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Abstract

Voltage multipliers are used to convert the low AC voltage output of energy
harvesters into relatively high DC voltage for portable devices and wireless sensor
nodes (WSNs) applications. DC voltage conversion is required to operate an electronic
device or recharge a battery. In order, to convert the low AC voltage output of the
energy harvester into relatively high DC voltage, a voltage multiplier circuit need to
be integrated with the energy harvester. In this study, Prototype-1 (two-stages) and
Prototype-2 (three-stage) Dickson voltage multipliers and Prototype-3 (seven-stage)
Cockcrofi-Walton voltage multiplier circuits are developed. The device is capable of
converting a low voltage of 50 mV into 350 mV. The research focuses on the
development and characterization of Prototype-1, Prototype-2 and Prototype-3
circuits. Results indicate that the determination of load resistance is important for
better output power. The maximum power of 11.97 uW was obtained by prototype-3
elucidating better power compared to prototype-1 and prototype-2 and the power was
obtained at an optimum load of 560 k. Furthermore, a rectenna tested at different
distances from the source, revealed that prototype-2 produced a maximum power of
3.01 x 10 -6 uW, at an optimum load of 560 kQ.

Keywords: Voltage multipliers, energy harvesters, AC to DC, rectifier, low voltage,
flow-based, RF,
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I. Introduction

The rapid advancements in wireless sensor technology [ VII], internet of things
[VII] and energy harvesting [ XV, XXI] made ways for the development of integrated
autonomous systems. Vibration-based [XXII, IX, I] and acoustic-based [X] energy
harvesters are successfully developed to power the integrated sensors. In these
harvesters electromagnetic [I1] and piezoelectric [ XXIV] mechanisms are adopted for
energy transduction. Moreover, the notion of a widely interconnected, adaptive, and
dynamic ubiquitous computing environment has been proposed for decades [ XXXIX].
Recently the wireless sensor networks (WSNs) technology got recognition for the
emerging pervasive computing areas [ XXXI]. Due to the rapid growth, wireless sensor
networks (WSNs) have a wide range of applications ranging from civil and military to
environmental monitoring, home automation, surveillance, precision agriculture,
machine fault diagnosis, inventory control, and biomedical applications [III]. Over the
years, researchers have focused on low power and efficient techniques at the physical
layer, medium access, and routing layers, but even then, the battery drainage with the
most efficient sensing and communication protocol is not impressive to operate the
sensor nodes and keep the WSNs active for a longer period [ XXIII]. The use of WSNs
is limited by the constraint of limited battery’s power. Replacement and charging of
batteries in hard and far flange areas, like desert and deep-ocean are costly and
unfeasible.

Therefore, energy-harvesting techniques to extract ambient energy sources are
used to prolong the life of the batteries in WSNs [XXXIV]. The energy sources
available in an environment are vibration, acoustic, thermal, wind and tidal. Moreover,
radiofrequency (RF) signals are also abundantly present in the surroundings. RF signals
radiated by broadcasting stations and cellular phone antennas can be scavenged through
a rectenna (RF energy harvester). However, the power generated by the RF energy
harvester is in nW range and even for uW power production, the maximum efficiency
achieved is 20 % [XVII]. Likewise, sound energy is present almost everywhere in the
environment, for example, the telephone dial tone is 80 dB, a train whistle is 90 dB, jet
engine (140 dB) and aircraft produces 194 dB which are adequate sound pressure levels
(SPLs) that can be used for energy harvesting [ XX VIII]. Techniques for the conversion
of vibration energy into electrical energy include, electrostatic, piezoelectric and
electromagnetic. Typical efficiencies for these energy transductions are 0.32% for
electrostatic [ XXVI]; 0.5% (PVDF) to 20% (PZT) for piezoelectric [ XXXII]; and 6%
for electromagnetic [ XXVI].

