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Abstract—We here consider the most common technique used
in spread spectrum clock generators, that is the frequency
modulation of a timing signal by means of a triangularly shaped
waveform. As a first step, we develop a reliable mathematical
model of a spectrum analyzer, which allows us to compute the
power spectrum as measured by this instrument for any signal
put at its input. This is particularly important when considering
spread spectrum clocking methods for electromagnetic interfer-
ence reduction, since international regulations impose constraints
on the peak of the spectrum of interfering signals as measured by
this instrument. Thanks to the developed mathematical tool, we
are able to theoretically prove that the maximum peak reduction
of the measured spectrum is achieved for a well defined frequency
of the triangular driving signal. This is in contrast with what
one can obtain by optimizing the theoretical power density
spectrum, where the minimum interference is ideally obtained
when the triangular signal has a vanishing frequency. Results are
confirmed by measurements on two commercial DC/DC switching
converters.

Index Terms—EMI reduction, Spread Spectrum Clock Gener-
ator, Spectrum analyzer, Triangular Frequency Modulation.

I. INTRODUCTION

HE reduction of Electro-Magnetic Interference (EMI) in

electronic systems is an inherent problem in all modern
equipments, as evidenced by the presence of many regulations
[1,2] which link Electro-Magnetic Compatibility (EMC) with
the ability to fit the interfering power spectrum level under
a prescribed mask. One of the classes of circuits which is
more affected by this problem is that of DC/DC switching
converters, where the presence of rapidly changing high-
power signals may generate severe radiated or conducted
interferences within the converter itself (i.e., the EMI source)
and in other nearby circuits (EMI victims) [3].

In the design of this class of circuits, some solutions
to mitigate EMI problems are always adopted [4—6]. EMC
regulations require that the interfering signal power spectrum
fits below a predetermined mask, i.e., that its peak level does
not exceed a given value. Therefore, precautions based on
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Fig. 1. When a narrow-band EMI source signal frequency matches with the
EMI victim sensitivity frequency, a large amount of power is transferred,
with a probability of a failure in the EMI victim. Spreading the EMI source
signal in a bandwidth larger than the victim sensitivity bandwidth reduces the
transferred power to the victim and the probability of a failure, with an EMC
improvement.

a proper layout of the circuit are frequently adopted aiming
at reshaping the radiated and/or conducted power spectrum
by effectively reducing its overall power. This includes using
power supply filters, avoiding sharp transients by a proper
snubbers design, or reducing the antenna factor by clever high-
power lines routing. All these solutions are extremely efficient
in the reductions of peaks at high frequencies, while the
effectiveness at low frequencies may be much more limited.

We here concentrate on a different solution, first proposed
in [7] and known as dithering, or spread spectrum clocking,
which has attracted increasing attention in the last decade.

This technique can be applied to any synchronous DC/DC
converter (i.e., to converter that synchronizes switching ac-
tivities with a fixed frequency clock) as well as any other
synchronous digital circuit, and can be considered as an
additional and complementary EMI reduction methodology
with respect to those mentioned above.

The main idea grounding this technique can be explained
referring to Figure 1. To this aim, let us consider a synchronous
DC/DC converter operating at steady state. In this setting, both
radiated and conducted emissions have discrete narrow-band
power spectra, with components at the switching frequency
and its harmonics. If, by means of a Spread Spectrum Clock
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Fig. 2. Comparison between the power spectrum of a spread spectrum sinusoidal signal, measured with (a): an Agilent/HP35670A DSA; and (b): an
Agilent/HP8563E analog spectrum analyzer. Two test signals have been considered, which are frequency modulated clock with a triangular driving signal,
both with p = 0.02, and respectively with m = 100 and m = 1000. The power level of the first harmonic in the unmodulated case is, respectively, 0 dBVrms

and 0 dBm.

Generator (SSCG), we introduce a controlled jitter in the
reference timing signal, the periodic behavior of the converter
can be avoided. In this way, the conducted/radiated power
spectrum is altered, and the power of any spectral component
is spread over a bandwidth which depends on the jitter charac-
teristics, thus reducing the peak of the interfering spectrum as
sketched in Figure 1. Under the widely accepted assumption
that EMI victims can be modeled as narrow-band filters, this
technique helps reducing the transferred power in the worst
case scenario, i.e., when the source emitting frequency is
exactly located in one of the victim sensitivity frequency
ranges, with obvious beneficial effects on the victim [8].

