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A 1-A 6-MHz Digitally Assisted Buck–Boost
Converter With Seamless Mode Transitions and Fast

Dynamic Performance for Mobile Devices
Manmeet Singh , Member, IEEE, and Ayman A. Fayed , Senior Member, IEEE

Abstract—A 1-A 6-MHz buck–boost converter with seamless
mode transitions and fast dynamic operation is proposed for ex-
tending the useable voltage range of Li-ion batteries in mobile
devices, and thereby their battery life. The proposed converter
employs a proportional-integral peak-current-mode pulsewidth
modulation controller with a digital adaptive slew-rate control
scheme that minimizes output undershoots, overshoots, and settling
time during mode transitions and dynamic events, such as load
and output voltage steps. Additionally, hysteretic mode detection
is proposed to prevent falsely triggering the converter to transition
between the various operation modes (i.e., buck, boost, and buck–
boost) and negatively impacting the performance of the circuit
loads. The converter is fabricated in 0.13-µm CMOS technology,
and supports 2.3–5 V input and 1.5–3.6 V output. The converter
achieves 91.7% peak efficiency and over 80% efficiency at 1-mA
load across all conditions. The output voltage ripple is less than 10
mV with a 220-nH inductor and a 10-µF output capacitor.

Index Terms—Buck–boost converters, dc–dc power converters,
power management ICs, switching power supplies.

I. INTRODUCTION

W ITH the rising demand for extending the running time
of battery-operated devices, dc–dc converters that can

operate at lower input voltage levels have become a necessity in
order to leverage as much energy as possible from the battery. In
fact, operating from an input voltage as low as 2.3 V in devices
operating from Li-ion batteries can extend the running time of
the device by as much as 20% compared to shutting down the
device when the battery drops to 2.7 V [1]–[3]. However, since
many of these devices require dc power supplies that are higher
than 2.3 V, yet lower than the maximum voltage of a Li-ion
battery (i.e., 5 V), this introduces the challenge of how to design
these power supplies with an input voltage that can sometimes
be higher or lower than their output voltage level. One solution is
to design two separate dc–dc converters, one is a buck converter
and another is a boost converter, and switch between them based
on the input voltage level. However, such a solution is quite
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expensive as it involves two converters, and it introduces the
complexity of switching between them, particularly when the
input and output voltages are fairly close. Other solutions that
involve only a single converter include switch-capacitor (SC)
converters [50]–[52], the forward and flyback converters [4]–[7],
and the single-ended primary inductance (SEPIC) converter
[8]. However, SC converters offer a limited load current range
to avoid excessively high switching frequency and degraded
efficiency [47]. They also provide optimized efficiency only at
fixed conversion ratios, unless dynamically reconfigured [48],
which requires a large number of switches and capacitors and
results in poor dynamic voltage scaling (DVS) behavior [49],
[50]. Moreover, the forward, flyback, and SEPIC converters are
still quite costly and bulky due to the need for transformers or
multiple inductors. They also expose the power switches to high
voltage stresses, which degrades reliability [12]–[16].

An alternative cost-effective solution is the buck–boost con-
verter shown in Fig. 1 [9]–[11], [17]–[25]. In this topology, four
power switches are used to configure the converter to operate as
a buck converter when the input voltage is higher than the output
voltage (i.e., the buck mode), or as a boost converter when the
input voltage is lower than the output voltage (i.e., the boost
mode). However, when the input and output voltages are fairly
close, an intermediate mode (i.e., the buck–boost mode) is typ-
ically utilized instead of the pure buck or boost modes to avoid
operating the converter at excessively high or low switching
duty cycles. Although buck–boost converters suffer from higher
conduction losses than a standard buck or boost converters due
to the additional power switches, the cost advantage of using a
single inductor and the ability to operate from an input that is
higher or lower than the output makes this topology an attractive
compromise in most cases.

However, there are two key difficulties in the design of the
buck–boost converters in Fig. 1. First, the discontinuity in the
switching duty cycle, along with inductor current imbalance be-
tween various operation modes produces large undershoots and
overshoots at the output and slows down its settling time during
mode transitions. Second, the susceptibility in noisy operating
conditions to being falsely and continuously triggered to change
modes when the conversion ratio is fairly close to the boundaries
between the various modes. This article addresses these two dif-
ficulties. First, a proportional-integral (PI) peak-current-mode
pulsewidth modulation (PWM) controller with digital adaptive
slew-rate control is proposed to minimize transients and settling

https://orcid.org/0000-0002-2657-717X
https://orcid.org/0000-0002-5305-8391
mailto:singh.887@osu.edu
mailto:fayed.1@osu.edu
https://ieeexplore.ieee.org


SINGH AND FAYED: 1-A 6-MHz DIGITALLY ASSISTED BUCK–BOOST CONVERTER WITH SEAMLESS MODE TRANSITIONS 4339

Fig. 1. Various operation modes of the buck–boost converter: (a) buck mode, (b) boost mode, (c) standard buck–boost mode, and (d) modified buck–boost mode.
“Iind−avg” is the average inductor current, “IL” is the load current, and “D” is the switching duty cycle.

time during mode transitions. Second, a hysteretic mode detector
is proposed to prevent false mode transitions.

