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ABSTRACT The need for a high-efficiency power system has emerged since many IoT devices are mainly
operated by batteries. A power system with analog control can have a high control bandwidth, but it
is relatively vulnerable to noise disturbances and may suffer from control problems. On the other hand,
a digitally controlled power system has high reliability and great controllability at the expense of switching
noise and EMI issues. To implement a digitally controlled PWMwith high resolution and low EMI, this study
proposes a random carrier frequency modulation with dithered duty cycle method, where wide spectrum
dithering and random modulation of spread spectrum PWM are tightly integrated. The proposed system
was not only able to suppress voltage ripples, but also possible to minimize the occurrence of dependent
frequencies due to the fixed dithering pattern. The spectrum of the output voltage showed that the switching
frequency component was reduced by about 6.1dB and the output voltage ripples was also reduced compared
to the existing PWM techniques.

INDEX TERMS Digitally controlled buck converter, spread spectrum, dithering, pulse-width modulation.

I. INTRODUCTION
As the demand and interest on the Internet of Things (IoT)
spread widely in industries, studies on power systems suitable
for specific applications are being actively conducted. Partic-
ularly, in terms of harvesting energy IoT devices for a sensor
network, the importance of low-power and high-efficiency
DC power converters has been further highlighted due to
their dependence on the secondary battery with a limited
capacity [1].

The analog Switching Mode Power Supply (SMPS) which
converts electricity through power switch has a wide con-
trol bandwidth. However, since its analog components are
relatively sensitive to environmental effects such as the
changes of the ambient temperature, the analog system
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could have unstable control issues due to the altered system
characteristics. By implementing the power system digitally,
the enhanced control stability becomes possible because of
the durability of the digital system. Furthermore, as it is
relatively easy to implement the complicated nonlinear digital
control system compared to the analog counterpart, studies
that focus on a power system that is digitally controlled partly
or entirely are increasing [2].

For a digitally controlled power system, a limit cycle issue
can be induced if the resolution of PWM is lower than that
of the ADC [3]. A simple solution for that issue in the digital
power system is to build a high resolution PWM by using
a high frequency clock, but it accompanies high power con-
sumption, which may not meet the low-power design require-
ments of IoT devices. Delay line PWM method [4], hybrid
PWMmethod [5], and PWMmethod using dithering [6] have
been developed as high-resolution PWMmethods with a low
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system clock. However, delay line PWM and hybrid PWM
methods have linearity issues and increase in the chip area.
The PWM dithering technique is a simple method to imple-
ment high-resolution PWM without additional circuitry, but
it can cause EMI problems to other circuitry [7].

Beside PWM dithering, the SMPS is often blamed as a
EMI source because of its switching nature. Particularly,
for a wireless IoT device, communication failures due to
EMI could be significant. A PCB layout optimization [8] or
an external EMI filter [9] can reduce EMI. However, these
methods require additional components, manufacturing costs
and increased PCB area, so they are not appropriate for
small IoT devices. Therefore, various approaches to reduce
EMI by controlling switching time, called spread spectrum
techniques have been studied [10], [11]. The spread spec-
trum approaches prevent EMI by randomly spreading the
switching frequency concentrated in a single frequency over
a wide range. Recently, many studies have been conducted
to spread the switching frequency randomly and uniformly
using a chaos signal, which is a nonlinear random signal [12].
The implementation of a chaotic signal generating circuit
is relatively simple for the analog system. However, the
implementation of the digital chaos circuit is more com-
plicated, and a rather inaccurate chaos signal is generated
due to quantization errors [13]. A digital random modulation
method can generate random numbers by using a pseudo-
random generator such as a linear feedback shift register in
a digital system. In addition, parameters such as scattered
frequency ranges and random number seeds can be easily
redefined in a digital system. Random modulation meth-
ods such as RCFMFD (Random Carrier-Frequency Modu-
lation with Fixed Duty cycle), which also scatter the carrier
wave (period) of the PWM signal, can reliably reduce EMI,
but even in a system with a high resolution PWM, it presents
a higher voltage ripple than normal PWM in a steady-state
because of the constantly changing switching frequency [14].
Therefore, applying a randommodulation method to a digital
PWM system with low PWM resolution is more challenging.

To satisfy the power system requirements of IoT devices
such as the low system clock for low power and the low
EMI requirement, we propose a Random Carrier Frequency
Modulation Dithered Duty-cycle method that is the incorpo-
ration of a random modulation spread spectrum technique
based on RCFMFD and a dithering technique for the low
resolution digital PWM in order to reduce EMI caused by
switching frequency and dithering. The entire power con-
verter system is depicted in Fig. 1. The proposed method
satisfies the conditions for limit-cycle prevention with a low
system clock, has a low voltage ripple, and reduced EMI by
approximately 9 dB compared to the existing standard PWM
scheme.

