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Abstract— In this paper a brief tutorial of charge pump
topologies for management of self-powered nodes in
ultra-low-power applications, such as internet of things nodes, is
presented. It aims to provide to the designer guidelines to choose
the most suitable solution, according to the given design
specifications. After a brief historic evolution, the main design
equations of charge pumps and a collection of the recent proposed
topologies and regulation schemes are discussed, allowing for
qualitative insight into the state-of-the-art of integrated
topologies.

Index Terms— Charge Pumps; DC-DC Converters; Energy
harvesting; 10T; Sensor Networks.

I. INTRODUCTION

I n emerging ultra-low-power applications, as the

Internet-of-Things (10T) and the Wireless Sensor Networks
(WSNSs), self-powered sensor nodes are employed to gather
data from the environment and share them with the final user
[1], [2]. For these devices, energy-autonomy is achieved by
scavenging energy from the ambient using different kinds of
transducers, such as photovoltaic cells, thermoelectric
generators and vibration sensors [3]-[10].

Nevertheless, due to the heavy dependence of their output
voltage from the operating conditions, these transducers are
often unsuitable to directly feed the circuit where they are
applied. For this reason, a power management integrated
circuit (PMIC) is employed in order to adapt power profiles
with the maximum conversion efficiency.

Figure 1 shows a simplified block diagram of a PMIC. The
input voltage, Vi, provided by an external transducer, feeds the
main power converter and the auxiliary circuitry (e.g.
oscillators, error amplifiers and kick-start system), therefore
these blocks must enable self-start-up in critical conditions, i.e.
low-voltage and low-power levels provided by the external
energy harvesters [11]-[13]. The main converter is then
properly managed to obtain a precise stable output voltage or to
optimize power consumption versus the required load current.

In particular, the power converters can be implemented
using switched inductor (SI) or switched capacitor (SC)
topologies. The Sl are suitable for applications requiring high
power levels, but require off-chip bulky components, such as
inductors or transformers. Thus in low-power and low-area
applications, such as l1oT and WSN nodes, SC converters
represent a better alternative, since they are amenable for full
on-chip integration [14]-[37].

In literature, SC converters with a voltage gain higher than
one are usually referred as charge pumps (CPs) or voltage
multipliers [38], [39]. These have been traditionally adopted in

non-volatile memories and SRAMs [40]-[42], where the main
design constraints are low settling time and silicon area, or
LCD drivers and RF antenna switch controllers, where the
main constraint is the current drivability [43], [44].
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Fig. 1. Simplified block diagram of a CP-based energy harvesting power
management integrated circuit (PMIC).

More recently, CPs have been widely used to adapt the
voltage levels between two or more functional blocks and to
convey the electric energy, extracted from surrounding
environment, towards a storage buffer. Hence, it is becoming
an essential building blocks for energy-autonomous systems,
such as battery-less circuits, biomedical implants, loT and
WSN nodes. In these latter contexts, the design of a PMIC
based on CPs is a challenging task since it must fulfill a
very-low-input voltage supply (few hundred of millivolts) and
high-power conversion efficiency.

At this purpose, several works on CP circuits for low-voltage
and low-power applications have been presented in literature
[14]-[37]. The bar graph in Fig. 2 reports the overview of a
bibliographic analysis, based on the IEEE journal collection,
which reveals the increasing number of ICs including at least
one CP, thus confirm of the relevance and the wide
applicability of these building blocks.
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Fig. 2. IEEE journals concerning charge pump circuits over the years.
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Historically, CP circuits originated with the Villard
cascade, better known as Cockcroft—Walton voltage multiplier,
which uses serial capacitor ladders [45], [46]. Since the Villard
cascade has a relatively large output impedance, (proportional
to N3, being N the number of stages), various types of
multipliers with different topologies have been proposed to
reduce the output impedance.

By alternately switching the state from in-serial to
in-parallel and vice-versa, Brugler theoretically showed that
the serial—parallel multiplier had a lower output impedance
(proportional to N) than that of Cockcroft-Walton [47]. Falkner
suggested that parallel capacitor ladders reduced the output
impedance as well the parallel topology [48]. It was
successively validated by means of the first on-chip CP
implemented by Dickson in 1976 [49].