The rest of this article is organized as follows. Section II
describes the principles of operation of the buck–boost topology
and its key limitations, Sections III and IV present the system-
and circuit-level details of the proposed design, while Section V
presents the experimental results. Finally, Section VI concludes
this article.

II. OPERATION PRINCIPLES OF THE BUCK–BOOST TOPOLOGY

AND ITS LIMITATIONS

A. Operation Principles

The buck–boost converter shown in Fig. 1 can operate in four
different modes. When the input voltage Vin is higher than the
desired output voltage Vout, the converter operates in the buck
mode as shown in Fig. 1(a), where the switches S3 and S4 are
permanently turned ON and OFF, respectively, while the switches
S1 and S2 are toggled in a complementary fashion. When Vin is
lower than the desired Vout, the converter operates in the boost
mode as shown in Fig. 1(b), where the switches S1 and S2 are per-
manently turned ON and OFF, respectively, while the switches S3

and S4 are toggled in a complementary fashion. Fig. 2(a) shows
the duty cycle of switching D in both the buck and boost modes
versus the conversion ratio (Vout/Vin), while Fig. 2(b) shows
the ratio between the average inductor current Iind−avg and the
load current IL. In principle, the buck and boost modes alone
are sufficient to cover all possible conversion ratio scenarios.
However, by examining Fig. 2(a), when the conversion ratio is
very close to unity, the converter operates with duty cycle that
is very close to 0% and 100% in the boost and buck modes,
respectively. To avoid excessively narrow switching pulses, it is
common to introduce an intermediate operation mode (i.e., the
standard buck–boost mode) for conversion ratios around unity as
shown in Fig. 1(c). In this mode, all four switches are toggled in
a switching period, where the switches S1 and S4 are controlled
by one phase of the clock, while S2 and S3 are controlled by

the complementary phase of the same clock. In this case, the
duty cycle of switching and the average inductor current in the
standard buck–boost mode can be written as

D =
Vout

Vin + Vout
(1)

Iind−avg =
IL

1−D
. (2)

By introducing the standard buck–boost mode, the switching
duty cycle versus the conversion ratio in this mode becomes as
shown in Fig. 2(a), while the ratio between the average inductor
current and the load current becomes as shown in Fig. 2(b). The
conversion ratios covered by the buck–boost mode depend on
the maximum and minimum practical switching duty cycle in
the buck and boost modes, respectively. These are determined
by the minimum pulsewidth that can be handled by the converter
circuits. Typically, the converter circuitry is designed such that
the minimum pulsewidth corresponds to a duty cycle of 85%
and 15% in the buck and boost modes, respectively. Switching
pulses narrower than that require excessively fast gate-drive
and controller circuits, which increase power consumption and
degrade efficiency.

However, since the standard buck–boost mode involves
switching four power switches in one cycle instead of only two,
the switching losses are doubled. Additionally, since this mode
is only active when the input and output voltages are fairly
close to each other, the duty cycle of switching will always
be close to 50%, which leads the average inductor current to
be always close to twice the load current as predicted by (2)
[26]–[39]. As a result, the efficiency in the standard buck–boost
mode is degraded due to excessive conduction and switching
losses. Nonetheless, to reduce conduction losses, it is common
to modify the operation of the standard buck–boost mode by
splitting the phase of the clock into three phases rather than only
two complementary phases, as shown in Fig. 1(d) [26]–[30]. In
this case, the switch S1 is controlled by the logical OR of the
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Fig. 2. Behavior of the buck–boost converter in various modes versus the
conversion ratio: (a) switching duty cycle; and (b) ratio between the average
inductor current and the load current.

first and second phases of the clock, the switch S2 is controlled
by the third phase of the clock, the switch S4 is controlled by
the first phase of the clock, and the switch S3 is controlled by
the logical OR of the second and third phases of the clock. With
that modification, the duty cycle of switching and the average
inductor current in the modified buck–boost mode can be written
as

D =
Vout

Vin + Vout

(
1 +

TΦ(2)

Ts

)
(3)

Iind−avg ≈ IL

1−D +
TΦ(2)

Ts

(4)

where TΦ(2) is the pulsewidth of the second phase of the clock
and Ts is the switching period of the converter. The duty cycle
versus conversion ratio in the modified buck–boost mode is
shown in Fig. 2(a), while the ratio of the average inductor
current to the load current is shown in Fig. 2(b). The modified

buck–boost mode ensures that the average inductor current is
much closer to the load current, which significantly reduces
conduction losses and improves efficiency.

