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Abstract—Ever complex electronic systems have pushed the
requirements on power management to new limits, with applica-
tions needing to satisfy stringent operating frequency constraints
while maintaining high efficiency. This article addresses the
requirement to avoid any operation of a DC-DC converter
in specific frequency bands when regulating light loads in
discontinuous-conduction-mode (DCM) and operating in pulse-
skip-mode (PSM). The presented stop-band-management-system
(SBMYS) is a versatile mixed-signal solution that has been designed
for an inverting buck-boost (IBB) converter, which generates a
programmable output voltage in the range of -1V to -9V from
a Li-Ion battery. Targeting consumer Active-Matrix-Organic-
Light-Emitting-Diode (AMOLED) display applications, a power-
management-integrated-circuit (PMIC) has been fabricated in a
180nm bipolar-CMOS-DMOS (BCD) process, and the effective-
ness of the proposed solution is shown with experimental results.

Index Terms—power management, PMIC, inverting buck-
boost, DC-DC, switching regulator, BCD, power converter, DCM,
stop-band, PSM, current-mode, EMI, PFM, AMOLED, SMPS.

I. INTRODUCTION

N many applications, the need for high-quality, ultra-

low-noise power rails poses new challenges in providing
such regulated rails. High-end Active-Matrix-Organic-Light-
Emitting-Diode (AMOLED) panels are among these appli-
cations, requiring a clean and stable power supply to avoid
flickering-on-screen (FOS) and not impact the user experience
[1]. Any noise on such rails affects the voltages of each
single pixel’s thin-film transistor, manifesting as noise in the
luminescence of the display [2], [3], [4], eventually causing
eye fatigue. In addition, in densely packed consumer devices
noise interference with other sub-systems is a concern, and
thus both conducted and radiated electromagnetic interference
(EMI) emissions in specific frequency bands must be avoided.
De facto, in AMOLED display FOS can be also induced by
any frequency beating with the panel operating frequencies.
Concurrently, efficiency cannot be traded-off in providing
these power rails, especially in battery-powered applications.
For these reasons and considering the efficiency penalty posed
by low-dropout (LDO) linear regulators (especially at high
load), the design community has been recently pushed to in-
vestigate on switching-mode-power-supplies (SMPS) capable
of generating high-quality regulated rails [5], [6]. Furthermore,
to the best of the authors’” knowledge, the request to seamlessly
avoid any operation of clocked DC-DC converters in specific
frequency bands has never been disclosed. Generally, the
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involved DC-DC converters exploit the widely used peak-
current-mode control (PCM) [7], [8], due to the inherent
current limitation and simpler compensation compared to
voltage-mode-control (VMC) [9]. At high load (e.g., up to
1 A), when the power converters are operated in continuous-
conduction-mode (CCM), they typically operate with a switch-
ing frequency (Fs = 1/Tg) well above any stop-band SB (e.g.,
Fs = 1.5MHz). On the contrary, the focus is on light load
conditions, where the converter is regulating in discontinuous-
conduction-mode (DCM) and its switching activity is reduced
(e.g., [10], [11], [12]). In fact, the aforementioned requirement
is intended both in terms of i) switching frequency in CCM
and/or DCM, and ii) pulse-skip-mode (PSM [13]) frequency
or pulse-frequency-modulation (PFM [14]) activity. Typically,
to allow a proper measurement a sampling-window SW up
to a maximum of 1ms is provided. The power converter
is thus required to: 1) auto-detect its activity when steadily
lying within an undesired band, and 2) “move” its operation
outside forbidden bands without compromising the regula-
tion performance. For the latter, in “moving” the converter
operation outside forbidden bands the controller is required
to minimize any output variation, guaranteeing a seamless
correction, meaning ideally not visible on Vopyr. In this
process, the output voltage ripple and the efficiency should
not be degraded, making the forced-CCM operation a non-
viable option. In Table I are reported some exemplary stop-
band specifications, typically programmed from kHz up to
hundreds of kHz and dynamically selected on-the-fly.

