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Abstract

This paper presents the analysis and design of a DC/DC boost converter
operating from supply voltages around the thermal voltage (26 mV at room
temperature), for energy harvesting applications. The boost converter de-
scribed herein is aimed at starting up DC/DC converters, but its use can
be extended to a conventional DC/DC converter in which the power conver-
sion efficiency is not of major concern. Firstly, the operation of the Dickson
charge pump for ultra-low voltage is described. Expressions for the output
voltage, power conversion efficiency and input resistance are derived. The
extremely low voltage operation, made feasible through an enhanced-swing
ring oscillator and zero-V'T transistors, is demonstrated via a prototype fab-
ricated in 130 nm CMOS technology. For an input voltage of 17 mV, the
converter delivers an output current of 10 nA at 1 V output and provides a
current of 1 A at a DC output of 1 V from an input voltage of 23 mV.
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1. Introduction

Charge pump converters introduced by Dickson [1] have been employed in
a wide variety of applications, including bias generators for dynamic random
access memory and flash memory, drivers for light emitting diodes and lig-
uid crystal displays, and AC-DC converters that harvest energy from an RF
signal [2]. In the energy scavenging field, the demand for energy autonomy
has driven the search for boost converters able to operate from extremely low
voltages. In vivo monitoring of the activity of human organs (e.g. through
electrocardiograms, electroencephalograms, or intraocular pressure examina-
tions) and the stimulation of human tissue, which generally consume some
dozens of micro-watts [3, 4], could lead to a new class of ultra-low-power
(ULP) and ultra-low-voltage (ULV) energy harvesters.

Solar cells in dark environments [5], wearable thermoelectric generators [6,
7, 8] and implantable glucose fuel cells [9], which typically generate less than
100 mV, are appealing choices to power the electronics of sensor networks
and biomedical appliances. However, given the ULV levels generated by
these energy harvesters, a boost converter is required to power conventional
electronics which, in general, needs supply voltages of around 1 V. In the past
decade, in an attempt to reduce the minimum voltage required to start up
converters, many researchers have presented solutions employing schematics
based on charge pumps or inductive boost converters. A challenge in the
design of converters powered from voltages below 50 mV is the start-up
stage, due to the low efficiency of devices operating at ULV and the need to
generate oscillatory signals from such a low voltage.

In [3], a body sensor node is powered from a supply voltage of 30 mV of
a thermoelectric harvester, but wireless RF power is provided for the kick
start. In [10], a boost converter that uses off-chip inductors starts up at a
minimum voltage of 50 mV . In [11], a 35 mV boost converter is presented;
however, it requires a mechanical switch for the kick start of the converter. A
start-up converter of 80 mV is presented in [12], but it requires a threshold-
voltage-tuned oscillator in order to decrease the minimum start-up voltage.
In recent publications [13, 14, 15], fully integrated solutions with no tuning
processes are proposed, but they operate from around 100 mV .

In order to deal with the conflicting requirements of very low voltage for
the converter start-up and the high power conversion efficiency, the use of a
hybrid configuration composed of two converters, similar to that shown in
Fig. 1, has been widely employed [6, 7, 14, 16, 17, 18, 19]. Reference [6]



reports a thermoelectric energy harvester which starts up from 65 mV. In
[7], an on-chip transformer-based LC oscillator starts up at an open-circuit-
voltage of 160 mV . [14] presents a converter which starts up from 100 mV.
[16] reports a DC-DC converter that operates from a 7 mV supply voltage,
but requires a minimum self-start voltage of 210 mV . In [17], a start-up
converter based on a ring oscillator and a charge pump starts up at 60 mV. In
the converter of [18], an inductor of the start-up Colpitts oscillator is reused
in the main boost converter to minimize the number of off-chip components,
but it starts up from a minimum of 40 mV.

In general, the start-up converter, responsible for the initial operation of
the harvester, is composed of an oscillator and a charge pump. The main
requirement for this block is to start up from a very low voltage, i. e. 50
mV or even less. Power conversion efficiency is not the primary concern for
the start-up block, since it can be turned off after the voltage on capacitor
C has reached the minimum voltage required to operate the high-efficiency
converter. To kick start the circuit at extremely low voltages, a charge pump
has been commonly used.
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Figure 1: Hybrid configuration composed of two voltage converters.