B. Limitations

The switching duty cycle and inductor current behavior of
the buck–boost converter described in Fig. 2 reveals two seri-
ous limitations. The first limitation is the discontinuity in the
switching duty cycle and the imbalance in the inductor current
at the borders between the various modes of operation. This
discontinuity results in poor transient response during mode
transitions (i.e., slow output voltage settling and large overshoots
and undershoots), which is particularly problematic when the
converter is used in DVS applications where mode transitions
due to output voltage scaling are quite frequent. In fact, exces-
sively long output voltage settling times reduce the effectiveness
of DVS, while large overshoots and undershoots can cause load
failures and excessive voltage stresses.

The second limitation is that the addition of the intermediate
buck–boost region increases the susceptibility of the converter
to being falsely triggered to move between modes, particularly
for conversion ratios around unity. This is quite problematic in
noisy operating conditions or with loads that have high switching
activity since changes in input and output voltages are often
only transient rather than permanent, and thus the converter can
be repetitively triggered and trapped into a continuous mode
transition behavior around these conversion ratios. Although it
is common to apply a hysteretic window to the control circuitry
that enables and disables mode transitions to circumvent this
problem, it is particularly challenging in buck–boost converters
to optimize the size of such hysteretic window. In fact, a nar-
row hysteretic window can be insufficient to prevent false and
continuous mode transitions, while a wide hysteretic window
can significantly increase the range of conversion ratios where
the converter is forced to operate in the relatively low-efficiency
buck–boost mode.

III. SYSTEM-LEVEL DESIGN OF THE PROPOSED

CURRENT-MODE DIGITALLY ASSISTED

BUCK–BOOST CONVERTER

A. Top-Level Control

The block diagram of the proposed digitally assisted buck–
boost converter is shown in Fig. 3. The converter employs a
6-MHz peak-current-mode PWM controller for heavy loads
(i.e., 0.5–1 A), a constant-peak-current pulse frequency mod-
ulation (PFM) controller for light loads (i.e., less than 0.5 A),
and a hysteretic mode detector for controlling mode transi-
tions. Current-mode operation for both the PWM and PFM
controllers is selected because unlike voltage-mode operation, it
eliminates the dependency of the control loop transfer function
on the power stage configuration (buck, boost, or buck–boost)
[32]–[35], which enables using the same control loop for all
modes. Moreover, current-mode operation is superior in terms
of line regulation performance due to the inherent feedforward
path between the input voltage and inductor current [32]–[35].
Nonetheless, slope compensation must be added to prevent



SINGH AND FAYED: 1-A 6-MHz DIGITALLY ASSISTED BUCK–BOOST CONVERTER WITH SEAMLESS MODE TRANSITIONS 4341

Fig. 3. Block diagram of the proposed digitally assisted buck–boost converter.

subharmonic oscillations when the switching duty cycle is above
50% [40]–[43]. In the proposed converter, the slope of the
compensation ramp is designed to be half the maximum expected
falling slope of the inductor current under all conditions. This
approach eliminates subharmonic oscillations across the full
duty-cycle range of the converter [40]–[43], and thus, the slope
of the compensation ramp does not have to be changed or adapted
to the operating conditions of the converter or its modes. Al-
though the main loop of current-mode PWM controllers can be
stable without any active compensation since they are inherently
single-pole systems [40], the proposed controller employs an
active PI compensation scheme (i.e., type-II compensation) with
an error amplifier (EA) and an integrator. This compensation
scheme achieves a high dc gain by introducing a dc pole in
the control loop while improving the phase margin and load
transient response by introducing a zero at frequencies lower
than the loop’s unity gain frequency [12], [32]–[35], [40]. The
operation of the PI controller can be understood with the aid of
Fig. 3, where its small-signal transfer function can be written as

