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ABSTRACT This paper presents the design of a buck converter for use in low-power system-on-chips (SoCs)
with a ripple voltage small enough to directly power sensitive analog circuits without the help of low-dropout
voltage regulators (LDOs). To minimize the ripple voltage while maximizing the converter’s light-load
efficiency, we employ a pulse-frequency modulation (PFM) scheme and a fast duty-cycled comparator to
control the converter’s output voltage. The duty cycling of the comparator, automatically performed by the
Sleep State Controller (SSC), helps improve the light-load efficiency by 48%. Fabricated in a 0.18-um
CMOS process with an active area of 0.42 mm?, the proposed low-ripple buck converter achieves the ripple
voltage of 1.6 mVp, and the overall efficiency of higher than 74.4% over the load current range from 1.2 nA
to 1.8 mA.

INDEX TERMS Switching DC-DC converter, buck converter, low-power, power-management circuits, high-

efficiency, low ripple voltage, system-on-chips, sensor interfaces, Internet of Things (IoT).

I. INTRODUCTION
Over the past few decades, we have witnessed technological
innovations in all areas of life imaginable, thanks to the
invention of the integrated-circuit (IC) technology, which
makes possible the development of various system-on-
chips (SoCs) that, with low power consumption, can pack
tremendous computing power into very small footprints.
Small but smart and low-power, SoCs are thus essential in
most battery-powered portable/wearable devices requiring
distributed intelligence, such as in wireless sensor nodes
for environmental and structural monitoring [1], [2] or in
wearable/implantable sensors for healthcare [3], [4], [5].
Energy being precious, small battery-powered devices
require efficient means for distributing energy from their
power sources (batteries) to the working electronics. Addi-
tionally, in mixed-signal SoCs, “clean” power supplies
are often required for powering sensitive analog circuits—
e.g., low-noise analog front ends and RF communica-
tion circuits—to ensure their proper operations. Therefore,
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low-dropout voltage regulators (LDOs) [6], [7], [8], [9] are
often used to power on-chip sensitive analog circuits due
to their linear-feedback operation producing smooth/clean
output voltages. However, LDO offers poor conversion
efficiency for SoCs requiring large step-down of the battery
voltages to produce their on-chip supply voltages (high
voltage-conversion ratio), as its energy loss is proportional
to the voltage drop across its power device. On the contrary,
step-down switching dc-dc converter [10], [11] (“buck
converter’) can offer much higher conversion efficiency
regardless of the voltage step since, theoretically, a buck
converter can achieve a conversion efficiency of 100%;
though, most practical buck converters achieve slightly more
than 90% at large load current [12], [13], [14]. However,
due to the switching activities required to achieve such high
conversion efficiency, the outputs of buck converters often
incur large ripple voltage, thus making them not suitable for
directly powering on-chip sensitive analog circuits. Hence,
to produce clean power supplies for on-chip sensitive circuits
while minimizing energy loss in the LDOs, a hybrid two-
stage power-delivery approach such as illustrated in Fig. 1
can be employed [15], [16]. In the first step, a buck converter
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FIGURE 1. An example of a power-management unit in
mixed-signal SoCs.

(buck converter 1) transforms the battery’s voltage (around
2.7-4.2 V for lithium-ions batteries [9]) to a lower value
(1.2 V), which is higher than the desired targets by
approximately one minimum dropout voltage required across
the LDOs (around 200 mV); in the second step, LDOs
transform the buck converter 1’s output to the targeted value
(1 V) for powering sensitive circuits (analog front end and
RF circuits). For digital circuits that are quite tolerable to
switching noise on their supply voltages, they may obtain
their power directly from a buck converter (buck converter 2).

Though, compared to the traditional approach, the hybrid
two-stage approach can significantly reduce power loss in the
LDO, we are still curious if there is a more efficient method in
generating clean supply voltages for sensitive analog circuits.
Even as the hybrid approach tries to minimize the dropout
voltage across the LDO, such voltage is still significant as
to incur a sizable efficiency loss especially for an LDO
producing a low supply voltage. For example, even in an ideal
situation in which no extra bias current was consumed besides
what delivered to the load, an LDO producing a 1.2-V supply
voltage with a small dropout voltage of 200 mV would still
incur an efficiency loss of 14.3%. Such conversion loss could
be even worse for LDOs generating lower supply voltages
required by many of today SoCs [17], [18], and for other
light-load applications in which the LDO’s bias current is a
sizable fraction of the load current. For an SoC designed to
fully operate by energy harvested from the environment, the
loss in its power-delivery system at light load may dictate the
SoC’s feasibility in such energy-harvesting application [19].
The potential to eliminate such conversion loss thus motivates
our investigation into the feasibility of eliminating the LDO
entirely and only employing the buck converter as the sole
component of the power-delivery system. Removing the LDO
also spares the chip precious area for other circuit blocks
within the SoC.

Another challenge in the design of practical buck convert-
ers is that high conversion efficiency can often be achieved
only at large load currents since the power consumed
in the control and gate-drive circuits constitutes only a
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small fraction of the overall power delivered to the load.
However, at small load currents, the power consumed by
these peripheral circuitry may constitute a significant fraction
of the overall load power, leading to a drastic drop in the
converter’s conversion efficiency compared to at high load
currents. In many applications, the current consumed by an
SoC may vary by several orders of magnitude across its
various modes of operation. For instance, an SoC used in a
wireless sensor node may possess two modes of operation:
1) low-power mode while it only performs data logging, and
2) high-power mode while it wirelessly communicates with
the base station [3], [20]. Between these two modes, the
current drawn from the battery may vary from as low as a few
microamps in the low-power mode to over a milliamp in the
high-power mode. Though maximizing the buck converter’s
efficiency at high load current is important, doing so for light
load should also be addressed since the SoC often operates
in the low-power mode most of the time, thus making the
total energy consumed in such mode dominant. Therefore,
it is advantageous to maximize the converter’s efficiency not
only just at high load, but also across all levels of the load
current.

Maximizing the converter’s efficiency across all load-
current levels becomes even more challenging with the
additional requirement that the converter also exhibits
low ripple voltage. This is because achieving low ripple
voltage requires responsive (fast) control circuitry within the
converter, and fast control circuitry consumes high power.
And what is the maximum ripple voltage’s amplitude should
the converter exhibit for the LDO to be amortized? To answer
this question, recall that the maximum ripple voltage on the
supply that an analog circuit block can tolerate depends on
its power-supply-rejection ratio (PSRR): the input-referred
supply noise should be lower than the circuit’s intrinsic input-
referred noise. With this in mind, let us consider the most
sensitive circuit block—i.e., the analog front end (AFE)—in
wearable electrocardiogram (ECG) recording devices, whose
input-referred intrinsic noise is on the order of 1 UV
[21], [22], [23], [24]. Implemented with fully-differential
topologies, these AFEs exhibit PSRR of at least 60 dB.
Thus, for the supply noise to be lower than the intrinsic
noise when referred to the AFE’s input, it is required that
the ripple voltage on the AFE’s supply be smaller than
around 4 mV,,—the number is obtained using the condition:
Verms/PSRR < 1 uViys in which Vi yg is the root-
mean-squared ripple voltage, which is assumed to be a
sawtooth. In this work, we shall target the ripple voltage of
around 1 mVp, to provide some safety margin against other
nonidealities.

There are many existing high-efficiency buck converters
with relatively small ripple voltage reported in the litera-
ture [12], [13], [14], [25], and [26], but none of which exhibits
the ripple voltage low enough to warrant removing the LDOs
from the SoCs.

Therefore, this paper presents the design of a buck
converter to achieve the following objectives: First, the
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converter should exhibit so small the output ripple voltage
that it can directly power sensitive analog circuits without the
need of an LDO; Second, the converter should exhibit high
efficiency over a wide range of relatively low load currents
(1.2 nA to 1.8 mA) to make it attractive for use in low-power
applications such as low-power sensor nodes for the Internet
of Things (IoT) and smart healthcare; Finally, even with small
output ripple and high light-load efficiency, the converter
should allow reliable implementation in a small footprint with
small enough on-board inductor and capacitor.

The paper is organized as follows: Section II investigates
various design considerations of the proposed buck converter.
Section III explains the designs of the whole converter, pro-
viding detailed mechanisms of different circuit components.
Section IV shows measured results and, finally, Section V
concludes the paper.