Aiming at the generation of a DC voltage to kick-start boost converters
or directly supply micro-watt loads from extremely low voltages, this paper
presents an analysis of the Dickson charge pump (DCP), which includes the
forward voltage drop across the diodes in terms of the diode parameters, the
number of stages, and the load current. Expressions for the output voltage,
power efficiency and input resistance, valid for ULV operation, are derived.
Using an enhanced swing ring oscillator, together with a DCP, we designed
and tested a prototype built with zero-V'T transistors and high quality factor
inductors, aimed at converting DC input voltages of the order of 20 mV to
1V.



The paper is organized as follows. Section 2 presents the ULV model of
the DCP. The design of the ULV converter prototype is shown in Section
3. Section 4 reports the experimental results for the converter prototype.
Section 5 details the conclusion based on the findings reported in this paper.

2. Analysis of the ULV Dickson charge pump

The analysis of the DCP in reference [1] includes three terms that con-
tribute to the reduction of the output voltage as compared to the ideal case.
These terms are the attenuation of the clock voltage due to the stray capac-
itances, the voltage ripple on the capacitors, and the forward voltage drop
across the diodes. The first two factors are analyzed in [1], but the voltage
drop in the diodes, which is the main degradation factor of the performance
of the DCP at ultra-low voltages, was not deduced. This paper reviews the
analysis of the forward voltage drop across the diodes as a function of the
load current and the diode parameters. We have also expanded the model
of [13] to include the efficiency as well as the input resistance of the DCP .
The analysis herein assumes that all diodes are identical, the ripple voltage
is negligible, and the stray capacitances are much smaller than the coupling
capacitances. In this work, similarly to the rectifier analysis described in
[20], the diode parameters Ig, the saturation current, the ideality factor (n)
and the load current (1) are included to model the DCP down to ultra-low
voltages.

For the N-stage Dickson converter in Fig. 2, one can calculate the steady
state DC output voltage with the following simplifying assumptions: (i)
Vi = —Vge = Vycos; (ii) the capacitors are high enough to preclude
any significant variation in the voltages across them; and (iii) the diodes
are modeled by the Shockley equation, written below.

Ip = Is [exp <nv—;> _ 1} (1)

where ¢, is the thermal voltage (k7'/q) and Vp is the voltage waveform across
the diodes.

2.1. Output voltage

For the sake of completeness, we summarize in this subsection and in
Appendix A the derivation of the output voltage presented in [13]. The
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Figure 2: Schematic showing N-stage Dickson charge pump and voltage drop across the
diodes.

schematic of the Dickson charge pump, along with the voltage waveforms
across the diodes is shown in Fig. 2. The voltage drop across diodes D,
and Dy differs from that across the other diodes, since one of the terminals
of both D; and Dy is connected to DC nodes (Vpp and Vi, respectively).

Noting that Vi = Vyy, while Vg = ... = Vyv-1), the DC output voltage
(V1) is given by
Vi, =Vpp + (N - 1)2VA — 2V — (N - 2)Vd2 (2)

Using the diode forward voltage drop derived in Appendix A, the con-
verter output voltage becomes

IO (Ua) I() (2va)
L+1./1s 1+IL/IJ )

Here, v, = V4/n¢; is the normalized magnitude of the oscillator output
voltage, and Iy(z) is the modified Bessel function of the first kind of order
zero. V), the magnitude of the oscillator output voltage, is a function of the
DC input voltage and the DCP equivalent input impedance (R;;,). Simulation
of the converter in our design indicated that, for Vpp = 24 mV and an 11-
stage DCP, the value of the oscillator amplitude V, is less than 100 mV and
the output voltage is 1 V for a load of 1 uA.

