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ABSTRACT. Energy harvesting is a process of capturing, storing and converting external
energy from ambient energy. The energy harvesting systems commonly use a switched-
mode power supply (SMPS) to convert energy harvested from the ambient energy. There-
fore, the power converter is an essential component in terms of developing efficient energy
harvesting systems. Among SMPS, inductor-less converter can be a solution. This paper
suggests a mew topology of charge pumps by cross-connecting two of them for efficient
energy harvesting systems. With the cross-connected structure, the new topology trans-
fers a stepped-up output to the output capacitor and load in all operation periods. This
operation way can improve the power efficiency of the proposed charge pump and also
decrease the internal resistance and the output capacitor’s capacitance of it. The per-
formance of the proposed charge pump is verified by comparing with two conventional
charge pumps, which is based on simulation program with the integrated circuit emphasis
(SPICE) simulations and theoretical analysis. Moreover, we demonstrated the feasibility
of the proposed one through the experimental circuit built on a breadboard. The proposed
charge pump helps develop efficient energy harvesting systems.

Keywords: Charge pump, Cross-connected topology, Energy harvesting, Inductor-less
converters, Power converters

1. Introduction. Energy harvesting is a process of capturing, storing and converting
external energy, sources of which are solar energy, wind energy, kinetic energy, etc. Utiliz-
ing the external energy from them, the energy harvesting systems are considered as one of
the eco-friend technologies. The representative applications using the energy harvesting
systems are wearable devices and wireless sensor networks. To harvest ambient energy,
the energy harvesting systems employ photovoltaics (PVs) technology, piezoelectric effect,
Peltier effect and so on. The energy collecting devices in the energy harvesting systems
are commonly designed by using a switched-mode power supply (SMPS) to convert en-
ergy harvested from the ambient energy. Therefore, the power converter is an essential
component in terms of developing efficient energy harvesting systems.

Among the types of SMPS, the inductor-less power converters, the so called switched-
capacitor (SC) power converters or charge pumps, can be a suitable solution, because
the absence of magnetic components provides strong merits such as the reduction of the
circuit size and the minimization of electromagnetic interference (EMI) noises. As well as

DOI: 10.24507 /ijicic.15.03.969

969



970 W. DO, H. FUJISAKI, F. ASADI AND K. EGUCHI

these strengths, SC power converters can work in four types of power conversions: DC to
DC [1,2,30], DC to AC [3,28], AC to DC [4,27] and AC to AC [5,29]. In this paper, we
focus on the power conversion type of DC to DC.

Dickson charge pump was suggested in 1976 [6]. Since then, many different types of
the SC power converters have been proposed such as loinovici SC [7], Fibonacci sequence
[8-11], switched capacitor voltage multiplier (SCVM) [12], and ring [13,14]. However,
those common topologies are not designed only for energy harvesting systems. In order
to make SC power converters fit in energy harvesting systems, many attempts have been
undertaken in the design and rearrangement of efficient SC power converters. For example,
Doms et al. [15,16] and Yun et al. [17,18] suggested a charge pump for thermoelectric
generators (TEGs). The proposed charge pump in [15-18] generates a stepped-up output
in only half of the operation period, which requires an output capacitor of high capacitance
to reduce its output ripple. To supply the stable input power to energy harvesting systems,
Eguchi et al. [19,20] combined a clean energy source (input source) and a battery source.
While supplying the stable input to them, the multiple-input charge pump in [19,20] makes
their size bigger. In a bid to reduce the output ripple and to improve power efficiency, a
split-merge charge pump was proposed by Wang et al. [21,22]. The suggested charge pump
in [21,22] requires multi-phase clock pulse for its operation, which leads to the complex
control way. Furthermore, due to the characteristic of parallel-connected topology [23-25],
the circuit size, such as the suggested charge pump [21,22], becomes large.