An alternating current (AC) output voltage signal produced by most of the
energy harvesters [XXXII] is in few mV to few V, however, for sensor and portable
electronic the demand of DC voltage from 2 to 12 V for operation is required. The
production of relatively high DC voltage from low and ultra-low AC voltage is gaining
rapid interest. Therefore, many attempts have been made to discover ways to generate
DC voltage higher than the supply AC voltage of the energy harvester. Some of the
most commonly applied methods for high DC voltage generation than the low supply
AC voltage, include step-up transformers [XXXII], voltage doubler [XXIX] [XVIII],
switched-capacitor circuits [ XXV][VI], and boost or step-up converters [ XIX, XXXV,

Atif Sardar Khan et al

33



J. Mech. Cont. & Math. Sci., Vol.-16, No.-7, July (2021) pp 32-56

IV, XXXVIII]. However, among these methods, diode-capacitor topologies are more
suitable.

II. Literature Review

A low-voltage four-quadrant analog multiplier using dynamic threshold Metal
Oxide Semiconductor Field Effect Transistor (MOSFET) transistor (DTMOS)
[XXXVI] circuit topology was developed for an application of an analog VLSI library
cell since the circuit complexity and supply voltage requirements are low. It can even
work at a low AC supply voltage of 0.5 V and achieves high linearity and an extended
frequency range of 250 MHz.

An AC-DC converter [XI] was produced as an application for energy
harvesting. The developed circuit is fabricated using TSMC 130 nm CMOS technology
with an active area of 0.249 mm?. In the circuit, the active diode included a positive
metal oxide semiconductors (PMOS) switch controlled by a comparator. The input AC
voltage levels range from 0.5 to 4 V at 40-150 Hz were rectified to a DC voltage in the
range from 0.8 to 12 V with a maximum power efficiency of 71% achieved for the
input AC amplitude of 1.5 V. An ultra-low-power (ULP) diode is connected to Villard
and Dickson voltage multiplier instead of diode connected to a PMOS is developed
[XXXX]. By usage of ULP diode, the performance of the circuit improved, as the
leakage current decreased and relatively much higher output DC voltage is produced
compared to diode-connected PMOS diode. Due to the ULP diode in the Dickson
rectifier, the efficiency increased from 8.19% to 17.74% is reported. Moreover, the
Dickson rectifier was also considered as a high sensitivity rectifier since it can produce
0.214 V with an input AC voltage of 0.2 V and 3.54 with an input AC voltage of 1 V.
A 0.18-V input three-stage charge pump circuit is designed and fabricated [ XXXIII]
specifically for low voltage applications. The developed circuit based on voltage
doubler is fabricated using 65 nm standard CMOS technology. All the MOSFETs are
forward body biased by using the inter-stage/output voltages. By applying the proposed
charge pump as the start-up in the boost converter, the lower kick-up input voltage of
the boost converter can be achieved. The output voltage is boosted from 0.18 V input
to 0.74 V under 6 mA output current. A 7-stage Cockcroft-Walton voltage multiplier
was designed and fabricated [XII] to capture RF power for the application of battery
charging. The prototype is fabricated on RT/ Duroid 5880 (RO5880) printed circuit
board (PCB) substrate with dielectric constant and loss tangent of 2.2 and 0.0009
respectively. The output voltage is found to be 6.47 V harvested from the RF signal
operating at a frequency of 900 MHz. Villard voltage doubler rectifier [XX] was
developed for RF energy harvesting system at 900 MHz band. RF signals are converted
into direct-current (DC) voltage at the given frequency band to power the low power
devices and circuits. A 7-stage Schottky diode voltage doubler circuit was able to
produce 3 mV across a 100 kQ load for an equivalent incident signal of 40 dBm.
Moreover, it is reported that the output voltage reaches 1.0 V within 20 us and then
increases to 1.4V, 1.67 V, 1.87 V and 2.12 V for 4, 5, 6 and 7 stages respectively. A 3-
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stage voltage doubler [XIII] is developed for charging mobile applications. A 3-stage
voltage doubler is an impedance matched to a 900 MHz band antenna. The Antenna
and rectifier are modeled and optimized using the Agilent Advanced design system
(ADS) 2009. The output voltage of the rectifier is 5.014 V for a 3-stage voltage doubler
after the matching circuit is included. A 7-stage doubler circuit [XXVIII] was
developed for an antenna operating at 900 MHz to run an STLM20 temperature sensor.
The antenna has a partial ground plane in the structure to maximize the energy captured
and generating higher DC output voltage levels. A 7-stage doubler circuit was
optimized using ADS. All three modules were integrated and fabricated on a double-
sided FR4 printed circuit board. The output voltage harvested from the rectenna at a
distance of 50 m from the GSM cell tower was 2.9 V. A 7-stage Cockcroft-Walton
rectifier was developed for the application of low RF power energy harvesting [ XXX]
to power the radio frequency identification (RFID) tags. Moreover, a rectenna with a
matching circuit was also reported. The Prototype was fabricated on RT/Duroid 5880
(RO5880) printed circuit board (PCB) substrate with dielectric constant and loss
tangent of 2.2 and 0.0009 respectively. The output voltage of 1.5 V was harvested at a
frequency of 2.48 GHz with 0.1 mW input power.