Another direction for improving CP performance is
represented by the increase on the maximum attainable voltage
gain, Guax. At this purpose, Ueno et al. proposed the Fibonacci
SC multiplier whose Gmax is given by the N-th Fibonacci
number, F(N) [50]. The multipliers whose Guax is given by 2N
were proposed by the same authors with multi-phase switching
clocks and patented by Cernea in the version with two-phase
clocks [51]. These CPs are characterized by a different mode of
charge transfer between the capacitors of the various stages.

From the design point of view, attention must be payed also
to the maximum drop voltages across the capacitors (Vcae) or
the charge transfer switches (Vcrs), as well as the sensitivity to
parasitic contributions (Spar). These characteristic parameters,
with the before mentioned maximum voltage gain, Guax, and
output impedance, Rep, are briefly summarized in Table I [38].

Note that recent integrated high-voltage generators are
mainly based on the Dickson linear topology due to its general
better performance as compared the other topologies [38], [52].
For this reason, this tutorial mainly targets the Dickson CP
presenting its behavioural model (Section I1l), trade-offs and
design considerations (Section Il1), the main charge transfer
switch topologies (Section 1V) and regulation schemes
(Section V). Concluding remarks are reported in Section VI.

TABLE I. MAIN CHARACTERISTIC PARAMETERS OF CHARGE PUMPS

CHARGE PUMP Gwmax Rep Spar Vcap Vcrs
Cockcroft-Walton, oc N3 + 2V 2V
Dickson N+1 o< N NVin | 2V
Serial-Parallel o< N +++ Vin N Vin
Fibonacci F(N +1)| o< (sum F(j))?2 ++ ~F(N-1)Vin
Exponential (2V) 2N oc (2V-1)2 +++ =2V

Note: Sensitivity, Spar, varies qualitatively from low (-) to very high (+++).

Il. EQUIVALENT MODEL OF CHARGE PUMPS

As a typical example of Dickson CP, let us consider the
simplified block diagram depicted in Fig. 3, which represents a
traditional N-stage Dickson CP. The reader who is not familiar
with CPs is suggested to refer to [39] for a simple and effective
explanation of how a Dickson CP works.

Fig. 3. Simplified block diagram of a N-stages Dickson CP.

Without loss of generality, the single charge transfer switch
(CTS) (boxed diode) is assumed to be a device which can be
modelled with an on-resistance and a constant voltage drop
respectively equal to R and V+. This simple model can be easily
adapted to different type of switches (e.g., sub-threshold
diode-connected or bootstrapped MOS transistor, etc.) [11],
[28].

Each pumping capacitor has a constant capacitance value, C,
and for each of them two parasitic contributions at the top plate,
Ce=0asC, and bottom plate, Cr=a1C, are also included, where
the coefficients ag and ar are technological dependent
parameters. The topology exploits two counterphase clock
signals whose frequency, duty-cycle and amplitude are
expressed by f, 0 and Vck, respectively. Finally, CP load is
modelled with the pair C.-R, which is fed by the output current
lour.

In literature, CPs are often assumed to operate within Slow
Switching Limit (SSL) region, i.e. an operating regime in
which during each clock semi-period all the charge is totally
transferred from one pumping capacitor to the following one.
In SSL region the CP can be modelled, in both the transient and
the steady-state, by an equivalent RC-circuit [53], [54].

However, voltage, power and area constraints of the
modern applications require power converters working also in
Fast Switching Limit (FSL) region [55] (i.e., the operating
regime in which during each clock semi-period the charge is
not totally transferred from one pumping capacitor to the
other). With this in mind, the wide-frequency range model,
shown in Fig. 4, was proposed in [28].
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Fig. 4. Equivalent model of a Charge Pump.
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The transformer in Fig. 4 operates an ideal power conversion
of the input voltage, Vn, while the input conductor, G, given
by

G = (a5 + o )NCF (1)
models the power loss due to continuous commutations of the
bottom and top stray capacitances Cr and Cg. Moreover, in Fig.
4, Nei= N/(1+a7) is the effective number of stages (i.e. N
reduced by a factor due to the charge partition of the stage
capacitor with the top plate stray capacitance), Rcp and Ccp are
the output impedance and self-capacitance of the charge pump,
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Fig.5 Charge pump classifications according to: (a) stage capacitor type and CTS topology; (b) regulation scheme.

respectively given by

Rer =(R/8)| N coth 2 esen| | e (2a)
fr fr
2
Co =N HENE20 o even N (2b)
12(N +1)
4N? —N -2
=————C foroddN 2C
CF’ 12N (20)

where in (2a), the term z indicates the time constant of the
inter-stage charge transfer and its value is equal to RC(1+ar)/d.
A useful alternative expression for (2a) considering only the

extreme values for Rcp, thus Rcpssi=Nes/ fC  and
Rep.rst=(N+1)R/d, is given by
Rep » \/ RCZZP,SSL + RéP,FSL (3)

By using (3) instead of (2a) an often-tolerable maximum error
of 7% occurs.

