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ABSTRACT ARTICLE HISTORY
This research illustrates a DC-DC buck converter with a pulse width Received 15 November 2021
modulation (PWM) feedback control loop and capable of power supply Accepted 18 April 2022
voltage range from VDD to 2.5x VDD, which is equivalent to 5-14 V. It is KEYWORDS

a single chip with area of 1.379 x 0.813 mm? using 0.5 um HV CMOS DC-DC converter; buck
process, where high voltage (HV) MOSFETs, a Dead-time detector, converter; PWM; high
a PWM feedback loop, a control circuit and HV driving transistors are  voltage; light load
included. The main feature of our design is its capability of shutting off

an optimal number of power MOSFETs during light load operation,

resulting in a very high conversion efficiency. Most important of all, the

optimal solution is analytically proved. The light load efficiency is raised

from 31.71% by traditional methods to 67.94% by the proposed

design.

1. Introduction

Because of fast-paced evolution of semiconductor technologies, transistors as well as
semiconductor devices are downsized rapidly and constantly. Transistor operating vol-
tages are also reduced from 5V to 3.3V, 1.8 V, or even lower. Nevertheless, the operating
voltage of existing or prior systems might be still 5V, 12V, or even higher. Therefore, DC-
DC voltage converters are often required in many applications to supply and support
lower operating voltages for devices fabricated by more advanced processes. The devel-
opment of the converter and its control method are the power supply guarantee to its
stability and precision.

Two of the most popular types of voltage converters are ‘Switching Mode Power
Supply (SMPS)’ type (Whittington et al., 1992) (Mahmud et al., 2018) and ‘Low Drop-
Out Linear Regulator (LDO)’ type (Rinc’on-Mora & Allen, 1998; Crepaldi et al., 2010).
Traditionally, two SMPS methods have been reported to achieve the controller
mechanism, i.e. ‘Pulse-Frequency Modulator (PFM)’ and ‘Pulse-Width Modulator
(PWM)" (Chen et al., 2017; Wang et al., 2011).
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Table 1. Control method comparison.

PWM PFM PWM/PFEM
Switching speed Fast Slow Average
Output ripple Small Large Average
Light load efficiency Low High High
Compensation network difficulty Low Average High
Cost Low Low High

PWM is the earliest proposed control method, which compares with a reference
voltage and the feedback voltage to adjust the duty cycle of the control signal and
regulate the output of the DC-DC converter to achieve the auto-adjustment effect. It
offers the advantages of a constant output voltage, predictable switching noise and
easy filtering. However, due to the fixed frequency and the constant power con-
sumption of the switch, it provides poor conversion efficiency that occurs when the
load is light. The introduction of PFM tackles the problem of a light load in PWM by
utilising the adjustment control signal. The frequency modulation techniques reduce
the switching load during conversion. It does not require a complex converter
architecture; hence, it eliminates the need for a control loop compensation network.
However, the slow response and large output voltage ripple due to frequency
changes result in electromagnetic interference that is difficult to control on this
case. Either method has its own features and problems (Yu, 2003).

Some semiconductor companies, including Texas Instruments and Linear
Technology, have proposed DC-DC converters using a variety of control approaches.
The cost is substantially higher when the load is primarily used to automatically alter
the control technique. Shown in Table 1 is the comparisons of different control
methods.

Many prior works have presented DC-DC converters that provide high light-load
efficiency. An ultra-low 1Q buck converter (Lu et al., 2015) has 75% efficiency in
light-load and a maximum of 95% for load up to 1 mA. However, it has only
a maximum input and output voltage of 6 V and 2.5 V, respectively. A removed
continuously-on comparator in clocked hysteresis control (Wu et al., 2017)
improved the buck converter in light load up to 90% - nevertheless, it has only
a maximum input voltage of 3.3 V and output of 1.6 V. An ACC, CV and MMPT
energy harvester (Wang et al., 2021) operate in 10 V to 20 V with output up to
4.2 V using PWM and PFM to improve the conversion efficiency up to 98% but with
low efficiency during light-load operation.

This research presented a DC-DC converter consisting of HV MOSFETs and
driving transistors, dead-time detector, PWM feedback loop and control circuit. It
provides an output of 5 V with input ranging from 10 to 14 V. The converter uses
external signals to control power MOSFETs during light-load conversion, increasing
conversion efficiency. A 0.5 um HV CMOS process is used in fabricating the chip.
Measurement results show a maximum of 91.68% conversion efficiency and
a minimum of 67.94% conversion efficiency during light load.
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2. DC-DC buck converter design for light load control
2.1. Analysis of conversion efficiency

An ideal DC-DC converter’s main function is to provide high efficiency, excellent line, load
regulation, etc. Notably, the efficiency is the top priority among these indexes. Efficiency,
as defined in Eqn. (1), is the ratio of output power and input power. The power consump-
tion which caused by power MOSFETs and internal control circuits is the difference
between output power and input power. Thus, the efficiency of DC-DC converter
would be quite high for a large over-loaded output current. On the other hand, when
the load is light, the internal current consumption becomes relatively large, and the
efficiency of the CD-DC converter will drop significantly.

n = —2 % 100 % (1)

where P is the output power and P;, is the input power.

