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Prediction and Analysis of EMI Spectrum Based on
the Operating Principle of EMC Spectrum Analyzers
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Abstract—EMC spectrum analyzers are popularly used for elec-
tromagnetic interference (EMI) measurement in power electronics
systems. Depending on the specifications of EMI standards, the
EMI measurement could be very time consuming. Conventionally,
the fast Fourier transform is used to derive the EMI spectrum from
the measured time-domain waveforms. However, these results may
not agree with the measurement results from spectrum analyzers,
and sometimes the difference could be significant. In this paper, a
technique to quickly and accurately predict and analyze the EMI
spectrum from time-domain waveforms is proposed. The technique
is developed based on the spectrum analyzer’s operating princi-
ple and the requirements of EMI standards. The EMI spectra of
three modulation schemes are also analyzed. Theoretical analysis,
simulations, and experiments were all conducted. The predicted
peak, quasi-peak, and average EMI matches the measured EMI in
whole conductive frequency range. The developed technique can
accurately predict EMI using much shorter time than conventional
EMC spectrum analyzers and it saves cost of expensive spectrum
analyzers.

Index Terms—Electromagnetic interference (EMI) noise pre-
diction, envelope detector, resolution bandwidth (RBW), sideband
effect, spectrum analyzer.

I. INTRODUCTION

E LECTROMAGNETIC interference (EMI) degrades power
electronics system’s reliability and shortens power compo-

nents’ lifespan [1], [2]. Commercial switching power converters
or inverters must comply with the EMI standards such as CISPR
standards [3] before they can be sold on the market. Accurate
EMI prediction can help debug and suppress EMI [4], so it has
drawn a lot of attentions in recent years.

Fast Fourier transform (FFT) was applied to the time-domain
voltage waveforms on the line impedance stabilization network
(LISN) to extract the EMI spectrum [1], [5], [6] for EMI predic-
tion, analysis, and reduction. However, because EMI standards
have specific requirements on the resolution bandwidth (RBW),
the envelope detector, the peak detector, the quasi-peak detector,
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Fig. 1. Operating principle of the peak, quasi-peak and average noise mea-
surement in a spectrum analyzer (150 kHz–30 MHz)

and the average detector for spectrum analyzers, the FFT results,
which do not consider the influence of these requirements, may
not agree with actual measurement results.

EMC spectrum analyzers measure the EMI spectrum differ-
ently from FFT. The FFT can find the magnitude and phase
of EMI harmonics based on time-domain waveforms. However,
the EMC spectrum analyzers process harmonics differently from
FFT. As a result, FFT may not have the same result as an EMC
spectrum analyzer.

A typical quasi-peak EMI measurement in a spectrum ana-
lyzer is illustrated in Fig. 1 [9], [12] based on CISPR 16.

Fig. 1, the input noise has a spectrum including harmonic fre-
quencies f1, f2, . . . fk …. The spectrum is mixed with a signal
generated by a local oscillator. The signal generated by the lo-
cal oscillator has a frequency fLO. The fLO is tunable and is
equal to fLS + fIF. fIF is the intermediate frequency (IF) of
an IF filter connected to the output of the mixer. The output
of the mixer has a spectrum including frequencies fLO + f1,
fLO − f1, fLO + f2, fLO − f2, . . . , fLO + fk, fLO − fk, . . .
and other frequency components. The amplitude of the signal
with frequency fLO − fk = fLS + fIF − fk is proportional to
the product of the amplitudes of signals fLO and fk. The output
of the mixer is fed to the IF filter. The IF filter has 9 kHz 6 dB
RBW as shown in Fig. 1. The IF filter has zero attenuation to
the signal at fIF. For the signal not at fIF, the attenuation can be
approximately characterized with a Gaussian function [12]. The
local oscillator can sweep fLO within the whole concerned fre-
quency range, for example from 150 kHz to 30 MHz. For those
fk, which is close to fLS so that fLO − fk is located within the
effective bandwidth of an IF filter, can pass through the IF filter
due to its small attenuations. The waveform S1 in Fig. 1 is an
example of the output of the IF filter.

The IF signal is fed to an envelope detector. The enve-
lope detector can follow the fastest possible changes of the
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envelope of the IF signal (IF filter’s bandwidth determines the
fastest changes) but not the instantaneous value of the IF wave-
form itself. The waveform S2 in Fig. 1 is an example of the
output of an envelope detector. The envelope signal is further
fed to a quasi-peak detector in Fig. 1. The quasi-peak detector
has a charging time constant τC and discharging time constant
τD defined in EMI standards.

In Fig. 1, the capacitor C in the quasi-peak detector was
charged up when the output of the envelope detector is higher
than the voltage on C. On the other hand, it is discharged all the
time through R2. The voltage on C reaches steady state when its
charge is balanced.

For average or peak noise measurement, the quasi-peak detec-
tor in Fig. 1 is replaced with an average or a peak detector. The
other components in Fig. 1 are exactly the same. The difference
between quasi-peak detector and the other two detectors is the
charging and discharging time constants. For example, the av-
erage detector is basically a low-pass filter, which retains the dc
component in the output of the envelope detector. On the other
hand, the peak detector has a very small charging time constant.

