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Abstract
Internet of Things (IoT) demands efficient and sustainable energy sources for
autonomous power systems. This article presents the design and analysis of a Dual-Port
Multiband RF-to-DC Converter employing a multi-stage Cockcroft Walton Voltage Mul-
tiplier (CWVM) topology, which is optimized for IoT energy harvesting applications. By
utilizing L-network and 𝜋-network impedance matching with distributed elements, the
converter effectively harvests RF energy across six frequency bands ranging from 0.87
to 2.5 GHz. The dual-port architecture enhances power output and provides redundancy,
improving the reliability of the energy harvesting system. While, the multiband feature
improves the versatility of energy acquisition. The converter achieves a peak efficiency of
66% and 62% at 10 kΩ and 18 kΩ, respectively. The performance of the proposed design
is comprehensively analyzed and optimized, considering the impedance matching, output
voltage, and conversion efficiency. The performance of the proposed design is compared
with recent converter designs in the literature, which shows that this research is a valu-
able contribution to the ongoing development of energy-efficient solutions. This work has
significant implications for powering low-power sensors, wireless sensor networks, and
other IoT devices in diverse environments, addressing the need for prolonged autonomy
and reduced reliance on traditional power sources.

1 Introduction
The Internet of Things (IoT) is a transformative technology where everyday objects are incul-
cated with digital intelligence, enabling them to connect, communicate, and interact with each
other and with humans. This interconnected web of devices and sensors, from smart ther-
mostats to industrial machinery, has revolutionized various industries, enhancing efficiency,
convenience, and data-driven decision-making [1].
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However, the rapid propagation of IoT devices is accompanied by a significant challenge of
surge in energy demands [2]. To overcome this challenge, Wireless power transfer (WPT) and
RF energy harvesting (RFEH) [3,4], are becoming vital focus for more research now a days.
These are the favorable technologies to power up wireless IoT devices [5] and ensure their
continuous operation and connectivity. RFEH harnesses ambient radio frequency signals to
generate electrical power, enabling sustainable and autonomous operation of IoT devices. It is
useful for wireless powering of remote, hard to access, low power devices such as health care
and biomedical systems [6–8], wireless sensor networks [9,10], IoT applications [11,12], and
wireless communications [13].

The sources of ambient RF energy are TV/radio broadcast stations, mobile base stations,
handheld stations, WiFi and Bluetooth devices, etc. [14]. As the ambient RF energy is present
at different frequency bands, multiband RF-to-DC converters are desirable to combine mul-
tiple frequency bands for energy harvesting, enhancing versatility and efficiency in powering
IoT devices, while reducing reliance on single-band sources and improving overall energy
harvest capabilities [15].

Some single band converters are reported in the literature for energy harvesting applica-
tions [16–18]. A single band converter working at frequency band of GSM-900 with efficiency
29.85% using HSMS285C Cockcroft-Walton voltage multiplier (VM) was proposed in [16].
Another converter operating at 2.5 GHz band was proposed which has provided efficiency of
66% using HSMS2852 single stage VM [17]. A converter operating at 5G frequency band of
3.5GHz band exhibited efficiency of 42.5% using HSMS286C Greinacher VM and radial stub
matching [18].

Likewise dual band converters are reported in [19–21]. In [19], the proposed dual-band
converter operates on 2.1 and 2.45GHz bands with the power conversion efficiencies of 24%
and 18% respectively. The matching was achieved using multiple stubs. In [20], the proposed
dual-band operates on GSM-1800 and WiFi 2.4 bands, with the conversion efficiencies of 41%
and 20%, respectively. A dual-band converter was presented in [21] for GSM bands with effi-
ciencies upto 13% at –30 dBm.The converter was implemented by single series topology and
pi-matching network.

Similarly, a triple-band converter was presented in [22] with efficiency upto 42%. While
a converter proposed in [23] operates on GSM-900, GSM-1800 and UMTS-2100 bands with
efficiency upto 40% and output voltage of 600mV. Also some multiband converters like quad-
band [24–26], six band [27] and seven band [28] are also recently reported with efficiencies
ranging from 8% upto around 40% for different designs.