Il. DESIGN CONSIDERATIONS

A. MODE OF CONDUCTION

For low ripple voltage, it is natural to operate the converter
in a continuous-conduction mode (CCM) [27], [28] in
which the inductor current supplying the load is continuous
(always greater than zero). By using a large inductor and
high switching frequency, the inductor current can be made
smooth, thus producing small ripple voltage. However, the
use of a large inductor makes impractical the realization
of small electronic devices, and a high switching frequency
incurs significant power loss in the control and gate-drive
circuitry, thus degrading the converter’s overall efficiency,
especially at low load current. On the contrary, operating the
converter in a discontinuous-conduction mode (DCM) [25],
[29]—in which the inductor current is allowed to be zero for
some intervals—requires neither as large an inductor nor as
high a switching frequency as in the CCM. Therefore, in this
work targeting low-power portable devices, we opt for using
DCM in our proposed converter. Nevertheless, limiting the
ripple voltage to within 4 mV, in a DCM converter requires
careful attention in the choices of various converter’s design
parameters, which we shall discuss in Section III-B.

B. VOLTAGE-CONTROL SCHEME

There are two commonly-used schemes for controlling the
output voltage of DCM converters: 1) pulse-width modu-
lation (PWM) and 2) pulse-frequency modulation (PFM).
Let’s consider which of the two schemes is appropriate for
our proposed low-ripple converter. Fig. 2(a) illustrates how a
converter employing the PWM scheme adjusts its switching
behavior to stabilize the output voltage to a desired value:
the converter employs a fixed switching frequency (1/75)
while varying the ON times of the power transistors
(Teng and Tycng) to alter the pulse width of the inductor current
(IL) such that its average value balances with the load current.
Though easier to design, the PWM scheme is not suitable for
the realization of our low-ripple converter due to two main
disadvantages: first, since the ripple’s amplitude depends on
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FIGURE 2. Commonly-used voltage control schemes for DCM converters:
(a) Pulse Width Modulation (PWM) (b) Pulse Frequency
Modulation (PFM).

the amount of charge delivered to the output capacitor per
each pulse of the inductor current, variability in the inductor
current’s pulse width makes the control of the ripple voltage’s
amplitude difficult; second, the switching frequency, which
is constant across all the load conditions, must be chosen
to be high enough to ensure that, even at high load current,
enough inductor current can still be delivered to the load to
maintain the output voltage to the desired level. As a result,
the switching frequency is normally chosen to be higher
than optimal for the light-load condition, which increases the
power consumption of the peripheral circuitry and, in turn,
degrades the converter’s light-load efficiency.

To simultaneously ease the control of the ripple voltage’s
amplitude and maximize the converter’s efficiency across
all its load conditions, employing the PFM scheme for
controlling our proposed converter is more appropriate.
As illustrated in Fig. 2(b), the PFM scheme keeps the width
of each inductor-current pulse fixed—by keeping the ON
times of the power transistors constant—while varying the
switching frequency to alter the average value of the inductor
current to balance with the load current. Since the amount
of charge delivered by each inductor-current pulse is now
constant, the ripple’s amplitude becomes constant across the
entire load-current range. In addition, since the switching
frequency is adapted to suit the load current, significant power
saving can be achieved at light load due to the low switching
activity that ensues—hence, the improvement in the light-
load efficiency. Therefore, we adopt a DCM-PFM scheme for
controlling our proposed converter in this work.

C. THE COMPARATOR

To maximize conversion efficiency at light load, most modern
buck converters employ a comparator and associated digital
control circuitry instead of a conventional opamp-based
circuit to help regulate their outputs to the desired values in
a feedback fashion [12], [13], [14], [25], [26]. As shown in
Fig. 3(a), the comparator compares the output voltage, Vo,
to the reference voltage, Vier, and, once Vi falls below Vier,
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FIGURE 3. (a) A comparator-based buck converter. (b) Ripple voltages at
low and high load currents.

informs the control circuitry (which controls the gate driver)
to switch ON the power transistors (M, and Mp) to deliver
inductor-current pulses to the load such that Vi, is brought
back above Viet.

Since the decision on when to activate the power transistors
starts from the comparator, its design is very crucial in deter-
mining the converter’s performance. One important concern
is the tradeoff between the comparator’s speed (hence, its
power consumption) and the output ripple voltage at various
load conditions. To understand this tradeoff, let’s consider
two loading conditions where a comparator-based converter
tries to maintain its output voltage, Vi, at the reference
value, Vier. Let t4 be the delay from when the comparator
detects the crossing between its two inputs to when the
converter initiates the delivery of an inductor-current pulse to
the load. For simplicity, we will assume that 74 is dominated
by the comparator’s delay such that we can think of #4 as just
the comparator’s delay (see Table 1). On the left of Fig. 3(b),
the load current, [joa4, iS sO small that it discharges Vi, only
slowly such that, after the comparator’s delay of 74, Vo falls
just slightly below Vier. As a result, only one pulse of the
inductor current suffices to bring Vi back above Vier. In this
scenario, what determines the ripple voltage’s amplitude is
the amount of charge in a single inductor-current pulse (and
the values of L and C). Hence, by controlling the amount of
charge per pulse via architecting appropriate ON times of the
power transistors, we can control the amplitude of the ripple
voltage.

However, the situation is quite different when the load
current is large, as seen toward the right of Fig. 3(b). In this
scenario, a large load current causes Vi to droop rapidly
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such that it falls significantly below Vi after the same
comparator’s delay of z4. As aresult, one pulse of the inductor
current is insufficient in bringing Vi back to above Viet.
Hence, the control circuitry will instruct the power transistors
to fire inductor-current pulses successively to bring Vi, back
above Vier. Such a multiple-ripple scenario effectively causes
the amplitude of the ripple voltage to be quite large, as it is
now determined by the total amount of charge in multiple
inductor-current pulses.

Preventing such a multiple-ripple scenario requires a
comparator fast enough to quickly respond to the crossing
events between Vo and Vier. The type of comparator most
appropriate for our DCM-PFM converter is a continuous-time
one as it allows the comparator to continuously monitor
Vout to determine the moment of V- Vier crossing such that
the converter’s switching frequency can be adjusted accord-
ingly. However, a high-speed continuous-time comparator
consumes significant static power since it is powered ON all
the time, thus degrading the converter’s efficiency, especially
at light load. As a result, many buck converters for light-load
applications still employ latch-based comparators controlled
by relatively high-speed clocks [13], [29] to minimize static
power burnt. However, due to the limited number of available
clock frequencies on-chip, the comparator often operates with
too high a clock frequency for a given load current to ensure
its correct operation, thus resulting in extra switching loss
in its oscillator and digital control circuitry. For example,
even at its light load—~ 50 uA, which is considered
quite a high load in our standard—the converter in [13]
still employs a 100-kHz clock for its comparator, which
degrades the converter’s light-load efficiency tremendously.
The design in [29] incorporates an on-chip oscillator with
its frequency scalable from 6 Hz to 1.2 MHz to provide the
comparator’s clock optimized for a particular load current.
However, determining such an optimal clock’s frequency is
still performed off-chip, and the power associated with such
computation has not been accounted for in the efficiency
calculation. In this work, we chose to combine both the
continuous-time and the clocked methods to minimize the
power consumed in the comparator: ‘“‘continuous-time” in
the sense that the comparator is powered ON to monitor the
Vout-Vief crossing events, and ““clocked” in the sense that the
comparator is also shut down to minimize static power. Next,
we describe the rationales behind this proposed power-saving
scheme.

For the comparator to respond sufficiently fast to the V-
Vier crossings over the entire load-current range, it cannot
be avoided that the converter be biased with high current.
Nevertheless, two concepts may pave the way to minimizing
the comparator’s averaged power while allowing it to be
responsive. First, most of the time, the load current appears
virtually static over several switching periods—e.g., while
an environmental-monitoring sensor logs data from its
surrounding—hence, its switching period (assuming the PFM
scheme) appears highly predictable. Second, in the light-
load scenario, the crossings between Vi and Vier occur
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FIGURE 4. Overall schematic of the proposed low-ripple buck converter.

relatively sparingly compared to the high-load case such that
the comparator spends most of its time waiting, during which
its power is wasted; hence, the reason for the poor light-load
efficiency. With such realizations, it can be reasoned that if
we can predict the moments of the V(- Vief crossings, we can
turn the comparator ON only within the vicinity of these
crossings while turning it OFF the rest of the time to save
power. Therefore, as part of our proposed low-ripple buck
converter, we propose a power-saving scheme that utilizes
a time-based technique to adaptively predict the crossings
between Vo, and Vi and subsequently duty-cycle the
comparator to minimize its power to improve the converter’s
light-load efficiency.

Ill. DESIGN OF THE CONVERTER
Fig. 4 shows the high-level schematic of our proposed
low-ripple buck converter designed to operate from the input
voltage Vi, = 3.3 V to produce the output voltage Vo =
1.2 V. To reduce the comparator’s power as discussed in
Section II-C, we incorporate the Sleep-State Controller (SSC)
to determine the duration in which the comparator should be
put to sleep to save power and to turn the comparator ON
only for sufficient duration to detect the crossings between
Vour and Vier. An asynchronous state machine (ASM) is
used to provide the converter with a smooth operation at a
switching frequency appropriate for the load current. The
pulse generator receives control signals from the ASM to
generate the timing pulses, D, and D,, which are then
buffered by the gate driver to drive the pMOS and nMOS
power transistors, respectively.

