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A Monolithic Buck Converter With
Near-Optimum Reference Tracking Response

Using Adaptive-Output-Feedback
Patrick Y. Wu and Philip K. T. Mok, Senior Member, IEEE

Abstract—A monolithic output-ripple-based buck converter
with adaptive output and ultra-fast reference tracking is presented.
Fixed-switching-frequency V2-control is used in steady-state
operation; while its speed limitation during reference tracking is
eliminated by employing end-point prediction, a novel oscillator
with clock-holding function, and the proposed adaptive-output-
feedback (AOFB)-scheme. The AOFB-scheme is obtained from a
detailed analysis of the dynamics of general output-ripple-based
controller during reference tracking. Then, an adaptive feedback
voltage which satisfies the switching criterion for optimum switch
control in reference tracking is formulated, and is incorporated
into the controller design. The resultant single ON/OFF-switching
during reference tracking is very close to the optimal solution
for fast reference tracking. Moreover, it also leads to the lowest
switching loss and minimized conduction loss at the fastest
tracking speed, making the converter very suitable for adaptive-
output applications.

Fabricated in a 0.35 m CMOS process, the 3-V input proto-
type chip exhibits stable operation across a wide output range of
0.7–2.4 V. High tracking speed within 10 s V is measured with
different output voltages and output voltage steps. Maximum effi-
ciency of 96% is obtained at 260 mA output current, while max-
imum output current is 800 mA.

Index Terms—Dynamic voltage scaling, end-point prediction,
output-ripple-based control, reference tracking,V2-control.

I. INTRODUCTION

THE prevalence of battery-operated portable devices like
cellular phones and media players creates a great demand

for high-quality switching DC-DC converters. The desirable
qualities generally include high efficiency, small volume, tight
static and dynamic regulations, and low EMI noise. Regarding
efficiency, a recent low-power VLSI technique namely dynamic
voltage scaled (DVS) calls for a new type of “adaptive power
supply” [1]–[5], which requires its output voltage to track
the reference voltage when the latter has a step change. As a
result, two new parameters, namely transition (tracking) time
and transition energy, are introduced to characterize the power
supply’s performance on speed and energy conservation during
reference tracking [4]. Obviously, too long transition time may
reduce energy saving of a DVS system or adds considerable
latency to resume high-speed operation. Meanwhile, too large
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transition energy adds significant overhead to the energy saving
by DVS.

Unfortunately, few literatures discuss the performance of
switching converters (using different control methodologies)
applied in a DVS system in detail. There are some recent works
[6], [7] discussing the design of controller for DVS; but all of
them are digital controllers, which usually involves large and
sophisticated look-up tables and digital structures typically not
familiar to analog circuit designers. On the other hand, output-
ripple-based control, e.g., hysteretic and [8]–[10], which
exhibits the fastest load transient response among common
analog controls, remains rarely explored regarding to their per-
formance in a DVS system. This paper aims to bridge this
gap by considering a -controlled buck converter. -control
is chosen because of its tight regulation and fixed switching
frequency [9], [10]. After a close examination of its circuit
structure and the ideal dynamics during reference tracking, the
conventional -control is found to have poor transition time.
Hence, a buck converter based on a modified -control is pro-
posed in this paper. By using the end-point prediction (EPP)
scheme [11], a novel oscillator with clock-holding function,
and the proposed adaptive-output-feedback (AOFB) technique,
the proposed buck converter achieves an ultra-fast reference
tracking speed for a wide range of reference transition scenarios
under different output voltages and voltage steps. Not only does
the converter achieve the fastest tracking time, but also has
the two unique characteristics during reference tracking: ab-
sence of overshoot/ undershoot in output voltage and inductor
current, and minimum number of switching activities (single
ON/OFF-switching). These features reduce the conduction loss
and minimize the switching loss during tracking period, thus
transition energy is also considerably conserved under the con-
dition of fastest transition time.

This paper is organized as follows. Section II reviews the
conventional fixed-frequency -controlled buck converter
and its limitation. Section III presents the improved reference
tracking performance using the EPP scheme and its pitfall.
Section IV analyzes the dynamics during reference tracking,
which leads to the need for a novel oscillator design and the
proposed AOFB-scheme. Circuit implementation of major
building blocks is discussed in Section V. Section VI presents
the measurement results and compares with state-of-the-art
adaptive DC-DC converters.