VL=VDD+2n¢tln{ }—F(N—Z)n(btln[



Expression (3), which is graphically shown in Fig. 3 for the particular case
of V4= 80 mV, is an important tool for the design of charge pumps operating
from low voltages. For a given value of v, one can find a combination of
the number of stages and the saturation current that satisfies the design
specifications (V, and I,).
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Figure 3: Calculated (solid line) and simulated (symbols) output voltage normalized to
thermal voltage (V1 /ng:) vs. load current normalized to the saturation current (I,/Ig),
for N ranging from 3 to 11, Vpp = 30 mV, V4 = 80 mV, and n¢; = 27.1 mV.

For v, > 3, Iy(v,) can be approximated by exp(v,)/v/2mv, with an error
below 5 % [21] and Eq. (3) reduces to

+n¢In2  (4)

22V, I
VL=VDD—|—2(N—1)VA—Nn¢t1n mera (1+—L>
no; Is

For the example of Fig. 3, Eq. (4) presents an error of 2 % when compared
to Eq. (3), which is affordable considering its simplicity.

2.2. Power conversion efficiency

The power conversion efficiency (PCE) of the DCP is PCE = P,/ P,
where Py, is the output power plus the power dissipated in the diodes.



Using the power loss in the diodes derived in Appendix A yields

Iy (vy) Iy (2v,)
o Vbp + 2n¢ In [TL/IS] + (N —2)ng,In {m]
o Eo o

in which 7;(z) is the modified Bessel function of the first kind of order one.
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Figure 4: PCFE and normalized output voltage of the eleven-stage Dickson converter (for
Vpp = 0) vs. normalized load current for normalized peak voltages v, = 2, 4, 6, and 10.

Figure 4 shows the variation of both the output voltage and the PC'E of
an eleven-stage DCP in terms of I /Is. For a given magnitude applied to
the DCP, the PC'E reaches, for the case Vpp = 0, a maximum given [20] by

v, I
Nngi Iy (6)

Note that, in general, the DC input voltage (Vpp) does not have an
important contribution to the load voltage, since, usually, Vpp << V.

Equation (3), for the output voltage, and equation (6), for maximizing
the PCE are useful for calculating the values of N and Ig for a given V), at
the DCP input.




2.3. Input resistance

Let us now calculate the charge pump input resistance, R;,, which loads

the oscillator output signals ¢, and ¢,. For a sine wave oscillator, the value
of Ry, = (V3/2)/(Pin/2) is expressed as

Va

[1 (Ua) Il (2'Ua)
2(Is+ 1 N -2
Us + 1) | 700 T O =7 2o
in which P, is the total input power delivered by ¢; and ¢, to the charge

pump.
When v, << 1, the modified Bessel functions of the first kind reduce to
In(v,) = 1 and I1(v,) = v,/2 [21]; thus,

on
(2N =3)(Is+ 1)

Rin,L = (8)

On the other hand, when v, >> 1, the modified Bessel functions of the
first kind are Iy(v,) =~ I1(v,) [21] and the input resistance, becomes

Uan¢t (9)

Rin =
TN —2)(Ig+ 1))

Using the results of the prior two equations, the normalized input resis-
tance 1y, = Ry, (Is + I1) /n¢; can be approximated as

Fin \/<2Nl— 3)2 - <2]\;}a— 2)2 (10)

Figure 5 shows the normalized input resistance of the Dickson charge
pump versus the number of stages, for v, = 2, 4, and 10. Equation (10)
(dashed line) has the benefit of simplicity, at the expense of a maximum
error of 6.2 %, as compared to Eq. (7) (continuous line), which uses Bessel
functions.

3. Design of the ULV converter

The goal of developing the prototype was to demonstrate the feasibility of
the converters operating from very low voltages. The target of the designed
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Figure 5: Normalized input resistance of the Dickson converter using Eq. (7) (continuous
line) and approximate Eq. (10) (dashed line).

Figure 6: Schematic diagram of the boost converter showing both the ESRO and the DCP.

converter was to give a DC output of 1 V from a DC input voltage of a few
tens of mV. The schematic diagram of the converter is shown in Fig. 6.

In order to reduce the prototype area and the losses resulted from the
connections between the chip and the external inductors, the chip was wire-
bonded to the board substrate using gold wires with a length of 1.5 mm. .
Figure 7 shows a photograph of the board employed to test the chip.