In recent years spread spectrum techniques have been used
in many applications, ranging from class D amplifiers [9, 10] to
microprocessor clock generators [7, 11-15], even to electronic
ballasts [16] and LCD display panels [17]. It has been also
adopted in some recent communication protocols like the
Serial ATA [18-21], the Display Port [22] and the PCI Express
[23]. In DC/DC switching converters this technique has been
widely studied [24-31] and even applied to industrial products
[32,33] to achieve an additional EMI reduction at the cost of
a very small increment of the output ripple [34].

In almost all above examples (excluding [30,31] which
employ a period modulation), spread spectrum clocking is
achieved by means of a frequency modulation of the reference
timing signal. More formally, and limiting ourselves to a
simple sinusoidal signal s(t), one has

s(t) = Ag cos (27cht + 27rAf/t f(T)dT) (1)

where f. is the carrier frequency, Af is the frequency deviation
and —1 < £(t) < 1 is the normalized driving signal. The
total power of this signal is Ay? /2 and it is approximately
spread [35] in the Carson’s bandwidth [f. — Af, f. + Af].
Roughly speaking, in a frequency modulation we are changing
the instantaneous signal frequency from f.— Af (when £(t) =
—1) to fo+Af (when £(t) = 1) linearly with £(¢). For a more

complex signal such as a clock or even the interfering signal
radiated or conducted by a synchronous DC/DC converter it is
easy to understand that changing the instantaneous frequency
is equivalent to apply (1) to each harmonic, with the only
difference that the nth harmonic is spread within a bandwidth
of amplitude 2mAf [35].

Despite the fact that many different driving signals have
been proposed (for example, a chaotic signal in [11,19,29],
a pseudo-random signal in [10,36], and an optimized an
patented one in [7, 13]), we will consider in this paper only
the most simple and common approach in which £(¢) is a
triangular waveform with frequency f,, = /7. The advantage
of this solution is that, assuming that both the modulation
index m = Af/f, and the frequency resolution! R of the
measurement instrument are large enough, the spectrum of
(1), despite being actually discrete, looks continuous and
approximately flat in the Carson’s bandwidth. This represents
the optimum behavior in terms of EMI reduction, since no
peaks in the power spectrum are present.

A first aim of this paper is to reveal an important issue
in most of the SSCGs’ related literature when EMI measure-
ments results are presented. In fact, regulations require that
measurements are taken with an EMI receiver (that is, an
analog spectrum analyzer with some additional options) and
with a prescribed setting, which are, however, rarely employed
in spread spectrum clocking literature (as, for example, in
[17,26]). On the contrary, quite often one computes the
theoretical spectrum by means of Fourier signal analysis with
a Dynamic Signal Analyzer (DSA) (as in [27,29]). Sometimes
the type of instrument used is not even specified [9, 16].

The use of the standard measuring setting prescribed by reg-
ulations is very important since the measured power spectrum
is strongly dependent on it. As an example, let us consider
Figure 2, which depicts the power spectrum of a frequency

'R is defined as the minimum distance between two spectrum components
which can be correctly resolved.
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modulated sinusoidal signal® using a triangular waveform as
driving signal. Figure 2(a) shows the measurements of two
spectra, for m = 100 and m = 1000, obtained using an
Agilent/HP35670A DSA. In Figure 2(b), the same measure-
ments are taken with an Agilent/HP8563E analog spectrum
analyzer. In both instruments the normalized frequency reso-
lution p = R/Ar has been set to 0.02 and the frequency range
has been chosen to evaluate the power spectrum in the same
interval in terms of normalized frequency range® f/Af.

In this setting the two instruments measure the same normal-
ized signal, so that the power spectrum shown in Figure 2(a)
and in Figure 2(b) should be identical and, as highlighted in
Section II, theoretically independent of m.

On the contrary, notice that the level of the power spectrum
measured in Figure 2(b):

« is much higher with respect to what shown in Figure 2(a);
o depends on m. In the figure the higher the m, the larger
the measured power.

The above observation gives also rise to a design problem,
since a spread spectrum system should be optimized according
to the spectrum measured in the EMI regulations setting and
not to the theoretical one.

To approach this issue, in this paper we propose a mathemat-
ical model for the EMI receiver which allows us to compute
the optimum working point for a triangular-modulation-based
spread spectrum clocking system when measurements are
taken with EMI regulation settings. This ensures that all efforts
in designing EMC compliant systems are actually effective to
pass EMC tests. Furthermore, by assuming that the behavior of
EMI victims is better described by the measurement settings
required by international regulation with respect to the com-
putation of the theoretical spectrum, this would also increase
the actual EMC of the designed system.