III. Working Principle of Voltage Multiplier

To multiply the input voltage, voltage multipliers are required. There are three
types of voltage multiplier which are Cockcroft-Walton, Dickson and Greinacher
voltage multiplier.

Voltage multipliers consist of Schottky diodes and capacitors. HSMS- 2852
Schottky diodes are used in this work which has low forward voltage, an advantage of
low junction capacitance and fast switching speed.

Cockcroft-Walton Voltage Multiplier

An AC voltage input is converted into a DC voltage by a multiplier circuit. As
shown in figure 1, where figure 1(a) and figure 1(b) are the voltage multiplier
operations in the negative half cycle, whereas, figure 1(c) and figure 1(d) are working
of the circuit during the positive half cycle. The capacitor, C| charges through the
diode, D; as shown in figure 1(a) in a negative half cycle which leads the capacitor to
be positive at its right side and negative at its left. In figure 1(b) the positive half cycle
voltage adds to C;, which was charged in the negative half cycle. Therefore,
capacitor, C; charges through D, to 2V ;. In figure 1(c), the charge stored in C; was
used in the previous cycle, so C; is now charging through D;. Also, capacitor, C; is
charged through Ds;to 2V, While in figure 1(d), for the positive half cycle, C; is
recharged. Just like the negative half cycle this time, capacitor, C4 charges to 2. The
Capacitors charges fully until several cycles are passed, depending on the charging
current.
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Figure 1. Working principle of the two-stage voltage multiplier: (a) negative half
cycle of the first stage, (b) positive half cycle for the first stage, (c) negative half
cycle for the second stage, (d) positive half cycle for the second stage.

Villard voltage multiplier is also known as Cockcroft-Walton voltage
multipliers [XIV], is shown in Figure 1. The output of the n-stage Villard voltage
multiplier is given in (1)

Voe = mie (1)

NnRy+Ry,
Where, Vj is an open circuit output voltage for a single-stage and Ry is the internal
resistance of the single-stage and Ry is the load resistance.
Dickson Voltage multiplier

Dickson voltage multiplier (n-stages) is shown in figure 3, the parallel
configuration of capacitors in each stage reduces the circuit impedance, and hence
makes the matching task simpler [XXVIII] when compared with Cockcroft-Walton
voltage multipliers.

Stage 1 Stage 2 Stage n

I

1 1

Figure 2. N-stage Dickson Voltage Multiplier
The output voltage of the n-stage Dickson voltage multiplier is given by (2) [XXV].

