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ABSTRACT

In this study, a dual-branch, dual-shunt-diode rectifier has been designed and its performance has been
thoroughly analyzed for wideband RF energy harvesting applications. The proposed structure features a
compact design with dimensions of 19 mm x 21 mm, utilizing FR4 as the substrate. To reduce losses caused
by built-in potential (Vbi) and breakdown voltage (Vbr), a dual-branch design was implemented, with each
branch incorporating shunt diodes as rectifiers. In addition to schematic simulations, electromagnetic
simulations were conducted, demonstrating that the rectifier operates efficiently over a wide bandwidth
and a broad input power range. According to simulation results, the proposed rectifier achieves a power
conversion efficiency (PCE) exceeding 65% across the 1.6 - 3.4 GHz frequency range, with a peak PCE of
75.23% observed at 2 GHz under an input power of 10.8 dBm. Moreover, at 2 GHz, the rectifier maintains a
PCE above 50% over a -1 to 13 dBm input power range. Compared to existing studies, the proposed rectifier
stands out due to its wide bandwidth, broad input power range, high power conversion efficiency, and
compact design. Therefore, this work presents an effective alternative for low-power autonomous devices.
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I. INTRODUCTION

Research on wireless power transfer and RF energy harvesting has been gaining popularity as it supports the
autonomous operation of low-power electronic devices. Current studies in this field focus on high-efficiency, low-
loss rectifiers capable of harvesting energy over a wide frequency band and broad input power range (Argote-
Aguilar et al,, 2024; He and Liu, 2020; Muhammad et al., 2023; Zhang et al.,, 2024).

The main challenge in the design of these rectifiers is that the input impedance of the diode-coupled
rectifier varies nonlinearly with frequency and input power, especially in wide-band applications (Halimi,
2024). To overcome this problem, researchers have proposed various advanced impedance matching
techniques, such as multi-stage transmission lines (Wu et al., 2019), asymmetric capacitive structures
(Chengetal.,, 2024), and innovative self-impedance matching methods that enable compact designs without
the need for a separate matching network (Gyawali et al., 2024).
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In the literature, RF rectifier designs with an fractional bandwidth (FBW) greater than 20%, determined
according to the -10 dB return loss (S11) criterion, are generally classified as wide-band (Joy et al., 2024).
For example, (He & Liu, 2024) reported a 44.4% bandwidth in the 2.1 - 3.3 GHz range and a power
conversion efficiency (PCE) of 70% at 14 dBm input power. Similarly, (Wu et al., 2019) presented an ultra-
wideband rectifier operating in the 2.0 - 3.05 GHz frequency range and achieved an efficiency of 70% at 10
dBm input power.

These studies highlight the critical role of wideband performance in environmental RF energy
harvesting applications, as the frequency and polarization of environmental signals change. Therefore,
optimizing impedance-matching networks and diode configurations is crucial for broadband rectifier
design.

Microwave rectifier topologies can be classified as voltage doubler (Liu et al., 2020; Mansour & Kanaya,
2018), series diode (Lin et al., 2018), and shunt diode (Arpanutud et al., 2024; Hirakawa & Shinohara, 2021)
configurations. The shunt diode topology is widely used in RF rectifier circuits.

The design of dual-band rectifiers aims to achieve high power conversion efficiency (PCE) at different
frequencies. For example, a study by (Bui et al., 2023a) developed an inverse Class-F shunt diode rectifier
operating at 2.4 GHz and 3.5 GHz. This design, which uses five transmission lines for harmonic optimization,
achieved 64% efficiency at both frequencies. This harmonic optimization is based on the principle of
controlling unwanted harmonic signals generated during rectification and shaping the voltage and current
waveforms on the diode to maximize efficiency (Khodaei et al., 2024). For example, while Class-F designs
terminate even harmonics with short circuits, Inverse Class-F adopts the opposite approach, and with these
methods, it has been possible to achieve over 80% efficiency (Nguyen et al.,, 2023). However, the study by
(Bui et al, 2023a) did not consider a wide-band harvesting approach and was limited to dual-band
harvesting.

