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Abstract—In this paper, it is theoretically shown and experi-
mentally verified that operation of switch-mode power supplies in
burst mode (BM) results in lower audible noise than operation
in frequency-foldback mode (FFM). However, the selection of the
switching frequency in a burst package can have a significant im-
pact on the audible noise. In both BM and FFM, the audible noise
can be reduced by decreasing the peak value of current pulses
and proportionally increasing the burst frequency in BM and the
switching frequency in FFM. In BM, the audible noise can be
further reduced if instead of increasing the burst frequency, the
number of burst pulses is increased without changing the burst
frequency. The presented BM and FFM audible noise analyses are
experimentally verified on a dc–dc boost test circuit.

Index Terms—Audible noise, burst mode (BM), constant-
percentage-bandwidth (CPB) analysis, fast-Fourier-transform
(FFT) analysis, Fourier analysis, frequency-foldback mode (FFM),
magnetic components, sound pressure level (SPL).

I. INTRODUCTION

TO meet the challenging efficiency requirements of today’s
power supplies in the entire load range [1], [2], the switch-

ing frequency at light loads and no load needs to be reduced.
This can be achieved by employing cycle skipping, also called
burst-mode (BM) operation [3]–[7], or by continuously decreas-
ing the switching frequency as the load decreases, also called
frequency-foldback mode (FFM) operation [8], [9]. However,
reducing the switching frequency or operating in BM may cause
audible noise if the switching frequency or the burst frequency
falls in the audible range (20 Hz–20 kHz).

The main sources of audible noise in switched-mode power
supplies are cooling fans and magnetic components, such as
transformers, input-filter inductors, and power-factor-correction
chokes. In today’s power supplies that employ fan speed con-
trol, the fan noise caused by the air turbulence generated by the
fins is dominant at heavy and medium loads, i.e., at loads above
approximately 20–40% of full load. As a result, the noise gen-
erated by magnetic components is not a concern at these loads.
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However, at lighter loads, with a reduced fan speed, the noise
generated by magnetic components may become a design issue.
In fact, audible noise is especially undesirable in external ac–dc
power supplies (adapters/chargers) for portable electronics be-
cause these adapters are usually placed close to the user. Since
adapters do not have a cooling fan, the only source of audible
noise is the mechanical vibration of the magnetic components.

Generally, audible noise produced by magnetic components
can be attributed to three different excitation mechanisms, as
described in [10], [11]. In magnetic components with an airgap,
the dominant source of the audible noise is the Maxwell force in
the airgap, which is proportional to the square of the magnetic
flux density [10]. The second most dominant part of the noise
is caused by magnetization of the core, assumed to arise from
magnetostriction, where the core dimensions change when sub-
jected to an applied magnetic field. Magnetostriction can cause
a mechanical interaction between the core and the windings that
leads to vibrations [11]. The magnetostrictive forces are also
proportional to the square of the magnetic flux density. The
third part of the magnetic-component noise is caused by elec-
tromagnetic forces created by the magnetic field of the currents
in the component’s windings (Lorentz forces) [11].

Methods for reducing the magnetic-components-related au-
dible noise in switch-mode converters can be divided into me-
chanical and electrical methods. The mechanical approaches are
based on techniques that prevent or damp vibrations by mechan-
ical means, such as varnishing, gluing, and potting. While these
methods are successful in some applications, generally, they are
undesirable since they involve extra manufacturing steps and,
therefore, increase the cost. Electrical methods of controlling
audible noise are preferred since they are more successful and
cost effective.

Different electrical methods for audible-noise reduction in
switch-mode converters caused by magnetic components are
available in the literature for both operation in BM [12]–[14]
and operation in FFM [15]–[17]. However, a comparison of the
audible noise caused by operation in BM and operation in FFM
has not been addressed in the literature.

This paper presents, for the first time, a comprehensive the-
oretical and experimental comparison of audible performance
of the BM and FFM operations. It has been theoretically shown
and experimentally verified that the operation in BM results in
lower audible noise than the operation in FFM. In both BM and
FFM, audible noise can be reduced by decreasing the peak value
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Fig. 1. DC–DC boost converter test circuit.