TABLE I
STOP-BAND SPECIFICATIONS

Stop-Band Fgg N Fé\%AX
SB1 15kHz 35kHz
SB2 40kHz 60 kHz
SB3 90kHz 110kHz
SB4 135kHz | 155kHz

The remainder of this article is organized as follows. The pro-
posed solution and system architecture are described in Section
II, with detailed implementation of the digital controller in
Section II-B, circuit design insights are given in Section II-C,
and an exemplary simulation showing the system behavior is
presented in Section II-D. Experimental results are presented
in Section III, while the conclusions are drawn in Section IV.
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II. PROPOSED SOLUTION & IMPLEMENTATION
A. System Architecture
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Fig. 1. Simplified schematic of the proposed solution (drawn in blue) applied
to a generic peak-current-mode-controlled DC-DC converter (depicted in
black) featuring PSM for light load operation.
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Figure 1 shows the simplified schematic of the proposed
solution (drawn in blue) applied to a generic DC-DC
converter with peak-current-mode-control! (depicted in black)
and is now briefly introduced. As a simple convention, the
beginning of each switching cycle is defined by the DC-DC
converter clock falling edge. In this precise moment, the
skip comparator COM Psgrp is checked. By monitoring the
control voltage V> with respect to a fixed voltage REFskrp,
this comparator decides whether to perform a new switching
cycle (e.g., in CCM) or to halt the switching activity. As a
normal PWM-based operation, the PWM comparator sets the
converter duty-cycle for proper Voyr regulation. At light
load, when Vo goes below REFskip (i.e., COMPskrp
does not trigger high), the converter activity is reduced to
enhance efficiency [15]. Particularly, the DC-DC converter
regulates in PSM (also called burst-mode [16]) performing
K subsequent switching cycles followed by M succeeding
cycles with no operation. In this case, the power converter
operates with a coil peak current set by REFskrp, and
regulates Voyr by modulating K and/or M. The term
Fsirp is simply used to refer to the converter repetition rate
in PSM.

Given the requirements described in Section I, it is
necessary to 1) smartly measure Fisxrp to detect if/when the
converter is operating within a SB, and 2) find a corrective
action that robustly allows it to hop away from the SB in
a seamless way (i.e., without generating any transient on
Vour) with no performance degradation.

1) Agile Detection: First of all, the idea is to monitor
COM Psirp and compare its behavior with a time reference
signal to understand if the converter is operating with a repe-
tition frequency Fsxrp that is not allowed. COM Pskrp is
oversampled by exploiting an auxiliary clock, CLOCK sy x,
with a fixed frequency FAYX sufficiently higher than the

highest F24AX . Specifically, if both the following conditions

IThe presented solution can be applied in the same way in valley-current-
mode-control.

are satisfied, then it is possible to state that the DC-DC
converter is operating within a SB (defined as the range of
frequencies from FILIN to FALAX):
1) counting the number of auxiliary clock periods between
two consecutive COM Psgp rising edges

o ods < [ EY
LFMAXJ < number of CLOCK 4y x periods < {FMIN—‘
SB SB )

2) in a sampling-window of duration tgyy

tSWFé\gN < number of COM Ps g p rising edges < tSWFéVngX
(2)
Condition (2) accounts for the average behavior of the con-

verter within the sampling-window, but does not provide any
information about the actual/instantaneous Fsg;p. Note that
assessing only the second condition would be dangerous, since
it does not provide any information about the density of
COM Pskp activity. In fact, condition (2) can be true for
both the two following exemplary situations: 1) the converter
is steadily performing in PSM with a given Fsgrp; that
satisfies (2), and 2) the converter is initially performing with
Fsirpa > Fsirp1 and then experiences a transient drasti-
cally lowering Fsixrps < Fskipi- In the second case, in
average Fsxrpo could still satisfy (2), but a corrective action
would be required only in the first case, while in the latter the
DC-DC converter should simply be allowed to settle, without
the need of any action.
On the contrary, condition (1) provides insights about the
present Fsx1p, but with a coarse resolution limited by F; C@gx .
Moreover, not considering for a moment this limited resolution
(i.e., ideally supposing to afford a super fast clock), relying
only on condition (1) would still be deceptive, since it would
not be possible to understand if the converter is in steady
state or experiencing a transient (e.g., the DC-DC converter
may “just be passing inside” the SB and eventually settling
outside). Now it should be clear that checking only a single
condition would be misleading and not sufficient to faithfully
infer about the power converter’s behavior, especially during
transients. To increase the detection speed and maximize the
performance during the converter transients, the sampling-
window is continuously reset (i.e., shifted ahead in time) until
condition (1) is not satisfied. When condition (1) is satisfied, it
means that the present Fisrp is coarsely within - or close to -
the SB and thus a fine check is necessary. Here the sampling-
window is started, and condition (2) is checked after tgyy .
In other words, the precise evaluation is done only at the
end of a sampling-window during which the converter has
been operating with Fgxrp coarsely within or close to the
forbidden band. Automatically, any transient is filtered out,
avoiding misleading assessments.
The proposed algorithm is implemented” within the SB digital
controller described in Section II-A.