Some design details of both the oscillator that generates the complemen-
tary signals and the DCP are presented in the following subsections.
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Figure 7: Photograph of the wire-bonded prototype implemented to test the step-up
converter.

3.1. The ULV Enhanced-Swing Ring Oscillator

The design of the enhanced-swing ring oscillator (ESRO) follows the
guidelines presented in [13, 22]. In order to design a step-up converter able
to start-up with Vpp of the order of 20 mV, the oscillator was built with high
quality off-the-shelf inductors and native transistors. The inductance values
are Ly = 220 nH, Ly, = 595 nH, both with @) values of around 60 at 50 MHz,
which is the approximate value of the oscillation frequency. The dimensions
of inductors L; and Ly are 3.2 mm x 1.6 mm x 1.8 mm and 2.5 mm x 2 mm
x 1.6 mm, respectively. The zero-V'T transistors are composed of a parallel
association of 400 MOSFETSs, each of them with an aspect ratio of 5 pum /
0.42 pm.

The minimum supply voltage to start up the converter (I;,=0), simulated
for the corners of the technology, is shown in Fig. 8. On comparing the
simulations run using the typical parameters (tt) with the experiments, the
results match very closely.

3.2. ULV Dickson charge pump

The DCP parameters were determined from equations (3) and (6) for the
maximum PCE. Considering the ESRO designed, the load specifications
(Vi =1 Vand I, = 1 pA) and expression (6), we found that the number of
stages N and the normalized load current I}, /I that lead to the lowest supply
voltage for starting up the oscillator are around 11 and 2.5, respectively. After

10
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Figure 8: Post-layout simulation of the minimum supply voltage required to start up the
converter with I, = 0, for the technology corners.

some tuning through simulation, the requirements for the output voltage and
load current were achieved using diode-connected zero-V'T transistors in the
charge pump, with W/L = 4.2 ym / 0.42 um, which corresponds roughly
to Is = 550 nA. Coupling capacitors of 2 pF were employed based on the
analysis of the ripple voltage, similarly to that described in [1, 20].

4. Experimental results and discussion

The prototype was simulated and experimentally characterized. The com-
plementary oscillator outputs (peak-to-peak voltage of around 110 mV and
frequency of 50 MHz) as well as the converter output (Vo= 475 mV) for Vpp
= 21.8 mV are shown in Fig. 9.

The measurements were taken with the output loaded by the oscilloscope
probe, for which R = 10 MQ2 and C = 3.3 pF. In order to supply the very small
voltage at the converter input, we used the high resolution Keithley 2450
source meter, which gives accurate voltage and measures the DC current.
The output voltage was measured using a high impedance voltmeter (Agilent
34411A). To emulate the load current, a Keithley 6221 current source was

11
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Figure 9: Waveforms of the step-up converter for Vpp=21.8 mV and I;, =48 nA. Measure-
ments at the oscillator outputs were taken with 10 MS) probes.

employed. Figure 10 shows the setup employed to measure the characteristics
of the step-up converter.

’ ‘iU%power supply. ahd_‘I’D‘VC meter

Figure 10: Setup employed to measure the characteristics of the step-up converter.

The transient of the converter is illustrated in Fig. 11, for Vpp = 24 mV
and I;, = 100 nA. The upper trace is the output voltage of the DCP while
the bottom traces are the oscillator outputs.

12
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The output voltage of the DC-DC converter in terms of the input voltage
for a 10 M(2 load resistance is shown in Fig. 12. For increasing Vpp, the
converter starts up at Vpp ~ 17 mV, giving an output of approximately
750 mV. For decreasing Vpp, the converter delivers an output voltage of the
order of 400 mV for an input of around 16 mV.

The reason for the difference between the time for the increasing or the
decreasing of the supply voltage is that for the increasing Vpp, the oscillator
has to provide some energy to charge the capacitors in addition to other
amounts of energy to compensate the (very small) losses in the diodes. On
the other hand, in relation to the decreasing Vpp, since the capacitors have
already been charged, the amount of energy the oscillator must provide to
the charge pump is smaller than that required for the increasing Vpp. As the
input voltage decreases below 16 mV, the output voltage suddenly vanishes,
indicating that the oscillator stops running.

