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SUMMARY This paper proposes spread-spectrum clock modulation
algorithms for EMI reduction in digitally-controlled DC-DC converters.
In switching regulators using PWM, switching noise and harmonic noise
concentrated in a narrow spectrum around the switching frequency can
cause severe EMI. Spread-spectrum clock modulation can be used to min-
imize EMI. In conventional switching regulators using analog control it is
very difficult to realize complex spread-spectrum clocking, however this
paper shows that it is relatively easy to implement spread-spectrum EMI-
reduction using digital control. The proposed algorithm was verified using
a power converter simulator (SCAT).
key words: PWM control, spread-spectrum clock modulation, EMI,
digitally-controlled DC-DC converter

1. Introduction

Most portable electronic devices have low-voltage high-
current power supplies using high-efficiency switching reg-
ulators. However, the considerable switching noise (and
EMI) that switching regulators produce is a big demerit.
EMI-related regulations are becoming more severe [1]. Reg-
ulations prescribe limits on the generation of Electromag-
netic Interference (EMI) and also noise-tolerance or Elec-
tromagnetic Susceptibility (EMS) requirements; the combi-
nation of both EMI and EMS is called EMC (Electromag-
netic Compatibility). In many countries it is illegal to sell
electrical and electronic devices that do not comply with lo-
cal EMC standards (in many cases devices must be type-
approved, or tested and certified as complying). In most
conventional switching regulators, shielding and filtering
are used to reduce EMI. While shielding and filtering are
effective ways of reducing noise, penalties associated with
this approach include the cost of transformers and coils and
the size/weight of shielding.

We considered, as an alternative to extensive shield-
ing and filtering, how to reduce EMI by switching regu-
lator control-module design changes. After examining the
possible application of digital control systems with spread-
spectrum technology [2]–[5] to analog-controlled switching
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regulators [6]–[10], we considered two modulation algo-
rithms that can only be realized using digitally-controlled
switching regulators. With digitally-controlled switching
regulators it is easier to change the control system design,
and to introduce new control system topologies, than with
analog-controlled switching regulators. In addition, com-
plex modulation methods can be easily realized using a DSP
device in the control section of a digitally-controlled switch-
ing regulator.

We also developed a technique for using SCAT (a high-
speed Switching Converter Analysis Tool) [11], to simu-
late digitally-controlled switching regulators, and used this
to confirm the EMI-reduction effects of the proposed algo-
rithms.

Conventional spread-spectrum clock modulation meth-
ods are described in Sect. 2. The proposed spread-spectrum
clock modulation methods are described in Sect. 3, and re-
sults of circuit simulations are explained in Sect. 4. Conclu-
sions and proposed future work are described in Sect. 5.

2. Conventional Spread-Spectrum Clock Modulation
Methods

Pulse Width Modulation (PWM) is the main method of
clock modulation used for switching regulators.

Figures 1–4 show pseudo-random clocking schemes
used for spreading the noise spectrum in power electron-

Fig. 1 Modulated clock waveform q(t) for spectrum spreading.

Fig. 2 Clock with PWM modulation.
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Fig. 3 Clock with PPM modulation.

Fig. 4 Clock with ASM modulation.

Fig. 5 Movement of pseudo-random values that are used in PPM
modulation method.

ics; these clocking schemes modify the PWM by dithering
tk (clock period), dk (duty ratio) or εk (clock rising-edge tim-
ing) [8]:

• For randomized Pulse Position Modulation (PPM): εk
changes, while tk and dk are fixed.
• For Asynchronous Modulation (ASM): tk changes

while dk is fixed and εk = 0.
• For randomized PWM: dk changes while tk and εk are

fixed.
• For Simplified ASM: tk changes while dk is fixed and
εk = 0.

Randomized PPM and Asynchronous Modulation (ASM)
are often used for spread-spectrum modulation in DC-DC
converters because the duty ratio dk is kept the same as for
conventional PWM [6]–[10]. PWM (shown in Fig. 2) uses
a constant clock period, with fixed clock-cycle rise timing,
and varying duty ratio. The PPM modulation method (il-
lustrated in Fig. 3) also uses a constant clock period, but —
for a given duty ratio — realizes spread-spectrum operation
by pseudo-random offsets in the ON time (i.e. in both rise
and fall timings of the clock-cycle). The ASM modulation
method (shown in Fig. 4) — for a given duty ratio — realizes
spread-spectrum operation by pseudo-random variations in
the period (clock width). The operation of PPM and ASM
modulation methods is as follows:

For the PPM method (shown in Fig. 5), a pseudo-
random value (0-3) is generated in every cycle. The mode is
decided by the pseudo-random value, and determines clock
timing offset as illustrated in Fig. 6. Modulated clock out-
put in each mode (0-3) is illustrated in Fig. 7, and the rela-

Fig. 6 Output clock of PPM modulation method.

