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A pW-Power Hz-Range Oscillator Operating
with a 0.3V-1.8V Unregulated Supply

Orazio Aiello, Member, IEEE, Paolo Crovetti, Member, IEEE, Longyang Lin, Student Member,
Massimo Alioto, Fellow, IEEE

Abstract— In this paper, a pW-power relaxation oscillator for
sensor node applications is presented. The proposed oscillator
operates over a wide supply voltage range from nominal down to
deep sub-threshold, and requires only a sub-pF capacitor for Hz-
range output frequency. True pW-power operation is enabled
thanks to the adoption of an architecture leveraging transistor
operation in super-cutoff, the elimination of voltage regulation and
current reference. Indeed, the oscillator can be powered directly
from highly variable voltage sources (e.g., harvesters and batteries
over their whole charge/discharge cycle). This is achieved thanks
to the wide supply voltage range, the low voltage sensitivity of the
output frequency and the current drawn from the supply.

A testchip of the proposed oscillator in 180nm exhibits a
nominal frequency of approximately 4Hz, a supply voltage range
from 1.8V down to 0.3V with 10%/V supply sensitivity, 8-18pA
current absorption, 4%/°C thermal drift from -20°C to 40°C at an
area of 1,600um2. To the best of the authors’ knowledge, the
proposed oscillator is the only one able to operate from sub-
threshold to nominal voltage.

Index Terms— pW-power, relaxation oscillator, Internet of
Things, Ultra Low Power logic style.

1. INTRODUCTION

LOW oscillators are fundamental building blocks in heavily

duty cycled integrated systems that achieve very low power
consumption by staying in sleep mode for most of the time,
while periodically waking up to perform the intended task [1]
(e.g., sensornodes, Internet of Things devices). Being always
on, the power of duty-cycled wake-up oscillators sets the lower
bound of the system consumption, and dominates it under low
duty cycles [1]-[4]. To retain the benefits of duty cycling in
systems with tightly constrained power (e.g., battery-less sensor
nodes [3], [5]), significant work has been published to
demonstrate wake-up oscillators with deep sub-nW power
consumption, recently approaching the pW range [6]-[13]. Such
wake-up oscillators need to operate reliably undera wide range
of voltages from Volts down to few hundreds of mVs, as
summarized in Table 1. This table shows the voltage range
delivered by different types of harvesters undervarying power
availability, and batteries throughout their entire discharge
cycle [4], [14]-[17]. Existing ultra-low power oscillators
generally need to operate in a narrow range (50-100mV) around
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TABLEI. VOLTAGE RANGE OF ENERGY SOURCES FOR SENSOR NODES

type of energy source Vv Viax
solar cell [4] 140mV 450mV
mixed (solar, thermoelectric) [14] 0.45V 3V
thermoelectric generator [15] 20mV 500mV
Li-Ion cell battery [16] 2.5V 4.2V
Alkaline cell battery [17] 0.8V 1.5V

near- or above-threshold voltages. This makes always-on
voltage regulation mandatory, to achieve adequate stability of
frequency and power under highly variable power sources, as
depicted in Fig. 1. Although notaccounted forin the evaluation
of most prior oscillators, the quiescent power P, drawn by the
voltage regulator and other peripheral circuits needed by the
oscillator is typically much larger than the oscillator power P,
itself (e.g., references, comparators, bias and control circuitry).
This is the case for state-of-the-art linear [18]-[20] and
switching regulators [21]-[22] with sub-nW output power, as
exemplified in Table II. From this table, the quiescent power of
such voltage regulators is generally in the nW range for
switching regulators, and in the hundreds of nWs in linear
regulators. In [12], [13], the quiescent power for both voltage
regulation and reference generation has been respectively

Pq >> P, for deep sub-nW oscillators
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Fig. 1. Wake-up oscillators for duty-cycled sensor nodes, and peripheral
circuitry necessary fortheir operation (e.g., voltage regulator, reference).
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TABLE II. QUIESCENT POWER OF ULTRA-LOW POWER VOLTAGE
REGULATORS DELIVERING AN OUTPUTIN THE PW RANGE

off-chi uiescent
type of regulator componerr)lts qpower

[18] analog LDO NO >350nW
[19] digital LDO NO >4uW
[20] digital LDO NO 1.18pW
[21] switching (boost) YES 0.5nW
[22] switching (buck) YES 760nW

reduced down to 63pW and 49.7pW. Such quiescent power
fundamentally limits the system-level benefits coming from the
power reduction in the oscillator itself. Hence, ultra-low power
oscillators able to operate without voltage regulation and other
peripheral circuits would be highly desirable, to preserve their
potential power benefit. The ability of oscillators to operate
undera wide voltage range (e.g., from sub-threshold to nominal
voltage) would also offer additional opportunities to save power
and simplify system design. For example, it would allow the
oscillator to be directly powered by the harvester in battery-less
[3] and battery-indifferent systems [23], avoiding the additional
power contribution due to conventional voltage up-conversion
occurring between the harvester and the above mentioned
voltage regulator.

Overall, the proposed oscillator has a power consumption
that is anyway lower than prior art by a factor of 13-1,750X
compared to [6]-[9], [11]-[13], even without considering the
actual power cost of voltage regulation and reference
generation in [6]-[9] and [11]. The only oscillator in the pW
range [10] does notaccount forthe above additional power cost.
Even extrapolating the power cost of voltage regulation and
reference generation from [12], [13] and attributing it to [10]
(which has notbeen demonstrated on silicon), such power cost
is in the range of tens of pW's (28% of 224pW in [13], 49.7pW
in [12]). This is an order of magnitude larger than the targeted
pW range (e.g., 3.3pW in the proposed oscillator), and hence
dominates over the oscillator consumption anyway.

