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A Fast Transient Current-Mode Buck Converter
With Linear Regulation Mode
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Abstract—This article proposes a configurable supply mech-
anism in the power stage to simultaneously improve the load
transient response and power conversion efficiency. The power
stage, comprising a dc–dc converter and an auxiliary power circuit
(APC), can be organized depending on the variable load conditions.
During step-load changes, the APC can provide an additional
charging or discharging current to the output capacitance of the
dc–dc converter to compensate for any differences between the load
current and inductor current. Meanwhile, two auxiliary transient
transistors are employed to immediately adjust the output level of
the error amplifier because the peak current-mode control is used
in the dc–dc converter. Thus, the recovery time and output transient
ripple are enhanced significantly. At the steady state, the APC is
inactivated; thus, the conversion efficiency of the dc–dc converter
does not degenerate. Above medium loads, only the dc–dc converter
is activated to deliver adequate power with high efficiency. At light
loads, the APC acts as a linear regulator to take over the energy
delivery scheme because power consumption is reduced effectively
while the output voltage is kept. Therefore, the hybrid operation
can guarantee improvements in load transient response and power
conversion efficiency at light loads. The proposed converter was
fabricated with 0.35-µm CMOS technology. The experimental re-
sults showed that the recovery times for 450-mA step-down and
step-up loads are 1.6 and 2.0 µs, respectively. Comparing to when
the transient mode is disabled, the recovery time of the output
voltage is improved by over ten times when the transient mode is
enabled. Further, the efficiency improvements with the proposed
method at load current of 20 mA under the output voltages of
2.5 V and 1.8 V are 13.8% and 4.9%, respectively.

Index Terms—Current mode, dc–dc converter, efficiency, error
amplifier, transient response.

I. INTRODUCTION

OWING to high conversion efficiency, switching power
converters are widely employed in battery-powered elec-

tronic products to convert an input voltage to a desire output
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Fig. 1. Auxiliary current pump module for voltage-mode PWM control.

value. Portable electronic products require fast processing speed;
therefore, the load transient response of power converters are
critical because the correct operation function should be ensured.
Moreover, users also prefer that systems respond as quickly as
possible, especially portable electronic products.

Although there are many options for designing such power
supply, a dc–dc buck converter is an attractive option. How-
ever, designing a high-performance buck converter capable of
handling fast transient response, high conversion efficiency,
constant switching frequency, low output voltage ripple, and
small system size is quite challenging. For instant, since
the inductor of a buck converter restricts the slew rate of
the output current, the step-load changes cause a transient ripple
on the output voltage of the buck converter for a certain period
of time. Reducing the converter inductance can increase the
output current slew rate and decrease the form factor of inductor;
however, this will also lead to a larger output voltage ripple and
larger inductor current ripple simultaneously. To alleviate this
issue, one of the methods is to increase switching frequency,
leading to high converter bandwidth. Nevertheless, this method
suffers large switching loss and then severely degrades efficiency
under light loads. As a result, there is a tradeoff among the
required features of the buck converter.

Various techniques have been presented to enhance the tran-
sient response of dc–dc buck converters [1], [2], [3], [4], [5],
[6], [9], [10], [11], [12], [13]. Both hysteretic control and
on-time control can achieve a fast transient response because
their feedback delays are reduced and their duty cycles could
be saturated to either 100% or 0% [1], [2], [3], [4], [5], [6].
However, their switching frequencies are dynamically altered,
which depends on the operation conditions, such as the load
current, input voltage, and parasitic resistance. Thus, the two
controls are prone to the electromagnetic interference (EMI)
issue. Further, it is difficult to optimize the design of an EMI
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filter. To alleviate this EMI issue, pulsewidth modulation (PWM)
control is widely adopted in switching dc–dc converters because
a constant switching frequency is employed [7], [8]. The PWM
control of a dc–dc converter can be divided into the voltage mode
and current mode. Owing to the advantages of the input voltage
feedforward property, automatic over-current protection, and
simpler frequency compensation, the peak current-mode control
is widely used [8], [9].