In [8], the EMC spectrum analyzer is implemented with the
simulation circuits based on Fig. 1. However, the simulation
could be very time consuming due to the required good simula-
tion resolution and response time of the IF filter and the detec-
tors in Fig. 1. Li and See [10], and Karaca et al. [11] proposed a
method to drive quasi-peak and average values by adding con-
version factors, which are functions of RBW and pulse repetition
frequency, to the peak EMI value of sequential impulses with a
fixed duty cycle. However, in power electronics applications, the
noise current has different duty cycles from that used in these
papers. Furthermore, the duty cycle may be time varying too. For
example, the sinusoidal pulsewidth modulation (SPWM) wave-
forms and switching frequency jittering waveforms are much
different from the sequential impulse signal used in the papers.
As a result, the conversion factors cannot be used to predict EMI.
Wang et al. [12] and Ruan and Ye [13] predict the quasi-peak
EMI of a power factor correction (PFC) converter. However, the
effects of sidebands on the measured EMI were not analyzed.
Moreover, in the paper, only the frequency component with the
highest magnitude is used as an envelope. This envelope detec-
tor model is not accurate enough when there are more than one
large-magnitude frequency components at the output of the IF
filter. Nussbaumer et al. [15], [16] investigated the influence of
sidebands of the switching frequency components to the mea-
sured EMI. However, none of these papers give the accurate
prediction algorithm for quasi-peak and average values. Only
the “worst case” and the range of quasi-peak are derived.

In this paper, an EMI prediction technique is developed based
on an improved IF filter model, an improved envelope detec-
tor model and the functional blocks of the spectrum analyzer in
Fig. 1. Section II develops a modeling technique for spectrum
analyzer based on the function blocks in Fig. 1 and proposes a
procedure for EMI prediction based on time-domain waveforms.
Section III analyzes the effects of sideband and effective RBW
on EMI measurement. The EMI of constant pulsewidth modu-
lation (CPWM), SPWM, and switching frequency modulation
(SFM) is analyzed and compared. The difference between FFT

Fig. 2. 9 kHz IF gain region defined by CISPR 16.

and the spectrum analyzer’s measurement results is analyzed
based on the effects of effective RBW and sideband on EMI.
The condition of minimizing EMI with SFM is also discussed.
Section IV conducts experiments to validate the developed EMI
prediction and analysis technique for the three different modu-
lation techniques in Section III.

II. SPECTRUM ANALYZER MODELING AND EMI PREDICTION

In this section, based on the operating principle of EMC
spectrum analyzers, the modeling technique is developed to
accurately characterize the spectrum analyzer and predict EMI.
Compared with existing references [8], [10]–[13], [15], and [16],
the contribution of this paper on the spectrum analyzer model-
ing is—first, developed more accurate IF filter Gaussian func-
tion based on actual spectrum analyzers; and second, derived a
general envelope detector model, which includes the magnitude
of the vector sum of all frequency components within effective
RBW, so it is more accurate than existing techniques.

A. Accurate IF Filter Modeling

The IF filter’s transfer function can be expressed by a Gaussian
function [12]

GIF (f, c) = exp
(
−(f − fIF)

2/c2
)

(1)

where f is the noise signal frequency, fIF is the intermediate
frequency of the IF filter and c is given by [12]

c =
RBW

2
√
ln2

. (2)

Since the magnitude and −6 dB bandwidth of the IF filter’s
transfer function is defined by a region in EMI standards, such
as CISPR 16 in Fig. 2, different EMI standards or different spec-
trum analyzers may have different IF filter gains.

The gains of IF filters in spectrum analyzers may not follow
(1) and (2) exactly. As a result, different IF filter gains may have
several dB or more difference in the final EMI measurement
results. Because of this, a fixed Gaussian function expression
cannot always agree with the IF filter gains in different EMI
measurement equipment.
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Fig. 3. Comparison of the measured and calculated IF filter gains for 200 Hz
RBW.

Fig. 4. Comparison of the measured and calculated IF filter gains for 9 kHz
RBW.

In Fig. 1, the IF filter gain of a spectrum analyzer can be simply
estimated by observing the measured peak spectrum of a signal
with fixed magnitude and frequency. This is because when the
spectrum analyzer sweeps fLO, the gain of the IF filter shapes
the spectrum of the signal at the output of the IF filter [9]. In
Figs. 3 and 4, the −6 dB RBW is 200 Hz from 9 to 150 kHz and
9 kHz from 150 kHz to 30 MHz in CISPR16. The IF filter gains
of the spectrum analyzer Rigol DSA800 and Tektronix RSA
306B from 10 to 150 kHz and from 150 kHz to 30 MHz were
measured with the method above by feeding 20 and 200 kHz
sinusoidal signal, respectively. The calculated IF filter gain based
on (1) and (2) are also compared in the figures. It is shown that
there is several-dB difference at one-RBW boundary and around
10 dB difference at two-RBW boundary between the measured
and the calculated IF filter gains. It will be shown later that the
frequency components outside of RBW may still contribute to
the final EMI results, so filter gain must be accurately modeled.
The parameter c in (1) determines the shape of the IF filter gain,
so it must be accurately determined based on the measured IF
filter gains of actual spectrum analyzers. Equation (2) should
therefore be improved.

In this paper, a technique is proposed below to accurately
determine Gaussian function. Equation (2) was modified to (3)

c = RBW × r. (3)

In (3), r is a coefficient which has the bandwidth and atten-
uation information of the Gaussian function. Based on (1), (3)
and the IF filter gains of Rigol DSA800 and RSA306B in Figs. 2
and 3, r can be determined using curve fitting function in MAT-
LAB and it was found r = 0.67 and 0.6184, respectively, for

CISPR window. With this new c, the Gaussian functions match
the measured gains well in Figs. 3 and 4. The same technique can
be applied to determine r for the other IF filter windows, such
as Kaiser window. For the data outside of 2 RBW, its value is
much smaller than those close to center frequency. These small
data will have very small weight factors in MATLAB’s fitting
process, which means they are less important than those data
near the center frequency. Because of this, the result from MAT-
LAB shows some difference from the measured result outside of
2 RBW. However, the difference will not introduce significant
error at the output of the IF filter because the signals outside two
RBW range are largely attenuated. Also, even the signals outside
two RBW are much larger than the center frequency component,
they will not bring significant influence on the EMI spectrum
measurement. This issue will be discussed in Section III.

