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Abstract—Alternating current (ac)/ Direct current (dc) power
converters with dc-bus filters can achieve high power density, how-
ever, it was found in this article that the reverse recovery currents
of the 50/60 Hz diode bridge can lead to significant electromagnetic
interference (EMI) noise violating EMI standards above 150 kHz.
This article analyzed and quantified the mechanism of the EMI
generation due to the reverse recovery currents of the 50/60 Hz
diodes. It was found that although the reverse recovery of the
50/60 Hz diode bridge repeats at a frequency of 50/60 Hz, the EMI
can be very high above 150 kHz due to the operating principle of
electromagnetic compatibility spectrum analyzers. Two techniques
were proposed to reduce the EMI due to the reverse recovery of the
diode bridge. The analyses were validated by either simulations or
experiments.

Index Terms—AC/DC power adapter, diode bridge,
electromagnetic interference (EMI), reverse recovery current.

I. INTRODUCTION

E LECTROMAGNETIC interference (EMI) is a very impor-
tant issue in power electronics applications, especially in

high frequency (HF) ac/dc power conversion applications. The
ac/dc power converters, such as flyback converters in Fig. 1(a),
usually employ a diode bridge between the converter and an ac
source to rectify ac to dc. To reduce differential mode (DM) EMI,
the dc bus filter composed of CDC, LDM, and C2 in Fig. 1(a) is
designed to meet the EMI standard [1], [2]. Based on the research
in [1] and [2], the dc-bus filter with split bulk capacitors (CDC

and C2) can achieve a much smaller size than the ac line DM
filter since dc capacitors instead of ac capacitors can be used and
the current ripple in a dc-bus inductor is much smaller than that
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Fig. 2. Comparison of the measured and simulated EMI spectra.

in an ac line inductor. Because of this, some HF and high-power
density power converters employ dc bus filters after the diode
bridge. In Fig. 1(a), two line-impedance stabilization networks
(LISNs) are inserted between the power source and the converter
for EMI measurement. Fig. 1(b) shows the measurement setup
and the prototype under investigation. The diode rectifier turns
ON when the ac voltage VAC is higher than the dc-bus voltage
VDC and turn OFF when the bridge input ac voltage is lower than
VDC. As a result, the current iac only flows through the diode
bridge within part of the half ac-line period, generating current
pulses on the ac input as shown in Fig. 1(c). The bumps in iac
are due to the resonance of grid impedance, LISN’s inductance
and the dc bus capacitors. The current pulses have a fundamental
frequency of 50/60 Hz. The magnitudes of the current harmonics
reduce quickly as frequency increases. The conductive EMI
standards such as EN55022 has a frequency range from 150 kHz
to 30 MHz, which is much higher than 50/60 Hz, so these
harmonics are not supposed to generate high EMI noise within
150 kHz–30 MHz.

In Fig. 1(a), the switching frequency of the converter is
105 kHz with an output power of 65 W. The input is 120 V
ac at 60 Hz and the output voltage is 20 V dc.

The total conductive EMI was measured from the 50Ω load
resistance in one of the LISNs based on the setup defined in
EN55022 class B as shown in Fig. 1(a) and (b). The reso-
lution bandwidth (RBW) of the spectrum analyzer Tektronix
RSA306B used in the measurement was 9 kHz as required by
the standard. The spectrum analyzer was set to maximum hold
mode to measure the worst EMI.

The measured total peak EMI on one LISN is shown in Fig. 2.
The EMI on the other LISN is almost the same as that in Fig. 2
so it is not shown here. The DM EMI was also measured using a
noise separator [3] in Fig. 2. It is shown that the measured total
EMI is much higher than the EMI standard and it is dominated by
the DM EMI. The simulated EMI spectrum due to the current
pulses generated by the diode bridge is also shown in Fig. 2.
Because it is much smaller than the measured DM EMI, the
measured high DM EMI is not caused by these current pulses.
It was also found that the measured DM EMI below 1 MHz
is almost unchanged no matter how good the dc-bus filter is
designed.

