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Resum: En aquest projecte s’analitza i compara diferents tipus de circuits rectificadors
comuns de RF Harvesting per ultra baixa potencia. S ha utilitzat una antena com element de
captacio d’energia i s ’ha analitzat la potencia disponible en el ambient, concretament en els
laboratoris GAEMI de la UAB. Las simulacions s’han realitzat amb el sofiware Keysight
ADS. S’ha demostrat, mitjancant la simulacio, que el rectificador simple mostra una major
eficiencia respecte als demés rectificadores i que el valor de la resisténcia de carga es el
element predominant en el calcul de la eficiencia. S’ ha confirmat experimentalment que les
mesures no es desvien tant de les mesures simulades. Els resultats obtinguts son susceptibles

de ser aplicats en la generacio de prototips de sistemes Harvesting de RF.

Resumen: En este proyecto se ha analizado y comparado diferentes tipos de circuitos
rectificadores comunes de RF Harvesting para ultra baja potencia. Se ha utilizado una
antena como elemento de captacion de la energia y se ha analizado la potencia disponible
en el ambiente, concretamente en los laboratorios GAEMI de la UAB. Las simulaciones se
han realizado mediante el software Keysisght ADS. Se ha demostrado, mediante la
simulacion, que el rectificador simple muestra una eficiencia mayor respecto a los demas
rectificadores y que el valor de la resistencia de carga es el elemento predominante en el
calculo de esta eficiencia. Se ha confirmado experimentalmente que las medidas no se
desvian de las medidas simuladas. Los resultados obtenidos son susceptibles de ser

aplicados en la generacion de prototipos de sistemas Harvesting de RF.

Summary: This project has analysed and compared different types of common RF
Harvesting rectifier circuits for ultra-low power. An antenna has been used as an energy
harvesting element and the power available in the environment has been analysed,
specifically in the GAEMI laboratories of the UAB. The simulations were carried out using
the Keysisght ADS software. It has been demonstrated, by means of simulation, that the
simple rectifier shows a higher efficiency than the other rectifiers and that the value of the
load resistance is the predominant element in the calculation of this efficiency. It has been
experimentally confirmed that the measurements do not deviate from the simulated
measurements. The results obtained can be applied to the generation of prototypes of RF

Harvesting systems.
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1.Introduction

1.1 Motivation

There is now a global trend towards increasing the amount energy of energy extracted from the
environment and the replacement of battery power. This trend is due to the difficult disposal of
the chemicals from which they are created. These are harmful to the environment as most

batteries end up in landfills and cause pollution of the land and water underneath.

To continue with this worldwide objective, a balance must be found between the devices to be
deployed and the energy to be captured. Due to the limitations of power generation caused by
cables and the devices own losses, it is currently difficult to find an alternative technology that

can replace these charging elements.

For years, studies have been carried out to find different proposals capable of offering the same
performance without being so harmful. One alternative is radio-frequency Energy Harvesting,
which harnesses the energy in the environment. The main problem is the low levels of energy

density in the environment [1][2][3].

This field is undergoing a major evolution and, as a result, Energy Harvesting applications are
expected to increase the lifetime or even achieve self-sufficient electronic systems, providing a

major impetus for research growth in industries and academia.

The main motivation and focus of this project are to present detailed information on the energy
captured from different very low power (mW) rectifier circuits. Since Energy Harvesting
circuits are designed to operate with relatively small voltages and currents, they rely on state-

of-the-art electrical technology for obtaining high efficiency.

This project will focus on the field of RF Energy Harvesting in the laboratories of the UAB's
Grup d'Aplicacions Electro-Magneétiques Industrials (GAEMI).



1.2 Objectives

The main objective is to study and compare different rectifier circuits used in Energy
Harvesting systems for ultra-low power use in a realistic environment using the full spectrum

available.

To achieve the proposed objective, first, the available power of the environment had to be
analysed by means of a spectrum analyser and a receiving antenna. Once the signal has been
captured, different rectifier circuits have been designed in order to evaluate the efficiency,
voltage and input impedance with respect to the input power and also taking into account the
value of the load resistance. Finally, when all these data have been collected, each of the circuits

will be purchased and analysed in order to find the most optimal one for this particular case.

1.3 State of the Art

The concept of wireless Energy Harvesting has been raised by Nikola Tesla and Heinrich Hertz
[4]. The history of RF power Harvesting in free space originated in the late 1950s with a
microwave-powered helicopter system, but later the concept of Energy Harvesting emerged as
a technique of harvesting energy from the external environment using different methods such

as thermoelectric conversion, vibrations, and solar energy among others.

Until then, the development of telecommunications in the last decades has been exponential,
from 2G and 3G to 4G and the study of 5G where many countries are doing large-scale trials.
As new base stations are deployed with this technology, more frequency bands emerge and
signals become denser (a main problem is the low power density today), which will increase

the available ambient radio frequency energy to be captured in space [5].

Figure 1 presents the structure of an RF Energy Harvesting system and the factors that
contribute to the performance of the whole system. The three blocks that make it up are the RF

source, the transmission space and Wireless power Harvesting circuit.
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Figure 1: Conceptual block diagram of an RF power Harvesting System [6].

The first block contains the RF wave generator. This device is responsible for transmitting the
RF signal through the environment. Once transmitted, this wave will travel through the second
stage and will be subjected to the different losses caused by the environment. The deterioration
of this wave will be caused by the distance between the transmitting antenna and the receiving

antenna. In other words, the greater the distance between the two, the greater the signal loss.

The last block is the Wireless power Harvesting circuit which is characterised by its receiving
antenna. The received signal passes through the impedance matching network, which is
responsible for matching the impedances to achieve maximum power transfer. In the
rectification stage, the RF signal is converted from RF to DC using a rectifier circuit composed

of Schottky diodes. Finally, this energy is stored in capacitances.

The most critical stage of the system is the rectification process. It is for this reason that the
diode, mainly the Schottky diode, becomes important. This electronic component is ideal for
low-power rectifiers used in harvesting systems because of its switching speed and low
threshold voltage [7].
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Figure 2: RF input power for Schottky diode operation [7].

Figure 2 shows the efficiency of the Schottky diode as a function of RF input power compared
to CMOS transistors. Unlike CMOS transistors, Schottky diodes are able to work when the

power of the receiver circuit is very low, making them very suitable for Energy Harvesting.

This project focuses on the harvesting of this type of energy. With different compositions of
rectifier circuits and the use of Schottky diodes, the most efficient way of harvesting energy is

sought by focusing on devices working at low power.



2. Theoretical Concepts

In this section, we will explain physical and electronic concepts that will help to understand the
contents and objectives of the work. Firstly, a brief introduction to Maxwell's equations will be
given. These concepts will make it easier to understand what electromagnetic waves are and
how they influence radio frequency energy. A presentation of RF Energy Harvesting and the

rectifier circuits that are used to capture and utilise energy from the environment is also given.

2.1 Maxwell Equations

James Clerk Maxwell took a set of experimental laws and unified them as a coherent,
symmetrical set of equations known as Maxwell's equations. Maxwell's equations are a set of
four differential equations that form the theoretical basis for describing classical

electromagnetism:

- Gauss's law: Electric charges produce an electric field. The electric flux through a closed
surface is proportional to the enclosed charge.

- Gauss's law of magnetism: There are no magnetic monopoles. The magnetic flux

through a closed surface is zero.

- Faraday's Law: Time-varying magnetic fields produce an electric field.

- Ampére's Law: Stable currents and time-varying electric fields (the latter due to

Maxwell's correction) produce a magnetic field.

Name Differential form | Integral form
Gauss' law v.E=2 jgﬁ.d§:£
60 60

Gauss' law for - o = a2
magnetism vV-B= ng 1S =0
Faraday's law of o 0B s - d (5 2
induction V/\E:_E j‘gE-dl——EjB-dS

N f e — - - - - - d = -
Ampeére's law VAB = uy/ jEB-dl=y0j]-dS+uoeoajE-dS

Table 1: Maxwell Equations.



Where [8]:

B= magnetic flux density or magnetic induction (Wb/m?).

= electric field strength (V/m).

Il il

= magnetic field strength (A/m).

J = surface current density (A/m?).
p = volumetric electric charge density (C/m?3).
¢ = electric permittivity (F/m)

u = magnetic permeability (H/m).

