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This paper presents the design of highly efficient rectifiers that can operate
at WiFi frequencies (2.45 GHz and 5.8 GHz) and match low input power.
The designed dual-band rectifiers use multi-stage dickson voltage multipliers
(DVM) (from 1 to 6 stages), and the main idea of this paper is to find the
number of stages that offers the best performance and that can be used by
applications that operate within the same constraints (operating frequencies,
input power). The efficiency and the output voltage (Vout) are the
parameters studied to analyze the designed rectifiers. The results showed
that as the number of DVM stages increased, the efficiency curves for both
frequencies shifted to the higher input power range, even when using the
same diode (SMS7630) and the same load (5 KQ). We concluded that the
rectifier with 1-stage DVM is the most suitable to be used for low input
power at the selected frequencies since it provides an efficiency of 57.734%
at 0 dBm for 2.45 GHz and 36.225% at 1 dBm of input power for 5.8 GHz.
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1. INTRODUCTION

The issue of battery life has been addressed in several ways. Many researchers worldwide are focused
on radio frequency (RF) energy harvesting technologies, and it is now possible to guarantee the energy
independence of electronic devices. Energy harvesting (EH) is not a novel concept; in fact, Tesla introduced it
more than a century ago [1]. The contactless aspect of the power transmission and the ease of deployment are
only a couple of the distinctive benefits that RF harvesting has to offer (both regulated RF radiation and ambient
harvesting are options for energy harvesting). Due to its widespread use, it can be deployed to power radio
frequency identification (RFID) systems [2], [3], wireless sensor nodes [4], [5] and in general, any system that is
powered wirelessly [6]. However, the majority of EH systems are inefficient for low-power sources, and radio
frequencies are known to be a source with this limitation. This issue can be resolved by either reducing power
consumption, which is constrained by physical constraints, or by using a different energy source that can
provide enough power [7]. The EH system generally consists of a source (antenna), whose role is to collect the
RF energy present around the antenna, as well as a matching network to properly transfer the energy to the load,
and a rectifier circuit, which transforms the collected RF power into useful DC power and can be a voltage
multiplier or another topology. The block diagram for the RF energy harvesting system is illustrated in Figure 1.
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Figure 1. Energy harvesting system

However, a significant constraint is the substantial power dissipation imposed by the physical
distance of the tags from the power source, which is described using the Friis transmission model.
In actuality, the amount of energy available decreases with the distance (d), which makes powering distant
tags quite challenging. The problem could be much worse since the loss in multi-path transmission could be
proportional to d* [8]. It is obvious that high-efficiency rectifiers are required in order to turn RF EH into a
practical choice given the limited quantity of energy that can be gathered. To increase efficiency and output
voltages, several researchers provide a variety of architectural designs. The most often used are Dickson
voltage multiplier (DVM) circuits with one or many stages based on Schottky diodes [9]-[11].

Niotaki et al. [12] present a dual-frequency rectifier for 0.915/2.45 GHz with maximum conversion
efficiencies at received power levels of 0 dBm. Papadopoulou et al. [13] propose a dual-band rectifier
(866 MHz and 937 MHz) with a voltage doubler topology and an input power of 0 dBm. In a similar manner,
Rehman et al. [14] presents a rectifier for 2.45 GHz and 5.8 GHz; the circuit is composed of a voltage
doubler, and the relevant power levels range from -30 dBm to -10 dBm, and the maximum efficiencies are
obtained at 0 dBm and 1 dBm, respectively. Mattar et al. [15], a dual-band rectifier for the same operating
frequencies is designed using a voltage doubler for low input power with maximum efficiency at 2 dBm for
both frequencies. We have noticed from all these studies mentioned above that the most commonly used
circuit in dual band designs which operate at low power ranges is a voltage doubler circuit, or as it is called in
our study, a 1-stage voltage multiplier.

It is obvious that using a 1-stage DVM for design reduces the size of the rectifier, but adding
additional stages often leads to improved performance. We want to answer the question of why the DVM
with 1-stage is the most used circuit by rectifiers that aim for low input power and operate at multiple ranges.
We propose a study of the different stages of DVM (1 to 5 stages) for 2.45 GHz and 5.8 GHz using the
SMS7630 diode because this diode provides very good management for low input power. We will analyze
the impacts of the number of stages for the operating frequencies in relation to the output voltage (VVout) and
efficiency. According to the authors’ knowledge, this study is the only one to present an analysis of several DVM
stages with dual-band features and for low input power ranges. The next sections of the article are structured as:
in section 2, we will describe the different steps followed in the design of the rectifiers with 1 to 6 stages of
DVM,; in section 3, we will analyze the results obtained; and we will conclude this article in section 4.

