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Abstract— In this paper, we present a fully-integrated step-up
converter for energy-harvesting applications able to operate from
supply voltages below 4kT/g = 100 mV. Expressions for the
operation of the main blocks of the topology, the enhanced swing
ring oscillator and the Dickson charge pump operating at ultra-
low-voltages, are derived. A fully-integrated converter design
implemented in a 130 nm CMOS technology confirmed the ultra-
low-voltage operation of the converter, generating a DC output of
1V at a current consumption of 1 pA from an input voltage of 86
mV.
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L. INTRODUCTION

Motivated by energy harvesting applications, the search for
boost converters with the ability to operate from ultra-low-
voltages (ULV) has never been more intense. Power sources
such as solar cells in dark environments, wearable
thermoelectric generators and implantable glucose fuel cells
[1], which usually generate less than 100 mV, have been
presented as important alternatives to power the electronics of
modern sensor networks and biomedical applications.
However, due to the ultra-low voltages generated by these
energy harvesters, the use of a boost converter is mandatory to
provide a supply voltage of the order of 1 V, as commonly
required in the current electronics sector.

Nevertheless, independently of the step-up converter
topology, inductive boost or charge pump, an oscillatory signal
is needed in order to control the energy transfer between
energy storage devices. However, the generation of oscillations
from extremely low voltage energy harvesters represents a
‘bottleneck’ in the design of ULV converters. Despite the fact
that in the last few years some topologies have addressed this
subject using either mechanical switches or external devices
such as inductors or transformers [2-5], obtaining a fully-
integrated solution remains an unsolved problem.

In this paper, we present a fully-integrated converter that
operates with very low supply voltages. The converter is
suitable for starting up boost converters or directly driving
microwatts loads.
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Fig. 1. Proposed topology to boost extremely low voltages.

Using zero-threshold-voltage (zero-VT) transistors, we
designed an enhanced swing ring oscillator (ESRO), which can
generate oscillations even when powered with voltages below
100 mV. This oscillator, besides providing the AC signal
required for the operation of a ULV charge pump (next stage of
the topology), boosts the peak-to-peak voltage at its output,
increasing the converter output voltage. A model of the ULV
charge pump (Dickson converter), taking into account the
diode parameters and the load specifications, was developed
and is described herein. In order to boost DC levels as low as
100 mV in a fully-integrated version, we designed an eleven-
stage Dickson converter built with zero-VT transistors
available in a standard CMOS process.

The step-up converter architecture proposed in this paper is
presented in Fig. 1. As can be seen in the figure, the oscillator
and the converter are powered from the same source.

This paper is organized as follows. In Sections II and III we
present the analysis of the ULV oscillator and the modeling of
the ULV Dickson converter, respectively. The design of a
fully-integrated converter operating down to a supply voltage
of 86 mV, along with experimental results, is reported in
Section IV. Section V provides a comparison with recent work,
and Section VI concludes the paper.

II.  THE ENHANCED SWING RING OSCILLATOR (ESRO)

For energy harvesting applications, the oscillator that
provides the AC signal for the boost converter must (i) oscillate
even when powered with very low supply voltages; and (ii)
boost the output magnitude as much as possible in order to
improve the overall converter efficiency. The enhanced swing
ring oscillator (ESRO) [6] complies with both requirements.

The ESRO is a conventional cross-coupled oscillator that
uses a coupling inductor (L,) between stages. It is able to boost
the oscillation amplitude far beyond the supply rails even when
operating with very low supply voltages. Moreover, the two



complementary signals required in the charge pump are
naturally obtained with a two-stage ESRO, as shown in Fig. 2,
where the charge pump converter (next stage of the topology)
is represented as a load indicated by a conductance G,.

The transfer function of a single stage of the ESRO,
according to the model shown in Fig. 3, is
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where g, and g,, represent the MOSFET gate and drain
transconductances, respectively, C is the sum of all
capacitances between the drain node and the ac ground, Ry, is
the series resistance of inductor L,, G, is the parallel
conductance of L, and G, models the output load. The phase

shift @ between V,,, and V;, calculated from (2), is
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For the occurrence of oscillations, the phase shift of the
single stage shown in Fig. 2 is ® [6][6]; thus, the oscillation
frequency w calculated from (3) is
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Finally, the greater-than-unity gain required to start up

oscillations is achieved for
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III. THE ULV CHARGE PUMP ANALYSIS

For ULV operation, the conventional approach involving a
constant diode forward voltage drop for the model of the
Dickson charge pump [7] shown in Fig. 5 is not applicable. To
analyze the Dickson converter down to input voltages of the
order of the thermal voltage kT/q or even less, we introduce a
converter model which includes both the load current and the
more realistic exponential current-voltage characteristic of the
diode.

For the N-stage Dickson converter, assuming steady-state
operation as in [8], [9] and, for the sake of simplicity, a square
signal V¢, the voltage waveform V), of each diode of the
circuit is shown in Fig. 4, where Vd is the diode forward
voltage drop, and Vp is the peak voltage of V.

