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A High-Efficiency Dual-Mode DC–DC Converter
With a Low-Cost Seamless Transition Scheme
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Abstract—A low-complexity pulsewidth modulation/ pulse skip-
ping modulation (PWM/PSM) dual-mode buck dc–dc converter is
proposed. The converter operates in PWM with a 1.5-MHz switch-
ing frequency in heavy load scenarios and switches to PSM with a
sliding switching frequency under light load conditions, ensuring a
high efficiency over a wide load range. Based on peak current mode
control, only one simple voltage detector is required to regulate the
converter for different loads, which significantly reduces the circuit
complexity for a seamless mode transition. Fabricated in 180-nm
BCD technology, the total chip area is less than 0.28 mm2 and the
quiescent current is lower than 90 µA. The converter achieves the
efficiencies up to 93.65% for PWM scheme and more than 80.61%
in PSM mode, respectively, with the input voltage of 4.0–5.5 V and
the load current up to 1.2 A. Additionally, the presented design
achieves a line regulation less than 0.18% and a load regulation
lower than 0.98%, and also accomplishes a voltage variation of
3.49%/A for load current transient response and gets an attractive
figure of merit.

Index Terms—Buck, dc–dc converter, high efficiency, low
complexity, pulse skipping modulation (PSM), pulsewidth
modulation (PWM), seamless mode transition.

I. INTRODUCTION

W ITH the growth of the Internet of Things in the intelligent
life, dc–dc converters with small size, high efficiency,

and wide load range, are an attractive prospect for applications
such as portable and wearable electronic devices, and are also
used in power management for SoC [1], [2], [3], [4], [5], [6], [7],
[8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18]. The
traditional pulsewidth modulation (PWM) operation of dc–dc
converters [1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12]
is extensively used in heavy loads, but lacks of the benefits in
light load scenarios due to the dominant switching losses. The
pulse frequency modulation (PFM) scheme [3], [4], [5], [6],
[7], [8], [9], [10], [11], [12], [13], [14] improves the conversion
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efficiency in light load scenarios by reducing the switching
frequency FSW, however, it necessitates complicated control
circuits. The constant on-time scheme is also helpful to lower
the switching frequency for light loads, but suffers from sub-
harmonic oscillations and electromagnetic interference (EMI)
problems [14], [15], [16]. The pulse skipping modulation (PSM)
mechanism is widely employed in commercial dc–dc converters,
which utilizes the constant FSW and skips cycles during a clock
period in light load cases to avoid harmonic oscillations and EMI
issues, but still requires a complicated control circuit [6], [17],
[18].

To achieve a high conversion efficiency over a wide load
range, a combination of multiple control methods is needed.
Dynamic load current variations present in all practical systems
require a seamless transition in dual or multiple modes [3],
[4], [5], [6], [7], [8], [9], [10], [11], [12]. Therefore, dual- or
multimode operation is utilized by the mainstream converters,
which automatically adjusts the FSW according to the load
current ILoad. The existing buck converters [6], [7], [8], [9],
operate in PWM mode with a fixed FSW for heavy loads, and
PSM / double clock time (DCT) / PFM / advanced burst mode
(ABM) for light ones, to obtain high conversion efficiency over a
wide load range. However, the additional mode controllers that
are totally different from the PWM ones, inevitably cause an
ultrahigh hardware complexity. Besides, due to the delay time
caused by the mode swapping, the seamless mode transition is
difficult to achieve and the probability of switching glitches is
increased.