These equations describe how electric and magnetic fields propagate, how they interact and
how they are influenced by objects (Table 1).

2.2 Electromagnetic Waves

Maxwell's studies led to the understanding of electromagnetic waves through the
conceptualisation of his equations. He later predicted that electromagnetic wave frequencies
travel at the speed of light. He was also the first to introduce the concept of the electromagnetic

spectrum.
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Figure 3: Propagation of an electromagnetic wave.

The type of waves created by photons are defined as electromagnetic waves that can be created
by natural or artificial sources. In Figure 3, electromagnetic waves are made up of electric and

magnetic force fields.



As explained below, radio frequency (RF) energy is a form of electromagnetic radiation that
applies to the less energetic portion of the electromagnetic spectrum, located between 3 Hz and
300 GHz.

2.3 RF Energy Harvesting

The extraction of ambient RF energy comes from the surrounding wireless energy sources, such
as mobile phone towers, broadcasting stations, RF emitting devices and Wi-Fi hotspots. There
are other ways of obtaining energy from nature in alternative ways such as solar energy, wind

energy, thermal energy, mechanical energy, and vibration energy.

One of the problems of RF Energy Harvesting for low power is the maximum harvesting of
power from the environment to supply a system. As this power is often insufficient, one of the
solutions is the use of resonant cavities [9]. This technique is commonly used in microwave
engineering where electromagnetic waves are reflected from metal walls. This method allows
confining the RF power in the antenna region, increasing the possibility of re-capturing the

reflected energy [7].

As shown in Figure 1 above, there are different stages in RF Energy Harvesting systems. The
RF energy capture stage is the most critical as the collection of RF energy presents some

problems:

- The output voltage is not regulated and cannot be used directly to supply electrical
circuits.
- They do not provide continuous and uninterrupted power.

- They generate very low average power.

It is for this reason that in the RF energy capture stage, microwave receiver antennas are used

which are capable of collect the energy that exists in the environment.



Once the signal has been captured from the environment, a matching stage is necessary. The
matching network promotes maximum power transfer. This happens when the output
impedance is matched to the impedance of the connected load. The technique used to achieve

this effect is impedance matching (Figure 4) [10].

Figure 4 : Impedance Matching.

The main problem with impedance matching is that it can only be matched to one frequency,
so a large amount of the spectrum picked up by the antenna is lost. The amount of energy lost

can be calculated by the coefficient (1).

r— Z,—Zs
7+ Z

(1)

Where Z, Z, are the impedances presented by the antenna and the circuit respectively in the
frequency bands of interest. The objective is to find a I' that is equal to 0, making the input
impedance equal to that of the load. This avoids a reflected wave by reducing energy loss to

minimum levels.

Once the signal has passed through the impedance matching network, it is necessary to convert
the radio frequency signal, alternating current signals, to direct current. Rectifier circuits are

responsible for this signal conversion.

In the last stage, a battery or a capacitor is used to store the energy. The problems with the use
of a battery are the long charging time, the high energy for this charge and the occupied area.
Therefore, in Energy Harvesting, capacitors or supercapacitors are used as energy storage

elements. These elements solve the problem of area and weight and are quick to charge.



2.4 Diode

The semiconductor diode is the most common diode used today. It is made of semiconductor
crystal, such as silicon (Si), with impurities in it to create a region containing negative charge
carriers (electrons), called an n-type semiconductor, and a region on the other side containing
positive charge carriers, called a p-type semiconductor. Its characteristic curve (I-V) consists
of two regions: below a certain potential difference it behaves as an open circuit (does not

conduct), and above it as a closed circuit with a very small electrical resistance [11].

Current
" )

Voltage

Figure 5: 1-V curve of a diode.

As it can see in the Figure 5, at positive voltages, the curve rises exponentially, indicating that
current is free to flow through the device. At negative voltages, the current remains nearly at
zero. However, a sufficiently large negative voltage, known as the breakdown voltage, will
cause the diode to become conductive to negative current. Similar to a resistor, a standard diode
is a passive device, operating only within Quadrants I and I11 (Figure 6). It should be noted that

the diode is a non-linear device because its I-V curve is not a straight line [8].

Figure 6: Operational regions.



Over the years, diodes have proven to be the most widely used technology in the rectification
process due to their conversion efficiency and power management. One parameter to evaluate
how good diode rectification is the Zero Bias Current Resposivity. This parameter is a direct
function of the 1-V characteristic curve, which relates the short-circuit current obtained by the
rectification and the voltage absorbed by the PN junction resistance. The evolution of the

rectifying capabilities of different types of diodes over the years can be seen in Figure 7.
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Figure 7: Evolution of rectification based on the technology used by diodes.

As can be seen in the figure above, the most widely used fabrication technology over the last

century has been based on Schottky diodes.

The Schottky diode is a semiconductor diode that can be used in a wide variety of waveforming,
switching and rectifying applications, just like any other junction diode. The main advantage is
that the forward voltage drop of a Schottky diode is substantially lower than the 0.7V of the

conventional silicon PN junction diode.
Schottky diodes have many useful applications, from rectification, signal conditioning and

switching, to TTL and CMOS logic gates, mainly due to their low power consumption and fast

switching speed.

10



Junction

Anode : Cathode
* Metal ||| Nwpe #
|
}

Silicon

very small

*h i
§ '

Biasing Voltage

Figure 8: Junction Diode Schottky.

Figure 8 is the simplified construction of the Schottky diode in which a lightly doped n-type
silicon semiconductor is bonded to a metal electrode to produce what is called a metallic
semiconductor junction, known as a Schottky barrier. The width of this metal semiconductor
junction will depend largely on the type of metal compound and the semiconductor material

used in its construction.

When forward biased, electrons move from the n-type material to the metal electrode allowing
current to pass through. Therefore, the current through the Schottky diode is the result of the

drift of the majority carriers.

As there is no p-type semiconductor material and therefore no minority carriers (holes), when
reverse biasing occurs, the diodes conduction stops very quickly and goes on to block current
flow, as in the case of a conventional PN junction diode. Therefore, for a Schottky diode there
is a very fast response to changes in bias and it demonstrates the characteristics of a rectifier
diode.

This makes them much faster responding. The main characteristics of these diodes are:

- High switching speed (up to 300MHz).

- They do not have a depletion layer associated with the metal-semiconductor junction,
so they do not take time to remove the charge from this layer as other diodes do when
there is a change of state (on-off).

- Allows for the elimination of current peaks with fast response times.

- Low threshold voltage, approximately 0.2V to 0.4V.

11



Figure 9 shows the characteristic curve of the Schottky diode compared to other diodes.

|A

V (volts)

0,5 0,65 1.0

— Si (Schottky)

v —— GaAs (PN Junction)

Figure 9: Comparison of I-V Characteristics.

As can be seen, the Schottky has a lower voltage drop when directly biased compared to other
diodes. This characteristic is the reason why Schottky diodes are used in low-power electronic

systems.

Another important difference is that the threshold voltage at which the Schottky (Si) starts to
conduct is at low levels, around 0.2V-0.3V. This makes the direct current higher than other
diodes. Finally, it is worth noting that the Schottky has a lower power loss, making it ideal for

high current and low voltage applications.
2.5 Rectifier Circuits

A rectifier circuit converts alternating current into direct current. This is done using rectifier

diodes, previously discussed.

There are two types of rectifier circuits, half-wave and full-wave rectifier circuits. A full-wave
rectifier is a circuit designed to harness both half-cycles (positive and negative) of the
alternating current to obtain direct current. The difference with the half-wave rectifier is that
the latter only uses the positive half-cycle of the AC signal.
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Figure 10: Half Wave Rectifier Circuit.

Figure 10 shows a half-wave rectifier where it can be seen how it takes advantage of the positive

half-cycles of the signal and eliminates the negative ones.
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Figure 11: Full Wave Rectifier Circuit.

Figure 11 shows a full-wave rectifier where it harnesses the half-cycles by converting them
both to positive. In this way it harnesses all the alternating current in the circuit and converts it

to direct current.

One of the important elements of rectifier circuits, apart from the diodes, is the load resistor.
The value of the resistor to be chosen depends on the type of rectifier circuit to be implemented
and the maximum power to be obtained. A study of different resistor values is given below
(section 3.4).