2) Flexible Corrective Action: When the controller recog-
nizes that the converter operation is within a SB, it initiates a

2For both the outlined conditions, a margin accounting for the non-idealities
(e.g., limited clock frequency accuracy) has been applied.
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corrective action by raising the flag SB in Figure 1 to increase
COUNTERRgr value. The idea is to slightly change the
“programmed” coil peak current (i.e., REFskp) and thus
alter the skip behavior of the converter (i.e., change M
and/or K). Iteratively modifying the added offset voltage
Vorrser by means of a simple digital-to-analog converter
(DAC), REFskrp is slightly changed until the converter
finally operates outside of the SB. To minimize any transient
on Voyr when REFskrp is varied, the very same offset
generator is also added at the error amplifier (EA) output
(VEa), which allows the system to automatically maintain V¢
close to REFgkrp. Proceeding by iteration allows minimal
effects on the PSM performance, as the converter’s working
point is adjusted only as much as needed to move outside of
the forbidden band. Such added offset gets iteratively increased
until the converter is pushed out from the pre-selected SB.
Besides, COUNTERRrgr is allowed to roll over, meaning
that when REFsgip reaches its maximum it goes back to
the minimum. This feature is key for the system to exit any
future steady state condition in which the power converter may
again operate within a SB3. The idea to proceed by iteration
stems from the overwhelming complexity in understanding if
a new SB violation is due to a new operative condition or a
previous insufficient corrective action. For the sake of clarity,
Table II provides an example of how the offsets are iteratively
managed.

TABLE 11
EXEMPLARY ITERATION VS OFFSET APPLIED

Iteration # | COUNTERREF VOFFSET
0 (default) 0 0

1 1 +25mV

2 2 +50 mV

3 3 +75mV

4 4 +100mV

5 5 -25mV

6 6 -50 mV

7 7 -75mV

8 back to iteration 1

Practically, the offset steps are sized to exit from any SB in
any operating condition, with a limited number of iterations
(e.g., 7 in our case).

It is worth noting that as long as Vg4 remains within the EA
allowed output dynamic range, the voltage shift introduced
by the programmable offset is not relevant for the DC-DC
converter itself. In fact, the integral action present in the DC-
DC converter loop forces the required compensator output V¢
to maintain a specified regulation setpoint by changing the
duty-cycle®.

3In general, in PSM Fgx 1 p depends on the operative conditions (i.e., Vi,
Vour, ILoap) and the DC-DC converter parameters (e.g., L, Coyr, etc.).

4This is always valid, no matter the DC-DC operating mode (i.e., CCM,
DCM, PSM/PFM).

B. Digital Controller

The proposed algorithm has been implemented exploiting
two asynchronous-finite-state-machines (A-FSM) [17], digital
counters and combinatorial logic. The first A-FSM, labeled
AFSM,, is in charge of understanding if the actual burst
is within the pre-selected SB (i.e., check the first condition)
providing the feedback O K to the second A-FSM (AF'SM>).
This feedback gets reset when the present burst is outside
the SB (i.e., condition (1) not satisfied). In Figure 2 the
state-flow describing AF'SM; and some of the additional
logic controlled by it are depicted. In each state the corre-
sponding outputs (colored numbers) are shown, while each
arc is activated only as soon as the condition associated
with the arc is true [18]. A counter (COUNTER]), is
used to keep track of how many CLOCK sy x periods (i.e.,
rising edges) occur in a COM Psgirp period (i.e., between
two consecutive COM Pskp rising edges). This counter is
initially enabled by AF'SM; at the beginning of a switching
cycle (i.e., COM Ps i p rising edge) and remains enabled and
counting until: i) the next switching cycle, or ii) there is no
need to wait for the next switching cycle since condition (1)
cannot be satisfied®. Precisely, at the next switching cycle (i.e.,
COM Ps 1 p rising edge) condition (1) is evaluated®, and the
flag OK is set high. Until Fsgp of the actual burst remains
within the SB, this flag remains set (i.e., AF'SM; follows the
states 1-2-3), while it gets reset as soon as a burst with Fsxrp
outside the SB occurs.