Chen et al. [3] utilizes a current-mode hysteretic control and
presents an active current-sensing circuit without a sample-and-
hold circuit to realize short transient response time. To alleviate
the issue of switching frequency variation, a phase-frequency-
locked circuit is used. However, the improvement of light-load
efficiencies with hysteretic control is degraded. In addition, since
the inductor current is controlled by the hysteretic control, the
presented converter could not operate in discontinuous con-
duction mode (DCM) when load current is small. Even if the
converter could operate in DCM, the power loss would increase
significantly. For [7], a dual operating modes (DOMs) control is
presented to cooperate with an error amplifier for improving the
load transient of a dc–dc converter with voltage mode control. To
enhance the slew rate of the error amplifier during transient, the
DOM control is adopted to raise/reduce the gate voltages of the
output-stage transistors of the error amplifier for enhancing its
current driving capability. The implementation of DOM control
is simple, but the output-stage transistors of the error amplifier
always receive logic low and log high levels when the DOM
control is enabled. Thus, the current driving capability of error
amplifier is always the same even under different load current
changes. Based on the peak current-mode control, Hwang et
al. [9] presents an optimum-damping circuit to stabilize the
converter and speed up the transient response during load current
changes. To realize the optimum-damping control, the current
slopes of the dynamic slope generator and the current-sensing
circuit should be identical. However, according to (11) of [9],
resistance, capacitance, and transconductance are changed with
manufacturing process and temperature, especially for resis-
tance. Thus, it is difficult to fulfill (11) and the transient response
will be degraded.

Shih et al. [10] used an auxiliary circuit connected to the
output node to improve the transient response. However, only
the transient response of step-up load is improved because only
one auxiliary power transistor is used. In addition, [10] adopts
voltage mode control; therefore, there is a single voltage control
loop. In [11], [12], and [13], an auxiliary current pump module,
as shown in Fig. 1, was adopted to instantly provide charging
or discharging current through the output capacitor for both
the step-down and step-up loads. Although the aforementioned
methods are beneficial in terms of enhancing the load transient
response, all of them were designed for a single-loop PWM
voltage-mode control rather than a dual-loop peak current-mode
control. Further details about the design of the peak current-
mode control will be provided in Section II.

In addition to fast transient response, portable electronic
products need to extend battery endurance. Enhancing the power
efficiency is a practical method to extend battery durability,
especially for light loads. However, the major challenge is to

determine how the efficiency of a buck converter can be im-
proved. Pulse-frequency modulation control and pulse skipping
control are popular strategies to enhance light-load efficiency
because the dominant power loss of buck converters at light loads
is switching loss [14], [15]. Nonetheless, these techniques are
prone to large output voltage ripple and EMI. The gate-driving
voltage reduction technique and the adaptive sizing control of
power transistors are other valid methods to reduce switching
loss; however, they result in larger conduction losses in power
transistors [16], [17]. Moreover, to implement such controls,
additional complicated control circuits are required.

In recent years, three-level buck dc–dc converters gain more
attention for low-voltage applications. Comparing to the tradi-
tional buck converters, three-level buck dc–dc converters have
advantages including half switch voltage stress, double effec-
tive switching frequency, and smaller inductance and output
capacitance [18]. With smaller inductance, the three-level buck
dc–dc converter has beneficial effects on transient response
and converter bandwidth. However, not only the output voltage
should be regulated, but also the flying capacitor voltage has to
be balanced at half of the input voltage in order to benefit from
those mentioned advantages.

To simultaneously consider the issues of load transient re-
sponse and power conversion efficiency, an auxiliary power
circuit (APC) combined with a dc–dc converter is presented
in this article. A configurable supply mechanism in the power
stage can be effectively organized based on the variable load
conditions. During the step-load changes, the APC provides an
additional charging or discharging current through the output
capacitor of the dc–dc converter to compensate for any differ-
ences between the load current and inductor current, leading to
a small output transient ripple. At the steady state, the APC is
inactivated; thus, the conversion efficiency of the dc–dc con-
verter does not degenerate. Above the medium-load conditions,
only the dc–dc converter is activated to deliver adequate power
to load with high efficiency. At light loads, the APC acts as a
linear regulator to take over the supply function in the proposed
converter and maintain the regulated output voltage. Compared
to a switching converter, the power loss consumed by the linear
regulator at light loads is relatively small; thus, the efficiency
in linear mode is maintained. Therefore, the hybrid operation
can guarantee improvements in the load transient response and
power conversion efficiency. In Section II, the transient response
of the buck converter with peak current-mode control will be
addressed. Sections III and IV will introduce the design of
the proposed converter and the circuit implementation. The
experimental results will be illustrated in Section V. Finally,
the conclusion will be drawn in Section VI.

