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Abstract— Preventing device obsolescence in Internet-of-
things (IoT) is mandatory for its massive deployment to
be ecologically sustainable. This calls for ultralow-power
(ULP) reprogrammable microcontroller units (MCUs) for long
lifetime, yet with sufficient computing performance to extract the
meaningful information from the sensed data before transmitting
it to the cloud. In this article, we present the SleepRunner MCU
with logic/memory/power management co-optimization for best
exploitation of the forward back biasing (FBB) capability in
fully-depleted silicon-on-insulator (FDSOI) technologies. For low
active power, we use ultralow-voltage (ULV) low-Vt logic with
upsized gate length and asymmetric FBB, a ULP SRAM macro
with low read-access energy and switched-capacitor voltage
regulators (SCVRs) for ULV supply generation from a single I/O
voltage. The custom ULP SRAM macro is based on an ultralow-
leakage (ULL) FBB-compatible bitcell for low SRAM retention
power. In addition, a dual-loop digital unified frequency/back-
bias regulation (UFBR) system efficiently compensates process
and temperature variations with short wakeup from the
zero-back-bias deep-sleep mode. Performance is measured for
a synthetic benchmark and biomedical inference applications.
The measured 40-MHz 2.6-µW/DMIPS (3.3 µW/MHz) active
and 131-nW/kB deep-sleep power consumptions with CPU
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state retention are respectively 3× and 2.5× lower than for a
conventional MCU design in this technology. This demonstrates
the interest of 28-nm FDSOI with the proposed FBB-driven
system optimization for ULP MCUs.

Index Terms— Adaptive process, voltage, and temperature
(PVT) compensation, CMOS digital integrated circuits, fully-
depleted silicon-on-insulator (FDSOI), microcontroller, near-
threshold computing, SRAM, ultralow power (ULP), ultralow
voltage (ULV).

I. INTRODUCTION

THE massive deployment of smart sensors and connected
objects according to the Internet-of-things (IoT) vision

faces ecological [1], [2] and societal issues with respect not
only to the eco-toxicity of battery replacement but also to
the geopolitical conflicts, carbon footprint and local pollution
associated with critical metal extraction [3], the growing
energy footprint of chip production [4] and the disposal of
e-waste [5]. As all these impacts are sensitive to device
obsolescence, we need to pursue a very long lifetime for
smart sensors enabled by energy-harvesting supply and over-
the-air firmware updates to keep up with the evolution of the
applications. This calls for ultralow-power (ULP) microcon-
troller units (MCUs) with large programmable memory that
are capable of edge computing to locally extract the mean-
ingful information from the sensor data before transmitting it,
in order to avoid a data deluge in the cloud [6].

In smart sensor applications, MCUs alternate between sleep
mode to save power and active mode for processing sensor
data. ULP MCU design thus faces the key tradeoff represented
in Fig. 1 between computing performance, active-mode power,
deep-sleep retention power and wakeup time/energy, while
keeping silicon area under control for cost and production
carbon footprint concerns [7], [8].1 Near-threshold circuits

1The global direct greenhouse gas (GHG) emissions of MCU production
are estimated at 10 MTCO2e per year for an annual production volume
of 30 billion units at 0.35 kgCO2e per unit [9], excluding the extraction of
raw material. Massive IoT deployment is expected to increase this production
volume and the associated emissions.
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Fig. 1. Performance tradeoffs for ULP MCUs.

operating at ultralow voltage (ULV) [10]–[12] to improve the
performance/active power tradeoff have matured from the first
full ULP MCUs [13], [14] to integration in commercial prod-
ucts [15]. However, ULV operation triggers the extra challenge
of preserving this tradeoff over process, voltage, and temper-
ature (PVT) corners. Previous papers on ULP MCUs focused
on PVT compensation with unified frequency and voltage
regulation [8], [17], ultralow deep-sleep power through custom
SRAM/DRAM macros [17]–[20], and multi-mode embedded
power management (ePM) [17], [21], [22], custom standard-
cell libraries [23], timing error detection [24]–[26], use of
fully-depleted silicon-on-insulator (FDSOI) with exploitation
of its forward back bias (FBB) capability [27]–[30], [52],
technology scaling to 14-nm FinFET [31] and on-chip loops
for active-mode energy minimization [32], [33]. However,
we demonstrate here that best tradeoffs can only be reached
by co-optimizing the architecture, logic, memory, and power
management.

In this article, which extends [34], [35], we aim at
supporting this claim by presenting a 40–80-MHz 64-kB
Cortex-M0 ULP MCU in 28-nm FDSOI codenamed Sleep-
Runner. It advances the performance tradeoff beyond the
state of the art by full exploitation of the unique FDSOI
back biasing capability through co-optimization of the logic,
memory, and power management. The specific contributions
are: i) a switchable back bias scheme between zero back
bias (ZBB) in deep sleep mode for low retention power and
adaptive asymmetric FBB in active mode for speed at ULV,
combined with ii) a custom ULP SRAM macro based on a
low-voltage ultralow-leakage (ULL) FBB-compatible bitcell,
and iii) a digital unified frequency and back-bias regulation
(UFBR) system offering PVT compensation in active mode
at low power overhead and with sub-20 μs wakeup time.
ePM includes dual-mode switched-capacitor voltage regula-
tors (SCVRs) and the computing architecture embeds an
fast Fourier transform (FFT) hardware (HW) accelerator for
spectral sensor data processing.

This article is organized as follows. In Section II, we intro-
duce the MCU architecture with its specifications. Sections III,
IV, V, and VI are focused on the design of the ULV
logic, ULP SRAM, UFBR system and SCVRs, respectively.
Experimental validation is presented in Section VII and the
system co-optimization is summarized with conclusions in
Section VIII.

II. MCU ARCHITECTURE AND SPECIFICATIONS

As shown in Fig. 2, the ULV MCU logic at 0.4 V
(VDDL) includes a Cortex-M0 CPU from ARM (DesignStart
obfuscated version), an FFT accelerator, a wakeup interrupt
controller (WIC) and various interfaces including a JTAG slave

Fig. 2. SleepRunner MCU architecture and power modes.

for programming, a dual SPI master for control of a radio and
a sensor, a digital-camera module interface (DCMI) slave and
GPIOs.