Some broad-band converters are also found in literature [29–31]. The converter proposed
in [29] operates on 0.87–2.7 GHz band providing overall PCE of 30%. The design was imple-
mented using voltage-doubler configuration. Two broad-band converters were proposed,
operating for 1–2.4GHz with efficiency up to 50% [30] and for 1.9–2.5GHz with efficiency of
32% [31].

The power conversion efficiency (PCE) of an energy harvesting converter is a figure of
merit for its performance evaluation [3]. Power conversion efficiency enhancement of the
converter at low power levels and over a wide range of frequencies is the key challenge due
to complexities involved in achievement of simultaneous impedance matching at multiple
frequencies.

In this paper, a dual-port, hexa-band converter is proposed, operating on 870 MHz, 1770
MHz, 1850MHz, 2.2GHz, 2.41GHz, and 2.5GHz frequency bands. The impedance match-
ing, output voltage and power conversion efficiency of the converter are optimized, simul-
taneously, on both parts of the converter. A novel configuration of multi stage Cockcroft
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Walton voltage multiplier (CWVM) topology, an L-matching network and a 𝜋-matching net-
work are used to achieve required performance. It achieves power conversion efficiencies in
the range of 23 to 66% in all the desired frequency bands.

Following sections include the design technique, configuration, results, performance,
discussion and the concluding remarks for the proposed converter.

2 Design technique and configuration
The RF-to-DC converter consists of four basic working blocks as shown in Fig 1. The first
block is an RF input block, which is the receiving wideband or a multiband antenna in prac-
tical scenarios. Next is the impedance matching block that consists of an impedance matching
network (IMN) to ensure maximum power transfer and minimized signal reflection between
the RF input block and the RF-to-DC rectification/ conversion block. The last block is the DC
output block, which is usually a parallel combination of output load resistor and an AC block
capacitor.

Many topologies are nowadays in practice for RF-to-DC rectification purposes as stated
in the literature review. However, the voltage multiplier topologies are most commonly used
in RF-to-DC converters for enhanced output DC voltage levels to compensate for the battery
requirements of IoT devices.

Usually, the output from single stage voltage multiplier (VM) is extremely low because
the received power (energy) is low, therefore, it is desirable to duplicate each stage of the VM
circuit, to get a higher DC voltage from the input RF power signal. Fot this purpose, the mul-
tistage CWVM is advantageous as its output across each stage is equal to twice the peak input
AC voltage (Vp) times the number of stages (N) being used, and the output can be obtained
from any number of stages depending upon the application requirement [32].

Hence the proposed scheme utilizes a 4-stage half-wave CWVM topology implemented by
deploying 10 pF capacitors (C1-C8) and Schottky diode pair HSMS285C for frequency bands
below 2GHz and HSMS286C for frequency bands above 2GHz, and shown in Fig 2. Cout is
the output AC Block capacitor set as 27 pF. Schottky diode pairs are chosen because of their
performance under low input power values, low voltage drop, fast switching, low saturation
current, and junction capacitance. The dielectric substrate used for the design is a 0.78 mm
thick sheet of Rogers 5880 with 𝜖r 2.2, tan𝜎 0.0009, and a copper thickness of 0.035 mm.

2.1 Single port converters design
To achieve the dual-port converter design, initially two single-port converters are designed
using lumped components as well as distributed elements. Later these two single-port recti-
fying branches are integrated to yield the dual-port configuration and the IMNs are tuned for
the hexa-band response. Following subsections discuss the single-port and dual-port designs
in detail.

Fig 1. RF-to-DC converter block diagram.

https://doi.org/10.1371/journal.pone.0321729.g001
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Fig 2. Schematic of 4-stage CWVM topology.

https://doi.org/10.1371/journal.pone.0321729.g002

2.1.1 Single port dual-band converter design The proposed single-port dual-band con-
verter design is based on a single-port, single-band converter originally operating at 900
MHz. Later the modification of which yields the dual-band response for matching the con-
verter impedance with that of the input source. An L-shape matching network, comprising
the lumped components, is designed using Keysight ADS Smith chart utility. L-shape match-
ing network is a single open stub network consisting of two reactive elements. One is the
series inductive element, to provide impedance transformation and phase shift, and the other
is shunt capacitive element, equivalent to the open stub. The input impedance (Zin) of the
converter is noted against 900 MHz as 2.653–j39.864. The lumped element values are noted as
L = 9nH and C = 14.82pF from the Smith chart as shown in Fig 3.