2.5.1 Simple Rectifier

The simple rectifier consists of a circuit implemented with a single diode and a load resistor.
There is the possibility to add a capacitance to the circuit to obtain a better rectification. The
main characteristic of single diode rectifiers is that they are more energy efficient when the

available input power is very low [13].
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These circuits are characterised as half-wave rectifiers. Figure 12 shows a simple rectifier with
a capacitance. As can be seen, the circuit and its behaviour are very similar to Figure 12. The
difference is that the capacitance means that there is no direct drop when the negative half-cycle
is rectified, but a small discharge of the capacitor voltage until it reaches the next positive half-

cycle of the signal again.

=
hrd

hN

Vs

RL

——

Figure 12: Simple Rectifier with Capacitor [14].

The amount of ripple voltage can be further reduced by using larger value capacitors but there
are limits both on cost and size to the types of smoothing capacitors used. For a given capacitor
value, a greater load current (smaller load resistance) will discharge the capacitor more quickly

(RC Time Constant) and so increases the ripple obtained [15].

2.5.2 Bridge

The bridge rectifier circuit consists of four diodes, a capacitor and a load resistor. The power
diodes can be connected together to form a full-wave rectifier. The alternating current flows
through the diode bridge, where it is operated in half cycles. Diodes D1-D2 and D3-D4 are
connected in series, but they are in reverse bias. That is, when D1-D2 are in direct D3-D4 are

in reverse and vice versa [16].

D4 D1
N
Vi V1
Vs
D2 D3

L

RL
c ==

Figure 13: Bridge Rectifier [17].
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Figure 13 shows the schematic of a bridge rectifier circuit. The result of the rectification is a

much higher ripple than that of the simple rectifier as it takes advantage of both half-cycles.

2.5.3 Dickson- Greinach N=1

The single series diode configuration (which is different from the single shunt diode
configuration) is not efficient for ambient RF Energy Harvesting since the incident power
density is relatively low which does not satisfy the biasing requirement of the circuit. Also, the
breakdown voltage of the single diode rectifier is limited which could affect the power handling
capability of the circuit. Thus, an improved configuration, a Dickson-Greinach N=1 rectifier is

proposed and shown in Figure 14.

The Dickson-Greinach N=1 (order 1) rectifier circuit is known as a half-wave voltage doubler

[18]. It consists of a voltage source, two pairs of diodes, two capacitors and a load resistor.

_L_

Figure 14: Half Wave Voltage Doubler (Dickson-Greinach N=1) [18].

During the negative half-cycle, diode D1 is biased and conducts charge to capacitor C1 until
the value of the input voltage (Vi) is obtained. As there is no return path for C1 to discharge,
C1 acts as a storage device with the supply voltage. At the same time, diode D2 conducts across
D1 charging capacitor C2.

During the positive half cycle, diode D1 is reverse biased blocking the discharge of C1 while
diode D2 is forward biased charging capacitor C2. But since there is a voltage across capacitor
C1 that is already equal to the input peak voltage, capacitor C2 is charged to twice the value of

the input signal peak voltage. Then the voltage across capacitor C2 can be calculated as (3):

Vez = Vour = 2V; (3)
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This doubled output voltage is not instantaneous but increases slowly with each input cycle. As
capacitor C2 is only charged for half a cycle, the output voltage at the load has a ripple

frequency equal to the supply frequency, hence the name half-wave voltage doubler.

The advantage of this circuit is that it allows higher voltages to be created from a low-voltage
power supply without the need for an expensive high-voltage transformer. This is because the
voltage doubler circuit allows the use of a transformer with a lower step-up ratio than would be
required if an ordinary full-wave supply were used. However, while voltage multipliers can
boost the voltage, they can only supply low currents to a high-resistance (+100k<) load because

the generated output voltage quickly drops-off as load current increases.
The disadvantage of this is that it can be difficult to smooth out this large ripple frequency in
much the same way as for a half wave rectifier circuit. Also, capacitor C2 must have a DC

voltage rating at least twice the value of the peak input voltage.

Figure 15 shows the result of the output voltages of each capacitance.

o~

Figure 15: Waveform of voltage doubler [19].

In steady state and when the multiplier circuit is not loaded it is obtained that (2,3):
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The voltage drop and voltage ripple will appear if the circuit is loaded with output load. At tl
in Figure 19(b), the voltage source is in the positive switching cycle and rises to the certain

value that fulfills the relationship of the equation (4):
Ver +Vin=Ve  (4)

As a result, D2 is conducting from t1 to t2. C2 is charged and C1 is discharged until Vin
increases to Vm at t2. At t3, the voltage source is in the negative switching cycle and decreases

to the certain value that fulfills the following relationship (5):
Vin = —Ve1 (5)

As aresult, D1 is conducting from t3 to t4. C1 is charged by the voltage source. C1 and C2 are

charged and discharged continuously in steady state.

2.5.4 Dickson N

The 2-stage Dickson rectifier is a variation of the traditional Dickson charge pump invented by
John F. Dickson[20]. In the original design, shown in Figure 16, the charge pump acts as a DC-
DC converter that uses two complementary synchronised input lines to move the load through
each stage of the circuit. By grounding the DC input signal and grounding one of the clock

lines, the circuit can become an RF rectifier.

1 [ I |
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¢c _........_

Figure 16: Original Dickson Charge Pump [20].

This modified version of the Dickson charge pump is shown in Figure 17, called the 2-stage
Dickson. Two-stage multipliers are ideal for low power conditions. The number of stages used

depends on the application and varies according to the method of implementation [21].
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Figure 17: 2-Stage Dickson Charge Pump [21].

2.5.5 Greinach N=2

The Greinach N=2 rectifier circuit is known as a DC voltage quadruple circuit (Figure 18).
Multiplier circuits are classified as doublers (such as the Dickson-Greinach rectifier), triples,
quadruples, etc., depending on the ratio of output voltage to input voltage [22]. Any number of
voltage multipliers can be obtained with a cascade of "N" doublers, which would produce an

output voltage given by the following expression (5):

[ |
Il I

W T

Figure 18: DC Voltage Quadrupler Circuit (Greinach N=2) [22].

The first voltage multiplier stage doubles the peak input voltage and the second stage doubles
it again, giving a DC output equal to four times the peak voltage value (4V,) of the sinusoidal

input signal. Also, using large value capacitors will help to reduce the ripple voltage.
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2.5.6 Full wave Dickson Variation

The full-wave Greinach rectifier circuit is equivalent to a two-stage voltage doubler circuit (The
Dickson-Greinach N=1) formed in a bridge type, as can be seen in Figure 19.

—i— 4& %
@vs Z/Ils J?_ — é AL
- 1

Figure 19: Configuration of the novel full-wave Greinacher rectifying circuit [23].

With this structure the overall RF power consumption is reduced, power sensitivity is improved,
and good power handling capability is achieved using the full-wave rectification mechanism.

The choice of diode is critical as the diode itself can be a major source of losses and directly
affect the performance of the circuit [23].
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3. Simulated and experimental results

This section will explain the set up used (physical and virtual) to measure the power available
in the environment and analyse the different rectifier circuits previously explained in the theory.
The results obtained for each rectifier circuit will also be analysed using the Keysight ADS

program.

3.1 Set up

3.1.1 Spectrum analyser

A spectrum analyser is a device for measuring the frequency spectral density. In other words,
it is a device that allows the size of an electromagnetic wave to be displayed with respect to

frequency.

In this case, the Rohde Schwarz R&S®FSL model was used (Figure 20). This equipment works
in a frequency range of 9 kHz and 6 GHz, collecting a maximum of 15,000 samples (enough
precision to extract reliable data)[24]. It also has different options such as "trace mode" and

"detector”, which are configured and used in Section 3.3.

Figure 20: Spectrum analyser Rohde Schwarz R&S®FSL [24].

Figure 21 shows the block diagram of a spectrum analyser. It works as follows: the input signal
passes through an attenuator, which is responsible for adjusting the value with respect to the
desired reference level. Once this is achieved, the Low Power Filter rejects unwanted

frequencies that could enter the mixer so that the desired signal is not distorted.
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The Local Oscillation (LO) is used to convert the input signal to an Intermediate Frequency
(IF). The LO is tuned by a Sweep generator to convert the entire input frequency range to a
constant intermediate frequency.