Because of this, the high DM EMI is generated by something
else which has not been disclosed at present [4]–[17]. Scheich
and Roudet [18] analyzed the contribution of the shoot-through
currents of a silicon-controlled rectifier bridge during the
extended conducting duration to the EMI. It is concluded in
the article that the generated EMI due to the reverse recovery
current is insignificant. In [19], the authors investigated the high
DM EMI noise caused by the resonance between EMI filters
and the diode rectifier, particularly with a weak grid. However,
the reverse recovery currents of the diode rectifier were not
discussed. Makaran [20] investigated the impact of SiC diodes
on EMI, however, it concluded that it is the switching transient,
not the reverse recovery currents, that leads to the high EMI. The
effect of the reverse-recovery currents of SiC diodes versus Si
diodes was studied in [21], however, it concluded that the abrupt
cut off reverse recovery currents do not contribute to the high
EMI noise below 10 MHz significantly. The work in [22]–[24]
focus on the EMI due to the reverse recovery of fast switching
diodes antiparalleled with the switching devices instead of the
EMI due to the reverse recovery currents of low frequency diode
rectifiers. Different from these papers, for the first time, this ar-
ticle discloses how the reverse recovery currents of a slow diode
bridge of an ac/dc converter can generate significant EMI at low
frequencies, which has never been disclosed in any literatures

In this article, it was found that the measured high different
mode (DM) EMI below 1 MHz of an ac/dc converter could
be due to the reverse recovery currents of the 50/60 Hz diode
rectifier, instead of the switching current of the power converter.
After an extensive researching of existing literatures, it was
found that this issue has not been studied. Because the dc bus
DM filters are used in many designs because of its advantages
mentioned previously, this article will analyze the mechanism
of high DM EMI generated by the low-speed diode bridge. The
contribution of this article includes as follows.

1) The mechanism of high DM EMI due to the reverse
recovery current of a slow diode bridge.

2) An EMI model due to the mechanism identified above was
developed, quantified, and experimentally verified.

3) Two technical solutions were proposed to reduce the DM
EMI due to the slow diode bridge.

4) Cost and size were analyzed for the proposed two solu-
tions.”

The rest of the article was organized as follows. in Section II,
the reverse recovery currents of the diode rectifier were identified
as a major EMI source and the mechanism of generating high
EMI was analyzed in time domain. In Section III, simulations
and experiments were conducted to verify the analysis in fre-
quency domain. In Section IV, two techniques were proposed
to reduce the EMI noise due to the diode reverse recovery cur-
rents. Both techniques were verified with experiments. Finally,
Section V concludes this article.

II. INVESTIGATING HOW EMI IS GENERATED

A. Identify the Diode Rectifier as a Major Noise Source

Fig. 3 shows the measurement setup used for identifying the
EMI noise source. The system parameters are given in Table I.
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Fig. 3. Measurement setup for iac and output voltages VA and VB of LISNs.

TABLE I
SYSTEM PARAMETERS

In the measurement, in order to validate the high EMI below
1MHz is caused by the diode bridge instead of the flyback
converter, the measurements were conducted for two cases: a
65 W flyback converter is connected to the dc bus, and a 65 W
resistor load (350Ω) is connected to the dc bus. The oscilloscope
is RIGOL MSO4054 with 500 MHz bandwidth. The channels
2 and 3 are used to measure EMI noise voltage drops VA and
VB on two LISNs. The input impedances of channels 2 and 3
are set to 50 Ω to meet the LISNs’ load resistance requirement.
The channel 1 is used to measure input ac current iac. The input
impedance of channel 1 is set to 1 MΩ for current measurement.
The current probe is Yokogawa 701932 with a bandwidth of
100 MHz.

Fig. 4 shows the measured results with the flyback converter
and the load resistor. In Fig. 4(a), for VA, during t0-t1, the 60 Hz
leakage current flowing through 0.1 μF capacitor and 50 Ω in
LISNs is dominant. For VB, it is out of phase from VA. iac is zero
since the diode bridge is OFF. At t1, the magnitude of VAC begins
to be larger than dc-bus voltage VDC, the diode bridge begins to
conduct currents. During the turn-ON transient, diac/dt abruptly
increases from zero to around 4 kA/s at t1, as a result, a high
voltage spike is induced on two LISN’s 50 μH inductors. Since
the voltages of two 0.1uF LISN capacitors are almost constant
during this short duration, a voltage dip is induced on VA and
VB right after t1, respectively in Fig. 4(a).