During steady state, the SSC, the ASM, and the pulse
generator operate from the supply voltage of Vyyp = 1.2V
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which is connected directly to V. To prevent the converter
from failing to start when V¢ has not yet settled to 1.2V, Vi,
is temporarily connected to the external reference voltage
Viet = 1.2 V during the start-up. Only when V, reaches its
steady-state value is Vgyp switched to being connected to Voyt.
The connection from Vi to either Vet or Vo is controlled
by the supply multiplexer via an external control signal SC,
which in this version is still supplied manually.

A. OVERALL OPERATION
The converter’s operation can be divided into the following
four states:

1) Alert: During the Alert state, the comparator is turned
ON, ready to detect the V- Vier crossings while both
power transistors are OFF.

2) Up: During the Up state, M, is turned ON (while M,, is
OFF) to ramp up the inductor current (charging phase).
The converter enters the Up state from the Alert state
after the comparator detects that Vi falls below Viet.
During the Up state, the comparator is turned OFF to
save power since it is not needed.

3) Down: During the Down state, M; is turned ON
(while M}, is OFF) to ramp down the inductor current
(discharging phase). The converter enters the Down
state right after it exits the Up state. Most of the time
during the Down state, the comparator is turned OFF
to save power; only shortly toward the end of the
Down state is the comparator turned ON to detect the
multiple-ripple scenario (more in Section III-F).

4) Sleep: During the Sleep state, both My, and M, are OFF.
The comparator is also turned OFF to save power since
the SSC has predicted that Vi, will remain above Vit
for a certain duration.
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FIGURE 5. (a) Timing diagram of the state-control signals. (b) Timing
diagram illustrating the proposed power-saving scheme for minimizing
the comparator’s power.

To instruct other circuit components to operate according
to the converter’s state, the ASM provides four control
signals—Up, Down, Sleep, Alert—each asserted high during
its namesake’s state as shown in the timing diagram of
Fig. 5(a). Therefore, the width of each control signal
corresponds to the duration the converter operates in a
particular state for each switching cycle—i.e., Typ, Tdn,
Tsieep, Talert are the durations the converter operates in the
Up, Down, Sleep, and Alert states, respectively. The ASM
also takes as its inputs the flag signals—UpExit, DownExit,
SleepExit—as feedback from other circuit components to
notify of the moment the converter should exit a particular
state. The explanation of how each flag signal is generated
will be provided during the explanation of the relevant circuit
component.

The timing diagram in Fig. 5(b) illustrates how the pro-
posed converter—after it reaches a steady state—minimizes
power consumed by the comparator. The converter operates
in the Alert state in which the comparator is turned ON (seen
from the comparator’s enable signal, CP,,, being asserted
high) only near the vicinity of V, falling below Vie;—for
t € [tg, 1], with t = t(’) being a Viu-Vier crossing moment.
Once the comparator detects that Vi, has fallen below Vier—
e.g., the comparator’s output CP,, reaches the valid level at
t = tj—the converter goes through the Up and Down states
(e.g..t € [11, té]) to deliver a pulse of inductor current to the
load. Toward the end of the Down state, the comparator is also
briefly turned ON to detect the multiple-ripple scenario—
e.g., t € [n, )] If, during this time, the multiple-ripple
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FIGURE 6. A simplified model for determining the design parameters to
achieve the required ripple voltage.

scenario is detected (CPyy; is asserted high), the ASM will
assert the MR _det flag, whose effect is to keep the comparator
on a high alert to promptly resolve the multiple-ripple issue
(more on this in Section III-F). Then, after the Down state,
the converter enters the Sleep state in which the comparator
is powered OFF to save power as it is predicted that Vi will
remain above Vir for a specific duration—e.g., t € [té, 13].
After the converter operates in the Sleep state for a duration
determined by the SSC, it enters the Alert state once again
att = 13, ready to detect another V- Vier crossing moment
att = té, and so on. It can therefore be reasoned from the
timing diagram in Fig. 5(b) that, to minimize the comparator’s
power, we should have it operate as long as possible in
the Sleep state (and as short as possible in the Alert state),
while still ensuring the correct functionality of the converter.
Section III-E will explain how we design the SSC to achieve
this objective.

B. DESIGN PARAMETERS FOR THE TARGETED RIPPLE
VOLTAGE

Various design parameters, including L, C, Tcpg, and
Tychg, affect the ripple voltage’s amplitude, which, in turn,
determines the converter’s switching frequency (f; = 1/7s)
for a particular load current. This section will explain how
we select their values for our proposed design. Fig. 6 shows
a simplified circuit model of our converter along with the
zoomed-in views of the converter’s output Vi, and the
inductor current /.. Since this is a DCM-PFM buck converter
with fixed values of T¢hg and Tyche, we will assume that, for
each switching cycle, i, ramps up from zero to reach the
peak value of I, before ramping down to zero once again to
deliver a fixed amount of charge to the load per switching
cycle. As a result, each inductor current pulse creates one
cycle of the ripple voltage with a peak-to-peak amplitude
of Vipp. To simplify our calculation, let us also assume that
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the pulse width of I, (T¢hg + Tychg) is very brief compared
to the switching period (7). We can therefore estimate that
the ripple voltage is a direct result of the total charge in one
inductor-current pulse being delivered to the output capacitor
C—i.e., the role of f1paq is insignificant in determining Vipp.
From the requirement that the average voltage across L
must be zero in steady state, we obtain the relationship
between Tchg and Tqchg:
Tchg _ Vout (1)
Tchg + Tdchg Vin .
Assuming that, for our converter, the amplitude of the ripple
voltage is so small that we can approximate Vi, as being
constant—hence, I, changes linearly during Tchg and Tachg—
we can write an expression of the inductor current as

' Tchg ’ 2

and we can estimate the total charge delivered to C per each
pulse of the inductor current as

1
Ou= Elp (Tchg + Tdchg) . 3

Since Q, in (3) causes the voltage across C to fluctuate by
Vipp» we have Qy = Vipp C. Then, from (1)-(3) and from Oy, =
VippC, we can solve for an expression of Tchg as

Vout/Vin
Tehg = (|2 Vipp - LC - : )
e \/ PP Vin (1 = Vout/Vin)

And from (1), we can write an expression of Tychg as a
function of Tchg as

&)

1 — Vou/Vi
Tdchg _ Tchg ( out/ m) )

Vout/ Vin
Substituting the expression of T¢hg in (4) into that of 7, in (2),
we then obtain an expression of the inductor’s peak current

as
v, v,
L= (2.2 vy . (1-22). 6
P \/ L/C out( Vin ()

Finally, we can determine f; for a given load current, Ijoaq,
by realizing that, in steady state, the average inductor current
must balance with the load current: fjoaqg = Qy - fs. And from
QOu = VippC, we can solve for f; as

fs _ lioad )

VippC

Recall the three design goals of our proposed converter:
1) achieving small output ripple voltage, 2) preserving a
high light-load conversion efficiency, and 3) allowing the
converter to be reliably implemented in a small footprint
(with L and C in small packages on the PCB). While keeping
the small output ripple voltage in mind, let’s consider how
we could maintain a high conversion efficiency at light
load. Recall that, at smaller ljoag, @ larger fraction of the
converter’s overall power consumption is attributed to that

(N

122572

— =12 A

——loag=153 1A ]
=20 1A

C (uF)

200 T

—V =1mV
Pp
—V _=33mV
p
150 - V_ =55mV|-
p
—_—V =77mV
PP
< —— Vypp=10mV
£ 100 1
"o Optimal +/ (L/C) range
' i
50 - '
] :
' :
}
o ‘ ; ; ‘ ‘ ‘
0 05 1 15 2 25 3 35
V(L) ()
(b)
3 ) )
—V  =1mV
pp
25
2
@
s
o155
5
-
i
05

22 ‘ 33
0 5 10 15 20 “- 25 30 7735 40 45

V(LC) (us)
(©
FIGURE 7. (a) fs vs. C. (b) Ip vs. J/L/C. () Tepg Vs. JIC.

of the digital-control circuits (the digital power), which
is proportional to the converter’s switching frequency f;
(assuming that the digital power is dominated by the
converter’s switching activities). Hence, to keep the light-load
efficiency high, we should aim to minimize f; at small Ijpyq.
The expression in (7) informs us that for a given lipad and Vipp,
reducing fs can be achieved by making C large. To help find a
suitable C to keep f; sufficiently low at small /p4q, we plot in
Fig. 7(a) the resulting f; as a function of C for a few values of
Load from 1.2 puA to 20 nA. We then chose C = 22 uF—
a capacitance still small enough to be available in a chip-
scale package—to keep f; below 1 kHz for this range of Ijpaq.
In fact, the simulation result to be presented in Section III-G
confirms that, at ljoag = 1.2 A where the penalty inflicted
by the digital power is severest, choosing C = 22 uF results
in the digital power of 0.136 W, which is equivalent to only
around 9.4% of the converter’s output power.