V̂err

V̂fb

= −Ao

(
s + fgbw−int

s

)
(5)

where the hat above the symbols indicate the small-signal ver-
sion of each signal, Ao is the dc gain of the EA, and fgbw−int

is the gain-bandwidth product (GBW) of the integrator (also its
unity gain frequency). As shown by (5), the transfer function of
the PI controller has a pole at dc and a left-half-plane zero. This
can be intuitively understood by considering that introducing
an integrator in the signal path produces a pole at dc, while
introducing a parallel path to the integrator (directly from the
input of the controller to the EA) produces a zero. In order to

ensure sufficient phase margin, the location of the zero added
by the PI compensation network must be designed to be at a sig-
nificantly lower frequency than the loop’s unity gain frequency.
In the proposed design with 6-MHz switching frequency, the
loop’s unity gain frequency is designed to be 100–150 kHz for
a load current range between 0.5–1 A, which is the load range
the proposed current-mode PWM PI controller is used for. By
designing the integrator’s GBW to be at 10 kHz (and thus the
location of the zero), a phase margin of 61°–65° across the target
load range can be ensured. Fig. 4 shows the ac response of
the controller, where the dc gain of the loop is 85 dB (30 dB
from the EA and 55 dB from the integrator). It is worth noting
that although a pole at dc in the transfer function in (5) should
ideally result in infinite dc gain, it is limited to 85 dB due to the
noninfinite dc gain of the transconductance and amplifier stages
used to build the integrator, as described in Section IV-A.

It is worth noting that the dynamic response of the converter
is dominated and limited by the PI controller’s small-signal
and large-signal responses. Thus, one approach to improve the
converter’s dynamic response is to increase the control loop’s
small-signal bandwidth beyond 100–150 kHz (possible since
6 MHz switching frequency is sufficiently high). However, this
approach increases the quiescent current significantly (which
degrades efficiency), and also reduces the dc gain (which de-
grades accuracy and dc line and load regulation). The increase
in quiescent current is not only due to the larger bandwidth
needed in all the controller circuits, but more importantly due
to having to push all the nondominant poles in these circuits
to higher frequencies to ensure stability, which requires even
more quiescent current. The proposed design avoids these draw-
backs by maintaining a relatively low small-signal bandwidth
(100–150 kHz) and relying instead on the proposed adaptive
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Fig. 4. Control loop gain and phase of the current-mode PWM PI controller.

slew-rate control (described in detail in the next subsection).
Since slew-rate control modifies the charging/discharging cur-
rents at the output of the EA only temporarily during dynamic
large-signal events (such as load, input, and output steps), fast
dynamic response to these events can be achieved without per-
manently increasing the quiescent current and the small-signal
bandwidth of the loop.

B. Digital Adaptive Slew-Rate Control

As discussed in Section II-B, one of the challenges associated
with the conventional buck–boost topology is its poor transient
response during mode transitions, which is attributed to the
discontinuity in the switching duty cycle and the inductor current
imbalance between the various modes as shown in Fig. 2. Since
this is a large-signal effect, it results in saturating the error signal
Verr at the output of the PI controller during mode transitions,
where the response of the converter becomes limited by the slew
rate of the EA rather than the small-signal bandwidth of the
control loop. Therefore, this article proposes a digital scheme
to adapt the rising and falling slew rates of the EA of the PI
controller during mode transitions. This is accomplished through
the 2-bit digital control bus MSR〈0:1〉 shown in Fig. 3 in the
following manner: 1) in the boost mode, the rising slew rate is
set to its maximum level while the falling slew rate is set to
its minimum level; 2) in the buck–boost mode, both the rising
and falling slew rates are set to an intermediate level; and 3)
in the buck mode, the rising slew rate is set to its minimum
level while the falling slew rate is set to its maximum level. The
rationale behind adopting this scheme is that if the converter
is in boost mode, the only possible transitions are either to the
buck–boost or the buck modes, and in both cases, the falling slew
rate needs to increase to improve the transient response. Thus, the
falling slew rate is set to a minimum, intermediate, and maximum
levels in the boost, buck–boost, and buck modes, respectively.

On the other hand, if the converter is in buck mode, the only
possible transitions are either to the buck–boost or the boost
modes, and in both cases the rising slew rate needs to increase
to improve the transient response. Thus, the rising slew rate is set
to a minimum, intermediate, and maximum levels in the buck,
buck–boost, and boost modes, respectively. However, if the
converter is in the buck–boost mode, then transitioning to either
the buck or the boost mode is possible. Thus, both the rising
and falling slew rates are set to intermediate levels to cover both
scenarios. It is important to note that the minimum, intermediate,
and maximum rising and falling slew rates of the EA in each
operation mode will vary from one application to another since
they are determined based on the desired converter response
(settling time and undershoots/overshoots) to dynamic events,
such as line and load steps and DVS. They will also be a function
of the process technology, layout parasitics, and printed circuit
board design. Therefore, extensive time-domain simulations of
the converter’s control loop and power stage at different points
in the schematic and layout design process are needed to de-
termine the optimum EA slew rates to achieve a desired per-
formance. In this design, the goal was to reduce undershoots
and overshoots by at least 25% and settling time by at least
50%. Fig. 5 shows the converter’s transient simulations during
mode transitions due to input steps with and without adaptive
slew-rate control. As shown, undershoots and overshoots during
mode transitions are reduced by 25%–50%, while the settling
times are reduced by 75%–83%.