F,
vk number of CLOCK sy x periods > [L-‘

2
3

COUNTERT | couNTER1 value

—r—

CLOCKaux

ASYNCH_RESET
D
3

Fig. 2. State-flow describing AF'SM; with some of the controlled logic.

5This is the case when the converter is operating with Fg iy p much below
the SB.

9The combinatorial logic in charge of computing such evaluation, starting
from the value of COUNT ER]1, is not shown.
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The state-flow describing AF'SM; is depicted in Figure 3.
This state-machine is in charge of understanding: i) if within
a sampling-window the number of COM Psk rp periods (i.e.,
COM Psip rising edges) falls within the SB (i.e., check
the second condition), and ii) eventually decide if a corrective
action is needed, outputting the flag SB = 1. To this end,
AFSMs directly controls a burst counter (COUNTE R2)
that keeps track of how many COM Pskp periods (i.e.,
rising edges) occur in a sampling-window lasting ¢ gy, while
another counter clocked by CLOCK 4y x is simply exploited
as a timer for the sampling-window. Until COM Pskp is
0, AFSM, remains in idle, looping in states 1 and 2. When
COM Ps k1 p goes high (state 2), the timer and COUNTFE R2
are enabled to count. If the timer reaches its timeout, condition
(2) is evaluated: if positive, the state-machine moves in state
3 setting SB = 1, otherwise, state 3 is reached and SB remains
low. In both states 2 and 3 the timer and COUNTFER2 are
reset and the system is immediately ready for a new sampling-
window. The presented behavior holds if the flag O K remains
set. In fact, in state 2 if the flag O K7 goes to O there is no need
to wait for the end of gy to understand if a corrective action
is needed, since it is already acknowledged by AFSM; that
the converter is performing outside the SB. The same applies
if, before the timeout, the number of occurred COM Pskp
rising-edges goes above the maximum limit of ¢gy F45AX.

COMPgp =0
and
CLOCK,yx =0

CLOCKx t

and
COMPgyp = 0
and EN COUNTER2
COUNTER2 =0 EN TIMER

@ TIMEOUT
CONDITIONZ is true

COUNTER2 goes above the range

COMPgp =0
and
CLOCK,yx =0

or
* @ TIMEOUT CONDITION2 is false
or
OK; 1

Fig. 3. State-flow describing AF'SM>.

To better understand the A-FSMs interactions, consider the
following case in which the DC-DC converter is experiencing a
transient (e.g., load, line, etc.). Depending on the perturbation’s
magnitude, Fsxp changes typically over a wide range and
finally settles at a given value. Even only a single burst that
is recognized by AF'SM; to be outside the SB is enough
to promptly reset the sampling-window and the burst-counter
(i.e., COUNTUER?2). In other words, AFSM; keeps shifting
ahead the sampling-window until the actual Fsgrp is not

coarsely within - or close to - the forbidden band. On the
contrary, when AF'SM, acknowledges that the actual Fsxp
is coarsely within the SB, the timer and COUNTFER] are
enabled, since only at this point it is necessary to finely check
if the averaged Fgxrp is within the SB. A filter rejecting
the converter transients has been obtained, since the need to
update the corrective action is evaluated only at the end of a
steady state SW. When the SB is changed on-the-fly, both the
state-machines are reset (i.e., back to their initial state).