II. ANALYSIS OF PEAK CURRENT-MODE CONTROLLED BUCK

CONVERTER DURING TRANSIENT STATE

Before introducing the proposed architecture, the transient
response of the peak current-mode controlled buck converter
will be reviewed first. As shown in Fig. 2, a buck converter
with peak current-mode control has two control loops: One is a
current control loop through a current sensor and the other is a
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Fig. 2. Conventional peak current-mode controlled buck converter.

Fig. 3. Simulated transient waveforms of a conventional peak current-mode
control for a step-down load. From top to bottom, vertical scale: 100; 340; and
250 mV/div and horizontal scale: 10 µs/div.

voltage control loop through an error amplifier. To prevent sub-
harmonic oscillation for peak current-mode control, the sensed
signal Vsen of the inductor current is combined with the ramp
signal Vmix to fulfill the slope compensation. Thus, Vmix can be
expressed as

Vmix = Vramp + Vsen = Vramp + IL ·Rsen (1)

where IL is the inductor current, and Rsen is the gain of the
current sensor. Since the dc level IL,dc of the inductor current is
equal to the value of the load current Iload, the dc level of Vmix

is proportional to Iload. Thus, to ensure a balance between the
current and voltage control loops under distinct load currents,
the dc level of Vea should be adjusted to diminish the difference.

The simulated transient waveforms of a peak current-mode
controlled buck converter, when load current changes from
heavy load to light load, are shown in Fig. 3. After a step-down
load change, Vea is reduced by the error amplifier to a lower
level to ensure that both the current and voltage control loops
attained equilibrium. The decreased dc amount of Vmix under
the two load currents can be expressed as

ΔVmix = Vmix(t2)− Vmix(t1)

= [IL,dc(t2)− IL,dc(t1)] ·Rsen ≈ ΔIload ·Rsen (2)

where t1 and t2 are the times before and after the load-transient
response, where the converter operates in the steady state. On
the other hand, the decreased dc amount of Vea can be expressed

Fig. 4. Architecture of the proposed converter.

through the formula

ΔVea =

[
gm ·

∫ t2

t1

(Vref − Vout) dt

]/
Cc (3)

where gm is the transconductance of the error amplifier. To attain
the balance between the two control loops after the step-down
load change, (2) and (3) should be identical. Equation (4) can
then be obtained as follows:∫ t2

t1

(Vref − Vout) dt ≈ Cc ·ΔIload ·Rsen

gm
(4)

When a step load change is known, the value on the right-
hand side in (4) can be calculated. Moreover, the compensation
capacitance is usually large. Thus, if only an APC is employed
in a peak current-mode controlled buck converter, the voltage
difference between Vout and Vref will diminish quickly, which
are the input sources for the error amplifier. Consequently, the
APC leads to the integration time of the error amplifier more
sluggish and the recovery time of a buck converter with peak
current-mode control will be affected by the error amplifier to
adjust Vea.

III. OPERATION OF AN AUXILIARY POWER CIRCUIT COMBINED

WITH DC–DC CONVERTER

Fig. 4 shows the architecture of the proposed converter. The
power stage includes a buck converter and an APC. The control
circuits, recognized as the switching control circuit, operation
mode control, transient enhancement circuit, and auxiliary tran-
sient transistors (MCP and MCN), properly regulated the output
voltage Vout based on different load current situations.

To derive good power conversion efficiency from heavy- to
light-load conditions, the proposed converter is able to operate
in the switching mode (from heavy to medium loads) or in linear
mode (at light loads). As shown in Fig. 5(a), for the switching
mode, the buck converter operates with constant switching peak
current-mode control. At the switching mode, Vout and the refer-
ence signal Vref are connected to the inverting and non-inverting
pins of error amplifier EA, respectively. The error amplifier EA
helps in maintaining a high loop gain for producing the error
signal Vea and determining the duty cycle and reliable output
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Fig. 5. Proposed converter operation under different load conditions.
(a) Switching mode. (b) Linear mode. (c) Transient mode.