Another study (Bui et al., 2023b) emphasized that the harvesting performance of rectifiers is generally
affected by diode losses and impedance mismatches. To reduce these losses, the study proposed parallel
diode connections. The proposed single-band rectifier (915 MHz) was tested, and a PCE of 75.3% was
achieved with a single-diode system and 78.3% with a dual-diode system. Simulations showed that the
dynamic range of the single-diode circuit ranged from -9 dBm to 6.5 dBm, while the dual-diode circuit
ranged from -10.5 dBm to 14 dBm. The same study emphasized that parallel diode connections effectively
reduce diode-induced losses and impedance mismatches.

Another innovative approach to reducing diode losses is to apply a bias voltage to the rectifier from an
external power source. In this context, a system has been developed that simultaneously harvests RF and
ground energy and uses the latter to bias rectifier diodes (Shi et al., 2024). This method significantly
increases rectification efficiency, especially at low RF input powers. Furthermore, 3D omnidirectional
rectifier arrays capable of capturing all polarizations are being developed to efficiently collect RF signals
with uncertain direction and polarization encountered in real-world applications (Jing et al., 2024).

In this study, a compact RF rectifier with dimensions of 19 mm x 21 mm was designed and validated
with electromagnetic simulations. To reduce power losses due to the internal potential voltage (Vi) and
breakdown voltage (Vir) of the rectifier elements, a double-branch topology consisting of two shunt-
connected diodes was chosen instead of a single diode. This design approach reduces power losses by
balancing the voltage stress on each diode. While many studies in the literature focus on wide-band
operation or a wide input power range, the proposed rectifier demonstrates high performance in both areas.
The proposed architecture achieves over 65% power conversion efficiency (PCE) at 10.8 dBm input power
in the 1.6 to 3.4 GHz frequency band. It also achieves over 50% PCE at the 2 GHz center frequency over an
input power range of -1 dBm to 13 dBm. These results demonstrate that the proposed architecture offers a
robust and efficient RF energy harvesting solution for real-world applications with variable signal
conditions.

II. DESIGN OF THE PROPOSED STRUCTURE

The schematic representation of the proposed structure is detailed in Figure 1(a). To facilitate analysis,
a simplified schematic representation is provided in Figure 1(b). In Figure 1(a), HSMS 2860 diodes are used
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as rectifiers, benefiting from their low threshold voltage. Capacitors C1 and C2 serve as DC blocks,
preventing the DC components of the RF signal from passing to the rectifier section. Inductors L2 and L3
function as compensation elements, ensuring impedance matching in both branches. To filter the output
voltage, inductor L3 and capacitor C3 are utilized, allowing the DC component to reach the resistive load
(R). At the circuit input, an RF source with a 50 Q impedance is placed, and the circuit is matched to this
input impedance.
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Figure 1. (a) Detailed schematic of the proposed rectifier circuit. (b) Equivalent block diagram used for
input impedance analysis.

The design process was first initiated by determining a structure that could provide high rectification
efficiency at low input powers. For this purpose, A double-branch topology with two shunt diodes was
preferred over a single diode to reduce voltage losses across the diode. Then, L2 and L3 inductors were
added to optimize the input impedance of each branch, and the effects of these inductors were analyzed
separately. By connecting the two branches in parallel, the real part of the input impedance was brought
closer to 50 . However, a parallel L1 inductor was added to the system to balance the imaginary part of the
impedance. In the final stage, microstrip lines were included in the circuit in order to achieve broadband
impedance matching. Thus, wide-band matching was achieved between 1.6 - 3.4 GHz. Thanks to this
stepwise optimization approach, both impedance matching and rectifier efficiency were improved.

From the simplified representation (Figure 1(b)), the input impedance (Zin) can be expressed in terms
of Z1, Z2, and Z. using Eq. 1:
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Figure 2. (a) Real and (b) imaginary parts of the input impedance for individual branches and the
complete structure. The transition from Z, /Z, to Z3 and finally to Zin-TL illustrates the step-by-step
matching improvement process.
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In Figure 2, the input impedances of the first branch (Z1) and the second branch (Zz) are presented. The
graphs indicate that with the addition and optimization of L2 and L3 inductors, impedance matching is
achieved at specific frequencies. However, a wideband impedance match was not obtained.

