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Abstract—Emerging sub-mW near-threshold-voltage system-on-chips
require new power management architecture that can create multiple
voltage domains with the fewest possible off-chip passives. To fulfill
this need, we propose an ultra-low-power single-inductor–multiple-output
dc–dc buck converter in a 65-nm CMOS process. Featuring a comparator-
based output switch controller and a digital pulse-width modulation
controller for ultra-low feedback latency, this dc–dc converter takes 1-V
input voltage and produces ten independent output voltages from 0.4 to
0.8 V at the aggregated power delivery of 0.583 mW. It has ten 200-pF
on-chip output capacitors and one 82-µH off-chip inductor and achieves
the peak power conversion efficiency of 83.4%.

Index Terms—Inductor-based power converters, integrated
DC–DC power converters, near-threshold-voltage (NTV), single-
inductor–multiple-output (SIMO) power converters, ultra-low power.

I. INTRODUCTION

An emerging sub-mW near-threshold-voltage (NTV) system-on-
chip (SoC) integrates multiple cores, embedded SRAM, network-on-
chips (NoC), and other building blocks [1], [2]. To create multiple
independent voltage domains, SoC architects conventionally employ
an off-chip switching converter followed by an array of low-dropout
voltage regulators (LDOs). However, this approach becomes less
power efficient as the number of independent voltage domains in
an ultra-low-power SoC increases and also the output voltage lev-
els spread over an increasingly wider range, e.g., from I/O voltage
down to near-/sub-threshold core voltages. This calls for creating new
power management architecture that has the fewest possible off-chip
components but creates multiple output voltages at high power con-
version efficiency (PCE). A single-inductor–multiple-output (SIMO)
dc–dc buck converter is a good candidate for this need as it requires
potentially only one off-chip inductor [6].

In a typical sub-mW SoC, the silicon area of each voltage domain
is not very large and so is the output capacitor that can be inte-
grated/stacked in each domain. For example, [1] has 16 cores, each
taking 0.25 mm2 in a 65 nm. With a 2-fF/μm2 MIM capacitor, the
upper-bound of the on-chip capacitor integration is 100’s of pFs.
Fortunately, each core in [1] consumes only 20 μW and therefore
the requirement of output capacitance is largely relaxed down to the
100’s of pF. This renders it potentially feasible to integrate output
capacitors.

However, only the reduced power level cannot fully enable the
desired output capacitor integration. We have identified that it also
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Fig. 1. (a) Concept of the SIMO converter and (b) impact of feedback control
latency on Vripple.

requires decent feedback control whose feedback latency might be in
the order of a single-digit ns for meeting output ripple size require-
ment (Vripple). In Fig. 1, we elaborate the impact of the control
latency. Suppose that the inductor is supplying current and charging
an output capacitor and the output voltage just reaches to a refer-
ence level (Vref,i). The controller should stop the charging but it
can stop only after the feedback control latency tlat,off. During this
tlat,off, however, the output voltage (Vout,i) increases beyond Vref,i by
Vovershoot. It can be formulated to: Vovershoot = Iind · tlat,off/Cout,i,
where Iind is the inductor current and Cout,i is the output capac-
itance. With the target parameter values, namely, Iind = 0.8 mA,
Cout,i = 200 pF, Vovershoot = 10 mV, tlat,off must be less than
2.5 ns. Furthermore, after the charging, the output should wait until
all the other outputs are served. During this time, Vout falls since it
is sustained by the small output capacitor. To reduce this Vout fluctu-
ation, i.e., Vripple, we need low-latency feedback control. To achieve
this, a prior SIMO converter uses a fast clock (100 MHz) for output
control while using a slow clock (2 MHz) for input control [6], [7].

However, it is nontrivial to achieve such low latency with the tiny
power budget given to the targeted ultra-low-power SIMO converter.
For example, if we constrain the power budget of the control to be
< 10% of the total load (Pload,tot) and if we assume Pload,tot =
500 μW for ten outputs, the power budget for control becomes only
50-μW total or 5 μW per output.

In this letter, we propose an SIMO converter with integrated
output capacitors that is customized for a sub-mW SoC. It fea-
tures: 1) a comparator-based output controller with output charge
skipping logic and 2) a fully digital pulse-width modulation (PWM)
controller. Both controllers are optimized to achieve high PCE for
a large number of outputs (10) under the stringent constrains of Cout
(200 pF/output) and Vripple (±10%). The converter is prototyped in
a 65 nm. It can convert 1-V input voltage (V in) into 10 output voltages
(Vout,i), each independently regulated between 0.4 and 0.8 V. The
only off-chip component is an inductor (82 μH) whose size is opti-
mized for reducing Cout and increasing PCE. The converter achieves
the peak PCE of 83.4%.