The paper is organized as follows. In Section II we com-
pute the theoretical power spectrum of the SSCG output
signal when a triangular modulation is employed, as well
as its optimum working point. In Section III, we propose
a mathematical model for the EMI receiver and use it to
compute the spectrum of the interference measured by this
instrument (the mathematical details of this derivation are
reported in a separate appendix). We also show how the
optimization of the EMI according to this model leads to a
very different optimization point with respect to the previous
case. In Section IV we show some spectrum measurements
for two commercial DC/DC switching converters, while in
Section V we propose some cases studies showing that the
proposed optimization is not usually considered in commercial
products. Finally, we draw the conclusion.

2This could be of course the first harmonic of any interfering signal.

3Note that, due to the different frequency ranges in which these two
instruments can work, as it will be explained in Section II and Section III,
it would be difficult to compare two measurements achieved on the same
frequency range. This is the reason why we chose the setting of the instruments
so that they measure the same normalized signal.

II. THEORETICAL POWER SPECTRUM OF THE TRIANGULAR
MODULATION

Let ¢ be the (normalized) triangular driving signal

1+4r —3<7<0
t 1
f(t)ng(T—k), g(r)=q1—47 0<7<35
k 0 elsewhere

By using the standard signal analitical representation approach
[37], the modulated tone in Equation (1) can be rewritten as

s(t) = Ag Re (eﬂﬂ(fctw S &mdf)) = Re (/27 3(1))
(2)

where the complex envelope 5(¢) is implicitly defined. The
link between the (bilateral) power spectrum S(f) of s(¢) and
the base-band power spectrum Sp(f) of 5(t) is

S =S~ f)EiSe--f) O

so that the analysis of 3(¢) is enough to characterize S(f).
Note that the total power of 5(t) is Ag?, that is also the peak
level of Sp(f) when considering the unmodulated case, for
which §(t) = Ay.

By defining

(1+27)7 —%<TSO
(1-27)7 0<7<3

0 elsewhere

6 = [ " g(0)dc =

— 00

5(t) can be rewritten as
5(t) = Aoej27r AfTY, G(&—k) _ Aoej27rmzk G(%—k) (4)

i.e., 5(t) is periodic with period T, and can be expressed as
the complex Fourier series

oo

j2rkt
E cpe T

k=—o0

where coefficients cj are real, and given by

T
2 .
e IR 5()dt =

_ Ao
k= T J

2

0
:AO/ efj27rk:’r€j27rm(1+2‘r)'rd7_+ 5)
—1/2

1/2
+AO / 67j27rk7—€j27rm(1727—)7d7'
0

The above integrals can be easily computed in a closed
form using the error function and its complementary over the
complex number set. Furthermore, by recalling the relation
between these functions and the Fresnel functions [38], we
can express (5) as

Cr = \//;OT”COS Cr(ﬂi;Lk)Q) (C (m;nli) +C (mTerk)) *

i (55587) s (32) - o22)
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where C and S are respectively the FesnelC and FresnelS
functions. Therefore, Sg(f) is discrete, with components of
power c? at frequencies +k/T), that is

S

k=—o0

Se(f) = (6)

where 0 is the classical Dirac’s distribution.

The expression (6) needs to be used in (3) to get the actual
signal power spectrum, which has to be compared with the
ones measured with a DSA and shown in Figure 2(a).

Before doing so, some consideration are in order. The DSA
is based on the Discrete Fourier Transform (DFT) of the sam-
pled input signal [39], which makes it capable of measuring
a spectrum that is very similar to the theoretical one. Yet,
unfortunately, the requirement of an high-precision sampling
makes the instrument able to correctly operate only on very
low frequency signals. Furthermore, the exact measurement
of Sp(f) is possible only when the instrument resolution R
is vanishing. If this condition does not hold the instrument
measures only an approximation Sz (f) of Sp(f), which even
appears as a continuous spectrum when R is larger than the
distance between two consecutive spectral components of the
input signal, i.e., if R > 1/T or p > 1/m.

This is confirmed by the measurements shown in Fig-
ure 2(a), for which the sampling frequency is 204.8 kHz, the
frequency deviation Af is 25kHz, the number of lines (i.e.
points in the DFT) is 400, so that R = 512 Hz and p ~ 0.02.
As it can be seen, for m = 100, the harmonics present in
(6) are still partially identifiable, while for m = 1000 the
measured spectrum appears to be continuous.