The technique proposed here can be considered as a calibra-
tion of the Gaussian function of an IF filters for different EMI
standards and spectrum analyzers when the EMI is to be pre-
dicted without using spectrum analyzers to save time and cost
on EMI measurement. Also, because the IF filters used in spec-
trum analyzers are finite impulse response filters, which have
identical time delay [27] to all frequency components, the IF fil-
ters do not introduce phase shift to the frequency components.

B. Accurate Envelope Detector Modeling

In [12] and [13], the output of the envelope detector at a fre-
quency was modeled with the frequency component with the
maximum magnitude within a set of frequency components at
the output of the IF filter. However, these frequency components
have phases, so in time domain, the magnitude, which deter-
mines the envelope, of the vector sum of all of these frequency
components is not equal to the maximum magnitude of these fre-
quency components. To accurately model the envelope detector,
the magnitude of the vector sum of these frequency components
must be considered. In general, s(t) in (4) represents the signal
including different frequency components fed to the envelope
detector from the IF filter. In (4), Ai, ωi, and θi are the mag-
nitude, frequency, and phase of the ith frequency component,
respectively. p is the number of frequency components

s (t) = A1 cos (ω1t+ θ1) +A2 cos (ω2t+ θ2)

+ · · ·+Ap cos (ωpt+ θp) . (4)

Taking frequency ω1 and phase θ1 as the frequency and phase
references, (4) becomes

s (t) = A1 cos (ω1t+ α1) +A2 cos (ω1t+ α2)

+ · · ·+Ap cos (ω1t+ αp) (5)

where αi = (ωi − ω1)t+ θi. Equation (5) can be further sim-
plified to (6).

s (t) = c(t) cos (ω1t+ ϕ) (6)

c(t) in (6) represents the envelope and it is given by

c (t) =

√(∑p

i=1
Ai cos (αi)

)2

+
(∑p

i=1
Ai sin (αi)

)2

.

(7)
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TABLE I
FREQUENCY COMPONENTS FED TO AN ENVELOPE DETECTOR

In (7), the ac and dc components of the envelope can be rep-
resented in (8).

c (t) =
√√√√√
∑p

i=1
A2

i︸ ︷︷ ︸
dc

+
(∑p

k=1

∑p

j=1
AkAj cos (ωkt−ωjt+θk−θj)

)

︸ ︷︷ ︸
ac components

(8)

In the equations above, for switching mode power electron-
ics applications, if fs is the switching frequency of a constant-
frequency and constant-duty cycle (CPWM) waveform, the pe-
riod Ts of the envelope of the CPWM waveform is 1/fs. For any
harmonic components ωk and ωj , condition (ωk − ωj)/2π =
nfs is always met, where n= |k− j| and j � k. For a SPWM wave-
form, (ωk − ωj)/2π = nfmd, where n= |k− j|, j �= k, and fmd

is modulation frequency [14]. Equation (8) indicates that the pe-
riod TS of the envelope is 1/fs or 1/fmd. c(t) is equal to the
square root of the sum of a dc component, which is equal to
the sum of A2

i and ac components that include all of the cross-
product terms in (7). The magnitude of the ac components in (8)
is a function of both the magnitudes and phases of the frequency
components in (4).

As an example, Table I shows the magnitudes and phases
of seven frequency components around 30 kHz of a SPWM
waveform modulated at fmd = 60 Hz. The envelope of these
seven frequency components is calculated based on (8) as the
red curve shows in Fig. 5. The simulated time-domain waveform
of these seven frequency components is shown as blue curves
in Fig. 5. The calculated matches the simulated envelopes very
well. Also, as expected in (8), the period 1/fmd of the envelope is
1/60 Hz= 0.0167 s, which is equal to the least common multiple
of these seven frequency components.

Compared with the spectrum analyzer circuit simulation
model in [8], the proposed technique is faster as it does not
need wait long time for the simulation circuit to reach steady
state. Also, the small simulation step to guarantee the accuracy
in the simulations reduces the simulation speed [8]. On the other
hand, because the envelope at the output of the IF filter is di-
rectly calculated from (8), there is no simulation step issue for
the proposed technique.

Fig. 5. Verification of the developed envelope detector model.

Fig. 6. Digital sampling on the envelope waveform to determine the peak and
average value.

TABLE II
CHARGING AND DISCHARGING TIME CONSTANTS OF QUASI-PEAK DETECTORS

C. Peak, Quasi-Peak, and Average Detection

Based on the envelope waveform, the peak, quasi-peak, and
average values can be determined by the detector circuit with
different charging and discharging time constants in Fig. 1. One
period of waveform in Section II-B should be investigated for
peak, quasi-peak, and average detection as it includes all the
information.

In the process of obtaining the peak and average values of the
envelope in one period, the digital sampling is applied. If there
are N evenly sampled data in one period as shown in Fig. 6, the
peak value Vpeak of the envelope is the maximum value of these
sampled data Vi in (9).

For quasi-peak detection, CISPR standards define the charg-
ing and discharging time constants in Table II for the quasi-peak
detector circuit in Fig. 7(a).Rc,Rd, C, Venvelope, and Vquasi-peak

are charging resistance, discharging resistance, charging capac-
itor, input envelope voltage, and output quasi-peak voltage of
the quasi-peak detector, respectively.