2. RECTIFIER DESIGN

The purpose of a rectifier circuit is to transform electromagnetic energy into useful DC energy.
It usually consists of two main parts. The first part is a matching network that modifies the impedance to
create a perfect match with the rectifier diode(s). The second part is the RF to DC conversion circuit.
To design a rectifier it is necessary to design all these parts and that is the role of this section.

2.1. Circuit design for RF to DC conversion

Collection transducers generally have a low power density (<10 mW/cm?) [16] which is why the
voltage levels that can be reached are often lower than the operating threshold voltage of the RFID. The voltage
multiplier is one of the most used structures in RF to DC conversion design because it features peak-to-peak
voltage rectification from the RF signal’ full wave. For the purpose of providing a passive voltage offset, two
configurations are constructed in a cascade utilizing Schottky diodes [17]. In a normal voltage multiplier
rectifier, C1 and D2 create a voltage clamp, whereas D1 and C2 create a rectified peak. This structure with
two diodes and two capacitors is called a voltage doubler. Thus, the output voltage is roughly double the
input voltage. To attain larger DC output voltage levels, a voltage doubler can be duplicated to n stages in a
cascade and form a voltage multiplier. The overall voltage multiplier (VM) schematic design is depicted in
Figure 2 Each component (stage) is made up of two diodes and two capacitors.
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Figure 2. The typical DVM’s schematic diagram

2.2. Impedance matching circuit

Rectifiers are non-linear circuits due to the components they use, as their input impedance varies
depending on the input power, load value, and frequency. The designed circuit must resonate at the desired
frequencies in order to increase circuit efficiency [18]. In order to convey the most energy from the source to
the load and prevent RF signal reflection, matching networks (MN) were made to match the VM circuit’s
impedance to the common 50 sources (antennas). As a result, it will enable us to obtain the greatest possible
amount of converted DC power from ambient RF signals [18]-[21].

Some works [22], [23] have used MNs based on lumped components. When the frequency is higher
than 1 GHz, these components exhibit increased noise and therefore greater loss. As a result, microstrip lines
are increasingly being used in circuits operating at 2.45 GHz and 5.8 GHz [24], [25]. The matching unit of
our circuit is designed with microstrip lines. Rogers RT/Duroid 5880, having a thickness of 1575 mm, was
selected as the substrate for our circuit. We determine the rectifier’s input impedance using the S-parameter
simulation in the ADS software. The MN’s initial design parameters are then determined using MATLAB
and the design equations shown in [26]. Then, using the advanced design system (ADS) tool for
optimization, we adjusted the result parameters to match the input impedance for a load of 5 KQ and for low
input power in the appropriate frequency bands. By using a matching network with a DC-blocking feature,
the voltage doubler’s input DC block capacitor (C1) is removed. These mentioned steps will be repeated to
design each number of DVM stages. Figure 3 illustrates the used MN circuit, comprising both a transmission
line (TL) and a coupled transmission line referred to as (Clin). Table 1 describes the values of the matching
network parameters for each number of stages, where (W) represents the width, (L) denotes the physical
length, and (S) signifies the separation between the transmission line conductors.

L= +

o o 0 MUN -
© MCFIL- o
Clin

Figure 3. The used impedance MN

Table 1. The improved design parameters for the MN of each number of DVM stages
Clin L
W (mm) S (mm) L(mm) W(@mm) L (mm)
1-stage DVM 213696 0273672 145976 0.82058  20.784
2-stage DVM 579897 0.007528 18.4354 3616  16.9679
3-stage DVM  7.41733  0.001959 11.7962 6522  20.5108
4-stage DVM 419606  0.11518 127337 29.4345  34.8998
5-stage DVM  4.4657 0.069  12.6333 30.4857  34.225
6-stage DVM 432264  0.05714  12.7811 31.3831 _ 33.7588

Parameters

2.3. DVM rectifier power losses sources

Substrate loss, diode loss, and impedance mismatch loss, all affect a rectifier’s conversion
efficiency. While diode loss represents the most significant loss of these losses. Two distinct factors account
for the changes in diode efficiency for each input power region. On the one hand, the loss due to the
integrated potential of the forward diode (threshold voltage) at low input power. On the other hand, the loss
related to the breakdown voltage of the diode at high input power.
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2.3.1. In the region of low input power

The reverse peak voltage is lower than the breakdown voltage on the diode while the input voltage is
low. Diode losses in this region are produced by the overlapping voltage and current at the diode junction and at
the series resistance (Rs) because the voltage over the junction capacitance (Cj) changes considerably.
According to [27] the multi-stage DVM power losses at the diode junction and for the region of low input
power can be defined using (1) where the number of stages is (N), (Id) and (Vd) represent the maximum
magnitude of the current and the diode voltage, (V;;) is the built-in potential and (f) is the operating frequency
of the rectifier.