Now with the value of C determined, our next task is to
determine an appropriate value of L while keeping in mind
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the availability of the inductor in a chip-scale package—
i.e., a small value of L is preferred. Also, for an inductor
to be physically small, it requires that the inductor’s peak
current /I, be kept minimal. Hence, minimizing I, becomes
one of our criteria in choosing L. From the expression of
I, in (6), we learn that, for a given Vipp, Vin, and Vo, I is
inversely proportional to /L/C. Fig. 7(b) plots the resulting
I, from (6) as a function of \/L/C for a few values of Vi
from 1 mV to 10 mV. It can be seen from this plot that,
for a given Vypp, the Ip-vs.-o/L/C curve is very steep when
A/L/C is small and becomes relatively flat as the value of
/L]C gets large. Hence, if an inductor with too small an
inductance L is chosen, it may need to endure a large I, which,
in turn, requires that it be implemented in a large form factor.
On the other hand, the flat ,-vs.-/L/C curve at high /L/C
suggests that the added benefit of increasing L to reduce I,
becomes minimal. In this work with the targeted Vipp, of 1 mV,
we have observed from Fig. 7(b) that /L/C € [1,1.5] Q
represents the optimal range providing balance between the
inductor’s peak current and its inductance value. For C =
22 uF, such optimal range of \/L/C translates to the value of
L being in the range from 22 pH to around 50 uH.

Finally, we can narrow down the value of L by considering
the ON time of the power transistors (Tchg and Tyche) that
must be implemented on chip. From the expression of Tcpg
in (4), we find that, for a given set {Vipp, Vin, Vout}, Tcng 18
proportional to ~/LC as plotted in Fig. 7(c) for a few values
of Vipp between 1 to 10 mV. For C = 22 uF and the range
of L between 22 to 50 wH determined earlier—which results
in /LC € [22,33] pus—the resulting Tepg for Vipp = 1 mV
ranges from 409 to 614 ns. In this work, we have opted for
Tchg being on the higher end of such range to ensure that
it can be reliably implemented in our process technology.
By choosing L = 47 pH, as this value is available in a
chip-scale package (1008) (Coilcraft, Inc., Vishay Intertech.,
Inc.), we obtain, for Vipp = 1 mV, Tehg and Tychg of 600 ns
and 1.05 us, respectively.

C. COMPARATOR DESIGN
Fig. 8 shows the schematic of the comparator used in this
design. To avoid the multiple-ripple scenario, which leads to
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large ripple voltage, the comparator must react sufficiently
quickly once Vg falls below Viet. Provided that each
inductor-current pulse can increase the value of Vq, by only
about Vypp, it follows that the value of Ve must not fall below
Viet by more than Vi, over the entire comparator’s delay #q4.
Since Vg droops most rapidly at the highest load current
(load, max = 1.8 mA in our design), we can formulate, using
Toad, max, the maximum comparator’s delay tolerable and,
hence, the minimum comparator’s bias current, to prevent the
multiple-ripple scenario over the entire load-current range.

We can use the drawing of V in Fig. 6 to help determine
the maximum tolerable 74. At the maximum load current, the
amount that Vo falls below Vyer over the duration of 73 (Vrop)
is given by

Vdrop = Iload,max . td/C- (8)

To ensure that V,y can be brought up well above Vit by
each inductor-current pulse, we may enforce that such Vgrop
only account for around half of Vip,—i.e., Varop = 0.5 Vipp.
Such condition leads to the following requirement on the
comparator’s delay:

< 1 Vrpp ¢ .
21 load, max
With Vipp = 1 mV, C = 22 uF, and fjpad,max = 1.8 mA,
we have the maximum tolerable comparator’s delay of around
6.11 us. For the design of the comparator in Fig. 8, we provide
the comparator with a total bias current of 1 1A to achieve a
smaller comparator’s delay of around 4.5 ps in simulation—
to provide some margin for the delay incurred in the ASM
and the gate-drive circuitry. It is thus evident that, if such
comparator was kept continuously ON in a light-load case,
its power (& 3.3 uW) would be so prohibitive that the
converter’s light-load efficiency becomes very low—e.g.,
the efficiency at 1.2-uA load current would be only 30%
even when power loss by other circuits within the converter
is ignored. Therefore, to boost the converter’s light-load
efficiency, it is imperative that we drastically reduce the
average power consumed by the comparator during light load,
hence, the reason for the SSC to be described in Section III-E.

©))

D. PULSE GENERATOR AND GATE DRIVE

Fig. 9(a) shows the schematic of the pulse generator
responsible for the generation of the pulses Dy and D, for
controlling the ON durations (T¢hg and Tgchg) of Mp and My,
respectively, and the UpExit and DownEXxit flags to inform
the ASM of the moment the converter should exit the Up
and Down states, respectively; the pulse generator is also
responsible for generating the CPop gn signal with a pulse
width of Ty to turn the comparator ON toward the end
of the Down state to check if the multiple-ripple scenario
occurs. The pulse generator employs three delay gates, DL,
DL;, and DL¢mp, whose schematic is shown in Fig. 9(b)
and whose delays determine the values of Tchg, Tdchg, and
Temp, respectively. To prevent conduction loss in the body
diodes of M, due to it being turned OFF while the inductor
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FIGURE 9. (a) Overall schematic of the pulse generator. (b) Schematic of
all the delay gates used in the pulse generator.

current is nonzero, a zero-current detection circuit (ZCD) is
incorporated to help adjust Tycpg to achieve the zero-current-
switching condition [12].

First, let us consider the D,-pulse-gen portion of the pulse
generator, with the timing operation shown in Fig. 10(a), for
generating the Dp pulse. We use the Up signal as the D,
pulse to ramp the inductor current up over the entire duration
of the Up state. To inform the converter of the moment at
which it should exit the Up state (to enter the Down state),
we employ the delay gate, DLy, to generate the UpEXit flag as
adelayed version of the Up signal. Once the ASM receives the
UpExit flag, it immediately sets the converter’s state to Down,
causing the Up signal to go low (after a finite delay through
the ASM of 741). Hence, ignoring the delay through the ASM,
the duration between the rising edges of the Up signal and the
UpEXxit flags, which is the delay through the DL, gate, defies
the duration of the Up state. Therefore, we can make the width
of the D}, pulse equal to T¢hg by making the DL, gate’s delay
equal to Tche. Moreover, once the Up signal goes low, the
delay gate DL, quickly resets the UpEXxit flag to low (after
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FIGURE 10. (a) Timing diagram for the generation of the Dy, pulse.
(b) A 2,000-sample Monte Carlo simulation at room temperature of Tp,g.
(c) Simplified timing diagram for the generation of the Dy pulse.

a finite delay of #4p) to help prepare the delay gate for its
subsequent operation.

Fig. 9(b) shows the design of the delay gate DL,,
which consists of the current-starved inverter (M;, M»,
and Ig) and the capacitor Cq for determining the delay,
three high-threshold inverters (HI;-HI3), and the reset
transistors M3-Ms. The low-to-high propagation delay of
DL, responsible for determining Ty, is then approximately
Ca(Vpp — Vi1)/1g, where Vy; is the switching threshold
of HI;. The three high-threshold inverters, HI;-HI3—made
with stacked transistors as shown in the inset of Fig. 9(b) to
raise their switching threshold—are employed to minimize
Vbp-to-ground feedthrough current when their inputs linger
near the middle of the supply rails due to the slow edge of
the current-starved inverter’s output. In this work, we design
the delay gate DL, with Cq = 300 fF and I3 = 300 nA
to achieve the required Tchg of 600 ns—for Vpp = 1.2 V
and Vi1 ~ 0.6 V. Fig. 10(b) shows a Monte Carlo simulation
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for 2,000 samples at room temperature for T¢pg, illustrating
a nearly Gaussian distribution with a mean of 600 ns and
a standard deviation of around 6.7%. Such statistical result
suggests that 99.8% (£30) of all the chip samples should
have Tchg within the range of 480 ns to 720 ns. And since
Tchg determines the amount of charge delivered to the load per
switching cycle, the variation in T¢pg can then affect the ripple
voltage’s amplitude. With the help of (4), it can be inferred
that the change in Vi, from its nominal value (1 mV) due
to the variation in Tchg should be in the range of —36% to
+45%, which still keeps Vipp under 2 mV. Finally, to speed
up the high-to-low transition to help prepare as promptly as
possible the delay gate for its next operation, we employ the
reset transistors M3-Ms to asynchronously reset the outputs
of all the high-threshold inverters to their appropriate supply
rails once the delay gate’s input returns to zero.