Vpeak = max(Vi). (9)
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Fig. 7. (a) Quasi-peak detector circuit. (b) Quasi-peak value based on capacitor
charge balance.

The average value is given by (10) [22].

Vave =

∑N
i=1 Vi

N
. (10)

Ignoring small ripples, the steady-state quasi-peak value
Vquasi-peak can be derived based on charge balance on the capac-
itor C [12]. The equation used to calculate the quasi-peak value
based on sampled data in Fig. 7(b) is derived here in (11). Δti
is the ith time interval when the envelope waveform Venvelope is
larger than Vquasi-peak. Q is the number of the sampled data that
are larger than Vquasi-peak.

∑Q
i=1 (Vi − Vquasi−peak)

Rc
=

Vquasi−peak ×N

Rd
. (11)

Based on (9), (10), and (11), Vpeak ≥ Vquasi-peak ≥ Vave.
The equality holds when the output voltage Vi of the envelope
detector has a dc component only.

D. Procedure of EMI Prediction

The EMI can be predicted based on the flow chart in Fig. 8.
The time-domain voltage waveform is first sampled using an
oscilloscope. Based on sampling theory, the sampling rate is at
least twice of the highest concerned frequency. For conductive
EMI from 9 kHz to 30 MHz, the sample rate should be more
than 60 MSa/s. The sampled waveform is imported to MATLAB
for FFT to extract frequency, phase, and magnitude information
for all frequency components. In order not to lose the informa-
tion of each frequency component, a good frequency resolution
should be selected in FFT. Theoretically, the frequency resolu-
tion should be smaller than fs or fmd. In this paper, a 10 Hz
frequency resolution is selected in FFT that requires at least 0.1
s period of input signal.

The results of FFT are a series of sinusoidal signals with dif-
ferent frequencies, phases, and magnitudes. These signals are
fed to the IF filter. The initial value of fIF is equal to the starting
frequency fstart of the concerned frequency range from fstart

Fig. 8. Flowchart of EMI noise spectrum prediction algorithm.

to fend. Based on the proposed Gaussian function calibration
technique in Section II-A, the IF filter gain should have been ac-
curately characterized. To accurately predict EMI, all frequency
components passing through the IF filter should be included for
envelope detection. However, due to the limited bandwidth of
the IF filter in Figs. 3 and 4, the frequency components far from
the center frequency fIF will be greatly attenuated. On the other
hand, at the output of the IF filter, the frequency components out-
side of 6-dB bandwidth may still have high magnitudes so they
may not be ignored. Because the measurement uncertainty of the
spectrum analyzer used in this paper is 1.5 dB, it is unnecessary
to consider the frequency components outside of two RBW in
EMI prediction because at the boundary frequencies of 2 RBW,
the IF filter has around −20 dB attenuation and the frequency
components at the boundary frequencies of two RBW contribute
no more than 1.5 dB to the output of the IF filter if they have the
same magnitude as that at center frequency before feeding to the
IF filter. Two RBW is thus defined as the effective bandwidth of
the IF filters in this paper. The products of the Gaussian function
in (1) and the extracted frequency components from FFT, which
are sinusoidal functions, is the output of the IF filter.

The envelope can be calculated based on the frequency com-
ponents from the IF filter within the effective bandwidth from
(8). The peak value, quasi-peak value, and average values within
one or multiple periods can be calculated from (9), (10), and
(11). Usually, the data from one period is used for calculation
to achieve the fastest speed. In the next step, the whole process
will be repeated at frequency fIF = fIF +ΔfIF, where ΔfIF is
the desired frequency step, until the EMI within all concerned
frequency range is predicted.
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Fig. 9. (a) CPWM time-domain waveform (D = 0.6) and (b) its spectrum.

III. SIDEBAND AND RBW’S EFFECTS ON EMI MEASUREMENT

Based on the analysis in Section II, the RBW and the input
noise spectrum mostly determine the output waveform of the
envelope detector, which in turn determines the outputs of the
peak, quasi-peak, and average detectors. In EMI modeling for
power electronics systems, the non-linear power semiconductor
switches can be replaced with linear equivalent noise voltage or
current sources [1], [5]. Since EMI is generated from these noise
sources and the measured EMI on LISNs is determined by these
noise sources and the noise propagation network from the noise
sources to LISNs, it is necessary to investigate the relationship
between the spectrum of EMI noise sources and some commonly
used modulation schemes in power electronics systems based
on effective bandwidth 2 RBW. In this section, it will be proved
that FFT results are always smaller than, peak, quasi-peak, and
average values when multiple frequency components are within
the effective bandwidth. The differences between FFT results
and average values will be theoretically analyzed for CPWM in
dc/dc conversion and SPWM in ac/dc and dc/ac conversion. It
has been proved in Section II-C that, Vpeak ≥ Vquasi-peak ≥ Vave

and the equality holds only when the output voltage Vi of the
envelope detector is dc.

For simplification, the rising and falling time of the switching
waveform is assumed to be zero. This simplification will not
influence the harmonic frequency distribution.

A. Constant Pulsewidth Modulation

In Fig. 9(a), CPWM waveform has magnitude A, a fixed fre-
quency fs = 1/T and duty cycle D.

The spectrum in Fig. 9(b) can be derived in (12) and (13) in
terms of harmonic magnitude Mn and phase ϕn, where n is the
order of harmonics

Mn = 2AD

∣∣∣∣
sin(nπD)

nπD

∣∣∣∣ (12)

ϕn = ±nπD. (13)

For conductive EMI, the switching frequency is usually much
higher than the RBW in the EMI standard (200 Hz RBW
from 9 to 150 kHz, 9 kHz RBW from 150 kHz to 30 MHz).
If k = 2 RBW/fs ≤ 1, only single frequency component is
within the two RBW effective bandwidth of the IF filter in
Fig. 10(a). Because of this, the output time-domain waveform

Fig. 10. (a) IF filter has a smaller effective bandwidth than harmonic frequency
interval. (b) The envelope waveform.