Vpe =n (Vi — Vp) 2

where n is the number of stages, Vr is the peak amplitude of the input voltage and Vr
is the forward conduction voltage of the diodes.
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Greinacher Voltage Multiplier

Greinacher voltage multiplier circuit as shown in figure 4, where capacitor C1
and diode D1 shift the input voltage up at node A to be rectified by diode D2. Capacitor
C3 and diode D3 shift the voltage down at node B to be rectified by diode D4 and
capacitor C4. After reaching balance, the circuit provides a constant output current and
voltage to the load [II]. The output voltage of the Greinacher voltage multiplier is given
by (3) [XXIX]

Vpe = 2nhy, (3)

where 7 is the number of stages and Vn, represents the peak amplitude of an input
voltage.

¢ A D2
—| I DI] _L +
D1 e

Vout

D3

— | <
c3 B !

D4

Figure 3. The basic circuit of the Greinacher Voltage Multiplier

The objective of this research is to develop a rectifier for energy harvester for
applications. Four rectifying circuit prototypes are fabricated and characterized for
performance evaluation. Two different types of Schottky diodes are used to evaluate
their performance. Furthermore, all three rectifying circuit prototypes are integrated
into a 2.45 GHz antenna, where prototype-3 couldn’t operate due to seven stages
causing power losses. So the experimentation concludes that stages of rectifying circuit
should be one or two otherwise, the rectifying circuit may not perform as reported in
this work.

IV. Fabrication of Voltage Multiplier Circuits
Fabrication of prototype-1

The circuit diagram of a developed Prototype-1 is shown in figure 2. A low and
ultra-low voltage conversion Schottky diodes (HSMS-2852) are used for the
development of Prototype-1. Moreover, surface-mounted capacitors are used in the
development of this prototype, which is connected with diodes on a printed circuit
board (PCB) FR-4 substrate. Table 2 shows the circuit elements for the development of
Prototype-1. For the PCB development of the voltage multiplier circuits, an ADS 2017
is utilized to produce a circuit layout. After that, the circuit is printed on FR-4 PCB
substrate of 4.57 x 7.62 ¢cm? with dielectric constant and loss tangent of 4.3 and 0.02
respectively. After that, the soldering of components on the FR-4 sheet was done by
using SMT Rework station at 180 °C.
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- ‘

Figure 4. Developed Dickson type two stages voltage multiplier circuit (prototype-1)

Fabrication of prototype 2

Figure 3 shows the photograph of the developed prototype 2. This is a three-stage
Dickson-type voltage multiplier circuit. An ultra-low-voltage SMD type Schottky
diodes (HSMS — 2852) are used in the development of Prototype-2. Moreover, surface-
mounted capacitors of 100 pF are connected with diodes on PCB FR-4 substrate.
Similar to prototype-1 for the PCB development, an ADS 2017 was utilized to produce
a circuit layout of prototype-2. After that, An FR-4 PCB substrate of 4.57 x 7.62 c¢cm?
with dielectric constant and loss tangent of 4.3 and 0.02 respectively are used for the
development of the circuit. The last soldering of components on the FR-4 sheet was
done by using SMT Rework station at 180 °C.

Figure 5. Developed Dickson type three stages Voltage multiplier circuit (Prototype-2)
Fabrication of prototype-3

A Cockcroft-Walton type seven stages voltage multiplier circuit is developed in figure
5. For the development of prototype 3, an ultra-low voltage SMD type Schottky diode
(HSMS-285 C) and 1000 pF of capacitors are used. Prototype-3 is fabricated using
photographic paper for circuit printing through a laser inkjet printer. The PCB sheet
was cleansed with sandpaper for the removal of the copper oxide layer. Then, the PCB
on which the circuit had to be printed was washed with distilled water and dried in
compressed air. The pattern transferring was done by keeping an electric iron on the
photographic paper for ten minutes. After that, an etching was done by dissolving the
Ferric Chloride in warm water and the solution of ferric chloride and a copper-clad
sheet with a circuit pattern was stirred for 10 minutes. The circuit layout pattern was
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patterned and erased with sandpaper for revealing copper traces on the PCB. Finally,
the components were soldered on the developed PCB.

