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Abstract—Energy harvesting and wireless power transfer to 
power small, low-power and autonomous devices have recently 
attracted numerous research studies. Due to the lack of energy 
supplies, DC to DC converters with multiple inputs have been 
studied to harvest different energy sources simultaneously. In 
this paper, a proposed pulse skipping modulation method is used 
to control a multiple input buck boost converter with the output 
power from 7 µW – 700 µW.  The DC to DC converter can 
achieve a high efficiency of 83.3% at 23.6 µA load current, and 
the highest efficiency is up to 89.1% at 255 µA current load. The 
control method offers the flexibility and adaptability in 
maximum power point tracking and input power contribution. 
The paper investigates a completed energy harvesting system 
including a solar cell and 915 MHz RF source and power 
management circuits. 

Keywords—Pulse Skipping Modulation, Buck converter, Boost 
Converter, Energy Harvesting, DC to DC converter. 

I. INTRODUCTION 

Recent developments in wireless applications and RF 
devices have significantly changed the world. The new trend of 
RF energy harvesting and wireless power transfer enables RF 
systems to not only receive and process the RF signals but also 
turn those RF signals into energy. That the IoT sensors 
consume low power due to the long time duration between 
wireless charging cycles allows RF energy harvesting and 
wireless power transfer to fully power sensors and wearable 
devices and remotely recharge device batteries. The greatest 
challenge of energy harvesting and wireless power transfer is 
sufficiently harnessing ambient energy sources to power low-
power electronic circuits or sensors. Different papers focused 
on improving the transducer performance by using large-
dimension transducers [1] and [2], reducing the distance from 
the transducers with wireless inductance coils to RF sources in 
[3]-[5] or designing hybrid structures which can scavenge 
multiple energies simultaneously [6]-[9]. Other works [10]-
[12] mainly researched on increasing the efficiency of power 
management circuits which include AC to DC and DC to DC 
converters.  

Energy harvesting systems harvest very small power on the 
order of microwatts to milliwatts. As a result, the buck and 
boost converters normally operate in a discontinuous 
conduction mode in which the duty cycle of switching in 
inductive-based converters is small (from 1% to 20%). The 
converter inductor is charged or discharged in small intervals  
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Fig. 1. a) Multiple input buck boost converter and b) pulse skipping 
modulation timing diagram. 

and is not used during the rest of the switching period. 
Consequently, the inductor can be used for other purposes to 
deliver power from other energy sources. From this idea, this 
paper presents a pulse skipping modulation (PSM) method to 
control a multiple input buck boost configuration to 
simultaneously harvest energy from both solar and radio 
frequency (RF) sources. Several papers [13] and [14] 
presented pulse width modulation methods to control multiple 
input converters; however, tracking maximum power points 
and equally distributing the harvested power among the inputs 
require high power and more complex control circuits. This 
paper uses a simplified algorithm of the PSM method which 
allows a low-power control circuit designed for energy 
harvesting system.  

Section I of this paper has introduced the overview of 
energy harvesting and the proposed the control approach. The 
pulse skipping modulation method for a multiple input buck 
boost converter is discussed in Section II. Section III shows 
experimental results of the tested converter system. Finally, 
some conclusions summarize the achievements of this paper 
and future work. 
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Fig. 2.  Inductor current with switching pulses. 

 

Fig. 3.  The PSM controlling system of multiple input buck boost converter. 

II. PSM FOR MULTIPLE INPUT BUCK BOOST CONVERTER 

The configuration of the multiple input buck boost 
converter is illustrated in Fig.1a). The converter has two inputs: 
low-voltage (from the RF to DC converter output) and high-
voltage (from a solar cell output). The converter is a 
combination of buck and boost converters. All MOSFET 
switches in the converter are controlled by switching signals 
SL, SH and SS. The signals contained within the pulse skipping 
modulation phase are shown in Fig. 1b). The output voltage is 
compared to a reference voltage using a hysteresis comparator. 
When Vout is smaller than VREF_LOW, the PSM signal goes high 
to generate the switching pulses for all of the MOSFET 
switches SL,  

 

Fig. 4.  Output Current and power versus voltage of a solar cell. 

 

Fig. 5.  Output Current and power versus voltage of RF to DC converter. 

SH and SS, until Vout reaches VREF_HIGH. The switching signals 
are turned off when Vout reduces from VREF_HIGH to VREF_LOW. 
The PSM method offers high efficiency due to reducing 
switching and conduction loss but causes large output voltage 
ripple. Fig. 1b) and 2 shows the sequential switching signals. 
There are two intervals for boost and buck conversions in one 
switching period in which the SS switch is used to prevent a 
current flowing from the VH input to the VL input when SH is 
ON. In the first half of the switching period (when SS is ON), 
SL is utilized in boost conversion to deliver power from the 
low-voltage VL input into the load through an inductor L. 
When SL turns on, the inductor current Iind increases, and when 
SL turns off, diode D2 is ON so that all the charge from the 
inductor is transferred into the load. Similarly, the second half 
of the switching period is used for the buck conversion process. 
SH is controlled by a switching pulse to deliver the power from 
the high-voltage VH input into the output load. In the PSM 
approach, the switching period and duty cycles are controlled 
such that the converter operates in discontinuous conduction 
mode. Figure 2 shows the measurements of the inductor 
current corresponding to the pulse switching signals. 