Stage 1 Stage 2

Fig. 2. Schematic diagram of the two-stage enhanced swing ring oscillator
(ESRO) with the output load modeled as a conductance Go.
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Fig. 3. Simplified small-signal model of a single stage of the ESRO based on
the triode MOSFET small-signal model presented in [6].

As can be seen in Fig. 4, one of the terminals of both the
leftmost and rightmost diodes, D, and Dy, is connected to DC
nodes (V;, and V,,, respectively). The voltage waveforms
across them differ from those across the intermediate diodes.
For this reason, the forward voltage drop will be the same
(Va1=V4y) in the two cases. For the other diodes, the forward

voltage drop will be the same (V=...= Vyy.1). Thus, the DC
output voltage of the converter is
Vou =Vig QN =2V, =2V, = (N =2)V,, ©)

where N is the number of diodes. To calculate the diode
forward voltage drop (V,; and V,;;) we assume, as in [8], that the
I-V characteristic of the diode follows the Shockley model, i.e.,
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ID - I,&'at (e 7 _1) ™
where [, is the saturation current and # is the ideality factor.
The average value of each diode current over a complete cycle

of the oscillating signal is equal to the load current, 7, i.e.,
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For the waveforms Vp; and Vp, (shown in Fig. 4), (8) results,
respectively, in
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Assuming that the capacitors are sufficiently high to keep
the voltages at each node constant over a half-cycle, the
forward voltage drops V,; and V,;, are
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Fig. 4. Dickson charge pump topology.
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From (6) and (10), we can write the converter output as
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Now, assuming that the AC signal is a sinusoid instead of a
square wave, the result in (11) can be written [8] as
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where /,, is the modified Bessel function of the first kind.

IV. EXPERIMENTAL RESULTS

Based on the theoretical analysis provided herein, we
designed and implemented the converter topology shown in
Fig. 5 using a conventional IBM 130 nm technology. The
main design goal was to reduce the minimum operation
voltage of the fully-integrated step-up converter as much as
possible. As shown in Fig. 5, the step-up converter is based on
a two-stage enhanced swing ring oscillator ESRO connected
to a Dickson charge pump.

As regards the oscillator design, the inductors were
designed to achieve a relatively high L,/L, ratio (L, = 18 nH
and L, = 66 nH), in order to reduce the minimum Vpp required
for oscillation. Both inductors have a quality factor Q of
around 8 at 500 MHz, which is close to the maximum value
reached in the technology under consideration.

The W/L ratio of the zero-VT transistors of the oscillator
was determined in order to achieve the required capacitance
for a specified oscillation frequency of around 500 MHz. After
some fine tuning by simulation, we obtained a W/L ratio of
500 pnm/0.42 pm.
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Fig. 5. The step-up converter topology based on a two-stage ESRO
connected to a Dickson charge pump.

Bearing in mind the minimum voltage required to start up
the converter and the design target of V=1 V and I;=1 pA,
we implemented an eleven-stage Dickson charge pump, using
zero-VT transistors connected as diodes. Zero-VT transistors
were used in the charge pump due to their higher saturation
current value in comparison with the standard transistor
available in the same 130 nm technology. With W/L = 4.2
um/0.42 pum, the zero-VT transistor connected as a diode
presents I, = 550 nA against I, = 1.5 nA of the standard
transistor with the same aspect ratio.

The micrograph of the chip fabricated in a 130 nm
technology is shown in Fig. 6. Wide connection metal lines
were used in order to reduce the ohmic losses. In our design
we decided to externally connect the oscillator to the Dickson
charge pump; in this way, we could test the two components
separately.

Considering that a single voltage source was used to supply
the oscillator and the charge pump, the fully-integrated
prototype of Fig. 6 can start up from 73 mV of Vpp at an
operation frequency of around 550 MHz. As shown in Fig. 7,
the target specification of 1V of output voltage and 1 pA of
load current is obtained at V,; = 86 mV, for a power converter
efficiency of around 1%. The relation between the input
voltage (Vpp) and the output power (P,,) in terms of the
output voltage is also shown in Fig. 7.

As can be seen in Fig. 7, even when built with quality-factor
inductors of around 8, the circuit can provide more than 5 pW
at the output for an input voltage of around 108 mV.

V.  DISCUSSION

In recent years, several topologies and techniques have been
proposed in order to start up boost converters with less than
100 mV. However, the solutions so far presented require the
use of external devices such as inductors, transformers,
capacitors, or mechanical switches [2], [3]. However, some
topologies have been proposed considering fully-integrated
solutions to start up ULV converters, such as the use of a
tuned oscillator [4], at the price of post-fabrication trimming.
A comparison between state-of-the-art fully-integrated
approaches and our strategy, as regards the minimum start-up
voltage and some design characteristics, is shown in Table 1.
As can be observed, we present a fully-integrated solution
which, besides starting up at a supply voltage of 73 mV, is
implemented in CMOS standard technologies without the need
for post-layout tuning.