Figure 6. Developed Cockcroft Walton type seven stages Voltage multiplier circuit
(prototype-3)

Fabrication of prototype-4

A three-stage Cockcroft Walton type (Figure 7) AC to DC voltage rectification circuits
is developed for converting the low AC output of flow-based energy harvester into
higher DC voltage for powering the WSN used in the pipeline monitoring system. This
type of rectifying circuit will not only convert the AC output of the harvester into DC
voltage but also step up the voltage due to its multi-stages. For low voltage drop across
the circuit, a low voltage surface mount Schottky diode (SS34 1N588 SMA DO-
214ACQ) is selected. Moreover, 330 uF, 25 V surface mount capacitors are utilized to
be connected with these diodes. The prototype was developed on a Vero circuit board
using fine soldering techniques.

3885882

oo
0
pot

Figure 7. Developed Cockcroft Walton type three stages voltage multiplier circuit (prototype
4): (a) Front view, (b) Back view
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Table.1 Main Parts of prototypes

V. Results and Discussion

Characterization of prototype-1

Figure 8 shows the in-lab experimental testing setup for the characterization of
prototype-1, prototype-2 and prototype-3. The function generator used in the
experimental setup is utilized to generate a variable AC voltage signal at different
frequencies. A multimeter and oscilloscope were used to measure the input and output
voltages of developed prototype circuits. The voltage across the voltage multiplier
circuit was measured through the variable load for an optimum load and maximum
power.

Function
Generator|

AC Input DC
Voltage |Output

Multiplier
L Circuit |

Oscilloscope

(a) (b)
Figure 8. Experimental setup for the testing of voltage multiplier circuits (a) Block
diagram (b) Actual Experimental setup.

Figure 9 shows an open circuit voltage produced by prototype 1 as a function of input
signal frequency. The amplitude of the input signal generated by the function generator
was varied from 75 mV to 1500 mV for the frequency range of 100 kHz to 1.5 MHz.
An output open circuit DC voltage at the rectifier output was measured with the help
of an oscilloscope and digital multimeter. An output DC voltage of 22 mV to 1862 mV
is obtained for prototype 1.
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Figure 9. Output open circuit DC voltage versus input AC voltage frequency
(prototype-1)

Figure 10 shows an open circuit output DC voltage in response to the input AC voltage
produced by prototype-1. An input signal amplitude is varied from input 1.1 mV to
1500 mV and their corresponding DC voltage is measured. It is cleared from the figure
an input AC voltage of 50 mV is converted into 205 mV DC and the maximum voltage
prototype 1 achieved is 1.25 V.

1400

E 1200 |
1000 |
800 [
600
400 |
200
0 ) ) 1

0 500 1000 1500 2000

Input Voltage (mV)

Output Voltag

Figure 10. Output DC voltage as a function of input AC voltage for (prototype 1)

Output load DC voltage produced by prototype 1 as a function of load
resistance for the different input voltage is shown in figure 11. During experimentation,
for an input voltage range from 50 mV to1500 mV, various resistors were connected
and the voltage across each resistor was recorded. It is cleared from figure 11 that the

output voltage increases as the load resistance is changed from a lower value to a higher
value.
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Figure 11. Output load voltage versus load resistance (prototype-1)

Output load Power produced by prototype-1 as a function of load resistance for the
different input voltage is shown in figure 10. The characterization was performed under
an input frequency of 1.5 MHz. The load resistance is varied from 1.5 kQ to 60 MCQ
and the corresponding load power is recorded. At optimum load resistance of 470 kQ,
a maximum load power of 1.1 pW is produced.

5.00E-03 —

4.50E-03
4.00E-03
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5
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1.5 8.2 82 390 1000 4700 53000
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Figure 12. Load power as a function of load resistance (prototype-1)

The transformation factor (V output/V input) versus load resistance is shown in figure
13. The maximum transformation factor obtained is 4.1 for an input voltage of 50 mV.
The least transformation factor obtained was 0.00016 for an input AC voltage of 600
mV at a load resistance of 1.5 kQ.