voltage regulation. The details of the switching control circuit
are shown in Fig. 4. The current sensor and ramp generator are
used to realize the current sensing of inductor current and slope
compensation, respectively. To avoid subharmonic oscillation
when duty ratio is higher than 0.5, the slope mc of the ramp
signal Vramp must be larger than half of the slope m2 of in-
ductor current when the power transistors MMP and MMN are
turned OFF and on, respectively [19]. In other words, it can be
expressed as

mc >
1

2
m2,max =

1

2

Vo,max

K · L (5)

where K is the current-to-voltage conversion ratio of the current
sensor. In our case, K and mc are set to 1 A/V and 500 kV/s,

respectively, to avoid subharmonic oscillation. The converter
is compensated by the compensation capacitor Cc and com-
pensation resistor Rc, and the values of Cc and Rc are 80 pF
and 42 kΩ, respectively. The comparator CMP and SR latch
generate a PWM signal VPWM, and the gate driver drives the
power transistors MMP and MMN.

To minimize the switching and gate driving losses of MMP

and MMN at light loads, the proposed converter serves as a
linear regulator, as shown in Fig. 5(b). The transistor MAP of
the APC acts as a pass device of the linear regulator to adjust
the output voltage. The operation mode control monitors the
load current condition and produces a signal ENLDO. To ensure
proper operation in the linear mode, Vout and Vref are connected
to the noninverting and inverting pins of EA through the switch
SW1, respectively, and Vea is connected to Vea,LDO through the
switch SW2. SW1 and SW2 are controlled by ENLDO. Since
the output capacitor Co is large, the dominant pole for the
linear mode is to be set at the output node. Two low-frequency
nondominant poles occur at the output of EA and the gate of the
auxiliary transistor MAP. To avoid degrading the loop stability,
Vea is directly sent to the driving circuit without connecting
to Cc and Rc. Further, two unity-gain buffers are employed in
the driving circuit to produce a small output resistance. As a
result, the two low-frequency non-dominant poles are separated
into high frequency to acquire a sufficient loop phase margin.
Moreover, the system bandwidth is enlarged by removing Cc

and Rc, and the slew rate of the driving circuit is enhanced by
the two unity-gain buffers, the details of which will be presented
in Section III.

To enhance the transient operation with a change in step-load
current, the APC with the transient enhancement circuit is
activated as shown in Fig. 5(c). The transient response of the
switching converter is restrained by the inductor and the control
loop bandwidth, which is usually limited to within 10%–20%
of the switching frequency. Due to a larger current slew rate
and larger system bandwidth compared to switching converters,
the APC achieves a remarkable load transient response. At this
mode, Vea is connected to Rc and Cc, and Vout and Vref are
connected to the inverting and non-inverting pins of EA, respec-
tively. By detecting Vout, the transient enhancement circuit and
driving circuit generate signals Vap and Van for the transistors
MAP and MAN to produce additional charging or discharging
currents through the output capacitor. Thus, the current slew rate
of the proposed converter is enhanced and the output transient
ripple is quickly diminished.

As mentioned in Section II, for the peak current-mode con-
trolled buck converter, Vea is varied with a change in the step-
load current. Thus, a smaller output transient ripple, which is
the input source for the error amplifier, causes a longer transient
response of Vea. To solve this issue, the auxiliary transient
transistors MCP and MCN are employed to charge and discharge
the compensation capacitor Cc in the transient mode and dynam-
ically regulate the signal level of Vea. The control signals Vcp and
Vcn for MCP and MCN are generated by the transient enhance-
ment circuit. The amount of additional charging/discharging
currents provided by the APC and auxiliary transient transistors
decreased automatically while the output voltage tends toward
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Fig. 6. Schematic diagram of transient enhancement circuit and driving circuit.

the nominal value. Finally, when the output voltage is back to its
nominal value, the APC and auxiliary transient transistors are
turned off for power saving, thus bringing the operation mode
back to the switching mode.

IV. CIRCUIT IMPLEMENTATION

To fulfill the fast transient dc–dc converter with the linear reg-
ulation mode, the transient enhancement circuit, driving circuit,
and operation mode control are utilized. The detailed circuit
implementation for these function blocks is presented in this
section.