On a broader perspective and beyond the above
considerations on the voltage sensitivity, the proposed
oscillator has the unique property that it truly operates from
nominal voltage down to deep sub-threshold (e.g., 0.3V). This
adds further flexibility and opportunities to save power and
simplify system design, for example in energy harvested and
battery-less systems. For example, harvesters (e.g., solar cell,
rectified AC vibration-based harvester) with output voltage
above 300mV can directly power the oscillator, eliminating the
need for traditional harvester voltage up-conversion, whose
power would otherwise add to the power cost of the successive
LDO. As anotherexample, the ability of the proposed oscillator
to operate across a wide voltage range allows operation under
large variations in the harvester voltage under a given voltage
conversion ratio, and hence at lower levels of harvested power
since significant supply voltage reduction is tolerated by the
oscillator (e.g., lower light intensity for a solar cell-powered
system).

In this paper, a relaxation oscillator able to operate from
nominal voltage down to deep sub-threshold, at pW-level
power consumption and Hzrange frequency is presented [2].
The low sensitivity of the oscillation frequency and the supply
current allows the elimination of the voltage regulator and its
related power contribution, thus enabling direct powering from
the harvester or the battery. Further power reduction is enabled
by the suppression of the temperature-compensated current
reference, as allowed by the many applications where the
temperature is naturally restricted to a limited range [8] (e.g.,
wearable electronics, implantable circuits, indoor sensing,
smart clothing, food supply chain management). Accordingly,
temperature compensation was dropped in the proposed
oscillator, reaching a net power consumption of 3.3pW at room
temperature and 0.4V supply.

This paper is structured as follows. The proposed oscillator
architecture and its main building blocks are described in
Section II. Circuit-level operation of the proposed oscillatorand
sensitivity to the supply are analyzed in Section III. The testchip
design and the measurement results are reported in Section IV,
where comparison with the state of the art is presented.
Conclusions are drawn in Section V.

II. PROPOSED DIGITAL OSCILLATOR ARCHITECTURE AND
DESCRIPTION OF BUILDING BLOCKS

The proposed relaxation oscillator is based on the digital
architecture in Fig. 2, where the logic gates determine the
oscillation through the periodic (dis)charge of the on-chip
flying capacitor C. All logic gates are implemented in the
Dynamic Leakage Suppression (DLS) logic style [3], originally
introduced in [5] and also known as Ultra-Low Power (ULP)
logic. As will bedetailed in the following section, the adoption
of the DLS logic style is essential for the intended operation of
the architecture in Fig. 2 for various reasons. First, DLS logic
gates deliver very small and nearly supply-independent ON
current I ¢ (~3pA/gate in 180nm), thus allowing the intended
slow oscillation at compact capacitor C. Second, the dominant
static power of DLS logic is determined by a current lower than
the regular transistor leakage at zero gate-source voltage, thus
leading to very low power consumption. Third, DLS logic gates
exhibit hysteretic behavior, which is exploited to create proper
and nearly supply-independent hysteresis thresholds for the
voltage across C, which in turn define the oscillation period.

ENABLE AND HE%E%ES{E'S REGENERATIVE
Vasu CONTROL —f -y MPARATOR ... BUFFER _ . ou
wl—1 | len ; : ‘~|DLS
= (A ;(hysteresisi 2_ 6 —é_
e firesnolsyt = 81
Woiswasing =24
i Fig.6) 1 & Q
. . p—0
A e

Fig. 2. Gate-level architecture of the proposed wake-up oscillator.
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The architecture in Fig. 2 comprises three main building
blocks around the flying capacitor C. The inverters Gla-b sense
voltages v, and vg, acting as voltage comparators with
hysteresis (see detailed operation in Subsection A). The outputs
of Gla-b drive the NOR-based SR latch G2a-b, which
periodically regenerates and holds the output at the high or low
level. The output of G2a is buffered to generate the oscillator
output,and drive the external load. The NAND-based SR latch
G3a-b provides the necessary inversion to establish a positive
feedback loop and sustain the oscillation, as usualin relaxation
oscillators. G3a-b are in turn loaded by G4a-b, which act like
inverters with short-circuited input/output once ENABLE is
asserted, i.e. they serve as an active load. In turn, the presence
of the active load (Aa-b sets the high logic output voltage of
gates G3a-b, which is named V, 4 in the following.

When necessary, the oscillation can be inhibited by de-
asserting the ENABLE signal in Fig. 2. Indeed, when ENABLE
is set at the ground voltage, nodes A and B are both set high by
the NAND gates G4a-b independently of the state of Q and Q,
thus breaking the positive feedback loop. Accordingly, (4a-b
also serve the additional purpose to gate the entire oscillator.

As will be detailed in Section III, under a given capacitor C
and ON current, the oscillation period is defined by the voltage
swing at v, and vg. Such voltage swing will be shown to be
lower bounded by the low hysteresis threshold Vj,, s, of the
comparator Gla-b, and the maximum voltage V45 achievable
by nodes A and B. The former is dictated by the DLS
comparator Gla-b, whereas the latter is set by the latch G3a-b
with the active load G4a-b. The circuit parameters that
determine these voltages in DLS gates and in the latch with
active load are respectively analyzed in Subsection A and B
below. Interesting properties that were not noticed in the
original papers [3], [5] will be highlighted in the following. The
resulting properties will be then used to analyze the overall
operation of the oscillator in Section III.

A. Dynamic Leakage Suppression (DLS) Logic and Hysteresis
The DLS (or also ULP) logic style was proposed and
demonstrated in [3], [5] to reduce the OFF power well below
the regular transistor leakage (i.e., at zero gate-source voltage),
although at the cost of drastically reduced speed. The schematic
ofa DLS inverter gate is depicted in Fig. 3, where the pull-up

super- Vop
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OFF CURRENT  cytoff.. .. JJOFF CURRENT

MN
Voo I_

Vy""
LOW HIGH
ov)  [RPU OUT (Ve out
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Fig. 3. OFF current circuit analysis in the Dynamic Leakage Suppression
(DLS) inverter gate at a) high and b) low output.

! More precisely, the current delivered by MN (MP) in a falling (rising) output
transition slightly depend on V), through the DIBL effect.

(pull-down) network consists of transistorMPU (MPD) asin a
standard CMOS inverter gate. In general, the DLS pull-up and
pull-down networks in any cell are the same as standard CMOS
cells. As amajor difference, DLS logic gates include an NMOS
header transistor MN and a PMOS footer MP, whose gate
terminal is driven by the cell output, thus creating a feedback
loop.

