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Abstract

In this paper, a comparison between different types of rectifier circuits for RF energy harvesting is conducted. Six types
of rectifier circuits consisting of half-wave, full-wave, voltage doubler, Villard charge pump, Graetz charge pump, and
Dickson charge pump are designed and simulated. These various types of rectifier circuits are designed for different
resistance loads, HSMS282X diodes and standard substrate materials that represents the dielectric constant. Firstly,
the rectifiers are firstly designed on an FR-4 substrate with a thickness of 1.6 mm and a dielectric constant of 4.3 using
a single-stage LC-match method at 2.4 GHz. The studied range of the input power was from 0 dBm to 30 dBm, the
resistance load is 3 kQ, and the HSMS2820 diode is used. The highest recorded output voltage for the Graetz charge
pump was around 27 V, while the highest recorded efficiency for the Graetz charge pump was also 27%. Advanced

Design System (ADS) software is used to simulate the rectifier circuits..
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I. INTRODUCTION

Not only are fifth-generation (5G) technologies providing the
groundwork for a sophisticated, high-performance wireless
communication infrastructure, but also they additionally pro-
vide possibilities for swift socio-economic growth and the
transformation of digital technology. With the advent of 5G
technology, there is now greater possibility to connect a num-
ber of handheld devices with sensing and communication
capabilities and establish a secure, quick connection between
them [1].

In the next years, thousand millions of electronic gadgets are
predicted to be capable of connection thanks to 5G and Infor-
mation technology networks [2, 3].

To ensure that these sensor appliances continue to operate sus-
tainably, technicians must continue to provide these devices
with perpetual electricity. One option is to use a rectenna
system to charge these devices wirelessly, which might also
save money by minimizing the need to replace batteries and

hard wires. WPT, meaning wireless power transfer and RFEH,
meaning radio-frequency energy harvesting offer an alternate
means of recharging the sensing components, enabling easy
portability and reducing maintenance expenses [4]. The rec-
tifier circuit plays a crucial role in the Rectenna (Rectifying
antenna) system. Rectenna systems have attracted a lot of at-
tention from the RF engineering field since they have made a
substantial contribution to the actual implementation of RFEH
and WPT systems [5, 6].

The literature has extensively researched only a single-band,
wide-band and multiple-band rectenna technology for energy
harvesting since communication networks employ several fre-
quency bands [7-11].

It is becoming more possible to achieve batteryless function
for medicinal applications by collecting energy from sound
wave, renewable energy, heating, and radio-frequency (RF)
sources [12-15].

When it comes to biomedical devices, RF energy harvesting
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is one of these methods that demonstrates the most promise
when other sources are insufficient. Additional uses for RF
energy harvesting are in Internet of Things applications and
the Radio Frequency Identification (RFID) system. Many of
these applications take advantage of the widely-used Blue-
tooth low-energy (BLE) and WiFi connection protocols.

For radio frequency (RF) energy harvesting applications, one
of the integrated circuit, or IC, design aims is to create highly
efficient energy harvesting circuits throughout a wide input
power scale in order to maximize the output power. Often, it
also has to sustain the minimum desired input level of power
in order to keep the system functioning correctly. New design
techniques and analysis for underlying circuit designs have
been made possible by those circuits and system design ap-
proaches [16-21].

The ideal powering frequency rises as the energy harvester
and matching network’s sizes decrease [22]. This paper com-
pares the performance of compact single stage rectifiers for
ambient RF energy harvesting and shows the tradeoffs so the
user can find out the best choice of rectifier circuit based on
his own application and conditions. The designed rectifier
circuits were simulated using ADS Software. Six different de-
sign of rectifier circuits at 2.4 GHz with LC-match circuit are
half-wave, full-wave, voltage doubler, Villard charge pump,
Graetz charge pump, and Dickson charge pump were designed
and simulated.