II. REVIEW OF -ARCHITECTURE

Fig. 1 shows the conventional fixed-frequency -archi-
tecture [9]. It has two distinct characteristics different from
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Fig. 1. Conventional V -controlled buck converter.

typical voltage-mode or current-mode converters: 1) the exis-
tence of two feedback loops both from output voltage, , and
2) the origin of pulse-width modulated (PWM) ramp signal
( ). The slow feedback loop encompasses error ampli-
fier, PWM comparator and power stage, while the fast feedback
loop bypasses error amplifier by directly feeding (scaled

) to the noninverting input of PWM comparator. The ramp
signal is given by the output ripple due to the ESR of output
capacitor ( ). The artificial ramp is only for avoiding
sub-harmonic oscillation when duty-ratio is larger than 50%.
Since is mainly a scaled , a change in due to
load current step instantly causes a large change to its DC value,
and thus instantly saturates the duty-ratio to 100% or 0%. A
fast load transient response is then obtained without a complex
compensation network as required in typical voltage-mode or
current-mode converters. In fact, the slow feedback loop is only
intended for high static accuracy by using a high-gain error
amplifier. Thus, a large compensation capacitor, , can be
used for robust operation.

Yet, the considerations are different when reference tracking
is concerned. When there is a step change in reference voltage,

, the error amplifier has to drive the large before
change of duty-ratio is possible. This slow process usually lasts
for more than 100 s when the change in is around
hundreds of mV with a large ( nF), hence forming the
bottleneck of reference tracking speed.

III. -ARCHITECTURE WITH EPP SCHEME

To solve the problem of slow reference tracking in the
dominant-pole compensated voltage-mode converter, an EPP
scheme is proposed in [11]. The final error amplifier output
voltage, , after reference transition is predicted by
considering the geometric relationship between the duty-ratio,

and the upper and lower bounds of ramp signal. After
a proper choice of the upper bound of ramp signal, EPP is done
by adding to the inverting input of PWM comparator,

. Hence, this PWM reference input is changed instantly
without requiring error amplifier’s output to move significantly.
The similar bypassing principle can be applied in -control

Fig. 2. Implementation of end-point prediction (EPP).

for reference tracking. Nonetheless, the prediction considera-
tion is a bit different from that of voltage-mode control. Let
us denote the desired step as and the corresponding
changes in , , , and as ,

, , and , respectively. It can be
easily proved that

(1)

where is the feedback factor given by the
resistive divider. In steady-state, is very close to the
dc-like except an ac ripple of tens of mV (see Fig. 1).
In reference tracking, such a small ripple is overwhelmed by
the large ( mV). Therefore, we can conclude
that the predicted is roughly by (1). Hence,
we simply add a reference feed-forward path to the PWM com-
parator as shown in Fig. 2 for end-point prediction. It is inter-
esting to note that different ways of consideration leads to the
same implementation in this work and the previous work [11].

The simulation result of reference down-tracking ( de-
crease) of -architecture with EPP is shown in Fig. 3. With

, mV, is expected to be 500 mV.
By using EPP, jumps to final predicted value instantly,
and transition time is shortened to 15 s (a scaled is shown
in Fig. 3 for ease of axis scaling), when compared to hundreds
of microseconds in the case without EPP. Yet, several adverse
effects are observed. Firstly, there is an undershoot in . A brief
explanation of the dynamics during reference tracking is useful
for an initial understanding of the problem. The block “logic” in
Fig. 1 is an SR-latch set by clock and reset by PWM comparator
output, . When transits to lower value, turns high
to reset logic. then closes while opens to decrease in-
ductor current, . Since the logic is designed to be reset-dom-
inant, will not increase (i.e., , will not switch) until

and clock is issued. Fig. 3 shows the case



WU AND MOK: MONOLITHIC BUCK CONVERTER WITH NEAR-OPTIMUM REFERENCE TRACKING RESPONSE USING AOFB 2443

Fig. 3. Simulated reference down-tracking of V architecture with EPP.

when clock is issued as soon as at (de-
sign of this clock circuit is covered in Section V). It can be con-
cluded that end-point prediction speeds up tracking, but it does
not guarantee proper reference tracking (e.g., absence of under-
shoot/ overshoot). Fig. 3 shows that direct comparison of PWM
ramp signal and PWM reference signal is not a good criterion
for determining switching activities during reference tracking.
The dynamics behind reference tracking will be thoroughly an-
alyzed in next section to formulate the criterion for proper ref-
erence tracking.

undershoot during reference tracking should be avoided as
it increases the transition time, and most importantly, affects the
reliability of the digital circuits due to the lower supply voltage.
Other adverse effects shown in Fig. 3 are too low at and the
following overshoot for replenishing the lost charge in .
Both of these effects increase conduction loss during transition
and should be avoided.

