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1．Introduction In energy harvesting (EH), external energy 

such as solar and thermal energy is converted into electric power. 

Because it fluctuates depending on the input energy, the output 

voltage can be as low as several hundreds to several tens of mV in 

some cases [1]. Therefore, it is necessary to boost the voltage in 

order to operate integrated circuits.  However, theoretical research 

on the lower limit of the input voltage for charge pumps (CPs) [2] 

has not been reported. In this research, we propose an algorithm to 

design circuit parameters for extremely low voltage operation. 

2．Proposed design flow Parameters are defined as follows. 

𝑉𝐷𝐷: input voltage, 𝑉𝑂𝑈𝑇: output voltage, 𝐼𝑂𝑈𝑇: average output 

current, N: number of stages, C: capacitance of capacitor, 

𝛼𝑇(𝐵)𝐶: parasitic capacitance on the upper (lower) side of 

capacitor, 𝐶𝑜𝑥: capacitance density of capacitor, f: frequency, 𝑉𝑇: 

thermal voltage, 𝐼𝑆: saturation current, 𝑉𝑇𝐻
𝐸𝐹𝐹: effective threshold 

voltage of diode, A𝐷: area of a unit diode, 𝑁𝐷: number of parallel 

diodes, 𝐶𝑗: junction capacitance of a unit diode, 𝐴𝐶𝑃: total area of 

CP, 𝐴𝑐𝑎𝑝: capacitor area per stage, 𝑅𝑃𝑀𝑃: effective output 

impedance of CP, 𝑉𝑀𝐴𝑋: maximum attainable voltage, 𝜂: power 

efficiency, 𝑉𝑃𝑃: output voltage at the operating point, 

 𝐼𝑃𝑃: average value of the output current at the operating point 

𝐼𝑠, 𝐴𝐷 , 𝐶𝑜𝑥, 𝐶𝑗 , 𝛼𝐵 and 𝑉𝑇 are assumed to be predetermined. The 

relationships between 𝐼𝑂𝑈𝑇 , 𝑉𝑂𝑈𝑇  and 𝜂 are expressed by (1)-(5) 

[3], [4]. The size of CP is defined by (6). Because one parameter 

depends on another, one needs to determine each parameter in a 

proper order. The proposed flow is as follows when the reverse 

current is considered to be sufficiently small. 
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#1: Give initial values to 𝑉𝐷𝐷, 𝑉𝑃𝑃, 𝐴𝐶𝑃, 𝑉𝑇𝐻
𝐸𝐹𝐹and 𝑁𝐷. 

#2: Assuming α𝑇 ≪ 1 , the minimum stage number 𝑁𝑚𝑖𝑛  to 

generate V𝑃𝑃 is determined using (3) by replacing 𝑉𝑀𝐴𝑋 with 𝑉𝑃𝑃. 

An optimum number of stages (𝑁𝑂𝑃𝑇 ) is determined by 1.6 ×

𝑁𝑚𝑖𝑛 [5].  

#3: Calculate C using (6). Calculate 𝛼𝑇 with 𝐶𝑗𝐴𝐷𝑁𝐷/𝐶. 

#4: Calculate f using (4). 

#5: Calculate 𝑅𝑃𝑀𝑃 and 𝑉𝑀𝐴𝑋 using (2), (3) 

#6: Draw 𝐼𝑂𝑈𝑇 − 𝑉𝑂𝑈𝑇 to get 𝐼𝑃𝑃 . 

#7: Calculate the required CP area (𝐴𝑡𝑜𝑡) for 𝐼𝑂𝑈𝑇(𝑉𝑃𝑃) = 𝐼𝑃𝑃𝑡𝑔𝑡 

with 𝐴𝐶𝑃 × 𝑆𝐹  where 𝑆𝐹 = 𝐼𝑃𝑃𝑡𝑔𝑡/𝐼𝑃𝑃 . Update C and 𝑁𝐷  with 

𝐶𝑛𝑒𝑤 = 𝐶 × 𝑆𝐹, 𝑁𝐷_𝑛𝑒𝑤 = 𝑁𝐷 × 𝑆𝐹. 

#8: Calculate 𝜂 using (5). 

By executing steps #1 to #8 for various 𝑉𝑇𝐻
𝐸𝐹𝐹  and 𝑁𝐷, one can 

draw 𝐴𝑡𝑜𝑡 − 𝜂  characteristics. Three designs are taken as 

representative ones: the design with the maximum efficiency 

(𝜂𝑚𝑎𝑥), the design with the smallest area (𝐴𝑚𝑖𝑛), and the design 

where power efficiency and area are balanced (balanced). By 

changing 𝑉𝐷𝐷, one can perform the same procedure, to identify a 

minimum operating voltage. 

3．Demonstration Demonstration is performed with the 

following parameters, where a Schottky barrier diode [6] and 1.8V 

CMOS are assumed. 

𝐴𝐶𝑃 = 2 × 104μm2, 𝑉𝑃𝑃 = 0.5V, 𝐼𝑃𝑃𝑡𝑔𝑡 = 10μA, 

𝐶𝑜𝑥 = 10fF μm2⁄ , α𝐵 = 0.1, A𝐷 = 10μm2, 𝑉𝑇 = 25mV, 

𝐼𝑆 = 10𝑛𝐴, 𝐶𝑗 = 3.5fF/μm2, 

𝑉𝑇𝐻
𝐸𝐹𝐹 = 0.02~0.08V, 𝑁𝐷 = 1~120, 𝑉𝐷𝐷 = 0.1~0.3V 

Fig.1 (a) and (b) respectively shows V𝐷𝐷 − A𝑡𝑜𝑡 and V𝐷𝐷 − η. One 

can design CP operating at 𝑉𝐷𝐷 = 0.1V and 𝑉𝑃𝑃 = 0.5V with an 

area overhead per 10μA of 1.99mm2 and 𝜂 = 34%. If the Si area 

is the priority, one may have to run EH system at  𝑉𝐷𝐷 = 0.2𝑉 

with an area overhead per 10μA of 0.46mm2  and 𝜂 = 46% for 

balanced or 0.12mm2 and 𝜂 = 24% for 𝐴𝑚𝑖𝑛. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 (a)𝑉𝐷𝐷 − 𝐴𝑡𝑜𝑡, (b)𝑉𝐷𝐷 − 𝜂 

4．Conclusion We proposed an algorithm to determine design 

parameters of CP under low voltage conditions and demonstrated 

for 𝑉𝐷𝐷 = 0.1~0.3V. By using the proposed flow under given 

conditions, one can easily estimate the trade-off between 𝑉𝐷𝐷 , 

circuit area and power efficiency. 
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