By using the switch-resistance-aware model introduced in
[55] and the dynamic CP model in [53], where relationship (2)
of the model in Fig. 4 are derived, it can be found the
fundamental equations which describe transient, steady-state
and power breakdown by means of the intrinsic time constant,

the Vour-lour characteristic and the power efficiency,
respectively expressed by
Tep =Rep (CCP + CL) (4)
Vour = (VIN -V; )+ Ng (VCK -V; ) —Replour (5)
7= 1+(Neff +1)VTIOUT +Rep lour + (@t +a7 ) NCIVE 7 (6)
VOUT IOUT

Equations (2) and (3) are strictly valid for a Dickson CP.
Note, however, that the model in Fig. 4 has a general
applicability, can be hence used for any different kind of CP by
simply replacing the correct values of the various parameters.

1. TRADE-OFFS AND DESIGN CONSIDERATIONS

The main features of CPs reported in Table | give
information about maximum drop voltages across the
capacitors (Vcap = NVin =Vour - Vin) or the charge transfer
switches (Vcrs =2Vin), which establish the guidelines to
choose the most suitable components.

For the Dickson CP, a particular role is played by the
capacitors, since the voltage drop that they must sustain
increases with the number of stages. CMOS technologies
provide different kind of capacitors: from the standard MOS
and Metal-Oxide-Metal (MOM) capacitors to those which

requires optional manufacturing steps as the thick oxide MQOS,
Poly-Poly (PP) and high-K Metal-Insulator-Metal (MIM)
capacitors. Their suitability in CPs is assessed considering
three parameters, namely parasitic contributions, breakdown
voltage (BV) and capacity per unit area.

Parasitic contributions of a capacitors are mainly related to
the distance of the top and bottom plate from the substrate. As
an example, the MIM capacitors, which are typically
implemented in the highest metal levels, exhibit low parasitic
capacitances and, consequently, are among the best choices for
highly compact and efficient CPs.

The BV of a capacitor depends on the distance between the
capacitor plates which is set by the maximum oxide thickness.
This latter parameter is related to the nominal supply voltage of
the adopted technology. In applications requiring on-chip
generation of a voltage higher than the nominal supply one, like
CPs, the pumping capacitors closest to the output node (i.e.,
those that must sustain a voltage higher than the BV) can be
implemented by the series of two or more MIM capacitors or
by using MOM capacitors with opportunely spaced metals
[38]. Unfortunately, in both cases an unavoidable increase of
the silicon occupied area occurs.

As detailed in the next Section, CTSs are implemented by
using active devices, such as MOSFETSs and/or diodes, whose
main limiting factors are the gate oxide and the
implants/substrate junction breakdown voltages, threshold
voltage, on/off resistance, and parasitic capacitances. While the
first one limits the maximum input voltages Vin and Vck, the
second one limits the output voltage, since it is the highest
voltage in the circuit. Extension of the output voltage over the
junction BV can be achieved by adopting triple-well
technologies. Available deep N-Well can be exploited as
substrate for stages whose node voltages exceed the junction
BV [56]. However, over-voltage protections (OVP) of input
and output nodes are mandatory to be sure that CP operates in a
safety mode.

Reduction of the parameter in (4) and (6) is the target to
pursuit. Design parameter are N, Rcp, Ccp, While the choice of
capacitor and topology of the CTS is aimed to reduce their
nonidealities, thus V1, agand ar, as well as, other factors, to be
considered in CPs for ultra-low-voltage applications, as the
minimum input voltage for which the CTSs are able to
guarantee the desired forward to backward current ratio [57]
and the input total energy, whose expression is

EIN = (CCP + CL )I:VOUT (nTCF' )_VOUT (0)]2 (7)
where Vour (nzcp) and Vour (0) are the target output voltage,
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reached after n-times zcp, and its initial value, respectively.
These factors affect the start-up of the CP. The input energy
can be easily reduced exploiting pre-charging technique
introduced in [19], which allows, also, to speed-up the CP;
while the minimum input voltage can be reduced by apply
biasing techniques to CTS or boosting the input voltages [11],
[42]. In the other hand, focusing on the steady-state phase, a
trade-off between speed and power consumption has to be
often found. Neglecting static power dissipation, such as
current load-dependent power losses, switching losses
constitute the heaviest contribute. It increases with the clock
frequency, as in the opposite manner the settling time depends
on. In such case, reduction of the clock amplitude [58] and
modulation of switching frequency [28] are fruitful strategies
to achieve balanced performance for the designed CP.