Although the above-mentioned digital adaptive slew-rate con-
cept is proposed primarily for improving transient response
during mode transitions, this article also proposes adopting
the same concept within each mode of operation by digitally
fine-tuning the slew rate of the EA to improve the converter’s
transient response to dynamic events, such as load and output
voltage steps that do not necessarily cause mode transitions.
This is accomplished through the 5-bit digital control bus
FSR〈0:4〉 shown in Fig. 3, where irrespective of the operation
mode (i.e., buck, buck–boost, or boost), the rising slew rate and
falling slew rate of the EA are set to higher and lower levels,
respectively, as the converter’s output voltage setting is increased
(through the 8-bit control bus Vset〈0:7〉). The rationale behind
this fine-tuning slew-rate control scheme is that when the output
voltage is increased, only the rising slew rate of the EA needs
to increase to improve transient response, while if the output
voltage is decreased, only the falling slew rate of the EA needs
to increase. Thus, the rising and falling slew rates are changed in
a complementary fashion to improve transient response to both
rising and falling DVS events.

C. Hysteretic Mode Detection

The proposed hysteretic mode detection is based on the
converter’s input voltage Vin, output voltage Vout, and the
minimum pulsewidth Tmin the converter can handle. Tmin is
determined by the sum of the worst case gate-drivers and PWM
comparator propagation delays, which is 25 ns in this proposed
design. This corresponds to a maximum and minimum practical
switching duty cycle of 85% and 15% in the buck and boost
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Fig. 5. Converter’s simulated response to various input voltage steps with and without adaptive slew-rate control, including the digital bus MSR〈0:1〉 that sets
the rising and falling slew rate of the EA based on the input voltage levels, as described in Section III-B.

modes, respectively. Fig. 6 shows the hysteretic mode detector
operation. When Vin is much higher than Vout, the converter
operates in the buck mode. As Vin decreases, it transitions to the
buck–boost mode once Vin drops below VTHBU, which should
be designed to correspond to the minimum pulsewidth Tmin in
the buck mode. To computeVTHBU, the voltage-second equation
of a buck converter can be written as

Vout ≈ DVin − VLoss (6)

where D is the duty cycle and VLoss is the voltage drop across
the power switches and the inductor parasitic resistance due to
the load current. Since in the buck mode, Tmin corresponds to
the maximum allowed duty cycle, VTHBU can be written as

VTHBU =
Vout + VLoss−max(

Ts − Tmin

Ts

) (7) Fig. 6. Operating modes versus input voltage under boundary conditions to
justify hysteresis feature during mode change.
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Fig. 7. (a) Circuit-level design of integrator and error amplifier. (b) Threshold voltage realization of buck and boost modes.

where Ts is the switching period and VLoss−max is the maximum
expected voltage drop across the power switches and the inductor
parasitic resistance when the load current is set to its maximum.
Since Vout is known through the output voltage control bus
Vset〈0:7〉 setting, VTHBU can be set accordingly, as will be
discussed in Section IV. Once the converter transitions from
the buck mode to the buck–boost mode when Vin drops below
VTHBU, a fixed offset VHB is added to VTHBU. By adding this
offset, a hysteretic band of VHB is realized, which prevents
falsely triggering the converter into moving back to the buck
mode. In the proposed design, VHB is set to 50 mV, which was
chosen by accounting for all the parasitcs in the power path.

Similarly, when Vin is much lower than Vout, the converter
is in boost mode. As Vin increases, it transitions to buck–boost
mode once Vin exceeds VTHBO, which should correspond to
the minimum pulsewidth Tmin in the boost mode. The voltage-
second equation of a boost converter is written as

Vout ≈ Vin

(1−D)
− VLoss

(1−D)2
(8)

where D is the duty cycle and VLoss is the voltage drop across
the power switches and the inductor parasitic resistance. Since
in the boost mode, Tmin corresponds to the minimum allowed

duty cycle, VTHBO can be written as

VTHBO = Vout

(
Ts − Tmin

Ts

)
+

VLoss−min(
Ts − Tmin

Ts

) (9)

where Ts is the switching period, VLoss−min is the minimum
expected voltage drop across the power switches and the inductor
parasitic resistance when the load current is at the minimum
to maintain continuous conduction mode (CCM). Once the
converter transitions from the boost to the buck–boost mode
when Vin exceeds VTHBO, the fixed offset VHB is added to
VTHBO to realize a hysteretic band to prevent falsely triggering
the converter into moving back to the boost mode.