After the diode bridge begins to conduct currents, because the
impedance of 1 μF capacitor is much higher than the impedance
of 50 μH at low frequencies, the inductance of power grid is in
series with the two LISN’s 50 μH inductors and they resonate
with the 82μF capacitor on the dc bus after the diode bridge. This
results in a 750 Hz resonant current iac as shown in Fig. 4(a). The
voltage across the outputs of two LISNs is equal to the voltage
VDC on CDC and its ac components, which include the resonant
voltage on CDC, is coupled to the 50Ω load resistors of LISNs via

Fig. 4. (a) Measured VA, VB, and iac with a flyback converter load.
(b) Zoomed-in picture for the reverse recovery response. (c) Measured VA,
VB, and iac with a resistor load.

two 0.1 μF capacitors. In Fig. 3, since the impedance of LISN’s
0.1 μF capacitor at 60 Hz is much higher than 50 Ω resistance
while LISN’s 50 μH inductance is nearly short-circuited at
60 Hz, VA is 90° leading VAC, which can be explained with
(1) and (2). As a result, VA has the resonant voltage waveforms
in phase with iac as in Fig. 4(a). Similarly, the similar analysis
applies to VB too

İR = İC = jωC1V̇C ≈ 1

2
jωC1V̇AC (1)

V̇A = İR ·R′ ≈ 1

2
jωR′C1V̇AC. (2)

In (1) and (2), R’= 50Ω //1k Ω , İR and İC are the currents
flowing through 50 Ω resistor and 0.1 μF capacitor in LISN’s
R–C branch. V̇A and V̇C represent the voltage drops on 50 Ω
resistor and 0.1 μF capacitor, respectively.

At t2, the input voltage of the bridge begins to be lower than
VDC, the diode bridge begins to turn OFF. Since the 60 Hz diode
bridge has a long reverse recovery time (>500 ns), a reverse
recovery current iac is observed around t2 in Fig. 4(a). Fig. 4(b)
shows the reverse recovery, which starts from t2 outside of the
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Fig. 5. Comparison of the measured EMI spectra with a resistor load and a
flyback converter load.

figure, and ends at t5 outside of the figure. Before t3, the reverse
recovery current has a slew rate of −2 kA/s. Starting from t3,
the current slew rate abruptly changes to 16 kA/s. The abrupt
current slew rate change during the diode reverse recovery was
discussed in the literatures such as [26]. A huge voltage spike is
induced on both LISN’s 50 μH inductors. As a result, VA and
VB show huge voltage spikes between t3 and t4.

After replacing the flyback converter with a resistor load, the
measured voltage and current waveforms in Fig. 4(c) are almost
the same as those with the flyback converter. The measured EMI
with a resistor load in Fig. 5 is almost the same as that with the
flyback converter below 1 MHz. This indicates that the measured
voltage spikes in VA and VB are from the diode bridge instead
of the flyback converter.

Because of this, this article will focus on the detail analysis of
the impact of the diode bridge on the measured EMI spectrum
and the techniques to reduce the EMI resulted from it.

B. Identify Reverse Recovery Currents as a Major Noise
Source

As analyzed in Section II. A, the voltage spikes are induced in
VA and VB during both turn-ON and turn-OFF transients. It will
be explained here that only the voltage spike due to the reverse
recovery of the diode bridge during the turn-OFF transient leads
to the high EMI noise. Fig. 6 shows the measured DM voltage
VDM = (VA-VB)/2 at the output of a DM noise separator [3].

It is shown that the low frequency components, such as that
within t1-t2, and the 60 Hz leakage current, in iac have been
significantly filtered out by the noise separator because its lower
cut off frequency is 10 kHz, as a result, two voltage spikes during
reverse recovery transient on VDM are obvious. The voltage
spike due to the reverse recovery currents is much higher and
narrower than that during the turn-ON transient. VDM can be
decomposed to three waveforms: big spikes, small spikes and
background noise. As an example, the big spike waveforms
can be easily decomposed by using the trace data of the big
spikes only and set all the other data to zero. The decomposed
big and small spike waveforms were fed to the EMI prediction
program developed in [27] to predict the EMI caused by the big

Fig. 6. Measured DM voltage VDM at the output of a DM noise separator.