To reduce losses, these two branches were connected in parallel, resulting in the Z3 impedance graph.
The Zs graph shows that the real part of the input impedance approaches 50 Q (Figure 2(a)), while the
imaginary part nears zero but still deviates from the optimal matching condition (Figure 2(b)). To further
reduce the imaginary component of Zs, an additional parallel inductor (L1) was added and optimized,
completing the impedance matching process and yielding the Zin graph. Finally, transmission lines were
incorporated to finalize the matching process, resulting in the Zin-TL graph, which demonstrates successful
impedance matching across the 1.5 - 3.4 GHz frequency range.

III. SIMULATION RESULTS AND DISCUSSION

Power Conversion Efficiency (PCE) is a fundamental performance measure for RF rectifier circuits and
is the ratio of the output DC power available at the load to the input RF power applied to the circuit. It is
expressed as a percentage and is calculated using Eq. 2:

2

Pout out

PCE =

+100% =

in L Lin

-100% (2)

where, Vout represents the output voltage across the load resistor Ry, and Pin and Pout represent the input
and output power of the circuit. This equation provides a quantitative assessment of how efficiently the
rectifier converts incoming RF energy to DC power. A higher PCE value indicates a more efficient design for
energy harvesting applications.

In this study, the design process was carried out using Keysight Advanced Design System (ADS) 2020
software. The design was targeted for the 1 GHz - 4 GHz frequency band at an input power of 10 dBm, with
a 500 Q load. The objective was to achieve the maximum output voltage, and performance evaluation was
conducted based on PCE using Eq. 2.

The proposed structure was schematically tested using Large Signal S-Parameter Harmonic Balance and
Harmonic Balance simulators. Subsequently, it was subjected to Momentum simulation in Microwave mode.
The proposed rectifier was designed on an FR4 substrate (e:=4.6, tan(§)=0.01, thickness = 1.6 mm) using
Avago HSMS-2860 Schottky diodes. Figure 1(a) previously illustrated the schematic representation of the
rectifier.
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Figure 3. Layout of the Proposed Structure
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In Figure 3, the layout of the design is presented. The proposed rectifier has a compact design with
dimensions of 19 mm x 21 mm. In the simulations, Murata brand LQW15AN3N9B00 (L1, 3.9 nH),
LQW15AN5N8B00 (L2, 5.8 nH), LQW15AN12NGO00 (L3, 12 nH), and LQW18AN72NG00 (L4, 72 nH)
inductors, as well as the GCM1555C1H561FA16 (C, 560 pF) capacitor model, were used. Additionally, the

Kamaya RGC116S-4990F (R, 499 Q) resistor model was utilized. Moreover, Table 1 provides the dimensions
of the optimized transmission lines used in the design.

Table 1. Dimensions of the Optimized Transmission Lines in the Design

Transmission Length Transmission Length

Line (mm) Line (mm)
TL1 0.5 TL9 0.59
TL2 2 TL10 2.5
TL3 1.72 TL11 0.84
TL4 1.54 TL12 2.5
TL5 0.59 TL13 0.5
TL6 0.5 TEE 0.53
TL7 0.57 TL 2
TL8 1.88 All widths are 0.53 mm
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Figure 4. Simulation setup in ADS, including input source and matching network.

To enhance the repeatability of the simulations and offer a detailed technical framework, the simulation
settings are described below. In the analyses performed at the schematic level, the impedance matching was
optimized using the Harmonic Balance (HB) and Large Signal S-Parameter methods and the PCE was
evaluated. In this context, “schematic” refers to circuit-level simulations based on component models, which
do not include physical layout effects or electromagnetic coupling. For electromagnetic verification, the
design was analyzed with the Momentum EM simulator in Microwave mode. Frequency scanning was
performed between 1 GHz and 4 GHz with a 10 MHz step interval; the input power was varied between -20
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dBm and +20 dBm. A 499 Q resistive load was used at the output. All passive circuit elements were selected
from real SMD models to ensure suitability for practical application. Figure 4 illustrates the simulation
setup, including input sources and matching components. The consistency between the schematic- and EM-
level simulation results in terms of S11 and Vout confirms the validity of the design methodology and
enhances its reproducibility.

