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PWM and PFM Controlled Buck Converter designed
for Wearable Electronic Devices

Tihomir Brusev!

Abstract — Integrated Pulse-Width Modulation (PWM) and
Pulse-Frequency Modulation (PFM) controlled buck converter is
proposed in this. paper, designed for wearable electronic devices.
The input voltage is equal to 3.6V and the average value of the

“output voltage is regulated to be 1.7V. The maximum efficiency »
of the buck converter is 81.43%, when the load current Iroqa is
equal to 68mA. When [roqq is smaller than 8mA the efficiency of
the PFM controlled buck converter is around 7% higher
compared to the efficiency of the PWM controlled buck converter.

Keywords — Buck converters, Pulse-Width Modulation (PWM),

Pulse-Frequency Modulation (PFM), Integrated circuits,
Cadence.

[.INTRODUCTION
Today, the number of wearable electronic devices

incorporated in the Internet of Things (IoT) systems is growing
very fast.
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Fig. 1. Block diagram of power management integrated circuit
(PMIC) in IoT wearable device [5].

Most of them are battery powered or they use energy from
harvesting power sources [ 1], [2]. Long battery life is required
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for many portable applications [3]. High efficient buck de-dc
converter integrated together with wearable cicctmnic devices
is necessary to be designed and implemented [4]. The b lock
diagram of power management integrated circuit (PMIC) of
IoT wearable device is shown in Fig. 1 [3]. The input w%tagc
of the buck converter is equal to 3.6V, while the average output
voltage is controlled to be equal to 1.7V {5]. On the other hand
the output voltage of switching-mode converter is supply
voltage for low drop regulators (LDO). which are shown in
Fig. 1. The monolithic buck converter is necessary o occupy
small silicon area and respectively to have small external filter
inductor and capacitor components [6].

The PWM controlled integrated buck converter designed on
CMOS 0.35 um technology for loT wearable device
presented in Section [I. PFM control of the switching-mode
regulator is proposed and presented in Section Hi. The
efficiency # of the designed circuits, when both control
techniques are used, is investigated as a function of the load
current £;..0. The received results are compared and analyzed.

is

iI. PWM CONTROLLED BUCK CONVERTER
The PWM controlled buck converter is designed for

wearable device with Cadence on CMOS 0.35 mn technolo
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The block circuit dngmm is shown in Fig. 2.
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Fig. 2. Block diagram of PWM controlled buck converter

The input voltage of the switching~-mode regulator is equal
to 3.6V and the average value ofthe output voltage is controlled
to be equal to 1.7V [3]. The control system includes bandgap
voltage reference, error amplifier, ramp generator and driver.
The signal, which regulates the states of buck converter’s
power MOS transistors, is generated by comparing the voltage
with repetitive waveform and error control voltage. The error
signal is obtained. when difference between the actual output
voltage of the whole system V,,, and the output voltage fevel of
bandgap reference is amplified. The frequency of the ramp
generator defines the switching frequency 7, of buck converter.
This frequency is constant for PWM control technique. The
output signal of comparator controls the states of power buck
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converter’'s switches. The schematic of ramp generator is
presented in Fig. 3.
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Fig. 3. Ramp generator.

The output stage of the ramp generator consists of two
current mirrors. They define the charging and discharging
current of the output capacitor C/. The switching frequency f;
of the buck converter depends on the ramp capacitor’s value
and the current which flows through this component. The
waveforms of the output signals of error amplifier, ramp
generator and comparator are presented in Fig. 4.

Fig. 4. The wavelorms of the output signals ol error amplifier, ramp
generator and comparator.

The switching frequency f: of the designed PWM controlled
buck converter is equal to 80MHz.
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The waveform of output voltage Vo of the designed PWM
controtled buck converter.

of the designed PWM

The waveform of output voltage V.., of t
3. The values of the

controlled buck converter is shown in Fig.

fifter inductor L and capacitor C, which are used in the low-
pass filter, are equal to 250nH and 5nF respectively. The
efficiency 5 of the buck converter as a function of the load
current [z,qq s investigated. The simulated results are presented
in Table 1.

TABLE]
PWM CONTROL
FFFICIENCY OF BUCK CONVERTER AS A FUNCTION OF {104

PWM Controlled Buck Converter
Iioag [MA] Efficiency [%]
100 756
80 80.64
68 81.43
50 80.81
30 79.07
20 74.69
10 62.04
8 56.9
5 457
2 28
1 17

The efficiency of the switching-mode regulator is calculated
by formula:

PV)MT (’! )
=L,
)

where P, is the average output power and P, is the average
input power of the circuit. The maximum efficiency of the
PWM controlled buck converter is equal to 81.43%, when the
load current is equal to 68mA. As it can be seen from the
received results presented in Table 1. the efficiency of PWM
controlled buck converter is decreasing at light loads.
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Fig. 6. Simulation results reccived in Cadence Virtuose Analog
Design Environment when Jzowr=68mAL