The 64-kB memory is implemented with two different
32-kB SRAM macros for the program memory (PMEM)
holding the firmware and the data memory (DMEM). The
PMEM is based on a custom ULP SRAM macro [35] operated
at 0.5 V (VDDS) and specifically designed for a low read
access energy combined with a low leakage at the cost of a
limited density of 125 kB/mm2. The design of this memory is
introduced in Section IV. Compared to the PMEM, the DMEM
in Cortex-M0 MCUs contributes less to the active power
because of less frequent access. Therefore, to limit silicon
die area, we selected as DMEM a high-density (HD) 32-kB
foundry SRAM supplied at 0.8 V (VDDH), which leads to a
limited active-mode power overhead despite its much higher
access energy.

The main system clock (MCLK) with register-program
mable frequency is generated on-chip from an external
12-MHz reference clock (REF_CLK). It is generated by a
tunable ring oscillator (TRO) whose frequency is controlled by
the NMOS back bias (BBN) and PMOS back bias (BBP) back-
bias voltages through UFBR. ePM includes three dual-mode
SCVRs to generate VDDL, VDDS and VDDH internal supplies
from the single 1.8-V I/O voltage VDDIO.

The power modes of SleepRunner are summarized in Fig. 2.
In active mode, the MCU runs at a frequency programmable
between 48 and 72 MHz at nominal voltage. The SCVRs
support ±5% output voltage over/underdrive to expand the
frequency range from 48–72 to 40–80 MHz. Their output
power range is 150 μW for each output voltage supply VDDL,
VDDS, and VDDH. In active mode, FBB is used adaptively for
the logic and the ULP SRAM as controlled by the UFBR
system to preserve the target clock frequency over PVT
corners while minimizing leakage power.
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Fig. 3. Optimization of the tradeoff for the MCU logic between (a) active
energy per cycle (Ecycle), (b) deep-sleep leakage power (Pleak), and (c) SCVR
PCE under 72-MHz timing constraints (SPICE simulation results at TT
corner, 25◦C, with timing/power model calibrated from post-layout place/route
results).

A first simple low-power mode is entered by setting the
Cortex-M0 CPU in sleep through its embedded architectural
clock gating. Power savings are limited but the wakeup is
instantaneous and does not consume energy. This mode is
useful when waiting for the FFT or a peripheral to complete a
short task. Deep-sleep mode saves much more power by using
a 750-kHz system clock (divided from REF_CLK) and by
using ZBB for the logic and ULP SRAM, which increases the
threshold voltage of the transistors (Vt ) for low leakage. Let us
mention here that ZBB corresponds to BBN = BBP = 0 V for
low-Vt (LVT) MOSFETs in 28-nm FDSOI [38]. The wakeup
time (20 μs) is more important as the UFBR needs to restore
MCLK frequency and BBN/BBP voltages before activating the
CPU. However, such a switchable back bias scheme allows
significant leakage reduction in a deep-sleep mode without
resorting to power gating. Deep-sleep full state retention is
thus guaranteed in both the memory and the logic, which
avoids software initialization at wakeup. The DMEM HD
SRAM accounts for most of the power in deep-sleep mode
and it can thus be power gated at the cost of a software
initialization at wakeup.

III. ULV LOGIC IMPLEMENTATION

Previous ULP MCUs in FDSOI mostly use regular-Vt

(RVT) transistors for leakage concern [27], [29]. However, it is
shown in [37] and [36] that LVT transistors have the capability
to move the minimum-energy point (MEP) for the MCU logic
toward higher frequency, e.g., to 25 MHz in 65-nm LP/GP
CMOS [8] or to 100 MHz in 28-nm FDSOI [28]. To support
40–80-MHz operation at ULV, we thus select LVT devices.
At ULV, the leakage power integrated over the relatively long
cycle time (Pleak ×Tcycle) typically contributes to 10%–30% of
the logic energy per cycle (Ecycle). Upsizing the transistor gate
length (Lg) thus reduces Ecycle at the MEP as it reduces more
the leakage power than it degrades the cycle time thanks to
improved subthreshold swing, lower DIBL and variability [39].
In FDSOI, gate length upsize in logic standard cells is enabled
by poly biasing (PB) [50]. Fig. 3(a) shows the total energy
per cycle (Ecycle) of the logic of the whole MCU. Applying
a 16-nm poly bias (PB16) yields an Ecycle close to 1 pJ/cycle
for frequencies below 10 MHz. FBB applied to both the logic
and ULP SRAM is used in active mode to shift the MEP with
PB16 library to the target frequency range.

SCVRs generating the ULV supplies from VDDIO can only
achieve high power conversion efficiency (PCE) in a limited
output voltage range, which depends on their topology. As rep-
resented in Fig. 3(c), a divide-by-3 SCVR topology is efficient
in the 0.49–0.56-V range and a divide-by-4 one is efficient
in the 0.38–0.43-V range. We thus aim for 0.4 V and reach
72-MHz operation using asymmetric FBB with a stronger
FBB level for PMOS than for NMOS transistors (i.e., BBP
voltage is more negative), as PMOS transistors are slower and
have a lower back bias effect in this technology. In nominal
conditions, i.e., typical-NMOS/typical-PMOS process (TT)
corner at 25◦C and 72 MHz, the target BBN/BBP voltages
are +1 V/−2 V, respectively.

As shown in Fig. 3(b), a high FBB level leads to 30-μW
logic leakage, which is much higher than with ZBB for the
PB16 library. This is fine for active mode (30% of the logic
power) but prohibitive for deep-sleep mode. Therefore, BBN
and BBP are driven to 0 V in deep-sleep mode by the on-chip
FBB drivers to kill leakage power, while preserving full state
retention in both logic and ULP SRAM, which avoids software
initialization at wakeup. The effect of the ZBB is a leakage
power reduction by 30× compared to the +1/−2-V FBB
condition. Fig. 3(b) further shows that the switchable back
bias between FBB in active mode and the ZBB in deep-sleep
mode, combined with PB16 upsized-Lg LVT transistors results
in both better active power and deep-sleep power than RVT
transistors. Of course, lower leakage in deep-sleep mode could
be achieved with RVT transistors with poly bias or reverse
back bias. However, poly bias with RVT will suffer from active
power penalty due to a higher minimum VDD to operate at
72 MHz. RBB would suffer from a deep-sleep power penalty
to generate these reverse biases, especially the negative voltage
for the NMOS transistors. Indeed, previously reported back
biasing generators consume quiescent powers of 56 μW [45],
10 μW [46], and 2.5 μW [47]. FBB in active mode avoids
this pitfall as the power cost of operating the FBB drivers is
negligible compared to the active power.