The comparator reused scheme proposed in [1] makes the
automatic regulation under various load conditions. However,
the switching of comparison voltages is prone to the undesired
glitches. In the converters [3], [5], an adaptive on-time (AOT)
control is widely employed to reduce the switching losses by
automatically switching to PFM mode when the load current
decreases. It also allows a seamless transition between PWM
and PFM mode, while another challenge is the difficulty in main-
taining high efficiency at light loads, where the quiescent current
of the control circuitry becomes dominant. Besides, additional
control circuitry such as a complex sleep-time detector or an
AOT generator, is required to extends the AOT operation into
light load range with high efficiency and good ripple perfor-
mance, which inversely complicates the control algorithm. The
converter [4] with a load current prediction scheme achieved
by an extra mode selector, conducts a load-dependent seamless
mode transition among PWM, PFM, and multiple-sawtooth
PWM (MSPWM). While MSPWM mode uses relatively low and

https://orcid.org/0000-0002-8393-0021
https://orcid.org/0000-0002-6377-6258
mailto:3120231366@bit.edu.cn
mailto:3220231937@bit.edu.cn
mailto:3120241404@bit.edu.cn
mailto:hk.xie@bit.edu.cn
mailto:zhoubo07@bit.edu.cn
mailto:zhoubo07@bit.edu.cn
mailto:zhghan@txsemi.com
https://doi.org/10.1109/TPEL.2025.3547857


HAO et al.: HIGH-EFFICIENCY DUAL-MODE DC–DC CONVERTER WITH A LOW-COST SEAMLESS TRANSITION SCHEME 12489

fixed switching frequency to obtain high efficiency, but degrades
output ripple, and the additional control circuitry is required. The
semi-digital converter [11] based on triple comparators is indeed
regarded as low-cost low-power implementation, with a high
light-load efficiency and simplified control operation, but has a
limited load current. Additionally, digitalized dc–dc converters
[19], [20], [21], [22], [23] utilize digital modulators to improve
conversion efficiency with the optimized control algorithm.
However, an analog-to-digital and a digital-to-analog converters,
or a delay-locked loop, are necessary in these converters.

In conclusion, the majority of the reported converters, either
utilize multiple controllers for the dynamic FSW, or rely on
additional modules for seamless mode transition. To aim at the
low-complexity and high-efficiency application scenarios, the
buck converter needs a simplified multi-mode controller with a
dynamic switching technique and a seamless transition scheme,
which is focused on here.

A low-cost dual-mode buck dc–dc converter with only a
single mode controller, is proposed to save silicon area and
obtain a high efficiency over a wide load range. In heavy loads,
the switching frequency can be quasi-fixed in the continuous
conduction mode (CCM) as PWM control. And under light ones,
the proposed scheme works in discontinuous conduction mode
(DCM) and behaves as PSM control with skipping clock cycles
for a dynamic switching frequency. Based on the peak current
mode control (PCMC), the output voltage of the error amplifier
(EA) is monitored to enable the seamless mode transition be-
tween PWM and PSM. The proposed converter not only avoids a
complicated multi-mode controller, but eliminates the additional
complex unit for mode transition.

The rest of this article is organized as follows. Section II shows
the proposed dual-mode structure with a low-complexity seam-
less transition scheme for dynamicFSW, and Section III presents
the detailed circuit implementations and the mode-switching
mechanism, followed by experimental results in Section IV.
Finally, Section V concludes this article.

II. CONVERTER ARCHITECTURE

A. Existing Structures

The conventional PCMC based buck converter with PWM
mode is shown in Fig. 1(a). A current sensor with slope (ramp)
compensation, and a voltage loop mainly consisting of a PWM
comparator and an EA, which make up a PWM controller,
conduct the PCMC operation to regulate the converter. The
essence of PCMC is to ensure that the output voltage VEA of the
EA tracks the inductor current IL well, by comparing VSENSE

with VEA to generate VPWM. The oscillator (OSC) provides the
clock signal (CLK) and initiates the switching period, which
combines with the comparator output VPWM to periodically turn
on/off the high-side and low-side power transistors MP /MN .