IV. PROPOSED AOFB SCHEME

The model in Fig. 4 is used to derive the condition for op-
timum reference tracking in general output-ripple-based con-
troller. Reference tracking starts at and ends at
( for easy discussion). Steady state current ripple in
is neglected as it is small compared with the peak change of
( ) during reference tracking. Thus, the steady-state
ripple is also neglected. is the voltage across , which
is before reference tracking, and – after reference
tracking. Assuming load current is unchanged, equals

before and after reference tracking. The optimum reference
tracking happens when experiences a straight decrease from

to (period A), followed by a straight increase from to
(period B) back to its original level, such that moves

down by at (single ON/OFF-switching) [6]. This
is equivalent to using a near-triangular profile to remove the
charge of in seconds. profile is not strictly
triangular as the slope of in periods A and B are not con-
stant but depends on a varying quantities . However, for
deriving an optimum reference tracking criterion that is useful

for design purpose, the average slope in periods A and B can
be defined as

(2)

(3)

where is around the middle value between and
– . Then, since the decrease of in period A is equal to
the increase of in period B, we have

(4)

Making use of the fact that the shaded area represents the re-
moved charge , and (2)–(4), optimum time for switching
power-MOSs ( ) can be derived as

(5)

where . It can be seen that the relation between
and many quantities like and is very sophisticated.

There is no simple way to directly compute using simple cir-
cuits, unless a large look-up table implemented in digital FPGA
(which is the approach used in previous works [6], [7]). More-
over, the previous work [6] did not implement a controller to
close the loop for output regulation. Thus, the possibility of in-
corporating the above criterion into controller design needs to
be investigated. Since the switching criterion in -control is

, the change of at is derived
as

(6a)

(6b)

(6c)

where (6c) is obtained by substituting (5) and (2). Given that
, we propose to add the following adaptive-

output-feedback-voltage to in period A:

(7)

where

(8)

The effect is like adding an adaptive voltage to to meet
switching criterion ( ) at . Fig. 5 illus-
trates this idea. At when transits, is added to

, so that switching occurs at and settles properly;
otherwise, switching may happen at a later time ( ’) and un-
dershoot may occur. Finally, it should be noted that is re-
moved from at when returns to steady-state
level; otherwise, will experience an offset in steady-
state.
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Fig. 4. Model of optimum reference tracking.

Fig. 5. Simulated optimum reference tracking with proposed AOFB technique.

Using a similar model, for reference up-tracking (
increase) is also derived and tabulated in Table I. It can be seen
that is relatively simple if is close to a constant. Then,

is only proportional to (or ) and and it can be
implemented in circuits. Fig. 6 shows the variation of against

and . For , reference up- and down-tracking have
different values of , and varies with and . Yet, for
practical applications we can select independent -parameters
for reference up- and down-tracking, and choose the largest re-
quired for the worst case (largest ) so that for a given range
of , no undershoot/ overshoot in and will be observed.
When the system asks for a smaller step size, the overly large

will make the switching time a bit earlier than optimum and
delay reference tracking a bit. Yet, the overall transient is not se-
riously affected, and the absence of undershoot /overshoot still
results in energy saving. Comparing simulation results of Figs. 3

Fig. 6. Plot of k-parameter (V = 3 V, C = 10 �F, L = 4:7 �H, R =

0:1 
).

TABLE I
SUMMARY OF PARAMETERS OF AOFB TECHNIQUE

Fig. 7. Proposed V -controlled buck converter with AOFB technique.

and 5, conduction loss is found to be reduced by 50% with the
absence of undershoot.

If the assumption of fixed is not true, forcing to return
to original level as the criterion for removing is equivalent
to having a little unbalance between load current and inductor
current after reference tracking. This is similar to a slight load
transient in nature, which can be promptly handled by -ar-
chitecture without significantly affecting the settling time.
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Fig. 8. Proposed oscillator with clock-holding function.

V. CIRCUIT IMPLEMENTATION

Fig. 7 shows the proposed buck converter. EPP, a novel os-
cillator, and AOFB scheme are the new features. They are de-
scribed in details in the following sections.

A. Proposed Oscillator

In the trailing-edge modulated converter, the logic is set by
a periodic clock signal, while the reset input is the output of
PWM comparator. In reference up-tracking, a reset signal can
be issued instantly after the switching criterion is fulfilled. How-
ever, in reference down-tracking, the logic can only be set at the
next clock following the optimum switching time. Hence, delay
occurs. A novel oscillator with clock-holding function is thus
proposed to optimize reference down-tracking.