The simulation results obtained in Cadence Virtuoso Analog
Design Environment tool, when the investigated circuit
indicates the highest efficiency result, are presented in Fig. 6
[7]. The output power of the converter in this particular case is
equal to 1 15mW.
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1. PFM CONTROLLED BUCK CONVERTER

The PFM controlled buck converter is designed with
Cadence on CMOS 0.33 um technelogy and the block diagram
of the whole system is shown in Fig. 7. The input voltage of the
buck converter is equal to 3.6V, while the output voltage is
equal to 1.7V. The control system includes bandgap voltage
reference, comparator with hysteresis, oscillator and driver
stages. The power MOS transistors are regulated by oscillator
with fixed 50% duty-cycle. When the actual output voltage of

. buck converter is higher than the desired level the control
system works in sleep mode. In this case the load energy is
delivered by filter capacitor C. The only stages which operate
at sleep mode of the converter are bandgap and comparator
with hysteresis. When the buck converter works in sleep mode
of operation driver, oscillator and the power stage are disabled.
Thus power losses in control system are minimized in light load
conditions.
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Fig. 7. Block diagram of PFM controlled buck.

The same bandgap voltage reference is used in this control
as in the PWM controlled buck converter. 1f the output voltage
V. becomes smaller than the certain level, the comparator with
hysteresis wakes up the whole system. This is the normal mode
of operation of the switching-mode regulator. In the pictures
bellow the operation of PFM controlled buck converter is
presented at different load conditions.

Troansient Responss

(v)

aden

Fig. 8. The waveforms of V. and control pulses of main power
PMOS transistor Vep when Jroa=8 mA.

The waveforms of output voltage I, and control pulses of
main power PMOS transistor Ve, when the load current {704, 15
equal to 8mA, are presented in Fig. 8.
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Fig. 9. The wavetforms of Vaw and Vep when Zrow /3 mA

The waveforms of the output voltage V., ¢ 1 pulses
of main power PMOS transistor, when the load current /
equal to SmA, are presented in Fig. 9. As it can be seen from
the pictures shown in Fig. 8 and Fig. 9 the designed PFM
controlled buck converter works in proper manner and the
average value of the output voltage V.., is equal to 1.7V. The
waveforms shown in Fig. 9 prove that at light load the system
operates longer in sleep mode.

For the oscillator with fixed 50% duty-cycle is used
oscillator. The schematic of this ring oscillator

.

Fig. 10.
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Fig. 10.

The power supply of this stage is switched-off in sleep mode
in order to minimize the power losses in the PFM control
system. Thus the overall c‘fﬂciencv of buck converter could be
increased. If the output voltage of the buck cenverter I, is
higher than the desired voltage, the control signal “SL " has high

"SL ” has In this case

the transistor M3, which is illustrated in Fig. 10

voltage level, while = s low voltage level.

. 15 switched-
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off If V., is smaller than the desired voltage. the control signal
* SL 7 has high voltage level and M3 is switched-on.

The efficiency » results of the PFM controlled buck
converter as a function of the load current /7,4 are presented in
Table 11

Tanre Il
PFM CONTROL

PEFICIENGY OF BUCK CONVERTER AS A FUNCTION OF 11 04p

PFM Controlled Buck Converter
Troad [MA] Efficiency [%o]
30 58
20 60
10 55
8 37
3 54.5
2 55
| 24

The efficiency results of PWM and PFM buck converter as a
function of the load current /;,. are graphically presented in
Fig. 11
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11, Efficiency of PWM and PFM controlled buck converter as a
function of Jroud.

«

The obtained results, illustrated in Fig. 11 and presented in
Table I and Table 11, show that the efficiency of the designed
switching-mode regulator is higher at light loads if PFM control
is used. {f Jr,. is higher than 8mA the PWM is more efficient
control technigue. When the load current is smaller than 8mA
the efficiency of the PFM controlled buck converter is around
7% higher compared to the efficiency of the PWM controlled
buck converter. The battery life of wearable electronic devices
could be increased if PFM control for switching-mode
regulator is used at light loads.

IV. CONCLUSION

Integrated  PWM and PFM controlled buck converter
designed for low power wearable electronic devices on CMOS
.33 um technology has been proposed in this paper. The input
voltage is equal to 3.6V and the output voltage is regulated to
be equal to 1.7V. The maximum efficiency 5 of the buck
converter is 8§1.43%. when the load current is equal to 68mA.
When the load current £;,.. is smaller than 8mA, the efficiency

of the PFM controlled buck converter is around 7% higher
compared to the efficiency of the PWM controlled buck
converter. The PFM control technique can increase the battery
life of wearable electronic devices used in 10T system, because
they operate over a long period of time at light load conditions.
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