However, the single PWM mode is not attractive to light loads.
Therefore, the traditional dual-mode buck converter is illustrated
in Fig. 1(b). In addition to the PWM controller for heavy loads,
an additional PSM controller is adopted for light loads. When
the output voltage Vout rises so that the feedback voltage VFB

is higher than the reference voltage VH , the output voltage VR

Fig. 1. Conventional buck converter structures. (a) PCMC buck with PWM
mode. (b) Dual-mode buck with PWM/PSM operations.

of the hysteresis comparator goes high, and the control signal
VPSM is high to skip the CLK cycles. Conversely, when Vout

decreases and VFB is lower than the reference voltage VL, the
output voltageVS of the hysteresis comparator is high, as a result,
the power stage is driven at a constant CLK frequency. That is,
the hysteresis comparators with the output voltage detection,
conduct the PSM operation. When the inductor current IL
is close to zero, the zero-current detector (ZCD) disables the
power stage until the next clock cycle. The dual-mode converter
needs dual (PWM and PSM) controllers, which complicates the
hardware implementation. In addition, the hysteresis window
inevitably degrades mode-transition continuity between PWM
and PSM.

B. Proposed Architecture

PWM and PSM modes maintain high efficiencies at heavy and
light load scenarios, respectively. Dynamic variations in load
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Fig. 2. Proposed PWM/PSM dual-mode architecture with low-cost seamless
transition scheme.

current also necessitate the seamless mode transition between
PWM and PSM. Fig. 2 illustrates the proposed architecture of
the dual-mode buck converter based on the PCMC operation,
to implement a load-dependent seamless mode transition. Con-
sidering the converter output voltage Vout under heavy loads
is slightly lower than that in light loads, which means the EA
output voltageVEA is higher than or close toVref,VD under heavy
or light loads, respectively. Therefore, VEA is monitored and
compared to Vref,VD via a simplified comparator based voltage
detector (VD), to generate a digital control signal ENOSC, which
achieves the seamless mode transition by activating or disabling
the OSC. Thus, only a single controller is required for dual-mode
operation, and the VD conducts auto-switching between PWM
and PSM modes, which obviously differs from the existing
literature.

Compared to the traditional structure as depicted in Fig. 1(a),
only a VD module is added for multi-mode control, and an
over-current detector (OCD) serves as a protection module. In
comparison to the conventional topology as shown in Fig. 1(b),
the single-comparator-based VD module functionally replaces
of the complex PSM controller with dual comparators, and
determines the operation modes in accordance with the status of
VEA, as well as enables / disables the OSC for the load-dependent
switching frequency. Therefore, the mode transition is optimized
from discreteness to continuity and no additional control circuit
is required. Moreover, dual feedback (inner current and outer

Fig. 3. Operation principles of the proposed converter. (a) Pulsewidth modu-
lation. (b) Pulse skipping modulation.

voltage) loops ensure that the output ripple and voltage accuracy
of the converter are not sacrificed in different load condition.

The proposed architecture comprises of a control logic, a
power driver, a power stage, a PWM/PSM controller, a ZCD,
and an OCD, followed by the external resistive-feedback and
lowpass LC filtering networks. The mode controller consists
of the controller core (an EA with frequency compensation
components (R/C1/C2), a comparator, a VD, an OSC) and
a current sensor with a ramp generator for slope compensation.
The sawtooth voltage VSENSE representing of both the inductor
current IL and the slope (ramp) compensation, is compared
to the EA output voltage VEA that is inversely proportional to
the feedback voltage VFB, to determine the appropriate duty
cycle operation of the power stage. Besides, VEA is compared
to the threshold voltage Vref,VD via the VD, to determine the
OSC operation between continuous and intermittent statuses
and thus perform PWM or PSM mode. The ZCD detects the
approximate zero inductor current and disables the power stage
for DCM, to prevent the reverse conduction current of MN

parasitic body diode. The OCD serves as a protection module to
avoid the on-time pulse current being extended to the inductor
saturation current at the damaging levels, during short-circuit or
over-current cases

Vout,CCM = dCCMVin = VinTON/(TON + TOFF). (1)