2V FCj+1g(IqRsT+4Vp)

Ploss_low_PIN =N an 1)
2.3.2. In high input power region
The current circulates in the direct direction in a diode. In the other direction, there is no current.
On the other hand, if the reverse voltage is steadily increased, a current may abruptly start to flow at any
time. The breakdown voltage (V,,,.) is the value at this point. Due to the high-power loss during the breakdown
phase, the diode performance starts to decrease. When a voltage greater than the breakdown voltage is applied
to the diode, leakage current will start flowing in the opposite direction, and this is what mostly degrades the
diode characteristics. The (2) [28] may be used to determine the power loss of multi-stage DVM in high input
power. Where (Iy) is the reverse current, and (t) represents the proportion of the rise and fall time in relation to
the half-period.
4f%C;*Vpr*Rs TIZRs+TIR?R*+41qV e +4IRV prr
21

+N

Ploss_high_PIN = (2)

The diodes must have the lowest threshold voltage and the fastest switching possible because of the
high frequencies used and the low input signal [29]. Among the different varieties of Schottky diodes,
we decided to choose SMS7630 in our circuits since it has a low threshold voltage and was created and tuned
for usage in low input signal applications [30], [31]. An online datasheet was used to get the SPICE model of
the Schottky SMS7630 diode for the simulations.

3. RESULTS AND DISCUSSION

By using the elements described in the previous sections, the Dickson voltage multiplier circuit was
designed and improved. The ADS 2019 software, with the use of the harmonic balance for the calculation of
output voltage and rectifier efficiency. The S-parameter simulator technique was used to calculate the S11
coefficient of the rectifiers. Then the motion technique will be used for this section to build and simulate the
DVM circuit.

3.1. Circuit impedance matching

Since the source (antenna) is directly connected to the DVM circuit through impedance matching,
we constructed a multistage DVM with matching circuits suitable for each number of DVM stages and
computed the Vout and efficiency of each resulting circuit (IMN+DVM). Figure 4 shows the schematic for the
ADS circuit rectifier, consisting of a matching circuit, a 1-stage DVM, and a load of 5 KQ. Using a 5 KQ load
with an input power of -10 dBm, Figure 5 shows the simulated rectifiers’ S11 parameter. As can be seen,
the rectifiers are well-matched at the required frequencies. Normally, when the S11 is smaller than -8 dB,
the circuit resonates in our case with all rectifiers having an S11 value <-10 dB.

3.2. Rectifiers efficiency

The ratio of the output DC power (Pout) to the input RF power (PIN) is one of the most important
performance metrics that can be used to determine how efficiently RF power is converted to DC power.
The efficiency of a rectifier can be calculated using the following (3).

ef ficiency = 100 x % (3)
Where Poutp. represents the resulting continuous power of the rectifier and PIN is the input power.
Simulations with a range of stage humbers from 1 to 6, and sweep input power values between -30 dBm and
30 dBm were employed. Figure 6 and Figure 7 illustrate how the number of stages in VM circuit design
affects efficiency and output power of a dual band (2.45/5.8 GHz) rectifier respectively.
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Figure 4. Schematic of a dual band rectifier with 1 stage DVM using ADS
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Figure 6. Simulation results of efficiency as a function of input power and number of DVM stages for
(a) 2.45 GHz and (b) 5.8 GHz

Table 2. Comparison of DVMs utilizing various stages based on efficiencies

Efficiency (%) at Efficiency (%) at Efficiency (%) at Maximum efficiency PIN (dBm) of
Frequencies PIN = -10 dBm PIN =0dBm PIN =10 dBm (%) maximum efficiency
2.45 GHz 5.8 GHz 2.45 GHz 5.8 GHz 2.45 GHz 5.8 GHz 2.45 GHz 5.8 GHz 2.45 GHz 5.8 GHz
1-stage VM 49.331 25.452 59.762 36.751 6.958 6.958 59.762 36.751 0 0
2-stage VM 37.209 17.559 53.232 40202 25.928 25.932 55.1 45.556 5 7
3-stage VM 21.951 10.289 41.901 32.933 49.728 44.847 49.918 44.847 9 10
4-stage VM 20.208 9.113 35.449 27.267 43.137 43.140 43.805 44.234 12 12
5-stage VM 15.957 7.758 29.468 27.2 37.108 45.509 38.616 51.487 15 14
6-stage VM 12.994 6.067 25.217 23.79 32.725 41.836 34.959 50.429 17 15