More formally, let us define with H(f) the normalized
measuring low-pass filter (i.e., with pass-band —1/2 < f < 1/2)
so that S%;(f) is given by the discrete convolution

© 2

Sp(f) = Se(f)« H/m) = Y & |H (M)

k=—o00 7
s 2
- St ()

which depends only on m, on the normalized resolution p
defined as R/af, and on the normalized frequency p = f/Af.
By using m and p as in Figure 2 and a Gaussian shaped H (f),
we get the normalized spectra drawn in Figure 3. These spectra
match very well with the corresponding ones in Figure 2(a).
The peak level of the power spectrum measured with the
DSA is given by the function max; S (f), an example of
which has been depicted in Figure 4 as a function of m for a
few values of p. As already suggested by Figure 2(a) and 3,
the peak level reduction increases with m up to a saturation
level which depends on p. Note that this curve is similar to
the one presented in [26], where the saturation effect due to

the finite normalized resolution p was not considered.
Interestingly enough, the saturation level reached in Figure 4
can be easily computed under the simplifying assumption of
a measuring filter H(f) with rectangular shape. In this case,
when computing Sz (f) as in (7), we have a non-vanishing
contribution only from the spectral components such that
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Fig. 3. Normalized spectrum S (f/Af) /Ao? according to the theoretical
power spectrum measured with a finite resolution, plotted for m = 100 and
for m = 1000, and by setting a normalized resolution p = 0.02. These
parameters are the same used in Figure 2.

Relative peak level [dB]

Fig. 4. Relative peak level of the power spectrum of a triangular modulation
(the 0 dB reference level is the unmodulated case) according to the theoretical
power spectrum computed in (7). In accordance with the empirical observa-
tions of Figure 2, the EMI reduction increases with m, up to the saturation
level 101log (p/2).

|WT_f| < i ie., |k— mAif\ < m§. Saturation occurs when
the number mp of these components is large enough. Fur-
thermore, we consider the additional simplifying assumptions
of a flat spectrum in the Carson’s bandwidth and vanishing
outside it. In this setting, the value of the coefficients c; can
be computed considering that in the bandwidth [—Af, Af]
there are 2m spectral lines, each equally spaced by f,,, and
that ", ¢ = Ap”. The actual value of each c? coefficient
depend on k, but, using the first assumption, since the spectral
components are estimated through an (averaging) measuring
filter, when mp is large enough, we may replace the actual
value of ¢} with its average value Gz2 = Ao?/(2m) for
|k| < m and O otherwise. With this (7) becomes:

Sy (f) = zm: aQ‘H(i’“/’"—pf/Af)rw

k=—m

This value is in perfect agreement with the one observed both
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Fig. 5. Sweeping filter model for a spectrum analyzer

in Figure 3 and in Figure 4.

III. EMI-RECEIVER BASED POWER SPECTRUM OF THE
TRIANGULAR MODULATION

Despite its theoretical interest, the curve of Figure 4 is not
the correct tool to achieve optimal EMI reduction since all
regulations require that measurements are performed with an
EMI receiver instead of a DSA.

To cope with this, we need to obtain an optimization curve
based on the actual EMI receiver measurements. To do so,
let us refer to the simplified model of the spectrum analyzer
shown in Figure 5.

The core of the instrument is a tunable band-pass filter
whose bandwidth represents the resolution R of the receiver
(and is therefore called the Resolution Bandwidth — RBW —
of the instrument) whose center frequency is fy, and whose

transfer function can be expressed as H (f%%) +H (_f%f“)

The value S’(fo) of the measured power spectrum of the input
signal at the generic frequency fj is achieved by tuning the
RBW filter central frequency to it and by measuring the power
of the filtered signal. More specifically, the filtered signal
is demodulated by an envelope detector and then analyzed
by the so-called peak detector, which performs the actual
power estimation. The central frequency f; is slowly and
continuously moved, by means of a sweep signal generator,
to analyze all the frequencies in the range of interest. This
approach is known as sweeping filter.