Fig. 7. Comparison of the peak EMI due to two voltage spikes.

or small spikes respectively. The simulated peak EMI spectra
are compared in Fig. 7. It should be pointed out that since the
noise spike on VDM has a frequency of 60 Hz, the magnitude of
the measured EMI using a spectrum analyzer (or the magnitude
of the simulated using the program developed based on the
operating principle of a spectrum analyzer) with 9 kHz RBW
is much higher than that of the FFT result [27]. Using the FFT
to predict the measured EMI is thus wrong in this case. This will
be explained in Section III.

In Fig. 7, the EMI due to the diode reverse recovery is almost
equal to the measured EMI and it is much higher than that during
the turn-ON transient. Because of this, the diode reverse recovery
currents are identified as the major EMI source.

C. Quantified Analysis

The circuit model used for a quantified analysis is shown in
Fig. 8(a). In Fig. 8(a), a pair of diodes (D1, D4) conduct currents
in the firts half line cycle before the reverse recovery happens.
The LLISN, CLISN, and RLISN represent the parameters of the
LISNs for DM currents. Their impedances are twice of those in
a single LISN. It should be pointed out that the grid inductance
is not in the circuit because, for the HF harmonics of the reverse
recovery currents, the two 1 μF capacitors in LISNs in Fig. 3
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Fig. 8. (a) Circuit model to analyze the impact of the diode reverse recovery
currents on the measured EMI.(b) Replacing diodes and CDC with a current
source iac.

have a very small impedance so they isolated grid inductance
from the model.

During the short reverse recovery duration, the voltage on
CDC is almost constant so it does not influence the reverse
recovery. In Fig. 8(b), the diodes and CDC are replaced with a
current source iac which has the exact same current waveform as
the original diode current waveform measured with a 100 MHz
current probe. Based on the substitution theory, the current iL
flowing through LLISN and iR flowing through RLISN will be the
same as before the diodes were replaced with the iac. uR is the
voltage drop of iR on LISNs’ two series 50 Ω load resistances.

In Fig. 8, if the voltage across LLISN is uL, across CLISN is
uC, and the initial time is t0, iL, iR, and VA can be solved as
follows:

uc (t) +RLISNiR (t) = uL (t) (3)

uc (t) = uc (t0) +
1

CLISN

∫ τ=t

t0

iR (τ) dτ (4)

uL (t) = LLISN
diL
dt

(5)

iL = iac − iR. (6)

Plugging (4)–(6) into (3) turns into (7)

d2iR (t)

dt2
+

RLISN

LLISN

diR (t)

dt
+

1

LLISNCLISN
iR (t) =

d2iac (t)

dt2
.

(7)
The curve of the current iac as a function of time is shown

in Fig. 9, which is the very close to the measured one in Fig. 4

Fig. 9. Simulated currents and VA during the reverse recovery transient.

without background noise. The iR can be calculated based on
(7) and iac. The voltage spike on VA can be calculated in (8) and
is exactly the same as the simulated one in Fig. 9

VA (t) = −1

2
RLISNiR (t) . (8)

The iac during the reverse recovery process is exclusively re-
lated to reverse recovery characteristics of diodes. The objective
of this article is not to predict the reverse recovery currents of
the diodes but to predict or model the measured EMI caused
by the reverse recovery currents. It is therefore, reasonable and
necessary to use the measured reverse recovery current iac to
simulate the current distribution inside the LISNs (iL and iR)
precisely. The measured current waveforms with the background
noise removed in Fig. 4(b) is the current source we used for the
simulation in Fig. 8. The simulated iL , iR, and VA in MATLAB
based on Fig. 8(b) and (3)–(8) as well as the measured iac are
shown in Fig. 9. From Fig. 9, iL and iac are almost identical
except during t3-t4 short period when iac has an abrupt change.
High di/dt of iac leads to part of iac flowing through RLISN

because of the high impedance of LLISN to the high di/dt current.
iR has a current spike due to the difference of iL and iac. iR
flows through RLISN and leads to a voltage spike on VA. The
−0.15 V voltage offset due to the 60 Hz leakage current flowing
through RLISN was also included in VA’s waveform. Comparing
the curves in Fig. 9 with those in Fig. 4(b), they match very well.
This proves that the voltage spike on VA is due to the reverse
recovery currents of the diode bridge.

