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Abstract. Energy harvesting methods provide very low
instantaneous power. Accordingly, available voltage levels
are low and must be increased so that an energy harvest-
ing method can be used as a power supply. One approach
uses charge pumps to boost low AC voltage from energy
harvester to a higher DC voltage. Characterized by very
low output current and a wide span of operating frequen-
cies, energy harvesting methods introduce a number of
limitations to charge pump operation. This paper describes
and models behavior of Dickson charge pump in energy
harvesting applications. Proposed Energy Harvesting
model is evaluated and compared with Standard and Tan-
zawa charge pump models and with measurement results.
Based on the proposed model, the conditions that need to
be satisfied so that a charge pump can reach maximum
power point of energy harvesting system are defined. Pa-
rameter selection method optimized for maximum power
point is presented and is experimentally validated.
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1. Introduction

To use energy harvesting methods as a power supply,
a mediator circuit is needed between the energy harvester
and the load circuit. Energy harvester can provide a very
low instantaneous power from various harvesting methods:
RF, solar, wind, vibration, thermoelectric, etc. Power gen-
erally ranges from 1 pW to 5 mW [1-3]. The generated
voltage values are low and need to be boosted to a higher
level. Energy harvesting methods can be divided into two
groups: those that generate DC voltage and those that gen-
erate AC voltage. For energy harvesting methods that gen-
erate AC voltage (e.g. RF, vibration, wind, etc.), charge
pumps can be directly used to boost low AC voltage from
energy harvester to a higher DC voltage [4-6]. On the
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other hand, energy harvesting methods that generate DC
voltage (e.g. solar, thermoelectric, etc.) need an additional
low-power oscillator circuit to drive the charge pump cir-
cuit [7-10]. Therefore, in this paper, the generalized repre-
sentation of an energy harvester will be an AC voltage
source (as in Fig. 1), which also implies DC energy har-
vesters and associated oscillator circuits. There are numer-
ous paper modeling and optimizing charge pump perfor-
mance [11-14], but very few that analyze charge pump
performance in energy harvesting applications. Designing
and optimizing a charge pump for an energy harvesting
application is challenging due to limitations caused by low
voltage and limited current drivability of the energy har-
vester [15—17]. The charge pump design which is most
often used in energy harvesting applications is the Dickson
charge pump [18]. Some of the recently reported imple-
mentations of the Dickson charge pump in energy har-
vesting applications include photovoltaic [8], thermal [9],
RF [19] and microbial fuel cell [10] energy harvesters. This
paper proposes a generalized model of Dickson charge
pump behavior in energy harvesting system.

Figure 1 shows Dickson charge pump used with en-
ergy harvester. Energy harvester is represented as a linear
AC voltage source formed by ideal AC voltage source
(with amplitude Ugy) and series resistance Rgy. Dickson
charge pump is represented as a 4-stage charge pump with
output capacitor Coyr equal to stage capacitors C; to Cy.
Depending on the application, the diodes D; to Ds can be
discrete components (e.g. Schottky diodes) or diode-con-
nected MOSFETs (in integrated circuits). Resistor Ry oap
represents a load circuit and Cpar is a parasitic capacitance
at charge pump input terminals. The main problem in
charge pump design for an energy harvesting application is
limited current drivability of the energy harvester. This
limitation is not accurately modeled by standard charge
pump models. There are three charge pump parameters
(operating frequency f, number of charge pump stages N,
and stage capacitor value C) that need to be chosen cor-
rectly to achieve a desired charge pump performance. In
energy harvesting application, the operating frequency
often depends on energy harvesting method used, and in
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most cases cannot be altered (without additional energy
consumption), which leaves only two parameters to work
with. There is a wide span of possible operating frequen-
cies that energy harvesting methods provide, ranging from
few Hz (kinetic energy harvesting), few kHz (vibration
energy harvesting) up to MHz and GHz region (RF energy
harvesting) [1], [6]. To successfully design a charge pump,
a charge pump model must accurately describe charge
pump behavior over wide span of operating frequencies
and for very low input currents. This paper proposes an
Energy Harvesting charge pump model which is compared
to existing charge pump models and experimentally vali-
dated through measurements on laboratory prototype, Sec-
tion 2. In Sec. 3 the maximum power point and efficiency
are discussed and parameter selection method optimized
for maximum power point is proposed. At the end of the
paper, conclusion and references are given.