IV. CIRCUIT-LEVEL DESIGN OF THE

PROPOSED CURRENT-MODE DIGITALLY ASSISTED

BUCK–BOOST CONVERTER

The key circuit blocks in the proposed converter are the
PI controller with adaptive slew rate and the hysteretic mode
detector, which are described in the following subsections.

A. PI Controller With Adaptive Slew Rate

The circuit design of the PI controller is shown in Fig. 7(a).
The integrator is comprised of a Gm-C stage followed by a
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source-degenerated common-source amplifier stage. The Gm-C
stage employs a current-mirror OTA with about 10µS transcon-
ductance loaded by a 5-pF capacitor to realize the integration
function with a GBW of ∼312 Hz. The output of the Gm-C
stage is further amplified by the source-degenerated common-
source stage, which also shifts down the quiescent level at the
final output of the integrator. This accomplishes two important
goals. First, it provides an additional 30 dB of dc gain to shift
the GBW of the entire integrator to 10 kHz, which ensures
the location of the zero of the PI controller as described in
Section III-A. Second, it ensures sufficient operation headroom
at the output of the Gm-C stage for the expected range at the
final output of the integrator. The total dc voltage gain of the
integrator is designed to be about 55 dB.

The error amplifier design is based on a source-degenerated
folded-cascode topology, which keeps the dc gain relatively
constant with process, voltage, and temperature variations since
it is determined by the ratio of similar resistors. The dc gain of
the error amplifier is designed to be about 30 dB, which along
with the 312-Hz GBW of the integrator ensures that the location
of the zero of the PI controller is around 10 kHz, as described
in Section III-A. The digital adaptive slew-rate control is in-
corporated through the digitally programmable current source
ISR at the output stage of the error amplifier. By adjusting the
value of ISR using the two digital busses MSR and FSR, the
rising and falling slew rates can be adjusted in a complementary
fashion as described in Section III-B. The operation of the
error amplifier with adaptive slew-rate control can be further
illustrated with an example. Let us say that the output voltage
of the converter is suddenly set to a higher level by increasing
the digital word in the bus Vset〈0:7〉. As explained in Section
III-B, the digital word in the bus FSR〈0:4〉 will also increase,
which causes ISR to increase, and consequently, Verr to drop
more rapidly (compared to leaving ISR unchanged). This in turn
causes the output voltage to rise faster without being limited by
the control loop’s small-signal bandwidth. Once the control loop
catches up, and due to its high dc gain (85 dBs), it adjusts the
steady-state dc operating point at the output of the error amplifier
to the proper level needed to precisely regulate the output voltage
of the converter to its new level. Thus, ISR only affects the
error amplifier’s output slew rate during large signal dynamic
events, with little impact on its steady-state output operating
point.

Both the integrator and the error amplifier operate directly
from the unregulated input voltage of the converter (i.e., 2.3–
5 V). Thus, enhanced-mode 5 V-rated transistors are used for
both blocks, with the exception of the input differential pairs,
where depletion-mode 5 V-rated transistors are used instead.
This is because the expected range of the feedback voltageVfb is
0.55–1.44 V for the desired output voltage range of the converter
(i.e., 1.5–3.6 V). Such a range is too low for the input differential
pairs if enhanced-mode transistors are used.

Other important parts of the proposed PI controller are the
slope compensation ramp (to prevent subharmonic oscillations)
and the inductor current sensors. As described in Section III-A,
the slope of the compensation ramp is designed to be constant
and equal to half the maximum expected falling slope of the
inductor current under all conditions. The standard approach

Fig. 8. Layout of the proposed converter highlighting the main building blocks.

for generating a sawtooth signal (i.e., a constant current source
charging a capacitor) is adopted in the proposed converter for
realizing the ramp. The inductor current sensors are based on
the standard sense FET approach [44]–[46]. In the buck and
buck–boost modes, the peak inductor current is indicated by
sensing the current in the high-side switch (MHS〈1〉 in Fig. 3),
while in the boost mode, it is indicated by sensing the current in
the low-side switch (MLS〈2〉 in Fig. 3).