Fig. 2. Magnetic flux density in (a) BM operation (fsw = 25 kHz, Tr =
Tf = 20 μs, fBurst = 400 Hz, NBurst = 5, Bm ax ,norm = 1), (b) FFM op-
eration (fsw = 2 kHz, Tr = Tf = 20 μs, Bm ax ,norm = 1).

of the current pulses and proportionally increasing the burst fre-
quency in BM and the switching frequency in FFM. In BM, the
audible noise can be further reduced if instead of increasing the
burst frequency, the number of burst pulses is increased without
changing the burst frequency.

II. COMPARISON METHODOLOGY

The audible noise study of BM and FFM operations was
carried out on a dc–dc boost converter test circuit shown in
Fig. 1. However, it should be noted that conclusions of this study
can be extended to any other nonisolated or isolated topology.

As the audible noise produced by magnetic components is
proportional to the square of the magnetic flux density, as ex-
plained in Section I, the comparison of audible noise in BM and
FFM operations is performed by analyzing the frequency spec-
trum of the square of the magnetic flux density in the inductor
core. Recognizing that at light loads the inductor current is dis-
continuous and that the magnetic flux density is proportional to
the current, the magnetic flux density in the inductor core is tri-
angular. Fig. 2(a) and (b) shows typical magnetic flux densities
for the BM and FFM operations, respectively. To perform the
comparison at the same current (power) levels, the magnitudes
and frequencies of the triangular waveforms in Fig. 2(a) and (b)
are selected so that their average values over the shown burst
period of TBurst = 2.5 ms are the same, i.e., the total area of the
triangles in BM and FFM operations is adjusted to be the same.

The frequency spectra of the square value of the triangular mag-
netic flux densities in Fig. 2(a) and (b) are shown in Fig. 3(a)
and (b), respectively. These frequency spectra are obtained by
using Fourier analysis as explained in the Appendix. As can be
seen from Fig. 3(a), the five-pulse BM spectrum exhibits five
lobes each with the frequency span of 5 kHz, i.e.,

fsw

NBurst
=

25 kHz
5

= 5 kHz (1)

with the 0–5-kHz base lobe as the most dominant and the 20–
25-kHz side lobe, which in this example is outside the audio
frequency range, as the next dominant. The magnitudes of the
frequency components between 5 and 20 kHz are significantly
smaller than those in the two most dominant lobes. On the
other hand, the FFM spectrum, shown in Fig. 3(b), is more uni-
form in magnitude. Specifically, the magnitude of the 20-kHz
component is only 27.2% lower than twice the dc component.
According to the analysis given in the Appendix, i.e., expres-
sion (A.26), the magnitude of the frequency components in BM
operation with five pulses is [1 + 2cos(ωT0) + 2cos(2ωT0)] /5
times smaller than the magnitudes in the corresponding FFM
operation.

The rms value of the frequency components of the BM spec-
trum in Fig. 3(a) and FFM spectrum in Fig. 3(b) inside the
audible range (20 Hz–20 kHz) is obtained as

B2
BM−rmsAR =

√
√
√
√

49∑

n=1

[B2
BM(n fsw )]2 = 0.131 (2)

and

B2
FFM−rmsAR =

√
√
√
√

9∑

n=1

[B2
FFM(nfsw )]2 = 0.146 (3)

respectively, so that the ratio of the rms values of the frequency
components of the BM and FFM spectra inside the audible range
is

B2
BM−rmsAR

B2
FFM−rmsAR

= 0.9. (4)

As the magnitude of the frequency components of the BM
spectrum in Fig. 3(a) is significantly smaller than the magnitude
of the frequency components of the FFM spectrum in Fig. 3(b),
and taking into account (4), it can be predicted that operation in
BM will result in lower audible noise than operation in FFM.
This conclusion is generalized by the theoretical analysis given
in the Appendix.

It should be noted in Fig. 3(a) that the selection of the switch-
ing frequency can have a significant impact on the audible noise.
By selecting fsw = 25 kHz, the dominant lobe around fsw is
completely outside the audible range. However, if, for exam-
ple, fsw = 20 kHz were selected, the lower half of the dominant
lobe around fsw would be inside the audible range, as illustrated
in Fig. 4, resulting in elevated audible noise. As shown in the
Appendix, to move the dominant switching-frequency lobe out-
side the audible range, the switching frequency and the number
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(a)

(b)

Fig. 3. Frequency spectrum of square value of triangular magnetic flux density in (a) BM operation (fsw = 25 kHz, Tr = Tf = 20 μs, fBurst = 400 Hz,
NBurst = 5, Bm ax ,n orm = 1), (b) FFM operation (fsw = 2 kHz, Tr = Tf = 20 μs, Bm ax ,norm = 1).