C. Circuit Design

The proposed stop-band-management-system (SBMS) has
been designed for a dual-phase inverting buck-boost (IBB)
converter, which provides the negative supply rail (Vouyr)
for the AMOLED display, from the Li-lon battery (Vin).
This power converter has been designed within a custom
power-management-integrated-circuit (PMIC) fabricated in a
180 nm BCD (bipolar-CMOS-DMOS) process. At light load,
the IBB is operating only a single-phase (i.e., the second
phase is disabled), and thus for the SBMS only the single-
phase operation is relevant. An auxiliary clock with FAYX =
3 MHz has been exploited, since it is already available within
the PMIC for other purposes, while the DC-DC converter
is clocked at Fg = 1.5MHz (i.e., Ts = 666 ns). An open-
loop-amplifier (OLA) Type-II compensator has been designed
according to [19], while the clocked skip comparator is a P-
type input StrongARM latch [20], [21]. As depicted in Figure
4, the digitally-controlled-offset-generators (DCOG) are im-
plemented by means of a simple open-loop voltage buffer,
made by a CMOS common drain stage [22] to decouple from
the EA, followed by a programmable resistor (Rorrser)
biased with a constant current Ipoprspr. Considering that
this analog level-shifter retains the ability to only introduce
programmable positive offsets, a baseline voltage is simply
added to the values reported in Table II. As explained in
Section II-A2, the absolute value of such baseline voltage is
not relevant for the DC-DC converter, and neither for the SB
corrective action.

N

VDD ﬁ VDD
N
°—| ___________ loFrseT < I
Vc;sk o OUT
@

OUT = IN — Vgs + Rorrserlorrser

Fig. 4. Schematic of the digitally-controlled offset voltage generator.

D. Exemplary Simulation

In Figure 5 a simulation example shows the SBMS in action.
The SB is programmed from 40kHz to 60 kHz (top dashed
black line boundaries) with a sampling-window of tgy =
0.5ms. Initially, the SBMS is not enabled (EN = 0, second
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Fig. 5. Exemplary simulation of SBMS applied to an inverting buck-boost regulating Vo = —7V in PSM with a load of —6 mA: the SB is programmed

from 40 kHz to 60kHz (tsyw = 0.5 ms).

waveform in yellow) and the IBB is steadily regulating Voyr
at —7V (green bottom waveform) from Viy = 4V (red
bottom waveform). With a load current of —6 mA, the IBB is
operating in PSM, as visible from the coil current (blue top
waveform) and the switching node (magenta waveform in the
middle), with Fgx7p around 45 kHz (magenta top waveform).
At 3ms, the proposed solution is enabled (EN = 1), and after
about 0.5ms (i.e., a sampling-window), it recognizes that a
corrective action is needed (SB = 1 in the top black waveform).
Consequently, REFskrp (blue waveform in the middle) is
changed (increased in this case). This action proves effective in
moving the IBB operation outside the SB, leading to Fsxrp =
37.5kHz. At 5ms, a line transient occurs, which pushes back
the IBB operation within the SB with Fsxrp = 42.6kHz.
This is recognized by our solution (SB = 1) after 0.5ms
of steady operation, and REFskrp is thus changed again.
With this corrective action the IBB finally settles outside of
the forbidden band, with Fsx;p = 31.9kHz and the output
voltage ripple is minimally affected (green waveform in the
middle). Thanks to the replica Vorprsgr on the EA output,
both Vg4 (yellow waveform in the middle) and Vopyr do
not experience any perturbation, guaranteeing the seamless
specification.

III. EXPERIMENTAL RESULTS

Figure 6 shows the die micrograph of the fabricated dual-
phase IBB converter, with the SBMS key blocks highlighted in
red. Considering the whole silicon area of the IBB controller
(roughly 0.36 mm? for the single-phase), the SBMS area
remains negligible (i.e., = 6 %). The dual-phase IBB converter

is part of a PMIC for AMOLED power supply and is designed
to regulate a programmed output voltage Vopr in the range of
-1V down to -9V, providing in single-phase up to -500 mA
from an input supply Vin varying between 2.2V and 4.9V.
At light load the IBB operates in DCM/PSM, as exhibited
from the oscilloscope capture of Figure 7. In this case, with
Vin = 4.8V and an output load of -40 mA, Vpyr is regulated
at -3V with Fsgrp ~ 7T3kHz, and each burst is composed
of 3 consecutive pulses.