4.50
> Vin=50mv ~F-Vin = 60 mv

. 1 n= m = m

4.00 8 Vin =70 mV in = 90 mV
Lo ~+Vin =110 mV -
2350 H +vin=170mv " o=
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E 3.00 [ +vin=350mv
=~ zn L * Vin=500 mv
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€200 H —vin=s0mv Vin =1000 mV
£° #-Vin=1250 mV__-0-Vin = 1500 mV.
= 1.50
<
£1.00
[
E0.50

0.00 '@

1.5 22 150 1000 10000 126000
Resistance (kQ)

Figure 13. Transformation factor versus load resistance for prototype-1
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Characterization of prototype-2

Prototype-2 is characterized inside the lab using the experimental setup developed
in figure 8. Figure 14 shows an open circuit DC voltage produced by prototype 2 as a
function of input signal frequency. The amplitude of the input signal generated by the
function generator was varied from 75 mV to 1500 mV for the frequency range of 100
kHz to 1.5 MHz. An output open circuit DC voltage of 21.4 mV to 5690 mV is obtained
at the rectifier output of prototype-2.

~#—Vin = 1500 mV ——Vin =1250 mV Vin =1000mV ——Vin =900 mV
400000 - Vin = 800 mV Vin =700 mV Vin = 600 mV Vin =500 mV
~+=Vin = 450 mV —==Vin =400 mV #-Vin = 350 mV +—Vin =300 mV
—Vin = 250 mV #-Vin = 200 mV Vin =250 mV =+=Vin =170 mV
~—Vin = 140 mV —&—Vin=110 mV =¥=Vin =90 mV —®—Vin=75mV

40000 |,

4000 |

400 |

Open Circuit Voltage (mV)
(mv)

40

100 300 900 1500

500 700
Frequency (kHz)
Figure 14. Output open circuit DC voltage versus input AC voltage frequency

(prototype -2)

Open circuit DC voltage in response to the input AC voltage is analyzed in figure 15
for the developed prototype 2. An input signal amplitude is varied from input 1.1 mV
to 1500 mV and their corresponding DC voltage is measured. It is cleared from the
figure an input AC voltage of 50 mV is converted into 350 mV DC and the maximum
output voltage DC voltage produced is 5.4 V.

6000
=) I
g 5000

@4000 |
S
53000 |

52000 |
o
S1000 |
o

0 1 1 1
0 500 1000 1500 2000
Input Voltage (mV)

Figure 15. Output DC voltage as a function of input AC voltage for prototype-2

In this experimentation, an output load DC voltage produced by the developed
prototype-2 as a function of external load resistance for different input voltage is shown
in figure 16. During this experimentation, various load resistors were connected with
the rectifier output and their corresponding voltage is measured.
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Figure 16. Output load voltage versus load resistance (prototype-2)

Figure 17 shows the Output load Power produced by prototype 2 as a function of
external load resistance for different input voltages. The characterization was
performed under an input frequency of 1.5 MHz. The load resistance is varied from 1.5
kQ to 60 MQ and the corresponding load power is recorded. At optimum load
resistance of 560 kQ, a maximum load power of 11.97 pW is produced.
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Figure 17. Load power as a function of load resistance (prototype-2)

The transformation factor (V output/V input) versus load resistance is shown in figure
18. The maximum transformation factor obtained for prototype 2 is 4.1 for an input
voltage of 50 mV. The least transformation factor obtained was 0.00016 for an input
AC voltage of 600 mV at a load resistance of 1.5 kQ.

8.00
*Vin-50mv_ .+ Vin- 60 mv
B Vin =70 mV = Vin = 90 mV
- .
7.00 4Vin=110mV  # Vin= 140 mv /
H 6.00 | —-Vin=170mV  -#-Vin =200 mV
£° W Vin=250mV - Vin =300 mvV
] - Vin=350mV - Vin =400 mv
:5-00 [| = vin = 500 mv Vin = 600 mV
[=] Vin = 700 mV Vin = 800 mV
=4.00 —Vin = 500 mV Vin = 1000 mV

1.5 22 150 560 4700 76000
Resistance (k)