The operation principles of the proposed converter are illus-
trated in Fig. 3, with PWM and PSM modes, respectively. In
PWM mode, IL is large enough for the converter to operate
in CCM. Both the power-stage duty cycle dCCM and the output
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voltageVout are depicted in (1). Here,TON andTOFF are the rising
and falling slots of the inductor current. VEA is not less than
VSENSE that is proportional to IL duringTON period. Under heavy
loads, VEA is higher than Vref,VD (0.46 V), the OSC remains
activated and the converter continuously works in PWM mode.
The CLK pulse makes MP ON and MN OFF, which increases
IL during TON slot. As a result, VSENSE goes up with IL and is
compared to VEA, to generate a narrow pulse signal VC to turn
MP OFF and MN ON, which makes the power stage enter TOFF

period. That is, both CLK andVC periodically manage the power
stage via the control logic. Since there is always current through
the external inductor L (=4.7 μH), the switching node voltage
(VSW) is negative in TOFF, VZCD remains logic low. The power
stage operates at a constant frequency with a typical value of
1.5 MHz, which is a tradeoff between conversion efficiency and
output ripple.

Under light loads, the converter will get into DCM from CCM,
andVout follows (2) with a duty cycle of dDCM. Initially assuming
VEA < Vref,VD in the light loads, as shown in Fig. 3(b), the VD
disables the OSC, the converter thus enters the pulse skipping
state and then the power stage is OFF, which inversely reduces
FSW. During skipping period tS , Vout andVFB decrease to make
VEA more than Vref,VD and activate the OSC again. As a result,
Vout andVFB grow up andVEA is smaller thanVref,VD again. That
is, once IL drops to cause VEA close to Vref,VD, VEA fluctuates
around Vref,VD. Once IL decreases to zero, to avoid the inverse
current of IL, the ZCD is introduced to disable the power stage.
Thus, within tS period, MP -MN are OFF and IL is damped to
zero, and Cout is discharged to provide ILoad

Vout,DCM = 2Vin

/(
1 +

√
1 + (8LFSW)/(RoutdDCM

2)

)
.

(2)

FSW =

{
1.5MHz PWM

1
tPSM

= 1
tL+tS

, tS ∝ 1
ILoad

PSM

ΔVout =
1

Cout

∫ Tring

0

ILdt ∝ 1

Cout

∫ 1/ILoad

0

ILdt. (3)

The PSM period tPSM is defined as the summary of the
inductor-charging/discharging time tL and the pulse-skipping
time tS . The tS is decided by ILoad and thus the switching
frequency FSW varies with the load condition. The output
ripple voltage ΔVout is also affected by the IL ring dura-
tion Tring, which is related to ILoad. The relationship between
FSW, ΔVout, and ILoad, is given in (3). Here, Cout (= 15μF) is
the output capacitor. The power stage operates at the PSM mode
with a varyingFSW less than 1.5 MHz, and conducts at the PWM
mode with a fixed FSW of 1.5 MHz. ΔVout increases and FSW

decreases, as ILoad goes down, and vice versa.
Fig. 4 gives the state diagram of the proposed converter,

to reflect the detailed function of the control logic. In each
ripple period, the power stage has three alternate work statuses:
charging; discharging; and pulse-skipping, where MP andMN

are ON or OFF sequentially controlled byPG/NG from the power
driver, and are thus determined by four paths of digital signals
(CLK/VC/VZCD/VOCD). The charging status (MP ON and MN

Fig. 4. State diagram of the proposed converter.

OFF) is triggered by CLK and ended by VC . The discharging
one (MP OFF and MN ON) is enabled by VC and ended by
CLK or VZCD. The pulse-skipping one (MP OFF and MN OFF)
is activated by VZCD and disabled by CLK. During short-circuit
or over-current conditions, ahead of VC , VOCD turns MP OFF.

C. Architecture Merits

Based on a single controller, the structure only introduces
a simplified VD to control the OSC, to achieve dual-mode
operation and conduct a load-dependent seamless mode tran-
sition, with low-cost high-efficient features, which avoids the
traditional multi-mode controllers or complex units.