After designing the lumped element networks, these are converted to distributed elements,
i.e. the microstrip and transmission lines. The lengths of the transmission line sections are
found from Eq (1) [33]:

Zin = Zo
ZL + jZotan𝛽l
Zo + jZLtan𝛽l

(1)

where Zin, Zo, ZL, and 𝛽 are the transmission line’s input impedance, the characteristic
impedance, the load impedance, and the phase constant, respectively. The phase constant is
calculated as Eq (2):

𝛽 = 2𝜋f
v

(2)

where f and v are the wave frequency and the speed of light in air. The input impedance ZinL

of an inductive element L and its corresponding transmission line section length l1 can be
calculated by Eq (3)–(5);

ZinL = jZotan𝛽l1 (3)

j𝜔L = jZotan𝛽l1 (4)

L = Zotan𝛽l1
𝜔 (5)
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Fig 3. Impedance matching at 900MHz using Smith chart.

https://doi.org/10.1371/journal.pone.0321729.g003

where 𝜔 is the angular frequency. On the other hand, the input impedance ZinC of a capaci-
tor, capable of capacitance C, and its corresponding transmission line’s length l2 is found by
the Eq (6)–(8);

ZinC =
Zo

jtan𝛽l2
(6)

1
j𝜔C =

Zo

jtan𝛽l2
(7)

C = jtan𝛽l2𝜔Zo
(8)

Remember that the 𝛽l1 and 𝛽l2 obtained from the above set of equations are the electri-
cal lengths of the transmission line sections, which are further converted to physical lengths
(mm) using the LineCalc tool in ADS. To calculate the widthW of the transmission line
sections, Eq (9)–(12) are used [34].

W
h
= 2
𝜋 {{

𝜖r – 1
2𝜖r
[ln (B – 1) – 0.61

𝜖r
+ 0.39] + B – 1 – ln (2B – 1)}} , for A > 1.52 (9)
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W
h
= 8eA

e2A – 2
, forA < 1.52 (10)

A = Zo

60

√
𝜖r + 1
2
+ 𝜖r – 1𝜖r + 1

{0.11𝜖r
+ 0.23} (11)

B = 529.18
Zo
√𝜖r

(12)

Where h is the substrate height and both A and B are variables. In our case, we found
A = 1.159 which is <1.52. Therefore, we evaluated Eq (10) for the width of transmission line
sections.

The lumped components determined from the Smith chart and the corresponding dis-
tributed elements dimensions obtained from mathematical calculations for the 900MHz
converter are listed in Table 1.

The schematics of the single port RF-to-DC converters designed using L-type matching
network are shown in Fig 4.

The return loss of the 900 MHz single-port single-band converter designed with the
lumped and distributed matching networks, is shown in Fig 5. It shows the converter
impedance is matched in the required band.

The length of the shunt open stub achieved for 900MHz converter is approximately 𝜆/4.
The open stub offers high impedance at its input, but its impedance becomes low when it res-
onates. The frequency response of an open stub is a direct function of its impedance, which
is directly affected by its length. As the length increases beyond 𝜆/4, stub introduces addi-
tional reactive behaviors that make it resonate at more than one frequencies, as more standing
waves are produced. This phenomena leads to dual band response of the matching network.
Adjustment of the length of the series TL section changes the overall impedance of the net-
work, potentially shifting the resonant frequency and creating a second resonant frequency.
The dimensions of the open stub and the series TL section are varied and their behavior is
analyzed to achieve dual band matching at 890 and 1850 MHz. The optimized dimensions of
the distributed elements of L-matching network of dual band (890 and 1850 MHz) converter,
are listed in Table 2.

Note that the distributed L-type matching network require a TL section at its input
(source side) for SMA connector. The return loss response of the resultant single-port dual-
band converter is shown in Fig 6 which assures rectification for 890 MHz and 1850 MHz
bands.