Next, let us consider the Dy-pulse-gen portion of the
circuit, whose simplified timing diagram is shown in
Fig. 10(c). The part consisting of the delay gate DL, the
inverter, and the AND gate (ANDI) serves to create from
the Down signal the gate-drive pulse Dy, whose width, Tgcng,
is approximately equal to the low-to-high propagation delay
of the DL, gate. The design of the DL,, gate is mostly similar
to that of the DL, gate shown in Fig. 9(b) except that the size
of Cy4 can be automatically tuned by the ZCD circuit (by the
5-bit signal A[4:0]) according to the scheme proposed in [12]
to achieve Tychg that provides the zero-current switching
condition. In this work, we design the delay gate DL,
with Iy = 200 nA and Cy programmable at 5-bit
resolution with a unit capacitance of 20 fF, thus allowing
Tachg to be tuned to within the vicinity of 1.05 us at
60-ns resolution. Finally, the delay gate DL¢mp with the low-
to-high propagation delay of Tcmp and the other AND gate
(AND?2) are used for creating, toward the end of the Down
state before the DownEXxit flag is asserted, the comparator-
enabling signal, CPon,dn, With a pulse width of Temp. In this
work, we also employ the delay gate’s topology in Fig. 9(b)
to realize DL¢pyp, but with Cq = 300 fF and Iy = 200 nA
to provide T¢yp of around 900 ns, the comparator’s ON
time just sufficiently long for detecting the occurrence of
the multiple-ripple scenario but not too long to significantly
increase the comparator’s power.

Finally, Fig. 11 shows the schematic of the gate driver
for driving the power transistors M, and M,. Two level
shifters are used to convert the 1.2-V D, and D, pulses
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to their 3.3-V (Vj,) counterparts. Due to M, and M, being
sized large to provide up to 1.8 mA of load current while
minimizing conduction loss—(9 ©m/180 nm)x240 for both
transistors—the converted pulses are buffered by inverter
chains to minimize the rise/fall times of the signals driving
the gates of M}, and M,,.

E. THE SLEEP-STATE CONTROLLER (SSC)

Recall from the timing diagram of Fig. 5(b) that, to minimize
the power consumed by the comparator for a given ljpad,
we should maximize the duration of the Sleep state while
minimizing that of the Alert state, hence, the task of the SSC.
Fig. 12 shows the high-level design of the SSC, which
consists of four main components: 1) Alert-Time Quantizer
(ATQ), 2) Sleep-Time Register (STR), 3) Sleep-State Enabler
(SSE), and 4) Digitally-Controlled Oscillator (DCO). In this
section, we describe the design of the SSC to illustrate how
it maximizes Tgjeep While minimizing Ty for a given load
current.

With Ty being the pulse width of the Alert signal,
the ATQ then quantizes Tyjer into a three-bit digital signal,
{T,, T1, Ty}. Conceptually, the ATQ acts as a time-to-digital
converter transforming the Alert state’s duration into a digital
representation. The STR—which houses two 6-bit registers
(Tq1,crs and Ty fe) that jointly represent Tjeep—then takes
the quantized value of Ty and decides if it is longer than
necessary. If so, the STR appropriately increments the value
of one of the two 6-bit registers, which effectively lengthens
Tieep (and shorten Toert): if Tarere remains larger than a certain
threshold, the STR increments the value of T ¢rs to lengthen
Tsleep in a coarse manner; otherwise, it increments the value
of Ty e instead to lengthen Teep in a fine manner. On the
contrary, if the STR finds Tyjert to be too short, which risks
causing error in the comparator’s operation, it will decrement
the value stored in the Ty e register, thus shortening Tijeep
(and lengthening Tyjert) in a fine manner. The update of the
Tg,crs and T e registers proceeds cycle-to-cycle until Tyjert
reaches an optimal value—i.e., around 4-10 us, which is
short enough for saving the comparator’s power but still long
enough to ensure correct comparator’s operation—at which
point the update ceases. The information on Teep in the
Tq,crs and Ty crs registers is then passed to the SSE, whose
role is to implement an actual wait time of Tyeep before
exerting the SleepExit flag to inform the converter to leave
the Sleep state and enter the Alert state. In other words, the
SSE acts as a digital-to-time converter that transforms the
digital output of the STR into an actual duration of the Sleep
state. To implement the actual Tgjeep, the STR employs the
timing reference from the DCO whose oscillation period
corresponds in real time to the state of time tracking by the
STR. To understand the operation of the SSC, let us consider
the design of each circuit block in more detail.

1) ALERT-TIME QUANTIZER (ATQ)
Fig. 13(a) shows the schematic of the ATQ for quantizing
Taere into its digital representation. The ATQ consists of
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FIGURE 12. High-level schematic of the Sleep-State Controller (SSC).

Alert Dely | [T 1 delayed-by-Ty; version of the Alert signal. Hence, each
T ~ 400 us 2 ATQ’s output bit, T;, will be asserted only when the rising
| o edge of the Alert signal’s delayed-by-Ty; version occurs
B before its falling edge—i.e., if Taert > 7Tgi- In this work,
we design the three delay gates to produce Tq», 741, and
| | Delay b o7 T40, of approximately 400 us, 10 us, and 4 us, respectively.
Ty =10us ! Therefore, the ATQ in Fig. 13(a) effectively quantizes Tajert
P & into four levels: level 1 corresponding to Taert < 740,
4] level 2 to Tgo < Tatert < Ta1, level 3to Tqy < Tatert < Tdo,

and level 4 to Tyjert > T2, as illustrated in Fig. 13(b).
| TDEIZY Ly o7 Fig. 14(a)-14(b) show the Monte Carlo simulation results
i 0 (2,000 samples) at room temperature for Tqo, Tq1, and Tqo,
P with the standard deviations of 0.7%, 1.5%, and 1.1% from
Down ‘ the means, respectively. The small standard deviations thus
@ ensure the robustness of the quantization levels of Tyjer

against process variations.
Talen TZT] T() sl.crs sl.fne

count up 2) SLEEP-TIME REGISTER (STR)
by 1 The STR, with the schematic shown in Fig. 15, takes
the ATQ’s output to adjust the values of its two internal
count up 6-bit registers (up/down counters), T crs and T e, to adjust
by 1 the value of Tgeep at an appropriate rate as indicated in
Fig. 13(b). If the ATQ indicates that Tyer is within level 4
(T>T1Tp = 111), the STR will adjust Teep in a coarse manner
by incrementing the value of Ty s by one, an equivalent
of increasing Tyeep by a coarse unit time, T, to speed
by 1 up the adjustment. To prevent error due to the comparator
not being properly turned ON to make a decision, we must
(b) ensure that e remain sufficiently long for the Alert state to
cover, with some margin, the moment when Vi crosses Vies.
We thus incorporate two preventive measures to ensure that
Talere be sufficiently wide: 1) if the ATQ identifies that Tyjer
is smaller than Ty> but still significant—i.e., Tyjer is Within

level 4 111

|
[

T,, ~ 400 us

level 3 011 —

T, ~10us +-
level 2 001 —

Ty ~dus

level 1 count down

000 —

FIGURE 13. (a) Schematic of the Alert Time Quantizer (ATQ). (b) The ATQ's
output levels and their corresponding STR’s actions.

three D flip-flops (DFFs) for producing the 3-bit out-
put, {T>, T1, Tp}. To produce each output bit 73 (i €
{0, 1, 2}), the corresponding DFF, which operates on the
falling edge of the Alert signal, receives as its input a
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level 3 (ToT1Ty = 011)—the STR will adjust Tgjeep in a
finer manner by incrementing the value of T e by one,
an equivalent of increasing Tjeep by a fine unit time, Tfye;
2) if the ATQ identifies that Tyjer is already too short but still
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FIGURE 15. Schematic of the Sleep-Time Register (STR).

positive—i.e., Tyert i Within level 1 (T2T1Ty = 000)—the
STR will decrement the value of T ;e by one, an equivalent
of decreasing Tsjeep (and lengthening Tiert) by Ttne.

Such preventive measures are necessary because, as will
be shown in Section III-E4, the two unit times, T¢rs and Tye,
are generated by the DCO whose oscillation period cannot be
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FIGURE 16. (a) Schematic of the Sleep State Enabler (SSE). (b) Timing
diagram of the SSE.

precisely controlled with respect to the delays of the ATQ’s
delay gates (7g4;). Once the ATQ identifies that Tyier¢ is nOW
optimally small—i.e., Tyjert is within level 2 (7,71 To = 001,
suggesting that 4 us < Tyert < 10 us)—the STR will update
neither the T ¢rs’s value nor the T fe’s.