 

Fig. 6.  The fabricated multiple input buck boost converter. 

 

Fig. 7.  Output voltage and SH switching pulse of the DC to DC converter 
with 6.8 kOhm (top), 56 kOhm (middle) and 220 kOhm (bottom) load. 

Figure 3 illustrates the detailed PSM control system. A 
microcontroller is used to generate the switching outputs with 
adjustable duty cycles which are connected to different delay 
blocks to prevent the switching pulse from overlapping. The 
circuit also provides the maximum power point tracking by 
comparing the converter inputs with two reference voltages 
using two comparators. To fully turn on and off all MOSFET 
switches, the level shifter and gate driver are used to generate 
output pulses switching from VSS to VH. For instance, when D1 
is ON in Fig. 3, the voltage at the Vmid node goes lower than 
zero; therefore, a negative voltage VSS is applied to the SH gate 
to turn off the SS switch.  

 

               a)                                                          b) 

Fig. 8  a) Input and output powers versus output current b) the efficiency of 
the converter with different output current. 

 

Fig. 9.  The output voltage behavior with different input conditions. 

III. EXPERIMENTAL RESULTS 

The multiple input buck boost converter system including 
an RF generator, RF to DC converter, a solar source, and DC to 
DC converter is implemented and tested. The outputs of a solar 
cell and an RF to DC converter are connected to the high and 
low voltage inputs of the converter, respectively. The 
switching pulses of the converter MOSFETs are generated and 
controlled by Texas Instruments MCUs TMS320F28335 and 
discrete control circuits. This section discusses the 
experimental results of the energy harvesting interface circuits. 

A. Solar and RF to DC Outputs 
The Panasonic AM-1801 25 x 53 mm solar cell was used to 

generate a high voltage input with a maximum power point 
(MPP) of approximately 3.7 V. The solar cell is tested under 
incandescent and fluorescent lamps which simulate outdoor 
and indoor lighting, respectively. With the same 200 lux 
illumination, the solar cell using incandescent light can 
generate 49 µW higher than that using fluorescent light as 
shown in Fig. 4. The VL input of the converter is supplied by a 
915 MHz RF to DC system consisting of an RF signal 
generator, a matching network [15] and a 6-stage Cockcroft-
Walton RF to DC converter [16]. When the RF input power 
increases from -6 dBm to -2 dBm, the maximum output DC 
power produced ranges from 40 µW to 145 µW. Figure 5 
demonstrates that the MPP of the output of RF to DC 



converters approximately equals to 46.8% of the open-circuit 
voltage.  

B. System Measurements 
The fabricated multiple input buck boost circuit is shown 

in Fig. 6. The chosen low voltage drop and power loss 
Schottky diode, PMOS and NMOS switches are BAT754, 
BSS138, and NTR1P02L, respectively. The fixed switching 
pulse duties of MOSFET SL and SH are 17% and 13% of the 
switching period of 1 µs. The inductor value is 10 mH, and the 
output capacitor is 10 µF. The pulse density and output voltage 
ripple in PSM control depend on the output load conditions. 
Figure 7 shows the transient behavior of Vout under various 
load conditions:  RLoad=6.8 kOhm, 56 kOhm and 220 kOhm. 
When the load resistance increases, the switching pulse density 
and Vout ripple increase. For RLoad=8 kOhm and using an 
average output voltage of 1.8V and constant supply voltages of 
1V and 3V, the output ripple is 65 mVpp. The distributed 
power consumption of two inputs and the output power and 
efficiency are illustrated in Fig. 8. The maximum efficiency of 
the multiple input converter reaches up to 89%. The converter 
maintains a high efficiency of 63% at a low output current of 6 
µA. The calculated efficiency does not take into account the 
power required for the control circuits and microcontroller 
which can be minimized when using optimized integrated 
circuits. The converter can operate with output power in the 
range of 7 µW – 700 µW. 

Finally, Fig. 9 illustrates the adaptability of the converter 
controlled by the PSM approach when input conditions are 
changed. When the total input power from light and RF is 
abundant and much larger than the needed input, the output 
voltages of solar cell and RF to DC converter go toward the 
open-circuit voltages (VH= 4.1 V and VL=1.4 V). When an 
input power decreases but is still sufficient, the supply voltages 
reach close to the controlled MPPs. If the total input is not 
enough to power the load, the inputs are maintained at the 
MPPs while the output voltage is reduced.  

IV. CONCLUSIONS 

This paper has shown a proposed pulse skipping 
modulation method to control a complete multiple input buck 
boost converter for RF and solar energy harvesting. The 
converter can work in the output power range of 7 µW to 700 
µW with the maximum efficiency up to 89%. This work also 
presents a MPP tracking which can adapt to different load and 
input conditions. Future work will complete the converter by 
designing an IC tape-out of the controlling circuits to increase 
the system efficiency and reduce power loss. 
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