In this paper, a novel charge pump is proposed in order to realize efficient energy
harvesting systems. It is ‘cross-connected topology’ that is a structural feature of the
proposed charge pump. This structural feature allows the proposed charge pump to
have the following advantages: 1) a stepped-up mode in all operation periods; 2) high
conversion gain; 3) small internal resistance. With those strengths, the proposed charge
pump can achieve higher power efficiency and decrease the capacitance of the output
capacitor than conventional inductor-less power converters. The proposed charge pump
and the conventional inductor-less converters are compared through simulation program
with integrated circuit emphasis (SPICE) simulations and theoretical analysis so as to
verify the performance of the proposed charge pump.

Originally, the idea of ‘cross-connected topology’ is based on our previous study [26].
The previous study [26] suggested the basic idea of cross connecting two charge pumps
and then compared the proposed and conventional charge pump. This paper shows the
workability of the proposed charge pump through the experiment in Section 4. Moreover,
the comparison is implemented with two conventional charge pumps in order to verify the
performance of the proposed charge pump more objectively.

This paper is organized as follows. In Section 2, we present the difference of circuit struc-
ture and operation between the proposed charge pump and conventional charge pumps. In
Section 3, we clarify the characteristics of the proposed charge pump by theoretical anal-
ysis. In Section 4, we simulate the proposed charge pump and the conventional charge
pumps, through which we demonstrate the effectiveness of the proposed charge pump.
Then, we confirm the feasibility of the proposed charge pump by experimental results. In
Section 5, we summarize this study.

2. Circuit Configuration.

2.1. Conventional charge pump. Figure 1 shows the circuit configuration of the con-
ventional charge pump [15-18]. The conventional charge pump is operated by controlling
electric switches S and Sy with non-overlapped clock pulses (®; and ®5). The relationship
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between the input and the output voltage is shown as (1).
Vout = (N + 1)‘/271 (1)

In (1), N is the parameter that represents the number of stages consisting of 1 capacitor
and 3 switches. The parameter N in the case of Figure 1 is 3. According to (1), the
conventional charge pump has the proportional relationship between its step-up gain and
the number of stages.
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FIGURE 1. Circuit and operation clock pulses (®; and ®,) of the conven-
tional charge pump

The conventional charge pump provides the stepped-up voltage to the output load from
the output capacitor C,,; during 7;. On the other hand, the conventional charge pump
charges and discharges the output capacitor during the operation period 7T and 75 re-
spectively. This operation way requires an output capacitor of high capacitance to reduce
output ripple. Even though a multistep split-merge charge transfer operation [21,22] can
be a solution to improve the output ripple and power efficiency of the conventional charge
pump, the complex circuit control is demanded in the sense that the suggested topology
in [21,22] is operated in multi-phase clock pulses. Furthermore, the circuit size of the sug-
gested charge pump [21,22] becomes large due to the characteristic of parallel-connected
topologies [23-25].

2.2. Proposed cross-connected charge pump. Figure 2 describes the circuit configu-
ration of the proposed cross-connected charge pump. The proposed charge pump consists
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FIGURE 2. Circuit and operation clock pulses (®; and ®5) of the proposed
charge pump with 4 times step-up gain
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of two converter blocks that is cross-connected. The proposed charge pump is operated by
controlling electric switches S; and Sy with non-overlapped two clock pulses (®; and ®,).
Through the structural feature of the cross-connection, the sub-circuit in each operation
period (77 and T3) has the symmetrical structure. The relationship between the input
and the output voltage is shown as (2).

Voutr = 2NV, (2)

The distinguishing feature of the proposed charge pump is the operation way of offering
the stepped-up voltage to the output load. The proposed charge pump transfers the
stepped-up voltage to the output load during all operation periods, differently from the
conventional charge pump. These features allow the proposed charge pump to reduce the
output capacitor’s capacitance, the output ripple and the number of stages. These reduced
factors lead to higher power efficiency and smaller circuit size than the conventional one.