Fig. 8 shows the proposed oscillator and its timing diagram.
In steady-state, its operation is the same as a previous work [12].
Yet, during reference down-tracking, its clock can be held high
until optimum switching time determined by AOFB-scheme. In
the timing diagram, down-transits at , so that PWM
comparator output, , turns high. When the next clock pulse
(clk) comes at , turns high. Then the oscillator en-
ters the “clock-holding” state by stopping the feedback of clk
to , turning off and clamping to which is
around middle of and (the upper and lower bounds of ramp
signal). Hence, stays in between and , and keeps clk
to stay high when is high. Due to the reset-dominant
nature of the logic, the converter stays in reset state regardless
of the clock. This clock-holding state lasts until turns low

at (i.e., ). Then, is cleared, and
the oscillator resumes its operation, with ramping down to

and resetting clk at . Since clk remains high at (and until
) when optimum switching criterion is fulfilled, the logic is

set instantly without the delay in conventional oscillator.

B. AOFB Implementation

Fig. 9 shows the main components inside AOFB-generator.
Section IV showed that circuits extracting transition time,
steady-state , duty-ratio, and step size are required.
They are implemented in simple circuits as described below.

-transition-detector comprises two comparators to detect
the sudden transit of (i.e., start of reference tracking).
Offset is built into the comparators to prevent false alarm. This
detector is needed for an external analog signal and can
be removed if the command of reference transition is provided
by digital load. Two outputs of the detector, and

, trigger logic to start the process of reference
down- and up-tracking, respectively.

logic marks the start and the end of the reference
tracking. The process of reference tracking is signaled by the ac-
tive high “ ” and is ended by inductor current returning
to its original steady-state ( in Fig. 5). The time instant

is detected by the following mechanism: a sample-and-hold
(S/H) following a forward inductor current sensor (shown in
Fig. 7) periodically samples the inductor current value at steady-
state. When turns high, S/H holds the inductor current
value before reference tracking and this value is compared with
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Fig. 9. Main components in AOFB-generator.

the contemporary inductor current to determine when re-
turns to its original value. When this happens, it is signaled by
“ ” and its complement. The current sensors used are
similar to a previous work [13] for its simplicity, accuracy, and
ability to sense in the conduction periods of both power transis-
tors. Both forward- and reverse- over-current protections are
done (using signals “ ” and “ ” in Fig. 7) since large
forward and reverse inductor currents are necessary for fast ref-
erence tracking.

Duty-ratio generator generates duty-ratio and its comple-
ment , which are used in reference down- and up-tracking,
respectively. They are obtained by two sets of cascaded 4-stage
low-pass filter acting on the pre-buffered switch gate-drive
signal pg’. The outputs are then selected by and .

The analog core of AOFB-scheme is shown in Fig. 10. The
multiplier of duty-ratio and reference step size is a simple
switched-capacitor circuit making use of the principle that
charge being the product of current and time. Hence, the

-extractor is a V-I converter that outputs constant current,
which is proportional to ; while duty-ratio is translated
to time by a voltage-to-time converter (V-T converter). Their
operations are explained as follows.

In steady-state, M01-M06 in –extractor conducts cur-
rent of so that samples information of .
At when turns high, switch sw1 opens and original

information is held in . Then, M03 keeps sourcing
previous current while M06 sinks current corresponding to new

. Difference between these two currents is injected into
in multiplier via switch when remains high.
is modulated by V-T converter such that it is a pulse that

starts when goes high, and its duration is directly pro-
portional to the output of the duty-ratio generator, . The mul-
tiplier’s output ( ) is reset to in steady-state, and it only

performs multiplication when is high. It can be proved
that after the pulse, change of is given by

(9)

Thus, the circuit implements AOFB-scheme, in which parame-
ters , , , , and determine in (7). Mean-
while, in this design the duration of reference tracking (i.e.,

) is around a few microseconds, while the time to the
optimum switching time ( ) can be less than two microsec-
onds. Hence, another constraint of design is s
so that multiplication ends before switching time . At
when turns low, the process of reference tracking is over,
and is reset to . The addition of to is
via voltage-to-current converter (similar to [12]) with one input
being and another input being . Thus, both positive and
negative additions can be done which are required in
reference up- and down-tracking, respectively. All of the AOFB
circuits, including current sensors, are integrated on-chip.