I1. DESIGN A SINGLE STAGE RECTIFIER
CIRCUITS

Half-wave, full-wave, voltage doubler, Villard charge pump,
Graetz charge pump, and Dickson charge pump design and
simulation are carried out at 2.4 GHz, using Advanced De-
sign System (ADS) Software. Wireless Power Transmission
(WPT) is a reliable method of transferring power from a
source to an end system without the need of cables or connec-
tions. This task is performed by rectennas, which are antennas
coupled with rectifiers. Undoubtedly, the rectifier, which con-
verts RF power received into DC power, is the most important
component of the rectenna. RF energy is taken in by the an-
tenna and transferred to the matching circuit. The antenna and
rectifier’s impedances will be matched using a LC-matching
circuit, while the Schottky diode type HSMS-2820, HSMS-
282B and HSMS-282C are utilized for rectification. It is worth
mentioning that choosing the right diode is one of the most
vital factors. The resistance load (Ry) is vary from 1 kQ to 5
kQ. Furthermore, the dielectric constant (&,) are selected for
several material such as Rogers R04725JXR, Rogers R04534,
FR-4, Porcelain, Rogers R03006 and Rubber with a 2.64, 3,
3.55, 4.3, 6 and 6.5, respectively, for comparison purposes
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Fig. 1. Simulated circuit to find Zin for half-wave at
frequency band 2.4 GHz.

and a thickness of 1.57 mm is used for all six types of rectifier
circuits. The simulation results, including DC output voltage
(Vout) with respect to the input power and efficiency with
respect to the input power at different resistance loads, HSMS-
282X diode, and Epsilon of substrate (&,), are recorded and
plotted at 2.4 GHz frequency band.

A. Impedance Matching Circuit
LC (Inductance and Capacitance)-Matching Method is em-
ployed in this paper. To find the input impedance (Zin) of the
half-wave rectifier circuit, ADS simulations were carried out
without any matching network as shown in Fig. 1. The input
impedance is plotted over the frequency range of 2.34 GHz
to 2.50 GHz, and it is found that Zin at 2.4 GHz is equal to
6.391-j64.235 Q, as shown in Fig. 2.

Now, to compute the values of L and C of the matching
method, use the following equations [23]:
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Fig. 2. Simulated value of Zin.
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Then:
X;
05 = R 2
Ry
Op=— 3)
p Xp

Where R_ is the source resistance,
R is the load resistance,
Q, is the Serial Q Factor and
Q) is the parallel Q Factor.
From the Eq. 2 and.3, the values of Qg and Q,, can be calcu-
lated to be: Qs = Q) =2.612
QS = Ri(;ﬂ
X; =2.612x6.391 = 13.548
X, =X, =2nfL — 2xmx24x10°xL

13.548

= m:0.89nH
R
Qp:)T;
_ 50 __
prmfll9.l42 1
Xp=Xc=rzre = 19142 = o 9=
C— 1 =3.4 pF

2xwx2.4x10%%19.142

The source impedance is pure resistance (50 ) with no
reactive component; hence, the parallel capacitance will have
an additional value of 3.4 pF. Conversely, the series induc-
tor’s computed value for the load side is 0.89 nH. On the
other hand, it is evident that the load, which is comparable
to the rectifier’s impedance (6.391-j64.235 Q), has a reac-
tive portion (4+j64.235) that has to be resonated out. An
inductor with a value of L=4.41 nH can help achieve this.
L=0.89nH+4.41nH=5.3 nH must be the total additional induc-
tor provided to the circuit as a result.

B. Half-wave rectifier circuit

As shown in Fig. 3, a single-stage half-wave rectifier is simu-
lated in the Advanced Design System (ADS). A power source,
which in such systems is anticipated as the antenna compo-
nent, is found in the employed circuit. The power source has
an internal impedance of 50 Q and transmits RF power from
0 to 30 dBm at 2.4 GHz. The matching network circuit for
the rectifier circuit, which consists of an LC-circuit, is chosen
to match between the antenna and the rectifier. Furthermore,
HSMS-2820, HSMS-282B, and HSMS-282C diodes, respec-
tively, were used while keeping the resistance load at 3 kQ
and Epsilon of substrate (&,) equals to 4.3, which contributes

|| searavETERs | || TRansiENT | | e |
[ zn_ |
S_Param Tran MSUB
SP1 Tran1 MSub1 Zin
Start=1.0 GHz StopTime=200.0 nsec H=63 mil Zin1
Stop=4.0 GHz MaxTimeStep=1.0 nsec Er=43 Zin1=zin(S11,PortZ1)
Step=0.1 GHz Mur=1

Cond=1.0E+50
Hu=3.9e+034 mil
T=0 mil

TanD=0
Rough=0 mil

C. p_Probet
c2

C=150 pF

Vin

P_1Tone
PORT1
Num=1
Z=50 Ohm

=1~ P=dbmtow(10)
Freq=2.4 GHz

=34 pF

Fig. 3. Half-wave rectifier circuit operating at 2.4 GHz with
LC-circuit.