In regard to the OFF current drawn by DLS logic gates, Fig.
3a shows that a low input turns off MPD and determines a high
output, which in turn switches off the PMOS footer MP. Since
the drain currents of MPD and MP are the same, the voltage I/,
of their common node settles to a value that is close to Vp, /2
[3], [S]- This translates into a negative gate-source (source-gate)
voltage in MPD (MP) around —V},, /2, and hence operation in
super-cutoff. Dual considerations hold for a high input, which
determines super-cutoffoperation in MN and MPU as shown in
Fig. 3b. This explains why the OFF current of DLS logic gates
is 2-3 orders of magnitude below the regular leakage current
and in the order of 10fA/gate in 180nm CMOS [3].

The ON current I,;¢ of DLS cells is equal to the intrinsic
leakage of the NMOS header (PMOS footer) during an output
rising (falling) transition, i.e. the transistor current at zero gate-
source voltage [3]. Interestingly, this ON current is very small
and nearly supply-independent at first order'. The small ON
current allows slow operation as desired in wake-up oscillators,
thus requiring relatively small additional flying capacitors to
achieve low oscillation frequencies. For example, DLS gate
delays are in the millisecond range in 180nm CMOS, and a sub-
pF load capacitance is sufficient to achieve oscillation gate
delays in the sub-second range, and hence an oscillation
frequency in the Hz range. Also, the nearly supply-independent
ON current allows relatively stable oscillation frequency in
spite of wide Vp, fluctuations, as required by operation with
unregulated supply (see detailed analysis in the next section).

The proposed oscillator architecture also leverages the
hysteretic behavior of DLS gates, which is determined by the
positive feedback loop enabled by the connection of the cell
output to the gate terminal of MP and MN in Figs. 3a-b [3], [5].
Fig. 4a shows that the high-to-low threshold Vj, s ;; in 180nm
CMOS at V,, =400mV is 250mV and expectedly larger than
Vpp /2=200mV. The low-to-high threshold V5, is 70mV,
and hence lower than Vp, /2. As an interesting observation,
both DLS hysteresis thresholds weakly depend on Vp, as can
be seen from the plot of the hysteresis thresholds versus V,, in
Fig. 4b. This is very different from standard CMOS logic gates,
whose logic threshold is in the neighborhoods of V},, /2 [24],
and therefore tracks the supply voltage. From Fig. 4b, the low
hysteresis threshold V5 ; exhibits a minor supply sensitivity
of less than 10mV/V in the 0.3-1.8V supply range. From (A.5)
in Appendix A, V5, is mainly determined by the thermal
voltage V. = kT /q, where k is the Boltzmann constant, T is the
absolute temperature, and q is the electron charge. Hence,
Vprs 1 does not depend on Vj, to a first order.
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B. Analysis of DLS Latch with Active Load

In this section, the DC output voltage of the latch G3a-b
loaded by (4a-b is discussed, as necessary forthe evaluation of
the oscillation frequency in the next section. The latch output
voltage will be shown to be nearly supply-independent thanks
to the presence of the active load G4a-b in Fig. 2, as opposed to
an unloaded DLS cell whose output is at either ground or V.

When ENABLE is asserted in Fig. 2, logic gates G4a-b act
like inverters with short-circuited input/output as shown in Fig.
5, which clamp the outputs 0fG3a-b to non-full swing voltages
(i.e., lower than V,,, and higher than ground). Assuming that
one of the inputs of G3a is low and the otheris high, V,p ; is
set by G3a and G4a in Fig. 5, which can be represented as
equivalent DLS inverter gates as in Fig. 6 (i.e., the NAND pull-
up and pull-down networks are replaced by a single equivalent
transistor).

As detailed in Appendix B, circuit analysis of Fig. 6 shows
that V, ; is set by the gate-source voltages across transistors
MN3a and MPU3a, which in turn depend on the current
difference I, — Iy of the pull-down and pull-up networks of the
active load. In turn, the currents Iy and I, are equivalent to the
ON current delivered by a DLS inverter gate, which is nearly
supply-independent [3], as discussed in the previous subsection
and in Appendix B. The supply voltage independence of V5 ,
is confirmed by the simulation results in Fig. 7, where
transistors are minimum sized. In particular, V,p 5 is about
275mV, and shows a weak sensitivity to the power supply of

v
________________ .
: ! T VagH
P L e
: DLS : -
: ENABLE Gda :
I, 1

Active Load

v
| T Vas,L
i Vbp 2

ENABLE G4b

Active Load
Fig. 5. Equivalent gate-level description of the circuit from Fig. 2 for the
evaluation of the output voltage ofthe DLS latch G3a-b loaded by G4a-b.
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Fig. 6. Transistor-levelequivalent circuit of Fig. 5 for the evaluation of V5 ;.

60mV/V for V,, widely ranging from 0.3V to the nominal
voltage 1.8V. By similar considerations, the low latch output
V5 1 under the active load Gda-b is about 32mV and nearly
independent of V. In the next section, the above properties
will be shown to be essential for the supply voltage
independence of the oscillator frequency.

II. CIRCUIT ANALYSIS OF THE PROPOSED OSCILLATOR AND
SUPPLY SENSITIVITY

In this section, the operation of the proposed oscillator is
described in Subsection A, based on the properties of building

z

>

T

201

~ 0.
Ofn--u ------ Kmommmmm—- K-=om=- emmoma- x vAB,L
03 06 09 12 15 1.8

Voo [V]

Fig. 7. Output voltage levels V5, and V,5, of the latch G3a-b loaded by
G4a-b in Fig. 2.
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capacitor C maintains same voltage during the transition

Fig. 8. Operation of the proposed oscillator and related waveforms showing how the oscillation period is formed.

blocks in the previous section. The supply independence of the
oscillation frequency is then discussed in Subsection B.