2. Dickson Charge Pump Model

Charge pump designing process starts by choosing
initial parameter values: number of charge pump stages N,
operating frequency f, capacitance of stage capacitors C.
Combination of these three parameters (N, f, C) must pro-
vide desired charge pump output voltage Uoyr for a given
energy harvester (Ugy, Rgp), switch (diodes Dy to Ds in
Fig. 1) threshold voltage Uy, and load resistance Rjoap (or
output current Ioyr).

After the initial parameter (N, f, C) values are chosen,
they are fine-tuned through SPICE simulation. SPICE

simulation is time consuming and is therefore used only for
fine-tuning, whereas the initial parameters are chosen by
asimpler (and less accurate) model. Standard Dickson
charge pump model [20] is modeled as a linear DC voltage
source with voltage U, and series resistance Rg (Fig. 1),
which are given by (1) and (2), respectively.

UUfSTANDARDiMODEL =(N+1)- (UEH -U, Ih) [V], (1

2

RSfSTANDARDﬁMODEL = LC [€2].
Standard model does not include the current limita-
tion of energy harvester and cannot accurately model the
impact of limited input current. Energy harvester is mod-
eled as a linear AC voltage source, Ugy and Rgy in Fig. 1.
Series resistance Rgy corresponds to a current drivability of
energy harvester, i. e. the lower current corresponds to
a higher resistance Rgy. In general, Rgy value ranges from
few kQ up to several tens of MQ what corresponds to
a current drivability of energy harvester of a few mA down
to a hundred nA. Dickson charge pump model which deals
with a limited input current due to a high output impedance
of a voltage source is presented by Toru Tanzawa [21].
Tanzawa model is designed to model the behavior of
a DC-DC voltage multiplier driven by a DC energy trans-
ducer such as photovoltaic and thermoelectric generators.

UO_TANZAWA_MODEL =(N+1)-(Ug, -U,) [V], (3)
2 N
RSfTANZAWAiMODEL = (N + 1) Ry +ﬁ [Q]. 4)
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2.1 Energy Harvesting Model

Using the same methodology as presented in [21],
charge pump powered from energy harvester can be mod-
eled. The equivalent series resistance of the charge pump is
affected by the number of charge pump stages N, stage
capacitor value C, operating frequency f and limitations
caused by energy harvester. The impact of the first three
parameters is modeled by standard model (2) and the im-
pact of energy harvester (Ugy, Rgy) can be evaluated sepa-
rately and then added to the standard model.

There is a significant difference when a charge pump
is driven by a source with square voltage waveform, as in
[21], and when the charge pump is driven by an energy
harvester with sine voltage waveform. The switch thresh-
old voltage Uy, affects the RMS value of charge pump
input current. With short-circuited charge pump output, the
charge pump input draws maximal current from energy
harvester. For a source with square voltage waveform, the
switch threshold voltage Uy, decreases peak voltage value,
(Fig. 2), and the maximal current from energy harvester
equals:

IEHMAX (Square) = % [A]. (5)

EH

With sine voltage waveform, the decrease in peak
voltage value also causes the “dead” time Topf, Fig. 2b.
Torr 1s given by (6), where T is a period of the sine wave.
There are four Topr occurrences during one period which
decreases the duty cycle D of the signal (7). This decreases
RMS value of the waveform, resulting in larger crest factor
value F' compared to crest factor of sine waveform (8)
(detailed derivation is given in Appendix).
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Impact of switch threshold voltage Uy on energy
harvester voltage waveform.