Other experimental results are shown in Fig. 13. The circuit starts up
with Vpp = 16 mV (at I, = 10 nA), a value very close to the result of
14 mV obtained from post-layout simulation using typical parameters. The
condition I, = 1 pA and V, = 1 V is attained at Vpp = 23 mV. With Vpp
= 37.7 mV the converter can supply a load current of 5 pA with V;, = 1
V. The efficiency of the DCP is greatly reduced for low oscillator voltages.
As can be seen in Fig. 13 (b), the maximum PCFE is around 10 % for an
output voltage of 1 V. Also, there is an optimum [, /I ratio that maximizes

13
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Figure 12: Output voltage of the boost converter associated with increasing and decreasing
input voltage. The load resistance is 10 M.

the converter efficiency. For the converter under test, the peak of the overall
efficiency is achieved for I, = 4 pA, corresponding to I, /Is = 7.3 (Is = 550

nA).
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Figure 13: Experimental results for the step-up converter: (a) DC output voltage and (b)
power converter efficiency, in terms of the supply voltage (Vpp). The maximum measured
output voltage was limited to 1 V.

In addition to the measurements, the start-up converter was simulated

14



for different temperatures. Figure 14 shows that, for a load resistance equal
to 100 MS2, the converter reaches 1 V, for Vpp =~ 20 mV, in the temperature
range from -20 to 20 °C, and to approximately 21.5 mV when the temperature
equals 60 °C. The start-up voltage here means that the output voltage of the
charge pump is 100 mV, at least. Fig. 14 shows that the converter start-up
is strongly influenced by the temperature, as expected [22].
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Figure 14: Simulated results of Vpp required for start-up and for nominal output voltage
(1 V) with a load resistance of 100 M, in terms of temperature (°C).

5. Conclusions

In summary, we have presented an accurate model of the Dickson charge
pump, including output voltage, power conversion efficiency, and input resis-
tance. With explicit dependence on the diode parameters, load current, and
number of stages, the model is valid from extremely low voltages. A simple
expression derived for the input resistance is of great value because it must
be considered in the oscillator design, since it directly affects the oscillator
start-up voltage.

A converter prototype composed of an enhanced-swing ring oscillator and
a Dickson charge pump built in a 130 nm CMOS technology, able to start up
from 16 mV, was designed and tested. The analysis presented in this paper
offers potential for the design of energy harvesting circuits operating from
extremely low voltages, as low as or even less than the thermal voltage.

15



Appendix A. Diode forward voltage drop and power losses

The average value of the diode current over a complete cycle of the oscil-
lating signal is equal to the load current I, [20].

1 i
I; = — Ipdo (A1)
2T

—T

Applying (A.1) for both D; and D, gives

. 1 i VDD—ch—VACOS@
IL_27T/_7T[S |:(%Xp< n¢t >:| do (AQ)
Iy, = i/ Is [BXP <VC1_V02_2VACOSQ>} do (A'S)
2 ) . no

where V1 and Vo are the DC voltages of the leftmost and second capacitors
in Fig. 2. The solution of (A.2) and (A.3) results in

- IQ (’Ua)
‘/:jl = VA — nqbt In {m} (A4)
Vip = 2V, In [ Lo (2%) A5
A2 = A—”¢tﬂ{m] (A.5)

where Vy; is the forward voltage drop across diodes Dy and Dy, Vs is the
forward voltage drop across the remaining diodes and Iy(z) = % Oﬂ ezeos0dp
is the modified Bessel function of the first kind of order zero.

The average power dissipated in the diodes is

. [1 (’Ua) IO (Ua)
Py = UIs+11)Va To(on) IrngyIn [m} (A.6)
P = (Is+11) 2VA—2 gz; N [_111(2”;35} (A7)

where Py is the power dissipation in diodes D; and Dy, Pj is the power
dissipation in the remaining diodes and I1(z) = = [ cosfe*“=?df is the

modified Bessel function of the first kind of order one.
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