The IF signal, the product of the desired signal with the LO signal, is amplified and fed to the
IF filter with a Resolution Bandwidt (RBW) before it is fed to the diode detector. The detected
signal is filtered by noise using a video filter before it is displayed. Depending on the frequency
range set for the horizontal axis, the appropriate sweep time is calculated and used.

RF input
attenuator . IF gain IF filter Log  jetector
mixer Amp
Tnput LPF / D'
. T video
filter
Lo Pt 4
sweep
generator
Crystal : |

Reference

CRT display

Figure 21: Block diagram of the spectrum analyser[25].

This equipment allows the user to choose the units in which to represent the measurements. On
the abscissa axis the frequency (Hz) is represented and on the coordinate axis the level in dB,
dBm, dBu, dBmV, dBc... of the spectral content of the signal is represented on a logarithmic
scale (Figure 22).

-40 - 4

250

Amplitude (dBm)

270 h h i "
0 1 2 3 4 5 6

Frequency (GHz)

Figure 22: Spectrum analyser representation of the units on abscissa axis (frequency (Hz)) and coordinate axis (dBm)[26].
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Decibels are a logarithmic expression of the ratio between two power levels (6). When we talk
about decibels, we refer to a label because it is not a unit, if you want to talk about a quantity,

you must have a reference (Watts, Volts...).

!

dBMagm'tude =10+ IOg <P2> (6)

It is understood as:

- dBm - Unit of electrical energy in decibels with reference in milliwatts(mW).
- dBp = Unit of electrical energy in decibels referenced in microwatts(uW).
- dBmV - Unit of voltage in decibels referenced in millivolts(mV).

- dBc - Decibel in relation to the carrier power level.

The value is transformed directly by the spectrum analyser, but mathematically the dB to dBm
transformation is obtained (1), where to find the value of P;(7) depends on the rms voltage

which is given by the peak-to-peak voltage of the sinusoidal signal (8).

(Veus)*
Pl(mW) = Rgs (7)

v _ VPP
RMS(mVgms) — 2\/7 (8)

The resistance value (R) is the impedance, which in the spectrum analyser is 50€.
The second power level (9) is defined by a reference value, usually 1 mW so that it can be

expressed in dBm.

Finally, with the conversions of (7)(9) the decibel value with quantitative unit (dBm) is obtained

(6).
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To work with voltages, the mathematical conversion from dB to dBmV requires the relationship

between two voltages (11) starting from the main formula and assuming equal impedances.

Vi 2
R Vi
dBuyagnituae = 10 * log Z =10 * log (W) (20)
vy 2
R
Finally,
V.
dBmV = 20 * log (71) (11)

2

Understanding how the units that can be represented by the spectrum analyser work, in this
work the frequency (Hz) will be used on the coordinate axis and on the abscissa axis it will be

represented in power (dBm).

3.1.2 Antenna Model

For this project, an antenna model has been selected as a signal collector. The antenna used is

a commercial model for tablet devices (Figure 23).

Figure 23: ANT-24-GHL90-SMA.

The antenna used is an ANT-24-GHL90-SMA (Annex 1). It is a 50mm long, 90-degree
omnidirectional whip antenna with ¥ wavelength. It is designed to work at a frequency of

2.4GHz. Table 2 shows the relevant antenna specifications.

Characteristics
Antenna Dimensions |Central Frequency|Antenna Mounting Gain Input Impedance| Return Loss
ANT-24-GHL90-SMA | 50.4X0.7 mm 2.4 GHz SMA Connector 2dB 50 Ohm -10dB @ 2.4GHz

Table 2: ANT-24-GHL90-SMA Antenna specification.
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3.2 Virtual Set up

3.2.1 ADS

Keysight Advanced Design System (ADS) is used to make the practical study of the different

rectifier circuits, with the data collected by the antenna and spectrum analyser.

The software provides an integrated design environment for designers of RF electronics
products such as mobile phones, wireless networks, satellite communications, radar systems

and others.

In addition, Keysight ADS supports every step of the circuit simulation design process in both
the frequency domain and time domain, allowing an RF design to be fully characterised and

optimised.

One of the tools that ADS has installed is Harmonic Balance (HB). It is a frequency domain
analysis technique for simulating distortion in non-linear circuits and systems. For solving

analogue RF problems, HB is the best method.

To perform a Harmonic Balance simulation, it is necessary to specify one or more fundamental
frequencies and the order for each one. The simulator itself takes care of achieving near-optimal
performance without the need to adjust any other parameters. The parameters to be highlighted

are the following (Figure 24):

W% | HARMONIC BALANCE

HarmonicBalance

HEB1
Freq[1]=Freq GHz
Order[1]=5

Figure 24: Configuration Harmonic Balance Parameters in Keysight ADS.

- Freq: Frequencies of fundamentals

- Orden [n]: Refers to the maximum order (harmonic number) of the fundamental
frequencies under consideration. The number of harmonics must be large enough to
represent non-linear signals. The lower the Order, the greater the HB truncation error.

Any value below 5-7 may result in an error.
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This configuration has been accompanied by a parameter sweep, which consists of a sweep of

a variable (in this case the load resistance) and the implemented HB (Figure 25).

@ PARAMETER SWEEP

[ParamSweep

Sweep1
SweepVar="RL"
SimInstanceName[1]="HB1"
SimInstanceName[2]=
SimInstanceName[3]=
SimInstanceNamel[4]=
SimInstanceName[5]=
SimInstanceName[6]=
Start=1
Stop=10000000

Step=

Figure 25: Configuration Parameter Sweep in Keysight ADS.

For this project, the HB of frequency 2.4 GHz and order 5 has been used together with the
Parameter Sweep with a sweep in the load resistance for all the implemented circuits.

3.2.2 Estructure components ADS

Having explained what the ADS is and how it works, we proceed to explain the components

needed for the rectifier circuits. These are:
- Diode
The diode used is model SMS7630_079 with a threshold voltage of 165mV and a

breakdown voltage of 2V (Annex I1). Figure 26 shows the characteristics implemented
in the ADS.
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Diode_Model
SMS7630
Is=5e-6 A Bv=2V

Rs=20 Ohm Ibv=1e-4 A

Gleak= Nbv=
N=1.05 Ibvi=

Tt=1e-11 sec Nbvl=
Cd= Kf=

Cjo=0.14 pF  Af=

Vj=0.34 V Ffe=
M=0.40 Jsw=
Fc=0.5 Rsw=
Imax= Gleaksw =
Imelt= Ns=

Isr= lkp=

Nr= Cisw=

lkf= Msw=

Visw=0.34 V
Fesw=
AllowScaling=no
Tnom=

Trise=

Xti=2

Eg=

AllParams=

Figure 26: ADS diode specifications.

Figure 27 considers the Schottky design model for the Harmonic Balance analysis,

which takes into account DC and high frequencies.[27]

3L
71
C
ci
C=01pF
P1 t ] tz Diode ta P2
NUM=1\01nH  L=0.3nH agﬂzizsmsmao [=04nH Um=2
= R= Area= R=
Periph=
Scale=
Region=
Temp=
Trise=

Mode=nonlinear

Figure 27: Schottky Design Model for the HB Analysis.

Note that P1 will be the RF input and P2 will be the RF output. Finally, the diode symbol

is created (Figure 28).

SMS7630_079

Figure 28: Symbol diode SMS7630_079.
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One tone power source

For the harmonic balance simulation, we need to place a one-tone power source (Figure

29). It will be placed at the RF input of the component.

+¥ P 1Tone

PORT

Num=4

Z=50 Ohm

=1 P=polar(dbmtow(Pac),0)
Freq=Freq GHz

Figure 29: One Tone Power Source ADS.

Where Z is the source impedance, in this case is 50 Ohm. The variable P is the Power
at centre frequency, which is used Polar(domtow(Pac,0). The domtow function takes
care of passing the dBm to W. The value of Pac is -30dBm.

The frequency parameter is the fundamental frequency that will be tested. In this case
we need 2.4GHz.

Load Resistance

In rectifier circuits, a load resistor (Figure 30) is used in conjunction with the parameter

sweep tool, which sweeps from 1Q to 10MQ.

R
R2
R=RL Ohm

Figure 30: Load Resistance Symbol.
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- Capacitance

For the rectifier circuits, a capacitance with a value of 4.7uF has been used (Figure 31).

