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Summary

The still emerging field of wireless energy transfer can roughly be divided in
two categories: the one providing energy to relatively low power sensor devices,
typically bridging distances of several meters, and the one of inductive transfer
— typically used at distances below a meter at various power levels, from electric
toothbrushes to electric vehicles. The first category makes use of antennas and
electromagnetic (EM) waves and is therefore called radiative wireless energy
transfer (WET). The second category uses typically inductors to transfer a domi-
nantly magnetic field and is referred to as inductive WET. This work focusses on
the radiated category, where the receiving side can be analysed without taking
the transmitting side into account. The focus will be on the rectifying circuit,
making use of semiconductor discrete diodes. All insights obtained in this work
are also usable in the inductive, second category.

To be able to design an optimal rectifier circuit, insight into the rectifier
operation is required. The non-linear nature of a rectifying device calls for
the use of a circuit simulator. The important quantity in WET is the rectifier
efficiency, which is typically simulated using a standard Simulation Program
with Integrated Circuit Emphasis (SPICE) pn-junction diode model based on
manufacturer supplied SPICE-model parameters. To provide more insight in
and to be able to optimize the design of the rectifier circuit, this work addresses
the following topics:

Rectifier analysis. Three methods are presented. a) WET systems include
a non-linear element, the rectifier, to obtain a dc output signal. In systems
with large signal levels, the topics of impedance definition and matching are of
special interest. The method of time-domain trajectory impedance analysis is
described to provide more insight in the time dependent rectifier impedance.
b) The optimization of a non-linear rectifier circuit for optimal efficiency is
not straightforward. An adaptive simulation source to aid in optimization is
presented. This simultaneously provides a method to objectively compare diode
types as well as rectifier topologies. c) An ideal rectifier circuit is discussed,
which eases the basic understanding of the rectifier topic. This ideal rectifier is
used in following chapters.
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Diode model. Two aspects are covered. a) The choice of simulation domain:
time or frequency. b) The typical WET rectifier used is based on a Schottky
barrier diode (SBD), which has different properties compared to the pn-junction
diode. In SPICE the only available diode model is a pn-junction diode model.
Alternative Schottky barrier diode (SBD) models are introduced, including tem-
perature effects, the diode package and model parameter spread.

Rectifier efficiency optimization. To design for optimal rectifier efficiency,
several aspects are discussed. a) Finding the optimal rectifier load resistance. b)
The properties of the rectifier input impedance. c) Defining the diode dissipa-
tion. d) The diode model parameters and temperature relation to the rectifier
efficiency.

Optimal topology. The choice for the optimal topology is discussed by com-
paring different rectifier circuit topologies. Next to the peak detector topology,
the Villard-, Greinacher- and Graetz families are discussed. A comparison shows
that efficiency is not the main differentiator between the topologies.

Application. A far field application provides a practical example. A wireless
sensor network (WSN) application is provided including a power management
example. The design is compared with a commercial off-the-shelf (COTS) prod-
uct.



Chapter 1

Introduction

1.1 History

In the late 19th century, Nikola Tesla introduced the idea of the transmission
of electrical energy. He described the freedom to transfer energy between two
points without the need for a physical connection to a power source [1,2]. Al-
ternating electromagnetic fields are used for the transfer from transmitter to
receiver. In most cases of wireless energy usage, a rectifier is required on the
receiving side to obtain a direct electrical current (dc). Since the early days,
the diode has been the rectifying element in these circuits. Many persons con-
tributed to the development of vacuum tube (thermionic) diodes and semicon-
ductor (solid state) diodes. The two different diode structures where discovered
around the turn of the 20th century [3, 4]. Rectifiers played an important role in
early 20th century electronics. As an example: by 1928 Philips' had six product
groups of which one focussed on rectifiers (product group Industry 1) [5].

In the early 1960s inductive wireless energy transfer was used successfully in
implantable medical devices, like pacemakers and artificial hearts [6].

In 1964, William Brown demonstrated a practical application of radiative
power transfer, in the form of a microwave-powered model helicopter [7]. Re-
cently in 2008 non-radiative, resonant coupling wireless power transfer (WPT)
has been intoduced by Karalis et al. [8,9]. The non-resonant version of this
technology is now becoming commercially available for charging smart phones
wirelessly on a short distance (millimeters). For longer distances (meters) we
need to apply radiative power transfer as Brown did. For consumer applications
we are limited though by restrictions on the allowed Effective Isotropic Radiated
Power (EIRP) to avoid interference [10] and negative health aspects [11].