In one ac line period, the voltage spike occurs twice in
opposite directions. The other voltage spike can be calculated
similarly. The calculated FFT of VA in dBμV in one ac line
period is plotted from 150 kHz to 30 MHz in Fig. 10. The
magnitude of FFT spectrum is more than 30 dB lower than the
measured EMI spectrum in Fig. 2. This phenomenon has been
analyzed in [27] and will be explained in the following section.

III. MODELING OF THE MEASURED EMI

As shown in Figs. 2 and 10, the FFT spectrum is much
lower (around 33dB) than the EMI measured with a spectrum
analyzer. This is because the spectrum analyzers work in a
different way from the FFT and this will be explained here.
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Fig. 10. FFT spectrum of the calculated VA.

To analyze the measured DM EMI noise, the working princi-
ple of a spectrum analyzer should be considered in Fig. 11.
The simulated waveforms VA, which can be decomposed to a
series of harmonics, in Fig. 9 is the input signal in Fig. 11.
FFT calculates the magnitude of each order harmonic. On the
other hand, based on the theory developed in [27] for spectrum
analyzers, in Fig. 11, the spectrum analyzer first sweeps the
frequencies by changing the frequency of the local oscillator.
The mixer converts the harmonics at the swept frequencies to
signals at a fixed intermediate frequency (IF). The converted
harmonics, including those higher or lower than IF, are processed
by an IF filter which has a −6 dB RBW. In EMI standard
EN55022, the RBW is 9 kHz from 150 kHz to 30 MHz. Based
on the theory in [27], when two or more orders of harmonics
are located within 2RBW, these harmonics can stack up in
the time domain at the output of the IF filter. The envelope
detector catches the increased amplitude and feeds it to the peak,
quasi-peak and average EMI detectors. The measured EMI noise
could therefore be much higher than individual harmonics. The
difference between peak detector and the other two detectors is
the charging and discharging time constants, which are defined
in EMI standards. For the voltage spikes in VA, the fundamental
frequency of the spikes is 60 Hz, therefore, there are 300 orders
of harmonics within 2RBW (18 kHz), so the measured EMI
noise via a spectrum analyzer with 9 kHz RBW will be much
higher than the FFT result.

To verify that the high peak EMI noise in Fig. 2 is caused by
the voltage spikes resulted from the reverse recovery currents of
the diode bridge, the FFT result in Fig. 10 was fed to the EMI
prediction program developed in [27], which emulates the EMI
measurement of an EMC spectrum analyzer. The predicted peak
EMI is shown in Fig. 12 compared with the measured peak EMI
and the EMI standard EN55022. The spectrum is very close to
the measured EMI noise spectrum with very small difference in
the range of 150 kHz–3 MHz. Above 3 MHz, the background
EMI dominates in the measured EMI.

The predicted and the measured quasi-peak and average EMI
are also compared in Fig. 13. They match very well. It is shown
that the reverse recovery currents also increase the measured

quasi-peak and average EMI. The quasi-peak EMI generated by
the reverse recovery currents of the diodes is higher than the
EMI standard.

The analysis above shows that, although the reverse recovery
currents of the diodes repeat at a frequency of 50/60 Hz, they
have a wide spectrum as shown in Fig. 10. Due to the operating
principle of the EMC spectrum analyzers, the measured EMI
spectrum is much higher than the calculated FFT spectrum of
the 50/60 Hz reverse recovery currents. The measured spectrum
can be higher than EMI standards as shown in Figs. 12 and 13.
Because of this, the solutions must be proposed to reduce the
EMI.

IV. EMI NOISE REDUCTION TECHNIQUES

A. X-Capacitor

In Fig. 8(b), if an X-capacitor CX across the two ac lines
is added between the LISN and the diode rectifier as shown
in Fig. 14(a), it can bypass the HF current flowing through
RLISN. An equivalent DM circuit used to analyze CX is shown
in Fig. 14(b).