C
C3

C=Cap

Figure 31: Capacity symbol.

Table 3 shows the summary of the variables used and the value of each one.

Variables Valor
Pic -30dB
Cap 4. 7uF
Freq 2.4GHz
RL 3200
Lis 0.1nH

L, 0.3nH

Table 3: Summary of the variables and each value in ADS.

3.3 Ambient available power for RF Harvesting

Before working with the different rectifier circuits, a study of the scenario in which we will be
working has been carried out. The power of the environment available at the Autonomous
University of Barcelona, specifically the power captured in the GAEMI laboratory of the UAB.
Before starting with the measurements of the ambient power, some concepts about the

frequency spectrum and the RF transmission frequency must be considered.
The first concept, the RF frequency spectrum band is classified into several categories: very

high frequency (VHF), ultra-high frequency (UHF), super high frequency (SHF) and extremely
high frequency (EHF), ranging from 3 kHz to 300 GHz [28].
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RF transmission frequency, the second concept, can be divided into two main groups, which
are uplink and downlink. For example, the transmission of power from a cellular phone to a
base station is called uplink channel, while the transmission of power from a base station to a
cellular phone is called downlink channel. The uplink and downlink frequency bands are
different in duplex frequency division and can therefore be used separately for RF Energy
Harvesting. Table 4 shows some of the most used RF frequency bands and their frequency

ranges.

Frequency Band Frequency Range (MHz)
VHF 30-300
FM 87.5-108
UHF 300-3000
™ 470-862
GSM900 UL 890-915
GSM900 DL 935-960
UMTS UL 1920-1980
UMTS DL 2110-2170
LTEUL 791-821, 880-915, 1710-1785, 1920-1980,
2500-2570
LTE DL 832-862, 925-960, 1805-1880, 2110-2170,
2620-2690
Wi-Fi 2400-2483.5
ISM 433,915, 2450, 5800
5GNR Sub-6 GHz 3000-6000
5G mmWave 24000-30000, 37000-50000, 64000-71000,

95000-100000

Table 4: Common RF frequency bands and its respective frequency ranges [28].

In this case, the spectrum analyser has been configured to display the maximum peaks of the
received signal (Maxpeak) and to maintain them from the beginning of the measurement
(Maxhold) to visualise the spectral density of the maximum power captured with respect to the
frequency (Table 5). It should be noted that a range of 6 GHz has been selected (maximum

range allowed by the equipment) with a sampling of 2001 points (sufficient to obtain accurate

data).
Center Freq 2 44652E9 Hz
Freq Offset 0 Hz
Span 204E8 Hz
x-Axis LIM -
Start 2.34452E9 Hz
Stop 254852E9 Hz
Ref Level -20 | dBm
Level Offset 0| dB
Ref Position 100 | %
y-AxiS LOG —
Level Range 100 | dB
Rf Att 0 dB
RBW 3E6 | Hz
VBW 1E7 Hz
SWT 001 s
Trace Mode MAXHOLD
Detector MAKPEAK
Sweep Count 0
Trace 1:
#-Unit Hz
y-Unit dBm

Preamplifier | OFF
Transducer OFF
Values 2001

Table 5: Spectrum analyser parameters for antenna characterisation.
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A 24-hour sampling of the maximum energy of the environment has been performed. This
means that, at some point in time, the spectrum analyser has detected these values at a certain
frequency. In this way, it is possible to know what the maximum power in the environment at
a is given time. This procedure is shown in Figure 32, which shows the maximum power peaks

with respect to the frequency in the environment during 24h.

_20 L 1 L | L 1 . 1 2 1

LTEUL

30 4 LTEDL WIEI

\

240 4 GSM900 UL LTEDL B
GSM900 DL '/
sm / UMTS UL
VHF H
-50 - v - LTE DL B
H LTEDL
] o i
-60 I\NJ—

=70 - n

Ambient RF maximum power level (dBm)

: T : T : 1 T T T T T
0 1G 2G 3G 4G 5G 6G
Frequency (Hz)

Figure 32: ANT-24G-HL90-SMA power capture over 24h with respect to frequency.

It has been decided to analyse the entire spectrum because, although the antenna used works
mainly at the WIFI frequency, it is also interesting to analyse the frequencies of the

environment, since any power detected by the antenna can be exploited.

Another aspect to highlight in Figure 34 is the frequency ranges where power peaks occur. This

information can be useful for applications that have very specific frequency operating ranges.

Table 6 lists the above specifications. For example, if operating with a VHF RF power source

and with a frequency in the range [30 MHz - 300 MHz], the emission power would be -30 dBm.
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Emission
Sources of Frequency power
IF (MHz) UF (MHz) ranges

RF Energy (MH2) levels
(dBm)

VHF 30 300 165 -30
FM 87 108 97,5 -22.42
TV 470 862 666 -33.67
GSM900 UL 890 915 902.5 -48.54
GSM900 DL 935 960 947.5 -43.74
LTE UL 791 821 806 -37.32
1710 1785 1747.5 -18.24
832 862 847 -38.02
LTE DL 925 960 942.5 -45.81
1805 1880 1842.5 -50.59
Wi-Fi 2400 2483,5 2441.75 -29.59

Table 6: Emission power level measurements (dBm) for RF energy sources.

3.4 Rectifier Circuits Simulated Results

In this section, Keysight ADS software has been used to design the rectifier circuits introduced
in the theoretical part. Also, together with ADS, Origin has been used to obtain the efficiency,

voltage and load impedance respect to de input power..

As mentioned in section 3.2.2 above, the values of the components used in the design of these
circuits have been fixed (table 3). It should be noted that, the fundamental frequency is set to

2.4GHz because this is the main frequency that the antenna works to capture the WIFI signal.

A power probe, P_probe2, has been implemented in each circuit, which is responsible for
measuring the introduced power minus the bounced power. In other words, it measures the real

effective incoming power.

Three graphs have been made for each circuit analysing the efficiency, the output voltage and

the load impedance.
Considering that -30dBm is considered ultra-low power, this value has been fixed in the graphs

of the figures of the designed circuits. To do this, markers have been used to help in analysing

the behaviour of the parameters mentioned.
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The aim of this analysis is to find the optimum rectifier circuit working at -30dBm.

Simple Rectifier.

Figure 33 shows the simple diode capacitor rectifier.

Z=50 Ohm
P=polar(dbmtow(Pac),p)
Freq=Freq GHz
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PORT2 P_Hrobe2 L4 - c3 P_out_S1 R2
Num=4 P_in_s1 — — < C=Cap R=RL Ohm

:
|

Figure 33: Simple Diode Capacitor Rectifier ADS.

Figures 34(a) and 34(b) show the efficiency of the circuit with respect to the input
power. Looking at Figure 34(a), depending on the value of the load resistance, the

efficiency of the circuit varies significantly.

An example could be indicated by marker m1, which represents the maximum value of
the load resistance (6.310 kQ) needed to obtain the highest efficiency (12.778%) of the
circuit at an input power of -30dBm. In contrast, the m2 marker represents one of the
worst values (631kQ) for the same input power as an efficiency of 0.7% is obtained.
Also, the maximum efficiency of the circuit can be observed in the marker m3, with
66.867%. Even so, the required input power is -4dBm (insufficient if working at ultra-

low power).

Figure 36.b shows the topographical map of Figure 34(a) If a load resistance between
1kQ and 10 kQ is added, the maximum available efficiency is obtained. On the other
hand, for any other value of load resistance, the efficiency would be between 0% and
6%.

33



Eff S1(%)

V_S1 (V)

indep(m3)=-4.084
plot_vs(Eff_S1, Pin_S1)=66.857

m3
n
RL=2.512E3

[m2 ‘

m1 |
|ndep(m12=-30 178 ‘mdep(m2?=-29 991

plot_vs(Eff_S1, Pin_S1)=12.778 1plo( vs(Eff S1, Pin_S1)=0.738
RL=6.310E3 [RL=8.310E5 \
40 Efficiency %
67.00
6030
20 5360
4690
g 04 4020
a 3350
g 280
= -20 2010
1340
-40 8700
i 0000
mwmmm
40 o T TR U S -
© g * g § 2 2
Pin_S1(dBm) RL (Q)
(a) (b)

Figure 34: a) Representation (simple rectifier) of the efficiency with respect to the input power for each value of the

load resistance. b) Topographical efficiency map for the simple rectifier.