IV. ULP SRAM MACRO BASED ON ULL BITCELL

COMPATIBLE WITH ADAPTIVE FBB AND ULV OPERATION

In ULP MCUs, memory macros are critical as their access
energy, leakage power and area can easily dominate the active-
mode energy per cycle, deep-sleep retention power, and chip
area, respectively. ULP SRAM macros typically aim at ULV
operation for low access energy and use bitcells with 8–10
transistors [40]. The general idea illustrated in Fig. 4 with a
dual-Vt 8-T bitcell architecture is to use a latch with relatively
high Vt for leakage concern,2 and a decoupled read port for
avoiding read disturb problems at ULV. To preserve speed at
ULV, the read port uses low Vt transistors and the write word
lines (WWL) can be boosted to a voltage higher than the ULV
VDD [18], [40].

In 28-nm FDSOI, RVT transistors (i.e., the core transistor
type with the highest Vt ) are formed without channel doping

2In extreme cases, SRAM macros use thick-oxide I/O transistors for even
lower leakage at the cost of density and access energy penalties due to higher
bitline capacitance and higher required VDD to meet the speed target [17].
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Fig. 4. Conventional dual-Vt ULP SRAM bitcell (see, e.g., [40]). In FDSOI,
the N-well sharing between RVT PMOS and LVT NMOS leads to a conflict
for temperature compensation through UFBR (adaptive) FBB.

Fig. 5. ULL SRAM bitcell from [35] using exclusively LVT transistors
for compatibility with the UFBR FBB scheme: (a) architecture and (b) hold
retention characteristics (SPICE simulation results at 0.5 V with BBN=1 V,
BBP= −2 V). No poly bias is used in the bitcell but gate length of the three
marked transistors is upsized in the layout and the other transistors have a
gate length of 32 nm.

but with NMOS transistors lying over a P-well and PMOS over
an N-well, both below the buried oxide [38]. In opposition,
LVT transistors are formed with NMOS transistors in N-well
and PMOS in P-well. Using the dual-Vt bitcell architecture
from Fig. 4, RVT PMOS transistors from the low-leakage latch
share the BBN N-well back bias with the LVT NMOS of the
ULV read port. In this case, it is not possible to compensate
for the effect of temperature variations with adaptive FBB
because a higher FBB to speed up the read port at low
temperature would lead to a slowdown of the write operation
in the latch. Therefore, dual-Vt bitcells cannot be used with
adaptive FBB in 28-nm FDSOI. The challenge is thus to design
an LVT bitcell without suffering from the associated leakage
penalty in deep-sleep mode. Whereas the write and read ports
can be gated in deep-sleep mode, the latch is the critical part
as it needs to stay on for retention concern.

We thus propose an ULL bitcell compatible with adaptive
FBB and low-voltage operation [35] as shown in Fig. 5(a).
It is based on the LVT latch from [41] that uses two ULP
negative-differential-resistance (NDR) structures. This struc-
ture is composed of an NMOS/PMOS transistor pair where
both transistors self-bias themselves at Vgs = −�V/2 with
�V the voltage difference across the NDR structure [41].
In this latch, when Vcell increases from 0 V to the SRAM

Fig. 6. ULL bitcell results: (a) statistical hold robustness (post-layout SPICE
simulation results at 0.5 V with BBN=1 V, BBP= −2 V in active and
BBN=BBP=0 V in sleep) and (b) layout compliant with logic DRC rules.
The post-shrink area of the bitcell is 0.76 μm2.

supply voltage VDDS, the current of the pull-down NDR struc-
ture INDR,PD first increases because the Vds of its internal tran-
sistors increases but then decreases as their Vgs progressively
become more negative, which leads to the NDR characteristics
[Fig. 5(b)]. The pull-up NDR structure behaves symmetrically,
which results in two stable points on Vcell for holding logic-0
and logic-1 data at Vhold0 and Vhold1, respectively, and a
metastable trip point at Vmeta, as shown in Fig. 5(b). We add a
transmission-gate LVT write port for fast write operation and
a decoupled 2-T LVT read port for avoiding the read disturb
problem at ULV.

In the proposed ULL bitcell, the NDR currents responsible
of data retention are subthreshold transistor currents. They
are thus very sensitive to local mismatch, which can lead
to retention failure due to hold instability.3 As memories are
made of thousands of bitcells, the hold failure rate of a single
bitcell has to be very low to get a high yield for the macro [42].
If we consider a 32-kB memory with a yield target of 99%,
we can obtain the failure rate for a single bitcell with

1 − ηbitcell = 1 − η
1

Nbitcell
macro (1)

with Nbitcell the number of bitcells in the macro, and ηbitcell

and ηmacro the yield of bitcell and the macro, respectively.
This gives a specification on the bitcell hold failure rate
of 3.85 × 10−8, equivalent to 5.37σ , that we conservatively
round at 0.03 ppm. To reach such a low hold failure rate for
the ULL bitcell, we upsize the width of the NDR structures
(W = 140 nm, Lg = 32 nm) and the gate length of the write-
port transistors to limit their leakage [35]. We also upsized the
length of one of the read-port transistors to avoid spurious read
bitline (RBL) discharge [35]. The verification of the bitcell
yield was performed by computing the cumulative distrib-
ution function (CDF) of the failure rate with the Gradient
Importance Sampling methodology from [42], both in active
and sleep modes. Results are shown in Fig. 6(a) and can be
interpreted as follows: for the hold-0, the cumulative failure
rate increases when specifying that the maximum stable hold-
0 point Vhold0 should be closer to 0 V, as this is a stricter

3Global PVT variations can further degrade the yield but as the UFBR
system presented in Section V compensates global PVT variations, we will
not discuss the impact of PVT variations on the ULP SRAM here.
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TABLE I

