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Abstract

This study presents a dual-band rectifier that operates at 2.4 GHz and 5 GHz
frequency bands with high peak PCE and wide dynamic range performance. The
proposed design utilized a cross-coupled rectifier architecture with bulk-biasing.
An L-matching network was inserted between the source port and the rectifier
for maximum power transfer. A peak PCE of 74.93 % at -11 dBm input power was
achieved at 2.4 GHz operating frequency. On the other hand, a peak PCE of 72.75
% at-11 dBm input power was achieved at 5 GHz operating frequency with a fixed
30 KQ load. The design was optimized and offered a broad dynamic range of 12.74
dB and 10.28 dB for the 2.4 GHz and 5 GHz mode, respectively. The Vout
measured for the 2.4 GHz was 1.05 V with -9 dBm input power, while for the 5
GHz, the Vout measured was 1.04 V at -4 dBm input power. The system was able
to achieve 1 V at a sensitivity of -12.35 dBm and -11.52 dBm, for 2.4 GHz and 5
GHz respectively. Overall system integration at -1 dBm input power, the voltage
output of the rectifier measured 1.47 V. On the other hand, the LDO measured a
constant 1.2 V voltage output. The design was implemented in 65 nm CMOS
process Technology.

Keywords: dual-band rectifier, RF energy harvesting, PCE, dynamic range,
impedance matching network, LDO, CMOS
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1.0 INTRODUCTION

The concept of harvesting energy from ambient sources has
gained significant attention in recent years as a sustainable
solution for powering low-power electronic devices. Researchers
have explored various energy sources; and among these sources,
Wi-Fi signals have emerged as a promising and widely available
energy source. One must take into account the most important
block of RF energy harvesting system, the rectifier. The RF-to-DC
rectifier of a RF energy harvesting (RFEH) system is responsible
for converting RF energy to DC voltage. Various challenges have
been associated with rectifiers, such as nonlinearity, switching
loss, conduction loss, minimum diode threshold voltage, and
poor antenna gain in on-chip antennas (OCA) [1]. Overcoming
these challenges requires careful selection of a compatible
rectifier architecture and configuration based on the desired
design specifications. Developing an efficient RF-to-DC converter

architecture is particularly challenging due to the low power
levels typically available in remote locations [2] The radiated
power can vary unexpectedly based on factors like distance from
the power source, transmission medium, and antenna
orientation.

Furthermore, it is important to acknowledge that the
ambient RF energy available in a single band is generally
insufficient to power IoT devices having output voltage of 0.4 V
at -10 dBm [3][4]. As a result, several studies have focused on RF
rectifiers operating in multiple bands to increase the harvested
power but multiband harvesting face limitations due to
preference on simplicity [5] prompting for further studies. The
objective of this study is to design a suitable rectifying system for
energy harvesting in urban environments, specifically capturing
the signals at both 2.4 GHz and 5 GHz frequencies of Wi-Fi. The
aim is to achieve a high dynamic range and operate without the
need for additional converter stages [6].
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To ensure compatibility with various applications, it is crucial for
these circuits to maintain the output voltage within a suitable
range. Improving the power conversion efficiency which is the
ratio of rectified power and RF input power, leads to a more
efficient system. Certain architectures [7][8] were able to
enhance the power conversion efficiency of the rectifying block
but leakage currents on high input power were observed
degrading the dynamic range. A need for studies on architecture
that enhances the range of input power of energy harvesters is
therefore observed.

In this study, improvement on the dynamic range of the
rectifying block is focused. One of the challenges in RFEH is the
varying power density of the RF environment. Maintaining a wide
DR improves the reliability of an RFEH system in a highly dynamic
RF environment. The low PCE at lower input power range is
another challenge faced by previous rectifiers. Improving the PCE
at low input power improves the dynamic range as it would allow
the RFEH system to operate at a larger range of input power.

2.0 PROPOSED DESIGN

This work focuses on the design of a dual-band rectifier and
utilizes the conventional the blocks of an RFEH as depicted in
Figure 1. The blocks that are employed in this work are a
matching network and the RF-to-DC rectifier. It is important to
note that the DC voltage produced by the rectifier may exhibit
variations or ripple due to fluctuations in the input power caused
by the varying power density of the RF environment. A low-
dropout voltage (LDO) regulator is integrated to address issue on
fluctuations.