Fig. 7 Operation of PPM modulation method for each mode.

Table 1 Relationship between pseudo-random values and corresponding
modes for the PPM modulation method.

tionship between pseudo-random values and corresponding
modes for the PPM modulation method is shown in Table 1.

For the ASM method (shown in Fig. 8), a time delta of
zero or either of two values is chosen in every cycle; this
is either added to, or subtracted from, the period. The re-
sultant five possible modes (A-E) are chosen depending on
pseudo-random values, resulting in a clock output such as
illustrated in Fig. 9. Chosen mode operation waveform is
shown in Fig. 10. The relationship between pseudo-random
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Fig. 8 Movement of pseudo-random values that are used in ASM
modulation method.

Fig. 9 Output clock of ASM modulation method.

Fig. 10 Operation of ASM modulation method for each mode.

values and corresponding modes for the ASM modulation
method is shown in Table 2.

We call our proposed spread-spectrum clock modula-
tion methods PAS (PPM ASM Select) and PAF (PPM ASM
Fused, which are composite of the two modulation meth-
ods PPM and ASM), and these two methods are described
below.

3. Proposed Spread-Spectrum Clock Modulation Me-
thods

This section describes the proposed spread spectrum mod-
ulation methods for our digitally-controlled switching con-
verter in detail. First we describe the operation of the PAS
modulation method in which PPM or ASM modulation is
selected in a pseudo-random manner. Next we describe the
operation of the PAF modulation method, which is a com-
posite of the two different modulation methods, PPM and
ASM.

• PAS (PPM ASM Select) modulation method
For the PAS modulation method, either of two differ-
ent modulation methods, PPM or ASM, is selected
in a pseudo-random manner; in Fig. 1, either tk or
εk changes in each cycle while dk is fixed (Fig. 12).

Table 2 Relationship between pseudo-random values and corresponding
modes for the ASM modulation method.

Fig. 11 Movement of pseudo-random values that are used in PAS
modulation method.
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Fig. 12 Output clock of PAS modulation method.

Table 3 Relationship between pseudo-random values and corresponding
modes for the PAS modulation method.

Fig. 13 Movement of pseudo-random values that are used in PAF
modulation method.

Toggling between two modes can be easily realized
in DSP. This modulation method operates by giving
a pseudo-random value (shown in Fig. 11) to every
clock-cycle which then provides an output clock as
shown in Fig. 12. Since there are four PPM modes (0-
3) and five ASM modes (A-E), there are nine possible
output modes in total for this method. The relationship
between the pseudo-random values and corresponding
modes is shown in Table 3.
• PAF (PPM ASM Fused) modulation method

The PAF modulation method combines two different
modulation methods; in Fig. 1, both tk and εk change in
each cycle while dk is fixed. Like PAS, it is generated

Fig. 14 Output clock of PAF modulation method.

Fig. 15 Operation of PAF modulation method for each mode.

by adding only one pseudo-random value. This mod-
ulation method operates by giving a pseudo-random
value (shown in Fig. 13) to every clock-cycle which
then provides an output clock shown in Fig. 14. From
PPM modes (0-3) and ASM modes (A-E), the total out-
put modes for this method are eleven modes as shown
in Fig. 15. Table 4 shows the relationship between the
pseudo-random values and corresponding modes.

4. Simulation Verification

4.1 Technique for Simulating Digitally-Controlled DC-
DC Converter

We have developed a technique for using SCAT (a high-



1008
IEICE TRANS. FUNDAMENTALS, VOL.E92–A, NO.4 APRIL 2009

Table 4 Relationship between pseudo-random values and corresponding
modes for the PAF modulation method.

Fig. 16 Sample simulated device model.

Fig. 17 Simulated circuit model.

speed Switching Converter Analysis Tool) [11], to simu-
late digitally-controlled switching regulators, and used this
to confirm the EMI-reduction effects of the proposed al-
gorithms. SCAT can simulate circuits with various elec-
tronic elements and various clock modulations. Figure 16
shows an example of a device that can be simulated by this
program. Figure 17 and Table 5 show the circuit model
and parameters used for simulation of the proposed algo-
rithms. Our program in SCAT enables parameter data to be
stored for several different cycle types and each cycle time
is changeable to simulate ASM operation by using “trigger
elements” in SCAT.

In an actual digitally-controlled switching converter,
DSP is used to emulate the SCAT program device.