3. Theoretical Analysis.

3.1. Proposed charge pump. To elucidate the circuit characteristics, we theoretically
analyze the proposed charge pump based on the four-terminal equivalent model in steady
state [19,20] in Figure 3. The explanation of the parameters in Figure 3 is as follows. m
is the step-up ratio (conversion ratio) of an ideal transformer. I, Vi,, I, and V,,, are
the input current and voltage, and the output current and voltage, respectively. R; and
Rgsc are the output load and the internal resistor that is named the SC resistance. In the
four-terminal equivalent model in steady state, the main task is to derive the Rgc that is
the component to consume energy with R;. By using Rgc, we can theoretically examine
the proposed charge pump to derive the power efficiency and the output voltage.

< Tout

Iin —™
‘E: H g Vout ”

F1GURE 3. Four-terminal equivalent model of charge pump in steady state

Figure 4 shows equivalent circuits of the proposed charge pump in steady state. As men-
tioned in Section 2, the equivalent circuits have the feature of the symmetrical structure.
In Figure 4, the parameter Aqr, v,, or v,,, represents the amount of the electric charges of
the input or output in state-T; (z = 1,2). The parameter R,, represents the equivalent
resistance of closed switches. The four-terminal equivalent model in steady state satis-
fies the ampere-second balance principle, which means that the amount of charged and
discharged electric charges is the same. Therefore, we can obtain the following equation.

Agy, + Agy, =0, (3)
where the parameter Aq% represents the amount of the k-th (k = 1,2, 3,4, out) capacitor
(Ck)’s electric charges in state-T; (i = 1,2).

In the theoretical analysis, the duty ratio of the operation period is set to 50%. The
operation period, state-T; (i = 1,2), is satisfied with (4).

T
T:T1+T2 and T1:T2:§. (4)
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FIGURE 4. Equivalent circuits of the proposed charge pump in steady state:
(a) state-T} and (b) state-T5

The amount of electric charges in State-7%, Agr, v, and Agp, v,,, are obtained as shown
in (5), which is based on Kirchhoft’s current law.
Aqr, v, = Mgz, — Mgy,
AQThVout - Aqal—’]_ + Aq%?t7 (5)
and  Agp, = Agp, + Agy,.
Likewise, by using Kirchhoft’s current law, the amount of electric charges in State-T5,
Agqr, v, and Agr, yv,,,, are obtained as shown in (6).
AqT%Vin = Aq'}g - Aq%Q’
AQTQ,Vout = Aq%@ + AQ%Zt7 (6)
and  Agj, = Agy, + Agp,.
In a theoretical analysis, we assume that the voltage and current of the input and output
maintain the stable state, which means that there is no change in the input and output.

Therefore, the relationship between the input and output average current can be expressed
as shown in (7).

_ A, _ Agryi, + A,

Iz'n

T T (7)
a.nd ]’ ;= Aqvout _ AthVmLt + AqT27Vout
out — T - T .

In (7), Agy,, and Agy,,, are the electric charges amount of the input and output, re-
spectively. The relationship between the input and output average currents including
conversion ratio can be derived as shown in (8) by substituting (3)-(6) into (7).

Ly = =41yt (8)

According to (8), the parameter m in Figure 3 is 4.
The next step is to analyze the energy consumption except for the output load in one
operation period and to derive the Rgc. The energy consumption in State-T} is obtained
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as (9).

(Aqp)*,  (Agh)” (Adgh,)” (Adt,)”

Wp =~/ p ) gp 4 A" op 4 A/
nETT et T T

The total energy consumption in one operation period can be derived as (10) since the

proposed charge pump has the symmetrical structure as shown in Figure 4.