IMPACT OF PROCESS AND TEMPERATURE VARIATIONS (SPICE
SIMULATIONS OF LVT PB16 LOGIC GATES AT 0.4 V WITH BBN=1 V

AND BBP= −2 V, SS/FF MEANS SLOW/FAST NMOS/PMOS)

constraint. As long as the 0.03-ppm worst case Vhold0 is below
the worst case Vmeta trip point, the hold-0 state is stable with
a static noise margin (SNM) corresponding to the voltage
difference SNM = Vmeta − Vhold0. The same reasoning applies
to the hold-1 state. Statistical hold robustness is thus ensured
with a 0.03-ppm worst case SNM of 92m mV in active mode
and 66 mV in sleep mode, both for hold-1 state as hold-
0 state is less critical. The resulting 0.76-μ m2 bitcell layout
is depicted in Fig. 6(b). The area penalty compared to the HD
bitcell from the foundry is significant: around 6×. It is due to
the two additional transistors, the transistor upsize, the tangled
cell structure and the fact that we did not use the SRAM
pushed DRC rules.

The proposed ULP SRAM is supplied by the 0.5-V VDDS

instead of the 0.4-V VDDL of the logic because memories have
a lower activity factor than logic and their MEP supply voltage
under a system timing constraint is thus typically 100–200 mV
higher than the logic MEP [8]. To further decrease the access
energy and avoid the half-write problem, the 32-kB macro uses
a divided-WL 16-bank 512-bitcell/column architecture [35].

V. DESIGN OF THE UFBR SYSTEM

At ULV, the impact of process and temperature variations
on the logic and SRAM delay is magnified. The most severe
effect is the low operating temperature, which significantly
increases the logic delay and its local variability [43]. Process
and temperature variations also influence the leakage current,
which has a strong impact not only on the sleep power but also
on the active power at ULV because leakage power usually
accounts for a significant portion of the active power at ULV.
The simulated impact of process and temperature variations
on logic delay and leakage current at the design point of
SleepRunner logic is provided in Table I. In the worst cases,
a delay is increased by 2.47× and leakage by 21.5×.

A. Previous Unified Frequency and Voltage Regulation

Conventionally, digital circuits rely on independent regu-
lation of their clock frequency and their supply voltage as
sketched in Fig. 7(a), which requires guardbands on either
the maximum clock frequency or on the minimum supply
voltage in the worst process and temperature corner [37].
Limiting this guardband calls for adaptive techniques that are
usually implemented by either in situ error monitors and error
correction scheme [24]–[26], or unified voltage/frequency reg-
ulation (UFVR) scheme represented in Fig. 7(b) [8], [26].

Fig. 7. Previous architectures for regulation of clock frequency
and supply voltage in ULV digital systems. (a) Conventional indepen-
dent frequency/voltage regulation. (b) Unified frequency/voltage regulation
(UFVR) [8].

In such a scheme, the clock is generated by a TRO directly
supplied by the ULV VDD rail so that its cycle time tracks
the process/temperature-induced variations of the logic delay.
A feedback loop uses the cycle time or frequency information
from a timing sensor to control the output of the voltage
regulator so as to compensate for logic delay variations.
As process/temperature variations are quite slow phenomena,
the bandwidth of the UVFR loop is usually limited and
primarily dictated by wake-up time constraints. Interestingly,
UVFR systems are robust against fast supply voltage droops
because the TRO frequency drops instantaneously when this
happens [8], [26]. In [8], the UFVR scheme saves 25% active
power in nominal conditions by avoiding the guardband linked
to SS −40◦C operation and preserving robust timing closure
and constant frequency over the whole process and temper-
ature range. However, when operating at FF 85◦C, UFVR
schemes fail to compensate for the very high leakage despite
a small reduction in the supply voltage. In [8], the active
power is significantly increased at 85◦C compared to room
temperature.

B. Proposed Dual-Loop Digital UFBR System

To overcome the limitation of the UFVR scheme, we aim
at compensating the delay and leakage variations through
adaptive back biasing in FDSOI in a UFBR scheme. Indeed,
it was shown that adaptive back or body biasing is capable of
compensating not only the low-temperature increased delay
but also the high-temperature increased leakage [37], [44].
Therefore, we keep the supply voltage mostly constant as
generated by the SCVRs.

The UFBR system we propose, represented in Fig. 8, is dig-
ital and takes inspiration from UFVR by relying on a TRO to
generate MCLK and track both slow and fast delay variations.
It operates in a frequency-locked-loop (FLL) fashion similar
to [8]. First, a counter senses and digitizes the TRO frequency
during six REF_CLK cycles. Second, a proportional controller
actuates in PWM mode on the BBN by activating a current
charge pump (CP) during a variable number of REF_CLK
cycles. To cover the range between 0 and 1.8 V, the CP is
supplied by VDDIO supply and uses thick-oxide I/O transistors.

The UFBR system features a second loop to balance rising
and falling transitions associated with independent (crossed)
process variations between PMOS and NMOS transistors
leading to faster NMOS/slower PMOS (FS) process condi-
tions or vice versa. This is performed in a delay-locked-loop
(DLL) fashion by using delay-based NMOS/PMOS imbalance
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Fig. 8. Proposed dual-loop digital UFBR system. BBN is the N-well bias applied to the LVT NMOS transistors and BBP is the P-well bias applied to the
LVT PMOS transistors. The 390-pF coupling capacitance between BBN and BBP comes from the deep-N-well connected to BBN that isolates the P-well
from the P-substrate. BBN is regulated in a FLL and BBP is regulated in a differential DLL. (a) Architecture. (b) Operation.

sensors and a bang-bang controller actuating on the BBP
through a second CP. In order to cover a range between 0
and −3 V, this CP is based on switched capacitors (SC) with
two stages according to the voltage doubler topology [46].
It is also supplied by VDDIO rail with I/O transistors to reach
an open-circuit voltage of −3.6 V.