to rectifying the coming RF signal and transforming it from
alternating current AC to direct current DC. In the next step,
the resistance load is set to 1, 2, 3, 4, and 5 kQ, respectively,
while keeping HSMS2820 diodes and &, equal to 4.3. Ad-
ditionally, the circuit has a smoothing capacitance (C;) that
removes harmonics and smooth the DC power, as illustrated
in Fig. 3. In another simulation step, the FR-4 substrate was
replaced another substrates having a dielectric constant of
2.64, 3,3.55, 4.3, 6, and 6.5 that are set in the £ MSub block
and a thickness of 1.6 mm that is set in the H MSub block,
where 63 mil equals to 1.6 mm. The matching network has
done the job perfectly, where excellent matching is achieved,
as shown in the S-parameters curve in Fig. 4.

Fig. 5 displays the input voltage waveform that is fed to
the half-wave rectifier circuit in the 2.4 GHz frequency band
with an LC-circuit, which is simulated by ADS Software.

Fig. 6 illustrates the output voltage waveform for a half-
wave rectifier circuit at 2.4 GHz. The achieved DC output
voltage is around 1.2 V, as shown in Fig. 6.

Fig. 7 displays the waveform of output current for the
half-wave rectifier circuit at 2.4 GHz. The output current is

1 1.5 2 25 3 3.5 4
Frequency (GHz)

Fig. 4. Simulated S11 of half-wave rectifier circuit at 2.4
GHz with LC-circuit.
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Fig. 5. Vin (V) of half-wave rectifier circuit at 2.4 GHz with
LC-circuit.
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Fig. 6. Vout (V) of half-wave rectifier circuit at 2.4 GHz with
LC-circuit.

about 400 uA.

Fig. 8 shows the comparison in Vout of the rectifier’s
performance when changing the resistance load from 1 to 5
kQ with a step of 1 kQ. It has been investigated that there
is little impact on the Vout at low input power (Pin) on the
contrary at high input power (Pin).

Fig. 9 shows the comparison in Vout of the rectifier’s per-

formance when changing diodes, where HSMS2820, HSMS282B,

and HSMS282C diodes are used, respectively. It has been
discovered that diodes have little effect on Vout.

Fig. 10 shows the comparison in Vout of the rectifier’s
performance when changing in &, where 2.64, 3, 3.55, 4.3, 6,
and 6.5 are utilized, respectively. It is seen that there is no

Fig. 11 shows the comparison in efficiency (1) of the
rectifier’s performance when changing the load resistance
from 1 to 5 kQ. It has been found that the efficiency (1)
decreases with an increasing (Rp).
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Fig. 7. Output current of half-wave rectifier circuit at 2.4
GHz with LC-circuit.
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Pin (dBm)

Fig. 8. Vout versus Pin of half-wave rectifier circuit for
different resistance values of load (R;) at 2.4 GHz with
LC-circuit.
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Fig. 9. Vout (V) versus Pin (dBm) of Half-wave rectifier
circuit for different Diodes at 2.4 GHz with LC-circuit

Fig. 12 shows the comparison in efficiency (1) of the
rectifier’s performance when changing diodes. It has been
investigated that the best efficiency (1) was with the use of
HSMS282C Diode.

Fig. 13 shows the comparison in efficiency (1) of the
rectifier’s performance when changes in &, are made, respec-
tively. It has been investigated that there is little impact on the
efficiency (1) at high input power (Pin) on the contrary at low
input power (Pin).
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Fig. 10. Vout (V) versus Pin (dBm) of half-wave rectifier
circuit for different &, at 2.4 GHz with LC-circuit.

Efficiency

0 5 10 15 20 25 30
Pin (dBm)

Fig. 11. Efficiency () versus Pin (dBm) of half-wave
rectifier circuit for different values of resistance load (Ry) at
2.4 GHz with LC-circuit.

at HSMS2820 Diode
—at HSMS282B Diode|~

> — at HSMS282C Diode,
(]
c 8~
8 —
(S}
£ 6
w

4

2 I - ——

0 5 10 15 20 25 30

Pin (dBm)

Fig. 12. Efficiency () versus Pin (dBm) of half-wave
rectifier circuit for different Diodes at 2.4 GHz with
LC-circuit.