Fig. 4. Frequency spectrum of square value of triangular magnetic flux density in BM operation (fsw = 20 kHz, Tr = Tf = 20 μs, fBurst = 400 Hz,
NBurst = 5, Bm ax ,norm = 1).

of burst pulses need to be selected so that

Nburst − 1
Nburst

· fsw ≤ 20 kHz. (5)

III. AUDIBLE NOISE MEASUREMENTS

The audible noise is measured as the “A” weighted sound
pressure level (SPL) relative to 20 μPa, which is the lower
threshold of the human perception of sound [18], i.e.,

LpA [dB(A)] = 20 log
p

20 μPa
+ LwA [dB] (6)

where p is the measured sound pressure in μPa before weighting
and LwA is the transfer function of the “A” weighting network
employed to compensate the characteristic of the human ear,
which is nonlinearly sensitive to different frequencies. In fact,
the transfer function of the “A” weighting network is approx-
imately equal to the inverted equal loudness level contour of
the human ear at a lower SPL (40 phon). The measured SPL
after “A” weighting is converted into the frequency domain by
using fast-Fourier-transform (FFT), as shown in Figs. 5(a) and
6(a). Instead of using the results of the FFT analysis for audible-

noise comparison, it is more convenient to use the results of the
so-called constant-percentage-bandwidth (CPB) analysis [18],
shown in Figs. 5(b) and 6(b). The CPB analysis is performed
by dividing the audible range into 1/3-octave bands. In each
1/3-octave band, based on the FFT spectrum, the rms value of
the “A” weighted sound pressure is determined and plotted as a
function of the band center frequency. In Figs. 5(b) and 6(b), in
addition to the measured CPB spectrum, typical audible noise
limits for power supplies are also shown. In fact, in the absence
of any audible noise agency specifications, many power-supply
manufacturing companies have defined their own internal spec-
ifications.

The audible noise was measured by using the PULSE 3560C
system from Bruel & Kjaer (B& K). The B& K 4190 micro-
phone was used. The measurement was performed in a 45 cm ×
45 cm × 65 cm anechoic chamber. The audible noise measure-
ment methods are specified in [19].

The FFT and CPB spectra in Figs. 5 and 6 represent the
measured audible noise produced by operation in BM and FFM,
respectively, corresponding to Figs. 2(a) and 2(b). It should be
noted that the FFT spectrum in Figs. 5(a) and 6(a) is in good
agreement with the BM and FFM spectrum in Figs. 3(a) and
3(b), respectively. For example, the four 5-kHz lobes inside the
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Fig. 5. Measured audible noise produced by operation in BM corresponding to Fig. 2(a): (a) FFT spectrum, (b) CPB spectrum and audible-noise limits.

Fig. 6. Measured audible noise produced by operation in FFM corresponding to Fig. 2(b). (a) FFT spectrum, (b) CPB spectrum and audible-noise limits.

audible range in the BM spectrum in Fig. 3(a) can be easily
recognized in the corresponding FFT spectrum in Fig. 5(a).

Comparing the magnitude of the frequency components in
the FFT spectrum in Figs. 5(a) and 6(a), it can be concluded
that the operation in BM results in lower audible noise than the

operation in FFM. A more obvious quantitative comparison can
be obtained by comparing the CPB spectrum in Fig. 5(b) and
6(b). In the two worst cases, the magnitude of the CPB spectrum
in Fig. 5(b) is above the audible-noise limits by 8 dB(A) at
3.15 kHz and by 7 dB(A) at 12.5 kHz, whereas the magnitude
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(a)

(b)

(c)

Fig. 7. Magnetic flux density in (a) BM operation (fsw = 25 kHz, Tr =
Tf = 10 μs, fBurst = 1600 Hz, NBurst = 5, Bm ax ,norm = 0.5), (b) FFM
operation (fsw = 8 kHz, Tr = Tf = 10 μs, Bm ax ,norm = 0.5), (c) BM op-
eration (fsw = 25 kHz, Tr = Tf = 10 μs, fBurst = 400 Hz, NBurst = 20,
Bm ax ,norm = 0.5).

of the CPB spectrum in Fig. 6(b) is above the audible-noise
limits by 12.5 dB(A) at 6.3 kHz and by 16 dB(A) at 12.5 kHz.