Antenna
Dual Band Dual Band

Matching Network Rectifier

Low
Dropout(LDO)

Figure 1 Block diagram of the dual-band RFEH

2.1 Impedance Matching Network

To implement a dual-band rectifier, a corresponding dual-band
matching network is needed. The dual-band matching network
topology that was utilized was an LCLC matching network based
on [6]. The initial values for the components were calculated
using equations 1-5 [10]. They were then fine-tuned to suit the
two frequency bands. An off-chip balun was implemented to
facilitate transfer from the single-ended block to the differential
input rectifier. L1 and C1 are designed for low-band 2.4 GHz
input impedance matching, and L2 and C2 are designed for high-
band 5 GHz input impedance matching.
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Figure 2 shows the LCLC matching network in the testbench
circuit.
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Figure 2 Testbench circuit for the dual-band matching network
2.2 RF-DC Rectifier

The RF-DC rectifier of the RF energy harvesting system is
responsible for converting the RF energy to a usable DC voltage.
Several parameters are used to determine the performance of
the rectifier [9]. The power conversion efficiency (PCE) measures
the ability of the rectifier to convert RF power to DC power and it
is highly dependent on the architecture of the rectifying block. It
is the ratio of the output DC power to the input RF power. PCE is
given by the equation:
PCE = % x 100% (6)
mn

Another parameter being considered in a rectifier is the
dynamic range (DR) which defines the range of input power that
the rectifier can maintain a high PCE. DR can be expressed as:

DR (dB) = Ppax (dBm) — Byax (dBm) (7)
where; Pmax and Pmin respectively denotes the maximum and
minimum input power having a PCE > 80% of peak PCE.

In implementing the dual-band rectifier, the single-band
operation of the rectifier for each of the frequency bands was first
configured. A cross-coupled differential drive (CCDD) rectifier was
adopted in this study as it consistently offers high PCE for low
input power [11]-[13]. Several modifications of the CCDD
architectures were tested to determine which would be most
suitable for this study. Additionally, coupling capacitors were
added in the input to improve the PCE of the rectifying block [14].
Iterative simulations were also done to determine the optimum
sizes of the transistors as well as the number of stages to yield the
desired PCE and DR. From the simulations, a two-stage rectifier
was pursued in this study to attain the specified sensitivity.

In this study, a two-stage cross-coupled architecture for the
RF-DC differential rectifier was adopted as it achieves a high PCE
for the preliminary simulation for a single-band rectifier. The
schematic design of the proposed rectifier architecture is shown
in Figure 3.

RF+
[o,

Vout

Figure 3 Schematic of the two-stage cross-coupled rectifier
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2.3 Low-Dropout Regulator (LDO)

A Low-Dropout Regulator (LDO) is added to the whole system of
the study. LDOs are commonly used to provide a stable and
regulated output voltage despite fluctuations or variations in the
input voltage [15]. The conventional LDO architecture, as
depicted in Figure 4, employs an error amplifier, feedback loop,
and pass transistor. The error amplifier compares the output
voltage with a reference voltage, generating an error signal. This
signal is fed back through a resistive network to the control
mechanism of the LDO.

The pass transistor, based on the error signal, regulates the
current flow from the input to the output of the LDO. This
feedback control mechanism forms a closed-loop system that
continuously compares the output voltage with the reference
voltage and makes precise adjustments to counteract variations
caused by changes in the input power from the rectifier [16].
Through this process, the LDO maintains a stable output voltage,
compensating for load variations and ensuring that connected
devices receive a consistent and reliable power supply.
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Figure 4 Schematic of LDO

3.0 SIMULATION RESULTS

The proposed design of the RFEH system was implemented and
tested using Cadence Virtuoso in 65 nm CMOS technology.
Parameters of the rectifier such as PCE, sensitivity, and dynamic
range were determined from the simulations. The dynamic
range is the range in which the performance of the rectifier is
greater than 80 % of the maximum measured PCE. The line
regulation and load regulation of the LDO were also simulated.

3.1 Single-band Operation

The rectifier was first tested with a single band matching
network to determine the value for the active components to be
used for the dual band matching network.