Chapters 2 and 3 of this paper describe a random mod-
ulation method for spread-spectrum and a PWM resolution
extension and EMI reduction method, respectively. Chapter 4
discusses the experimental results of the proposed system,
and Chapter 5 addresses the conclusion of this paper.

FIGURE 1. Block diagram of the proposed digital buck converter.

FIGURE 2. Parameters of random modulation-based PWM.

II. RANDOM MODULATION BASED SPREAD SPECTRUM
METHODS FOR REDUCING EMI
The conventional PWM control-based SMPS uses a fixed
switching period, and thus, power is concentrated on the
switching frequency and its harmonic components. There-
fore, the EMI problem has emerged as the power semicon-
ductors become smaller and use high switching frequencies.
An external EMI filter, which decreases EMI by adding a
low-pass filter that can suppress harmonics in the SMPS’s
output, increases the system area and requires additional com-
ponents, thus being unsuitable for small IoT devices. Since
the cause of EMI of a buck converter is essentially affected by
a constant switching frequency, studies taking the approach
of the PWM switching control-based method to reduce EMI
have emerged [15]–[18]. These methods randomly spread the
constant PWM frequency across multiple frequency bands,
reducing the peak level of a specific frequency and power
spectral density (PSD).

Existing switching-based EMI reduction methods focus on
chaos modulation methods and random modulation meth-
ods. The chaos modulation method presents the highest EMI
reduction rate among spread spectrum methods, while the
random modulation method is suitable for digital power sys-
tems because it is possible to implement a random number
generator simply by using a linear feedback shift register in
a digital system and exhibits an EMI reduction rate as much
as chaotic modulation. Random modulation methods can be
classified into four modulation methods [19].

The RPPM (Randomized Pulse Position Modulation)
method is essentially similar to the PWM technique with a
fixed switching period, but it controls by randomly selecting
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FIGURE 3. Structure of the proposed digital system.

the point at which the duty on-time starts. The RPWM (Ran-
dom Pulse Width Modulation) technique randomly selects
the pulse width while providing a constant average duty
cycle. Unlike the RPPM and PRWM methods that use a
fixed switching period, the RCFMVD (Random Carrier-
Frequency Modulation with Variable Duty cycle) method
controls the random switching period with a constant pulse
width. Another method, the RCFMFD (Random Carrier-
Frequency Modulation with Fixed Duty cycle), controls the
switching period randomly while keeping the duty cycle con-
stant. Although the random modulation method can reduce
EMI by assuring the switching frequency, it has the disadvan-
tage of generating low-frequency ripple, but the RCFMFD
method is suitable for switching converters by providing a
minimum voltage ripple among random modulation meth-
ods [20]. The characteristics of random switching schemes
are summarized in the Fig. 2 and Table 1 [14].

TABLE 1. Characteristics of random switching schemes.

As the resolution of the ADC increases, the resolution of
the output voltage of the buck converter increases as well,
thereby enabling more precise control. However, if the res-
olution of the ADC is higher than the PWM resolution, the
limit cycle issue occurs in which the output voltage ripple
appears in the steady state because the exact duty cycle con-
trol amount cannot be satisfied. For this reason, methods such
as PLL and dithering have been proposed for stable output
voltage control of SMPS for implementing high-resolution
DPWM at a low system clock.

III. HIGH RESOLUTION PWM WITH LOW EMI
Random modulation methods present a higher EMI suppres-
sion rate than other EMI reduction methods, but they exhibit

high output voltage ripple in a steady-state for the switching
frequency that changes every time. Hence, to apply a random
modulation method to the digital power converter in the IoT
with a low system clock, a high-resolution spread-spectrum
method that can handle limit cycle issues is required to sup-
press unstable power supply. Therefore, in this paper, Ran-
domCarrier FrequencyModulation with Dithered Duty cycle
(RCFMDD), which is a structure where spread-spectrum and
PWM dithering are tightly combined as shown in Fig. 3,
is proposed to satisfy the above requirements.

A. RANDOM DITHERING
If an 11-bit ADC is used to control the buck converter with a
switching frequency of 100 kHz, a PWM with at least 12-bit
resolution is required to meet the limit-cycle prevention con-
ditions. However, to implement a counter for 12-bit PWM,
a system clock above 409.6 MHz is necessary, thus increas-
ing a power cost, which is not suitable for the low power
design requirements of IoT devices. Therefore, in this paper,
we implemented a PWM with a 12-bit resolution operating
with a 50 MHz system clock using a 3-bit dither for a 9-bit
counter-based PWM.

