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Abstract

This paper presents a novel dual-input cross-connected charge pump utilizing scavenged energy. The proposed converter
has two input sources: a battery input and a scavenged energy input. Unlike existing charge pumps, the proposed converter
alleviates the energy consumed in a battery source by utilizing the scavenged energy. Therefore, the proposed converter can
extend the lifetime of a battery source. Furthermore, the cross-connected structure offers not only higher voltage gain but also
faster response speed than existing charge pumps. Through theoretical analysis and simulation program with integrated circuit
emphasis (SPICE) simulation, the proposed converter demonstrates high power efficiency and high output voltage, where the
proposed converter is compared with series–parallel converter, traditional charge pump, and Fibonacci converter. Concretely,
about 90% power efficiency can be achieved by the proposed converter when the output power is 15 µW, and the settling time
is less than 19 µS when the output load is 500 k�. Furthermore, the feasibility of the proposed converter is confirmed by
breadboard experiments, where the experimental circuit is built with commercially available ICs.
c⃝ 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Recently, energy harvesting [1,2] is one solution to save energy in electric appliances, because some of wasted
energy are captured by energy harvesting collectors and are used for electric appliances. In the energy harvesting
collectors, ambient energy is converted into electrical energy. However, the application field of energy harvesting
systems is limited, because typical power densities provided by energy harvesting collectors is very low such as
µW/cm3–mW/cm3. Therefore, power converters, namely, DC/DC [3,4], AC/DC [5], AC/AC [6], and DC/AC [7,8],
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are an essential component for the design of efficient energy harvesting systems. Among others, an inductor-less
dc–dc converter is a suitable solution to realize efficient energy harvesting systems, because it can provide low
electromagnetic interference (EMI) noise, small size, light weight, and so on. In these last few decades, researchers
have proposed many kinds of inductor-less dc-dc converters. For example, series–parallel type converter [7], charge
pump [2,4], Fibonacci converter [8,9], and so on. However, these existing converters suffer from the lack of harvested
energy, because electrical energy scavenged by energy harvesting collectors is very small. Furthermore, most of them
require a big output capacitor to suppress ripple noise, because an output voltage is provided only in a half clock
cycle.

In this paper, we propose a dual-input cross-connected charge pump utilizing scavenged energy. Unlike existing
techniques, we utilize the harvested energy as assistance to a battery input. Therefore, the proposed converter can
extend the lifetime of a battery source, where the energy consumption of a battery source is alleviated by utilizing the
scavenged energy. Furthermore, high voltage gain and small ripple can be achieved by the cross-connected structure
[1,9]. To demonstrate the effectiveness of the proposed converter with 6× step-up gain, the performance of the
proposed converter is compared with that of existing converters, namely, series–parallel converter [7], traditional
charge pump [2,4], and Fibonacci converter [8,9], by using simulation program with integrated circuit emphasis
(SPICE) simulations and theoretical analysis.

This paper consists of 6 parts. First, the circuit configuration of the proposed converter is explained in Section 2.
Next, the characteristics of the proposed converter is clarified theoretically in Section 3. Then, in Section 4, the
performance evaluation is performed by comparing the proposed converter with the existing converters [2,6–9].
After that, in order to confirm the feasibility of the proposed converter, breadboard experiments are conducted in
Section 5. Finally, the result of this work is summarized in Section 6.

2. Circuit configuration

Fig. 1 illustrates an example of the circuit configuration of the proposed dual-input cross-connected charge pump.
Unlike existing converters, the proposed converter has two-input sources: a battery input Vin1 and a scavenged energy
input Vin2. By driving switches S1 and S2 by two-phase clock pulses, the output voltage is given by

Vout = 3 (Vin1 + Vin2) . (1)

Fig. 1. Circuit configuration of the proposed dual-input cross-connected charge pump with 6× step-up gain.

As Eq. (1) shows, the output voltage of the proposed converter is expressed by combining Vin1 and Vin2.
Therefore, the proposed converter can alleviate the energy consumed in a battery source. Concretely, if Vin1 = Vin2,
the energy consumption in a battery source becomes half, because the proposed converter has a symmetrical
topology.
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3. Theoretical analysis

In the theoretical analysis, the equivalent circuit is obtained by using the instantaneous equivalent circuit shown
in Fig. 2, where the equivalent circuit is expressed by the six-terminal equivalent model shown in Fig. 3 [4]. In
Fig. 3, m1 and m2 are the turn ratios of an ideal transformer, RSC is the internal resistance of the power converter,
and RL is the output load. The theoretical analysis is simplified by assuming the conditions that 1. Parasitic elements
are small, 2. Time constant is much larger the period of clock pulses, and 3. Two transformers do not resonate each
other. Using Fig. 3, we can derive the characteristics of the proposed converter, namely, output voltage and power
efficiency [10].