A. Relaxation Oscillator Operation

When ENABLE is de-asserted in Fig. 2, the circuit is reset
since the nodes A, B, Q and Q signals (via G2a-b and G3a-b
gates)are constantly set at the low logic level. When ENABLE
is asserted, latches G2a-b and G3a-b are driven to the hold state,
and hence set @ high (Q low) or low (high) depending on the
relative delay through the paths going from A to Q (B to Q), as
dictated by random variations. In either case, the oscillation is
initiated as depicted in Fig. 8, starting either from the first or the
second half-period. In particular, let us assume that the output
Q (Q) in Fig. 2 is high (low) at the reference time #o,as depicted
in Fig. 8 At t=t,, v, is accordingly set to the supply-
independent voltage V, ,; by logic gates G3a-b, thanks to the
effect of the active load G4a-b discussed in Section IIB. V,p y
in Fig. 8 is about200mV from the considerations at the end of
Appendix B. Atthe same time, vy is setto Viax > Vjp y from
the end of the previous period, as it will be discussed later on.
Being both v, and vy higher than the low hysteresis threshold
Vpis 1 0fGla-b, the outputs of Gla-b are therefore both low and
force the latch G2a-b in the hold state. Since the output Q (Q)
of G3a-b is opposite to the input of G3a (G3b) due to the
inverting behavior of the NAND-based latch, the output of G2a
is low and hence drives the oscillator output at the low level.

After t = t,, vp is pulled down by the output of G3b, which
draws a nearly supply-independent current I, ¢, as discussed in
Section II. Such constant current slowly discharges C with a
nearly-constant slope dvg/dt = —Ip,s/C, until vy crosses the
low hysteresis threshold Vs, of Glb at t = t;. At this pomt
of time, the voltage across the capacitor C is v, = v, — vg =
Vap n — Vprs .- Right after t = ¢, the input of GIb determines
its output rising transition, which in turn triggers a falling

transition at the output of G2b, and a rising transition at the
output of G3b, thus raising v to V5 yat t = t,.Since capacitor
C maintains the same voltage during the transitions, v, is raised
at Vmax =Vapu + V¢ =Vapu + (VAB,H - VDLS,L) > Vag
which is 330mV from Fig. 8. This makes the current delivered
by the active load (4a nearly zero, as it induces operation in
super-cutoff in its pull-up network like any other DLS gate, as
discussed in Section II. Interestingly, V45 is above the DC
high outputlevel V,p ;, of G3a-b, in a fashion that is similar to
the behavior of self-oscillating charge pumps [27].
Correspondingly, Q starts being pulled low by G3a, due to the
inverting nature of Gla, the NOR-based latch G2a-b and the
NAND-based latch G3a-b. Overall, the above sequence from ¢
to t, defines the first half oscillation period.

After t = t,, Q is low, Q is high, and the oscillator output is
high, as opposed to the initial circuit state. The same qualitative
behavior described above is expectedly observed due to the
circuit symmetry in Fig. 2, by simply swapping Q and Q, v, and
vg. At the end of the second half period at t = t5 in Fig. 8, v,
drops to the extent that it crosses again the low hysteresis
threshold Vp, s ; of the comparator Gla-b. Subsequently, node
B is pulled up to V45 as discussed above, thus reinstating the
nitial conditions that were assumed at the beginning of the
section. Such second half period is again defined by the
discharge of capacitor € from V4 down to V5 ;, through the
current I, ¢ delivered by the latch G3a-b. In other words, the
second half period has the same duration as the first half, and
depends on the low hysteresis threshold V5 ;, of Gla-b, while
it is independent of Vj;¢ 4. Then, periodic oscillation is
observed once the initial conditions at ¢, are restored.

Interestingly, although the circuit symmetry would suggest
fully differential operation, the waveforms in Fig. 8 clearly
show that this is not the case. In other words, the signal pair Q
and Q (and any other pair of symmetric signals) is not
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associated with voltages thatare opposite with respect to some
common-mode voltage.

The next subsection focuses on the supply voltage
independence of the oscillation frequency, leveraging the
supply independence of V5 ;, and V,p .

B. Analytical Expression of the Oscillator Frequency and
Power Supply Sensitivity

Based on the above analysis, the relaxation oscillator has a
duty cycle of 50%. The half period is equal to the fall time t; —
ty of vg (or vy) from Vy 4 to Vs 1, plus the internal transition
time t, —t;. Since v, = V,p 4 is nearly constant during the
falling transition of vy from Fig. 8, the slope ofthe voltage drop
in vg is equal to the slope of the voltage v,. The latter is due to
the discharge of C at constant current I, 5, so thatthe slope of
Ve is Ip g /C. Neglecting the small transition time t, — t; (less
than 4% of the period), the oscillation period is expressed as

T=2 i(VMAX - VDLS,L) = 4&(‘/,43,11 - VDLS,L)' )]
From (1), the oscillator supply independenceis enabled by the
weak supply dependence of the voltage swing (VAB,H - DLS,L)

across the capacitor setting the period, and of the current
delivered by DLS gates. The supply independence ofthe former
is enabled by the interesting observation that the low DLS
hysteresis threshold is nearly independent of V), , like the high
output voltage of DLS gates loaded by the active load G4a-b.

In regard to the temperature dependence of (1), the main
contribution is due to the ;s current, being the simulated
thermal drift of V5 y — Vp15, 142X lower than the former.
Regarding the supply dependence of'the current drawn by the
oscillator, the latter is dominated by the sub-threshold leakage
current, which is again relatively insensitiveto V,, [3], [5] (the
weak dependence on V,,, is determined by the DIBL effect).
More specifically, the supply sensitivity of I, ¢ was found to be
30%/V, whereas the sensitivity of Vg y — Vp 5, is 22%/V.
Since both Ip; s and V5 y — Vp, 5, increase with the supply,
their individual supply sensitivity is in part compensated in the
period expression (1), which depends on theirratio. This is very
different from other relaxation oscillators based on standard
CMOS logic or analog circuitry, whose consumption typically
has astrong dependence on the supply voltage. Indeed, standard
CMOS logic gates draw a power that changes by several orders
of magnitude when V,,, is increased from low voltages (e.g.,
near- or sub-threshold) to nominal voltage. Similarly, analog
circuits (e.g., amplifiers, comparators) require the key
transistors operate in a narrow range around their nominal bias
point, which in turn tightly constraints the range of allowed
voltages [6]-[13].

oscillator

Fig. 9. Micrograph ofthe testchip implementing the proposed oscillator.
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Fig. 10. Measured oscillation frequency vs Vj,, at room temperature
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The proposed oscillator exhibits the unprecedented ability to
operate without voltage regulation, being capable to maintain
nearly the same oscillation period and consumption across a
wide supply range, from sub-threshold to nominal voltage.