II. PROPOSED CONVERTER DESIGN

Fig. 2 shows the top-level architecture of the proposed SIMO
converter. It consists of: 1) a comparator-based output controller;
2) a digital PWM controller; and 3) a zero-current detector (ZCD).
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Fig. 2. Proposed SIMO converter architecture.

Fig. 3. Event-driven output controller.

Fig. 4. Output controller timing diagram.

Fig. 3 shows the microarchitecture of the output controller. It con-
tains: 1) ten cascaded subcontrollers controlling ten output switches
(SWout,i); 2) the recycle controller controlling the recycling switch
(SWrc); and 3) a ZCD controller for freewheeling switches (SWfw)
and also switching between continuous or discontinuous conduction
mode (CCM, DCM) across the load levels.

The operation of the output controller is as follows (Fig. 4). In one
inductor-switching period, each subcontroller controls its respective
switch only once. Also, the order of these switch controls is fixed
from the first to the last output and then to the recycling switch,
while each control operation is initiated one by one in an event-driven
fashion. After a subcontroller finishes to charge its output, the next
subcontroller takes a token and checks its comparator output to decide
if it will charge or skip. The skipping logic removes unnecessary
charging operation, thereby improving PCE.

The skipping logic, however, can cause cross-regulation since it
can modulate the amount of current to source in each input switching
period. To prevent this, we employ the recycle controller, which can
return any remaining inductor current through the recycling switch
(SWrc). It also helps to improve PCE. The recycling operation does
not form a current loop, making stability less of concern [8]. The
time that the recycling switch is turned on becomes near zero as the
PWM controller modulates the duty cycle accordingly.

(a) (b)

Fig. 5. (a) Schematic of the hysteretic CT comparator and (b) Vovershoot of
the comparator across Ibiass.

We also employ the ZCD controller whose goal is to prevent nega-
tive Iind. It turns on the freewheeling switches (SWfw) if Iind becomes
negative. The SWfw forms a loop, but the current flowing in SWfw
is in general very small. As a result, this loop does not make severe
stability issues [8]. In addition, the comparator-based output control,
which our design adopt, may degrade stability if one of the output
currents is larger than half the average of the sum of all the out-
put currents, requiring a technique to compensate [9]. However, our
converter has a large number of outputs. Also, the average inductor
current is highly likely larger than each output current, making the
aforementioned case a rare event.

The feedback latency of the output controller is critical for meeting
the target Vripple. The total latency is the sum of the latencies of
the comparator, a flip-flop, and some logic gates. Parasitic-annotated
SPICE simulation shows the comparator latency is dominant. It is
∼1.38 ns on average and it contributes 57% of the total latency. While
we can reduce the comparator latency by further increasing its bias
current (Ibias), it would increase the comparator’s power dissipation,
and thereby degrading PCE. We set the bias current to 1.75 μA,
which is small enough as compared to the target load current per
output (10’s of μA). This allows us to achieve the target Vripple that
is set to be less than 10% of Vout,i (Fig. 5).

We also designed the digital PWM controller (Fig. 6). Its goal is
to modulate the duty cycle of SWn and SWp to match the inductor
current close to the total load current. It can reduce the conduction
loss and shorten or remove the on-time of SWrc. The conven-
tional analog PWM controller consumes non-negligible power [3].
The digital controller consumes ultra-low power and is more suit-
able for sub-mW SoC applications, especially at low supply voltage
(1.0 V) [10]. On the other hand, the PWM controller has less
demanding latency requirement. Therefore, we use the conventional
synchronous control with slow clock frequency to reduce power
consumption.

The PWM controller updates its output D[k] which sets the length
of the starved-inverter-based delay lines and thus the duty cycle of
SWPWM via the integral control law

D[k] = D[k − 1] +
∑

Mi[k − 1] − trc[k − 1]
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Fig. 6. Digital PWM controller.