B. Hysteretic Mode Detector

The design of the hysteretic mode detector is shown in
Fig. 7(b). The realization of VTHBU is accomplished by first
scaling the input voltage Vin of the converter by the ratio
[(Ts − Tmin)/Ts] through the resistor ladder comprised of R1

and R2. The scaled version of Vin is then reduced by the voltage
dropVLoss−max, which is realized through the bias current Ib and
the resistor RLoss−max; both are designed to mimic the worst
case voltage drop across the power switches and the parasitic
resistance of the inductor. The resulting voltage is then compared
to the output voltage of the converter using a single-threshold
comparator in order to realize (7). To realize the hysteretic band
VHB , the output of the comparator controls two switches in a
complementary fashion to either add or eliminate an additional
voltage drop that is equal to the desired VHB , which is realized
through the bias current Ib and the resistor RHB . It is worth
noting that using matching source and sink bias currents in
the structure in Fig. 7(b) is necessary to eliminate the loading
effect of RHB and RLoss−max on the resistor ladder ratio of R1

and R2. The realization of VTHBO is accomplished similarly
to VTHBU as shown in Fig. 7(b). However, to properly realize
(9), Vin is scaled by [(Ts − Tmin)/Ts], while Vout is scaled by
[(Ts − Tmin)/Ts]

2. Since the scaled version of Vin is already
available from the circuit realizing VTHBU, it is simply reused,
while the scaled version of Vout is generated through the resistor
ladder comprised of R3 and R4. The outputs of both compara-
tors in Fig. 7(b) are used by the converter’s state machine to
determine the proper mode of operation of the converter (i.e.,
buck, boost, or buck–boost).

V. MEASUREMENT RESULTS

The proposed 6-MHz current-mode buck–boost converter
with adaptive slew-rate control is designed and fabricated in
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Fig. 9. Converter’s measured output voltage and inductor current during mode transitions with and without the digital adaptive slew-rate control scheme: (a)
boost to buck–boost, (b) buck–boost to boost, (c) buck–boost to buck, and (d) buck to buck–boost. Output voltage and load current are set to 3.3 V and 1 A.

a 130-nm standard CMOS process. The converter is designed to
operate from an input between 2.3 and 5 V (i.e., Li-ion battery
levels) and to generate a programmable output from 1.5 to 3.6 V,
with a maximum load current of 1 A. The layout of the converter
is shown in Fig. 8, where the total area is 1.36 mm2, ∼50% of
which is used for the controller circuit blocks and ∼50% is used
for the power switches and their gate drivers.

Fig. 9 shows the measurement results of the converter’s
output voltage and inductor current waveforms during various
mode transition events with and without the proposed digi-
tal adaptive slew-rate control scheme. All measurements are
taken with the output voltage set to 3.3 V and the load cur-
rent set to the maximum 1-A level. Fig. 9(a) and (b) shows

the result as the input voltage is stepped from 2.5 to 3.3 V
and then back to 2.5 V, which transitions the converter be-
tween the boost and buck–boost modes, while Fig. 9(c) and
(d) shows the results as the input voltage is stepped from 3.3
to 4.4 V and then back to 3.3 V, which transitions the con-
verter between the buck–boost and buck modes. As shown, the
proposed adaptive slew-rate control significantly reduces the
overshoot and undershoot (by 25%–60%) and the settling time
(by 41.6%–60%), which leads to much more seamless mode
transitions.

To demonstrate the impact of the adaptive slew-rate control
on the dynamic response of the converter in cases where there
are no mode transitions, Fig. 10 shows the converter’s output in
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Fig. 10. Output of the converter in response to rising and falling output voltage steps between 3 and 3.6 V with and without the proposed adaptive slew-rate
scheme: (a) and (b) in buck mode with 5-V input; and (c) and (d) in boost mode with 2.3-V input. A constant load resistance of 3.6 Ω has been used for all cases.

Fig. 11. Output of the converter in response to rising and falling load steps between 0.5 and 1 A with and without the proposed adaptive slew-rate scheme: (a) in
buck mode; and (b) in boost mode.
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Fig. 12. Converter’s response when the input voltage is ramped down from 5 to 2.3 V at 1 V/s: (a) during buck to buck–boost transition; and (b) during buck–boost
to boost transition. The output voltage is 3.3 V and the load is 1 A.

response to rising and falling output voltage steps, while Fig. 11
shows the response to rising and falling load steps. Fig. 10(a)
and (b) shows the response when the output is stepped between
3.0 and 3.6 V while the input is set to 5 V, which keeps the
converter in the buck mode, while Fig. 10(c) and (d) shows the
case when the input is set to 2.3 V, which keeps the converter
in the boost mode. As shown, the adaptive slew-rate control
significantly improves the rising and falling DVS response (by
∼50%) irrespective of the operation mode. Moreover, Fig. 11(a)
shows the response when the load is stepped between 0.5 and 1
A, while the input is set to 5 V and the output is set to 3.3 V (i.e.,
buck mode), and Fig. 11(b) shows the case when the input is
set to 2.3 V (i.e., boost mode). As shown, the adaptive slew-rate
control significantly reduces the overshoot and undershoot (by
7.14%–10%) and the settling time (by 50%–58.33%) for both
rising and falling load steps.