A. Transient Enhancement Circuit and Driving Circuit

The driving circuit comprises two multiplexers and opera-
tional amplifiers OP5 and OP6 as shown in Fig. 6. To generate
a small output resistance and deliver analog level on signals
Vap and Van, OP5 and OP6 act as the unit-gain buffers. In the
linear mode, signal ENLDO is at logic high and Vap and Van are
Vea,LDO and zero. Thus, the auxiliary power transistors MAP

and MAN are regulated by Vea,LDO and OFF, respectively. On
the other hand, when ENLDO changes to logic low, Vap and Van

become Vcp and Vcn, respectively.
The transient enhancement circuit shown in Fig. 6 comprises

operational amplifiers OP1–OP4 and resistors R1–R4. OP2 and
OP4 are employed to prevent the loading effect and provide a
wide swing for Vcp and Vcn. Vcp and Vcn can be expressed as

Vcp = Vrefp + (1 +R2/R1) (Vout − Vrefp) (6)

Vcn = Vrefn + (1 +R4/R3) (Vout − Vrefn) (7)

The reference signals Vrefn and Vrefp are set as larger and
smaller than the nominal Vout value, respectively. Thus, in the
steady state, Vcp and Vcn are at high and low levels to turn off
the APC, MCP, and MCN. Vrefn and Vrefp are set as 1.85 V and
1.75 V, respectively. The values of R1-R4 are 5, 90, 5, and 90
kΩ, respectively. After a step-up load change, Vout drops from its
nominal value. When Vout falls below Vrefp and ENLDO changes
to logic low, Vcp and Vap temporarily become a low level. Thus,
Co and Cc are charged rapidly by MAP and MCP, respectively.
Since the output undershoot ripple is diminished dramatically
and the dc-level difference of Vea is compensated instantly, the

Fig. 7. Schematic diagram of (a) OP5 and (b) OP6.

recovery time of the proposed converter is shortened signifi-
cantly. Compared to digital controls, the transient enhancement
circuit regulates Vcp adaptively depending on the difference
between Vout and Vrefp to avoid output voltage ringing. When
Vout is back to the nominal value, MAP and MCP are turned off,
and the buck converter and error amplifier subsequently take over
Vout and Vea, respectively. Similarly, Vout rises above Vrefn after
a step-down load change. Since Vcn and Van temporarily become
high level, MAN and MCN are turned on to rapidly discharge Co

and Cc, respectively. Thus, the proposed converter shows an
excellent transient response.

The schematic diagram of OP5 and OP6 are shown in Fig. 7
[20]. Transistors M1 to M8 constitute a conventional transcon-
ductance amplifier to obtain wide output swing. With regard
to OP5, Vcp is at high level in the steady state; thus, transistor
M9 is off. When the switching converter suffers a step-up load
current, Vcp becomes low level, and M9 is turned ON. Since the
gate of M8 is raised instantly, the falling time of Vap is reduced
significantly. Thus, the start operation of APC is accelerated
with a small silicon area when the load step-current changes.
Similarly, as seen in Fig. 7(b), the rising time of Van decreases
dramatically when a step-down load occurs.

B. Schematic Diagram of Operation Mode Control

The schematic diagram of the operation mode control is
shown in Fig. 8. To obtain the load current information, the
inductor current and the current flowing through the output
capacitor are required. A differentiator is used to differentiate
the output voltage and achieve signal ViC, containing the infor-
mation of the output capacitor current. When the sensed signal
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Fig. 8. Schematic diagram of the operation mode control.

Fig. 9. Schematic diagram of the differentiator.

Vsen and PWM signal VPWM are sent to the peak detector, a
signal ViL, including the peak value of the inductor current, is
generated. By subtracting ViC from ViL, the signal VLoad of the
load current information is produced.

When VLoad is smaller than the reference signal VrefL, the
output of the comparator CMP2 becomes the high state, implying
that the load current changes to light load. Through the digital
circuits, a pulse is then transmitted to the S terminal of the
SR Latch. Signal ENLDO is subsequently set to the high state.
Consequently, the operation mode of the proposed converter
changes from the switching mode to the linear mode. On the
other hand, when the reference signal VrefB is larger than ViC,
ENLDO become the low state, meaning that the load current
is greater than the designed light-load level, and the operation
mode of the proposed converter changes to the switching mode.
When a step-up load occurs, the response time of ViC is faster
than that of ViL; thus, ViC rather than VLoad is adopted. VrefL

and VrefB are set as 0.5 and 1.35 V, respectively.
The schematic diagram of the differentiator is shown in Fig. 9.