IV. CHARGE TRANSFER SWITCH TOPOLOGIES

Since the choice of the pumping capacitors is limited to
those available in the specific adopted technology, the circuit
topology of the CTS constitutes one of the main diversification
factors among the various CP architectures proposed in
literature. This aspect is highlighted in Fig. 5a where a
summary of the different kind of capacitors and CTS
topologies is summarized [11].

In the first monolithic integrated CP [49], the CTS was
implemented with a diode-connected n-type MOSFET, which
works in saturation or in the cut-off region. The CP steady-state
voltage output is given by (3). Since Vr is in turn a function of
the source-bulk voltage, it could become a limiting factor for
voltage gain and efficiency [59]. To get rid of this drawback,
several solutions which exploit gate and body (or bulk) biasing
have been proposed in literature [31], [60]-[63].

As depicted in Fig. 6a, Gate Biasing Technique (GBT)
exploits auxiliary circuits to generate the gate control signal of
the transistor implementing the stage switch in order to
improve its electrical properties, such as threshold voltage and
on/off resistance. GBTSs can be classified into controlled- and
not-controlled-switch techniques. In the first case a gate
voltage is controlled by a signal provided by an auxiliary
circuit, otherwise in the second case each transistor is simply
connected to the node signals already present in the CP itself.
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Fig. 6. Simplified diagram of (a) gate biasing and (b) bulk biasing technique

A CP adopting controlled-switch technique was applied on
memories by Atsumi et al. [60]. A four-phase non-overlapped
clock, where two shortest phases are boosted to 2V, is needed,
and a small auxiliary local boosting capacitor is added to
further boost the gate voltage during the forward conduction
phase. This topology is usually named bootstrap CP. The main

transistor works in triode region since the overdrive voltage is
increased by the difference between the amplitude of the two
clock signals. Thus, the CP efficiency and current drivability
are improved, even if Viy is less than Vr.

Body Biasing Techniques (BBTSs) exploit the bulk terminal of
the transistor and the body effect of the threshold voltage to
improve its characteristics as a switch. These techniques are
finding a wide use in low-voltage applications, where the
limited input voltage guarantees the parasitic bipolar junctions
to not turn on [63]. In general applications, BBTs are classified
into forward, backward and dynamic, according to the way the
body diodes are biased. Recently, the current-mode body
biasing technique has been introduced in [63] in order to
improve the performance of a diode-connected PMOS during
both forward conduction and backward cut-off phases.

In general, the CP results in a noisy block. Indeed, it has an
output voltage ripple expressed by

|

Vripple = ?LL (8)
Thus, specification of the output voltage ripple binds the choice
of a minimum value for the output capacitance. Moreover, a
high input current ripple makes the employ of large input
by-pass capacitors necessary. A solution to both problems is
given by time-interleaved CPs [25]. The idea behind this
topology is to split a single CP into two or more smaller pumps
working in complementary time slots. This strategy increases
the equivalent frequency with which the current is sunk from
the supply and delivered to the load, thus lowering the voltage
ripple. The time-interleaving paradigm is the basis of the
well-known dual-branch cross-coupled (or latched) CPs,
originally proposed in [64], [65] and whose scheme is reported
in Fig. 7. This kind of CTS allows also to get rid of the
transistor threshold voltage thus becoming one of the widely
adopted topology [22], [29], [32], [64]-[66].
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Fig. 7. Dual-branch cross-coupled charge pump block scheme.

With the aim of reducing the energy requested from the input
source during the transients, charge sharing techniques have
been also proposed in literature [67], [68]. The adiabatic CP
focuses on the slow charging condition (adiabatic principle) in
order to reduce the energy which is not transferred to the load.
This technique is useful in applications where the main
constraint derives from the limited power budget.