The dithering technique has the advantage that high-
resolution PWM can be implemented without additional cir-
cuits; in contrast, there is a disadvantage in that voltage ripple
of harmonic frequency is additionally generated due to the
fixed dithering pattern, which adversely affects EMI. In the
proposed method, dithering patterns are output in random
order during the 3-bit dithering period of eight cycles, thereby
minimizing the occurrence of fixed frequencies due to
dithering.

In this system, we propose a spread-spectrum-based
dithered PWM to suppress the occurrence of limit cycle and
EMI in a digital system using an ADC with 11-bit resolution
and a low system clock. The structure of the proposed system
is shown in Fig. 4.

The proposed system generates the dithered duty cycles
and the frequency-shifted period. The dithering part con-
sists of a 3-bit counter for shifting out the dithered pattern,
a crossbar that randomly mixes the dithering pattern, and an
adder that adds a 1-bit dither bit output from the crossbar to
the 9-bit duty cycle of PWM. With low 3 bits of the 12-bit
full resolution duty cycle, the number of 1s and 0s of the
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FIGURE 4. Structure of the proposed system.

FIGURE 5. Proposed random dithering structure.

dithering pattern are selected, and the crossbar is set with
the value obtained through the random number generator so
that the eight input patterns of 1s and 0s can be mixed and
output in a random order. With the 3-bit counter, 8 bits of the

FIGURE 6. Comparison of FFT results of conventional dithering and
random dithering methods.

mixed dithering pattern are sequentially output one at every
PWM switching period and added to the PWM comparison
value, thereby finally generating the dithered duty cycle. It is
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FIGURE 7. A flowchart of the proposed method.

necessary to implement a random number generator to ran-
domly change the bit order of the dithering pattern. Therefore,
in this paper, a pseudo-random number is generated using a
16-bit Linear Feedback Shift Register (LFSR). The random
number generated by the LFSR is also used to determine the
new period which spreads the main switching frequency.

Fig. 5 presents an example of how to implement the pro-
posed 3-bit random dithering pattern. In the figure, the lower
3-bit of the 12-bit high-resolution duty cycle is received, and
an 8-bit pattern containing 1 as much as that value is consti-
tuted. With the random value obtained through the random
number in the figure, an 8-bit pattern is mixed to form an
output dither pattern. This 8-bit output pattern is sequentially
added to the PWM duty bit by bit by a 3-bit counter to
generate PWM. For the convenience of implementation in
the FPGA, the part generating the random dithering pattern is
implemented as one large look-up table (LUT) in this study.
In this case, the size of the LUT becomes 12 bits including
the lower 3 bits of the original PWM duty, 6 bits of a random
number, and 3 bits counter, thus becoming 4 kbits.

In Fig. 6, the output voltage for each method is compared
with the spectrum through fast Fourier transform. A 12.5 kHz

FIGURE 8. Photo of experiment environment.

FIGURE 9. FFT results of standard PWM and proposed system.

frequency is generated due to a fixed dither pattern in the
conventional dither method, but it is smeared when the ran-
dom dithering method is applied.
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FIGURE 10. FFT results of standard PWM and proposed system.

B. RANDOM CARRIER FREQUENCY MODULATION WITH
DITHERED DUTY-CYCLE
As explained earlier, the fixed switching frequency of the
buck converter generates high EMI, and the dithering method
for implementing high-resolution PWM is also the main
cause of EMI. RCFMFD, which is one of the random modu-
lation methods, maintains a constant duty cycle while ran-
domizing the PWM period and the corresponding on-time
duration. If the randomness level of the RCFMFD increases,
the spreading range of the switching frequency is increased
and the PSD of each frequency component is lowered, but the
low frequency noise can degrade the performance. To resolve
the noise issues, the difference between the minimum ormax-
imum frequency of the spreading switching frequency and the
switching frequency is designed to be ± 1/3 of the existing
switching frequency as shown in Equation 2. In the proposed
method, the randomness level is set to 0.25 empirically while
satisfying the condition of the equation.

Randomness level =
Tsw,max − Tsw,min

Tsw
(1)

(Tsw,max − Tsw)< Tsw/3, (Tsw − Tsw,min)<Tsw/3 (2)

Fig. 7 presents a flow chart of the proposed method. The
controller starts in PWMmode and it switches to the dithered

RCFMFD state and operates when it reaches the steady state.
The proposed method primarily determines a duty value with
the resolution for 12-bit resolution through the PID controller.
After generating a random carrier for the spread spectrum
technique using a 16-bit LFSR with an initial ADC value as
a seed, the duty is compensated for the random carrier so
that it has a fixed duty cycle. Finally, the RCFMDD signal
is decided by selecting the lower 3-bit of the 12-bit PWM
duty and a random dither pattern with a random number and
adding the output 1-bit dither bit with the upper 9-bit of the
12-bit PWM duty.