III. CIRCUIT IMPLEMENTATION

The main modules include a mode controller core, a current
sensor with the slope compensation, zero- and over-current
detectors, and a power driver followed by a power stage, which
are clearly clarified below. Additionally, the mode-switching
scheme is addressed.

A. Controller Core for PWM/PSM

The proposed mode controller is shown in Fig. 5, which
consists of an EA, a comparator, a VD, and an OSC. To ensure
the loop stability and enhance the transient response feature,
the EA is followed by a type-II network (R/C1/C2) serving
as the frequency compensation. The converter loop transfer
function is expressed in (4). Here, gm,EA, CEA, REA are the
transconductance, output capacitance and output resistance of
the EA, respectively. A0, fz, fp1, and fp2 are the dc gain, zero
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Fig. 5. Proposed controller core for PWM/PSM modes.

and poles of the voltage loop, respectively,

VEA

Vout
= −A0

1 + s/(2πfz)

[1 + s/(2πfp1)][1 + s/(2πfp2)]

A0 =
AEAR2

R1 +R2
=

gm,EAREAR2

R1 +R2
= 47dB

fp2 = −1/[2π(R//REA)(C2 + CEA)] = −1.05 MHz

fp1 = −1/(2πREAC1) = −200 Hz

fz = −1/(2πRC1) = −31 kHz. (4)

The EA employs the conventional fold-cascode structure to
get a high dc gain for good line and load regulations (LDRs).
VFB is compared to the reference voltage Vref,EA (0.6 V) to
generate an error voltage VEA, which is then fed into the sequent
comparator and VD for mode control. The comparator employs
the traditional two-stage structure to minimize the propagation
delay, and compares VSENSE to VEA to generate a pulse signal
VC . The VD also uses the two-stage structure and compares
VEA to Vref,VD (0.46 V) to generate the digital control signal
ENOSC. When ENOSC is high, the OSC is activated and the
embedded capacitor starts charging and discharging to generate
CLK signal. Once ENOSC is low, the embedded capacitor is
bypassed and the OSC stops oscillating until the next ENOSC

rising-edge arrives.

B. Current Sensor With a Ramp Generator

Considering the inductor current IL whose average value
corresponds to multiple peak ones with different duty cycles,
sub-harmonics oscillation or circuit instability is prone to oc-
currence. To avoid this, a ramp generator is added to the current
sensor circuit, as depicted in Fig. 6. With an aspect ratio k
(=1000), the current sensor utilizes a matched PMOS transistor
MP1 that is much smaller than MP in the power stage. In order
to achieve an accurate current sensing, the negative feedback
loop formed by M1-M6 is employed to make VA equal to VB .
As a result, ICS is directly proportional to IL or set to zero when
the control signal PG is 0 or 1, respectively.

Fig. 6. Proposed current sensor with a ramp generator.

The ramp generator based on a voltage-to-current (V-I) con-
verter and a capacitor charging-discharging unit, is used to
produce a slope current IRa. As shown in Fig. 6, three groups
of currents, including the sensing current ICS, the slope current
IRa, and the constant current IRef, are injected into the resistor
network (R1-R3) for the output voltage VSENSE of the current
sensor, which is depicted in (5) and decided by the power-stage
control signal PG. Here, ΔIL is the inductor ripple current.
Besides, the mode-switching points of the inductor and load
currents between PWM and PSM are obtained from (5). By
choosing the appropriate inductor threshold current IL,threshold

(0.12 A) and the perfect load threshold current ILoad,threshold
(50 mA), the mode threshold voltage Vref,VD (0.46 V) is thus
determined

Vref,VD = VEA,threshold = VSENSE,peak

= IRef (R1+R2+R3)+ PG [IRa,max(R1+R2)+ ICS,peakR1]

= IRef (R1+R2+R3)+ IRa,max(R1+R2)+ IL,thresholdR1/k

= 2.2µ× (2k+28k+54k) + 1.2µ× (2k+28k) +
120m× 2k

1000≈ 0.46V

ΔIL =
Vout

L× FSW
×

(
1− Vout

Vin

)
=

3.38

4.7µ× 1.5M

(
1− 3.38

4.75

)

= 140 mA
ILoad,threshold = IL,threshold − 0.5ΔIL = 120 m− 0.5× 140 m

= 50 mA. (5)
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Fig. 7. Protection modules. (a) ZCD schematic. (b) ZCD signal waveforms in
PWM and PSM modes. (c) OCD schematic.