Fig. 11. (a) IF filter has a larger effective bandwidth than harmonic frequency
interval. (b) IF filter output.

of the IF filter (before the envelope detector) has only one fre-
quency component as shown in Fig. 10(b). And because this
single frequency component has constant magnitude, based on
(8), the envelope Venvelope of the waveform is dc.

As analyzed previously, based on (9), (10), and (11) in
Section II, the peak, quasi-peak, and average values of a dc
envelope signal are equal, which means that these three mea-
surement results are equal when two RBW is smaller than the
switching frequency of the CPWM waveform. In this case, the
measurement results are also equal to FFT results because FFT
generates the spectrum of the magnitudes of all individual fre-
quency components. In a word, Vpeak = Vquasi-peak = Vave =
VFFT when k ≤ 1.

For radiated EMI, the RBW could be several times larger than
switching frequency (120 kHz RBW from 30 MHz to 1 GHz in
CISPR16), so multiple frequency components may be within
the two RBW effective bandwidth as in Fig. 11(a). Based on
(8), because the output of the IF filter contains multiple fre-
quency components, its envelope has both dc and ac as shown
in Fig. 11(b).

Since the envelope is periodic, if there are q number of fre-
quency components in 2 RBW, the average value (10) of the
envelope in (8) can be rewritten as (14), which contains only dc
component

Vave =

√∑q

i=1
A2

i . (14)

Equation (14) shows that the average value is determined by
the magnitude of the frequency components at the output of the
IF filter within 2 RBW. It should be noted that the frequency com-
ponents outside two RBW could be much larger than the center
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Fig. 12. Effects of the locations of frequency components on the measure-
ment result at center frequency. (a) Two large boundary signals’ effects on the
measurement result at center frequency. (b) One large boundary signal’s skirt
covers the small center frequency signal. (c) No frequency component at fIF.
(d) One frequency component at fIF.

frequency component, however, their influence to the measure-
ment result is limited. For example, in Fig. 12(a), the signal at
center frequency fIF2 of the IF filter has a magnitude of A. If
the signals at two RBW boundary has a magnitude of 3.55 A,
they will increase the output of the IF filter at fIF2 by 3 dB. Be-
cause the spectrum analyzer sweeps the frequency, the signals
at fIF1 and fIF3 will also be located at the center frequency of
the IF filter when they are swept. As a result, there will be two
noise peaks on the two sides of fIF2. They are 8 dB higher than
the signal at fIF2. This means that the measured spectrum will
have noise peaks at fIF1 and fIF3 and a noise valley at fIF2.
So, the signal at fIF2 is not important in noise diagnosis and
EMI filter design. This can also be proved by the measurement
in Fig. 12(b). When the frequency component (Marker 1) at the
boundary of the two RBW is 25 dB larger than the frequency
component (Marker 2) at center frequency, the measured EMI at
center frequency is smaller than the skirt of the measured EMI
at the boundary frequency.

The average value in (14) can be further calculated by (15),
whereMi is the magnitude of the ith harmonic in effective band-
width. Gi from (1) is the gain of the IF filter to ith harmonic.
Equation (15) indicates that average value at fIF will be al-
ways larger than FFT value if multiple frequency components
are within the effective 2 RBW

Vave−fIF =

√
(G1M1)

2 + · · ·+MfIF
2 + · · ·+ (GqMq)

2

> VFFT = MfIF. (15)

Parameter k can be used to characterize the difference between
the average and FFT value. A larger k means more frequency
components are in the 2 RBW, and it increases the average value
in (15). If k ≤ 1, there is only one frequency component in
2 RBW. If 1 < k ≤ 2, there may have one or two frequency
components in 2 RBW. When k is other values, it can be analyzed
similarly. It can be proved in (16), (17), (18), Figs. 12 (c), (d),

Fig. 13. Vave-fIF reaches the highest when there is a frequency component at
fIF.

and 13 that if the frequency components fed to the IF filter have
the identical magnitude A, the worst (highest) average Vave-fIF at
fIF happens when there is a frequency component at fIF. This
means if k ≤ 2, the worst EMI is equal to the Vave-fIF at fIF
when k ≤ 1. Two cases are illustrated when k = 3 in Fig. 12
(c) and (d). There is no frequency component at fIF in case 1 in
Fig. 12 (c) and there is a frequency component at fIF in case 2 in
Fig. 12 (d). Vave-fIF2 is higher in case 2 than Vave-fIF1 in case 1
as proved in (16). In (16), G( f ) is the IF filter gain defined in
(1). f is the frequency difference between fIF and the frequency
components. Fig. 13 shows Vave-fIF1, Vave-fIF2, and their ratio.
Vave-fIF reaches the highest when a frequency component is at
fIF as shown in (17), (18) and Fig. 13. If k > 3, the differences
between Vave-fIF1 and Vave-fIF2 is small so it can be ignored

Vave−fIF1 = A

√
2G2

(
1

3
RBW

)
+ 2G2(RBW )

= 1.043A < Vave−fIF2=A

√
1 + 2G2

(
2

3
RBW

)

= 1.0817A (16)

Vave−fIF1 = A

√
2
∑ k+1

2

i=1
e
−
(

c2(2i−1)2

k2

)
(17)

Vave−fIF2 = A

√
1 + 2

∑ k+1
2

i=1
e
−
(

c24i2

k2

)
. (18)