Figure 5 shows the results of the single-band operation of the
PCE of the designed rectifier in a 2.4 GHz single band operation
simulated at varying loads of 30 KQ, 50 KQ, 70 KQ and 100 KQ.
The 2-stage rectifier with 30 KQ load at 2.4 GHz band offers a
peak PCE of 74.51% at -6 dBm input power. In contrast with the
rest of the loading conditions of 50 KQ, 70 KQ and 100 KQ, the
peak PCE was measured at 76.01 % at -10 dBm, 76.79% at -13
dBm and 77.52% at -17 dBm respectively. The dynamic range for

the different loading conditions were recorded as 14.29 dB,
13.58 dB, 12.91 dB, and 12.7 dB respectively.

On the other hand, Figure 6 shows the PCE of the designed
rectifier in a 5 GHz single band operation was also simulated at
varying load conditions. The 2-stage rectifier with 30 KQ load at
5 GHz band offers a peak PCE of 73.13% at-10 dBm input power
while the rest of the loading conditions of 50 KQ, 70 KQ and 100
KQ, the peak PCE was measured at 75.28% at -14 dBm, 76.53%
at -17 dBm and 77.41% at -19 dBm respectively. The dynamic
range for the different loading conditions were recorded as
12.29 dB, 10.94 dB, 10.41 dB, and 10 dB respectively.

As observed from the results, as the load increased from 30
KQ to 100 KQ, the peak PCE also increased. However, the

dynamic range decreased as the peak PCE and load increased.
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Figure 5 Effect of varying load resistance on PCE at 2.4 GHz
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Figure 6 Effect of varying load resistance on PCE at 5 GHz

From this observation, a constant load resistance of 30K which
presents the widest dynamic range was used during iterative
simulations. Iterative simulations have been carried out to
generate a parametric analysis to determine the optimum
aspect ratio of the MOS. The peak PCE and dynamic range is
directly related with each other as it both increases at the same
time both depending on the channel length.

3.2 Dual-Band Operation
This section presents the performance of the dual-band

operation of the designed rectifier evaluated in terms of its DR,
PCE, sensitivity, voltage output, and reflection coefficient.
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A peak PCE of the designed rectifier in a dual-band operating at
2.4 GHz achieved a peak PCE of 75.21% at -11 dBm while the
dual-band operating at 5 GHz achieved a peak PCE of 72.9% at -
11 dBm. 80% of the peak PCE for both operating frequencies is
measured at around PCE > 60 %. Figure 7 shows that the design
consistently offers a broad dynamic range of 12.44 dB and 10.74
dB for the 2.4 GHz and 5 GHz mode, respectively.

80.0

70.0

12.44 dB
10.74 dB

— Fre=2.4G

—  Freq=5G

400 -350 -30.0 -250 -200 -150 -100 -50 00 50 100 150
Prf (dBm)
Figure 7 Dynamic range of dual-band rectifier with 30K load resistance

As observed for the dual-band operation, the dual-band
rectifier showed a great result with high peak PCE, good
sensitivity and wide DR. The result of having a wide dynamic
range with a value of 12.44 dB and 10.74 dB for 2.4 GHz and 5
GHz respectively, means that the rectifier can operate at a wide
range of input power.

The dual-band rectifier offers a sensitivity at 1 V of -12.4 dBm
and -11.57 dBm for 2.4 GHz and 5 GHz input frequency
respectively. The rectifier showed a great sensitivity at dual-
band operation as shown in Figure 8.

The S11 reflection coefficient of the dual-band rectifier was
also simulated. It is the ratio of reflected wave to the incident
wave. The simulation for the reflection coefficient of the dual-
band rectifier shows that the S11 value for 2.4 GHz input is at -
10.72 dB and -15.38 dB. On the other hand, S11 for 5 GHz input
isat-11.53 dB and -29.84 dB. Each plot shows that it is centered
at 2.4 GHz and 5 GHz which is observed to be especially narrow
as shown in Figure 9.

Table 1 shows the summary of the performance of the dual-
band rectifier as well as its comparison to similar works.

3.3 LDO

The LDO has to be able to withstand sudden full range input
supply voltage changes (1.3v - 1.4v). To determine the
performance of the designed LDO, parameters such as line
regulation, load regulation, and power supply rejection ratio
(PSRR) were measured in several simulations.