In both BM and FFM operations, the audible noise can be
reduced by decreasing the peak value of the current pulses, i.e.,
the peak value of the magnetic flux density, and proportion-
ally increasing the burst frequency in BM and the switching
frequency in FFM in order to keep the same average current
(power) levels. For example, by decreasing twice the peak value
of the magnetic flux density, and increasing four times the burst
frequency in BM operation (fBurst = 1600 Hz) and the switch-
ing frequency in FFM operation (fsw = 8 kHz), as shown in
Fig. 7(a) and (b), respectively, the audible noise will be signif-
icantly reduced. The frequency spectrum of the square value
of the triangular magnetic flux densities in Fig. 7(a) and (b)
is shown in Fig. 8(a) and (b), respectively. The corresponding
audible noise measurements are presented in Fig. 9(a) and (b).
By comparing the BM spectra in Figs. 3(a) and 8(a), it can be
seen that the peak magnitude of the frequency components in
each 5-kHz lobe inside the audible range in Fig. 8(a) is approxi-
mately one half of the magnitude of the corresponding frequency
components in Fig. 3(a). The rms value of the frequency compo-
nents inside the audible range in Fig. 8(a) is reduced to 0.0288
from 0.131 in Fig. 3(a), i.e. 4.5 times. Similarly, by compar-
ing the FFM spectra in Fig. 3(b) and Fig. 8(b), it can be seen
that the magnitude of the frequency components in Fig. 8(b) is
approximately one half of the magnitude of the corresponding
frequency components in Fig. 3(b), whereby the rms value of the
frequency components inside the audible range in Fig. 8(b) is
reduced to 0.0366 from 0.146 in Fig. 3(b), i.e. four times. From
these comparisons, it can be predicted that both BM and FFM
operations with decreased peak value of the current pulses and
proportionally increased burst frequency in BM and switching
frequency in FFM will result in reduced audible noise. Specif-
ically, by comparing the audible noise measurements in BM

operation in Figs. 5(b) and 9(a), it can be seen that the CPB
spectrum in Fig. 9(a) is below the audible noise limits except at
3.15 kHz, where it is equal to the limit, unlike the CPB spec-
trum in Fig. 5(b), which is mostly above the audible noise limits
in the frequency range above 2 kHz. Similarly, by comparing
the audible noise measurements in FFM operation in Figs. 6(b)
and 9(b), it can be seen that the CPB spectrum in Fig. 9(b) is
below the audible noise limits except at 8 kHz, where it is above
the limit by 3.4 dB(A), whereas the CPB spectrum in Fig. 6(b)
is mostly well above the audible noise limits in the frequency
range above 3.125 kHz.

In BM operation, the audible noise can be further reduced if
instead of increasing the burst frequency, the number of burst
pulses is increased without changing the burst frequency. Fol-
lowing the example from above, by increasing the number of
burst pulses four times (NBurst = 20), without changing the
burst frequency (fBurst = 400 Hz), as shown in Fig. 7(c), the
audible noise is further reduced, as shown in Fig. 9(c) com-
pared to Fig. 9(a). It should be noted that the CPB spectrum
of BM operation in Fig. 9(c) meets the audible noise limits
with a margin of approximately 10 dB(A). The frequency spec-
trum of the square value of the triangular magnetic flux density
in Fig. 7(c) is shown in Fig. 8(c). It can be easily seen that
the magnitude of the frequency components above 1.6 kHz in
Fig. 8(a) is significantly larger than the magnitude of the corre-
sponding frequency components in Fig. 8(c). The rms value of
the frequency components inside the audible range in Fig. 8(a)
is reduced from 0.0288 to 0.0279 in Fig. 8(c), i.e., slightly more
than 3%.

Finally, it should be noted that a digital implementation
of control, which has been increasingly employed in today’s
switch-mode power supplies, enables easy and precise control
of the burst frequency and the number of burst pulses.

IV. CONCLUSION

In this paper, it is theoretically shown that the operation of
switch-mode power supplies in BM (BM) results in lower au-
dible noise than operation in FFM. However, proper selection
of the switching frequency in a burst package is critical for
achieving low audible noise.