At the worst scenario, when there is a frequency component
at fIF, based on (12) and (15), the ratio of Vave-fIF/VFFT can
be calculated in Fig. 14 (a) in terms of k and duty cycle D.
Fig. 14(b) shows the FFT spectrum and the measured average
spectrum using a spectrum analyzer for a CPWM waveform at
fs = 1 kHz, D= 0.3 from a signal generator. From 9 to 150 kHz,
k = 2 × 200 Hz/1 kHz = 0.4. There is no difference between the
average and FFT result as expected previously. From 150 kHz
to 30 MHz, k = 2 × 9 kHz/1 kHz = 18, there is 4 dB difference
between the average and FFT result as predicted in Fig. 14 (a).
Based on Fig. 14 (a), if k > 6, the FFT result is more than
3 dB smaller than the average value, and based on the analysis
previously, it could be even much smaller than quasi-peak and
peak values, so the FFT result is considered inaccurate for EMI
prediction under this condition.
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Fig. 14. (a) Calculated Vave-fIF/VFFT as a function a D and k. (b) Measured
Vave-fIF and VFFT.

Fig. 15. (a) SPWM time-domain waveform. (b) Spectrum of the SPWM wave-
form.

In summary, when k> 2, Vpeak>Vquasi-peak>Vave>VFFT.
When k ≤ 2, Vpeak = Vquasi-peak = Vave = VFFT.

B. Sinusoidal Pulsewidth Modulation

SPWM waveform can have significant sideband effects be-
cause the duty cycle is modulated with a sine function, which has
modulation frequency fmd. The waveform of SPWM at switch-
ing frequency fs = 1/T is shown in Fig. 15 (a) and Fig. 15 (b)
shows the spectrum of the SPWM waveform.

The spectrum can be analyzed using double edge Fourier anal-
ysis [14]. Similar to CPWM waveforms, if k = 2 RBW/fmd >
2, the FFT results are smaller than the average values and the
envelope of the output of the IF filter is composed of a dc com-
ponent and ac components similar to that in Fig. 11(b) because
there are multiple frequency components within the effective
bandwidth two RBW of the IF filter.

The differences between FFT and the average value can be
derived based on (15) and the SPWM harmonic equations in
[14]. Fig. 16(a) shows the calculated differences in terms of
modulation index M when k = 300. Fig. 16 (b) shows exper-
imental results of a SPWM waveform at M = 0.7. From 9 to
150 kHz, k = 2 × 200 Hz/60 Hz = 6.67, there is 4 dB differ-
ence between Vave-fIF and VFFT. From 150 kHz to 30 MHz, k

Fig. 16. (a) Calculated Vave-fIF/VFFT as a function of modulation index.
(b) Measured Vave-fIF and VFFT of the SPWM waveform.

Fig. 17. (a) SFM time-domain waveform. (b) Spectrum.

= 2 × 9 kHz/60 Hz = 300, there is 16 dB difference between
Vave-fIF and VFFT compared with the predicted 19 dB difference
in Fig. 16 (a) at M = 0.7.

It has been proved above that conventional FFT results are
not the same as the measured EMI with a spectrum analyzer fol-
lowing EMI standards. It has been verified that the FFT results
are no more than the average EMI values in power electronics
applications. The differences between the FFT results and av-
erage values can be estimated with the theory developed in this
section.

C. Switching Frequency Modulation

SFM techniques [17], [18] are applied in power electronics
systems to spread the spectrum and reduce EMI noise. The duty
cycle of the SFM waveform remains constant in each switch-
ing period in Fig. 17(a), but the switching frequency fs is a
function of time. Different SFM strategies, such as sinusoidal
modulation, linear modulation, exponential modulation, random
modulation, and dc offset, are discussed in literatures [18]–[20],
[23] to reduce EMI. The sinusoidal modulation will be analyzed
here. Other modulations can be analyzed similarly.

For sinusoidal SFM, the switching frequency fs is given by

fs = fc +Δf sin(2πfmdt) (19)
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Fig. 18. First kind Bessel functions.

where fc is the center switching frequency, Δf is the frequency
deviation, and fmd is the modulation frequency. The spec-
trum for the harmonics around fc is shown in Fig. 17 (b).
β = Δf/fmd is modulation index. J is Bessel function. The
frequency interval of adjacent harmonics is fmd. The Carson’s
bandwidth BT , which is given by (20) includes ≥98% energy
based on Rayleigh’s energy theorem and Carson’s rule. The Car-
son’s bandwidth BT of the sideband of the nth-order switching
harmonics is nBT .

BT = 2 (Δf + fmd) . (20)

To reduce EMI, the energy within two RBW should be as
small as possible, so BT should meet condition (21)

BT � 2RBW. (21)

Furthermore, as analyzed previously, for SFM, because the
frequency distance between two adjacent frequency compo-
nents is fmd, if fmd is equal or larger than two RBW (k =
2 RBW/fmd ≤ 1), there is only one frequency component
within 2 RBW, the energy within two RBW is minimized. When
1 < k ≤ 2, as analyzed previously, if there is a frequency com-
ponent at fIF, EMI will be equal to that when k ≤ 1. If there is
no frequency component at fIF, there may have two frequency
components within 2 RBW, but EMI will be lower than that
when there is a frequency component at fIF. Because of this,
fmd should be chosen based on

k = 2RBW/fmd ≤ 2. (22)

Finally, if frequency deviation Δf increases, β will increase.
This can lead to a magnitude decreased Bessel function in
Fig. 18. As an example, it is shown in Fig. 18 that if β >
10 the noise spectrum in Fig. 17 (b) will have an approxi-
mate even distribution within J0, …, J10. This helps reduce
EMI.