Table 5 Circuit parameters used in the simulation.

Fig. 18 Noise power in frequency domain (Duty=50%).

4.2 Simulation Results

We have performed circuit simulation with the SCAT sim-
ulator based on the circuit in Fig. 17 with parameters in Ta-
ble 5, which is a widely-used type of buck converter on the
market. Figure 18 shows a comparison of noise power for
PWM modulation and for the two proposed noise-reduction
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modulation methods. Moreover, results of a simulation of
the variation in noise power with clock duty cycle for PWM,
PPM, ASM and the two proposed methods are shown in
Fig. 19. We see that the proposed methods significantly re-
duce noise power compared to conventional methods.

4.3 Discussion

Let us consider why the proposed methods, PAS and PAF,
are more effective for spectrum spreading. We see in Fig. 19
that at duty ratio of 50% the noise power for PWM and ASM
is at a maximum, while it is at a minimum for PPM. On the
other hand, the noise power is low over a wide range of duty
ratio for PAS and PAF. This can be explained as follows:
(i) When duty ratio is 50%, for a PWM signal with a pe-
riod of T , a Fourier series expansion shows that the sig-
nal frequency component at 1/T is large compared with the
harmonic components of the PWM signal. However it is

Fig. 19 Noise power comparison.

(a) (b) (c)

Fig. 20 PWM, PWM and their exclusive OR, where a PPM pulse is within one period. (a) Duty ratio
20%. (b) 50%. (c) 80%.

smaller when the duty ratio is much smaller or larger than
50%; this explains why, for PWM, the noise output is max-
imum at duty ratio of 50%.
(ii) ASM can be considered as frequency modulation, be-
cause the clock period tk (which is the reciprocal of the
frequency) changes in each cycle, which causes spec-
trum spreading from approximately mink( f0, f1, . . . fk, . . .)
to maxk( f0, f1, . . . fk, . . .) (where fk = 1/tk, k = 0, 1, 2, . . .).
Like the PWM case, the ASM signal has large signal compo-
nents of f0, f1, . . . fk, . . . at duty ratio of 50% compared with
harmonic components, and this is why — for ASM too —
the noise output is a maximum at duty ratio of 50%. We
note that a more detailed analysis of ASM is given in [7].
(iii) For PPM we can consider the clock to be phase modu-
lated. For simplicity let us consider the case where the duty
ratio is 50% and the PPM clock is approximated by a si-
nusoidal signal. The phase-modulated sinusoidal signal is
given by

y(t) = sin
(
2π

t
T
+ θn(t)

)
.

It is known [12] that the spectrum is spread due to phase
noise (or pseudo-random phase modulation) θn(t), which
intuitively explains why PPM realizes spectrum spreading.
Figure 20 shows the PWM signals with several duty ratios
(top), the corresponding PPM signals (middle), and also the
difference (exclusive OR) between the PWM and PPM sig-
nals (bottom). We see that the PPM signal most differs from
the corresponding PWM signal (which means that the spec-
trum of the PPW signal spreads) at duty ratio of 50%; this
explains why for PPM the noise power is minimum at duty
ratio of 50% in Fig. 19.
(iv) For PAF, the clock can be considered to be simultane-
ously phase and frequency modulated; this explains qualita-
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tively why PAF is more effective than PPM or ASM. PAS
can be considered to be a special case of PAF where ei-
ther frequency or phase modulation is performed in each
cycle. Both PAF and PAS are composite modulation meth-
ods (combining ASM and PPM), and ASM is effective for
spectrum spreading at small or large duty ratios while PPM
is effective around duty ratio of 50%. Hence the proposed
methods are effective over a wide range of duty ratios. We
close this section by remarking that almost the same effec-
tiveness as shown in Fig. 19 is obtained for simulations with
various conditions.

5. Conclusions and Future Work

In this paper, we have proposed two effective spread-
spectrum clock algorithms which are too complex to realize
with conventional analog-controlled switching converter but
which are easily realizable with digitally-controlled switch-
ing converters. In other words, we have shown that EMI
can be reduced using spread-spectrum clocking in digitally-
controlled switching converters. Moreover, we have also es-
tablished a technique for simulating digital power converters
using the SCAT simulator. We have verified by simulation
that the proposed spread-spectrum clock modulation method
algorithms had significant EMI reduction effect compared
to conventional spread-spectrum clock modulation methods.
However, we note that using spread-spectrum clocking in
digital or analog control systems tends to increase the ripple
of the output voltage. In future work, we plan to quantify
the effect of spread-spectrum clocking on output ripple.
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