IV. TESTCHIP DESIGN AND MEASUREMENT RESULTS

The proposed relaxation oscillator was demonstrated through
a 180nm testchip, whose micrograph is shown in Fig. 9. The
testchip was designed with an automated digital design flow,
after creating a standard cell library of DLS gates with
minimum  size. A Metal-Oxide-Metal (MOM) on-chip
capacitor C of 5S00fF was also instantiated.

The circuit occupies a silicon area of 1,600 um?, which is the
second smallest among [6]-[13]. Fig. 10 shows the frequency
measured over five dice at nominal temperature (25°C) and
supply of 0.4V, when averaged over three hours (i.e., 43,200
periods). The resulting oscillation frequency ranges from
3.36Hz to 4.28Hz, and has an average of 3.87Hz. From Table
I, the sensitivity to process variations is the lowest reported,
with a variability 0£8.9%, which is slightly betterthan [11], and
1.9-3.1X better than [6], [12].

As expected from the considerations in Section IIL.B, the
oscillation frequency is relatively independent of V,,, as
quantified by the 10%/V voltage sensitivity. This translates into
a frequency change of percentage points when V},, typically
fluctuates by a few hundreds of mVs, and 10% change when
Vpp widely fluctuates from sub-threshold to nominal voltage.

The measured current drawn from the 0.4-V supply ranges
from 7.3pA to 9.5pA over five dice, correspondingto a power
consumption ranging from 2.9pW to 3.7pW, with an average of
3.32pW. The current drawn by the proposed oscillator shows a
weak dependence on V}p, as it remains below 20pA over the
entire 0.3-1.8V voltage range, as shown in Fig. 11. The
resulting supply sensitivity of the current drawn by the
oscillator is 8pA/V.

The same dice were also characterized versus temperature at
the same 0.4V supply, as shown in Fig. 12. Not being
temperature-compensated, the frequency shows amean thermal
drift of 4%/°C from -20°C to 40°C. This is comparable to the
uncompensated oscillator in [10], and expectedly higher than
temperature-compensated oscillators [8]-[9], [12]-[13]. Like
prior uncompensated oscillators [10]-[11], the thermal drift is
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acceptable for the targeted applications with naturally limited
temperature fluctuations (see Introduction).

The long-term stability of the proposed oscillator was tested
by measuring the Allan deviation of the frequency versus the
observation time, as plotted in Fig. 13. From this figure, the
Allan deviation reaches a minimum of about 1073 at
approximately one-hour observation time. This time period is
relevant to the targeted range of applications, and is the same
order of magnitude of other ultra-low power relaxation
oscillators [11]-[13]. The histogram of the oscillation frequency
over 3-hour time (i.e., 43,200 periods) is also reported in Fig.
14. The resulting standard deviation of the frequency drift is
14mHz, which amounts to 0.39% ofthe time-averaged period.

Table Il compares the proposed oscillator with recent prior
art in low-frequency wake-up relaxation oscillators for heavily-
duty cycled sensor nodes. From this table, the proposed
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oscillator exhibits the lowest operating voltage of 0.3V, and the
widest supply voltage range from 0.3V to 1.8V, which is 15-
37.5X wider compared with [6]- [8], [11], [12]. The voltage
range of the proposed oscillator includes sub-threshold and
near-threshold operation, as opposed to other oscillators,
including [13] that adopts /O devices to widen the voltage
range. Compared to [9], the proposed oscillator reduces the
minimum operating voltage from 1.2V down to 0.3V. In spite
of the absence of voltage regulation, the supply sensitivity of
the oscillation frequency is still significantly smaller (i.e., by
5X or more) than voltage-regulated oscillators in [6], [7], [8],
[10], [11].The supply sensitivity of the oscillation frequency is
the second lowest after [9] . The ability to retain nearly the same
frequency and low power consumption across a wide range of
Vpp enables operation underan unregulated supply. To the best
of the authors’ knowledge, the proposed oscillator is the only
one that is able to operate from sub-threshold to nominal
voltage.

The oscillator in this work shows the lowest power
consumption of 3.3pW at 0.4V supply, which is about 25%
lower than the best competitor [10], and 13-1,700X lower than
others [6]-[9], [11]-[13]. The actual power advantage over [6]-
[11] is substantially larger, when the quiescent power of the on-
chip voltage regulator is fairly taken into account (see Table II).