Figure 35(a) show the output voltage versus input power.

It can be seen that, for -30dBm, the voltage is minimum for any value of the load
resistor. The maximum voltage required is shown in marker m1 in Figure 35(a), which
has a value of 0.065V.

Figure 35(b) represents the topographical map of graph (a). It can be distinguished that
for a very large input power (between 10 and 40 dBm), the maximum applied voltage

is obtained from a load resistance of 1 kQ.
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Figure 35: a) Representation (simple rectifier) of the output voltage with respect to the input power for each value

of the load resistance. b) Topographical voltage map for the simple rectifier.
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Figure 36 shows the input impedance, magnitude (top) and phase (bottom), with respect
to the input power. Note that for a power of -30dBm, the value of the load resistance
does not affect the impedance significantly, but it can be important from -20dBm up to
10 dBm. The markers m1-m2 and m3-m4 show the maximum and minimum of the

magnitude and phase respectively.
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Figure 36: Representation of simple rectifier input impedance (magnitude (top) and phase (bottom)), with respect to

the input power.

Bridge.

Figure 37 shows the implemented bridge rectifier. The points marked B_input+ and

B_input- are used to calculate the input voltage that is picked up by this diode bridge.

R
c =
= C=Cap % RefL

Figure 37: Bridge Rectifier ADS.

As explained in the previous case, Figures 38(a) and 38(b) show the efficiency of the

circuit with respect to the input power.
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V_Brid
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Eff_Brid

At a glance, it is easy to see that the topographic map in Figure 38(b), has the same
behaviour as the previous case (simple rectifier). The values of the load resistance to
obtain maximum efficiency at -30dbm are between 1kQ and 10kQ. Marker 1 shows the
maximum value of the load resistance (3.9kQ) to obtain the highest efficiency of the
circuit, which is 4.397%. In contrast, marker 2 shows another value within the optimum
range for efficiency.
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Figure 38: a) Representation (Bridge rectifier) of the efficiency with respect to the input power for each value of the

load resistance. b) Topographical efficiency map for the Bridge rectifier.

Figures 39(a) and 39(b) show the output voltage versus input power. Markers 1 and 2
represent the maximum and minimum for the -30dBm case. The required output voltage

is minimal, but as the input power increases, the voltage rises to 1.9V.
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Figure 39: a) Representation (Bridge rectifier) of the output voltage with respect to the input power for each value

of the load resistance. b) Topographical voltage map for the Bridge rectifier.
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Figure 40 shows the input impedance, magnitude (top) and phase (bottom), with respect

to the input power. It can be seen that for a power of -30dBm the value of the load

resistance does not affect the impedance in a relevant way, but it can be important from

-10dBm onwards. The markers m1-m2 and m3-m4 show the maximum and minimum

of the magnitude and phase respectively.
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Figure 40: Representation of Bridge rectifier input impedance (magnitude (top) and phase (bottom)), with respect to

the input power.

Dickson- Greinach N=1.

Figure 41 shows the implemented Dickson-Greinach rectifier.
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Figure 41: Dickson- Greinach N=1Rectifier.
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Eff DG (%)

V_DG (V)

Observing the topographic map (Figure 42(b)), it has the same typology as the other
two rectifier circuits analysed. The values of the load resistance to obtain maximum
efficiency at -30dbm are around 1kQ and 10kQ. Marker 1 shows the maximum value
of the load resistance (2.5kQ) to obtain the highest efficiency of the circuit, which is

7.750%. Marker 2 shows one of the minimum values within the range.
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Figure 42: a) Representation (Dickson- Greinach rectifier) of the efficiency with respect to the input power for each

value of the load resistance. b) Topographical efficiency map for the Dickson- Greinach.

Marker 1 and 2 in Figure 43(a) represent the maximum and minimum for the -30dBm
case. The required output voltage is minimal (0.072V), but as the input power increases,
the voltage shoots up to 1.9V.
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Figure 43: a) Representation (Dickson- Greinach rectifier) of the output voltage with respect to the input power for

each value of the load resistance. b) Topographical voltage map for the Dickson- Greinach rectifier.
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Figure 44 shows that for a power of -30dBm the value of the load resistance does not

have a decisive impact on the impedance either. As pointed out above, the value of the

resistance from -10dBm to 20dBm should be considered. The markers m1-m2 and m3-

m4 show the maximum and minimum of the magnitude and phase respectively.
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Figure 44: Representation of Dickson- Greinach rectifier input impedance (magnitude (top) and phase (bottom)),

with respect to the input power.

- Dickson N.

Figure 45 shows the implemented Dickson N rectifier.
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Figure 45: Dickson N rectifier ADS.
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Figures 46(a) and 46(b) show the efficiency of the circuit with respect to the input

power.
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Eff D2
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vV D2

Observing the topographic map (figure 46(b)), it has the same typology as the previous

rectifier circuits analysed. The values of the load resistance to obtain the maximum

efficiency at -30dbm are around 10kQ and 100kQ. Marker 1 shows the maximum value

of the load resistance (15.8kQ) to obtain the highest efficiency of the circuit, which is

4.435%. Marker 2 shows the minimum value within the range.
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Figure 46: a) Representation (Dickson N rectifier) of the efficiency with respect to the input power for each value of
the load resistance. b) Topographical efficiency map for the Dickson N.
Markers 1 and 2 represent the maximum and minimum for the -30dBm case (Figure
47). The required output voltage is minimal (0.082V), but as the input power increases,
the voltage rises to 1.9V.
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Figure 47: a) Representation (Dickson N rectifier) of the output voltage with respect to the input power for each

value of the load resistance. b) Topographical voltage map for the Dickson N rectifier.
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In Figure 48, it is observed that for a power of -30dBm the value of the load resistance

does not noticeably affect the impedance. As in the previous models, the m1-m2 and

m3-m4 markers show the maximum and minimum of the magnitude and phase

respectively.
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Figure 48: Representation of Dickson N rectifier input impedance (magnitude (top) and phase (bottom)), with respect

to the input power.

Greinach N=2.

Figure 49 shows the implemented Greinach N=2 rectifier.
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Figure 49: Greinach N=2 Rectifier.
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As in the previous cases, Figures 50(a) and 50(b) show the efficiency of the circuit with
respect to the input power. It can be seen that for this configuration, the response is the
same as that of the Dickson N=2 rectifier circuit. The highest efficiency at -30dBm is

marked by m1 in Figure 50(a).
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Figure 50: a) Representation (Greinach N=2rectifier) of the efficiency with respect to the input power for each value

of the load resistance. b) Topographical efficiency map for the Greinach N=2.

Figure 51(a) and 51(b) shows the output voltage with respect to the input power. The
marker 1 and 2 represent the maximum and minimum for the -30dBm case. The output

voltage is the same as found in the previous circuit.
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Figure 51: a) Representation (Greinach N=2 rectifier) of the output voltage with respect to the input power for each

value of the load resistance. b) Topographical voltage map for the Greinach N=2rectifier.

42



Figure 52 shows the load impedance, magnitude (top) and phase (bottom), with respect

to the input power. In this case, the graph obtained is the same as in the Dickson N=2

case.
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Figure 52: Representation of Greinach N=2rectifier input impedance (magnitude (top) and phase (bottom)), with

respect to the input power.

Full wave Dickson Variation.

Figure 53 shows the implemented full wave Dickson Variation rectifier.
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Figure 53: Full wave Dickson Variation rectifier.

Figure 54(a) shows a different behaviour than seen in the previous cases. Now the

rectifier circuit is very inefficient when operating at ultra-low power. The marker m1

indicates the maximum efficiency that can be captured, which is only 1.65%.
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Eff DD (dBm)

V_DD (V)

In addition, the range of load resistances is very limited. It is worth noting that not only

does it show very low efficiency in the -30dBm range, but also in the whole power band.