Finally, hybrid approaches or reconfigurable charge pumps,
also known as adaptative CPs, are increasingly used in that
cases where the operative conditions, as example the input
voltage level or the current load, could drastically change [39].
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V. CHARGE PUMP REGULATION SCHEMES

The output voltage of the CP must be regulated in order to set
a stable value with constraints imposed by the load. Such
constraints depend on the specific application and the supplied
circuit type (i.e., purely capacitive, purely resistive or mixed).
As an example, in non-volatile memory applications, such as
NOR Flash and, more recently, 3D NAND memories [40],
[69], [70], CP circuits are used to provide operation voltages
for a single or multiple word lines, which exhibit a purely
capacitive behavior. For these CPs, the main design specs are
settling time and voltage conversion efficiency (VCE)?. On the
other hand, the building blocks of energy-autonomous wireless
nodes consume both static and dynamic power. Therefore, the
load is both capacitive and resistive and, consequently, power
conversion efficiency of the CPs constitutes the main
constraint in these applications [4], [11]. Finally, in CPs used in
cold-start of energy harvesting circuits based on thermoelectric
generators the load is both capacitive and resistive but the main
specifications are VCE and settling time [17], [71]-[73].

Ideally, in a conventional regulated N-stages CP, the output
voltage can be adjusted from Vi to (N+1)V,y by changing one
or more CP parameters according to the reference voltage,
Vrare. Based on the parameter on which they act, regulation
schemes can be classified into adaptive, output resistance and
clock amplitude modulation, as summarized in Fig. 5b.

In the adaptive schemes the stages are rearranged to allow
different CP voltage levels or works within the maximum
power efficiency zone at the defined output voltage [41],
[74]-[76]. In the widest adopted closed-loop adaptive scheme,
whose simplified block diagram is shown in Fig. 8, a block that
searches for the optimum number of stages is exploited to adapt
the number of active stages with the actual voltage gain, in
order to optimize the whole system efficiency [75], [76]. This
scheme often includes a further control feedback loop to set the
output voltage at a reference voltage, which can be implement
with one of the other regulation schemes.

In the output resistance modulation schemes, the clock
frequency and/or the duty cycle are changed by exploiting a
Voltage Controller Oscillator (VCO), to adapt the CP output
resistance to the load [77]-[80].
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Fig. 8. Simplified block diagram of an adaptive scheme.

In the clock amplitude modulation schemes, instead, the
clock amplitude is modulated to reduce switching power losses

! VCE is defined as the ratio between the actual and the ideal output
voltage.

(clock reducing) or to speed-up the output transient response
(clock boosting) [42], [58].
Table Il reports the main features of the regulation schemes,

where the load range is the range in which the control works.
TABLE II. COMPARISON BETWEEN THE REGULATION SCHEMES

REG. SCHEME Controlled Load range Working Typica_l
parameter zone Application
Adaptive N DPF* SSL Low power
Frequency mod. R Narrow SSL General
Duty cycle mod. ouT Middle FSL General
Clock reducing V. Wide SSL/FSL | Low power
Clock boosting cK Narrow SSL/FSL | High speed

* Depends on Primary Feedback.

VI. CONCLUSIONS AND FUTURE PERSPECTIVES

This tutorial has briefly illustrated as the charge pump
circuits, and in particular the Dickson CP, evolved along the
years and the importance they have gained in modern
low-power applications.

An equivalent model for the CP working on a wide-frequency
range has been discussed and the main adopted charge transfer
switch topologies have also been considered together with a
comparison of the different regulation schemes. Thus, a
comprehensive overview of the main design solutions is
offered to the reader.

Regarding future perspectives, we have to consider that the
minimum open circuit voltage of transducers is likely
determined by the minimum operating voltage of the oscillator
and control circuits to drive the CP. Thus, circuit designers
need to develop extremely low voltage building blocks to make
power management integrated circuits functional even under
low environmental energy conditions.

In CP that can work at an input voltage as low as, e.g., 0.1 V,
the leakage current of the CTS has to be taken into account to
get optimum design [81]. With leakage current relatively large,
the capacitance per stage would need to be increased.
Moreover, it should be considered that leakage current
increases with process variations and that is highly
temperature-dependent too. Thus, optimum design needs to be
reconsidered for process and temperature tolerance. In
conclusion, especially for extremely low voltage applications,
numerous open research challenges remain unsolved, thus
providing many areas for future designers to explore.
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