Efficiency
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Fig. 13. Efficiency (1) versus Pin (dBm) of half-wave
rectifier circuit for different &, at 2.4 GHz with LC-circuit.
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Fig. 14. Full-wave rectifier circuit operating at 2.4 GHz with
LC-circuit.

C. Full-wave rectifier circuit
Another rectifier circuit is applied by using the full-wave. In
this way, an inductance (L) and capacitance (C) are employed
at the input part of the circuit to match the source to the
rectifier circuit as illustrated in Fig. 14. Fig. 15 shows the
simulated S11 of full-wave rectifier circuit at 2.4 GHz with
LC-circuit, where the return loss value went below -34 dB.

Fig. 16 shows the comparison in Vout of the rectifier’s
performance when changing the resistance load from 1 to 5
kQ with a step of 1 kQ. It has been noticed that there is little
impact on the Vout at low input power (Pin) on the contrary
at high input power (Pin).

Fig. 17 shows the comparison in Vout of the rectifier’s per-

formance when changing diodes, where HSMS2820, HSMS282B,

and HSMS282C diodes are used, respectively. It has been dis-
covered that the diode HSMS2820 exhibits better performance
compared to other types

Fig. 18 shows the comparison in Vout of the rectifier’s
performance when changing in &,, where 2.64, 3, 3.55, 4.3, 6,
and 6.5 are used, respectively. It has been noted that there is

40 I I . .
1 1.5 2 25 3 3.5 4

Frequency (GHz)

Fig. 15. Simulated S11 of full-wave rectifier circuit at 2.4
GHz with LC-circuit.
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Fig. 16. Vout (V) versus Pin (dBm) of full-wave rectifier
circuit for different resistance load (R;) at 2.4 GHz with
LC-circuit.

Fig. 19. Efficiency (1) versus Pin (dBm) of full-wave
rectifier circuit for different values of resistance load (Ry) at
2.4 GHz with LC-circuit.
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Fig. 17. Vout (V) versus Pin (dBm) of full-wave rectifier
circuit for different diodes at 2.4 GHz with LC-circuit.

no impact on the Vout at low input power (Pin) and high input
power (Pin), but there is a difference when using a value of
6.5 of &, especially at the middle Pin.
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Fig. 18. Vout (V) versus Pin (dBm) of full-wave rectifier
circuit for different &, at 2.4 GHz with LC-circuit.

Fig. 19 shows the comparison in efficiency (1) of the
rectifier’s performance when changes in resistance load (from
1 to 5 kQ) are used. It has been found that the efficiency (1)
decreases with an increase (Ry) in a way that is different from
the case of half wave rectifier especially at low input powers.

Fig. 20 shows the comparison in efficiency (1) of the
rectifier’s performance when changes in diodes are made,
respectively. It has been investigated that the best efficiency
(n) was with the use of the HSMS2820 diode and the worst
with the HSMS282C diode.

Fig. 21 shows the comparison in efficiency (1) of the rec-

Fig. 20. Efficiency (1) versus Pin (dBm) of full-wave rectifier
circuit for different Diodes at 2.4 GHz with LC-circuit.

tifier’s performance when changes in €, are made, respectively.
It has been observed that an €, of 4.3 has fulfilled the best
efficiency (1) among other values. This value of dielectric
constant represents the FR-4 substrate.
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.% e ----at Er=6
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w 5 e
0 .
0 5 10 15 20 25 30
Pin (dBm)

Fig. 21. Efficiency (1) versus Pin (dBm) of full-wave
rectifier circuit for different &, at 2.4 GHz with LC-circuit.

D. Voltage Doubler rectifier circuit
Another rectifier circuit is applied by using the voltage doubler
rectifier. At the input, the series capacitance acts as a voltage
doubler. Additionally, the output has a capacitance to smooth
the DC output before it is fed to the load as DC power or
stored in a battery, as illustrated in Fig. 22. The matching
network has done the job perfectly, where excellent matching
is achieved, as shown in the S-parameters curve in Fig. 23.
Fig. 24 shows the comparison in Vout of the rectifier’s
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Fig. 22. Voltage doubler rectifier circuit operating at 2.4 GHz
with LC-circuit.

performance when changing the resistance load (R;) (from 1
to 5 kQ) with a step of 1 kQ. It is seen that the highest of Vout
is at high (Ry) with huge differences at higher input power.
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Fig. 23. Simulated S11 of voltage doubler rectifier circuit at
2.4 GHz with LC-circuit.
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Fig. 24. Vout (V) versus Pin (dBm) of voltage doubler
rectifier circuit for different values of resistance load (Ry) at
2.4 GHz with LC-circuit.