2Ry, 9)

A 2
Wi = %16}20“. (10)

In the interim, (11) can be defined for the relationship of the energy consumption from
the four-terminal equivalent model in Figure 3, differently from (10).
(Aqvout)2

Wi = =22 Rsc. (11)

Therefore, we can confirm by comparing (10) and (11) that the parameter Rgc is 16 R,y,.
Through above steps, we can derive the K-matrix of the proposed charge pump as (12),
which includes the information of the relation of I/O, the conversion ratio and the internal

resistance.
Vi B 1/4 0 1 16R,, Vot (12)
Ii o 0 4 0 1 - ]out )

The parameter 7. and Vi, maximum efficiency and output voltage, are obtained as
(13) by applying the voltage division principle in Figure 3
B Ry Ry
e = 96k IR, 16R,, + Ry,

3.2. Comparison. The comparison of 7Nyu. and V.. with other conventional charge
pumps is shown in Table 1. In Table 1, the theoretical analysis of two conventional charge
pumps is given in Appendix. As shown in Table 1, the proposed charge pump is able to
have higher 1.« and V.« than the conventional ones.

and  Viax = ( ) X 4V;,,. (13)

TABLE 1. Maximum power efficiency and output voltage of the charge pumps

Power efficiency Output voltage
RL RL
Proposed charge pump m <m> x 4V,
Conventional charge pump [17,18] _ <L> x 4Vi,
20R,, + Ry, 20R,, + R
Series-parallel charge pump [21,22] _ (L> x 4Vi,
38Ry + Ry, 38R, + R

Table 2 shows the comparison of the number of circuit components with other con-
ventional charge pumps. As shown in Table 2, the number of circuit components of
the proposed converter is bigger than that of two conventional ones, whereas having the
weakness of the circuit size, the proposed charge pump has the strength of providing the
stepped-up voltage to the output load during all operation periods and reducing the ca-
pacitance of the output capacitor. This strength can contribute to the proposed charge
pump in having higher response speed and smaller occupational chip area.
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TABLE 2. The number of circuit components of the charge pumps

Number of switches Number of capacitors
Proposed 14 5)
charge pump (Cy =+ =Cy = Chy =200 pF)
Conventional 10 4
charge pump [17,18] (Cy =---=C3=200 pF and C,,; = 5 nF)
Series-parallel 1 4
charge pump [21,22] (Cy =---=C3=200 pF and C,,; = 5 nF)

4. Simulation and Experimental Results.

4.1. Simulation results. We simulate the proposed and conventional charge pumps with
SPICE simulator in order to verify the performance of the proposed one. This simulation
is implemented with the conditions as follows [21,22]: the input voltage is 400 mV, the
on-resistance of electric switches is 1 €2, all capacitances of the proposed charge pump’s
capacitors are 200 pF, the capacitances of the conventional charge pumps’ capacitor are
C7 = Cy = C3 = 200 pF and C,,; = 5 nF, the operation clock frequency f is 1 MHz, and
the duty ratio of the operation clock is 50%, which indicates that 77 and T are 5 us.

Figure 5 describes the simulation result of the output voltages of the charge pumps at
different output power. We confirm that the proposed charge pump has higher output
voltage than the conventional ones. Particularly, the output voltage of the proposed charge
pump is maximum 80 mV higher at the output power of 30 uW.

18 18
<16 <16
2 14 Proposed 2 L4 e Proposed
&2 14 &2 \7‘ 4
% 1 % 1 Charge Pump
E 08 Series-Parallel ,>_, 08
= 0.6 = 0.6
% 0.4 . % 0.4 .
S 02 Gain: 4x S 02 Gain: 4x
0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Output Power (uW) Output Power (pW)

F1GURE 5. Simulation result of output voltage at different output power:
the proposed charge pump vs. the series-parallel one on the left and the
proposed charge pump vs. the conventional one on the right

Figure 6 depicts the simulation result of the power efficiency of the charge pumps at
different output power. As shown Figure 6, the proposed charge pump has the highest
power efficiency among others in the case of the output power over 10 W. Concretely, the
power efficiency of the proposed charge pump is maximum 5% higher at the output power
of 30 uW.