2.1.2 Single-port triple-band converter design The proposed single-port triple-band
converter design is derived from the modification of a single-port, single-band converter ini-
tially operating at 2.45 GHz. To ensure impedance matching between the converter and the

Table 1. Lumped components and corresponding distributed elements dimensions (mm) for 900 MHz converter.
Lumped Components Corresponding Distributed Elements
Parameters Value Dimensions w × l (mm2)
Series Inductor L1 9 nH 2.4 × 30.99
Shunt Capacitor C1 14.82 pF 2.4 × 52.1
– 2.4 × 5 (Input TL Section)

https://doi.org/10.1371/journal.pone.0321729.t001
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Fig 4. Schematics of RF-to-DC converters working in GSM-900 band utilizing: (a) lumped L-type IMN. (b)
Distributed L-type IMN.

https://doi.org/10.1371/journal.pone.0321729.g004

Fig 5. Return loss response of single-port single-band (900MHz) converter.

https://doi.org/10.1371/journal.pone.0321729.g005

input source, a 𝜋-matching network, composed of lumped components, was designed using
the Keysight ADS Smith Chart utility. The 𝜋-matching network is a double stub matching
technique consisting of 3 reactive elements, one series inductive while two shunt capacitive
(open stubs), elements. The input impedance (Zin) of the converter is noted against 2.45 GHz
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Table 2. Optimized distributed elements dimensions for dual-band (890 and 1850 MHz) converter.
Parameters Dimensions w × l (mm2)
Series Inductive TL 2.4 × 19.31
Shunt Open Stub 3.1 × 68.67
Input TL Section 2.4 × 10

https://doi.org/10.1371/journal.pone.0321729.t002

as 54.65–j23.3. The lumped component values of the 𝜋-matching network are noted as L =
3.678nH, C1 = 1.3139pF, and C2 = 837.9fF from the Smith chart as shown in Fig 7.

The lumped element values hence obtained are converted to distributed elements, i.e. the
microstrip transmission lines, the same way as done for 900 MHz converter design configu-
ration earlier. The lumped components and corresponding distributed elements dimension
obtained for the 2.45GHz converter are listed in Table 3.

The schematics of the single port RF-to-DC converters designed using 𝜋-type matching
network are shown in Fig 8.

The resulting return loss of the 2.45GHz converter designed with lumped and distributed
matching networks is shown in Fig 9. It shows the achievement of converter impedance
matching in the required band.

Further, the dimensions of the distributed matching elements are optimized to obtain the
triple band frequency response. The length of series inductive TL section is slightly increased
to introduce additional phase shift and impedance transformation. The shunt open stubs are
modified to a shorter lengths to introduce resonance at two additional frequencies (1.775 and
2.25GHz), lower than 2.45GHz. Therefore the careful optimization and analysis of the dis-
tributed elements dimensions resulted in the achievement of triple band matching response
form 𝜋-matching network without introducing additional components. The optimized
dimensions of the distributed elements of 𝜋-matching network of triple band (1775MHz,
2.25GHz, and 2.45GHz) converter, are listed in Table 4.

Note that the distributed 𝜋-matching network requires a TL section at input (source side)
for SMA connector and also at its output (load side) to be connected with rectification block

Fig 6. Return loss response of single-port dual-band (890 and 1850MHz) converter.

https://doi.org/10.1371/journal.pone.0321729.g006
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Fig 7. Impedance matching at 2.45GHz using smith chart.

https://doi.org/10.1371/journal.pone.0321729.g007

Table 3. Lumped components and corresponding distributed elements dimensions (mm) for 2.45GHz
converter.
Lumped components Corresponding distributed elements
Parameters Value Dimensions w × l (mm2)
Series inductor L1 3.68 nH 2.44 × 12.67
Shunt capacitor C1 1.13 pF 2.44 × 14.21
Shunt capacitor C2 838 fF 2.44 × 22.2
– 2.44 × 7 (input TL section)
– 2.44 × 0.1 (output TL section)

https://doi.org/10.1371/journal.pone.0321729.t003

elements. The triple band converter return loss is shown in Fig 10. It shows that the triple-
band converter is capable to provide rectification for the 1775MHz, 2.25GHz, and 2.45GHz
bands.