Fig. 2. Instantaneous equivalent circuits: (a) state-T1; (b) state-T2.

Fig. 3. Six-terminal equivalent model.

First, in order to obtain the relation between the inputs and the output, the differential value of electric charges
∆qk

Ti
in Ck (k = 1, . . . , 6) is discussed by using Fig. 2, where Ron is the on-resistance of Si (i = 1, 2), ∆qTi ,vin1

and ∆qTi ,vin2 are the electric charge of the Vin1 and Vin2 in State-Ti , and ∆qTi ,vout (i = 1, 2) is the electric charge
of the output terminal in State-Ti . In a steady state, the electric charges of Ck are the same at the start and end of
the cycle T, because the overall change in electric charges is zero. Thus, the differential value ∆qk

T i satisfies

∆qk
T1

+ ∆qk
T2

= 0. (2)

In Eq. (2), the interval of T1 and T2 satisfies T = T1 + T2 and T1 = T2 = T/2, where T is a period of clock
pulses. By using Kirchhoff’s current law, the relation between ∆qk

Ti
’s is obtained by

∆qT1,vin1 = −∆q1
T1

+ ∆q2
T1

− ∆q4
T1

, and ∆qT2,vin1 = 0, (3)

∆qT1,vin2 = 0, and ∆qT2,vin2 = ∆q1
T2

− ∆q2
T2

− ∆q3
T2

, (4)

∆qT1,vout = ∆qout
T1

+ ∆q5
T1

, and ∆qT2,vout = ∆qout
T2

+ ∆q6
T2

, (5)

∆q6
T2

,∆q1
T1

= −∆q3
T1

, ∆q5
T1

= ∆q4
T1

+ ∆q6
T1

,

∆q2
T2

= −∆q4
T2

, and ∆q6
T2

= ∆q3
T2

+ ∆q5
T2

, (6)
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Using Eqs. (2)–(6), we have the average inputs/output currents, Iin1, Iin2, and Iout , as follows:

Iin1 =
∆qvin1

T
=

∆qT1,vin1 + ∆qT2,vin1

T
,

Iin2 =
∆qvin2

T
=

∆qT1,vin2 + ∆qT2,vin2

T
,

and Iout =
∆qvout

T
=

∆qT1,vout + ∆qT2,vout

T
, (7)

because the overall change in the electric charges, ∆qTi ,vin , ∆qTi ,vin , and ∆qTi ,vout , is zero in the steady state. By
substituting Eqs. (2)–(6) into Eq. (7), we obtain the relation between the inputs and the output as follows:

Iin1 = −3Iout , Iin2 = −3Iout , and m1 = m2 = 3 (8)

Next, the total consumed energy, WT , of Fig. 2 is discussed to derive RSC . As Fig. 2 shows, the consumed energy
of Fig. 2(a) is equal to that of Fig. 2(b), because the proposed converter has a symmetrical topology. Therefore, we
can express WT as follows:

WT = 2 ×

⎧⎪⎨⎪⎩3Ron

(
∆q3

T1

)2

T1
+ 2Ron

(
∆q2

T1

)2

T1
+ 2Ron

(
∆q5

T1

)2

T1
+ 2Ron

(
∆q6

T1

)2

T1
+Ron

(
∆q4

T1

)2

T1

⎫⎪⎬⎪⎭
= 28Ron

(
∆qVout

)2

T
. (9)

From Eq. (9), we get RSC as 28Ron , because WT of Fig. 3 can be expressed as

WT ≜
(qvout

T

)2
RSC T . (10)

Finally, we obtain the equivalent circuit of the proposed converter as shown in Fig. 4. From Fig. 4, the output
voltage and the power efficiency can be derived as

Vout = 3 (Vin1 + Vin2)

{
RL

RL + 28Ron

}
and η =

RL

RL + 28Ron
. (11)

Fig. 4. Equivalent circuit of the proposed converter.

As Eq. (11) shows, the internal resistance RSC (= 28Ron) is the important factor to achieve high power efficiency
[11].

