing the X cap value does not affect the

total DM noise. The zero-span waveforms used in the discus-

sion tell the insight of the nature of noise. The peak value of the

waveform becomes the magnitude of the noise at that particular

frequency in a normal frequency spectrum noise display. If the

MM noise dominates and the X cap is primarily used for IDM

suppression, then increasing X capacitance would not affect

the MM noise and therefore would not be noticeable from the

frequency spectrum display. On the other hand, if the total

DM noise is dominated by the IDM noise, then increasing Cx2

may not be helpful to the total DM noise, because Cx2 is, in

general, not very effective for IDM suppression for voltage-fed

converters. For current-fed converters, the situation is different.

This fact has been pointed out in Section III-A. Fig. 7 illus-

trates this assertion. Increasing Cx2 does not help the overall

DM noise.

Fig. 7. Increasing Cx2 does not help the overall DM noise. (a) Zero-span
mode (Cx1 = 0, Cx2 = 0.22 µF). (b) Zero-span mode (Cx1 = 0, Cx2 =
0.68 µF).

C. Utilizing the Y Capacitors as a Balancing Capacitance

Y capacitors alone can be a balancing cap as long as their

impedance meets the balancing condition

Z 1

2
Cy

=
2

ω · Cy

≪

∣

∣

∣

∣

50 +
1

jω · C
+ jω · (LC + LD)

∣

∣

∣

∣

. (4)

Because of the small Cy value normally used, the chance of

meeting (4) is enhanced if there are chokes used in the filter. It

is easier to meet (4) if the Y capacitors are placed on the power-

supply side. Because of the relatively large CM noise source

impedance associated with a power supply [10], it is also better

to put the Y capacitors on the power-supply side for CM noise

suppression.

D. Effect of Cx on CM Noise

The fact that balancing provided by Cx makes the two

C(dv/dt) currents equal implies that CM noise VCM, which is

defined as the average of the two voltages across the two LISN

50-Ω resistors that is (VR1 + VR2)/2, will be increased. The in-

crease varies depending on how balanced the two paths after the

addition of Cx are. The largest increase is two times, which is
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Fig. 8. Increase of the CM noise due to usage of a Cx. (a) Zero-span mode
in the CM noise (top: Cx = 0.22 µF, bottom: Cx = 0). (b) Zero-span mode
in the CM noise (top: Cx = 0.68 µF, bottom: Cx = 0). (c) CM EMI noise for
a range of frequency of 150 kHz–3 MHz (Cx = 0). (d) CM EMI noise for a
range of frequency of 150 kHz–3 MHz (Cx = 0.68 µF).

6 dB, because the change from “no current flow” (VCM =
(VR + 0)/2) to “balanced current flow” (VCM = (VR +
VR)/2) in one LISN resistor means that the average across the

two LISN 50-Ω resistors increases by a factor of two. Fig. 8

shows the increase of the CM noise due to the existence of Cx.

IV. CONCLUSION

Part of the DM noise is suppressed by impedance mismatch-

ing action, and the other part is suppressed by the balancing

action of the X capacitors in EMI filters. The effectiveness

of the two separate actions of an X capacitor varies with fre-

quency, capacitance value, and filter topological arrangement.

The phenomenon was explained, and mathematical conditions

for effective filter attenuation were pointed out in this paper.

Discussions of how one may exploit this new understanding to

make a more compact filter were given. The optimal solution

often depends on particular conditions and cannot be general-

ized. Understandings of the issues allow sophisticated designers

to have a better grip on this elusive subject.

It should be pointed out that the MM noise is related to the

use of an LISN, i.e., LISN allows a favorite noise current flow

through earth ground. In the real case, where there is no LISN

used, the actual noise emitted to the mains can differ from

the noise measured, in which the use of LISN is mandatory.

Whatever the difference, the measurement results under the

LISN condition are what count.
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