Fig. 2.

Equation (9) represents the generalized expression for
the maximal current from energy harvester. In case of
square voltage waveform, the crest factor F equals 1,
which corresponds to (5). Relation between charge pump
input current /1y and output current oyt is defined by the
number of charge pump stages:

IIN
N+1

[Al. (10)

Ioyr =

Therefore, by inserting (9) in (10) as /iy, the maximal
charge pump output current equals [21]:

Toum.. 1 U —Uy [a (11)
F (N+1)-Ry,

Maximal charge pump output voltage equals U, in
both Standard (1) and Tanzawa (3) model:

UOUTMAX = UO = (N + 1) ' (UEH _Um) [V] (12)

The equivalent series resistance Rg, due to limitation
caused by energy harvester, can be expressed by dividing
(12) by (11), as follows:

Ry=F-(N+1)"-Ry, [Ql. (13)

By expanding the Standard model (2) with (13), the
equivalent series resistance Rg of a charge pump, powered
by an energy harvester, can be described as:

Ropn=F-(N+17 Ryt [QL.  (14)
| f.C

With very low input current and wide span of oper-
ating frequencies, parasitic capacitance at charge pump
input terminals (Cpar in Fig. 1) plays a significant role in
charge pump performance. This parasitic capacitance at
device input terminals must be charged and discharged in
each operating cycle, and its value depends on design and
process parameters. Together with resistance Rgy it forms
a low-pass filter at charge pump input which decreases
voltage amplitude at charge pump input terminals (Up).
Therefore, maximal charge pump output voltage U, in
Energy Harvesting model is expressed by (15), whereas the
series resistance Rg equals (14).

U
TR [V]. (15)
VR 07 Ch? +1

U(LEH = (N +1)(

2.2 Model Validation

Energy harvesting methods are characterized by very
low output currents and wide span of possible operating
frequencies. Therefore, the charge pump performance is
evaluated in f~R plane. f-R plane shows the charge pump
output value (e.g. output voltage, output power) for differ-
ent values of operating frequency f and load resistance
Rioap.

Experimental setup (Fig. | with parameter values
given in Tab. 1) is realized with discrete components.
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Switches in the charge pump are implemented by Schottky
diodes with forward voltage of 0.25 V (Uy,). Experimental
setup has a parasitic input capacitance Cpar of 30 pF.
Energy harvester is implemented by a linear AC voltage
source (Ugy) with series resistor (Rgy). Experimental setup
is used to compare Standard model (1), (2), Tanzawa
model (3), (4), and Energy Harvesting model (14), (15),
with measurement results for charge pump output voltage.
Due to the structure of mathematical expressions for U
voltage in all three models, the sensitivity of all there
models to different input voltage is the same. Energy Har-
vesting model adds a low-pass filter to the expression but it
affects only a frequency response of the model. Therefore,
the input voltage is kept constant, as given in Tab. 1. In
each measurement of the f~R plane the load resistance is
varied from 10 kQ to 10 MQ (in 10 discrete steps) and the
operating frequency is varied from 100 Hz to 10 MHz (in
16 discrete steps) which gives the total of 160 test points
for each f-R plane. Results are given in Fig. 3.

The Standard model (Fig. 3a) shows the greatest de-
viation with respect to measured results (Fig. 3d). Such
behavior is expected since the Standard model does not
take into account the impact of limited input current (due to
Rgn). Tanzawa model (Fig. 3b) models the impact of lim-
ited input current, but with significant error on higher fre-
quencies, compared to measurement. Energy Harvesting
model (Fig. 3c) gives the best fit to the measured results.
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Parameter Value
f 100 Hz— 10 MHz
Rioap 10 kQ — 10 MQ
N 4
C 10 nF
U 0.25V
CPAR 30 pF
Ugn 1.5V
Ren 10 kQ
Tab. 1. Experimental setup: Parameter values for fR

measurement.