Fig. 25 shows the comparison in Vout of the rectifier’s
performance when changing diodes, where HSMS2820,
HSMS282B, and HSMS282C diodes are employed. It has
been discovered that the diode HSMS282B shows the best
performance.

Fig. 26 shows the comparison in Vout of the rectifier’s
performance when changing in &, where 2.64, 3, 3.55, 4.3, 6,

20
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15 ----at HSMS282B Diode P
o at HSMS282C Diode L
8 ped
2 o
c10- =
3 =
> 50 P ]

0 b L L L
0 5 10 15 20 25 30
Pin (dBm)

Fig. 25. Vout (V) versus Pin (dBm) of voltage doubler
rectifier circuit for different Diodes at 2.4 GHz with
LC-circuit.

and 6.5 are used. It has been noticed that the differences are
almost negligible.
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Fig. 26. Vout (V) versus Pin (dBm) of voltage doubler
rectifier circuit for different €, at 2.4 GHz with LC-circuit.

Fig. 27 shows the comparison in efficiency (1) of the
rectifier’s performance when changes in resistance load (from
1 to 5 kQ) are used. It has been found that the efficiency (1)
decreases with an increase (Ry) at higher input powers.

20 —atRL=1 kohm
---atRL=2 kohm |

15 at RL=3 kohm I —
Iy ----at RL=4 kohm e -
< —atRL=5 kohm __
[} = |
S e
& — e
H e

0 - I . |
0 5 10 15 20 25 30
Pin (dBm)

Fig. 27. Efficiency (1) versus Pin (dBm) of voltage doubler
rectifier circuit for different values of resistance load (Ry) at
2.4 GHz with LC-circuit.

Fig. 28 shows the comparison in efficiency (1) of the
rectifier’s performance when changes in diodes are made. is
found that the best efficiency (1) was with the use of the
HSMS2820 diode and the worst with the HSMS282C diode.

Fig. 29 shows the comparison in efficiency (1) of the
rectifier’s performance when changes in &, are made, respec-
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Fig. 28. Efficiency (1) versus Pin (dBm) of voltage doubler
rectifier circuit for different Diodes at 2.4 GHz with
LC-circuit.

tively. It is clear that the efficiency (1) almost kept the same
with a different €, of substrate are used.
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Fig. 29. Efficiency (1) versus Pin (dBm) of voltage doubler
rectifier circuit for different €, at 2.4 GHz with LC-circuit.

E. Villard charge pump rectifier circuit
At this time, the Villard charge pump rectifier is emloyed,
also known as the Villard cascade or Villard doubler. It is
an electrical circuit used for rectifying and multiplying the
voltage of an alternating current (AC) input signal. It was
named after Paul Ulrich Villard. The Villard charge pump
rectifier is a type of voltage multiplier circuit that can generate
a DC voltage that is several times higher than the peak value
of the AC input voltage. It is primarily used in applications
where high-voltage DC is required, such as in certain types of
power supplies, electrostatic generators, and X-ray machines.
The basic configuration of the Villard charge pump rectifier
consists of a series of diodes and capacitors connected in a
cascade arrangement, as illustrated in Fig. 30. The diodes
are used to rectify the AC input voltage, allowing only the
positive half-cycles to pass through, while the capacitors store
and accumulate charge. The output voltage is taken across the
capacitors. The matching network has done the job perfectly,
where excellent matching is achieved, as shown in the S-
parameters curve in Fig. 31.

Fig. 32 shows the comparison in Vout of the rectifier’s
performance when changing the resistance load (Ry) (from
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Fig. 30. Villard charge pump rectifier circuit operating at 2.4
GHz with LC-circuit.
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Fig. 31. Simulated S11 of Villard charge pump rectifier
circuit at 2.4 GHz with LC-circuit.

1 to 5 kQ) with a step of 1 kQ. It has been found that there
is little impact on the Vout at low input power (Pin) on the
contrary at high input power (Pin).

10—
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Fig. 32. Vout (V) versus Pin (dBm) of Villard charge pump
rectifier circuit for different values of resistance load (Ry) at
2.4 GHz with LC-circuit.