Because the audible noise produced by magnetic components
is proportional to the square of the magnetic flux density, the
comparison of audible noise in BM and FFM operations is
performed by analyzing the frequency spectrum of the square
of the magnetic flux densities.

In both BM and FFM operations, the audible noise can be
reduced by decreasing the peak value of the current pulses and
proportionally increasing the burst frequency in BM and the
switching frequency in FFM. In BM, the audible noise can be
further reduced if instead of increasing the burst frequency, the
number of burst pulses is increased without changing the burst
frequency.

The presented BM and FFM audible noise analysis is exper-
imentally verified on a dc–dc boost test circuit. However, the
conclusion of this analysis can be extended to any switch-mode
power supply with isolated or nonisolated topology.
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Fig. 8. Frequency spectrum of square value of triangular magnetic flux density in (a) BM operation (fsw = 25 kHz, Tr = Tf = 10 μs, fBurst = 1600 Hz,
NBurst = 5, Bm ax ,norm = 0.5), (b) FFM operation (fsw = 8 kHz, Tr = Tf = 10 μs, Bm ax ,norm = 0.5), (c) BM operation (fsw = 25 kHz, Tr = Tf = 10
μs, fBurst = 400 Hz, NBurst = 20, Bm ax ,norm = 0.5).

APPENDIX

DERIVATIONS OF FREQUENCY SPECTRA FOR FFM
AND BM OPERATIONS

Generally, the frequency spectrum of a periodic signal x(t) =
x(t + T0) with even symmetry x(−t) = x(t) can be obtained
from the Fourier series [20]

x(t) = a0 +
∞∑

n=1

ancos(nω0t) · dt (A.1)

where

a0 =
2
T0

∫ T0 /2

0
x(t) · dt (A.2)

and

an =
4
T0

∫ T0 /2

0
x(t) · cos(nω0t) · dt (A.3)

are the Fourier coefficients, which determine the spectral com-
ponents. The magnitude of the nth spectral component is

An = |an |. (A.4)

The spectral components of signal x(t) can also be obtained
from the Fourier transform of the corresponding aperiodic
signal [20]

xAP (t) =

{

x(t), |t| ≤ T0/2

0, |t| > T0/2
(A.5)

defined as

X(ω) =
∫ ∞

−∞
xAP (t) · e−jω t · dt =

∫ T0 /2

−T0 /2
x(t) · e−jω t · dt

(A.6)
so that

A0 =
1
T0

X(ω)
∣
∣
∣
∣ ω = 0 (A.7)

and

An =
2
T0

|X(ω)|ω = nω0 for n ≥ 1 (A.8)

which means that the spectral components of signal x(t) can
be represented as equally spaced samples of Fourier transform
X(ω).

Using the properties of the Fourier transform [20], a detailed
analysis of the frequency spectra of the square value of the
triangular magnetic flux densities in FFM and BM operations
can be performed.

A. Frequency Spectrum of Squared Triangular Pulse Train

The frequency spectrum of the square value of the triangular
pulse train xsq.tri(t), shown in Fig. A1(c), can be derived from
the frequency spectrum of the rectangular pulse train xrect(t),
shown in Fig. A1(a), which is defined over the fundamental
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Fig. 9. Measured audible noise produced by operation in (a) BM (fsw = 25 kHz, Tr = Tf = 10 μs, fBurst = 1600 Hz, NBurst = 5, Bm ax ,norm = 0.5),
(b) FFM (fsw = 8 kHz, Tr = Tf = 10 μs, Bm ax ,norm = 0.5), (c) BM (fsw = 25 kHz, Tr = Tf = 10 μs, fBurst = 400 Hz, NBurst = 20,
Bm ax ,norm = 0.5).

Fig. A1. Pulse trains (a) rectangular pulse train, (b) triangular pulse train,
(c) squared triangular pulse train.

period |t| ≤ T0/2 as

xrect(t) =

⎧

⎨

⎩

√

2Xpk

τ
= const, |t| ≤ τ/4

0, τ/4 < |t| ≤ T0/2.
(A.9)

First, the frequency spectrum of the triangular pulse train
xtri(t), shown in Fig. A1(b), is considered. The triangular pulse
train xtri(t) in Fig. A1(b) is defined over the fundamental period
|t| ≤ T0/2 as

xtri(t) =

{

Xpk

(

1 − |t|
τ /2

)

, |t| ≤ τ/2

0, τ/2 < |t| ≤ T0/2.
(A.10)

It should be noted that the triangular pulse train xtri(t) can
be obtained by the convolution of two rectangular pulse trains
xrect(t), i.e.,

xtri(t) = xrect(t) ∗ xrect(t) =
∫ ∞

−∞
xrect(u) · xrect(t − u) · du.