3) SLEEP STATE ENABLER (SSE)

The role of the SSE, with the schematic shown in Fig. 16(a),
is to allow the converter to operate in the Sleep state for the
duration of Tjeep as determined by the STR. Recall from the
timing diagram in Fig. 5(b) that the converter automatically
enters the Sleep state right after it exits the Down state. After
the converter has operated in the Sleep state for a duration of
Tsleep as specified by T, ¢rs and Ty, e registers, the SSE will
assert the flag signal, SleepExit, to notify the converter to exit
the Sleep state.
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To understand the SSE’s operation, let us first suppose that
Ts1,crs and Ty fne assume the values of M and N, respectively,
with M, N > 0. The SSE’s job then is to implement a
waiting period of Tsieep = MTcrs + NTtne before asserting the
SleepExit flag. To implement such Tieep, the SSE employs
two anti-phasic clock signals CLK| and CLK3, a 6-bit counter
T _crs_cnt> and other logic circuits. The two anti-phasic clock
signals are generated by the DCO, whose oscillation period
can be programmed based on the information provided
by the ATQ (Ts1,fne) and the SSE (the signal cnt_fne_en).
Section III-E4 will explain the DCO’s operation in more
detail.

Fig. 16(b) shows the SSE’s timing diagram to help
understand its operation. Before the converter enters the
Sleep state (t < tg), the Sleep signal is low; thus, the 6-bit
counter T crs_cnt and the DFF Qg are set to zero. Since,
initially, Tg_crs_cnt 1 zero and not yet equal to M, the output
of the digital comparator Cmpl, A, is asserted high, which
consequently sets the signal cnt_fne_en to low, which, in turn,
instructs the DCO to produce CLK; and CLKj; with a period
of Tcrs. Once the converter enters the Sleep state at ¢t = 1,
T4 crs_cnt and QOrye are no longer in reset. With A being its
enable signal, T ¢rs cne Will count up on the rising edge of
CLK] as long as A remains high—i.e., as long as T ¢rs_cnt <
M .Once T crs_cnt reaches M att = t1, the comparator Cmpl1
will force A to low, thus asserting the signal cnt_fne_en high
and causing T _crs_cnt to stop counting and remain at M. Thus,
the elapsed time from the rising edge of the Sleep signal (r =
tp) to the moment when the signal cnt_fne_en being asserted
high ( = 11) is equal to MT¢s—i.e., the counting by T crs_cnt
from zero to M fulfills the MT, portion of the required
Tsleep- Let us now look at how the SSE implements the NT¢qe
portion.

With SleepExit = A B, the fact that A remains high for the
duration of M7 ensures that SleepExit be kept low for such
duration. Once A goes low at t = t1, keeping SleepExit low
for an additional duration of NTf, requires that B be kept
high. To do so, we first use the signal cnt_fne_en = A to
instruct the DCO to change the period of CLK; and CLKj to
NTfpe (more on this in Section II1-E4). Since B = C - D and
C is already high due to the comparator Cmp2 determining
that N is greater than zero, B is determined solely by D.
With cnt_fne_en being the clock-gating signal for the DFF
Ofne, cnt_fne_en being high then allows Qg,e to be asserted
high on the rising edge of CLK, at t = #,, which, in turn,
causes the signal D to go low on the rising edge of CLK| at
t = 13, which then immediately causes B to go low. As a
consequence of B going low, the SleepExit flag is asserted
high at around ¢ = #3. Notice that the duration between the
rising edge of CLK when T ¢rs_cnt t€aches M at ¢t = #; and
the moment at which the SleepExit flag goes high on the
next rising edge of CLK; at r = 73 is exactly one period of
CLK{, which is now NT¢,e. Therefore, the total Sleep state’s
duration, Tgjeep, determined by the SSE is MTcrs + NTpye as
intended.
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4) DIGITALLY-CONTROLLED OSCILLATOR (DCO)

The DCO, with the schematic shown in Fig. 17(a), provides
time references for realizing Tsjeep. The DCO generates as
its output the clock signals CLK; and CLKj, whose period
can be programmed to either 75 or an appropriate multiple
of Tine (NTye). Programming the DCO’s period is achieved
via programming the propagation delays of the two identical
delay gates DL and DL,.

The timing diagram in Fig. 17(b) can help illustrate the
DCO’s operation. Before the converter enters the Sleep state
att = t; (when Sleep=0), the two DFFs, DFF| and DFF,, are
reset such that all the DCO’s internal signals—V7, V;, CLK],
and CLK,—are all low. Shortly after r = #;, since CLK; and
CLK5 remain low, the Sleep signal being high then sets the
DFF;’s output, V1, high. As V] is the input of the delay gate
DL, whose output is CLK>, the low-to-high transition on
V1 then causes CLK, to go high at r = 1,, after the low-
to-high propagation delay of DL; (7pn). The low-to-high
transition on CLK5 at ¢ = #, then results in two important
subsequent events: 1) since CLK; remains low at ¢t = 1,
CLK; acts as the clock input into DFF; (through an OR gate)
such that its rising edge causes DFF,’s output, V>, to toggle—
i.e., making a low-to-high transition; 2) since CLK} is already
high when V;, makes a low-to-high transition, the rising edge
of V, att = 1, generates the rising edge of the clock input
(through a series of an AND gate and an OR gate) into
DFF, thus causing Vp to toggle—i.e., making a high-to-
low transition. Note that these two events occur quickly in
the vicinity of + = t,—over a few propagation delays of
the associated logic gates and DFFs—such that, in the time
scale of our interest, we can approximate them as occurring at
t = t». The high-to-low transition on Vj att = f, then causes
CLK; to go low after one high-to-low propagation delay of
DL; (THL).

All the events from V] going high at t = #1 to V| coming
back low at t = 1, constitute half of the DCO’s oscillation
cycle, covering the duration of around 71 7. The same process
then repeats with the roles of V| and V5 reversed, and also
those of CLK and CLKj3: the low-to-high transition on V; at
t = t then causes CLK; to go high at ¢+ = #3 after DL;’s
low-to-high propagation delay (which is also equal to 71y
since the two delay gates are assumed to be identical); then the
high-to-low transition on CLK at t = t3 sets V] to high, and
so on. We can now see from the timing diagram in Fig. 17(b)
that CLK, CLK>, V1, and V; have the same period, which is
approximately equal to 271 . Hence, by programming 71 4
of the two delay gates, we can program the period of both
CLK; and CLKj.

Fig. 17(c) shows the schematic of the two programmable
delay gates, which consists of a current-starved inverter
(INV1), a regular inverter (INV2), and a programmable
capacitor bank. Let Cyq be the total capacitance from the
internal node Vi to ground as provided by programming
the capacitor bank. In addition, since the current source
Iq limits the INV1’s current in discharging the node Viy,
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FIGURE 17. (a) Schematic of the Digitally-Controlled Oscillator (DCO).
(b) The DCO’s timing diagram. (c) Schematic of the delay cells, DL,
and DL,. (d) Monte Carlo simulation of 7, at room temperature for
2,000 samples.

the low-to-high propagation delay 71y of the delay gate is
then proportional to Cq/I4, which can be programmed via
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programming the value of Cy. In this work, we construct
the capacitor bank Cy from six binary-weighted capacitors,
with the it capacitor the size of 2iCy, i € {0, ..., 5}, where
Cy = 120 {F is the unit capacitance. Programming Cy’s size
can then be achieved by controlling which binary-weighted
capacitor to connect to the node Viy.

Whether to connect the i binary-weighted capacitor to the
node Vi, is determined by the signal cnt_fne_en and the jth
bit of the STR’s fine register, T tmeli]. If cnt_fne_en is low—
i.e., the STE’s counter T crs_cnt 18 still counting up and has
not yet reached the value stored in the STR’s coarse register
Tq,crs—all the binary-weighted capacitors are connected to
the capacitor bank such that Cy = 63C,. As aresult, DL and
DL, experience the largest possible delay, causing the DCO
to operate with the longest oscillation period T¢rs < 63C,/14.
On the other hand, if the counter Tg_crs_cnt reaches the value
stored in the Ty ¢rs register such that cnt_fne_en is now high,
the switch connecting each Cg ; to the overall Cq4 will now be
controlled by the i bit of the STR’s fine register T fneli]
(Cd,proglil = Ts1 meli]). Hence, for Tg e = N, the total
capacitance of the bank Cy is equal to NC, and the low-
to-high propagation delay, 71y, of DL; and DL; is now
proportional to NC,/Iy. As a result, the period of CLK; and
CLKj is now proportional to N7, where Tt o< Cy/lq is
the fine unit time. Finally, Fig. 17(d) shows the Monte Carlo
simulation of 7y g at room temperature for 2,000 samples
when Cj is programmed to its maximum value (63C,). The
maximum 77y exhibits a mean of 170.2 us with a standard
deviation of 3.5%.