Fig. 33 shows the comparison in Vout of the rectifier’s per-

formance when changing diodes, where HSMS2820, HSMS282B,

and HSMS282C diodes are used. It has been discovered that
the diode HSMS2820 outperform other types.

Fig. 34 shows the comparison in Vout of the rectifier’s
performance when changing in &,, where 2.64, 3, 3.55, 4.3, 6,
and 6.5 are used. It has been concluded that the differences
are negligible.

Fig. 35 shows the comparison in efficiency (1) of the
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Fig. 33. Vout (V) versus Pin (dBm) of Villard charge pump
rectifier circuit for different Diodes at 2.4 GHz with
LC-circuit.
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Fig. 34. Vout (V) versus Pin (dBm) of Villard charge pump
rectifier circuit for different €, at 2.4 GHz with LC-circuit.

rectifier’s performance when changing the load resistance
(from 1 to 5 kQ). It has been found that the efficiency (1)
decreases when increasing (Ry), with the highest (1) at (Ry)
equals to 3 kQ at 30 dBm of Pin.
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Fig. 35. Efficiency (1) versus Pin (dBm) of Villard charge

pump rectifier circuit for different values of resistance load

(Ry) at 2.4 GHz with LC-circuit.

Fig. 36 shows the comparison in efficiency (1) of the
rectifier’s performance when changes in diodes are made. It
has been seen that the best efficiency (17) was with the use
of the HSMS2820 diode and the worst with the HSMS282C
diode especially at high input power (Pin).

Fig. 37 shows the comparison in efficiency (1) of the
rectifier’s performance when changes in €, are made. It has
been noted that the efficiency (1) almost matches a different
&, of substrate except at 4.3 especially at high input power

Fig. 36. Efficiency (1) versus Pin (dBm) of villard charge
pump rectifier circuit for different Diodes at 2.4 GHz with
LC-circuit.
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Fig. 37. Efficiency (1) versus Pin (dBm) of Villard charge
pump rectifier circuit for different €, at 2.4 GHz with
LC-circuit.

F. Graetz charge pump rectifier circuit

The Graetz charge pump, also known as a voltage doubler,
is an electronic circuit used to generate a higher DC volt-
age from a lower DC voltage source. It is named after its
inventor, Leo Graetz. The charge pump is a type of voltage
multiplier circuit that utilizes diodes and capacitors to achieve
voltage doubling. The basic configuration of a Graetz charge
pump consists of four diodes and two capacitors arranged in a
bridge-like structure, as shown in Fig. 38. The input voltage is
applied across the input terminals of the charge pump circuit.
During the charging phase, the capacitors are charged in par-
allel with the input voltage. Then, during the pumping phase,
the charge stored in the capacitors is pumped to the output
terminals in series, effectively doubling the voltage. The S-
parameters curve is very good at 2.4 GHz, as shown in Fig. 39.

Here’s a step-by-step explanation of the operation of a
Graetz charge pump:

1. Charging Phase: Initially, all the diodes in the circuit
are reverse-biased, preventing any current flow. During
this phase, the capacitors C1 and C2 get charged to
the input voltage level through the diodes D1 and D2,
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Fig. 38. Graetz charge pump rectifier circuit operating at 2.4
GHz with LC-circuit.

respectively. The voltage across each capacitor is equal
to the input voltage.

2. Pumping Phase: In this phase, the input voltage is re-
moved, and the capacitors are connected in series with
the help of the diodes D3 and D4. The diodes D1
and D2 are now forward-biased, while D3 and D4 are
reverse-biased. The voltage across C1 and C2 adds up,
resulting in a doubled voltage at the output terminals.

3. Voltage Regulation: The output voltage of the charge
pump is dependent on the capacitance values and the
load connected to it. The voltage across the capacitors
decreases as the charge is pumped into the load. To
maintain a stable output voltage, a feedback control
mechanism or regulation circuitry may be employed.

Fig. 40 shows the comparison in Vout of the rectifier’s
performance when changing the resistance load (R;) (from
1 to 5 kQ) with a step of 1 kQ. It has been investigated that
there is little impact on the Vout at low input power (Pin) on
the contrary at high input power (Pin), and it is noticed that a
higher Vout can be achieved at higher R;..
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Fig. 39. Simulated S11 of Graetz charge pump rectifier
circuit at 2.4 GHz with LC-circuit.
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Fig. 40. Vout (V) versus Pin (dBm) of Graetz charge pump
rectifier circuit for different values of resistance load (R;) at
2.4 GHz with LC-circuit.