The UFBR system generates BBN and BBP for both the
logic and the ULP SRAM, which account for a significant
portion of the MCU area. In this area, a triple-well is used to
isolate the LVT PMOS P-well (flipped-well configuration [38])
connected to BBP from the grounded P-substrate. As a result,
there is a large well diode between BBN and BBP which
results in an estimated coupling capacitance of 390 pF between
them. This capacitance results in a parasitic charge injection
between BBN and BBP, which makes the dual loop unstable
because when the FLL tries to increase the TRO frequency by
pumping positive charges on BBN, this parasitic charge injec-
tion results in a spurious BBP charge up, which counteracts
the TRO frequency increase.

We adopted a simple solution to this problem: we added
an external capacitor on BBN to stabilize it. The drawback
of this capacitor is the associated energy overhead to charge
it at wakeup. The capacitance value should thus not be
oversized. The reason to stabilize BBN instead of BBP is
that BBP has a higher voltage swing between sleep (0 V)
and active (−2 V) modes and it would thus consume higher
wakeup energy to charge a large capacitance on BBP. Fig. 9(a)
shows the UFBR wakeup with external decoupling capacitance
values from 0.5 to 2 nF. We see that low capacitance value
leads to overshoot because of lower stability. Increasing the
capacitance value to 2 nF kills the overshoot, which actu-
ally reduces the wake-up energy by 10% despite the larger
switched capacitance. Fig. 9(b) also shows that the proposed
architecture can generate independent asymmetric BBN/BBP
voltages to compensate for skewed process corners.

C. Proposed Process Imbalance Sensor
Previous NMOS/PMOS process imbalance sensors were

based on analog NMOS/PMOS current comparison, which

Fig. 9. UFBR startup: (a) the use of a 2-nF external BBN decap Cext allows a
faster lock without overshoot and (b) compensation of skewed process corner
(mixed-signal HDL/SPICE simulations at 25 ◦C).

leads to a hard tradeoff between dc power and response
time [45], [47]. In the proposed BBP DLL, we designed a
digital NMOS/PMOS process imbalance sensor to overcome
this challenge, while using only digital standard cells for good
correlation with the MCU logic to be calibrated. Fig. 10(a)
shows the sensor schematic, which is based on two delay
lines with selective sensitivity to NMOS/PMOS logic delay.
Comparison of their delay provides binary information on the
relative FS/SF conditions.

The NMOS/PMOS selective sensitivity is made by alter-
nating strong (×38) and weak (×2) driving cells such that
the low current of the weak cells has to charge the large input
capacitance of the strong cells. Fig. 10(b) shows that a uniform
delay line, i.e., with identical ×38 inverter cells has the same
delay sensitivity to NMOS and PMOS Vt variations around
6%/10 mV. This results from the balanced rise/fall times in the
TT corner with the asymmetric BBN/BBP values we selected
for this corner. There is thus no selectivity. The proposed delay
lines with alternated strong/weak inverter cells with a different
input edge shows its selectivity with a sensitivity 3× higher to
NMOS Vt variations (9%/10 mV) than to PMOS Vt variations
for the NMOS-sensitive delay line, and vice versa. Fig. 10(b)
also shows that transistor stacking in NAND2/NOR2 gates
with shorted inputs as weak cells further improves the selective
sensitivity.
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Fig. 10. Proposed NMOS/PMOS imbalance sensor: (a) schematic, (b)
sensitivity to NMOS/PMOS independent Vt variations, and (c) D2D variability
of the closed-loop BBP voltage (100-run MC SPICE simulation results at TT
corner, 25 ◦C).

The drawback of weak cells is that they suffer from a high
local Vt mismatch due to small transistors. This can lead
to strong die-to-die (D2D) variations in the resulting closed-
loop BBP voltage and thus significant leakage overhead: 47%
in Fig. 10(c). Increasing the number of stages in the delay lines
reduces this variability by the averaging effect at the cost of
slower sensing. We thus use an accurate sensor based on this
increased number of stages in UFBR lock conditions, while
the fast yet inaccurate sensor with less stages is used during
the UFBR startup. The proposed sensors can be sampled up to
6 and 3 MS/s respectively, therefore significantly improving
the loop response time compared to the state of the art (e.g.,
200 μs in [47]).

Finally, bang-bang control in the BBP DLL can lead to
spurious CP activity, which results in active power overhead.
To avoid this, we added a small deadband in the process
imbalance sensor with additional delays in the sensor com-
parison logic, as illustrated in Fig. 10(a). The timing closure
of the MCU was performed by taking these BBP deadband
and variability into account when recharacterizng the standard-
cell libraries at ULV, which results in a negligible pessimism
compared to full process/temperature corner spread.

VI. DESIGN OF DUAL-MODE I/O-INPUT

SWITCHED-CAPACITOR VOLTAGE REGULATION

The MCU requires three core supply voltages: VDDH (0.8 V)
for the DMEM HD SRAM, VDDS (0.5 V) for the PMEM
ULP SRAM and VDDL (0.4 V). Three SCVRs are used to
generates these supplies from the single I/O supply voltage
VDDIO at 1.8 V. As illustrated in Fig. 11(a), we use switched-
cap networks (SCNs) with divide-by-2 (÷2), divide-by-3 (÷3)
and divide-by-4 (÷4) topologies, respectively. The SCN uses
a mix of metal-insulator-metal (MiM) capacitors and metal-
oxide-metal (MoM) capacitors as well as 6-nF external load
capacitors. MiM capacitors are denser and have lower bottom-
plate parasitic capacitance and are thus preferred over MoM

Fig. 11. Dual-mode I/O-input SCVRs: (a) architecture and (b) quiescent
current breakdown in active and sleep modes (SPICE simulation, TT corner
at 25 ◦C). Supplying VDDS and VDDL comparators from the 0.8-V VDDH
output instead of the primary 1.8-V VDDIO allows the use of thin-oxide core
transistors instead of thick-oxide I/O transistors.

capacitors [48]. However, the maximum voltage they tolerate
is 1.1 V and some capacitors in the SCNs see a higher voltage
across them at startup. We thus use MoM capacitors for these.
The switches in the SCNs are I/O transistors controlled by 1.8-
V signals generated by non-overlapping clock (NoC) genera-
tors. Regulation is performed through pulse-skip modulation
(PSM) as it ensures that switching losses scales with the output
load power. It is based on voltage references generated from an
analog 1.8-V input (VREF) and dynamic comparators clocked
by the 12-MHz reference clock REF_CLK. The SCNs were
sized with the methodology from [48].