V. CONCLUSION

A pW-power, Hzrange, digital relaxation wake-up oscillator
has been presented in this paper. The oscillator is based on a
non-fully differential architecture and leverages a few
interesting observations on the adopted DLS logic style [3], [5].
First, the current delivered to the load by such logic gates is very
small (pA range), thus allowing Hz-range operation with small
on-chip capacitors, Second, this current is rather insensitive to
the supply, along with the low hysteresis threshold ofsuch logic
gates. Third, the high output voltage of DLS gates with active
load is also supply voltage-independent. Fourth, the static
current drawn by the adopted logic style, and hence the
oscillator power, is also voltage-independent. The supply
voltage independence of supply current and frequency allow the
suppression of the voltage regulator, whose power typically
overwhelms the consumption of the oscillator.
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TABLE III. COMPARISON T ABLE OF STATE-OF-THE-ART WAKE-UP RELAXATION OSCILLATORS (BEST PERFORMANCE IN BOLD)
[6] Lin [7] Lin [8] Lee [9] Jeong [10] Nadeau | [11] Wang | [12] Wang | [13]Lim This work
CICCO07 ISSCC09 JSSC13 JSSC15 JSSC16 JSSC16 ESSCIRC17 VLSI18
Technology [nm] 130 130 130 180 180 65 65 55 180
. L gate program gate program & capacitor . ring digital with
Oscillator principle leakage & hold leakage RC hold discharge relaxation oscillator DLS
Supply voltage [V] 0.45 0.6 0.7 1.2 0.6 0.5 0.6 1.2 0.4
Power [pW] 120 150 660 5,800 42 44 .4 1242 224" 3.32
Energy efficiency [pJ/Cycle] 1,333 13.5 1,784 527.2 0.23 15.86 13.3 2.49 0.83
Frequency [Hz] 0.09 11.11 0.37 11 18 2.8 9.3 90 4
Frequency spread (o/p) 28% N/A N/A N/A N/A 11.8% 17.2% N/A 8.9%
Voltage range [V] 0.4100.5 0‘05565“’ 06510075 | 1.2t02.2 N/A 04810052 | 0.6to1.1 | 1.1to3.3 | 03t01.8
Supply sensitivity [%/V] 150 60 420 1 50 160 1.6 0.93 10
Temperature range [°C] 0 to 80 0to 90 -20 to 60 -10 to 90 -30 to 60 -40 to 60 -40 to 120 -5t0 95 -20 to 40
Thermal drift [ppm/°C] 1,600 490 31 45 20,000 1,260 999.9 260 42,000
Frequency shift for 10%
supply voltage, 5°C 7.55% 3.85% 29.42% 0.14% 24.40% 8.63% 0.6% 0.24% 21%
temperature change
Area (ym”) 480 19,000 15,300 240,000 N/A 25,500 9,100 57,000 1,600
Area” (10°-F?) 28.4 1124.3 905.3 7407.4 N/A 6,035.5 2,153 18,840 49.4
. o multi-point no no 3-point no
Offline calibration N/A N/A calibr. N/A N/A calibration calibration calibr. calibration
Additional voltageregublor /1 ypq ) No | vES/NO | YES/YES | YES/YES | YES/YES | YES/NO | YESYES | YESYES | NO /NO
current reference required
Allan deviation floor [ppm] N/A N/A N/A <60 N/A <550 <220 <500 <1,000

F = minimum feature size of the process

o Lo
measured power consumption includes the regulator and reference power

A 180nm testchip of the proposed oscillators occupies
1,600um?, and operates at the lowest reported power supply
voltage of 0.3V, and over the widest power supply voltage
range from 0.3V to 1.8V. Quantitatively, the supply sensitivity
of the output frequency is 10%/V, and the sensitivity of the

N-well-substrate
junction

VDD

MN

Vin=VpLs,L O

Fig. 15. Schematic ofa DLSinverter correspondence ofthe high-to-low input
transition considered in the evaluation of the low switching threshold

current absorption is 8pA/V. The thermal drift of the frequency
shows amean thermal drift of 4%/°C, which is comparable with
other oscillations without thermal compensation.

The power consumption is 1.25-1,700X lower than the recent
state of the art [11]-[13], and such power advantage further
increases when fairly accounting the typical consumption

associated with voltage regulation [6]-[11]. Thanks to these
properties, the proposed oscillator is well suited for direct
powering from low-voltage and/or highly-variable energy
sources such as energy harvesters and batteries across their
entire discharge cycle. To the best of the authors’ knowledge,
the proposed oscillator is the only one that is able to operate
from sub-threshold to nominal voltage.

APPENDIX A. EVALUATION OF V, ¢ |

The lower hysteresis threshold voltage Vs, for a DLS
inverter can be estimated with the aid of the circuit in Fig. 15
where all transistors operate in the sub-threshold region, and
their NMOS drain current is hence expressed as [25]

Ygs UDs
ip=1I,e"r (1 —e "VT)

where the sub-threshold slope factor #» and the current I are
assumed equal for all the devices, and V; = kT/q is the
thermal voltage. As usual, the PMOS current is obtained by
replacing vgg by vgg, and vyg by vgp. Assuming that the input
voltage V} is initially high, KCL atnode Y yields

(A.D)

VsemMPU ; VesmMN
DLL
e Wr 4+===¢ "Wr (A2)

Ip
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where the leakage current I,;; in Fig. 15 is associated with the
reverse-biased n-well to substrate pn junction in MPU.

Expressing Vs ypy»> Vsgmy in terms of V, and V,, (A.2)
leads to

Vy=Vin ; Yy Vin vy
e nVr (1 +%e nr >= e,  (A.3)
0
which leads to
Vy=V
yooVin vy o
= og|{1l+ e . (A.4)
2 2 I

Defining the DLS hysteresis threshold V¢, as the input
voltage at which the source-gate voltage of MPU is zero as in
[5], (A.4) leads to

Vasi, .. = nVy log (1 +25L). (A5)
0

which is about 3V, =75mV at room temperature, which agrees

well with the simulated value of 70mV. Being Ij;; and I,

weakly dependent on V,p,, Vpgp is also nearly supply

independent, as was observed in Fig. 4.

APPENDIX B. EVALUATION OF V5 4

The voltage V, ;; associated with the high output level of the
G3a gate loaded by the active load 4a can be evaluated with
the aid of the circuit in Fig. 6, when the input voltage is low and
the leakage through capacitor C in Fig. 2 is neglected. Due to
the short-circuited input/output connection of Gd4a, MN4a
(MP4a) operates in the sub-threshold region with v;g yyse < 0
(Vsg mpaa < 0), and sets the current flowing through the diode-
connected transistor MPU4a (MPD4a).

Under the same assumptions in Appendix A, G4a-b act as an
active load delivering a current i; that depends on vy, as in

_Your _VYpp=vour
iL=IP(1—e VT)—IN<1—e vr )

YSG,MP4a YGSMN4a
where I, =Ige ™T [y =1I,e ™T . Let usalso assune

that v, is not very close to either ground or V;,, due to the
presence ofthe active load, differing from them by at least three
thermal voltages as in (B.2)
Ve <voyr < Vpop — 3V;. (B.2)
Under this assumption, the exponential terms in (B.1) are
negligible compared to one, thus i, is approximately equal to
Ip — Iy. Hence, i; depends only on the size of MN4a and MP4a,
and is independent of V.
Applying KVL to the output of the circuit in Fig. 6, V,p , is
equal to Vgsmnza + Vsg mpuse- In tum, Vigpyys, and

B.D

Vs mpusq are obtained by inverting (A.1) for MN3a and
MPU3a transistors, which results to

Vs unza = nVr lOg;‘i: (B.3)
iL

i (B.4)

Ip[l—(;(l)‘) ]

which are both independent of the supply voltage at the first

order. Indeed, V;, i, and I, are all supply-independent at first
order in (B.3) and (B .4). Asaconsequence, V5 , results to

Vs pusa = nVr log

(B.5)

i\ 1
Vap .y = nVp (lOQ (i) 1_(;]‘)11),
0
which numerically results to approximately 275mV at 04V,
and is supply-independent at first order according to Fig. 7.
From Fig. 8, V5 ; is actually slightly above 200mV (ie., 25%

less than (B.5)), since the capacitor leakage is not completely
negligible compared to the very small super-cutoff current of
MN4a, MPU4a, MPD4a, MP4a in Fig. 6. However, this does
not affect the above conclusions at first order, being the
capacitor leakage set by the voltage across it, and not V.