Figure 7 shows the simulation result for the response speed of the charge pumps with the
output load of 10 k2. Through the simulation result in Figure 7, the proposed charge pump
is confirmed to have the fastest response speed among others. The reason of that is because
the proposed charge pump has the operation feature of the symmetrical structure and is
able to reduce the capacitance of the output capacitor. The proposed charge pump has
the improved settling time of about 150 us at the above-mentioned simulation conditions.
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FIGURE 6. Simulation result of power efficiency at different output power
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FIGURE 7. Simulation result of response speed

Photo MOS relay

F1GURE 8. Experimental circuit on breadboard

4.2. Experimental results. We verify the feasibility of the proposed charge pump
through the experimental circuit as shown in Figure 8. The experimental circuit of the
proposed charge pump was constructed on a breadboard with circuit components enumer-
ated in Table 3. In the experimental circuit, the photo MOS relays (electric switches) are
controlled by the signals (clock pulses) from the Darlington transistor arrays connected to
the PIC12F629-1/P or the microcontroller. The reason why Darlington transistor arrays
are used in the experiments is to drive safely the photo MOS relays.
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TABLE 3. The experimental circuit components

Parts Components Models/Values
Main block Switch/On ?esistance AQV212/0.83 €2
Capacitor 33 puF
Micro controller PIC12F629-1/P
Control block Darlington driver IC TD6203APG
Current control resistance 330 2
Output load Resistance 10 k2

3958
KEYSIGHT

TECHNOLOGIES

Channels
10.0:1

F1GURE 9. Experimental waveforms of output voltage

The experimental output voltage is given in Figure 9. The experimental setup is as
follows: the output load of 10 k€2, the input voltage of 400 mV and the clock pulses of the
operation period (50% duty ratio) of 4 ms. As Figure 9 shows, the output voltage of the
proposed one is about 1.5862 V. It is the negligible error of 0.0117 that is the difference
between the theoretical result (1.5979 V) and the experimental output voltage.

5. Conclusions. This paper has proposed a new design of a charge pump named “cross-
connected charge pump” for energy harvesting systems. The reason of this nomenclature
is because the proposed charge pump has the cross-connected two converter blocks. The
structural feature contributes the proposed charge pump to have smaller internal resis-
tance and smaller capacitance of the output capacitor than other conventional charge
pumps. To verify the performance of the proposed charge pump, we implemented the
theoretical analysis and SPICE simulations. The result of them confirmed that the pro-
posed charge pump has the following strengths: first, maximum 5% higher power efficiency
and maximum 80 mV output voltage than other conventional charge pumps at the output
power of 30 uW; second, the improved settling time of about 150 us at the output load of
10 k2. The result of the experiment demonstrated the feasibility of the proposed charge
pump with the negligible error of 0.0117. It is left for a future study to apply the proposed
charge pump to energy harvesting systems and to implement it into an IC package.
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Appendix.

A.1. Characteristics of Conventional Charge Pump. In this section of A.1, the
conventional charge pumps [15-18] are theoretically analyzed, based on the four-terminal
equivalent model in steady state as shown in Figure 3.

Agnvm Agrve  Aqmp Aqr,vou
q_.. on q ' — Ron Ron —
o—v o—
Vin Vout Vin Vout
C1 == Cout = (1 C2 == (3 T Cout
ROTE [] ROH ROI’l RO}’I [] RO}’I “ ROVI
(a) (b)

FIGURE 10. Equivalent circuits of the conventional charge pump: (a) state-
Ty and (b) state-T,

Figure 10 shows equivalent circuits of the conventional charge pump [15-18] in steady
state. In Figure 10, the parameter Aqr, v,, or v,,, Tepresents the amount of the electric
charges of the input or output in state-7; (i = 1,2). The parameter R,, represents the
equivalent resistance of closed switches. By using the ampere-second balance principle
and Kirchhoff’s current law, we can obtain the following equation in State-77.

Agr, v, = Aqry, — Agr,,
Aqu,Vout AqOUt (14)
and Aq%1 + Aqu =0,

where the parameter Aq%_ represents the amount of the k-th (k = 1,2, 3, out) capacitor
(Ck)’s electric charges in state-T; (i = 1,2).
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Likewise, by using the same way in State-T}, the relationship of electric charges in
State-T5 can be expressed as

Aqr, v, = —ACI%Q - ACI%W
AqTQ,Vout = Aq,%q;t + AQ;’E? (15)

and Aq%2 + Aq%2 = 0.