In Figure 5, the reflection coefficient (S11) and PCE graphs at an input power of 10.8 dBm are presented.
These results confirm that the rectifier achieves efficient impedance matching and energy conversion over
a wide frequency range, which supports the wideband performance capability of the proposed design. The
EM and schematic simulation results show strong agreement, as illustrated in the graphs. According to the
EM simulation results, the reflection coefficient drops below -10 dB in the 1.5 - 3.4 GHz range, which
corresponds to a PCE exceeding 65% within this range. Another noteworthy point is the minimal fluctuation
in PCE, with the maximum PCE of 75.23% observed at 2 GHz. To justify the use of the term “wideband,” the
fractional bandwidth (FBW) is calculated using the Eq. 3:

Fw = Jrign ~fiow 00 (3)

center

where fhigh = 3.4 GHz, fiow = 1.6 GHz, and feenter = 2.5 GHz. This yields a fractional bandwidth of approximately
77.5%, which justifies the wideband classification of the proposed design.
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Figure 5. Reflection Coefficient and Power Conversion Efficiency at 10.8 dBm Input Power

2 & ] 80 T 7
----------------- sch -10 dBm|
1.75¢ 70+ em -10 dBm |1
;‘ sch-10dBm| \ =~ o fi T T\ e sch0dBm ||
= 15 em -10 dBm 60 - —em 0 dBm
g P Y P R U sch 10 dBm
% 1250 fi sch 0 dBm 50 —em10dBm ||
= —em 0 dBm v40 [ T
S S e sch 10 dBm W
50.75¢ —em 10 dBm a 30
Q
g 05F 4 e 20+
0.25+ 10
0 ‘ : : > .0t e
0 1 2 3 4 5 0 1 2 3 4 5
Frequency (GHz) Frequency (GHz)

Figure 6. Output Voltage (a) and Power Conversion Efficiency (b) at Different Input Power Levels and
Frequencies

In Figure 6(a) and 6(b), the schematic and EM simulation results for output voltage and PCE at input
power levels of -10 dBm, 0 dBm, and 10 dBm are compared. This comparison demonstrates the circuit’s
ability to maintain stable output and acceptable efficiency across varying power levels, confirming its
suitability for fluctuating RF environments. It is important that the rectifier exhibits stable performance
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bands across different power levels. According to the EM simulation results, in the 1.4 - 3.4 GHz frequency
range, the PCE exceeds 10% at -10 dBm input power and 40% at 0 dBm input power (Figure 5(b)). Within
this range, the output voltage remains above 70 mV at -10 dBm and above 450 mV at 0 dBm (Figure 5(a)).
At -10 dBm input power, the maximum PCE was determined as 23.1% at 2.2 GHz, while at 0 dBm input
power, the maximum PCE reached 54.4% at 1.9 GHz. For the 10 dBm design input power, the PCE exceeded
65% in the 1.6 - 3.3 GHz frequency range, while the output voltage remained above 1.8 V within the same
range. Additionally, at 10 dBm input power, a PCE above 70% was achieved within the 1.6 - 2.2 GHz
frequency range.

In Figure 7, the output voltage and PCE at 2 GHz frequency for different input power levels are presented.
The consistency of PCE above 50% within the -1 dBm to 13 dBm range emphasizes the dynamic range
capability of the design, which is a key parameter in real-world wireless power applications. When Figure
5 and Figure 6 are evaluated together, it is evident that the proposed rectifier operates efficiently over both
a wide frequency band range and a broad input power range.

Finally, according to the performance comparison with existing studies presented in Table 2, the
proposed rectifier stands out due to its wide frequency range, broad input power range, compact design,
and the use of an inexpensive substrate such as FR4 in the design. Although some previous studies report
higher peak PCE values, these designs usually have disadvantages such as limited bandwidth, narrow input
power range, or large circuit size. For example, although the study [3] provides a wide frequency range, it
occupies a relatively large area of 70 x 70 mm?. However, the study [23] provides high PCE only in a narrow
range and requires an expensive substrate such as Taconic TLY-5. In contrast, the proposed design offers a
high efficiency of 75.23% at 2 GHz, operates effectively in the frequency range of 1.5-3.4 GHz and input
power range of -1 to 13 dBm, and achieves this with standard, low-cost PCB technology. These combined
features demonstrate that the proposed rectifier provides an application-oriented, scalable, and cost-
effective solution.