Figure 18. Transformation factor versus load resistance for prototype-2
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Characterization of prototype-3

The voltage multiplier circuit prototype-3 has been tested with the same
experimental setup which has been used for prototype-1 and prototype-2. The
experimental data collection procedure for prototype 3 is the same as for the other three
prototypes. Figure 19 shows an open circuit voltage produced by prototype 3 in
response to the frequency for different input voltage signals. An input signal voltage of
75 mV to 1500 mV is generated with a function generator for the frequency range of
100 kHz to 1.5 MHz. An output open circuit DC voltage of 41.5 mV to 11280 mV is
obtained for prototype-3.
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Figure 19. Output open circuit DC voltage versus input AC voltage frequency
(prototype-3)

The variation of open circuit DC voltage obtained at the rectifier output in response to
the input voltage is analyzed in figure 20. An input signal amplitude is varied from
input 1.1 mV to 1500 mV and their corresponding DC voltage is measured. It is cleared
from the figure an input AC voltage of 50 mV is converted into 350 mV DC and can
achieve an output DC voltage of 7 V.
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Figure 20. Output DC voltage as a function of input AC voltage for prototype 3
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Figure 21 shows the Output load DC voltage produced by prototype 3 as a function of
load resistance for different input voltages. During this experimentation, a series of
load resistors are connected with the voltage multiplier circuit output for an input
voltage ranges from 50 mV to1500 mV. It is cleared from figure 22 that the output

voltage increases as the load resistance is changed from a lower value to a higher value.
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Figure 21. Output Load voltage versus load resistance (prototype 3)

Output load Power produced by prototype-3 as a function of load resistance for the
different input voltage is shown in figure 22. The characterization was performed under
an input frequency of 1.5 MHz. The load resistance is varied from 1.5 kQ to 60 MQ
and the corresponding load power is recorded. At optimum load resistance of 82 kQ, a
maximum load power of 9.7 uW is produced.
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Figure 22. Load power as a function of load resistance (prototype-3)

Figure 23 shows the transformation factor (V output/V input) versus load resistance for
different input voltages. The maximum transformation factor obtained is 4.1 for an
input voltage of 50 mV. The least transformation factor obtained was 0.00016 for an
input AC voltage of 600 mV at a load resistance of 1.5 kQ.
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Figure 23. Transformation factor versus load resistance (Prototype-3)

Characterization of prototype-4

The block diagram and actual experimental setup used for the characterization of
prototype 4 are presented in 24 and 25 respectively. It consists of flow type energy
harvester developed in [ XXXVI]. The harvester converts the flow energy present inside
the pipeline into AC electrical signals. To convert the AC output of the harvester into
DC form, the output of the harvester is connected with the voltage multiplier circuit
developed in figure 7. The output of the harvester and the voltage multiplier circuit is
measured and analyzed using a digital multimeter (GDM-8034, Electronic Venta) and
oscilloscope (GOB-6112, Electronic Venta).

Figure 24.

Flow Energy
Harvester

A

Oscilloscope Digital
Multimeter

3

Voltage
Multiplier Circuit

Block diagram of the experimental setup used for testing of prototype-4

Flow Energy

Pipeline

Pipeline Support Frame

Voltage Multiplier
Circuit

Figure 25. Developed experimental setup used for testing of prototype-4
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Figure 26 and 27 shows the load AC RMS voltage produced by the harvester and the
rectified load DC voltage available at the output of the voltage multiplier circuit as a
function of load resistance. The output of the energy harvester and voltage multiplier
circuitry is attached to a series of different resistance and their corresponding output
voltage levels are measured. It is clear from this experimentation as the load resistance
is varied from the lower value to the higher, the load voltage also changes from the
lower to the higher value. A maximum of 354 mV load AC RMS voltage was measured
across 1 kQ of load resistance. Similarly, a maximum of 1650 mV load DC voltage is
measured at the load resistance of 38 kQ.
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Figure 26. Load AC voltage produced by the energy harvester as a function of load resistance
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Figure 27. Load DC voltage produced by the voltage multiplier circuit as a function
of load resistance