Fully-Integrated Oscillator.

Fig. 6. Chip micrograph of the fully-integrated converter (Fig. 5)
implemented in a 130 nm technology.
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Fig. 7. Experimental relation (measured with the prototype of Fig. 6)
between (a) the supply voltage (V4=V:,) and (b) the output power (P,.), of the

fully integrated converter in terms of the output voltage, for a load current
ranging from 10 nA to 5 pA.

To the best of our knowledge, this is the lowest supply
voltage at room temperature ever reported for a fully-
integrated step-up converter in a conventional CMOS
technology.

I.  CONCLUSIONS

In this paper, we have presented an ultra-low-voltage step-
up converter topology that can operate with supply voltages of
less than 100 mV, even when built with fully-integrated
inductors, with quality factors of the order of 8.
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TABLE L COMPARISON BETWEEN SOME STATE-OF-THE-ART FULLY

INTEGRATED START-UP CONVERTERS.

Ref. Min. Start-up Process Characteristics
start up topology
Post-layout threshold voltage
[4] 80 mV Charge pump 65 nm adjustment
[5] 270 mV | Charge pump | 0.13 um Fully-integrated
[10] 100 mV AC{DC 0.18 um Fully-integrated — simulated
multiplier results
Fully-integrated — simulated
[10] 100 mV Charge pump 0.18 pm results
This 73 mV Charge pumy 0.13 pm Fully-integrated
study £¢ pump Lo Y g

Accurate analysis considering the start-up conditions of the
oscillator and the charge pump output voltage was performed
based on the physical parameters of the diode and the load
current. Experimental results obtained with a fully-integrated
prototype implemented in a 130 nm process verified the
possibility of boosting a voltage level as low as 86 mV to the
voltage levels required by present day electronics.

ACKNOWLEDGMENTS

The authors are grateful to the Brazilian government
agencies CAPES and CNPq for partially funding this work.
CMC Microsystems and ReSMIQ are acknowledged for the
chip fabrication and the support for the conference fees,
respectively.

REFERENCES

[1] B.I. Rapoport, J. T. Kedzierski, and R. Sarpeshkar, “A glucose fuel cell
for implantable brain-machine interfaces,” PLoS One 7, 38436, 2012.

[2] Y. K. Ramadass and A. P. Chandrakasan, “A battery-less thermoelectric
energy harvesting interface circuit with 35 mV startup voltage,” IEEE J.
of Solid-State Circuits, vol.46, no.1, pp. 333-341, January 2011.

[3] P.Im, S. W. Wang, S. T. Ryu, and G. H. Cho, “A 40 mV transformer-
reuse self-startup boost converter with MPPT control for thermoelectric
energy harvesting,” IEEE J. Solid-State Circuits, vol. 47, no. 12, pp.
3055-3067, Dec. 2012.

[4] P. H. Chen, X. Zhang, K. Ishida, Y. Okuma, Y. Ryu, and M. Takamiya,
and T. Sakurai, “An 80 mV startup dual-mode boost converter by
charge-pumped pulse generator and threshold voltage tuned oscillator
with hot carrier injection,” IEEE J. of Solid-State Circuits, vol.47, no.11,
pp. 2554-2562, Nov. 2012.

[51 Y. C. Shih, and B. P. Otis, “An Inductor DC-DC converter for energy
harvesting with 1.2-uW bandgap-referenced output controller,” /EEE
Trans. on Circuits and Syst. I, Exp. Briefs, vol. 58. No.12, pp. 832-836,
Dec. 2011.

[6] M. B. Machado, M. C. Schneider, and C. Galup-Montoro, “On the
minimum supply voltage for MOSFET oscillators,” [EEE Trans.
Circuits Syst. I: Reg. Papers, vol. 62, no. 2, pp. 347 - 357, Feb. 2014.

[7]1 J. F. Dickson, “On-chip high-voltage generation in MNOS integrated
circuits using an improved voltage multiplier technique,” /EEE J. Solid-
State Circuits, vol. SC.-11 no. 3, pp. 374-378, June 1976.

[8] A.J. Cardoso, L. G. de Carli, C. Galup-Montoro, and M. C. Schneider,
“Analysis of the rectifier circuit valid down to its low-voltage limit,”
IEEE Trans. Circuits Syst. I: Reg. Papers, vol. 59, no. 1, pp. 106 - 112,
Jan. 2012.

[9] J. P. Curty , N. Joehl , F. Krummenacher , C. Dehollain and M.
Declercq, “A model for u-power rectifier analysis and design,” IEEE
Trans. Circuits Syst. I, Reg. Papers, vol. 52, no. 12, pp. 2771 -2779,
Dec. 2005.

[10] G. Bassi, L.Colalongo, A. Richelli, Zs. M. Kovacs-Vajna, “100mV-1.2V
fully-integrated DC-DC converters for thermal energy harvesting,” IET
Power  Electronics, vol.6, no.6, pp. 1151-1156, July 20