To derive the mathematical model of the instrument, let us
assume that fj is constant so that we can consider the system
as time-invariant. Let us indicate with sy (t) the signal filtered
by the RBW filter, and with §5 () its analytical representation.
An ideal envelope detector extracts the absolute value |5 (¢)],
and the peak detector estimates the signal power from this
function. For the sake of simplicity we consider the positive
peak detector, which computes S’(fy) as the power of a
sinousoidal signal whose amplitude is equal to the maximum
observed value of 5g(t), i.e., referring to a bilateral spectrum

S'(fo) =S"(—fo) = —=LE iH(t)|2

In order to use a notation similar to the previous case, let us
introduce the spectrum S’ (fo) such that S (fo) = S (fo —
f.) = max; |55 (t)|>. This spectrum, for which an equation
in the form of (3) still holds, can be directly compared to the
base-band spectrum computed in Section II.

Note that the proposed model has two small differences
with respect to a real spectrum analyzer. First, since high-
quality tunable filters are very difficult to realize, hardware
implementations are based on a frequency translation of the
input signal similarly to what happens in a superheterodyne
receiver (sweeping signal approach). This has however no
effect on our considerations, since the high-level model of
the system remains the same. Second, EMC regulations allow
the use of both the positive peak detector and of the quasi-
peak detector, which is designed to make an intermitting
disturbance signal more tolerable than a fixed one. However,
the latter detector is strongly non-linear and we will not
consider its possible adoption in our model, since it would
make the analytic analysis intractable without substantially
altering the main result we will achieve.

Based on the above considerations, S (fo) can be obtained
using a closed form expression for §g(¢), which has to be
computed as the convolution between the analytical represen-
tation §(¢) of the input signal s(¢) and the impulse response
hp(t) of the base-band equivalent of the RBW filter, whose

transfer function is given by Hp(fo) = H f;}_f() .
Let us consider the typical four-pole, nearly-Gaussian-shape
filter used in Agilent/HP Spectrum Analyzers [40], for which

\H(f)]* = % (8)

(1 (/m)?)

1
h =—F—t that th t-off fi
where vg BT =T o ensure that the cut-off frequency

according to a —3dB definition is 1/2, ie., |H {/2)|°= 1/2.
Since the filter transfer function satisfies the non-distortion
conditions, we may assume without loss of generality that
H(f) is real so that the impulse response of the base-band
filter can be computed as

R 3 ~
_ TV €j27rfgt6727rU0R|t\ (1+27TVOR|t|) (9)

hp(t) 5

In this way

Sult) = / S(7) his(t — 7)dr
that, using (4) and (9), can be expressed using the normalized
function §x(7) = Sy (7T) which depends only on 7 = /T
and on the parameters m, p and fo/af, and whose expression
is reported in Appendix A.

Hence, one can obtain the measured spectrum by recalling
that

S(fo) = max |5y (1)| = max 5y (7)] (10)

Despite cumbersome and quite complex, the achieved ex-
pression for S%z(fo) can be easily evaluated numerically
to achieve spectra that can be compared with the ones of
Figure 2(b), measured with R = 1kHz and Af = 50kHz,
i.e., p = 0.02. Pluging these parameters in (10) we get the
two spectra of Figure 6, which are in perfect agreement with
the measured ones.

As in the previous case, we can numerically evaluate the
function maxj Sp( fo) to obtain an optimization curve to
maximize EMC when interference is measured using an EMI
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proposed EMI receiver model, plotted for p = 0.02, m = 100 and for
p = 0.02, m = 1000. These parameters are the same used in Figure 2.
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Fig. 7. Peak level (the 0 dB reference level is the unmodulated case) of the
triangular modulation power spectrum according to proposed EMI receiver
model.

receiver. Results can be seen in Figure 7, and show that
the EMI reduction does not increase monotonically with m.
Rather, there is an optimum value of m for which maximum
EMI reduction is achieved. For larger values of m, the EMI
reduction decreases to 0 dB, that is, no reduction is achieved
with respect to the unmodulated case. This corresponds to the
intuition that, assuming a very slow driving signal (i.e., 7" long
and m high), the modulated signal appears to be very similar to
a single tone to the instruments, which consequently estimates
its power as the one of an unmodulated sinusoid. Note that
this is in accordance with the plots reported in Figures 2
and 6 which show an increase of the spectrum peak level for
increasing values of m.

IV. APPLICATION OF THE TRIANGULAR MODULATION TO
DC/DC SWITCHING CONVERTERS

The aim of this section is to apply to synchronous DC/DC
switching converters the procedure developed so far for the
EMI optimization according to measurements taken with an
analog spectrum analyzer. As shown in the following, in-
dependently of the converter architecture, when applying a
spread spectrum to the reference clock controlling the Pulse
Width Modulation (PWM) signal generator, we are changing

Submitted to IEEE TRANSACTION ON POWER ELECTRONICS

the instantaneous frequency of all components in the power
spectrum of any internal and potentially interfering signal thus
modulating them as discussed in the previous sections.