(A.11)
From (A.9) and (A.11), the peak value of the triangular pulse

train is obtained as

xtri(t = 0) =
∫ ∞

−∞
(xrect(u))2 · du =

(√

2Xpk

τ

)2

· τ

2
= Xpk .

(A.12)
Using the convolution property of the Fourier transform that

states that the convolution of two signals in the time domain
corresponds to the product of their Fourier transforms in the
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Fig. A2. Fourier transform of (a) rectangular pulse train, (b) triangular pulse
train, (c) squared triangular pulse train.

frequency domain [20], it follows that

xtri(t) = xrect(t) ∗ xrect(t) =
∫ ∞

−∞
xrect(u) · xrect(t − u) · du

↔ Xrect(ω) · Xrect(ω) = Xtri(ω) (A.13)

i.e., the Fourier transform of a triangular pulse train is equal
to the square of the Fourier transform of the corresponding
rectangular pulse train. The Fourier transform of a rectangular
pulse train has the shape of a sinc function [20], as shown in
Fig. A2(a). Therefore, the Fourier transform of the correspond-
ing triangular pulse train has the shape of the (sinc)2 function,
as shown in Fig. A2(b). Specifically, the Fourier transform of
the rectangular pulse train xrect(t) in Fig. A1(a) is obtained as

Xrect(ω) =
√

Xpk · τ

2
· sinc

(ωτ

4

)

(A.14)

where

sinc (u) =
sin(u)

u
. (A.15)

Then, the Fourier transform of the triangular pulse train xtri(t)
in Fig. A1(b) is obtained as

Xtri(ω) = Xpk · τ

2
·
[

sinc
(ωτ

4

)]2
. (A.16)

Finally, the Fourier transform of the squared triangular pulse
train xsq.tri(t) in Fig. A1(c), which is defined over the funda-

Fig. A3. Modeling of burst-mode operation (a) train of bursts of pulses,
(b) synthesis of train of bursts of pulses in (a) by time-shifted pulse trains.

mental period |t| ≤ T0/2 as

xsq.tri(t) =

⎧

⎨

⎩

X2
pk

(

1 − |t|
τ/2

)2

, |t| ≤ τ/2

0, τ/2 < |t| ≤ T0/2
(A.17)

can be obtained by using the multiplication property of the
Fourier transform that states that the product of two signals in
the time domain corresponds to the convolution of their Fourier
transforms in the frequency domain [20], i.e.,

xsq.tri(t) = xtri(t) · xtri(t) ↔ Xtri(ω) ∗ Xtri(ω)

=
1
2π

∫ ∞

−∞
Xtri(z) · Xtri(ω − z) · dz

= Xsq.tri(ω). (A.18)

The Fourier transform of the squared triangular pulse train
xsq.tri(t) is shown in Fig. A2(c).

B. Frequency Spectrum of Squared Triangular Pulse Train
With BM

The squared triangular pulses train with BM, shown in
Fig. A3(a) (for simplicity, a burst contains only three pulses), is
defined over the fundamental period |t| ≤ TBurst/2 as

xburst.sq.tri(t) =

{

xsq.tri(t), |t| ≤ T0 + τ/2

0, T0 + τ/2 < |t| ≤ TBurst/2.
(A.19)

The burst train in Fig. A3(a) can be represented as the sum of
three time-shifted pulse trains, shown in Fig. A3(b), i.e.,

xburst.sq.tri(t) =
1∑

k=−1

xsq.tri(t − kT0) (A.20)
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Fig. A4. Burst pattern spectrum BPk (ω) for: (a) three, (b) four, and (c) five
pulses in a burst of pulses.

where

xsq.tri(t) = xsq.tri(t + TBurst). (A.21)