ACKNOWLEDGEMENT

The authors would like to thank TSMC for chip fabrication, and
acknowledge the support by the Singapore Ministry of
Education grant MOE2014-T2-2-158, and the FEuropean
Commission grant H2020-MSCA-IF-GF ULPIoT 703988. We
thank the Green IC group members for technical discussion.

REFERENCES

[1] M. Alioto (Ed.), Enabling the Internet of Things: From Integrated
Circuits to Integrated Systems, Springer, 2017.

[2] O. Aiello, P. Crovetti, M. Alioto, “ A Sub-Leakage pW-Power Hz-Range
Relaxation Oscillator Operating with 0.3V-1.8V Unregulated Supply,”in
Proc. IEEE Symp. VLSI Circuits, Honolulu (USA), 2018.

[3] W.Lim, I. Lee, D. Sylvester, D. Blaauw, “Batteryless sub-nW Cortex-
MO+ processor with dynamic leakage-suppression logic,” IEEE Int. Solid-
State Circuits Conf. (ISSCC) Dig. Tech. Papers, pp. 1-3, Feb. 2015.

[4] Y.Lee, etal,“Amodular ] mm"® die-stacked sensing platform with low
power 12C inter-die communication and multi-modal energy harvesting,”
IEEE J. Solid-State Circuits, vol. 48, no. 1, pp. 229-243, Jan. 2013.

[5] D.Bol,R. Ambroise,D. Flandre,J. D. Legat, “Building Ultra-Low-Power
Low-Frequency Digital Circuits with High-Speed Devices,” in Proc. of
ICECS 2007, pp. 1404-1407, Marrakech (Morocco), Dec. 2007.

[6] Y.-S. Lin, D. Sylvester, D. Blaauw, “A Sub-pW Timer Using Gate
Leakage for Ultra Low-Power sub-Hz Monitoring Systems”, in Proc. of
CICC, pp. 397-400, 2007.

[7]1 Y.S. Lin, D. M. Sylvester, D. T. Blaauw, “A 150 pW program -and-hold
timer for ultra-low-power sensor platforms”, /EEE Int. Solid-State
Circuits Conf. (ISSCC) Dig. Tech. Papers, pp. 326-327, 2009.

[8] Y. Lee, B. Giridhar, Z. Foo, D. Sylvester, D. B. Blaauw, “A sub-nW
multi-stage temperature compensated timer for ultra-low-power sensor
nodes”, IEEE Journal of Solid-State Circuits, vol. 48, no. 10, pp. 2511-
2521, Oct. 2013.

[9]1 S. Jeong, I. Lee, D. Blaauw, D. Sylvester, “A 5.8 nW CMOS W ake-Up
Timer for Ultra-Low-Power Wireless Applications,” /EEE Journal of
Solid-State Circuits, vol. 50, no. 8, pp. 1754-1763, Aug. 2015.

[10] P. M. Nadeau, A. Paidimarri, A. P. Chandrakasan, “Ultra Low-Energy
Relaxation Oscillator With 230 fJ/cycle Efficiency,” IEEE Journal of
Solid-State Circuits, vol. 51, no. 4, pp. 789-799, April 2016.

[11] H. Wang, P. P. Mercier, “A Reference-Free Capacitive-Discharging
Oscillator Architecture Consuming 44.4pW/75.6nW at 2.8 Hz/6 4 kHz,"
IEEFE Journal of Solid-State Circuiyd, vol.51,n0.6, pp. 1423-1435, June
2016.

[12] H. Wang, P. P. Mercier, “A 1.6%/V 124.2 pW 9.3 Hz Relaxation
Oscillator Featuring a 49.7 pW Voltage and Current Reference
Generator,” in Proc. of ESSCIRC, pp.99-102, Leuven (Belgium), 2017.

[13] J. Lim, T. Jang, M. Saligane, M. Yasuda, S. Miyoshi, M. Kawaminami,
D. Blaauw, D. Sylvester, “A 224 pW 260 ppm/°C Gate-Leakage-based
Timer for Ultra-Low Power Sensor Nodes with Second-Order
Temperature Dependency Cancellation,” in Proc. IEEE Symp. VLSI
Circuits, Honolulu (USA), 2018.

[14] X. Liu, E. Sanchez-Sinencio, “ A 0.45-to-3V reconfigurable charge pump
energy harvester with two-dimensional MPPT for Internet of T hings”
IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers, pp. 1-3, 2015.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 10

[15] LTC3107 Ultralow voltage energy harvester and primary battery life
extender, Linear Technologies Corp., 2013

[16] UR18650A Lithium-Ion Battery, Sanyo Energy USA Corp., 2012.

[17] Energizer E91, Energizer LLC., 2017.

[18] S.Y.Peng, L. H. Liu, P.K. Chang, T. Y. Wang, H. Y. Li, “A Power-
Efficient Reconfigurable Output-Capacitor-Less Low-Drop-Out
Regulator for Low-Power Analog Sensing Front-End,” /EEE Trans. on
CAS — part I, vol. 64, no. 6, pp. 1318-1327, June 2017.

[19] Y.Li, X. Zhang, Z. Zhang, Y. Lian, “A 0.45-to-1.2-V Fully Digital Low-
Dropout Voltage Regulator With Fast-Transient Controller for
Near/Subthreshold Circuits,” in /EEE Trans. on Power Electr.,vol. 31,
no. 9, pp. 6341-6350, Sept. 2016.