Prior methods to achieve high efficiency include pulse skip modulation, PFM and burst
mode. Nevertheless, the stated methods were proven to lessen the static and switching
current frequency at the expense of large ripples interfering the output voltage (Mary
et al., 2014).

Rioad o 1

Rload + Ron 1+ Ron/RIoad

2.2. Proposed DC-DC converter

Referring to Figure 1, the proposed PWM-based DC-DC converter consists of five blocks,
including buck converter core, error amplifier (EA), PWM circuit, dead-time circuit and
light load control circuit. Notably, power MOSFET groups, including PMOS1 (HVP1),
PMOS2 (HVP2), NMOS1 (HVN1) and NMOS2 (HVN2), are all HV devices provided by the
foundry HV process, which can be integrated on silicon together with other circuits.

2.3. Buck converter core

For the sake to generate large output currents, this architecture uses synchronous
rectification to reduce the loss of forward voltage drop caused by the traditional diode
approach. The buck converter core in Figure 1 is composed of many power MOSFETs and
those off-chip discretes, including Lyig and Cyig. When VC p and VC n are both low to turn
on PMOS and shut off NMOS, MOSout must be equal to Vin to charge the off-chip
inductor, Lyg. As soon as those two control signals flip the states of PMOS and NMOS,
inductor Ly, starts discharging to pull down MOSout to ground. Therefore, by modulating
the turn-on time of these power MOSFETs, namely duty cycle D, the output voltage is
predictable as follows.
D

Vour = Vin X m (3)
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Figure 1. Proposed PWM-based DC-DC converter.

Also, EA is used to keep track the output voltage. As a consequence, PWM block plays the
role of negative feedback control to stabilise the output voltage and reduce the ripple
thereof. Dead-time circuit ensures that power PMOS and NMOS would not be turned on at
the same time such that the unwanted DC power dissipation is reduced and the overall
efficiency is boosted, since the timing control of the power MOSFET gate drives is critical.
In addition, the limited bandwidth can filter high frequency signals to prevent small
signals or noise from system oscillations.

The dead-time circuit is composed of an OR gate and an inverter in series. When the
signal passes inverters, there would be an RC delay. The control signal Q generated by the
PWM generates two non-overlapping control signals through the dead-time circuit. The
purpose of this is to prevent the power transistors HVP1, HVP2, HVN1 and HVN2 from
being turned on at the same time to avoid additional losses and improve conversion
efficiency.

2.4. Light load control circuit

Light load control circuit is the feature of the proposed converter design. Referring to
Figures 1 and 2, high voltage buffer raises the control signal QPH and VC p to the input
voltage for completely turning off the P-type power MOS to prevent excess power loss.
The major energy losses, i.e. conduction loss and switch loss, are formulated as Eqn. (4),
(5), (6), (7; Kim & Rinc’on-Mora, 2009; Park et al., 2015; Mary et al,, 2014).
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Figure 2. Light load control circuit.
2
Conduction Loss = /3, + [dmp(1 —zdmp)\/;n} Ron (4)
12 Ly Fz,

SWitCh Loss = Cg,eq : V,% : st + Io : st : [(Vln + 2- VDN) : tover + 2- VDN : z'DT} (5)

L
Ron = ——F—— (6)
o /Jp’Cox'W'Vod

Cgeq=W-L-C4 (7)

where W is the width and L is the length of the MOSFETs, C,, is the gate oxide
capacitance, Fq, is the switching frequency, dn,, is the duty cycle of PMOS, Vpy is the
diode voltage, tover is the overlap time, tpr is the dead time and V4 is the overdrive
voltage. Apparently, the loss of the DC-DC buck converter load is dominated by switch
loss in a light load scenario. Therefore, one strategy of high efficiency is to reduce the
frequency in such a scenario to cut the loss, which is the theoretical base of PFM. However,
the control circuit of this strategy will be very complicated. Another approach is to reduce
Cg,eq- The design of this research adopts the latter one. That is, when the converter detects
the light load operation, certain power MOSFETs are shut off to minimise Cg.4 and
consequently reduce the switching loss. Therefore, the loss analysis is then simplified as
follows.

"" tover tor and Vpy are small, Switch Loss = Cyq - V,%, - Fow

.. Power Loss = Conduction Loss + Switch Loss

2
Amp (1 — dmp ) Vi

Pioss = {/cz; + [ mig L2 mF;:)2 ’n] }ROn + Cgeq - Vi - Fw 8)
“Ebig " Tsw

By Eqn. (6) and (7), power loss is re-organised as follows.