The subsequent milestone involves the derivation of a dual-port hexa-band converter from
two single-port converters: a dual-band converter and a triple-band converter. The intri-
cate design considerations for the dual-port converter are elaborated upon in the subsequent
subsection.

2.2 Dual-port hexa-band converter design
The single-port dual-band and the triple-band converters are integrated to obtain a hexa-band
converter comprising two input ports and a single output port. The port-1 is matched with
the rectification block, incorporating an L-matching network, while port-2 is matched using
a 𝜋-matching network. The schematic of the hexa-band converter is shown in Fig 11.
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Fig 8. Schematics of RF-to-DC converters working inWiFi-2.45GHz band utilizing: (a) Lumped 𝜋-type IMN. (b)
Distributed 𝜋-type IMN.

https://doi.org/10.1371/journal.pone.0321729.g008

Fig 9. Return loss response of single-port single-band (2.45GHz) Converter.

https://doi.org/10.1371/journal.pone.0321729.g009

Each of the IMN branches consists of microstrip transmission lines and open stubs, work-
ing on the required tuned frequencies. Transmission lines and stubs are interconnected by the
microstrip TEEs. The layout of the IMNs and their dimensions are shown in Fig 12. All the
dimensions are mentioned in millimeters (mm).

The return loss for each input port is shown in Fig 13. It can be seen that the rectifying
branch-1, that is energized via port-1, provides rectification for the 870 and 1850MHz bands
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Table 4. Optimized distributed elements dimensions for triple band (1775MHz, 2.25GHz, and 2.45GHz)
converter.
Parameters Dimensions w × l (mm2)
Series inductive TL 2.4 × 14.67
Shunt open stub 1 2.4 × 5.9
Shunt open stub 2 2.35 × 10.4
Input TL section 2.36 × 5
Output TL section 2.37 × 19.95

https://doi.org/10.1371/journal.pone.0321729.t004

Fig 10. Return loss response of single-port triple-band (1775MHz, 2.25GHz, and 2.45GHz) converter.

https://doi.org/10.1371/journal.pone.0321729.g010

and gives a dual-band response. However, rectifying branch-2, which is energized via port-2,
provides a quad-band response at frequencies 1.770, 2.2, 2.4, and 2.5GHz. The S-parameter at
these frequencies is fairly below the –10 dB level.

The prototype of the converter is fabricated using an 18 kΩ output resistance and its return
loss response is noticed on the virtual network analyzer (VNA). Fig 14 shows the top and bot-
tom view of the prototype and the experimental setup established for the converter perfor-
mance validation.

This research primarily involved theoretical circuit design, simulation, analysis and in-Lab
testing and verification. As no field work, animal experimentation, or human subject research
was conducted, therefore no specific permits were required. The research utilized commer-
cially available software tools and readily accessible information on electromagnetic radiation
and circuit components.

3 Results and discussion
The proposed converters have been simulated for different values of input power (Pin) and
output load resistance (Rout). For each simulation, the corresponding values of the output DC
voltage Vout are noticed. The output voltage is observed to increase with increasing Rout and
Pin. The efficiency of the converter is given as Eq (13):

𝜂 = Pout
Pin

, (13)
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Fig 11. Hexa band converter schematic.

https://doi.org/10.1371/journal.pone.0321729.g011

Fig 12. Proposed impedance matching networks. (a) L-type matching network. (b) 𝜋-Type matching network.

https://doi.org/10.1371/journal.pone.0321729.g012

where 𝜂 is the converter efficiency, Pout is the output DC power and the Pin is the RF input
power. The output DC power can be calculated as Eq (14):

Pout =
V2
out

Rout
, (14)
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Fig 13. Return Loss for Input Ports of the Proposed converter. (a) Return Loss for Port-1. (b) Return Loss for Port-2.

https://doi.org/10.1371/journal.pone.0321729.g013

Fig 14. Prototype performance validation. (a) Top view. (b) Bottom view. (c) Experimental setup.

https://doi.org/10.1371/journal.pone.0321729.g014

Therefore, the efficiency 𝜂 can be mentioned by the Eq (15):