There are two challenges for these SCVRs. First, as we only
have VDDIO as primary supply, the control logic consumes a
significant amount of quiescent power because of its relatively
high supply voltage (1.8 V) and the fact that it needs to
be implemented with thick-oxide I/O transistors significantly
larger than core transistors. Fig. 11 shows that the quiescent
power (< 20 μW) dominated by the I/O comparator power
consumption (control losses) is indeed high compared to the
expected load power at low MCLK frequency (≈ 120 μW).
Second, the maximum output load power of these SCVRs
varies by 30× between active and sleep modes, which sets a
strong constraint on the quiescent power in sleep mode while
ensuring sufficient regulation capability (output impedance and
bandwidth) in active mode.

Fig. 11 shows the proposed solution to these challenges.
We first generate the VDDH supply from VDDIO to supply
the comparators of VDDS and VDDL SCVRs, implemented
with thin-oxide core transistors. This allows saving 2/3 of
the comparator power.4 Second, the SCVRs are designed
for dual-mode operation with a different clock frequency
between active and sleep modes: 12-MHz CLK_REF is used
in active mode and it is divided by 64× in sleep mode, which
reduces quiescent power proportionally except for leakage and
frequency-divider contributions.

4Let us mention for full transparency that I/O comparators in this chip were
sized conservatively with respect to mismatch and that their power could thus
be reduced by 3–5× with sizing optimization. Nevertheless, their power would
still be ≈ 20× higher than the comparators implemented with core transistors.
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Fig. 12. Microphotograph of SleepRunner MCU die in 28-nm FDSOI with
superimposed layout view. Active MCU area is below 0.6 mm2. Sizes and
area numbers are provided post optical shrink.

Fig. 13. SCVR measurement results: (a) load regulation in active mode,
(b) efficiency in active mode, and (c) quiescent current for the tested dies in
active and sleep modes.

VII. EXPERIMENTAL VALIDATION

SleepRunner MCU SoC was prototyped on a 1.6-mm2 die
illustrated in Fig. 12 in 28-nm FDSOI with a 10-metal process
featuring dense MiM caps. The MCU area is below 0.6 mm2

including all digital and mixed-signal blocks from Fig. 2. It is
packaged in QFN80. In this section, we provide experimental
validation for SCVR, UFBR, ULP SRAM macro, and comput-
ing sub-systems before assessing the ULP applicative potential
by mapping two biomedical applications on SleepRunner and
comparing them to state-of-the-art ULP MCUs.

A. SCVR Performance

SCVR characterization shows good load regulation for the
three core supplies VDDH, VDDS, and VDDL up to 150–200 μW
of output load power, as illustrated in Fig. 13(a). The global
PCE defined as the ratio between the sum of the three output
power on the core supplies VDDH, VDDS, and VDDL, and the
input power on VDDIO primary supply is shown in Fig. 13(b)
with a descent peak at 76.3%. Fig. 13(c) shows the total SCVR
quiescent power for the tested dies with a reduction from
10 to 1.65 μW between active and sleep modes thanks to
clock frequency division. Let us notice the higher variability of

Fig. 14. UFBR system measurement results: (a) wakeup and go-to-sleep
power mode transitions, (b) generated frequency, and (c) active power as a
function of the temperature.

quiescent power in sleep mode (3× higher standard deviation)
coming from the proportionally higher leakage contribution.

B. UFBR Performance

The UFBR functionality was tested for several dies and a
temperature range between −40 and +85 ◦C. Fig. 14(a) shows
the typical transitions between active and sleep modes and
vice versa. It shows a test output signal consisting of MCLK
divided by 64 on-chip. It also shows BBN and BBP voltages.
At wakeup, we see that the closed-loop UFBR system locks
in less than 10 μs with MCLK generated by the on-chip TRO
that stabilizes at 64 MHz and BBN/BBP that stabilize around
+0.75/−1.8 V, respectively. The total wakeup time is less than
20 μs. The time required to go to sleep mode is similar and we
can see MCLK being at 750 kHz, which results from the use of
REF_CLK divided by 16 in sleep. BBN is quickly discharged
to 0 V by the current CP driving it. We notice that BBP
takes time to stabilize at 0 V. This comes from the switched-
capacitor discharge pump driving BBP, which is gated after a
few μs. Indeed, as this discharge pump is not a static circuit,
it cannot be kept active in sleep mode for power concerns.
This is not an issue as the leakage is dominated by NMOS
transistors in sleep mode and the impact of incomplete BBP
discharge does not significantly affect the leakage power. The
20 μs mode transition times are very competitive compared to
previous designs using adaptive FBB in closed loop5 (200 μs
in [45], 200 μs in [47]).

Fig. 14(b) shows the MCLK frequency as a function of
the temperature. With both ZBB and static asymmetric FBB
(BBN=1 V, BBP= −2 V), we see that the frequency of the
TRO generating MCLK decreases significantly with a temper-
ature decrease resulting from the associated Vt increase [43].
However, with static FBB, the frequency drops above +25 ◦C.
Moreover, we observe a degradation of the absolute maximum

5Let us mention that this time depends on the biased load area, which is
around 0.4 mm2 post-shrink in this chip.
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frequency (i.e., at the optimum FBB level) with the increase of
the temperature. We can attribute this either to prohibitive IR
drops and/or to the fact that the impact of the carrier mobility
degradation on the transistor current becomes higher than the
impact of the Vt reduction. At +85 ◦C, the MCU is even not
functional with static FBB because robustness issues appear
either due to the poor Ion/Ioff from the very low Vt in this
case or to too high IR drops due to prohibitive leakage. At low
temperature, the MCU is not functional even with static ZBB
the reduced TRO frequency. This is either due to robustness
issues in the ULP SRAM because of too low subthrehsold
current or to timing violations on the external JTAG clock,
which uses a fixed frequency.