Power Loss = Ploss, tot

d (1_dm)vin}2 L
{0+ 12'L§ig'F52W “p'COX'W'Vod+ g " Vin " Tsw 9)

Ploss tot 1S simplified as follows.
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1
P/oss,tor = aW + ﬁW (10)

2 2
127,72,

A (1=dimp ) Vi]”
wherea={l§+[ 21—t ) Vi ,,p_cfx.vodaB:L'Cg"/,%'st

Thus, the power loss will be the minimum where the slope of Pjos 10 €quals to zero.

d -1 a
d_WPIoss,rotZO,éaW—i—B:O’W:\/—[_; (11)

3. Simulation and measurement

The proposed PWM-based DC-DC converter design is fabricated on silicon die using
TSMC UVH 0.5 um CMOS process, as shown in Figure 3. The chip size is
2873.075 x 2852.497 um?, and the core area is 1379 x 813 um”.

3.1. Simulation results

Figure 4 shows the post-layout simulation of the proposed DC-DC converter with an input
voltage of 13 V and output resistance (Rout) = 50 Q. When switching to light load mode, it can
be seen in the output waveform that the output voltage drops slightly. The settling time of the
overall output voltage is 728 us.

3.2. Measurement results

Figure 5 shows the measurement setup for the DC-DC converter. The ITECH IT6333A is
used as a power supply. The output waveform is monitored using a Lecroy WaveRunner
610Zi, and the output voltage is measured with a Fluke 289 RMS Multimeter. An input of 13
ramp wave provides a regulated DC output voltage equal to 5.06 V, as shown in Figure 6.

Figure 7(a-d) shows regulated DC voltage, given different input of 10V, 11V, 12V and
13V, respectively.
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3.3. Performance analysis

Fluke 289 RMS
Multimeter

The table of comparison between the DC-DC converter specification, post-layout simula-
tion, and actual measurement for input and output voltage, output current and efficiency

is shown in Table 2.

With reference to Figure 1, the number of power MOSFET pairs is 30 and the maximum

current is set to 0.5 A.

According to Eqn. (4)-(7), the number of turn-on MOSFETs is found to affect the
efficiency significantly. Apparently, an optimal number of 11 will give the highest effi-
ciency as shown in Figure 8. By the derivation of Eqn. (8)-(11), the optimal number for
power loss can be found, which is 12. The similarity of these two results justifies the
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Table 2. Input pattern and expected output of test 1.

Specification Post-layout simulation Measurement
Input voltage (V) 11 ~14 11 ~13 11~13
Output voltage (V) 5+0.1 5+0.1 4,96 ~ 5.04
Output current (V) 0.5 0.489 0.49
Efficiency (peak, %) >90 91.68 69.7
Switching frequency (kHz) 60 60 60

correctness of the theory addressed in Egn. (4)-(11). Therefore, the total 30 power
MOSFETs are divided into two groups, where 18 MOSFETs are driven by the output of
light load control circuit. It will be shut off if the light load is detected. The other 12
MOSFETs are directly driven by the outputs of dead-time circuit, which means they will be
always on regardless the load situation.

As we addressed at the very beginning, the efficiency is the most important
performance index to be enhanced. Figure 9 shows the efficiency comparison of
the proposed design vs. traditional DC-DC converters with the same power MOSFETs
but no light load control. When the load becomes 4 mA, our design at the worst
case of all-PVT-corner simulation and on-silicon measurement still maintains 67.94%
efficiency, while the traditional counterpart is 31.71% by simulation. The power
dissipation of the proposed design is 110 mW at 60 KHz clock rate.

3.4. Comparison with the state of art

The overall performance of this paper in comparison with several recent DC-DC con-
verters is tabulated in Table 3. Our design has the edge of the largest input high voltage
range and the best efficiency for peak operation and light load operation. The figure of
merit (FOM) is defined as follows.
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Among all the recent works, our design has the highest FOM.
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Table 3. Comparison with prior DC-DC converters.
VLSI® e clcce MEJ? SPIES® This work
Year 2015 2015 2017 2019 2020 2021
Process (um) 0.35 0.18 0.18 0.18 0.5 0.5
Input range (V) 2.2~6 3 24~33 0.5~1 4~20 10~14
Output range (V) 25 1 1.5~1.6 1.8/1.2 2.5~4.2 5
Max. loue 100 mA 1 uA 10 mA 40 mA 324 mA 0.5A
Settling time N/A N/A N/A N/A N/A < 500 us
Efficiency (%) 95 87 90.4 91 98 91.68
Light load (%) 78 N/A 90.4 N/A N/A > 67.94
Core area (mmz) 2.88 242 0.71 2.752 12.53 1.287
FOM 2x 1072 3x 1078 1x1073 13x 1073 0.26 1.26

Lu et al. (2015)

bEl-Damak and Chandrakasan (2015)
‘Wu et al. (2017)

Liu et al. (2019)

‘Lee et al., (2020)
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4. Conclusion

This investigation demonstrates a novel design of DC-DC buck converter featured with
the shutdown of optimal number selection of power MOSFETs when the light load
operation is detected. Thanks to the reduction of the gate capacitance, the switching
loss is reduced such that the efficiency is enhanced. Most importantly, the optimal light
load efficiency is found by the derivation of analytic equations and then achieves the best
efficiency in the given wide input voltage range. The proposed lightload control method
and circuit design have been granted US patent ‘DC-DC Converter’ Wang and Hsu (2020),
which also justifies the outstanding performance of this work.
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