The efficiency variation gradually disappears, as shown in Figure 6(a) and Figure 6(b). Table 2
shows the maximum efficiencies for each DVM and details the efficiencies achieved by the DVMs for
different PIN ranges. The efficiency curves for both frequencies move toward the higher input power range
as the DVM stage number rises. This can be explained by the fact that there will be more power losses in the
low-input power region. For 2.45 GHz, and especially for low input power (PIN < 0 dBm) at 5.8 GHz,
the efficiency of the one-stage rectifier is significantly higher than that of the other voltage multiplier upper
stages circuits.
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We can see in Figure 6 that as the number of stages increases, the efficiency at low input power decreases
(PIN < 0 dBm) and increases for the highest input power (PIN > 0 dBm). For example, the single-stage rectifier
achieves a maximum of 59.76% and 36.75% at 0 dBm at 2.45 GHz and 5.8 GHz, respectively, while the 6-stage
rectifier achieves its peak of 34.95% and 50.429% at high input powers of 15 dBm and 17 dBm, respectively.
While using the low input power levels at the rectifiers, their efficiency degraded for both frequencies. This
degradation in the rectifiers” performances with the addition of additional stages can be explained by the losses
related to the number of diodes employed as well as the losses linked to the used substrate. As illustrated in
Figure 7, there are no discernible differences between the various DVM stages circuits for low input powers
(PIN < 0 dBm), but for input values greater than 10 dBm, increasing the stage number results in higher output
voltage, and this is true for both operating frequencies as shown in Figure 7(a) and Figure 7(b).
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Figure 7. Simulation results of output DC voltage as a function of input power and number of DVM stages
for (a) 2.45 GHz and (b) 5.8 GHz

3.3. Theoretical explanation of the results

A single-diode rectifier will perform better than a multi-diode rectifier at a low input power level.
This is due to the extra losses in rectifier circuits with multi-stages described in (1), particularly the series
loss from Rs, whose sum increases with rising N (and also current), and the loss related to the RC filter,
as the low-pass cutoff frequency drops with increasing N. More losses will result from a rectifier with more
stages since the load must pass through each diode. This is true for the two operating frequencies, but for the
5.8 GHz frequency, in addition to the losses mentioned, there is a production of losses linked to the increase
in frequency.

For rectifiers with more stages, the reached DC output voltage is higher because the rectifier as a
whole has a higher breakdown voltage in relation to the output. It is also clear that the number of stages
increases the input power at which the rectifier output voltage reaches its maximum. The increasing loss
related to each diode in the rectifier circuit is the source of this phenomenon. As a result, more input power is
required to achieve the same outcome and overcome the produced losses. In summary, high numbers of
stages are mostly advantageous at high powers since they enable the rectification of greater quantities of
power. Conversely, at low input powers, a smaller number of diodes are advantageous since this will produce
fewer loss factors.

4. CONCLUSION

We carried out this study in order to create dual-band rectifiers that function at 2.45 GHz and 5.8 GHz
precisely and with low input power densities. The design employed a Dickson voltage multiplier topology
with stages ranging from 1 stage to 6 stages, the same diode type SMS7630, the same load value of 5 KQ,
and an impedance matching circuit for each stage’s number. The goal of these designs is to find the best stage
number of DVM for use in rectifiers with dual band (2.45/5.8 GHz) and low power densities. The results
obtained showed that the more stages are added, the more the DC voltage increases, but this increase is only
true for an input power of more than 0 dBm because the voltages produced at low power levels are almost the
same for all DVM stage numbers. Regarding rectifier efficiency for both frequencies, it shifts to the higher
input power range as the number of DVM stages increases. Based on theoretical study and performance
comparison, our analsys has shown that for dual band operation and exactly at 2.45/5.8 GHz, the most
efficient energy harvester for low input power levels will have the fewest stages. Above a relatively low
power level, more stages will be needed to provide the maximum DC output voltage. Above a certain input
level, additional stages will result in a higher voltage.
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