The insertion gain IG of CX, which is defined as the ratio of uR
with CX to that without CX, is derived based on Fig. 14(b) and
given by (9). For the peak EMI noise in Fig. 7, at 150 kHz, the
EMI is 79 dBμV, which is 13 dB higher than the EMI standard
66 dBμV. CX should achieve at least −13 dB insertion gain to
meet the standard. Fig. 15 shows the insertion gain as a function
of CX at 150 kHz

IG =
s2LLISNCLISN + sCLISNRLISN + 1

s3LLISNCLISNCXRLISN + s2LLISN (CLISN + CX)
+sCLISNRLISN + 1

. (9)

In Fig. 15, when CX > 70 nF, the insertion gain will be more
than −13 dB and EMI will meet the EMI standard. The positive
insertion gain around CX =10 nF in Fig. 15 is because of the
pole due to CX and LLISN. To have more than 3 dB margin for
EMI reduction, CX is selected as 90 nF. Capacitor CX should
have good capacitive performance at 150 kHz. Fig. 16 shows the
measured peak EMI at different CX.

In Fig. 16, as predicted, 90 nF CX can achieve around 5 dB
margin. Fig. 17 shows the measured LISN’s output voltage VA.
It is shown that as CX increases, both the amplitude and slope
(HF components) of VA significantly reduces, as a result, the
measured EMI is significantly reduced as in Fig. 16. Since LISNs
are used to evaluate EMI only while there is no requirement for
the stabilization time of VA in EMI standard (EN55022), we
optimize CX based on the EMI attenuation requirement with
the derived insertion gain in (9). The resonance frequency of VA

in Fig. 17 can be given by

fr ≈ 1

2π
√
LLISN (CLISN + CX)

. (10)

It should be pointed out that an ac line DM inductor cannot be
used to reduce the EMI because the inductor results in a faster
change of di/dt in the reverse recovery currents, which results in
higher VA and EMI.
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Fig. 11. Operating principle of a spectrum analyzer.

Fig. 12. Comparison of the measured and the predicted peak EMI due to the
reverse recovery current of the diode bridge.

Fig. 13. Comparison of the measured and the predicted quasi peak and average
EMI.

The proposed EMI reduction techniques (X-capacitor) will not
be influenced by the power level, as long as the impedance of
X-capacitor is much smaller than the impedance of LISN’s R-C
(50 Ω-0.1μ F) branch to bypass most of the differential-mode
(DM) EMI noise, which can be easily met within 150 kHz–
30 MHz (conducted EMI frequency range specified by EN55022

Fig. 14. (a) X-capacitor CX is added between the LISNs and the diode rectifier,
(b) DM noise circuit model with an X-capacitor CX applied.

Fig. 15. Insertion gain of CX.
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Fig. 16. Measured peak EMI with and without CX.

Fig. 17. Measured output voltage VA on one LISN with different CX.

standard). Typically, the bigger the power level, the bigger the
forward current (iac during the diode bridge’s on duration), and
the bigger the reverse recovery charge, which leads to a bigger
voltage spike on VA. To reduce the EMI noise caused by the
reverse recovery currents of diode rectifier at a higher power
level to meet the EMI limit, a big capacitor may be needed.
The capacitance needed for EMI reduction at 150 kHz can be
calculated based on the derived insertion gain IG in (9), which
also depends on how much EMI noise needs to be mitigated.

An X-capacitor has a big size, it introduces extra cost and
may reduce the power factor of the converter, Therefore, an
alternative technique is proposed below.

B. Fast Recovery Diodes

Because the voltage spikes are caused by the abrupt cur-
rent slope change during the reverse recovery of the diode
bridge as shown in Fig. 9, the EMI can be reduced using the
diodes with fast and soft turn-OFF characteristics. In this article,
the fast recovery diodes (MURC5J), ultrafast recovery diodes
(STTH15RQ06) as well as Q-speed diodes (LXA08B600) are
used to replace the original standard 50 /60 Hz diodes.

Fig. 18. (a) Fast-recovery diodes significantly reduce voltage spike on VA.
(b) Zoomed-in picture during the diode reverse recovery.