IV. EXPERIMENTAL RESULTS
An experimental digital buck converter with the proposed
RCFMDD was physically implemented with the specifica-
tion described in Table 2. To see the effect of the various
frequency ranges the LC filter of the analog power stage is
designed for 100kHz and fixed. EMI reduction effect due to
the spread spectrum of the proposed circuit was verified in the
stable area of the fixed load so that there is no problem with
the current. We configured the experimental environment as
shown in Fig. 8. As the FPGA board, which is a ZedBoard
with a ZYNQ7Z020 FPGA chip, is the digital controller.
In the digital system, an ADC with 11-bit resolution is used
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TABLE 2. Designed digital buck converter specifications.

to measure the analog output voltage of the buck converter.
The dithering part in the system is implemented as a single
look-up table for the simplicity of the FPGA design. The
proposed system operates with the load current range of 1A
or less, and controls the buck converter with the switching
frequency range of 88.8kHz ∼ 114.4kHz.
The digital buck converter with the proposed RCFMDD

was also implemented and simulated to comparewith existing
spread spectrum digital buck converters in the MATLAB
2018a and Modelsim 10.1a.

In the spectrum of the conventional PWM, the switch-
ing frequency of 100 kHz and harmonics are concentrated.
However, as a result of applying the proposed technique,
the switching frequency and the peak level at the harmon-
ics decrease as the switching frequency and harmonics are
randomly spread over a specific frequency range as shown in
Fig. 9(b).

The output spectrums of standard PWM, RCFMVD,
RCFMFD, and the proposed RCFMDD are compared in
Fig. 10. Fig. 10 shows the spectrums of the MATLAB sim-
ulation output of the existing PWM system and that of the
proposed RCFMDD system in the simulation. The simulation
result is used for Fig. 10 to show the spectrum without the
effect of noise in the real system. While the 12-bit PWM for
the 100kHz buck converter requires 400Mhz system clock,
the proposed RCFMDD shows equivalent control resolu-
tion with 50Mhz system clock with the dithering technique
designed for spread spectrum operation. The proposed system
reduces EMI comparable to the conventional techniques with
low system clock frequency. Although there was a difference
in the amount of reduction among the random modulation
techniques, it was confirmed that a significant amount of
powerwas reduced at the switching frequency and harmonics.
The RCFMFD, which spreads frequencies while having a
fixed duty ratio, showed the lowest EMI reduction rate, and
RCFMVDwith random period and random duty ratio showed
the highest EMI reduction rate. The proposed RCFMDD,

FIGURE 11. Output voltage ripple comparison of Standard PWM,
RCFMVD, RCFMFD, and RCFMDD.

which has only 1/8 PWM resolution compared to other meth-
ods, takes an intermediate step between the two methods,
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TABLE 3. Comparison result of each scheme.

FIGURE 12. A bode plot of proposed system.

showed the second highest EMI reduction despite of its very
low PWM frequency.

Although EMI could be sufficiently reduced with the exist-
ing random modulation technique, additional voltage ripple
occurs due to the limit cycle phenomenon in a low system
clock environment. Fig. 11 shows the comparison of the
output voltage ripple of each standard PWM, RCFMVD,
RCFMFD, and the proposed system RCFMDD when using
11-bit ADC resolution in a digital system using a 50MHz
system clock. As a result of comparing the maximum output
voltage ripple for 0.5ms in the steady state, the standard PWM
with 12-bit resolution, conventional randommodulation tech-
niques and proposed system due to the low system clock
showed a ripple of 40mV, 220mV, 120mV, respectively as in
Table 3.

Fig. 12 is a bode plot using PID coefficients in a stable buck
state for a fixed load. As shown in the figure, it is stable in the
frequency band for spread spectrum. As it is a gain region,
it showed stable output (Fig. 11(c)) even in a dynamic state.

V. CONCLUSION
In this paper a digitally controlled DC-DC buck converter for
IoT devices, in which low EMI with high resolution, is pro-
posed. By combined the dithering technique and the random
frequencymodulation technique tightly, the proposedmethod
not only decreases the EMI problems of the digital PWM
but also increase the PWM resolution without suffering from

the harmonics due to the dithering. The experimental results
show that the switching frequency is reduced about 6.1dB
comparing to the standard PWM and the voltage ripples
are smaller than those of the conventional spread spectrum
techniques such as RCFMFD. Since the GaN power system
operates with very high system frequency, those system can
have significant benefitwith the proposed technique to reduce
EMIwith relatively lower system clock frequency. As a future
study, we will continue to study the performance of the buck
itself as well as the improvement of the digital control system
for EMI reduction.
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