The line regulation of the LDO is determined to be 1.186
mV/V, demonstrating its capability to maintain a stable output
voltage even when subjected to sudden changes in the input
supply voltage. This indicates that the LDO effectively regulates
the output voltage to compensate for fluctuations in the input,
ensuring consistent and reliable operation. On the other hand,
the load regulation is measured to be 5.113 mV/mA, indicating
the LDO's ability to maintain a stable output voltage in response
to load current variations. Tables 2 and 3 summarizes the line

regulation and load regulation of the LDO as well as its respective
overshoot and undershoot.
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Figure 8 Dual-band rectifier sensitivity at 1V
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Figure 9 Reflection coefficient (511) of the dual-band rectifier

Another parameter for LDO performance is the PSRR which is
a measure of how well the LDO can reject variations or noise in
the input power supply. Table 4 shows a summary of the PSRR
at different frequencies. Values from Table 4 imply that the
LDO's ability to reject power supply variations diminishes at
higher frequencies, potentially leading to a less stable output
voltage in the presence of noise or fluctuations in the input
power supply
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Table 1 Performance Summary and Comparison to Similar Works

Reference Technology Technique Frequency (Hz) Load (Q) Peak PCE @ Pin (dBm) DR (dB)
900 M 69.3% @ -12 6
[9] 180 nm Reconfigurable and Adaptive Circuit 24G 100 K 64 % @ -19 6
900 M+2.4 G 67.1% @ -12 11
[13] 65 nm Self-body Biasing 5.8G 28.8K 71.8% @ -12.5 N/A
. 83.7% @ -18.4¢ 8
[14] 130 nm Gate-biasing scheme 900 M 100 K 80.3% @ —17¢ 7
[17] 180 nm Adaptive circuit and self Vth cancellation 953 M 10K 67.5% @ -12 7
915 M2 81.7% @ 12 11
T ) 245G® 73.1% @ 12 8
[18] PCB Transmission lines for matching network 915 MP 25K 69.2% @ 0 10
2.45GP 64.1% @ -1 9.5
. . 914 M 43.1% @-12 10
[19] 180 nm Resistance Compression Network (RCN) 24G 30K 47.1% @ -6 6
[20] 65 nm Dual-mode Feedback Circuit 433 M 100 K 86 % @ -19 10.1
. - 24G 74.93% @ -11 12.74
This work 65 nm Self-body Biasing 5G 30K 72.75% @ -11 10.28

Table 2 Line Regulation Simulation Results

Line Regulation Undershoot Overshoot

1.186 mV/V 18 mv 32mvV

Table 3 Load Regulation Simulation Results

Load Regulation Undershoot Overshoot
5.113 mV/mA 120.052 mV 90 mV
Table 4 PSRR Simulation Results
Frequency 1 kHz 10 kHz 100 kHz
lioad = 10 mA -61.6153 dB -53.488 dB -34.289 dB

3.4 Overall System

This section presents the simulation results after integrating the
dual-band rectifier along and the LDO. The integration of the
LDO provides voltage regulation and stability to the system,
ensuring a consistent and reliable power supply to the
connected devices.

The dual-band rectifier with LDO as its load shows a peak
PCE of 74.79 % at -8 dBm for 2.4 GHz and a peak PCE of 71.25 %
at -3 dBm for 5 GHz. Using equation 6, 80% of the peak PCE for
both operating frequencies is measured at around PCE > 60%
and the design consistently offers a broad dynamic range. The
dynamic range for the dual-band operation measured 14.16 dB,
shown in Figure 10. As can be observed after the integration of
the LDO, the dynamic range of the rectifier was still able to

2HSMS2862 Schottky diode; ’SMS7630 Schottky diode; SCC; 4ICC

maintain a wide dynamic range for the two frequencies.
Meanwhile, the extracted voltage for both input frequencies
continue to increase at increasing input power. The LDO block
begins regulating 1.2 V from the rectified voltage at input power
of -7 dBm and -2 dBm for 2.4 GHz and 5 GHz input frequency
respectively. Figure 11 shows the S11 plot after matching the
source impedance which is viewed from the antenna side and
the load impedance which is viewed from the LDO. Each plot
shows that it is centered at 2.4 GHz and 5 GHz.