As explained in Section III-C, the proposed converter is
designed to operate in the buck–boost mode if the minimum
pulsewidth in the buck or the boost modes becomes shorter than
25 ns, which corresponds to 85% and 15% duty cycle in the
buck and boost modes, respectively. Thus, for a 3.3-V output,
and using (7) and (9), the mode transition thresholds VTHBO and
VTHBU are 2.8 and 3.8 V, respectively. In order to demonstrate
the effectiveness of the hysteretic mode detector in preventing
false and repetitive mode transitions when the conversion ratio
is fairly close to the boundaries between the various modes,
the converter’s response is examined as the input voltage is
ramped down from 5 to 2.3 V at a very slow rate (1 V/s), while
keeping the output voltage at 3.3 V and the load at 1 A. The
slow input voltage ramp is used to ensure that the conversion
ratio remains around the boundary between the different modes
for an extended period of time to allow for observing false or
repetitive transitions. Fig. 12(a) and (b) shows the case as the
converter transitions from the buck to buck–boost modes and
from the buck–boost to boost modes, respectively. As shown,
only a single mode transition occurs in both cases with minimal
disturbance to the output despite the slow input voltage change

Fig. 13. Converter’s measured efficiency versus load current for different
operation modes.

rate, which demonstrates the effectiveness of the hysteretic mode
detector in ensuring seamless and glitch-free transitions between
the modes.

Fig. 13 shows the measured efficiency of the converter versus
load current in different modes. The converter achieves 91.7%
peak efficiency in the buck mode and 82% minimum efficiency in
the buck–boost mode at 1 mA load. This is because of the higher
switching losses in the buck–boost mode resulting from toggling
all four power switches. As switching losses dominate at light
loads, the buck–boost mode offers lower efficiency than the
buck or boost modes at light loads. At heavy loads (higher than
500 mA) where conduction losses dominate, the boost mode has
the lowest efficiency, as can be clearly observed in Fig. 13. This
is because for the same load, the boost mode has significantly
higher input current (i.e., higher conduction losses) than the buck
and the buck–boost modes, especially at high conversion ratio.
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TABLE I
KEY PERFORMANCE METRICS OF THE PROPOSED CONVERTER AND A COMPARISON WITH OTHER PUBLISHED WORKS

∗Total area with the pads. ∗∗ Total area without the pads.

Moreover, since the boost mode is used only when the battery
voltage (i.e., the converter’s input voltage) is too low, and given
that the gate overdrive voltage of the power switches is derived
from the input voltage, the power switches exhibit a much
larger ON resistance, which further increases the conduction
losses.

It is worth highlighting that although the buck–boost mode is
a transitional state between the buck and the boost modes, its
efficiency is actually quite critical. In fact, as mentioned earlier
in this section, the proposed converter operates in the buck–boost
mode if the output is set to 3.3 V and the input is between 2.8
and 3.8 V. Since the Li-ion battery range is from 2.3 to 5 V, the
range in which the converter operates in the buck–boost mode
is actually 37% of the full input voltage range of the converter,
which is significant. Moreover, since the Li-ion battery spends
most of its life in a given discharge cycle within the 2.8–3.6 V
range, this also means that the converter will be operating in
the buck–boost mode for an extended period of time. For the
aforementioned reasons, the efficiency of the converter in the
buck–boost is quite critical.

Table I summarizes the key performance metrics of the con-
verter, along with a comparison with other published work.
The proposed converter occupies much smaller silicon area, and
offers a significantly better dynamic performance (in terms of
settling time and overshoot and undershoot) due to its adaptive
slew-rate control scheme. The proposed converter also features
higher switching frequency and smaller inductor, which further
improves its dynamic response.

VI. CONCLUSION

A digitally assisted peak-current-mode buck–boost converter
for extending the battery life of mobile devices operating from
Li-ion batteries has been proposed. The converter employs adap-
tive slew-rate control to enable fast response to dynamic events,
such as load, line, and output voltage steps, with significantly re-
duced overshoots and undershoots and settling time. Moreover,
a hysteretic mode detector is incorporated to prevent false and
repetitive mode transitions under noisy operating conditions.
Along with the adaptive slew-rate control, hysteretic mode de-
tection ensures seamless mode transitions under all input, output,
and load conditions.
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