Since the amplifier OP and the transistor M1 form a negative
feedback loop, the voltage across the capacitor C1 is Vout. Thus,
the current IC1 is equal to C1(dVout/dt), which scales down with
the current flowing through the output capacitor. The dc current
Id4 is determined by the transistor M4 and the bias voltage Vb.
The values of C1 and C2 are 1 pF and 100 fF, respectively.
After through a current mirror comprising transistors M2 and
M3, IC1 and Id4 are amplified. The capacitor C2 is employed as
a high-frequency filter, and the signal ViC is produced, which
can be expressed as

ViC = C1Ro
(W/L)M3

(W/L)M2

dVout

dt
(8)

Fig. 10. Simulated waveforms of the differentiator when the load current
changes instantaneously.

Fig. 11. Schematic diagram of the peak detector.

where Ro is the equivalent resistance at the output node of the
differentiator.

Fig. 10 shows the waveforms of ViC and the output capacitor
current IC when the load current immediately changes from the
light to the heavy load and then back to light load. It is clear
that the waveforms of ViC and IC are similar even during the
load transient periods. Thus, the differentiator could obtain the
current information of the output capacitor.

The schematic diagram of the peak detector is shown in
Fig. 11. The sensed signal Vsen passes a unit-gain buffer to
prevent the loading effect and is sent to two sample-and-hold
circuits. The two sample-and-hold circuits are controlled by
VPWM. When VPWM is at the low state, the transmission gates
TG1 and TG2 are turned ON and OFF, respectively. The signal
across the capacitor C1 then tracked Vsen, and ViL is maintained
at the previous value. When VPWM changes to the high state,
TG1 and TG2 are turned OFF and ON, respectively. Subsequently,
the peak value of Vsen is kept on ViL.

V. EXPERIMENTAL RESULTS

To verify the circuit validity, a laboratory prototype of the
proposed converter was built with a nominal input voltage of
3.3 V and maximum output current of 500 mA. The output
capacitor and output inductor were 4.7 and 4.7 µH, respectively.
The proposed converter was fabricated with standard 0.35-µm
CMOS technology. The chip microphotograph is shown in
Fig. 12 and chip area, including the pads, is 1491 × 1800 µm2.
In Fig. 12, the chip area of the APC, driving circuit, transient
enhancement circuit, and operation mode control are represented
in the areas with black dash lines. In addition, the chip size of the
APC, auxiliary transient transistors, driving circuit, and transient
enhancement circuit is about 0.119 mm2. Compared to the total
chip area with PADs, which is 2.047 mm2, it occupies only
5.8%. Fig. 13 shows the measured waveforms of the proposed
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Fig. 12. Chip microphotograph of the proposed converter.

Fig. 13. Measured waveforms of the proposed converter in the switching mode
at the load currents of (a) 50 mA and (b) 500 mA.

converter operating in the switching mode at the load currents
of 50 mA and 500 mA when the output voltage is set as 1.8 V.
The output voltage ripple ΔVout is about 20 mV.

Fig. 14 shows the transient responses of the proposed con-
verter when both the transient and linear modes are disabled for
the load current change between 500 and 50 mA. The output
voltage ripple ΔVout, inductor current IL, and load current
Iload are shown in Fig. 14. The recovery time and the transient

Fig. 14. Transient responses of the proposed converter when both the transient
and linear modes are disabled for (a) step-down load and (b) step-up load.

ripple for the step-down and step-up loads are 23.6 µs, 400 mV,
21.6 µs, and 360 mV, respectively.

Fig. 15 shows the transient responses of the proposed con-
verter when the transient mode is enabled and the linear mode
is disabled. For conventional peak current-mode control, the
duty cycle is changed slowly due to the slope compensation
mechanism. However, for IL shown in Fig. 15(b), the implication
is that the duty cycle with the proposed method is saturated to
100%. The recovery times for the step-down and step-up loads
are 1.6 and 2.0µs, and the transient ripples for the step-down and
step-up loads are 80 and 70 mV, respectively. Comparing to when
the transient mode is disabled, the recovery time of the output
voltage is improved by over ten times when the transient mode is
enabled. It should be noted although Vout resumes its regulated
value after the load current changes, IL is slowly adjusted to
its final level. This implies that the additional charging and
discharging currents provided by APC are changed gradually
to prevent any variation in Vout.