Fig. 19. Comparison of the measured EMI spectra with different types of
diodes.

Fig. 18(a) and (b) shows the time domain waveforms on
a LISNs’ 50 Ω load resistance with the fast recovery diodes
MURC5J (600 V/4 A, recovery time < 39 ns). Compared with
that with original standard diodes (600 V/4 A, recovery time
> 500 ns) in Fig. 4(a) and 4(b), it is shown that even without
an X-capacitor, the fast recovery diodes can greatly reduce the
voltage spike on VA. As shown in Fig. 18, there is no abrupt
current slope change during the reverse recovery. The time-
domain waveforms for ultrafast recovery diodes STTH15RQ06
and Q-speed diodes LXA08B600 are similar to those of the fast
recovery diodes in Fig. 18 so they are not shown here.

Fig. 19 compares the measured EMI spectra for four types
of diodes tested in this article. It is found the Q-speed diodes
have the lowest EMI and only the standard 50/60 Hz diodes
violate the EMI standard. In Fig. 19, the standard diodes have a
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Fig. 20. Measured output voltage of the DM separator with fast diodes.

TABLE II
COST ESTIMATION (US DOLLAR) FOR X-CAPACITOR AND FAST RECOVERY

DIODES TECHNIQUES

background EMI noise 20 dB higher than other diodes because
a 20 dB attenuator was used in the measurement.

It should be pointed out that the current and voltage spikes
during the ton duration will not be changed, since it is determined
by the input voltage and output power, which is unrelated to the
reverse recovery characteristics of diodes. Also, it will not lead
to EMI issues as discussed in Section II.

The advantage of replacing the standard diodes with fast
recovery/ultrafast recovery/Q-speed diodes is that it will not in-
crease the size of the power converter, which is usually preferred
in high power density design.

Fig. 20 shows the measured waveform at the output of a
DM separator. It is shown that, compared with that in Fig. 6,
the second spike due to the reverse recovery of the diodes is
significantly reduced. It results in a good EMI reduction in
Fig. 19.

It should be pointed out that the fast recovery diode solution
will also not be significantly influenced by the power level due
to its internal soft turn-OFF characteristics. Typically, the higher
the input voltage is, the higher the reverse voltage added across
one pair of diodes is, and the smaller the reverse recovery time is,
which leads to a higher voltage spike on VA. However, since the
spike are still very small, based on the experimental exploration,
the technique is applicable from 100 to 240 V ac input voltage
range (it is the whole input voltage range for power adapters)
without problems.

C. Cost and Size Analysis

Table II gives the cost estimation for the proposed two tech-
niques. The fast recovery diode solution will not increase the
size of the power adapter; however, it is more expensive than the
X-capacitor solution, so it is suitable for a high power density
design rather than a low-cost design. On the other hand, the

X-capacitor solution is cheaper than the fast recovery diode
solution; however, the X-capacitor is bulky so it is suitable for
a low-cost design rather than a high power density design (e.g.,
the size of a 100 nF X-capacitor: 18.00 × 6.00 × 11.10 mm).

V. CONCLUSION

In this article, the reverse recovery currents of 50/60 Hz
diode bridges were identified as a major EMI noise source for
ac/dc converters with dc-bus filters. The mechanism of how the
diode reverse recovery currents generate EMI was disclosed and
quantified. The EMI is predicted based on the operating principle
of spectrum analyzers and it was found that the measured EMI
can be much higher than the EMI standards. Two techniques
were proposed to reduce the EMI due to the reverse recovery of
the diode bridge. The theoretical analysis was validated by both
simulations and experiments.

The contributions of this article are as follows.
1) The mechanism of EMI generated from the reverse recov-

ery currents of 50/60 Hz diode bridges is disclosed and
the effect of the reverse recovery currents on the EMI is
quantified.

2) An X-capacitor solution is proposed, and the insertion gain
is derived for quantified analysis. Based on that, designers
no longer need to use the trial-and-error method to find
the capacitance for EMI reduction.

3) Fast recovery diodes, ultrafast recovery diodes, or Q-speed
diodes can be used as the diode bridge to reduce the EMI.
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