Fig. 41 shows the comparison in Vout of the rectifier’s per-

formance when changing diodes, where HSMS2820, HSMS282B,

and HSMS282C diodes are employed. It has been discovered
that the differences are almost negligible when changing the
diodes for this type of rectifiers.

Fig. 42 shows the comparison in Vout of the rectifier’s
performance when changing in &,, where 2.64, 3, 3.55, 4.3, 6,
and 6.5 are utilized. It has been obvious that the differences
are almost negligible, except in the middle of Pin where there
is a slight difference noticed.

Fig. 43 shows the comparison in efficiency (1) of the
rectifier’s performance when changing load resistance (from
1 to 5 kQ). It has been found that the efficiency (1) decreases
with an increase (R ), with the highest (1) at (Ry) equal to 1
kQ at 30 dBm of Pin, where the 1 =50%.

Fig. 44 shows the comparison in efficiency (1) of the
rectifier’s performance when changes in diodes are made,
respectively. It has been investigated that the best efficiency
(n) was with the use of the HSMS282B diode and the worst
with the HSMS2820 diode especially at low input power (Pin).

Fig. 45 shows the comparison in efficiency (1) of the
rectifier’s performance when changes in €, are made. It has
been clear that the efficiency (77) almost unchanged at different
g, of substrate.
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Fig. 41. Vout (V) versus Pin (dBm) of Graetz charge pump
rectifier circuit for different Diodes at 2.4 GHz with
LC-circuit.
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Fig. 42. Vout (V) versus Pin (dBm) of Graetz charge pump
rectifier circuit for different €, at 2.4 GHz with LC-circuit.
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Fig. 43. Efficiency (1) versus Pin (dBm) of Graetz charge
pump rectifier circuit for different values of resistance load
(Ry) at 2.4 GHz with LC-circuit.
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Fig. 44. Efficiency (1) versus Pin (dBm) of Graetz charge
pump rectifier circuit for different Diodes at 2.4 GHz with
LC-circuit.
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Fig. 45. Efficiency (1) versus Pin (dBm) of Graetz charge
pump rectifier circuit for different &, at 2.4 GHz with
LC-circuit.

G. Dickson charge pump rectifier circuit

The Dickson charge pump rectifier is another type of voltage
multiplier circuit that is commonly used to generate a higher
DC voltage from a lower AC voltage source. It is named after
its inventor, J. M. Dickson. The Dickson charge pump rectifier
is particularly useful in applications where a higher voltage is
needed, such as in power management circuits and low-power
electronics. The Dickson charge pump rectifier is based on
the concept of cascading multiple stages of diode-capacitor
voltage doublers. Each stage consists of a diode and a capaci-
tor connected in series. The output of one stage is connected
to the input of the next stage, creating a cascaded arrangement,
as shown in Fig. 46. One advantage of the Dickson charge
pump rectifier is its scalability; by cascading multiple stages,
the voltage multiplication factor can be increased. However,
it’s important to note that as the number of stages increases,
the voltage drop across each diode also increases, leading to
higher losses and decreased efficiency. The S11-Parameters
curve is excellent at 2.4 GHz, as shown in Fig. 47.
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Fig. 46. Dickson charge pump rectifier circuit operating at
2.4 GHz with LC-circuit.
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Fig. 47. Simulated S11 of Dickson charge pump rectifier
circuit at 2.4 GHz with LC-circuit.

Fig. 48 shows the comparison in Vout of the rectifier’s
performance when changing the resistance load (R;) (from 1
to 5 kQ) with a step of 1 kQ. It has been noticed that there is
little impact on the Vout at low input power (Pin) while the
impact is higher at higher input power (Pin), and a better Vout
at higher Ry.



179 |

Anwar & Sabaawi

N
()]

—at RL=1 kohm
20 H -~ at RL=2 kohm
Iy at RL=3 kohm
§15 at RL=4 kohm
ot —at RL=5 kohm
310"
>
5

0 5 10 15 20
Pin (dBm)

25
——atEr=2.64

20 |---atEr=3
Iy at Er=3.55
; 15 at Er=4.3
= —at Er=6
310 at Er=6.5
>

0 5 10 15 20 25 30
Pin (dBm)

Fig. 48. Vout (V) versus Pin (dBm) of Dickson charge pump
rectifier circuit for different values of resistance load (Ry) at
2.4 GHz with LC-circuit.