4. Performance evaluation

In this section, we conducted SPICE simulations in order to justify the effectiveness of the proposed converter.
To compare the performance of the proposed converter with that of existing converters, the SPICE simulations
were performed under the conditions that Vin1 = Vin2 = 0.3 V, Ron = 1 �, f = 1 MHz, and C1 = · · · =

C6 = Cout = 200 pF. In the SPICE simulations, the proposed converter was compared with the existing converters,
namely, series–parallel type converter [7], traditional charge pump [2,4], and Fibonacci converter [8,9].

Fig. 5 demonstrates the comparison result concerning power efficiency. As Fig. 5 shows, the power efficiency of
the proposed converter is the highest when the output power is more than 13 µW. Concretely, the proposed converter
can achieve about 90% power efficiency when the output power is 15 µW. Fig. 6 depicts the comparison result in



232 K. Eguchi, Y. Kozono, T. Ishibashi et al. / Energy Reports 6 (2020) 228–234

Fig. 5. Simulated power efficiency.

Fig. 6. Simulated transient characteristic.

transient characteristic, where the output load was set to 500 k�. As you can see from Fig. 6, the proposed converter
is the fastest among them. Concretely, the settling time of the proposed converter is less than 19 µS. Table 1 shows
the number of circuit components. As Table 1 shows, unlike existing converters, the proposed converter can offer
an output voltage in all cycles, although the number of circuit components for the proposed converter is slightly
bigger than that for the existing converters. In other words, the proposed converter can achieve smaller ripple noise
than the existing converters. Furthermore, owing to the dual-input topology, the proposed converter can extend the
lifetime of a battery source.

Table 1. Number of circuit components.

Topology Gain Input type Output cycle Number of switches Number of capacitors

Proposed converter 6× Dual Full cycle 20 7
Series–parallel type converter 6× Single Half cycle 16 6
Traditional charge pump 6× Single Half cycle 17 6
Fibonacci converter 5× Single Half cycle 10 4

5. Experiments

In this section, the feasibility of the proposed dual-input topology is confirmed by breadboard experiments. In
this experiment, the proposed converter was built with commercially available ICs, namely, photo MOS relays AQV
212, darlington sink drivers TD62004APG, a microcontroller PIC, and electrolytic capacitors. Fig. 7 demonstrates
the measured output voltage when Vin1 is about 0.3 V and Vin2 is about 0.28 V, where the ideal output voltage
of the experimental circuit is 1.74 V. As Fig. 7 shows, the measured output voltage is 1.63 V at the output load
510 k�. In Fig. 7, the voltage efficiency of the experimental circuit is about 93.7%, because the ideal output voltage
is 1.74 V. Fig. 8 demonstrates the measured output voltage when Vin1 is about 0.39 V and Vin2 is about 0.19 V,
where the ideal output voltage of the experimental circuit is 1.74 V. As Fig. 8 shows, the measured output voltage
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Fig. 7. Measured output voltage (Vin1 = 0.3 V and Vin2 = 0.3 V).

Fig. 8. Measured output voltage (Vin1 = 0.4 V and Vin2 = 0.2V).

is 1.66 V at the output load 510 k�. In Fig. 8, the voltage efficiency of the experimental circuit is about 95.4%,
because the ideal output voltage is 1.74 V. From Figs. 7 and 8, the feasibility of the proposed converter can be
confirmed.

6. Conclusion

A novel dual-input cross-connected charge pump has been proposed in this paper. To alleviate the energy
consumed in a battery source, the proposed converter provides a stepped-up voltage by utilizing scavenged
energy. Therefore, the proposed converter can extend the lifetime of a battery source. The characteristics of the
proposed converter was investigated by theoretical analysis, SPICE simulations, and bread board experiments. The
performance evaluation demonstrated that 1. The proposed converter can achieve higher power efficiency than the
existing converters, namely, series–parallel type converter, traditional charge pump, and Fibonacci converter. When
the output power was 15 µW, the power efficiency of the proposed converter was about 90%, 2. The proposed
converter was the faster than the existing converters. When the output load was 500 k�, the settling time of the
proposed converter was less than 19 µS, and 3. The feasibility of the proposed converter was confirmed through
experiments. The experimental circuit achieved high step-up gain.

The future enhancement of this work is to integrate the proposed converter into an IC chip and justify the
effectiveness of the proposed converter experimentally.
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