In any case, Fig. 14(b) shows that the MCU remains
functional over a wide voltage range when using the adaptive
FBB generated by the UFBR system. We also see the UFBR
capability to preserve the target frequency over this tempera-
ture range. Fig. 14(c) shows the power of the logic and ULP
SRAM, which both use the adaptive FBB from the UFBR, as a
function of the frequency. When using a static asymmetric
FBB (BBN=1 V, BBP= −2 V), the power explodes at
high temperature because of the leakage power that becomes
dominant. Unlike adaptive supply voltage scaling (UFVR) [8],
we see that adaptive FBB (UFBR) is capable of preserving
constant the active power at low temperatures while signifi-
cantly limiting the active power overhead of high-temperature
operation compared to static FBB, e.g., with 3–4 μW /MHz for
adaptive FBB at +55 ◦C versus 7.5 μW/MHz for static FBB.
Of course, static ZBB preserves very low active power up to
+85 ◦C but this comes at the cost of lower and uncontrolled
clock frequency and even functional failure at low temperature
as shown in Fig. 14(a).

C. ULP SRAM Performance

The power of the proposed ULP SRAM was measured in
two versions on the prototyped chip: the 32-kB macro used as
PMEM in the MCU and an independent 8-kB macro connected
to a BIST interface. The 8-kB macro reaches outstanding
read energy of 0.66 pJ for accessing 32-bit words. As shown
in Table II, the 32-kB version uses a write byte mask (i.e.,
to independently select the bytes to write from the selected
32-bit word, according to the AHB standard). In combi-
nation with the leakage power of the unaccessed bitcells,
the switching power and routing of this write byte mask
result in an increase of the access energy to 1.6 pJ. However,
as shown in Table II, this read access energy is 5× lower
than the read access energy of the foundry HD SRAM based
on a conventional 6T bitcell, prototyped on the same chip.
This reduction is obtained thanks to ULV operation, divided-
WL architecture and single-ended bitlines [35]. Although we
selected a low-leakage flavor with RVT transistors for the HD
SRAM, the retentive power of the proposed ULP SRAM is 2×
lower despite its full LVT implementation thanks to its unique
ULL bitcell with negative Vgs self-biasing in the NDR-MOS
structures. These power savings come at the cost of a 5× lower
density for the ULP SRAM mostly due to the larger ULL
bitcell layout.

TABLE II

COMPARISON TO ULP SRAMS IN FDSOI

Fig. 15. Power consumption breakdown in (a) active and (b) deep-sleep
modes. The SCVR inefficiency is not considered here for the sake of compar-
ison to the state-of-the-art. In active mode, the higher power consumption of
the ULP SRAM compared to the HD SRAM is due to more frequent access.
In CPU sleep mode, the power is reduced by ±2 μW/MHz compared to the
active mode. In deep-sleep mode, the power gating of the HD SRAM results
in power consumption of 4.4 μW for 32-kB and CPU state retention.

Table II also shows a comparison with the previous ULP
SRAM based on NDR structures and a ULP SRAM based
on reverse BB in deep-sleep mode in a more relaxed FDSOI
technology (65-nm SOTB). The ULP SRAM from [19] based
on 7-T ULL NDR bitcell achieves similar access energy for
8-kB macros at a lower density. Its retention characteristic
was ensured at FBB but had an issue at zero BB. Therefore,
retentive power for this macro is reported with FBB, which
leads to strong retention power overhead. The ULP SRAM
from [49] offers a dense layout for 65-nm CMOS with
outstanding retentive power thanks to RVT transistors, the use
of RBB and more relaxed CMOS technology. As this comes
at the cost of 4× higher access energy, it is an interesting
option for applications with a very low duty cycle, whereas
the proposed ULP SRAM is better adapted for duty cycles
above 1%.

D. Computing Power

Active power was measured independently for logic (VDDL),
PMEM ULP SRAM (VDDS) and DMEM HD SRAM (VDDH),
as well as FBB drivers (VDDIO) for a simple synthetic bench-
mark. The results are provided in Fig. 15(a) for different target
frequencies from 40 to 80 MHz, generated internally by the
UFBR system. At 40 and 80 MHz, we use a −5% underdrive
and a +5% overdrive on the supply voltages, respectively. The
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power consumption of the FBB drivers is negligible as the
UFBR is in the lock.6

The active power normalized to the clock frequency
is roughly stable over the frequency range and below
4 μW/MHz, which confirms the observation from [28], [36],
[37], [47] of the FBB capability to shift the MEP over a
frequency range. When FBB increases, we observe a slight
increase of the logic and ULP SRAM power normalized to
the clock frequency.7 This is due to the faster increase of
leakage current with a Vt reduction compared to the clock
frequency increase because the transistors are in the near-
threshold regime. This would not happen in the sub-threshold
regime [51]. This increase is higher for the ULP SRAM
because of its higher leakage power proportion than the logic
one. Let us recall that the reason for the higher ULP SRAM
power than the HD SRAM power is the much more frequent
access to the PMEM than to the DMEM in Cortex-M0 MCUs.
If the PMEM was implemented with an HD SRAM macro, its
power alone in active mode would be 4 μWMHz instead of
1 μW/MHz for the ULP SRAM.

When executing the CoreMark benchmark, the active
power is 3.3 μW/MHz at 48 MHz, which is 25% higher
than for the simple counter bench due to more frequent
DMEM accesses but still well below the 4 μW/MHz
threshold.

Deep-sleep power was measured for 10 dies and the average
value is 8.4 μW. It is dominated by the HD SRAM leakage
despite the low-leakage flavor we selected, as shown in 15(b).
The ULP SRAM again shows its power advantage. Notice that
the HD SRAM features internal power switches to power gate
it. The deep-sleep power can thus be reduced to 4.4 μW in
this mode, at the cost of no data retention, which thus requires
a software initialization at startup.

E. Applicative Power

In order to quantify the interest in SleepRunner energy
efficiency in applications, we ported two biomedical appli-
cation algorithms on it. First, we ported the epileptic seizure
onset detection algorithm with an FFT-based spatio-temporal
feature extraction running on 2-s epochs of 23-EEG channels.
Classification is run with a linear SVM performed on the fea-
tures of three consecutive and overlapping epochs. Fig. 16(a)
shows the energy consumed by the logic and memories in
different cases. First, when running everything in software
with HD SRAM used as PMEM and DMEM, the total energy
is 28.7 μJ. The execution of the feature-extraction on the FFT
HW accelerator increases the active power but it significantly
speeds up the computation which reduces total energy by 28×
thanks to much lower FFT energy. Setting the CPU in sleep
mode (clock gating) during FFT computation further saves
20% active power. Finally, using the ULP SRAM as PMEM
saves another 33% of active power.