[20] S. Carreon-Bautista, L. Huang, E. Sanchez-Sinencio, “An Autonomous
Energy Harvesting Power Management Unit With Digital Regulation for
10T Applications,” IEEE Journal of Solid-State Circuits, vol. 51, no. 6,
pp. 1457-1474, June 2016.

[21] S. Bandyopadhyay, P. P. Mercier, A. C. Lysaght, K. M. Stankovic and
A.P.Chandrakasan,"A 1.1 nW Energy-Harvesting System with 544 pW
Quiescent Power for Next-Generation Implants," IEEE Journal of Solid-
State Circuits, vol. 49, no. 12, pp. 2812-2824, Dec. 2014.

[22] TPS6273x Programmable Output Voltage Ultra-Low Power Buck
Converter With Up to 50 mA / 200 mA Output Current, 2017, Texas
Instruments Incorporated, 2017.

[23] L. Lin, S. Jain, M. Alioto, “A 595pW 14pl/cycle Microcontroller with
Dual-mode Standard Cells and Self-startup for Battery-Indifferent
Distributed Sensing,” in I[EEE Int. Solid-State Circuits Conf. (ISSCC) Dig.
Tech. Papers, Feb. 2018, pp. 44-45.

[24] N. Weste, D.Harris, CMOS VLSI Design (4th edition), Pearson Education
2011.

[25] M. Alioto, “Ultra-Low Power VLSI Circuit Design Demystified and
Explained: A Tutorial,” IEEE Trans. on Circuits and Systems — part |
(invited), vol. 59, no. 1, pp. 3-29, Jan. 2012.

[26] A. Paidimarri, A. P. Chandrakasan, “A Wide Dynamic Range Buck
Converter With Sub-nW Quiescent Power,” IEEE Journal of Solid-State
Circuits, vol. 52, no. 12, pp. 3119-3131, Dec. 2017.

[27] W. Jung et al.," An Ultra-Low P ower Fully Integrated Energy Harvester
Based on Self-Oscillating Switched-Capacitor Voltage Doubler," IEEE
Journal of Solid-State Circuits, vol. 49, no. 12, pp. 2800-28 11, Dec. 2014.

Orazio Aiello (S06—M'15) received the B.Sc degree in
Electronic Engineering and the M.Sc degree in
Microelectronic Engineering from the University of
Catania in 2005 and 2008, respectively (both cum laude).
In 2013, he received the PhD degree from Politecnico di
Torino. In 2008-2009, he worked at the EMC
Competence Center of the Istituto Superiore Mario
Boella (Turin, Italy). In 2012, he was Visiting PhD
Student at Monash University. In2013 he was part of a joint project with FIAT-
Chrysler Automobiles, in 2014 he joined NXP Semiconductors as Mixed Signal
IC Designer and EMC expert. In 2015-2016 he was Visiting Fellow at the
University of Sydney and University of New South Wales. Since 2015 he has
collaborated with the Green IC group at National University of Singapore where
he isnowa Marie Sktodowska-Curie Individual and Global Fellow (MSCA-IF-
GF). His main research interests include the design for reliability of System
Basis Chip front-ends in harsh environments, energy-efficient circuit design
and mostly-digital sensor interfaces. He is currently leading the ULPIoT
project, funded by the European Commission.

-1 i~

Paolo Crovetti (S’00-M’04) was born in Torino, Italy, in
1976. He received the Laurea (summa cum laude) and
Ph.D. degrees in Electronic Engineering from the
Politecnico di Torino in 2000 and 2003, respectively.
Currently he is with the Department of Electronics and
T elecommunications (DET) of the Politecnico di Torino,
Italy, where he works as an Associate Professor. His
main research interests are in the fields ofanalog, mixed-
signal and power integrated circuits. His recent research activities are focused
on non-conventional information processing techniques allowing the fully
digital implementations of analog functions and on ultra-lowpower IC design
for IoT applications. He is co-author of more than 50 papers appearing in
journals and international conference proceedings. He is serving as a regular
reviewer for several IEEE journals and in 2015 he has joined the Editorial Board
of IET Electronics Letters first as an Associate Editor and then, in 2016, as a
Subject Editor in the area of Circuits and Systems.

Longyang Lin (M’ 16) received his dual Bachelor's Degrees
from Shenzhen University and Umea University in 2011
and Master's Degree from Lund University in 2013.
Currently he is a PhD student in National University of
Singapore. His research interests include design of ultra-
low power circuits and systems.

Massimo Alioto (M’01-SM’07-F’16)received the Laurea
(MSc) degree in Electronics Engineering and the Ph.D.
degree in Electrical Engineering from the University of
Catania (Italy) in 1997 and 2001, respectively. He is with
. ] the ECE Department, National University of Singapore
‘ ? where he leads the Green IC group and is the Director of
& the Integrated Circuits and Embedded Systems area.
Previously, he held positions at the University of Siena, Intel Labs, University
of Michigan Ann Arbor, University of California, Berkeley, and EPFL.
He has authored or co-authored morethan 250 publications. One of them is
the second most downloaded TCAS-I paper in 2013. He is co-author of three
books, including Enabling the Internet of Things - from Circuits to Systems
(Springer, 2017). His primary research interests include self-powered wireless
integrated systems, near-threshold circuits, widely energy-scalable systems,
data-driven integrated systems, hardware-level security, among the others.
He is the Editor in Chief of the IEEE Transactions on VLSI Systems, and
Deputy Editorin Chief of the IEEE Journal on Emerging and Selected T opics
in Circuits and Systems. He is/was Distinguished Lecturer, and member of the
Board of Governors ofthe CASS Society, and Chairof the “VLSI Systems and
Applications” Technical Committee. He served as Guest Editor of'several [EEE
journal special issues (e.g., TCAS-1, TCAS-II, JETCAS) and as Associate
Editor. He is/was T echnical Program Chair in a number of conferences (e.g,
ISCAS 2022, SOCC, ICECS, NEWCAS), and TPC member (ISSCC, ASSCC).