The measured and calculated EMI attenuations for peak val-
ues by using SFM at fc = 100 kHz, k = 2, and fmd = 10 kHz
from conventional CPWM with fs = 100 kHz and D = 0.3 are
compared in Fig. 19 as a function of β when Δf changes. In
Fig. 19, the calculated matches the measured. Since k ≤ 2, peak
value = quasi-peak value = average value. It is shown that in-
creasing β can reduce EMI. It is also shown that the attenuation
tends to be saturated as β increases to above ten, which agrees
with Fig. 18.

Fig. 19. Comparison of calculated attenuation and measured attenuation with
different β.

Based the analysis above, to minimize EMI with SFM, the
following conditions should be met:

1) BT>>2 RBW to reduce the total energy within two RBW.
2) K ≤ 2 to reduce the number of frequency components

within two RBW.
3) β ≥ 10 to reduce the magnitudes of the frequency com-

ponents within two RBW.
If conditions 2) and 3) were met, the condition 1) will be

automatically met. If only part of these conditions were met, the
EMI may still be reduced but not minimized.

In summary, the FFT result will be equal to peak, quasi-peak,
and average values if k ≤ 2 and it will be smaller than peak,
quasi-peak, and average values if k > 2, where k = 2 RBW/fs
in CPWM case, andk = 2 RBW/fmd in SPWM and SFM cases.
Because a spectrum analyzer can only measure EMI at a limited
number of frequencies, the measurement results may miss some
noise spike information, so a small frequency step, for example,
RBW/4, is recommended to improve measurement accuracy.

IV. EXPERIMENTAL VERIFICATIONS

In this section, the proposed EMI prediction and analysis tech-
niques in Sections II and III will be evaluated in experiments.
The proposed technique takes a very short time to accurately
predict the peak, quasi-peak, and average values.

A. Experimental Verifications for CPWM Waveforms

Two experiments were conducted. In the first experiment, the
developed theory is validated with a CPWM waveform gener-
ated by a signal generator. In the 2nd experiment, the developed
theory is validated with a dc/dc boost converter. Fig. 20(a) shows
the 1st measurement setup. A signal generator generated two
CPWM waveforms with different frequencies, magnitudes, and
duty cycles as in Fig. 20 (b) and the waveforms were fed to a
spectrum analyzer.

Fig. 21 shows the comparison of the predicted and measured
EMI for CPWM waveform with 10 kHz frequency, 50% duty
cycle and 100 mV magnitude. The spectrum was measured us-
ing a RIGOL DSA800 spectrum analyzer based on CISPR16
RBW requirements. The time-domain waveform used for EMI
prediction is measured with the oscilloscope Rigol MSO4054
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Fig. 20. (a) CPWM spectrum measurement setup. (b) Time-domain wave-
forms.

Fig. 21. EMI comparison of the predicted, measured, and FFT results for
10 kHz CPWM waveform. (a) Peak value. (b) Quasi-peak value. (c) Average
value.

via a coaxial cable with 50 Ω characteristic impedance con-
nected between LISNs and the oscilloscope. The oscilloscope’s
input channel has 50 Ω input impedance, so there is no re-
flection or distortion on the measured signals. The background
noise of the Rigol MSO4054 oscilloscope is less than 15 dBμV
at 50 mV/div scale. At this scale, it can measure EMI at up
to 106 dBμV, so the background noise will not influence the
predicted EMI and the evaluation of the proposed technique.
The predicted matches the measured. Because the RBW is
200 Hz in band A (9–150 kHz) and 9 kHz in band B (150 kHz–
30 MHz), respectively, k = 2 RBW/fs ≤ 2. As analyzed in
Section III, peak, quasi-peak, and average values are all equal
to the FFT results. Since the spectrum of a fixed frequency
and fixed duty cycle waveform can be expressed in (12), the

Fig. 22. EMI comparison of the predicted, measured, and FFT results for 1 kHz
CPWM waveform. (a) Peak value. (b) Quasi-peak value. (c) Average value.

Fig. 23. Measurement setup for a dc–dc boost converter with CPWM.

peak value of the spectrum decreases at –20 dB/decade in both
band A and B.

When switching frequency is 1 kHz with 30% duty cycle and
200 mV magnitude in Fig. 22, in band A, k = 2 RBW/fs ≤ 2,
so the peak, quasi-peak, and average values are equal, but in
band B, k = 2 RBW/fs = 18 > 2, so peak > quasi-peak >
average > FFT result as analyzed in Section III. As a result, in
experiments, the measured EMI is discontinuous at the boundary
150 kHz between band A and band B (a 12 dB difference is
observed). The predicted matches the measured.

The proposed technique is further verified in a dc/dc boost
converter in the 2nd experiment. The measurement setup
is shown in Fig. 23. The boost converter has 12 V input
voltage, 15 V output voltage, and 23 W output power. The
duty cycle is 0.8 and switching frequency fs = 20 kHz. The
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Fig. 24. DM noise of a boost converter. (a) Peak value. (b) Quasi-peak value.
(c) Average value.

differential mode (DM) noise was separated with a noise
separator [24]–[26] from the total EMI noise on LISNs and fed
to the spectrum analyzer for EMI measurement. It should be
noted that DM/common mode (CM) separator is not necessary
in standard EMI measurement. In this paper, to demonstrate
the effectiveness of the proposed technique in EMI diagnosis,
a noise separator is used for measuring the DM noise of a
dc/dc converter and the noise of an ac/dc converter. The time
domain waveform used for EMI prediction is measured with
the oscilloscope Rigol MSO4054 via a coaxial cable with 50 Ω
characteristic impedance connected between LISNs and the
oscilloscope. As stated previously, because the oscilloscope’s
input impedance is 50 Ω, there is no reflection or distortion on
the measured signals. Fig. 24 (a), (b), and (c) compare the FFT,
the predicted and the measured EMI. Since k = 2 RBW/fs < 2
in both band A and B, peak value = quasi-peak value = average
value = FFT values. The difference between the predicted and
measured is less than 3 dB.