C. ZCD and OCD

Since the converter is a synchronous switching operation, the
ZCD is essential to block the reverse inductor current in light
loads by turningMN OFF. As shown in Fig. 7(a), the comparator-
based ZCD is controlled by the signalNG. The ZCD is shut down
during both the rising time (TON) and the skipping period (tS)
of inductor current, with the output voltage VZCD close to zero.

During the falling slots of the inductor current, M11 is turned
ON and M12 is turned OFF by the signal NG, and the biasing
current I1 is injected intoRZCD1 to enable the circuit rapidly. The
ZCD begins to detect the inductor reverse current. Two terminal
voltages (VSW and GND) of MN are compared to a trigger

Fig. 8. Proposed power driver and power stage.

window of Vtrig = I1(RZCD1 −RZCD2) ≈ 150mV, which is in-
serted to avoid erroneous detections when VSW slightly changes,
that is, the hysteresis window improves the detection robustness.
As shown in Fig. 7(b), since IL is greater than zero in PWM
mode, VSW is negative in TOFF that makes VB high, and VZCD

thus maintains logic low. However, when IL falls below zero in
PSM mode, VSW becomes positive to pull VZCD to logic high,
which can turn OFF MN , and the signal NG changes to logic low
simultaneously. Therefore, the switch M11 is turned OFF and the
switch M12 is turned ON, which inversely disables the ZCD. The
output of ZCD is pulled to logic low again to generate a pulse
signal VZCD.

Furthermore, in short-circuit or over-current cases, the on-
time pulse current must be prevented from being extended to
the inductor saturation current at the damaging levels. Thus, the
OCD is implemented by comparing VSW toVin as the on-time
being extended. As shown in Fig. 7(c), the OCD based on a two-
stage comparator is controlled by the signal PG. This module
is shut down under the falling time (TOFF) and the skipping
period (tS), with the output voltage VOCD close to zero. During
the rising slots of IL, the switch M11 is turned ON and M12 is
turned OFF by the signalPG, and the OCD is activated. When the
inductor current is overshoot, the voltage (Vin − VSW) across the
MP increases and the VSW decreases. Once Vin − VSW is higher
than the value of I1(ROCD1 −ROCD2) ≈ 150mV, VOCD is set
to high to turn the power transistor MP OFF, which inversely
makes PG high to disable the OCD. Therefore, VOCD is also a
narrow pulse signal or always zero.

D. Power Driver and Power Stage

As depicted in Fig. 8, the proposed power driver employs
two same inverter chains with transistor-size scaled-up by four,
to generate the driving signals PG andNG for the power stage
consisting of large-size transistors MP -MN . The dead-zone
time tD with a typical value of 1.5 ns between NG andPG,
is achieved by these two chains based on three-stage cascaded
inverters, to avoid synchronous conduction ofMP andMN . The
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Fig. 9. Chip micrograph in 180-nm BCD.

input signals PC andNC from the control logic reflect three
alternate statuses as depicted in Fig. 4: charging; discharging;
and pulse-skipping.

The power stage only consists of push-pull transistors
MP andMN , which are driven by the PG andNG signals as
shown in Fig. 8. The power transistors MP with the size ratio of
59.9 mm/0.6 μm and MN with the size ratio of 24.85 mm/0.6
μm, to achieve conduction impedances (RON) less than 0.12 Ω
and 0.08 Ω, respectively, which benefit high conversion effi-
ciency.