6Let us mention that in [34] we wrongly attributed a parasitic power to the
FBB drivers. This parasitic power was due to a different block sharing the
same supply pin that was erroneously left active.

7The HD SRAM power does not vary with FBB voltages because it uses
fixed zero BB.

Fig. 16. ULP performance in biomedical applications: (a) energy for
batch execution of epileptic seizure onset detection on three 2-s epochs and
(b) always-on power for real-time arrhythmia detection from 200-S/s ECG.
Both are run at 48-MHz with UFBR system regulating MCLK and BBN/BBP.

We also ported an arrhythmia-detection algorithm to
illustrate the average power of SleepRunner in always-on
applications. It is based on heartbeat detection, temporal fea-
ture extraction, and linear-SVM-based classification triggered
when a heartbeat is detected. Fig. 16(b) shows the evolution of
the total average power by progressively adding functionality
from deep sleep mode to 1-channel ECG data acquisition
through SPI at 200 S/s (i.e., 200 wakeup events per second),
3-channel ECG data acquisition, and 3-channel ECG data
acquisition with subsequent data processing. It shows that
frequent wakeup events at 200 S/s have a significant impact
on the always-on power but also that the ultralow active
power of SleepRunner combined with high-speed performance
for a ULP MCU allows to perform rich computation while
preserving a low duty cycle with a very limited increase of
the average power.

F. Comparison to the State of the Art
Let us now compare SleepRunner to previous ULP MCUs

in Table III. From the functionality point of view, SleepRun-
ner and the 90-nm ULL MCU from [25] are amongst the
rare research MCUs featuring closed-loop PVT compensation,
ePM, CPU state retention in deep-sleep mode, and memory
capacity above 16 kB for rich application processing. Sleep-
Runner features 7× lower active power (3.3 μW/MHz) at 5×
higher computing performance (51 DMIPS at 40 MHz).

For visual performance comparison, we provide
power/performance tradeoff plots in Fig. 17. The MCUs
in 28/22-nm FDSOI CMOS technology clearly stand
out in Fig. 17(a) as much more efficient than MCUs in
90/65/40-nm ULP/ULL/LP bulk CMOS, for the tradeoff
between active power and computing performance.8 With

8The relatively high active power of the MCU in 14-nm FinFET CMOS
from [31] is hard to explain. It could be due to its more complex x86 CPU
architecture compared to the Cortex-M CPU architecture used in other
MCUs or to more guardbands for industrial robustness concern.
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TABLE III

COMPARISON TO STATE-OF-THE-ART ULP MCUS

Fig. 17. Comparison to previous ULP MCUs with respect to (a) active power
and (b) deep-sleep retention power versus computing performance. The legend
indicates the technology node and (a) the RAM size due to its impact on active
power and (b) the wakeup time due to its impact on retention power. Red fonts
highlight MCU limitations: (a) RAM capacity below 32 kB and (b) absence
of CPU state retention in. For the sake of comparison the ePM power losses
(here SCVRs) are not taken into account except for [15] and [16].

2.6 μW/DMIPS at 51 DMIPS (40 MHz), SleepRunner clearly
outperforms previous 28-nm FDSOI MCUs, i.e., 3× lower
power yet higher speed than the MCU from [28]. In [50],
22-nm FDSOI is shown to reduce by 3× the logic energy per
cycle under timing constraints, compared to 28-nm FDSOI.
Despite this fact, SleepRunner achieves 30% lower active
power than the 22-nm FDSOI MCU from [30] thanks to
the proposed FBB-driven logic/memory/power management
co-optimization. The 22-nm FDSOI MCU from [29] reaches
the best active power at the cost of limited speed memory

capacity. Let us also mention here that SleepRunner is based
on an easy-access obfuscated Cortex-M0 CPU that has less
optimized energy efficiency than the full Cortex-M0+ CPU
used in other references.

Fig. 17(b) shows the opposite trend for deep-sleep reten-
tion power: the MCUs in 90/65/40-nm ULP/ULL/LP bulk
CMOS achieves much lower retention power than the ones
in 28/22-nm FDSOI CMOS because these processes are opti-
mized for low leakage. Nevertheless, with a total deep-sleep
power of 131 nW/kB at a short wakeup time of 20 μs, Sleep-
Runner achieves competitive results with a retention power
4× lower than the leakage power9 of the MCU from [30]
at the cost of lower speed performance. This low deep-sleep
retention power is achieved by the switchable FBB scheme
with ZBB applied in this mode and the unique low-leakage
capability of the ULL SRAM bitcell, while the low wakeup
time is enabled by the digital UFBR scheme.

VIII. CONCLUSION

In this article, we introduced a ULP Cortex-M0 MCU
with an FBB-driven logic/memory/power management
co-optimization illustrated in Fig. 18 for the best FBB
exploitation in FDSOI. In particular, ULV operation
with upsized gate length and adaptive asymmetric FBB
combined with the digital dual FLL/DLL UFBR system
and the FBB-compatible ULP SRAM macro allows down
to 2.6 μW/DMIPS active power at MEP with computing
performance up to 100 DMIPS. Its total deep-sleep power
of 131 nW/kB with retention of both 64-kB SRAM data and
CPU state is enabled by the ZBB voltage in this mode and
the unique custom ULL SRAM bitcell, at a short wakeup
time thanks to the digital UFBR system. Compared to a

9Only leakage power is reported in [30], which thus excludes any always-on
switching activity for control purpose.
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Fig. 18. Proposed logic/memory/power management co-optimization to
exploit FDSOI FBB capability for 100-DMIPS 64-kB Cortex-M0 MCUs.

conventional design with RVT logic and two 32-kB HD
SRAMs fully supplied at 0.8 V with ZBB as MCU starting
point, the proposed techniques enable a reduction of the total
active power and deep-sleep power by factors 3× and 2.5×,
respectively.

Although some of these techniques can hardly be applied
in FinFET technologies, we do believe they can be applied to
22/18/12-nm FDSOI technologies.
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