Note also that some parameters in DC/DC switching con-
verters are actually fixed by design constraints, and cannot
be used for the proposed optimization. For example, the
maximum instantaneous switching frequency f. + Af may
be set by the speed of the switches, or possibly by a bound
on the converter efficiency. Similarly, the lower instantaneous
frequency f. — Af could be set by a constraint on the
output ripple. These constraints usually fix the value of Af.
Furthermore, the instrument resolution R is set by standard
regulations. Conversely, the value of f,,, does not usually suffer
from similar constraints and can be considered a degree of
freedom to be used to optimize the EMI reduction in the
system. If we also consider that varying f,,, has a negligible
impact on other converter performance such as ripple [34], the
EMI reduction optimization based on the proper tuning of f,,
can be considered extremely appealing.

In the following we present two case studies among com-
mercially available DC/DC switching converters. Assuming
that circuital constraints fix the value for Af and that R
is given by regulations, we will look for the f,, value that
optimizes EMI reduction according to our theoretical model,
and we will verify this by direct measurements. From a
mathematical point of view, this is equivalent to fix the p
value and look for the optimum value of m. Of course,
since each harmonic of the radiated or conducted power
spectrum presents different m and p indexes, the optimum
EMI reduction can be guaranteed for a single harmonic only.
We will focus on the first one, which is typically the harmonic
with the largest power and the highest probability to cause a
failure in a victim.

The first case study is the TT LM3424 evaluation board [41].
This board embeds a PWM controller specifically designed
for LED drivers, i.e., it has a constant output current (more
precisely, 1 A output), a quite large ripple (about 100 mV) and
it is designed in a boost configuration. During measurement,
this board has been loaded by a 22€) power resistor. The
second one is a TI LM5088-1 evaluation board [32]. which
is constructed to achieve a constant output voltage of 5V
for generic applications. The board is designed as a buck
converter, and the ripple is quite limited (about 10mV).
During measurement, this board has been loaded by a 15 W
light bulb.

Both boards accept a synchronization input signal. This
feature has been exploited to introduce spread spectrum, driv-
ing the boards with an Agilent/HP33220A arbitrary function
generator implementing a triangular-based frequency modu-
lated clock. The reason why we show measurements on these
two boards is to prove the generality of our approach. The
two boards in fact embed two DC/DC controllers which are
almost completely different in topology (boost vs buck), in the
feedback control loop (current feedback for constant output
current vs voltage feedback for constant output voltage) and
in target application (application specific — LED — vs generic).
However, in both boards EMI measurements fit very well with
expected results.
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Fig. 8. Measurements setup for the LM3424 evaluation board, showing the
board itself, the passive load and the HP11941A close-field probe. The close-

filed probe is directly connected with a 502 cable to the HP8546A EMI
receiver.

Emissions from the boards have been measured by means
of an HP11941A close-field probe, connected to an HP8546A,
which is a spectrum analyzer certified for EMI measurements.
The close-field probe has been placed in proximity of the board
inductor, which turned out to be the major source of electro-
magnetic radiations. As an example, the EMI measurement
setup for the LM3424 is shown in Figure 8.

For the first board, we have set f. = 1 MHz and Af =
100 kHz, while for the second f. = 500kHz and Af =
50kHz. According to regulations [3], for frequencies in this
range the 9kHz EMI filter must be selected on the EMI
receiver. Since EMI filters are defined in terms of their —6 dB
bandwidth, and assuming a four-pole nearly Gaussian shape
also in this case, Equation (8) can still be applied by setting
vy = Z\/ﬁ, which results in a —3dB bandwidth of
approximately 6.08 kHz.

By considering this adjustment, we get p ~ 0.06 for the
first case and p ~ 0.12 for the second one. By looking at
the optimization curves for these values, the optimum value
for m is around 10 with an EMI reduction around 9dB in
the first case, and an optimum value for m around 6 in the
second one, with an expected EMI reduction of 7dB. The
achieved optimum m value corresponds to a triangular driving
frequency which is in both cases around 8 kHz.