E. Mode-Switching Mechanism

As depicted in (5), with the inductor ripple current of 140 mA,
when the load current is larger or smaller than 50 mA, the
inductor peak current is higher or lower than 120 mA, which
means the peak value of VSENSE is more or less than 0.46 V. That
is, VEA = VSENSE,peak is higher or lower than Vref,VD (0.46 V),
so the VD output signal ENOSC is always or no longer always at
high level, which inversely makes the OSC always activated or
alternately enabled / disabled. Therefore, the converter conducts
mode switching between PWM and PSM, based on 50-mA load
current threshold.

IV. EXPERIMENTAL RESULTS

The proposed PWM/PSM dual-mode converter with a low-
complexity seamless transition scheme is fabricated in 180-nm
BCD technology. The converter quiescent current is lower than
90 μA. Fig. 9 gives the chip micrograph of the prototype
buck dc–dc converter, where all the pads of the power and
IO are clearly demonstrated, with the silicon size of 0.49 mm
× 0.57 mm. The power stage occupies nearly 50% of hard-
ware size. There are two sets of power supplies Vin2 andVin1,
and grounds GND2 and GND1, which are used for the power
stage and the rest sub-modules of the converter, respectively.
The trimming pads are used for the bandgap circuit to ensure
high-precision reference voltages. The VSW are connected to the

Fig. 10. Experimental setup for testing the DC–DC converter chip.

Fig. 11. Measured steady-state behaviors with 4.0-VVin under different loads.
(a) 10 mA. (b) 1.2 A.

off-chip LC low-passed filter, VFB is the resistive subvision of
Vout, and EN is for chip enable signal and connected to Vin.

Fig. 10 shows the experimental setup for testing the dc–dc
converter chip, with the detailed connection relationship. A
Tektronix MDO3054 oscilloscope is used to observe the signal
waveforms. A Tektronix AFG31000 signal generator is used to
generate a square wave signal to control the switching between
heavy and light loads via the external voltage-to-current gen-
erator, as an electronic load. The printed circuit board for the
measured chip is supplied by a dc power.

To verify the ability to adapt to a wide range of operating
scenarios, the prototype converter is measured under multiple
load currents and input voltages. Oscilloscopes use the default
(DC) coupling mode to track the real-time signal waveforms and
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Fig. 12. Measured steady-state behaviors with 5.5-VVin under different loads.
(a) 10 mA. (b) 1.2 A.

Fig. 13. Measured load transient behavior.

utilize the ac coupling one to observe the ripple voltages. Figs. 11
and 12 give the measured steady-state behaviors, with Vout

centered at 3.38 V, Vin variation of 4.0–5.5 V, and ILoad range of
0.01–1.2 A. It is observed that Vout varies from 3.370 to 3.396 V,
and achieves a peak-to-peak ripple voltage with the minimum
value of 11 mV for heavy loads and the maximum value of 42 mV
for light ones, respectively. The measured switching frequency
is automatic sliding from 29.4 kHz to 1.5 MHz for the ILoad

values of 10–1200 mA, which conforms to (3). VSW waveforms
in accordance with Fig. 3, are also observed in Figs. 11 and 12,
under different load conditions.

In order to verify the mode transition, Fig. 13 shows the
measured load transient response between 1.0 mA and 1.1

Fig. 14. Measured line transient behaviors. (a) Heavy load. (b) Light load.

A, with 5.5-V Vin and 3.38-V Vout. By employing an exter-
nal voltage-to-current converter (VLoad/RLoad) as the load for
the load current step, the measured overshoot and undershoot
voltages are 130 mV and 125 mV, while the recovery time for
load transition is 176 μs and 65 μs, respectively. The output
voltage variation less than 3.49%/A (=0.13/(3.38 × 1.1)) for
the load current transient response, is also observed. Fig. 14(a)
gives the measured line transient response between 3.925 and
5.407 V, with 3.37-V Vout and 1.1-A ILoad for heavy loads. It
is observed that Vin has the tiny effect on Vout and the slight
influence on the ripple voltage from 11.8 to 13.7 mV. Fig. 14(b)
gives the measured line transient behavior between 4.04 V and
5.48 V, with 10-mA light load current and 3.39-V Vout. Vin has
the ignored effect on Vout and the little influence on the ripple
voltage from 29 to 42 mV. The measured recovery time for line
transition is small enough to be invisible and thus considered as
zero.