The models are evaluated based on how accurately
they model charge pump behavior in f~R plane. To evaluate
the goodness of fit of charge pump models with respect to
measured results, a coefficient of determination R* (R
squared measure) is used (16):

n

E-M)Y
o BT (16)

S
i=1 nog

where n is the number of test points per measurement, E;
represents experimental values (E; to E,) and M; represents
modeled values (M; to M,) for a given test point (i = 1 to
n). The results are given in Fig. 3 under each model. R
confirms that the Energy Harvesting model gives the best
fit to the measured results.
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Fig. 3. Comparison of charge pump models and measurement results for charge pump output voltage in f-R plane for parameter values given

in Tab. 1.
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Fig. 4. Comparison of Energy Harvesting model and measurement results for charge pump output voltage in f~R plane for different values of

Rgy, with respect to Tab. 1.

For further validation, Energy Harvesting model is
compared to experimental results for different values of
Rgy, Fig. 4. All parameters are as in Tab. 1, except Rgpy
values which are given in Fig. 4. Results show that with
higher Rgy resistance (lower instantaneous current availa-
ble from energy harvester) the output voltage decreases
significantly.

3. Maximum Power Point

In energy harvesting systems the goal is to extract as
much power from energy harvester as possible. Charge
pump parameters should be optimized for maximum power
point (MPP). Figure 5 shows measurement results for
charge pump output power in f-R plane. The experimental
setup is as given in Tab. 1, with changed parameters
marked in Fig. 5. Output power measurements are done for
different values of Rgy (Fig. Sa, b, ¢) which correspond to
output voltage measurements given by Fig. 4b, Fig. 3d and
Fig. 4d, respectively. In addition, the output power is also
measured for lower stage capacitance C value (Fig. 5d) and
higher number of charge pump stages N (Fig. 5¢), with
respect to Tab. 1.

Maximal output power Pyax (values are given under
each measurement in Fig. 5) is directly affected by Rgy

value. With Rgy increase from 1 kQ to 100 kQ, Pyax de-
creases from 166 uW to 1.925 uW. Changes in stage ca-
pacitor size C and number of stages N, result with less than
10% change in Pyax value. With charge pump modeled as
a linear DC voltage source, maximal power is delivered to
the load when charge pump output voltage drops to 50% of
maximal charge pump output voltage. Energy Harvesting
model is used to calculate the dotted line for each meas-
urement (Fig. 5.), which marks the line in f~R plane where
the charge pump output voltage equals 50% of maximal
output voltage value. The modeled (dotted) line passes
through area with maximal measured output power in f-R
plane. This line can be divided into three sections, Fig. 5f.
Section 1 is defined by the upper cut-off frequency:
1

f=——+——— [Hz].
27Z.R]‘ZH(jl)AR

(17)

For sections 2 and 3 output load R pap equals charge
pump series resistance Rg (14). In section 2, the dominant
part of Ry is F(N+ 1)2REH, whereas in section 3 the
dominant part is N/fC. The maximal measured output
power corresponds to section 2, where Rg has its minimal
value:

R =Ry oo =F-(N+1)' Ry, [Q1. (18)
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Fig. 5. Charge pump output power measurement for different values of Rgy, C and N, with respect to Tab. 1

3.1 Parameter Selection Method

The model should give a simple and fairly accurate
method on how to choose initial charge pump parameters
(N, O) for a known energy harvester (Ugy, Rgy, f) and load
circuit (Uoyt, Rroap)- The required number of charge
pump stages N depends on the difference between energy

