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Abstract—Switched-mode power converters generate electro-
magnetic emissions which may violate the limits specified in
the regulations. Spread-spectrum is an effective technique for
reducing the electromagnetic interference of switching devices.
The reduction of the magnitude of the first harmonic by the
spread-spectrum technique is mainly in focus in the literature.
In this paper, the impact on the higher-order harmonics and on
the radiated emissions is analyzed. A non-regulated synchronous
buck converter is used as a device under test. The radiated
emissions of the converter are calculated from the measurements
performed by a transverse electromagnetic cell and a hybrid
coupler. The measurements are performed for different values of
the parameters of the spread-spectrum technique and a reduction
of up to 5.7 dB is obtained.

Index Terms—electromagnetic compatibility, electromagnetic
interference, power conversion, switched-mode power supply,
transverse electromagnetic cell.

I. INTRODUCTION

Switched-mode power converters are sources of electromag-
netic interference (EMI) which is a result of the switching
operation and fast current changes (di/dt) and voltage changes
(dv/dt) [1], [2]. The levels of the generated EMI may violate
the limits specified in the regulations [3].

Spread-spectrum (SS) has been employed recently as an
effective technique for reducing the EMI of switching de-
vices [4]-[9]. All these papers use the SS to reduce in partic-
ular the magnitude of the EMI related to the first harmonic.
This may be a limitation since the latter may not be the
only spectral component violating the limits. For example,
the maximum value of the radiated emissions of synchronous
buck converters typically occurs in the frequency range from
50 to 300 MHz [10], although the switching frequency (i.e.
the frequency of the first harmonic) is typically not larger than
a few MHz.

In this paper, the impact of the SS technique on the
higher-order harmonics and on the radiated emissions of a
non-regulated synchronous buck converter is analyzed. The
SS is applied to the control signal of the converter. The
radiated emissions of the converter are calculated from the
equivalent model of dipole moments, which are extracted from

the measurements performed by a transverse electromagnetic
(TEM) cell and a hybrid coupler [11], [12]. The measurements
are performed for different parameters of the SS technique.

Section II describes the principle of operation of the SS
technique and its impact on the higher-order harmonics. Sec-
tion IIT presents the impact of applying the SS to the radiated
emissions of a synchronous buck converter. Section IV con-
cludes the paper.

II. SPREAD-SPECTRUM TECHNIQUES
A. Principle of Operation

The SS techniques aim at spreading the energy of a nar-
rowband signal by introducing new spectral components in
the frequency spectrum. Since the SS techniques conserve total
signal energy, their use is beneficial from the EM compatibility
point-of-view since the magnitudes of the spectral components
of the spread signal are smaller than those of the original one.

Among several possible SS techniques, the frequency mod-
ulation (FM) of a converter control signal (assumed to be a
clock signal with the frequency f;,,) is considered in this paper
and it is illustrated in Fig. 1. The parameters regulating the FM
are the frequency f,, of the modulation signal, the frequency
deviation Af and modulation function f(f,,). The frequency
of the modulated control signal is given by:

fsw7FM:fsw+Af'f(fm)- (D

The impact of the SS technique on the EMI spectrum
is determined by all three parameters of the FM. Most
of the energy of each harmonic of the original signal is
spread into the Carson’s bandwidth which is proportional to
Af [13]. The modulation function defines the shape of the
spectrum, while f,,, defines, for a periodic modulation law,
the separation of the spectral components. Increasing A f or
decreasing f,,, introduces more spectral components within the
Carson’s bandwidth, thus reducing the average magnitude of
these components. The modulation index m combines the two
parameters as:

m:Af/fm- (2)
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Fig. 1. Illustration of the FM: (a) one period of the converter control signal
and (b) the frequency of the converter control signal as a function of the
parameters of the FM (the triangular modulation function f(fp,) is shown).

B. Impact of the Spread-Spectrum Technique on Higher-Order
Harmonics

The frequency modulation of the converter control signal
produces the same result as if applying the FM with different
modulation parameters to each harmonic. More specifically, all
harmonics are modulated by the same modulation frequency
fm, while the frequency deviation of the n-th harmonic is
n times larger than Af of the fundamental frequency. Let
the equivalent frequency deviation Af, be defined as the
frequency deviation of the n-th harmonic, calculated as:

Af, =n-Af. 3)

The equivalent modulation index, i.e. the modulation index
seen by the n-th harmonic, can be calculated as:

Af. n-Af
St

The choice of Af is typically a trade-off. High values
maximize the impact of the SS technique. However, the upper
value of Af is always limited by the impact of the SS
technique on the other characteristics of the switching device
which can be tolerated for a specific application, such as the
efficiency and the ripple of the output voltage in the case of
synchronous buck converters.