Figure 9(a) shows the theoretical optimization curve and the
measured one for the two considered converters. The measured
curve approximates very well the theoretical one in the two
cases, and both the optimum m value and the expected EMI
reduction are confirmed by measurements. We want to stress
that this optimization is achieved at no cost for other converter
parameters. As an example, we show in Figure 9(b) how
the output ripple is affected by changing m value (i.e., by
changing f,, value). As it can be seen, in both cases the ripple
is almost constant for all the considered range.

Finally, we show two detailed measurements, one for each
converter. Figure 10 shows the comparison between the mea-
sured power spectrum in the neighborhood of the switching
frequency in the unmodulated case (i.e., with spread spectrum
disabled) and the triangular modulated one with the optimum
modulation frequency f,,, = 8 kHz for the LM3424 board. As

LMS5088, p = 0.12 -------
LM3424, p = 0.06 ——
)
=
)
B
=
g
2
E
2-10 |
-15 1 .
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m
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LM5088 -------
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(=)
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Fig. 9. (a): comparison between the theoretically expected EMI reduction
for the two considered DC/DC switching converters (dotted lines) and the
measured one for different values of m; and (b) measured ripple for the two
converters for different values of m. Measurements for m < 3 (LM5088)
or m < 6 (LM3424) are not taken due to limitations in the Agilent 33220A
generator.

it can be seen, the measured EMI reduction is 8.4 dB, which
is in very good agreement with the theoretical expectation.
Figure 11 shows the output ripple measured in the LM5088
board for three different f,,, frequencies. Very small changes
between the three cases can be observed, thus experimentally
confirming the very weak dependence on f,, of the output
ripple.

V. CASE STUDY FOR THE TRIANGULAR MODULATION

All major semiconductor companies commercialize several
spread-spectrum clock generators. In the majority of the cases
many spreading parameters are not explicitly mentioned, mak-
ing it impossible to perform a comprehensive comparison of
their EMI reduction performance. Yet, we are able to show that
several of them could benefit of the parameter optimization
procedure developed in this paper.

As a first example, let us take the already considered
LM5088-1 by Texas Instruments. This PWM controller fea-
tures a built-in +5% frequency dithering function though an
internally generated triangular signal to reduce the conducted
and radiated EMI. Despite the fact that modulation parameters
can be set in a wide range, from direct measurements on
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Fig. 11. Ripple measurements for the LM5088 evaluation board, at three
different values of triangular driving signal frequency fp,.

a LM5088 Evaluation Board [32], we got f. ~ 250kHz,
Af ~ 8kHz and T = 550us (i.e., m ~ 4.5). For this
operating frequency, regulations require to use R = 9kHz
so (considering the RBW filter correction factor) p ~ 0.74.
Figure 12 shows (upper trace, solid line) the optimization
curve for this set of parameters and the circuit operating
point in the parameter space, from which one can immediately
achieve that the measured EMI reduction is very small in this
particular setting. On the contrary, by using m =~ 1.5 one
would get an approximately 2.5 dB additional EMI reduction.

ON Semiconductors offers P6P82PSO1A, a companion IC
that can be dropped-in on to the frequency control node
in a PWM controller to introduce spread spectrum. In the
case study presented in the datasheet [33] and based on the
TPS54317 evaluation board clocked at 1 MHz, test settings
include a +20% spreading (i.e., Af = 200kHz), f,, =
25kHz and, even if not explicitly indicated, we can assume
R = 9kHz. According to this, we get p ~ 0.03 and m = 8,
so that we expect an EMI reduction of approximatively 8 dB
(see point P6P82PSO1A in Figure 12), that is very similar to
the one measured by ON and indicated in [33] for the first
harmonic. By increasing the modulation index to m ~ 11, we
would get an approximately 5.5 dB additional EMI reduction.

Extending this survey also to SSCGs not specifically de-
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signed for DC/DC converter applications, many commercial
products may also be considered. For basically all of them,
very few data on the modulation parameters are available in the
datasheets. Moreover, the common criterion when designing a
triangular or periodic modulation based SSCG is to fix the
triangular frequency f,, just outside the audible frequency
range.