Test point parameters at measured MPP Puax [uW] 57
. Rey N C f Rioap Tanzawa Standard
Fig. kQ] ] [nF] [kHz] kQ] Primax Measured EH model model model
Sa 1 4 10 200 47 281.25; 1 166 ; 0.59 232.4;0.826 | 329.4;1.171 | 722.3;2.568
5b 10 4 10 20 470 28.125; 1 18.99;0.675 [ 22.29;0.793 | 31.29;1.113 | 67.00;2.382
5c 100 4 10 2 4700 2.8125;1 1.925;0.684 | 2.324;0.826 | 3.294;1.171 | 7.200 ;2.560
5d 10 4 1 50 470 28.125; 1 18.05;0.642 [ 24.03;0.854 | 34.65;1.232 | 77.90;2.770
S5e 10 8 10 10 1000 28.125; 1 20.07;0.714 | 22.66;0.806 | 35.43;1.260 | 100.9 ; 3.588
Tab. 2. Charge pumps output power and efficiency at maximum power point.

harvester voltage amplitude Ugy and maximal charge pump
output voltage Uy, (1). To achieve maximum power point,
Uy should be two times higher than the desired output

voltage Uoyr, thus N equals:

N:Z[—UO —1] [-].
UE

H ™ Uth

(19
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When the number of stages N is defined, two condi-
tions must be satisfied to use Dickson charge pump in
an energy harvesting system. First condition, the operating
frequency of energy harvester must be lower than the upper
cut-off frequency (17). Second condition, to place charge
pump operating point in f~R plane at maximum power point
(MPP), the load resistance R oap should match the minimal
value of series resistance Rs, (18). Both conditions are
directly affected by the Rgy value. With Rgy increase, the
upper cut-off frequency lowers and the equivalent series
resistance Rg increases. If conditions are not met, charge
pump operating point in f~R plane cannot be placed at the
maximum power point. If both conditions are satisfied, the
stage capacitor value C can be selected, keeping in mind
that F(N + 1)*Rgy must be significantly larger than N/fC.

C> N R (20)
f-F-(N+1) Ry,

3.2 Efficiency

Charge pump efficiency 7 is affected by parasitic in-
put capacitance Cpag, parasitic capacitance (Cs) at the
bottom-plate of each stage capacitor, switch “on” re-
sistance Roy and switch threshold voltage Uy,. Switch “on”
resistance is several orders of magnitude lower than output
resistance of energy harvester Rgy and it can be neglected
for most energy harvesting applications. Bottom-plate
parasitic capacitance Cs has significant impact on effi-
ciency in integrated charge pump circuits [12], [22], but its
impact is not prominent for a charge pump realized with
discrete components. Parasitic input capacitance Cpar af-
fects the efficiency of power transfer from energy harvester
to the charge pump, whereas the threshold voltage Uy,
affects the efficiency of the charge pump. At maximum
power point which corresponds to section 2 of the Pyax
line (Fig. 5f), threshold voltage Uy, has the dominant effect
on charge pump efficiency, whereas the effect input capac-
itance Cpag is less prominent.

Table 2 gives measured and modeled values for
maximal output power Pyax and for charge pump
efficiency #, corresponding to measurements given in
Fig. 5. For each measurement, Table 2 gives the test point
parameters at measured MPP. Standard model, Tanzawa
model and Energy Harvesting model are compared to
measurement results. Pyax value for all three charge pump
models is calculated at measured maximum power point.
All three charge pump models result with higher values of
maximal output power at MPP, with proposed model being
the most accurate. Charge pump efficiency is evaluated
with respect to maximal achievable output power from an
energy harvester. At MPP, output power of 100% efficient
charge pump (7 = 1) would equal to maximal output power
of energy harvester Pgmax:

2
2
P _1\2) U wy, 1)
"4 R, SRy,

The efficiency values given in Tab. 2 show that all
three models result with higher than measured efficiency.
Standard and Tanzawa model result with efficiency that is
even higher than 1. This is due to insufficiently accurate
modeling of limited input current. The discrepancies be-
tween measured and modelled values are also present with
Energy Harvesting model. This is due to assumption on
which all models are based on. Models presume constant
threshold voltage value Uy. In reality, threshold voltage
increases with increase in output current (i.e. higher output
power) and decreases for lower output currents (i.e. lower
output power).