Fig. 49 shows the comparison in Vout of the rectifier’s per-

formance when changing diodes, where HSMS2820, HSMS282B,

and HSMS282C diodes are used. It has been discovered that
the diodes HSMS2820 and HSMS282B have similar perfor-
mance while HSMS282C showed a very poor performance at
this type of rectifiers.

Fig. 50 shows the comparison in Vout of the rectifier’s
performance when changing in &,, where 2.64, 3, 3.55, 4.3,
6, and 6.5 are used. It has been seen that the differences are
almost negligible, except in the high of Pin where there is a
trivial difference.

Fig. 51 shows the comparison in efficiency (1) of the
rectifier’s performance when changes in resistance load (from
1 to 5 kQ) are employed. It has been found that the efficiency
(n) decreases at both sides (low and high) of Pin, except the
highest (1) is achieved at (Ry) equals to 2 kQ at 30 dBm of
Pin, where the recorded value is n =16%.

Fig. 52 shows the comparison in efficiency (1) of the rec-
tifier’s performance when changes in diodes are made. It has
been investigated that the best efficiency (17) was with the use
of the HSMS2820 diode and the worst with the HSMS282C
diode.

Fig. 53 shows the comparison in efficiency (1) of the
rectifier’s performance when changes in €, are made. It has
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Fig. 49. Vout (V) versus Pin (dBm) of Dickson charge pump
rectifier circuit for different Diodes at 2.4 GHz with
LC-circuit.

Fig. 50. Vout (V) versus Pin (dBm) of Dickson charge pump
rectifier circuit for different &, at 2.4 GHz with LC-circuit.
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Fig. 51. Efficiency () versus Pin (dBm) of Dickson charge
pump rectifier circuit for different values of resistance load
(Ry) at 2.4 GHz with LC-circuit.
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Fig. 52. Efficiency () versus Pin (dBm) of Dickson charge
pump rectifier circuit for different Diodes at 2.4 GHz with
LC-circuit.

been investigated that the efficiency (1)) almost differs by a
different &, of substrate.

Fig. 54 shows the comparison in Vout of the rectifier cir-
cuits performance at the resistance load (3 k ), HSMS2820
diode, and &, equal to 4.3. It has been investigated that the
highest Vout with the Graetz charge rectifier circuit is about
27 V.

Fig. 55 shows the comparison in Efficiency (1) of the
rectifier circuits performance at the resistance load (3 kQ),
HSMS2820 diode, and &, equal to 4.3. It has been found that
the highest 17 with the Graetz charge rectifier circuit is about
27%.

Table (I) demonstrates the efficiency of different rectifier
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Fig. 53. Efficiency (1) versus Pin (dBm) of Dickson charge
pump rectifier circuit for different &, at 2.4 GHz with
LC-circuit.
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Fig. 54. Vout (V) versus Pin (dBm) of different rectifier
circuits at 2.4 GHz with LC-circuit.

circuits at 10 and 30 dBm of input power (Pin) and it is found
that the highest efficiency among them at input power of 10
and 30 dBm was when using the Graetz charge pump rectifier
circuit.

30 —— Efficiency with Half wave Circuit
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Fig. 55. Efficiency (1) versus Pin (dBm) of different rectifier
circuits at 2.4 GHz with LC-circuit.

TABLE 1. Show the Efficiency (1) for different Rectifier
circuits at 10 and 30 dBm of input power (Pin).

Graetz charge pump | 19%

Voltage doubler 13% 7%
Dickson charge 12% 14%
pump

Full-wave 9% 3%
Half-wave 5% %2
Villard charge pump | 1% 7%

TABLE II. Show the Efficiency (1) for different Rectifier
circuits at 10 and 30 dBm of input power (Pin).

[24] two stage differential cross-

2020 245 connected (CC) rectifier 46
[25] 25 triple band differential recti- 3]

2018 ' fier/Villard voltage doubler
[26]

2020 2.45 | HSMS2852, Voltage doubler 20
[27]

2017 2.45 | SMS7630, Shunt 57
[28] HSMS285, One port voltage

2015 245 doubler 405
[29] 24 class-E rectifier circuit / Volt- 30

2016 ' age multiplier technique

this

work | 2.4 HSHII/ISZS2O, Graetz charge 27

2024 pump
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