The frequency spectrum of the burst train xburst.sq.tri(t) can
be obtained from the spectrum of the pulse train xsq.tri(t) by
using the time-shifting property of the Fourier transform [20]

x(t − T0) ↔ X(ω) · e−jωT0 (A.22)

so that for the three-pulse burst

Xburst.sq.tri(ω) = Xsq.tri(ω) ·
(

1 + ejωT0 + e−jωT0
)

.
(A.23)

The second term which multiplies the frequency spectrum
Xsq.tri(ω) in (A.23) models the effect of the burst pattern. We
will call this term burst pattern function and label BPk (ω). For
the three-pulse burst, BP3(ω) can be simplified as

BP3(ω) = 1 + ejωT0 + e−jωT0 = 1 + 2cos(ωT0). (A.24)

The magnitude of the level shifted cosine function in (A.24)
is presented in Fig. A4(a). As can be seen in Fig. A4(a), the
magnitude of BP3(f) over one period exhibits three lobes of
equal frequency spans

ΔfBP3 =
1
3
· 1
T0

=
1
3
f0 (A.25)

i.e., the number of lobes is equal to the number of pulses in a
burst.

Fig. A5. Comparison between FFM- and BM-operation spectra: (a) nor-
malized Fourier transform of squared triangular pulse train (FFM operation),
(b) normalized burst-pattern spectrum BP5 (ω)/5 corresponding to five burst
pulses, (c) normalized Fourier transform of squared triangular pulse train with
burst mode. To facilitate direct comparison, plot of normalized Fourier transform
of squared triangular pulse train for FFM operation shown in (a) is superimposed
(dashed line) to the corresponding plot for BM operation in (c).

Generalizing (A23) and (A24), the burst pattern function
BPk (ω) that modifies the pulse-train spectrum is given by

BPk (ω) =

⎧

⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

1 + 2
k−1

2∑

m=1
cos(m · ωT0) k = 2m + 1

for odd number of burst pulses

2
k
2∑

m=1
cos(m · ω T0

2 ) k = 2m

for even number of burst pulses.
(A.26)

BPk (ω) defined in (A26) exhibits k lobes with frequency
spans

ΔfBPk =
1
k
· 1
T0

=
1
k

f0 . (A.27)

It should be noted that at zero frequency BPk (0) = k, i.e.,
BPk (0) is numerically equal to the number of burst pulses. To
further facilitate the analysis, plots of BP4(ω) and BP5(ω) are
presented in Fig. A4(b) and (c), respectively.

As can be seen from Fig. A4(a)–(c), the magnitude of the
outer lobes, i.e., those corresponding to zero frequency and
signal frequency f0 = 1/T0 , is significantly higher than that of
the inner lobes. Therefore, to minimize the audible noise, the
high-magnitude signal-frequency lobe should be kept outside
the audible range, i.e., should appear at frequencies >20 kHz.
According to Figs. A4(a)–(c), this can be achieved if signal
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frequency f0 and number of burst pulses k are selected so that

k − 1
k

· 1
T0

=
k − 1

k
f0 ≤ 20 kHz. (A.28)

Using general definition of BPk (ω) in (A.26), the Fourier
transform of the squared triangular pulse train with burst mode
in (A.23) can be generalized as

Xburst.sq.tri(ω) = Xsq.tri(ω) · BPk (ω) (A.29)

.
Finally, by normalization to the values at zero frequency

Xburst.sq.tri(0) = Xsq.tri(0) · BPk (0) = Xsq.tri(0) · k
(A.30)

it can be obtained that

Xburst.sq.tri(ω)
Xburst.sq.tri(0)

=
Xsq.tri(ω)
Xsq.tri(0)

· BPk (ω)
k

. (A.31)

From (A.31), it can be seen that the normalized Fourier
transform Xburst.sq.tri(ω)/Xburst.sq.tri(0), which represents
the burst-mode operation spectrum, is lower than the corre-
sponding normalized Fourier transform Xsq.tri(ω)/Xsq.tri(0),
which represents the FFM-operation spectrum, since BPk (ω)/
k < 1. This conclusion is illustrated in Fig. A5 for five-pulse
burst operation. It should be noted that for 1/T0 = 25 kHz, the
Fourier transforms in Fig. A5(a) and (c) correspond to the en-
velope of the frequency spectra of the magnetic flux densities
in FFM operation in Fig. 3(b) and BM operation in Fig. 3(a),
respectively.
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