Furthermore, increasing Af leads to the overlap of the
bands where the energy of higher-order harmonics is spread,
with a possible reduction in the spread spectrum effectiveness.
This occurs because the equivalent frequency deviation A f,,
increases linearly with the harmonic index, while the sepa-
ration of two adjacent harmonics is fixed and equal to fi,.
Referring to the generic n-th harmonic, the overlap may occur
both in the upper and lower frequency bands. The overlap
of the spreading bandwidth around the n-th harmonic and
around some lower ni-th harmonic (and, consequently, of the
bandwidth of all harmonics in between) occurs if the sum of
the equivalent frequency deviations is larger than the distance
between the two original harmonics, i.e.

n-Af+ny-Af>(Mn—n1)- fo- (5)

n-m. 4)

Mn

Equivalently, the overlap of the spreading bandwidth of the
n-th, some higher no-th harmonic and of all harmonics in
between occurs if:

nAf+n2AfZ<n2_n)fsw (6)
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Fig. 3. Top view of the PCB. The red circle indicates the position of the
radiating loop which is typically the dominant source of the radiated emissions
of synchronous buck converters.

Re-arranging (5) and (6) allows to compute the index of
the lowest overlapped harmonic n/*" and that of the highest
overlapped harmonic n*” for a given n, Af and f;,:

low __ fSW_Af
" [n'fstrAf]’ @
B

III. SYNCHRONOUS BUCK CONVERTER
A. Designed Converter

The converter analyzed in this paper is a non-regulated
synchronous buck converter, whose simplified schematic is
shown in Fig. 2. It is based on a NCP5369 controller which
integrates a low-side (LS) field effect transistor (FET), a high-
side (HS) FET, a digital control circuitry and a driving circuitry
in one 40-pin package. The pulse width modulation (PWM)
control signal is generated by an external generator applied to
the corresponding input pin of the NCP5369.

The converter is implemented on a 1.55-mm thick 2-layer
printed circuit board (PCB). All components are placed on the
top layer. The bottom layer is a solid ground plane. The input
decoupling network consists of four (1 pF, 10 pF, 22 pF and
100 pF) multilayer ceramic capacitors (MLCCs). The output
filter consists of one 1-uH inductor and three MLCCs (1 uF,
10 pF, 22 pF). The top view of the PCB is shown in Fig. 3.

The red circle in Fig. 3 indicates the position of a radiating
loop which is typically the dominant source of the radiated
emissions of synchronous buck converters [10], [14]. The
radiating loop is a consequence of the resonance in the input
decoupling network. The resonance occurs between the capac-
itance of the FET in the off-state and the parasitic inductance
of the input decoupling network L;py [10], [14].
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Fig. 4. Voltage of the switching node in the steady-state operation
(to >> 1/ fsw). A resonance, which is typically the dominant source of the
radiated emissions, can be seen at the rising edge.

The time-domain measurements are performed to validate
the operation of the converter. The voltage of the switching
node in the steady-state operation measured by a 300-MHz
bandwidth oscilloscope is shown in Fig. 4. The efficiency of
the converter is calculated from the measured data as:

Vour - Tour
= )
Vin - Iy

The SS technique is applied to the converter under the test
conditions as follows. The input voltage V;x is 6 V, the output
voltage Voyr is 1.8 V, the output current Ioyr of 3 A is set
by the electronic load, while the switching frequency fs, is
1.25 MHz. Under these conditions, the measured efficiency is
89.1%.

B. Calculation of the Radiated Emission

The analyzed converter is assumed to be an electrically
small antenna. Its radiation characteristics are modeled by 5
collocated orthogonal dipole moments' which are extracted
from the measurements performed exploiting the TEM cell
and hybrid coupler [11], [12] and using the measurement setup
shown in Fig. 5. The TEM cell is used as a near-field sensor
of the generated fields, while the hybrid coupler is used to
separate the contributions of the electric and magnetic dipole
moments.