Figure 54(b) shows the topographical map of the efficiency, which is also different from

the cases seen so far.
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Figure 54: a) Representation (Full wave Dickson Variation rectifier) of the efficiency with respect to the input power
for each value of the load resistance. b) Topographical efficiency map for the Full wave Dickson Variation.
Figure 55(a) and 55(b) shows the output voltage with respect to the input power. The
marker 1 and 2 represent the maximum and minimum for the -30dBm case. The output
voltage is the same as found in the previous circuit.
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Figure 55: a) Representation (Full wave Dickson Variation rectifier) of the output voltage with respect to the input

power for each value of the load resistance. b) Topographical voltage map for the Full wave Dickson Variation

rectifier.
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In Figure 56, it is observed that for a power of -30dBm the value of the load resistance
does not noticeably affect the impedance. As in the previous models, the m1-m2 and

m3-m4 markers show the maximum and minimum of the magnitude and phase

respectively.
im3 md
indep(m3)=-30.163 indep(m4)=-29.948
glot_us[phase[Zin_DD}‘ Pin_DD)=-84 763 glet_vsg)hase(zin_nn) Pin_DD)=-85.425
L=158.489 L=1.585E4
1 m2
indep(m1)=-30.075 ndep(m2)=-30.230
E\ot_vs(ma%(Zm_DD), Pin_DD)=273.774 E\ot_vs(ma%(Zm_DD), Pin_DD)=269.881
L=1.000E L=1.000E:
400
8 300
5, 300 1
‘,E, 200
g
£ 100_,
0—
50
g
1 0
=
o
@ 50—
©
<
a
-100— T
-60 40
Pin DD (dBm)

Figure 56: Representation of Greinach N=2rectifier input impedance (magnitude (top) and phase (bottom)), with

respect to the input power.

45



46



4. Analysis and Discussion

In this section we will analyse the different results obtained from the rectifier circuits. To do
so, a comparison will be made between them. Table 7 shows the topographical maps of the
efficiency and voltage of each rectifier circuit. It has been chosen to show these two
characteristics since it is here where the differences between circuits working at ultra-low power

are most noticeable.

Regarding the efficiency topographical maps and centring the power at -30dBm, the simple
rectifier was the circuit that simulated the best, with a maximum efficiency of 12.7%, applying
a load resistance of 6.3kQ. The second rectifier that showed a high efficiency was the Dickson-
Greinach rectifier with 7.6% applying a load resistance of 15kQ. The least efficient was the full

wave Dickson variation with a maximum efficiency of 1.7%.

If the objective is to find the circuit capable of reaching the highest efficiency in any power
band, Dickson and Greinach N=2 are the ones that achieve it as they have the same
characteristics, with a maximum of 71% but with an input power of 0dBm (power of no interest

in this work).

Analysing the output voltage topographic map, all the rectifier circuits show a very low voltage
at the load resistor. This is because the value of the load resistor needed for -30dBm is very

low.

If maximum efficiency is to be obtained at any power value, the single rectifier requires 0.9V

at the output compared to the Full Wave Dickson variation which requires 3.9V.
Referring to the impedance plots in the previous section, it has been identified that the value of

the input impedance does not significantly change no matter how large or small the value of the

load resistor is.
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Circuit Topographic Topographic voltage
Name efficiency map map
Simple | ; I :
:. i
Rectifier I;‘,Zi
RL (Q)
Bridge 3.
RL (1) -
Dickson- | _© .
Greinach | %= g
N:l -40
“““ §:t
RL (£2)
Dickson | 2 :
N : ,
RL (2)
RL ()
Greinach | £~ 2
N=2 ' |
RL (©2)
Full wave . :
Dickson 2 .
Variation
RL (02)

Table 7: Topographical representation of the efficiency and voltage of all implemented rectifier circuits.



Focusing on efficiency, which is the most critical element when working at ultra-low power,

the element that makes the difference is the load resistance, as changing an order of magnitude

can greatly influence the efficiency generated by the rectifier.

For this reason, the results of the efficiency of the rectifier circuits have been compared with

other results obtained in other similar studies (Table 8). The first block of the table refers to the

articles mentioned in the "Ref" column, and the second block refers to the data obtained in the

ADS simulations. It should be noted that the sweep range of the RL is not large enough to have

all the values and the closest value has been selected.

Some example of common RF
rectifier circuits operating @ 2.45
GHz

Comparison with the data
obtained from the different
rectifier circuits operating @
2.45GHz

Ref Pin RL Eff Pin RL Eff
ns] | 6.6dem| eka | 48% | 6.1dem | 6.3k |51.76 %
Simple diode capacitor
rectifier Pin R,
29] | -15d8m | 1.7ka| 28% | -15d8m | 15kn| 42%
(301 | 30d8m | 32ka | 8.8% | -30dBm | 39ka | 1.9% | ,
in
. [16] | 9.2dBm | 10kQ | 68% | -9.17dBm | 10kQ |50.68 %
Bridge R
31] | -7.6dBm | s00ka| 58% | -9.7dBm |630ka| 5.17% D—‘ L
B2] | -17dBm |350kQ| 50% | -17dBm |398kQ| 3.29%
B3] 20d8m | 2ka | 5% | -20d8m | 25k0]2125%| p 1
- . O—
Dickson-Greinacher N=1 | [34] | 154pm | sokn | 20% | -15dBm | 63kQ | 32%
35 R,
B51 | 20d8m | 1ka | 17% |-19.88dBm| 1ka |12.19%
B4 | sdem | soka| 70% | sdem | e3ka| s7% | p, L 1 g
Dickson N -
ickson B6] | sdam | ska | s9% | sdBm | e3ka| s8% i T
B51 | s0dem | 1ko | 5% | 20dem | 1xa | 4.1%
B71 | 13dem | 20ka |37.5%]| 13dem | 25ka | 2.50%
, } R
Greinacher N=2 21| s4am | ska | 10% | saem |e3ka| s2% - L
Pin T
B8l | 7 5d8m |300ka| 9% | -5.22d8m |398ka| 12%
181 | o9dem |67ka| 68% | 8.7d8m | 63kn| 11% D—I—i
[22] | _
Full Wave Dickson Variation 20dBm | 1.2ka| 6% | -20dBm | 1.5k 2.04% | p,, R,
(23] | 27.5dBm|14.7ka] 5% | -27.5dBm |15.8ka| 2.62% |
391 | 20dBm | 9k | 12% | -20dBm | 10ka | 5.96%

Table 8: Comparison with the data obtained from the different rectifier circuits operating @ 2.45GHz
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It can be seen, in yellow, that the efficiency found differs quite a lot because the diode values
or the elements used are different. Focusing on the ultra-low power data, when using the Bridge
rectifier or the wave Dickson variation, the efficiency values do not differ much from the other

articles.

Next, an analysis of the six rectifiers has been carried out for different load resistance values:
10002, 10KQ and 100kQ. As seen in the topographical maps, the maximum efficiency for ultra-

low power is achieved around the mentioned load values.

Figure 57 shows the efficiency of the rectifiers with respect to P,,,, (Figure 57(a)) and P;,
(Figure 57(b)) for a load resistance of 10kQ.

The difference between the two graphical representations is that Figure 57(a) does not take
impedance matching into account. Thus, much less power reaches the system as much of the
captured energy is bounced back. As each circuit has a different input impedance, a consistent

comparison between circuits cannot be made.

In contrast, in Figure 57(b), comparisons can be made between the different circuits because

they all have the same value of matched impedance.

80 T T 80 T T
—— Bridge Bridge

701 | Dteonnes L] i S ria !
60} E{'.Z.‘]'\'.'i'.i'l“{lr}.;.u... & 60 [ Fulwave Varision
~— ——— Rect. Simpl R— ——— Rect. Simple

50+ 50+
oy 2
g ol g w
3) o
= 30F = 30+
=20t | 20f

10 l(),‘/ /

oF—— 0 =

-50 -40 -30 -20 -10 O 10 20 30 40 -50 -40 -30 -20 -10 O 10 20 30 40

Pnom (dBm) Pin (dBm)
(a) (b)

Figure 57: (a) Simulated rectifier efficiency for the six circuits of B,,,, for a R, = 10 k2 (b) Simulated rectifier efficiency
for the six circuits of P, fora R, = 10 k.
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As can be seen, for a power of -30dBm the simple rectifier shows an efficiency of 12%,
followed by the Dickson-Greinacher rectifier with an efficiency of 7% and the Bridge rectifier
with 4%. The traces of the Dickson N=2, Greinacher N=2 and the full wave variation rectifier
are overlapped, showing the same behaviour for the same load resistance value. Observing the
behaviour of the simple rectifier, it can be said that it is the most optimal for low and ultra-low
power. On the other hand, for powers higher than 0dBm, the more complex circuits show a

better efficiency, reaching approximately 70%.