Figure 8 showcases oscilloscope acquisitions of the IBB
regulating in PSM with a programmed SB from 40kHz to
60 kHz (VOUT = -SV, V}N = 4.3V, ILOAD = -6 mA) To

SB DIGITAL
CONTROLLER

COMPsyqp 2x DCOG

1360um

\
< ~
T~ Tl
2970um
Fig. 6. Chip micrograph: dual-phase IBB with relevant SBMS blocks
highlighted.
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Fig. 7. Oscilloscope acquisition of the IBB operating in PSM at Fsxrp =~
73kHz, with Viy = 4.8V, Iroap = -40mA and Voyr = -3V (green
trace). The trigger is on the DC-DC converter switching node (magenta trace).

check the repetition period of the IBB burst (i.e., Fsxrp),
the oscilloscope is triggered on the IBB switching node and
set with display persistence of multiple acquisitions. The
upper acquisition in Figure 8 shows that without enabling
the proposed SBMS feature (EN = 0) the IBB is operating
within the SB. On the contrary, with SBMS enabled (EN = 1)

ontal
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Fig. 8. Oscilloscope acquisitions of the IBB operating in PSM (trigger on
the switching node): in the upper acquisition SBMS is disabled, while in the
lower it is enabled with SB programmed from 40 kHz to 60 kHz.

under the same IBB conditions, the absence of bursts around
1/50kHz proves the effectiveness of our solution (bottom
acquisition in Figure 8).

To showcase how the proposed SBMS affects the power
efficiency, in Figure 9 are presented two measured efficiency
curves in the same operative conditions (i.e., Viy = 2.8V,
Vour = —7V, SBMS enabled and programmed SB from
40kHz to 60kHz). These measurements were performed
on the very same sample by means of an automatic setup
finely sweeping I;04p. During the first sweep-measurement
(red trace) the SBMS applied a corrective action at about
—26 mA, as visible in the zoomed inset (visibile discontinu-
ity). Immediately without resetting the PMIC, a second sweep-
measurement (blue line) was performed. Here the SBMS did
not trigger and from —26mA the efficiency overlaps the
trace from the previous sweep. In this case, at light load the
efficiency variation is limited to 6 %.

VIN = 2.8V, VOUT = -7V

Measured Efficiency n [%]

o firstl

sweep OA — -0.5A

10 LOAD
» second | o, sweep OA — -0.5A
0 U 1 L L L L
0 -0.1 -02 -0.3 -0.4 -0.5
LOAD [A]

Fig. 9. Measured efficiency with Vin = 2.8V and Voyr = —7V when
two automatic load-sweeps are performed consecutively: during the first sweep
(red curve) at about —26 mA the SBMS apllies a corrective action.

IV. CONCLUSION

The presented solution proves effective in preventing the
DC-DC converter from operating within forbidden frequency
bands in DCM at light load. The switching activity of the
converter is first oversampled, followed by a fine averaging
within a sampling-window, which allows to finally understand
if a programmed SB is violated. This dual-step check allows
the oversampling operation to not require any high frequency
clock signal, easing the implementation. An offset voltage
changing the set DCM peak-current is applied as corrective
action, in turn altering the converter switching activity. The
application of the same offset voltage on the EA output allows
to seamlessly maintain Vo unaffected, without any visible
transient when a corrective action is exerted. Working in
closed-loop, the obtained frequency-band-exclusion system is
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robust against any process-voltage-temperature (PVT) varia-
tion, as well as operative conditions (e.g., Vin, Vour, ILoaD)
and parameters (e.g., inductor, output capacitor, etc.). Thanks
to its digital nature, there are no limitations on the number
and range of SB, allowing maximum flexibility. The outlined
algorithm properly filters out any transient that the power
converter is experiencing, preventing any inappropriate and
premature correction. Moreover, the iterative criteria allows to
adapt the corrective action, minimally affecting the converter
behavior and performance (e.g., output ripple, power effi-
ciency). Furthermore, considering that the DCM peak-current
value set by REFskp is meaningless in CCM, the CCM
stability and performance are not impacted by the SBMS. The
presented SBMS is a digitally-assisted versatile add-on that
can be applied to any DC-DC converter topology and light
load operation mode (e.g., PFM and/or burst-mode). It has
been designed and validated in a IBB converter providing a
selectable output voltage in the range —1V to —9V, fed from
Li-Ion battery. This DC-DC converter is part of a PMIC for
AMOLED display power supply, fabricated in a 0.18um BCD
technology.
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