The relationship between the input and output average currents including conversion
ratio can be derived as shown in (16) by substituting (14) and (15) into (7) and using the
characteristic of the steady state.

Lin = —41,,. (16)

According to (16), the parameter m in Figure 3 is 4.

The next step is to analyze the energy consumption except for the output load in one
operation period and to derive the Rgc. The energy consumption in State-T7 is obtained
as (17).

Agh )’ Ag)
Wle( qu) 2Ron+< qu)

3 Ron
Ty Ty

), (B o
and Wy, = —d2) gp o\ 200 3p

T 15
From (17), the total energy consumption in one operation period can be derived as (18).
A 2
Wi = %20}%. (18)

Therefore, we can confirm by comparing (11) and (18) that the parameter Rgc is 20R,,.
Through above steps, we can derive the K-matrix of the conventional charge pump as
(19), which includes the information of the relation of 1/O, the conversion ratio and the

internal resistance.
Vi | 1/4 0 1 20R,, Vot
=L e ) ] 1)

By using (19) and applying the voltage division principle, the maximum power efficiency
Nmax and the maximum output voltage V.. of the conventional charge pump can be
derived, which are obtained as Table 1.

A.2. Characteristics of Series-Parallel Charge Pump. In this section of A.2, the
series-parallel charge pump in Figure 11 [21,22] is theoretically analyzed, based on the
four-terminal equivalent model in steady state as shown in Figure 3.

Vout
:
] ——D—r—— [ —p
3 Cout soe

51| @1 D1
L -
52 0%) D2

Vin

Koy
)
52
.

F1GURE 11. Circuit and operation clocks pulses (®; and ®3) of the series-
parallel charge pump
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A q 11, Vin
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—[ —|: —|: Vout
Cout

(b)

FIGURE 12. Equivalent circuits of the series-parallel charge pump:
(a) state-T} and (b) state-Ty

Likewise, the theoretical analysis of the series-parallel charge pump satisfies the ampere-
second balance principle and Kirchhoff’s current law. Therefore, we can derive (20) related
to the amount of all components’ electric charge in State-T7 (the capacitors and the input
and output in Figure 12).

Aqua in - Agjl—‘]_ + Aq%l + Ag%l

(20)
and  Aqp v, = Aqout7
the parameter Aqu‘ii represents the amount of the k-th (k = 1,2,3, out) capacitor (Cy)’s
electric charges in state-T; (i = 1,2).
By using the same way in State-T1, the relationship of electric charges in State-T, can
be expressed as

Agry v, = =Dy,
AQT%Vout - AqOUt + Aq%—b? (2]‘)
and  Agp = Agj, = Ag,.

The relationship between the input and output average currents including conversion
ratio can be derived as shown in (22) by substituting (20) and (21) into (7) and using the
characteristic of the steady state.

]in = _4lout- (22)

According to (22), the parameter m in Figure 3 is 4.
The next step is to analyze the energy consumption except for the output load in one
operation period and to derive the Rgc. The energy consumption in State-T7 is obtained

s (23).
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Agh)’ 3A¢h)°
Wi, = (Ll)(;Ron + MRW
T Ty
2 (23)
(AqT2)
and Wp, = 4R,,,.
15
From (23), the total energy consumption in one operation period can be derived as (24).
A 2
Wy = %38}%0”. (24)

Therefore, we can confirm by comparing (11) and (24) that the parameter Rgc is 38 Rop,.
Through above steps, we can derive the K-matrix of the conventional charge pump as
(25), which includes the information of the relation of I1/0, the conversion ratio and the

internal resistance.
Vi B 1/4 0 1 38R,, Veout
=l e ) )

By using (25) and applying the voltage division principle, the maximum power efficiency
Nmax and the maximum output voltage V.. of the series-parallel charge pump can be
derived, which are obtained as Table 1.