4. Conclusion

The Energy Harvesting model of the Dickson charge
pump is presented and experimentally validated. Results
have shown that the Energy Harvesting model describes
the behavior of the Dickson charge pump in energy har-
vesting applications with sufficient accuracy. For charge
pump output voltage, the average error of the Energy Har-
vesting model is under 3%, according to the R squared
measure of goodness of fit. A maximum power point in f-R
plane is defined. The impact of charge pump parameters
(operating frequency f, capacitor size C, number of charge
pump stages N) on the location of the maximum power
point is accurately modeled by the Energy Harvesting
model. Based on the dynamics of the maximum power
point and the limitations imposed by energy harvesting, the
conditions that need to be satisfied so that a charge pump
can be used in energy harvesting system are defined and
a parameter selection method optimized for maximum
power point is proposed. Charge pump efficiency is dis-
cussed and is experimentally investigated at maximum
power point. The average error of the Energy Harvesting
model is 26%, while Tanzawa and Standard model have
average error of 83% and 324%, respectively. Modeled
efficiency has a higher error compared to the error of mod-
eled output voltage. This is due to the simplicity of the
charge pump models as they are used to calculate initial
charge pump parameters, which will be fine-tuned through
simulations. For such application, the Energy Harvesting
model has sufficient accuracy for a wide span of operating
frequencies and load resistances, and its level-of-complex-
ity is comparable to other evaluated charge pump models.
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Appendix

The crest factor F is the ratio between peak and RMS
values:
U
F= (-]
URMS

(22)

With the defined duty cycle D of the waveform (Fig. 2. and
equation (7)), the crest factor " becomes:

A

oY 1 23)
D -Upys
RMS value Ugys is defined as:
1 T
Uss =7 ! u?(t) dr V], (24)
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1 T-a
= | in(o)— ’ 240 [V].(25)
U s \/” - _[ [Ugy sin(8) - Uy, sin(a)] d6

a

Integration is done for the time interval from a to 1 —a, o
corresponds to time interval Topr and is defined as:

Uy ] ], (26)

a= arcsin(
EH

Ugysin(a)=U,, [VI]. (27

Considering (27), equation (25) changes to:

a

1 " 2
- — in(@)— [V]. (28)
Upas \/;z—za [ [Uwsind)-U, T do

Solution for (28) is:

2
Upwis = \/UE” +U; - VoY cos(a) [VI. (29
2 T-2a

Using the following substitutions:

cos(a) = cos [arcsin[ Ua B = 1- [ﬂJ [-1, (30)
UEH UEH

the RMS value for section from o to © — a of a waveform
given in Fig. 2b equals:

2
U
i 3U, U, |1~ (U lh J
U. = Uy LU EH [V]. (31)
RMS 2 th U
T=2 arcsin( th
UEH

The same solution derives for time interval from w + o to
21 — a. Then, the final expression for the crest factor F' of
a waveform (Fig. 2b) is:

UEH — Uth

2
U
3UUpy 1 - [U“‘]

EH

T —2arcsin [U‘hj
UEH

Figure 6 compares the true crest factor F, (32), with
the approximate crest factor, (8), for the waveform given
by Fig. 2b. For switch threshold voltage Uy, and energy
harvester voltage Ugy ratio ranging from 0 to 0.95, the
error is below 4%. In real life application, the Uy/Ugy ratio
would be below 0.5, where the error of (8) is lower than
2%. Therefore, the approximate crest factor given by (8) is
sufficiently accurate.

F= [-]. (32)

Usy
2

D-

+U} -

8 True crest factor, eq. (32) — 5

7 % Approximate crest factor, eq. (8) X i :'5
w @ —— Error _ 35
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E 4 ;5 ~
w - 295
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Fig. 6. Crest factor comparison.