Figs. 15 and 16 show the measured line regulation (LNR)
and LDR features. The converter with Vout centered at 3.38 V
achieves the LNR of 0.03%–0.18% and the LDR less than
0.98%, under 4.0–5.5-V Vin and 1-1200-mA ILoad. Fig. 17(a)
gives the measured conversion efficiencies with 3.38-V Vout,
under wideVin and ILoad variations. The minimum and maximum
efficiencies of 80.61% and 93.65%, are achieved, respectively,
for PSM and PWM modes. As depicted in Fig. 17(b), for PWM
mode with a fixedFSW, the conduction loss dominates and scales
ahead of ILoad, which causes the conversion efficiency slightly
decreases as ILoad rises. While in PSM mode with a varying
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON

Fig. 15. Measured LNR performances with different ILoad values.

Fig. 16. Measured LDR performances with various Vin values.

Fig. 17. Conversion efficiencies. (a) Measured values under Vin and ILoad
variations. (b) Theoretical analysis.

FSW that is related to ILoad, the switching loss dominates and
is also proportional to ILoad, which thus holds a nearly constant
efficiency. However, at extremely small load currents, quiescent
loss dominates and is constant, which inversely makes the ef-
ficiency goes up with ILoad. The measured results of Fig. 17(a)
are in accordance with the theoretical analysis in Fig. 17(b).

It is concluded that Vout and the ripple voltage slightly de-
crease, the switching frequency evidently increases, and the
conversion efficiency obviously varies, as ILoad goes up, and
vice versa. In addition, the conversion efficiency slightly grows
up as Vin decreases.

The presented converter performances are summarized and
compared to the existing designs in Table I. The figure of merit
(FoM) [16] is given in (6) and defined to reflect the dynamic per-
formance. A larger FoM value stands for a faster load transient
response. Here,ΔILoad andTR are load current step (=1.1 A) and
step-response recovery time (=176 μs) during the load transient
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behavior between PWM and PSM modes, respectively,

FoM =
L×ΔILoad × 102

Cout × FSW × TR
. (6)

In comparison to the traditional structures, the proposed de-
sign only utilizes a simplified VD for a single mode control
to conduct a load-dependent seamless transition between PWM
and PSM. This benefits the low-complexity implementation with
a smaller silicon area, a better FoM value, a smaller voltage vari-
ation of load current transient response, and a high conversion
efficiency.

V. CONCLUSION

By introducing a simplified mode controller, a buck dc–dc
converter with a load-dependent seamless mode transition, is
fabricated in 180-nm BCD with a chip size of 0.28 mm2 and
the quiescent current lower than 90 μA. The efficiencies up to
93.65% for PWM and larger than 80.61% for PSM are achieved
over a wide load range, respectively. A peak-to-peak ripple
voltage with the minimum value of 11 mV for heavy loads
and the maximum value of 42 mV for light ones, are obtained.
Both LNR and LDR less than 0.18% and 0.98% are observed,
respectively. The voltage variation of 3.49%/A for the load
current transient response, is also achieved. All these are fit for
low-cost applications of SoC power management and portable /
wearable electronic devices, such as cellular and smart phones,
wireless and DSL modems, PDAs and so on.

The prototype converter has the following merits.
1) Low-complexity dual-mode structure with a single and

simplified controller, to eliminate complicated mode-
switching operation and additional submodules for mode
transition, which is fully different from the existing mech-
anisms.

2) A load-dependent seamless mode transition between
PWM and PSM.

3) A small silicon size and a high conversion efficiency with
a good FoM value for a fast transient response.

The further study on high robustness of mode-switching cur-
rent / voltage thresholds over process, voltage, and temperature
variations, will be considered as a future work.
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