In this experimentation, the load AC power produced by the energy harvester
and load DC power available at the output of the voltage multiplier circuit in response
to the external load resistance is analyzed. Figure 28 shows that at the optimum load
resistance of 335 Q the maximum AC load power produced by the flow energy
harvester is 244 uW. when the voltage multiplier circuit is connected with the energy
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harvester, the maximum DC power produced is 164 pW at the optimum load resistance
of 10 kQ. Furthermore, it is cleared from this experimentation that the maximum load
power reduced from 244 uW to 164 uW and the optimum load shifted from 335 Q to
10 k€ due to the internal impedance of rectifying circuitry.
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Figure 28. Load AC power produced by the energy harvester as a function of load
resistance
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Figure 29. Load DC power produced by the voltage multiplier circuit as a function of
load resistance
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The summary of the developed AC to DC converter is provided in Table 2.

Table 2. Converter characterization summary

VI. Integration of voltage multiplier with Antenna

A patch antenna of 2.45 GHz is integrated with prototype-1, prototype-2 and
prototype-3. 12 dBi transmitting antenna of 2.45 GHz is used for power transmission.
Distance between the transmission antenna and rectenna is varied to see the distance
impact on power. The experimental setup is shown in figure 20. The prototype-3
voltage multiplier couldn’t operate because of low power and huge power losses due
to seven stages. Whereas, the other two rectifiers produced power in uW.

Figure 30. Experimentation setup of Rectenna testing.

As shown in Figures 21 and 22, the voltage decreases as the distance between the
transmitting antenna and rectenna increases. The maximum output voltage of a
rectenna achieved is 2.2 mV for prototype-1 and 3 mV for prototype-2, at 6 Inches
distance and an optimum load of 126 MQ, whereas maximum voltage at a distance of
60 Inches is 0.9 mV and 0.4 mV for prototype-1 and prototype-2 respectively, at an
optimum load of 126 MQ.
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Similarly, the maximum power is attained at a minimum distance of 6 Inches. As shown
in figure 23 the maximum power achieved by prototype-1 is 4.78 x 10 7 uW, at an
optimum load of 4.7 MQ. In figure 24, the voltage multiplier obtained power is 3.01 %
10 6 uW, at an optimum load of 560 kQ, and a distance of 6 Inches. Moreover, as
distance increases the power decreases and minimum power is achieved at 60 inches
distance between the transmitting antenna and rectenna. Even the prototype-2 will have
more power losses than prototype-1 but still, the power achieved by the prototype-2
with HSMS-285C has better performance.
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Figure 31. Two-stage Rectenna voltage versus load resistance at different distances.
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Figure 30. Three-stage Rectenna voltage versus load resistance at different distances.
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Figure 33. Two-stage Rectenna Power versus load resistance at different distances.
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Figure 34. Three-stage Rectenna Power versus load resistance at different distances.

VII. Conclusion

The use of rectifying circuits has widespread applications. The harvested
energy requires a power management circuit to power wearable/portable devices and
wireless sensor nodes (WSNs). The proposed Prototype-1, Prototype-2 and prototype-
3 uses commercial components and Schottky diodes and were realized on a lossy
substrate. All the used elements are low-cost fabricated and especially feasible for RF
energy harvesting, where the aim is to operate low power sensors and devices. Due to
this, a high-scale production with minimal costs and still maintaining good
performance. On a power basis, a prototype-2 circuit performed better than prototype-
1 and prototype-3. The voltage multiplier circuits successfully operated at a low input
voltage of 50 mV which provides its application in RF energy harvesting and
vibrational energy harvesting, even at frequencies as low as 100 kHz. For maximum
power transmission of 11.97 uW, at the optimum load of 560 kQ was recorded. On
integration with the antenna, the RF energy harvester produced an output power of 3.01
x 10 uW, at an optimum load of 560 kQ at a frequency of 2.45 GHz.
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