Fig. 16 shows the transient waveforms of the proposed con-
verter when the operation changes from the switching mode to
the linear mode and then back to the switching mode. Since
the transient mode is enabled, the transient duration of both the
changing modes is less than 2.6µs. In the linear mode, the power
transistors MMN and MMP are turned off for power saving; thus,
the inductor current ripple becomes zero. Moreover, the output
voltage is also maintained at almost an identical level to provide
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Fig. 15. Transient responses of the proposed converter when the transient
mode is enabled and linear mode is disabled for (a) step-down load and
(b) step-up load.

energy for the load. In Fig. 16(b), since MMN is temporarily
turned on at the beginning of the operation mode change, IL
becomes negative, but the converter still operates.

Fig. 17 shows the measured efficiency of the proposed con-
verter for the output voltages of 1.8 and 2.5 V. When the
converter operates with the switching mode at light loads, the
conversion efficiency degrades significantly. Thus, with the
different operation modes based on different load conditions,
the power efficiency can be maintained within a relatively high
value, especially at higher output voltages. Comparing to with
switching and proposed modes, the efficiency improvements at
load current of 20 mA under the output voltages of 2.5 and 1.8
V are 13.8% and 4.9%, respectively. When the input and output
voltages were 3.3 and 2.5 V, the maximum and minimum effi-
ciencies measured are 95.02% and 74.99%, respectively. When
the output voltage changes to 1.8 V, the maximum efficiency is
89.76% at the load current of 400 mA.

Table I gives the measured performance of the state-of-the-art
switching buck converters. The recovery time is defined as the
time required for the output voltage to reach and steady within
a given tolerance band. The tolerance band used in Table I
is about 0.8%. Two figure of merits (FOMs) are utilized in
Table I. FOM1 is employed from [6] to compare the dynamic
performance. Since inductor, output capacitor, and switching
frequency are important for the transient response of a buck

Fig. 16. Transient waveforms of the proposed converter when the operation
changes (a) from switching mode to linear mode and (b) from linear mode to
switching mode.

Fig. 17. Power conversion efficiency of the proposed converter.

converter, FOM1 includes those parameters. Moreover, the slew
rate of load current change also affects the recovery time
and output voltage overshoot/undershoot. FOM2 contains the
parameters of the load current slew rate and voltage over-
shoot/undershoot. However, the information of load current slew
rate for some works is not applicable because the waveform of
load current change for those works cannot be found. Large
FOM1 and FOM2 stand for fast transient response. From FOM1

and FOM2, the proposed buck converter has a better transient
response than the other buck converters excluding [7]. In addi-
tion, the proposed converter has maximal peak efficiency when
the output voltage is 2.5 V.
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TABLE I
COMPARISON OF REPORTED CMOS DC–DC CONVERTERS

VI. CONCLUSION

In this article, a configurable power architecture, comprising
a buck converter combined with an APC, is presented to handle
distinct load conditions for simultaneously enhancing the
transient response and power efficiency. The configurable supply
mechanism is organized based on the variable load conditions.
Under heavy- to medium-load situations, the switching dc–dc
converter operation is activated to deliver adequate energy with
high power efficiency. During the load transient period, the APC
instantly delivers an additional charging/discharging current for
the output capacitance, leading to a small output transient ripple.
Meanwhile, two auxiliary transient transistors are employed to
quickly regulate the output level of the error amplifier because
peak current-mode control is adopted in the switching converter.
Therefore, fast transient response and acceptable conversion
efficiency are achieved over a wide load range. The proposed
converter was fabricated with 0.35-µm CMOS technology.
The experimental results demonstrate that the recovery times
for 450-mA step-down and step-up loads are 0.8 and 1.2 µs,
respectively, and that the transient ripples for the step-down
and step-up loads are 90 and 80 mV, respectively. Comparing
to when the transient mode is disabled, the recovery time of the
output voltage is improved by over ten times when the transient
mode is enabled. Further, the efficiency improvements with the
proposed method at load current of 20 mA under the output
voltages of 2.5 and 1.8 V are 13.8% and 4.9%, respectively.
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