14.16 dB

900
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400 375 30 425 300 75 50 25 00 75 50 <25 00 75 50 25 00 25 50 75 100 125 150

prf

Figure 10 Dynamic range for dual-band operation
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Figure 11 Reflection coefficient (S11) at different input frequency

The S11 for 2.4 GHz input is at -7.927 dB and -11.16 dB. A small
spike can be noted for the 2.4 GHz input frequency. On the other
hand, S11 for 5 GHz input is at -13.26 dB and -23.14 dB.

3.5 Layout And Post-Sim Results

This section presents the layout of the RFEH system and the
post-sim results. The layout of the designed rectifier integrated
with LDO, shown in Figure 12, was done through Cadence
Virtuoso. The resulting layout of the rectifier and LDO has a
dimension of 193.445nm x 178.955nm. The blocks were
arranged to achieve a compact shape. The parasitic capacitances
arising from the layout were extracted and were considered on
the post-sim.

Prior to the layout, the system has a peak PCE of 74.79% at -8
dBm input power and 71.25% at -3 dBm input power for input
frequency of 2.4 GHz and 5 GHz respectively with dynamic range
of 14.16 dB. Accounting for the parasitic from layout, the
observed peak PCE is 65.34% for 2.4 GHz input frequency and
55.56% for 5 GHz input frequency. The post-sim dynamic range
is 16.66 dB. Moreover, the post-sim PCE shifted to the right with
peak PCE at 0 dBm and 10 dBm for 2.4 GHz and 5 GHz
respectively. The PCE of the system before and after the layout
is summarized in Table V.

For the 2.4 GHz input frequency the rectifier is able to
generate 1V at an input power of -9.73 dBm. The rectifier with
input frequency of 5 GHz is able to generate 1V at an input power
of -5.116 dB. The parasitic capacitances from the layout shifted
the sensitivity of the rectifier to the right being able to generate
1V with an input power of 9.208 dB. Similarly, the post-sim
sensitivity of the rectifier with 5 GHz input frequency shifted to
the right generating 1V at input power 9.208 dB. The LDO is able
to regulate 1.2V at an input power of -7 dBm for 2.4 GHz input
frequency. For the 5 GHz input frequency, the LDO can output
1.2V beginning at -2 dBm. The post-sim result of the LDO
performance also shifted to the right as it starts to output 1.2V
at input power of 11 dBm for both frequencies.

193.445nm

lii
(111

178.955 nm

Figure 12 Overall system layout design

As for the reflection coefficient of the system, the system with
input frequency of 2.4 GHz had a pre-sim reflection coefficient
of -7.927 dB and -11.16 dB. The post-sim result yielded a
reflection coefficient of -13.42 dB and -11.04 dB. For the 5 GHz
input frequency, a reflection coefficient of -13.26 dB and -23.14
dB was observed on pre-sim. The post-sim reflection coefficient
was observed to be -25.44 dB and -13.07 dB. Table V summarizes
the performance of the proposed RFEH system before and after
the layout.

4.0 CONCLUSION

This study was able to demonstrate a dual-band rectifier
operating at 2.4 GHz and 5 GHz frequency band using 65 nm
CMOS process Technology through self-biasing technique. The
proposed system presents a dual-band rectifier circuit and
matching network, as well as an LDO voltage regulator. The
proposed system achieved a peak PCE of 74.79 % and 71.25 % at
all target frequencies, with sensitivity at -12.45 dBm and -11.52
dBm for both frequencies in the pre-simulation. On the other
hand, the post-simulation results garnered a PCE of around
66.48 % and 64.19 % with sensitivity of -12.49 dBm and -11.65
dBm respectively. The LDO regulator successfully maintains a
stable output voltage of 1.2 V across different load conditions,
demonstrating its effectiveness in voltage regulation and is
similar with the findings of [12]. The voltage regulation of the
LDO helps ensure a steady output despite variations on the RF
signals. Each single-band operating frequency at 2.4 GHz and 5
GHz were able to obtain a high PCE greater than 60 % as well as
a wide DR of 14.16 dB by using a two-stage CCDD rectifier
architecture and additional coupling capacitors but the
additional coupling capacitors led to a larger chip area. It is
recommended for future works to work on a capacitorless
architecture to save space. It is also recommended to employ
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hybrid techniques to further extend the dynamic range and still
account for a high PCE.
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