𝜂 = V2
out

Pin × Rout
, (15)
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3.1 Single port converters analysis
To determine the optimum value of the output resistance Rout, the efficiencies of the con-
verters are recorded for different values of the Rout keeping Pin constant. The efficiency ver-
sus Rout graphs of the single-port single-band GSM-900 converter are shown in Fig 15a,
using the lumped MN as well as the distributed MN.The optimum range of Rout is 22 – 26kΩ,
and the peak efficiency of 40.3% and 42.5% is achieved with lumped MN and distributed
elements MN respectively. The efficiency response of the converter against varying lev-
els of input power Pin is shown in Fig 15b. It shows that converter gives the peak effi-
ciency when input power is 5 dBm and output resistance is 24kΩ. It is also concluded
that distributed matching network gives a slightly higher efficiency than lumped element
matching.

Similarly, the optimum output resistance of single-port single-band 2.45GHz converter
is extracted from the analysis of its efficiency versus Rout graphs shown in Fig 16a. The opti-
mum Rout range is 10 – 14kΩ , where the converter provides peak efficiency levels. Hence
considering 12kΩ as optimum Rout, the efficiency response of the converter against vary-
ing Pin levels is shown in Fig 16b. The converter peak efficiency is 41.4% when lumped com-
ponents are used for matching, and 32.8% when the distributed elements are employed for
matching.

The optimum output resistance for the single-port dual-band (890MHz, and 1850MHz)
converter is extracted from its efficiency versus Rout graphs shown in Fig 17a. It can be seen
that maximum efficiency level of about 30% is obtained when the Rout is kept 26 kΩ at –
5 dbm of input power. The efficiency versus Pin curve is also shown in Fig 17b when Rout is
kept 26 kΩ.

Likewise, to determine the optimum value of the output resistance of the single-port triple-
band (1775 MHz, 2.25 GHz, and 2.45 GHz) converter, its efficiency response is noted against
varying values of Rout, as shown in Fig 18. It shows that the converter response is appreciable

Fig 15. Single-port single-band GSM-900 converter efficiency performance against varying (a) Rout. (b) Pin.

https://doi.org/10.1371/journal.pone.0321729.g015
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Fig 16. Single-port single-band 2.45 GHz converter efficiency performance against varying (a) Rout. (b) Pin.

https://doi.org/10.1371/journal.pone.0321729.g016

Fig 17. Single-port dual-band converter efficiency performance against varying, (a) Rout. (b) Pin.

https://doi.org/10.1371/journal.pone.0321729.g017

in the range of 10 – 15 kΩ Rout. The peak efficiency of 64% is achieved at 2.47 GHz when Rout

is 12 kΩ and Pin is 10 dBm.
Fig 19 shows the efficiency response of single-port triple-band converter against vary-

ing input power, when output resistance is 10, 12 and 18 kΩ respectively. The maximum
efficiency levels are recorded when the input power is in the range of 5–10 dBm.
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Fig 18. Single-port triple-band converter efficiency vs Rout curve at constant input power. (a) Pin = –10 dBm. (b) Pin = 0 dBm. (c) Pin = 10 dBm.

https://doi.org/10.1371/journal.pone.0321729.g018

Fig 19. Single-port triple-band converter efficiency vs Pin curve at different Rout values. (a) Rout = 10 kΩ. (b) Rout = 12 kΩ. (c) Rout = 18 kΩ.

https://doi.org/10.1371/journal.pone.0321729.g019

3.2 Dual-port hexa-band converter analysis
The optimum value of the output resistance Rout for the dual-port hexa-band converter design
is determined by the analysis of its efficiency response against varying Rout, while keeping
the input power constant, as shown in Fig 20. It shows that the peak efficiencies are obtained
when the output resistance value is in the range 10–20 kΩ. moreover the maximum PCE is
achieved when the input power is 10 dBm (10mW).

The efficiency vs Pin curve for the proposed dual-port hexa-band converter is displayed in
Fig 21. It shows that the efficiency of the converter increases with the increase in input power
level and attains a peak at certain value of Pin, after which is starts decreasing. Appreciable
efficiencies are noted against 10 kΩ and 18 kΩ of output resistance.

From the analysis of the dual-port hexa-band converter responses against varying Pin levels
and varying values of Rout, it can be seen that the converter attains peak efficiency levels of
66% and 62% for 10 kΩ and 18 kΩ output resistance, respectively. The converter peak effi-
ciency responses are summarized in Table 5.