F. LOAD-CHANGE DETECTION

This section explains the rationale behind turning ON the
comparator toward the end of the Down state to detect
the multiple-ripple scenario. In conventional PFM schemes,
the converter is relatively quick in responding to changes
in the load current since the comparator is always ON to
detect the moments when Vi, falls below Vier. However,
in our proposed scheme, optimizing Tsjeep is equivalent to
predetermining the converter’s switching frequency to suit a
particular level of the load current—because the comparator
cannot be turned ON until the converter exits the Sleep state.
Hence, when the load current changes, Tgeep needs to be
re-optimized for the converter to function properly.

The ATQ’s operation in Fig. 13(b) illustrates that the
adjustment of Tyjeep is asymmetric between the accumulation
(increasing) and relaxation (decreasing) directions: the accu-
mulation of Teep is relatively much faster than its relaxation
as, in one converter’s cycle, an increment in the value of
the T crs register by one (accumulation) is equivalent to an
increase in Tjeep Of around 400 us, while a decrement in the
value of the Ty f,e register by one (relaxation) is to a decrease
in Tgleep of around only 4 pus. Therefore, if the load current
abruptly increases, the converter needs to know whether it
should re-optimize Tileep in a drastic fashion.

To determine if Tjeep needs to be re-optimized, we turn the
comparator ON for the duration of T¢y,p toward the end of
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FIGURE 18. Timing diagram for detecting the load change.

the Down state, which is right after an inductor-current pulse
has been delivered to the load. If the comparator detects that
Vout remains smaller than Vier at the end of the Down state,
it means that the load current must have increased abruptly
within the previous switching cycle such that the current
switching frequency is not sufficient in balancing the average
inductor current with the load current. As aresult, Tjeep needs
to be re-optimized (decreased) to suit the new load current.

Consider an illustrative timing diagram in Fig. 18(a) to
understand the proposed concept. Before t = f, the load
current has been steadily low for an extended period such
that Tgeep has reached its optimal value. Thus, after an
inductor-current pulse has been delivered to the load by
t = 19, Vour droops in a predictable manner such that it crosses
Vier at an instant predicted by the SSC, as seen from the
comparator being on alert near t = #;. Then, at r = f,, the
load current abruptly increases, causing Vo to droop more
rapidly afterward. Due to Vy’s faster droop from the higher
load current, the inductor-current pulse delivered to the load
during ¢ € [t4,15] is not sufficient in bringing Vo, back
above Viep—i.e., the multiple-ripple scenario. As a result, the
comparator being ON during ¢ € [fs, ] will inform the SSC
that the previous value of Tgeep is no longer valid and that
it needs to be re-optimized. To re-optimize Tyjeep, the ASM
will assert the MR_det flag to reset both the Ty crs and T fne
registers in the STR to zero (see Fig. 4, Fig. 12, and Fig. 15)—
as seen from the Ty s register being reset to zero at t = tg in
Fig. 18(a). Then, the scheme for saving the comparator’s
power explained in Section III-E will proceed to find a new
optimal value of Tijeep.

Note that the efficacy of the proposed load-change
detection scheme still depends on the Sleep state’s duration
and when in the Sleep state the abrupt increase in the load
current occurs. This is because, once the converter is in the
Sleep state, it will not turn the comparator ON to monitor Vo
until the next Alert state. As a result, if the change in the load
current occurs early in the Sleep state, Vi, may have dropped
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TABLE 1. Simulated delays and powers among the circuit blocks at the
two extremes of the load-current range.

Circuit Blocks Delay Power
load current = 1.8 mA
Comparator 4.5 ps 3.07 uW
Control Circuitry | 1.05ns | 5.13 uW
Gate Driver 1.6 ns 13.4 W
load current = 1.2 A
Comparator 4.5 ps 6 nW
Control Circuitry 0.8 ns 136 nW
Gate Driver 1.6 ns 10.7 nW

significantly over the Sleep state’s remaining duration. The
problem is most problematic when the load current abruptly
changes from a very low value to a very high one since the
low load current (before the increase) causes Tijeep to be very
long and a high load current (after the increase) causes Vo
to droop very rapidly. At worst, the drop in Vj, can be so
significant that it causes the circuits powered by the converter
to malfunction. Nevertheless, the problem just mentioned
can be eliminated in the next version of the chip with the
realization that, in most SoCs, the moment of abrupt increases
in the load current can be precisely determined—e.g., when
the SoC’s control unit wakes up the RF communication
unit to transmit the stored data to a base station. Therefore,
by providing a flag signal from the load circuit indicating the
imminent abrupt increase in the load current, we can modify
the ASM’s MR_det flag to respond to the load circuit’s flag
such that the STR’s registers can be immediately reset to zero
upon the anticipation of an abrupt increase in the load current.

G. POWER AND DELAY DISTRIBUTIONS AMONG THE
CIRCUIT BLOCKS

It is instructive to investigate how the power and delay
are distributed among various circuit blocks over the entire
range of the load current. Table 1 shows the simulated
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FIGURE 19. Chip micrograph of the proposed low-ripple buck converter
fabricated in a 0.18-xm CMOS process.

values—at the two extremes of the load current range
(1.2 nA and 1.8 mA)—of the time delay through and the
power distributions among the comparator, the digital control
circuitry (the ASM, the SSC, and the pulse generator), and
the gate driver. It is evident from Table 1 that, among all the
delays within each switching cycle, the comparator’s is by far
the most dominant, thus justifying our effort in minimizing it
via biasing the comparator with a high bias current.

Since the power consumption of each circuit block should
be proportional to the converter’s switching frequency, ones
should expect it to be linear with the load current (see (7)).
However, a closer look at Table 1 reveals that though the
powers of the three circuit blocks decrease as the load
current decreases, the rates of decrease are less linear for
the comparator’s and the control circuitry’s compared to the
gate driver’s: as the load current decreases by a factor of
6.67 x 10~* (from 1.8 mA to 1.2 uA), the comparator’s
and control circuitry’s powers only decrease by a factor of
1.95 x 1073 and 26 x 1073, respectively, compared to the
gate driver’s of 8 x 10™*. That the comparator’s and control
circuitry’s powers do not decrease as much as the gate driver’s
is due to the leakage current in the control circuitry becoming
more dominant at a very small load current. As a result, the
converter needs to compensate for this leakage current by
operating faster than in its ideal condition (with no leakage
current), which raises the comparator’s and control circuitry’s
powers compared to the values extrapolated by the load
current.

IV. MEASUREMENT RESULTS

The proposed low-ripple buck converter, with a micrograph
shown in Fig. 19, has been fabricated in a 0.18-um CMOS
process from the United Microelectronics Corp. (UMC) and
occupies an active area of 0.42 mm? (the overall chip’s size is
1.5 mm x 1.5 mm). All the capacitors used for implementing
the on-chip delay gates—DL,,, DLy, and DLy, for the pulse
generator, the three delay gates for the ATQ, and the DL and
DL, for the DCO—are of the metal-insulator-metal (MiM)
type with the per-area capacitance of around 1 fF/um?.
The total areas occupied by the capacitors within the pulse
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Vin 3.3 V)

FIGURE 20. The converter's test setup on a printed circuit board.

generator and the SSC are 0.011 mm? and 0.075 mmZ2,
respectively; these areas amount to 24.5% and 34.7% of the
pulse generator’s and the SSC’s total areas, respectively.

Fig. 20 shows a test setup built on a printed circuit board
(PCB) for evaluating the proposed converter’s performance.
The on-chip converter takes as inputs a 3.3-V supply voltage
(Vin) and a 1.2-V reference voltage to produce an output
voltage of 1.2 V supplying aresistive load. Abruptly changing
the load current of the converter to understand its dynamics
can be achieved by digitally switching between two on-board
load resistors (labeled R on the board). The values of the
off-chip inductor (L) and capacitor (C) are 47 uH and
22 uF, respectively, as discussed in Section III-B. Though an
off-chip inductor with a relatively large footprint is used in
this version of the test setup (Bourns Inc., SRR1280-470M),
a chip-scale inductor could be used in a later version without
hurting the overall efficiency due to its low series resistance.
For example, a 47-H chip-scale inductor (1008LS-473XJR
from Coilcraft, Inc.) exhibits the maximum DC resistance of
only 10.7 €2, which causes negligible power dissipation in the
inductor compared to that delivered to the load even at the
minimum load current of 1.2 ©A.

All the converter’s timing signals—the pulses Dy, Dy, the
SSC’s CLK —are automatically generated on-chip. A field-
programmable gate array (CMOD A7, Digilent Inc.) is
incorporated in the test setup for collecting internal digital
signals to assess the converter’s operation, for generating the
control signal to switch the resistive load, and for generating
serial programming data to configure the converter. The
converter’s output voltage and internal digital signals are
probed via a USB mixed-signal oscilloscope (PicoScope,
3204D MSO).