B. Experimental Verification for SPWM Waveforms

The developed theory for SPWM waveform is also veri-
fied with an ac/dc rectifier in Fig. 25. The ac/dc converter has
120 V/60 Hz input voltage, 300 V output dc voltage, 900 W
output power and fs = 10 kHz. The boost inductor L is 10
mH. Crec is the parasitic capacitance between the collectors

Fig. 25. (a) Measurement setup for SPWM waveform in an ac/dc rectifier
system. (b) The circuit topology.

TABLE III
SCAN TIME OF CISPR 16 EMI MEASUREMENT USING RIGOL DSA800

of insulated-gate bipolar transistors (IGBTs) and the grounded
heatsink. CP_rec and CN_rec are the parasitic capacitance be-
tween the dc bus and the grounded heatsink. The H-bridge op-
erated with SPWM at 60 Hz and equivalent fmd = 120 Hz for
CM noise due to the symmetrical operation of the two legs.
Two LISNs are located between the power grid and the recti-
fier for noise measurement. The CM noise was separated from
the total noise using a noise separator [24]–[26] and fed to the
spectrum analyzer. The time-domain waveform from the out-
put of the noise separator was saved to an oscilloscope for EMI
prediction.

Based on the saved time-domain waveform, the frequency,
magnitude, and initial phase information can be derived using
FFT. The EMI is predicted based on the proposed technique in
Sections II and III. It is compared with the FFT and the measured
results in Fig. 26. The predicted and measured match well.

In Fig. 26, for band A, because k = 3.3 > 2, FFT result is
smaller than peak, quasi-peak, and average values. In band B,
because k = 150 >> 2, FFT result is much smaller than peak,
quasi-peak, and average values.

In Table III, compared with actual time used in a standard EMI
measurement, the proposed technique can accurately predict the
peak, quasi-peak, and average values of the EMI noise simulta-
neously in less than 2 min in band A and less than 5 min in band
B. It saves a lot of time. Also, the proposed technique can be
implemented with an oscilloscope and a personal computer, so
it saves the expense of an expensive spectrum analyzer and give
engineers more freedom in EMI measurement and debugging.

C. Experimental Verification for SFM

The measured and predicted EMI are compared in Fig. 27
for SFM waveform with the same setup as in Fig. 20 (a). The
SFM voltage waveform has a modulation frequency fmd =
5 kHz, frequency deviation Δf = 50 kHz, center switching
frequency fc = 100 kHz, a modulation index β = Δf/fmd =
50 kHz/5 kHz = 10, 3.3 V magnitude, and 0.7 duty cycle.
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Fig. 26. CM noise of an ac/dc rectifier with SPWM. (a) Peak values.
(b) Quasi-peak values. (c) Average values.

In Fig. 27, for band A, k = 400 Hz/5 kHz = 0.08, so peak
value = quasi-peak value = average value = FFT results as pre-
dicted. There is more than 10 dB attenuation due to frequency
modulation, which spreads the EMI spectrum, compared with
CPWM waveform, which has an EMI spike at switching fre-
quency 100 kHz. In band B, k = 18 kHz/5 kHz = 3.6. Because
multiple frequency components are within 2 RBW, the EMI at-
tenuation due to using SFM is not as good as that in band A as
shown in Fig. 27 (a). At the same time, the FFT result is smaller
than the average values in Fig. 27 (c) as expected. In the three fig-
ures, the difference between the predicted and measured results
is less than 5 dB, which verifies the proposed EMI prediction
technique.

Compared with the measured EMI noise, the proposed tech-
nique can accurately predict the EMI although there is up to
3 dB difference at high frequencies. Several factors may lead to
the difference. First, the Rigol DSA800 has a measurement un-
certainty of 1.5 dB. Second, the number of the sampling points
on the envelope waveform influences the calculated results. In
this paper, 1000 sampling points are selected to achieve a bal-
ance between good calculation accuracy and calculation speed.
Third, the analog-digital conversion (ADC) resolution of the os-
cilloscope will influence the accuracy of the saved time-domain
waveform. The small signals may not be properly sampled due

Fig. 27. SFM EMI measurement results. (a) Peak values. (b) Quasi-peak
values. (c) Average values.

to the limited digital resolution of ADC. Moreover, the FFT
applied to the input time-domain waveform may also bring phase
error at high-order harmonics. The phase error will influence the
output of the IF filter and the detectors. However, since the dif-
ference between the calculation and measurement is small, it is
not an issue.

V. CONCLUSION

In this paper, the EMI prediction technique is developed based
on the operating principle of EMC spectrum analyzers. Com-
pared with existing literature, the IF filter and envelope detector
are accurately modeled. The EMI prediction procedure is pro-
posed based on time-domain waveforms. The effects of sideband
and effective RBW on the measured EMI are analyzed. The EMI
of CPWM, SPWM, and SFM are analyzed and compared with
FFT results. It is proved in this paper that the conventional FFT
results can be different from the measured peak, quasi-peak, and
average values using spectrum analyzer. The difference could be
significant if the parameter k = 2 RBW/fs or 2 RBW/fmd is
big. Generally, the FFT results are no more than the average
EMI values. Experiments were conducted to verify the devel-
oped EMI prediction and analysis techniques.
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