The proposed design is compared with some recent RF-to-DC converter designs pre-
sented in the literature to highlight significance of the proposed converter. The comparison
is summarized in Table 6. It can be seen that the proposed converter has achieved hexa-band
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Fig 20. hexa band converter efficiency vs Rout curve at constant input power. (a) Pin = –10 dBm. (b) Pin = 0 dBm. (c) Pin = 10 dBm.

https://doi.org/10.1371/journal.pone.0321729.g020

Fig 21. Hexa band converter efficiency vs Pin curve at different rout values. (a) Rout = 10 kΩ. (b) Rout = 18 kΩ.

https://doi.org/10.1371/journal.pone.0321729.g021

Table 5. Summarized dual-port hexa-band converter peak efficiency performance.
Rout 10 (kΩ) 18 (kΩ)
Frequency 𝜂 (%) Vout (V) Pin (dBm) 𝜂 (%) Vout (V) Pin (dBm)
870 MHz 22.7 4.49 15 30.2 2.33 0
1770 MHz 35.5 6.69 11 23 11.41 15
1850 MHz 25.5 3.5 6 29.7 2.1 –1
2.2 GHz 45.5 10.7 14 41.5 4.33 4
2.41 GHz 66 9.13 11 62 9.4 9
2.5 GHz 46.4 5.41 8 46.7 5.8 6

https://doi.org/10.1371/journal.pone.0321729.t005
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Table 6. Comparison of proposed converter with some other designs in literature.
Ref. Band (GHz) 𝜂 (%) Pin (dBm) Rout (kΩ) Vout (V)
[16] 0.900 29.85 20 17.58
[35] 2.5 33.5 5 1.89
[20] 1.8 41 0 30

2.45 20
[8] 0.900 33.7 –10 3.8 0.02–3.8

1.8 21.8
2.45 20

[36] 0.89 60 0.19–12.43
1.83 48
2.19 35
2.45 25

[27] 0.55 – 10–75
0.75 –
0.9 67
1.85 –
2.15 –
2.45 –

[28] 1.84 44.4 –10
2.04 43.9
2.36 45.4
2.54 43.4
3.3 36.1
4.76 32.4
5.8 28.3

Proposed work with 10 kΩ Rout 0.87 22 10 10 5.3–9.13
1.770 35
1.850 25
2.2 44.5
2.41 63.6
2.5 44

Proposed work with 18 kΩ Rout 0.87 29 9 18 2.1–11.4
1.770 22
1.850 26.5
2.2 40.6
2.41 62
2.5 40.6

https://doi.org/10.1371/journal.pone.0321729.t006

rectification with comparable PCE levels. The proposed design’s performance outshines in
terms of its multiband PCE by achieving simultaneous impedance matching in diverse fre-
quency bands of the two port converter.

4 Conclusion
This article explores a Dual-Port Multiband RF-to-DC converter designed to meet dynamic
energy needs of IoT devices. The innovative design on a 0.78 mm thick Rogers-5880 sub-
strate demonstrates adaptability for diverse IoT environments. By harnessing RF energy from
870MHz, 1770MHz, 1850MHz, 2.2GHz, 2.4GHz and 2.5GHz bands simultaneously, it sig-
nificantly boosts energy acquisition. The proposed circuitry and impedance matching tech-
niques are used to optimize conversion efficiency and output voltage across all the desired RF
frequencies, simultaneously. Systematic analysis of parameters like output voltage and conver-
sion efficiency provides valuable performance insights. The impressive efficiency figures are
observed across different frequency bands (0.87–2.5GHz) for 10 kΩ as well as 18 kΩ output
resistance. The proposed design exhibits peak efficiency of 66% and 62% at 10 kΩ and 18 kΩ,
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respectively. Comparative analysis with recent converter designs highlights its multiband
capability, impressive efficiency, innovative impedance matching techniques, competitiveness
and innovation for energy-efficient IoT solutions. This work holds great promise for practical
implementation in various IoT environments, ultimately facilitating the growth of sustainable
and autonomous IoT ecosystems.
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