Fig. 21(a) illustrates the converter’s operation—with the
Alert and Sleep signals shown for identifying the converter’s
state—as the load current abruptly decreases from 12 uA
to 1.2 uA. For t < 17.17 ms when ljgpog = 12 uA, the
converter has reached its steady state as seen from the Alert
and Sleep signals exhibiting regular periods; the pulse width
of the Alert signal is also much shorter than that of the Sleep
signal since the converter is disabled most of the time to save
power. After the load current abruptly decreases to 1.2 ©A at
t = 17.17 ms, the converter’s switching frequency decreases
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FIGURE 21. The proposed converter's dynammics as the load current
changes from: (a) 12 pA to 1.2 pA. (b) 1.2 pA to 12 pA.

dramatically, as seen from the periods of the Alert and Sleep
signals becoming longer. During this transient period, the
duration of the Sleep state starts to accumulate while that of
the Alert state relax, as seen from the progressive changes in
the pulse widths of the Sleep and Alert signals. Eventually,
at + = 207.58 ms, the converter reaches its new steady
state with a new lower switching frequency; in addition, the
Alert signal becomes very short and Sleep signal very wide,
suggesting that the converter has been put to sleep for most
of the switching period to save power. Fig. 21(b) illustrates
the opposite scenario in which /jpyq suddenly increases from
1.2 A to 12 pA. At t+ = 21.64 ms when [jyq abruptly
increases, the load-change detection scheme detects multiple
ripples in Vo, which results in the ASM resetting Tjeep t0
zero. The SSC then re-optimizes Tyjeep, Which reaches its
steady-state values 1.91 ms after the detection of the load
change. Notice that, compared to when ljp,g = 1.2 ©A, the
value of Tjeep for floag = 12 A is much shorter due to the
increase in the converter’s switching frequency.

To evaluate the converter’s response to large step changes
in the load current, we stepped the load current from 1.2 A to
1 mA, then back to 1.2 nA, while observing the converter’s
output voltage. Fig. 22 shows the result. The converter still
exhibits quite a strong load regulation, as seen from the output
voltage drop of about 24 mV as the load current increases
by approximately 1 mA. This level of load regulation is
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FIGURE 22. The converter's output as the load current changes between
1.2 1A and 1 mA.

to be expected from most DCM-PFM converters (such
as [29]) as two effects combine to lower the average value
of the output voltage: per switching cycle, 1) the higher load
current reduces the net current charging the output capacitor,
and 2) the higher load current causes the output voltage to
droop faster. The load regulation can be improved in a later
version of the chip via a regulation enhancement scheme
proposed in [12]: by moving the comparison point between
Vour and Vier upward to compensate for the drop in Vi
as the load current increases. Nevertheless, thanks to the
load-change detection scheme discussed in Section III-F, the
output voltage can adapt quickly to its steady-state value as
the load current suddenly changes from 1.2 uA to 1 mA.
Even when the load current suddenly decreases from 1 mA
to 1.2 uA, which requires accumulating Tieep, it takes only
around 50 ms for the converter’s output to reach its steady-
state value, a negligible transient duration if the converter
is to operate in the low-power mode for an extended period
afterward.

For the amplitude of the output ripple voltage, it can be rea-
soned that the lower is the load current, the higher is the ripple
voltage’s amplitude—since the lower load current leaves a
higher fraction of the total charge in each inductor-current
pulse for charging the output capacitor. Hence, for the
worst-case ripple voltage’s amplitude, we show in Fig. 23(a)
the converter’s output voltage, Vo, in steady state at the load
current of 1.2 A, while Fig. 23(b) shows its zoomed-in view
against the Alert and Sleep control signals. It is evident from
Fig. 23(b) that the ripple voltage is in-phase with the two
control signals, with the Alert signal preceding the charging
of Vo in every switching cycle. Direct measurement of the
peak-to-peak ripple amplitude gives Vip, = 1.6 mV,, which
is quite close to our targeted value of 1 mVy,,.

To show the effectiveness of our scheme in reducing
the comparator’s power, we measured the average power
consumed by the comparator—once the converter reaches
the steady state in which Tyert has been minimized by the
SSC—as the load current varies from 1.2 ©A to 1.8 mA
as shown in Fig. 24. At the load current of 1.8 mA, the
comparator consumes around 2.98 pW, thus suggesting
that the comparator is ON most of the time because it
operates close to being in the CCM. As the load current
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TABLE 2. Performance summary and comparison to previous works.

Parameters (121 [13] [14] (23] [26] This Work
JSSC’12 JSSC’14 JSSC’16 TPEL’17 JSSC’18
Technology (nm) 250 40 180 130 130 180
Area (mm?) 0.39 0.084 1.44 0.66 0.14 0.42
Inductor (uH) 33 220 4.7 3 18 47
Capacitor (uF) 4.7 1 4.7 3 0.056 22
Input Voltage (V) 1.2-2.5 0.6-1.1 0.55-1 2.2-33 1.8-3.3 33
Output Voltage (V) 1 0.3-0.55 0.35-0.5 1.7 1.2 1.2
Load Range 1 pA-50 mA 50 pA-10 mA 100 nA-20 mA 10 pA-20 mA 0.1 nA-2.65 mA 1.2 pA-1.8 mA
Quies. Power (W) 0.22 15 0.04® 0.5% 0.44-12.32 0.53
(Vin =2.2-3.3V)
Voltage Ripple (mV) | < 30@ Vi, =1.2V 11 10 180 29 1.6
Eff. @ 1.2 pA (%) 65.24 - 77 - 26 74.4
Eff. @ 1.8 mA (%) 94 93 84 84 86 86.2
High Eff. Range > 61% > 50% > 70% > 74.2% > 75% > 74.4%
(1 pA-50 mA) (0.05 mA-10 mA) | (400 nA-20 mA) (10 nA-20 mA) (0.1 mA-2.65mA) | (1.2 uA-1.8 mA)

(@ Calculated from 50-:A load current and V;,, = 0.3 V with efficiency of 50%.

@ Calculated from 100-nA load current and Vi, = 0.35 V with efficiency of 47%.

@) Reported here only for the retention mode (load current of 10 ©A-500 pA).
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FIGURE 23. (a) The converter's measured output voltage V,; at
load = 1.2 pA. (b) The zoomed-in view of V; against the Alert
and Sleep control signals.

becomes smaller, the less is the average current drawn by the
comparator due to the shorter duration of the Alert state and,
hence, the shorter comparator’s ON duration. At the lowest
load current of 1.2 pA, the total power consumed by the
comparator is only 10 nW. Therefore, thanks to the proposed
power-saving scheme, the comparator’s power is only a small
fraction of the power delivered to the load even at a very small
load current.
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FIGURE 25. Efficiency of the proposed converter compared to those of
the existing low-ripple converters.

Fig. 25 shows the efficiency of our proposed converter
within our load-current range of interest—both when the SSC
is disabled and enabled—compared to other existing buck
converters with relatively small output ripple voltage. It is
evident that the converter’s light-load efficiency when the
SSC is enabled is improved tremendously from when the SSC
is disabled—e.g., from 26% to 74% at 1.2-u A load current;
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however, at high load current (> 100 pA), the efficiency
improvement is almost negligible since the converter operates
close to being in a CCM regardless of the SSC; also, at high
load current, the comparator’s power is only a small fraction
of the power delivered to the load, making negligible its
contribution to the efficiency calculation. It should also be
noted that our two reported cases of the efficiency mark
the boundary of the actual efficiency to be achieved in
practice. If the load current keeps changing rapidly such
that the SSC never finishes minimizing the comparator’s
power, the actual efficiency would fall between these two
curves.

V. CONCLUSION AND DISCUSSION

In this work, we have presented the design of a low-ripple
and high-light-load-efficiency buck converter for use in low-
power SoCs. We have described how to achieve very small
ripple voltage (1.6 mVy,,) and high light-load efficiency via
the following strategies. First, to keep the ripple voltage
within our requirement, we operate the converter in the
DCM-PFM scheme in which each pulse of the inductor
current delivers a fixed amount of charge to the load.
Second, we carefully choose the values of L and C to
minimize the converter’s switching frequency (to lower the
digital power) and the inductor’s peak current (to minimize
the inductor’s form factor), while keeping sufficiently long
the ON times of the power transistors for a reliable on-
chip implementation. Third, to prevent the occurrence of
large ripple voltage due to multiple ripples, we employ
a fast comparator to monitor the output voltage against
the reference value; however, a fast comparator consumes
high power, leading to poor light-load efficiency; hence,
to improve the converter’s light-load efficiency, we propose
the use of the SSC to minimize the comparator’s power by
putting the comparator in the Sleep state when not needed
and only turning it ON right before it needs to make a
decision.

Table 2 summarizes the proposed converter’s performances
compared to existing low-ripple converters’. It is evident
that, with respectable efficiency even when operating from a
much higher Vj,, the proposed buck converter exhibits more
than 6 x smaller ripple voltage compared to the lowest-ripple
one [14]. Such small ripple voltage may warrant using the
proposed converter for directly powering sensitive analog
circuits without the help of LDOs.
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