For example, all Cypress devices employ a particular
patented modulation known as Hershey-Kiss modulation [13],
which is quite similar to the triangular one, and whose
performances in terms of EMI reduction are slightly better
than the ones given by a triangular profile, but for which we
can assume that the analysis in Section III still holds. If we
look at the example in the CY25561 datasheet [14], we can
find a typical application employing a 65 MHz clock generator
with a 3.1% spreading (i.e., Af ~ 1MHz). For such a
frequency, the 120 KHz EMI filter must be used to measure the
spectrum, which is equivalent to a 81 kHz standard RBW filter.
In this case p =~ 0.075. The frequency of the driving signal
is 27.9KHz, i.e., m ~ 35. According to the datasheet, the
EMI reduction is measured in 5.48 dB, which is approximately
the same value we can find in the corresponding optimization
curve of Figure 12 computed for the triangular modulation
(point CY25561). Reducing m to a value between 6 and 10
(which still ensures that f,, is out of the audible bandwidth)
would result in an increase of the EMI reduction by additional
3dB.

For the Fujitsu MB88155 [15], a typical configuration is
with the main output frequency equal to 66 MHz with a 2%
spreading, i.e., Af = 660 KHz. For these settings, p ~ 0.123.
The triangular driving signal frequency is 32.4kHz, so that
m =~ 20. According to the corresponding optimization curve
in Figure 12 (see point MB88155), by reducing m to approx-
imately 4 one can gain almost 5dB in EMI reduction.

Spread spectrum techniques are also allowed in some data
transmission protocols, where all modulation parameters are
fixed and standardized in order to ensure that all devices
connected can tolerate the introduced dithering.

An example is the SATA protocol [18] where, according to
specifications, the triangular modulation period 7' should lay
between 30 us and 33 us, the allowed spreading bandwidth is
0.5% of the carrier frequency f. € {1.5 GHz,3 GHz}. For
these frequencies, the 120 kHz RBW filter must be used. In
the first case, m ~ 120 and p =~ 0.0216 (see point SATA-
1.5GHz in Figure 12). By decreasing m to approximately 30
it is possible to get 4 additional dB in EMI reduction. In the
second case, m ~ 235 and p ~ 0.0108 (see point SATA-
3GHz). By decreasing m to approximately 55 it is possible to
get an additional 4.5 dB EMI Reduction.

Also the DisplayPort standard [22] allows spreading tech-
niques, with 7" in the range 30 — 33 s, and a spreading
bandwidth equal to 0.5% of the carrier. The carrier frequency
is set to 2.7 GHz for the high-speed link, and 1.62 GHz for
low-speed link. In the first case, m ~ 220 and p ~ 0.012
(point DP-fast); however a value of m around 55 allows
almost 5 additional dB in EMI Reduction. In the second
case, m ~ 130 and p = 0.02 (point DP-slow), and the EMI
reduction can be improved by 4 dB decreasing m to about 20.
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Fig. 12. Optimization curves and working points for the case study examples
considered in Section V.

VI. CONCLUSION

In this paper we consider the frequency modulation of a
clock by means of a triangular shaped driving signal, since this
is one of the most common technique used in spread spectrum
clock generators. After the introduction of a mathematical
model of the DSA and EMI receiver, we are able to compute
the power spectrum measured with these two instruments from
the knowledge of the theoretical power density spectrum.

This allows a practical optimization of EMI reductions, i.e.
an optimization which is based on the measurement setup
required by regulations. Here the spectrum must be measured
with an EMI receiver, for which the optimization is achieved
for a well defined value of the modulation index m. This is in
contrast with the classical optimization based on the theoretical
power spectrum density or on the DSA measurements which
leads to the completely different conclusion that reduction
simply increases with the value of m.

Measurements on two DC/DC switching converter evalu-
ation boards with spread spectrum capabilities confirm the
validity and the potential for practical applications of the
developed mathematical framework.

APPENDIX A
COMPUTATION OF 5n/(T)

Let us define the normalized function 5y(7) as
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With this, 55 (7) = >, ssn (7 — k). To obtain a closed form
expression, one may first observe that the first kind singularity
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[—%, %] into two equal parts so that:
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sﬁsg\?) (7)) the corresponding integral expressions in (11) can be
split into differents sub-integrals considering the three cases
T< =12 (1<0), -oe<T<00<T<Y2)and 7 >0
(T > 1/2) respectively. By introducing the two constants k; €
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auxiliary functions
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Note that both &5 and ®3 can be rewritten in a closed but
cumbersome form exploiting the error function definition in
the complex domain.

Finally, 5,y (7) is obtained by the periodic repetition of these

functions as
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convergent if &5 and ®3 are constant. Assuming without

loss of generality that —1/2<7<1/2 (5(¢) and thus Sy (7) are
periodic), we can split the sums in (12) such that
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