Table 2. Dimensions of the Optimized Transmission Lines in the Design

Bandwidth Dynamic Size Diode
Ref Year (GHz) Range (dBm) Max. PCE Substrate
mm? Type
PCE>%60 PCE>%50
(Nguyen& -5 16-28 3-16% @10/2(;%le* 32x46  ACOMIC poveogeo
Seo, 2022) @10 dBm @2.5 GHz ) TLY-5
@ 12 dBm
(Muhammad 1.8-3.2 -9 - 5* %77
et al, 2023) 2023 @9.5 dBm @1.8 GHz @1.8 GHz 70x70 R04003C HSMS2850
@ 3 dBm
. %79.6
(Liu et al,, 19-3.1 -8 - 5*
2024) 2024 @0 dBm 2.4 GHz 2.9 GHz 20x23 NA HSMS 2860
4 dBm
(Wangetal 14-25 -5-13 725
2025) 2025 @18 dBm @1.6 GHz @1.6 GHz 16x18 R04003C HSMS2852
@8 dBm
%75
This Work 2025 15-34 1-13 @2 GHz 19x21 FR4 HSMS2860
@10.8 dBm @2 GHz
@10.8 dBm

*Graphically estimated
NA is Not Available

In this study, FR4 is preferred as the substrate material due to its low cost and widespread availability
in standard printed circuit board (PCB) manufacturing processes. Although FR4 has a relatively high
dielectric loss factor (tan 6 = 0.01), it offers a sufficient balance between performance and cost. If a low-loss
substrate such as Rogers RO3003, RO3004 or RT/duroid series were used improvement in impedance
matching, reduction in reflection losses and increase in PCE values could be expected, especially at high
frequencies. However, such materials significantly increase the production cost and are not suitable for
large-scale or cost-sensitive applications. Therefore, the use of FR4 in the proposed design was preferred
as a practical and economical solution.
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IV. CONCLUSION

In this study, a double-branch shunt-diode rectifier structure was designed and thoroughly analyzed for
wideband RF energy harvesting and wireless power transfer applications. Compared to other studies in the
literature, the proposed rectifier achieved high efficiency over a wide bandwidth, providing a PCE above
65% in the 1.6 - 3.4 GHz frequency range at 10.8 dBm input power. Additionally, a PCE of over 50% was
achieved at 2 GHz over an input power range of -1 dBm to 13 dBm.

The results show that both EM and schematic simulations are in strong agreement. Shunt diodes
connected to both branches and an optimized impedance matching network effectively minimized losses,
increasing the rectifier's PCE. Furthermore, the use of an FR4 substrate in the compact rectifier design
provides cost advantages for practical applications.

Compared to recent studies in the literature, this study stands out with its high PCE across a wide
frequency band, wide input power range, and compact design. Furthermore, the proposed rectifier design
can be easily fabricated using standard PCB processes. The circuit utilizes standard and commercially
available components such as Murata inductors and Kamaya resistors. The FR4 substrate, the preferred
material in the design, is a widely used and low-cost material in the industry. Thanks to its compact
dimensions (19 mm x 21 mm) and layout verified by EM simulations, the circuit can be easily fabricated
using standard printed circuit board (PCB) fabrication processes without requiring any specialized
equipment.

Thanks to its wide frequency band and wide input power range, the proposed rectifier circuit is well-
suited for a variety of low-power, autonomous applications. These applications include loT-based sensor
nodes, wireless medical monitoring devices, wearable electronics, environmental monitoring platforms,
and remote data collection systems. The design's compact and low-cost structure also makes it an attractive
option for large-scale applications such as smart agriculture, industrial monitoring, and smart
infrastructure systems. Future work could explore different diode types and substrate materials to further
enhance the design's performance.
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