Positioning the converter in the TEM cell as shown in Fig. 5
allows to extract one electric and one magnetic dipole moment
of the converter. The converter is rotated inside the TEM
cell in three orthogonal dipole positions to extract the other
dipole moments. The modular board system, which allows
to position the converters inside the TEM cell in different
positions, and the procedure for calculating the radiated fields
from the extracted dipole moments are described in [11], [12].

C. Impact of the Spread-Spectrum Technique

The analysis of the impact of the SS technique on the
radiated emissions of the converter is performed by applying
the modulation to the control signal. The modulation function
f(f,) is obtained through the same signal generator that
produces the control signal. The parameters of the applied

More specifically, 3 magnetic and 2 electric dipole moments are used since
the third electric dipole moment cannot be measured by the measurement setup
because of the dimensions of the TEM cell and PCB.
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Fig. 5. Schematic representation of the measurement setup for the extraction
of the dipole moments of the measured converter.

TABLE I
PARAMETERS OF THE APPLIED MODULATION.

Description Parameter Value
Modulation function f(fm) triangular
Modulation index m 1, 2, 5, 10, 20, 50, 100
Frequency deviation A f [kHz] 50, 100, 200

modulation are given in Table I. The parameters f,, and
Af are varied in the same range of values as in [7] and,
for simplicity, only the triangular modulating function is
considered here.

The measurements of the coupling to the TEM cell are
performed by an EMI receiver with a peak detector. These
measurements are used to calculate the radiated emissions
of the converter at a distance of 10 m. The calculated ra-
diated emissions before and after applying the SS technique
are shown in Fig. 6. The emissions after applying the SS
technique are shown for the parameters of the modulation
which give the largest reduction (Af = 200 kHz, m = 50).
The maximum value of the radiated emissions before applying
the SS technique is 13.8 dB uV/m at 121.25 MHz, i.e. at the
97th harmonic. The impact of the SS technique is evaluated
as the difference between the maximum value before and after
applying the SS and reported in Fig. 7 for different modulation
parameters.

The maximum reduction of the peak level of the first
harmonic in [7] is approximately 7, 9 and 11 dB for Af
equal to 50, 100 and 200 kHz, respectively. The level of
reduction increases with A f. Here, the maximum reduction
is approximately 6 dB for all three values of Af.

In other words, although the equivalent modulation index
is very large in these cases, the reduction is smaller than
in [7] because of two reasons. The first one is the overlap of
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Fig. 7. Impact for different parameters of the modulation evaluated as the
difference of the maximum value before and after applying the SS technique.

the spreading bandwidth of the higher-order harmonics, which
limits the effectiveness of the SS technique. The indexes of
the lowest and highest harmonics whose spreading bandwidth
is overlapping with the one of the 97th harmonic for Af of
50, 100 and 200 kHz calculated by (7) and (8) are given in
Table II. The second reason is a different resolution bandwidth
(RBW) used for the measurements of conducted and radiated
emissions. The RBW is equal to 9 kHz for the conducted,
while it is equal to 120 kHz for the radiated emissions [3].
As well known, RBW defines the separation of two harmonics
which can be resolved by the EMI receiver, and, consequently,
it determines how effective the SS can potentially be. A
smaller RBW means that more spectral components can be
used to spread the energy of the harmonic. Considering the
values of the RBW, the SS technique is therefore potentially
more effective in reducing the conducted than in reducing the
radiated emissions.

Despite this and despite the fact that 63 harmonics are
overlapped (for A f = 200 kHz), the SS technique reduces the

TABLE 11
INDEXES OF THE HARMONICS WHOSE SPREADING BANDWIDTH
OVERLAPS WITH THE ONE FOR n = 97.

radiated emission of the designed synchronous buck converter
by up to 5.7 dB.

IV. CONCLUSION

The impact of the SS technique on the radiated emissions of
a synchronous buck converter is analyzed. The converter op-
erates at the switching frequency of 1.25 MHz. The maximum
value of the radiated emissions occurs at 121.25 MHz, which
is the 97th harmonic. For the frequency deviation of 200 kHz,
the 97th harmonic is overlapped with 62 adjacent harmonics.
This limits the effectiveness of the SS technique in reducing
the radiated emissions. Despite the overlap, the reduction of
up to 5.7 dB is obtained.
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