80 ——r—— — . ; 80 . l —— .
—— Bridge Bridge e et il
70 F Dickson-Gremacher N=1 | Rl=100 Q R 70 H Dickson-Greinacher N=1 RL=100 kQ b
—— Dickson N=2 | 4 ~— Dickson N=2 S— —
@ 60 Dickson Fullwave Variation| 4 & 60 Dickson Fullwave Variation s
1 jreinacher N=2 e \
< Greiacher N=2 < Gremacher N=2
S, 5() f—Rect. Simple 4 5’ 50 f—Rect. Simple 4
: :
g a0t 12 a0t 1
@ 30F 1 @ 30t 1
20+ . 20 1
gl ’/ T 10 - 1
ok e 4 ) ES S J
1 1 1 1 1 1 1 1 1 1
-60 -45 =30 -15 0 15 30 45 -60 -45 <30 -15 0 15 30 45

Pin (dBm) Pin (dBm)

Figure 58: (a) Simulated rectifier efficiency for the six circuits of P, for a R, = 1000. (b) Simulated rectifier efficiency for
the six circuits of P, fora R, = 100 k.

Figures 58(a) and 58(b) show the power versus efficiency for a load resistance of 1000 and
100kQ. Focusing on the ultra-low power, the performance of both graphs show a much lower
efficiency than Figure 57(b) because the value of the optimum load is far away. Still, the simple
rectifier adding a capacitance is the one that obtains the highest efficiency. For the case of R, =
100Q the efficiency for ultra-low power is less than 2%, although the highest efficiencies are
the simple rectifier, the bridge and the Dickon-Greinacher. But for P, > 0dBm power, the
bridge rectifier achieves an efficiency of 47%.

For an RL of 100kQ, all rectifiers show an efficiency for ultra-low power of less than 5%, yet
the best performers are the single rectifier, Dickon-Greinacher and full wave variation. The
circuits showing the best efficiency for P,, > 0dBm are the Greinacher N=2 and the full wave

variation with 50%.

Both load resistors show a very low total efficiency compared to a RL=10K.
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With the analysis focused on the optimal range of the load resistance, it has been demonstrated
with simulations that to obtain maximum efficiency for P;, = —30dBm, a range around the
load resistance of 10KQ is needed. To corroborate this study, experimental measurements have
been taken of the three best rectifier circuits: the simple rectifier, the bridge rectifier and the

Dickson-Greicacher rectifier.

Figure 59 shows the configuration of how the experimental results were obtained. A Decade
box was used to generate the load resistance values and a vector analyser was used to generate

a 50Q monotone at a frequency of 2.45GHz with a power of -30dBm.

Rectifier under test

H > Simple diode-capacitor
isolated container P P

rectifier

‘. / implementation

N=1 Dickson rectifier

é " implementation
ﬁ Four-diode bridge
|» rectifier

implementation

34455A Keysight Digital Tester
for complementary voltage
measurement and isolation
test.

N6781A SMU (Source
Measurement Unit) to
evaluate the DC output power

delivered to R,. )

L, SMA-PCB50 0
connectors

8720ET Agilent Vector
analyser used to generate
the monotone 50 2 source

FR4 test PCB
at 2.45 GHz and -30 dBm,

and measure the
Decade Box to generate the R, values of

S11 perametes N  the experimental analysis

Figure 59: Experimental setup and details of the rectifier prototype implementation.

An SMU has also been used to measure the DC output voltage with a 4-wire measurement
configuration with twisted wires. In this way, capacitive coupling is avoided and better

measurement accuracy is obtained. Finally, the three implemented circuits have been used.
Figure 60 shows the efficiency with respect to load resistance of the three best rectifiers for an

input power of -30dBm. The solid line shows the ADS simulated data and the dashed line

formed by triangles shows the experimental measurement.
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Figure 60: Representation of the efficiency of the simulated (solid line) and experimental (dashed triangle line) rectifiers with
respect to the load resistance at a fixed power of -30dBm. The three circuits are the simple rectifier, the bridge rectifier and
the Dickson-Greinach rectifier.

As can be seen, the actual value does not deviate from the simulated results. The simple rectifier
shows the highest efficiency with 12.8% for a load resistance of 4.5k. This is followed by the
Dickon-Greinacher rectifier which has an efficiency of 7.8% for a load resistance of 8.9k.

Lastly, the bridge rectifier with 4.3% for a load resistance of 5k.
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5. Conclusion

It should be noted that the main objective of analysing and comparing different rectifier circuits
used for ultra-low power RF Energy Harvesting in a realistic environment has been successfully

completed.

The effects of the maximum power captured by the antenna in its different frequency bands
have been analysed. This study can be of interest for devices that only work at certain

frequencies.

Using ADS software, the efficiency, voltage, and input impedance (obtaining their topographic
maps) have been simulated with respect to the input power of the six most common rectifier

circuits for Energy Harvesting studies.

By solving the problem of impedance matching, it was possible to compare the rectifier circuits
mentioned. This comparison has determined that the simple rectifier circuit is the one with the
highest efficiency. It has also shown that the load resistance is a crucial element for obtaining

good efficiency.

Finally, the results obtained in the simulations were compared with the experimental results.

These confirm that the simple rectifier is the best for an input power of -30dBm.
The results of the present work can be continued in the analysis of complete Harvesting

systems. On the other hand, some of the prototypes found in the literature could increase their

efficiency by choosing a rectifier suitable for their environment.
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7. Annex

Annex |. Datasheet Antenna ANT-24G-HL90-SMA
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Annex Il. Datasheet Diode Schottky SMS7630_079

Surface Mount Mixer and
Detector Schottky Diodes

Features
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¥ EMISTEA0-0TE | % SMETEID-011 | + SMETE30-001 ¢ SMETEI0-005 | ¢ SMETEI0006| Ls=15nH | ¢ SMETEI0-020
Anoda Mark Cathode Mark Marking: 501 Marking: 502 | Marking: 508 Marking: 500
Lg=0.7nH Lg=15nH Lg=15nH Lg=15nH Lg=15mH Lg=15nH
SC-m SC-m L]
+ EMSETE21-074 | # SMETE21-075 | ¥ SMENE21-076
Marking: 543 Marking: SH2 | Marking: SH8
+ SMETEI0-07E | ¢ SMETEI0-0TE
Marking: 502 | Marking: 508
Lg= 140H L= 140H Ly = 1.4mH
+ Asuilabdy hrough dsrbution
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Surface Mount Mbeer and Detector Schottky Diodes

Electrical Specifications at 25°C (Per Junction)

Low Barmier Mizer and Detectors
Pair Configuration
Part Humbsr Earrior Vg @ I0pA(V) | Cr@OVIpF | ¥p @ 1 mA (m)| [0}V, & 1 maA mv) | Ry & 10 ma @
Min. Ty Max. Max
SMS1 545 Series Liow 2 050 200270 10 -]
SMETEM Series Liow 2 025 =220 10 18
Ry b i SO NS ETantE
Iero Bias Detectors
Pailr Configuration
Part Number |y @ 100 i (V)| Cp @ 015V (pF) | ¥ @ 0.1 mA (m¥V) | Ve @ 1 maA (mi) | () VF & 1 ma {my) Ry ()
SMETEN Series 1.0 00 BO-120 135240 1 5000
10000.00 500 10 M o
AF Input BFC Crput
= > (e | | P e
i 1000.00 I
= F‘_,.-v“;’
3 p 1
E 100,00 ;.-' SZ —_
i 1]
& e o o
1.0 =30 20 S i [i] mn
Ingast Penwes {dBrm)

Typical Detector
Characteriatics & 1.8 GHz

SPICE Model Parameters (Per Junction)

Paramoter | Unit EMEISME | SMESTEZ | SMETEM
[ A g7 4E-R HE
Fig o 4 12 ES]
N 1.04 106 108
T 5 1IE-11 1E-11 1E-11
Gy oF 038 0.1 FET]
M 036 035 040
Eq e 0.6 0.a ]
XTI 2 2 F
Fe as 0% ]
By v 3 a 2
ey A 1E-5 1E5 1E-4
Wy v .51 051 ET]
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