VI. EXPERIMENTAL RESULTS

The proposed buck converter was implemented in AMS
0.35 m CMOS process. Fig. 11 is the die photo of the proto-
type, which has a dimension of 1.65 m 1.1 m, including
pads. The prototype works with input voltages ranging from
1.8 V to 3.3 V, while inductor and output capacitor chosen to
be 4.7 and 9.4 (with 0.1 ; ESR), respectively. Unless
otherwise stated, all of the following results are obtained using
input voltage of 3 V, and resistive load. Table II shows the static
performance summary of the prototype; in particular, the tight
load regulation of 1.25 mV/A is due to the high open-loop gain
of the amplifier ( dB); while about half of output ripple
voltage ( mV) is due to equivalent series inductance (ESL)
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Fig. 10. Schematic and timing diagram of analog core of AOFB-generator.

Fig. 11. Die photo of proposed V -controlled buck converter.

on PCB. Fig. 12 shows the measured efficiency, which has a
maximum of 96% at 260 mA load current.

Fig. 13 shows the measured load transient. At ,
a load current step of mA can be settled in only 3 s.
The clock-holding function is verified as it is noted that
stays high during slewing down; and as soon as it turns low, a
clock pulse is issued so that increases instantly without delay.
The response of a positive load current step is similarly fast, so
it is not shown here for limited space.

Fig. 14 shows the measured reference up-tracking of -
architecture with EPP. Undesirable effects including overshoot

Fig. 12. Measured power conversion efficiency of the prototype.

of , too large peak and its subsequent undershoot are seen.
As a comparison, Fig. 15 shows the case when AOFB-scheme
is employed. The addition and removal of on
is clearly seen on the buffered test signal. As a re-
sult, all of the above undesirable effects are removed and the
benefits of lower transition energy and an ultra-fast transition
time, , of 4 s are achieved. The comparison in reference
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TABLE II
SUMMARY OF STATIC PERFORMANCE OF THE PROTOTYPE

Fig. 13. Measured load transient (V = 1:8 V, load current from 760 mA to
60 mA).

Fig. 14. Measured reference up-tracking ofV with EPP only (V : 0:9 V� >

1:17 V).

down-tracking between -control with and without AOFB is
similar and is not detailed here for brevity.

Figs. 16–19 shows the measured reference tracking of
AOFB- -architecture under different s (i.e., different

s) and s using the worst case -value as mentioned
in Section IV. As expected, no undershoot/ overshoot of
is seen and the over-designed -value only slows down the
non-worst-case (i.e., smaller or lower in reference
down-tracking/higher in reference up-tracking) a little bit. In
all cases, reference tracking finishes in 5 s for steps as large

Fig. 15. Measured reference up-tracking of V with EPP & AOFB (V :
0:9 V� > 1:17 V).

Fig. 16. Measured reference up-tracking (same �V , different Ds).

Fig. 17. Measured reference down-tracking (same �V , different Ds).

as 500 mV. Larger step requires higher peak exceeding the
over-current limit, which turns the optimum near-triangular

profile into a chopped one. As this is not the case of op-
timum reference tracking, the result is not shown here. Yet, the
prototype still undergoes larger step reference tracking with a
sub-optimum speed limited by maximum .

Table III shows the comparison of this work and some prior
adaptive converters. Typically, the figure-of-merit, ,
is used as a measure of tracking speed. Yet, as shown in
Section IV, optimum tracking time scales with , which
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TABLE III
COMPARISON OF ADAPTIVE SWITCHING CONVERTERS.

Fig. 18. Measured reference up-tracking (different�V s, same D).

Fig. 19. Measured reference down-tracking (different�V s, same D).

is an indicator of the power stage’s speed and , but not
. Hence, we propose a new figure-of-merit to reflect the

actual reference tracking speed of the controller:

(10)

It should be noted that the unit of is as tracking
time is normalized by the time constant of power stage. The
proposed AOFB- -architecture achieves the lowest ,
i.e., the fastest transition speed of the controller compared to
prior arts.

VII. CONCLUSION

A high-performance -controlled buck converter suitable
for DVS applications is presented and proven by experimental
results. In addition to the original merits of -control including
easy compensation, fast load step response, tight regulation,
and fixed switching frequency, performance metrics important
for DVS systems like fast tracking time, low switching loss
and conduction loss during reference tracking are also achieved
thanks to the employment of end-point prediction, a novel os-
cillator and the proposed AOFB-scheme. The dynamics of ref-
erence tracking is analyzed, and the criterion for optimum refer-
ence tracking is introduced, which can also be extended to other
output-ripple-based converters such as hysteretic control.
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