Fig. 7. Chip micrograph.

where Mi[k] = 1 represents if the ith output was not charged for the
lack of time in the current CLK cycle although it should be. Each
Mi generator produces Mi[k] based on the comparator output (CMP)
and OSWtrig,i. On the other hand, trc[k–1] represents the duration
that the recycling switch was turned on in the previous CLK cycle,
which can be formulated to

trc[k − 1] = trc,req[k − 1] − tfw,req[k − 1]

which is essentially from the switching time of RConreq (trc,req) to
that of FWonreq (tfw,req). We design two request detectors, each mea-
suring trc,req and tfw,req with respect to the four time references
already-available in the delay lines (CLK, CLKdl[48], CLKdl[80],
CLKdl[112]), producing the 2-bit digital value for trc[k − 1]. We set
the integral gain sufficiently low (1/128) to ensure stability.

III. MEASUREMENT RESULTS

We prototyped the SIMO converter in a 65-nm process.
Fig. 7 shows the chip micrograph. The total area is 1.04 mm2. We
target 10 outputs, which is larger than prior works, to meet the recent
trends where a sub-mW SoC demand an increasingly large number
of voltage domains [1], [2]. It employs an 82-μH off-chip induc-
tor (Coilcraft 1812PS, 5.87 × 4.98 × 3.81 mm3). We choose this
rather large inductor because it helps to reduce the inductor cur-
rent slope. This relaxes the requirements of the feedback latency and
output capacitor size in the output controller under the target Vripple

(a)

(b)

Fig. 8. Power conversion efficiency (PCE). (a) Across different output
voltages and (b) across different load currents.

Fig. 9. Power breakdown.

constraint, thereby reducing the control loss and improving PCE. The
converter can function with a smaller inductor yet it increases the
inductor current slope, demanding short feedback latency and large
output capacitor size. This results in lower PCE. The large inductor
adopted in this design increases the cost and footprint of the system.
Since the inductor size has a tradeoff relationship with the output
capacitor size, it is important to carefully size an inductor and output
capacitors to assess its suitability for target applications.

We measured PCE across different output voltages [Fig. 8(a)]. We
set each of the output current to 10 μA, 40 μA, and 70 μA. We set all
the output voltages to be the same while sweeping them from 0.4 to
0.8 V. The converter achieves the PCE of 48.1%–81.9%. This is up to
15.1% better than the PCE of the array of ideal LDOs. Fig. 8(b) shows
the measured PCE across different output current. Here, we set all the
output voltages to 0.4 and 0.8 V. When the output voltage is 0.4 V,
the peak PCE is 56.3% which is 16.3% better than the PCE of the
array of the ideal LDOs. The SIMO operates in the DCM mode when
the output current becomes lower. In this mode, the quiescent loss
makes a more significant impact on PCE. Fig. 9 shows the power
breakdown. The quiescent loss is 42.8 μW. The controller hardware
consumes 21.0 μW. The conduction and switching losses account for
8.1%.

Fig. 10 shows the measured steady-state waveforms. All outputs
produce the targeted voltages (in 0.4–0.8 V) with Vripple that is less
than 10% of the output voltage. The first output having full load
(70 μA) performs charging every CLK cycle while the fourth output
having light load (25 μA) exercises the skipping logic.

Fig. 11 shows the transient response waveforms where Iload,2
increases from 5 to 70 μA in 1 ns. The load-dependent dc offset
(Voffset) is measured 13 mV and transient load regulation (dynamic
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TABLE I
COMPARISON TABLE

Fig. 10. Steady-state waveforms.

Fig. 11. Transient response waveforms.

Vdroop) is 45 mV. No visible dc offset from cross-regulation is
observed.

Finally, Table I shows the comparisons to the recent SIMO works.
Unfortunately, the direct comparison to the existing works is difficult
because they targeted 100’s of mA of Iload,tot. To support such large
power, they must employ nF to μF output capacitor per output. On
the other hand, the large output power of the prior works relaxes the
power budget of control hardware up to a few mW [6]. The proposed
SIMO targets an emerging sub-mW SoC and aims to integrate all of
the output capacitors and consume only tens of μW. With fully inte-
grated output capacitors, it still achieves competitive performances in
Vripple (less than 10% of Vout), PCE (peak 83.4%), Voffset (13 mV),
transient load regulation (45 mV), and cross-regulation. To compare

with other works, we create Voffset figure-of-merit (FoM), which is
defined as FoMV offset = Voffset ·Cout,i/�Iload,i since Voffset increases
with �Iload,i/Cout,i. Our SIMO achieves 40 ns, which is competitive
to the existing works. Considering the large number of outputs and
ultra-low quiescent loss of this SIMO, it can be well utilized for
low-power SoC applications.
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