The still emerging field of wireless energy transfer can roughly be divided in

Lcurrent official name "Koninklijke Philips N.V/, at that time 'N.V. Philips Gloeilampenfabrieker'.
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two categories: the one providing energy to relatively low power sensor devices,
typically bridging distances of several meters, and the one of inductive transfer -
typically used at distances below a meter at various power levels, from electric
toothbrushes to electric vehicles. The first category makes use of antennas and
EM waves and is therefore called radiative WET [12]. The second category uses
typically inductors to transfer a magnetic field and is referred to as inductive
WET [13]. In Radiative WET the received power levels are very low. To get
optimal rectifier performance a special analysis is required, which is what will
be discussed in this work. An advantage of this category is: the receiving side
can be analysed without taking the transmitting side into account, as they are far
apart. The focus will be on the rectifying circuit, making use of semiconductor
discrete diodes.

1.2 Modern Developments

Over the last years, the Internet of Things (IoT) concept has emerged, in which
physical objects are connected to the internet without the need for human
interaction [14]. Key in this concept is a long term, self-sustainable operation for
a rapid growing amount of devices. Energy aware devices are preferred, capable
of harvesting their required energy from ambient sources. Far-field wireless
energy harvesting (WEH) is, among other methods, one of the most promising
techniques for its ease of implementation and availability [15]. A logical step
towards WEH is WET — commonly known as WPT? — making use of intentional
RF transmitting energy sources. The current trend in the reduction of consuming
devices’ energy consumption paired to an increase in WET circuitry efficiency
will make IoT based on WEH feasible. The power needed to perform a task
requiring a fixed number of computations for example will fall by half every
1.5 years [16]. Examples of Ultra Low Power (ULP) applications [17-33].

The benefit of using RF signals over e.g. solar cells is three-fold: RF signals
can be co-used for communication, they are ubiquitous available in most urban
environments, day and night, and they propagate through more materials as
daylight does [34].

Typical IoT applications span a wide range of fields including smart build-
ings, healthcare, transportation, agriculture and surveillance [35]. Supplying
energy to this rapid growing system is a dominant implementation barrier. WET
is seen as a promising approach for IoT powering. WET works by rectifying an
RF signal, that is received by an antenna. To achieve a high RF-to-dc power

2In this work we prefer to use the term wireless energy transfer instead of wireless power
transfer. Where power cannot be stored, energy can. Also energy can be converted from e.g.
chemical (battery) to electrical (EM-wave) and back, power cannot.
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conversion efficiency (PCE) of the WET circuitry, an objective topology compar-
ison for WET circuits is required. This calls for realistic circuit models and an
objective analysis technique [36].

1.3 Wireless Sensor Nodes

A generic type of electronic circuit, used in the above mentioned IoT applications
is the wireless sensor network (WSN). For WSNs, network life time is an import
parameter [37]. With the predicted high density of sensor nodes in the near
future, obtaining power autonomous nodes will be key in achieving low cost
solutions — think for example of regularly checking and replacing batteries on
hundreds of nodes in a building [38]. One way to realize this is by using radio
frequency (RF) energy transfer to transport the required energy over a distance
up to about 5 to 10 meters.

In a radiative WET system, the energy is transferred from an intentional or
unintentional source and received in the far-field region of the transmit antenna
by a receiving antenna, capturing part of the radiated energy [39]. The typical
useful receiver input power level for [oT and WSN application ranges from —15
to —5 dBm [40]. A block-diagram of such a system is shown in Fig. 1.1. The
received RF energy is delivered to an impedance matched rectifier, discrete or
integrated. The RF input power level will determine the amount of available
dc output energy, which is transferred to an energy storing device by means of
a power management circuit. This circuit contains typically a boost converter
and voltage stabilizer, providing a higher voltage to efficiently store the received
energy. A battery or capacitor is typically used for storage of the energy. An
Interuniversity Microelectronics Centre (imec) WET receiver example is shown
in Fig. 1.2. The complex conjugately matched antenna is directly connected to a
double-diode rectifier stage, followed by a power management circuit. WSNs
often operate in a duty cycled mode. For optimal performance and range of
operation, still the available energy levels should be maximized. This leads to
the research objective of this work.
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)

OHPHE z HAH T

source  amp filter TX ant RX ant match rectifier boost storage

Figure 1.1 Radiative WET system block-diagram, with an intentional source (left) and
impedance matched receiver (right). The source typically consists of an oscillator at
the carrier frequency (source), an amplifier to obtain the required output amplitude
(amp), alow- or band pass filter to suppress the amplifier generated higher order
harmonic frequency components (filter) and an antenna to radiate the signal as EM
waves (TX ant). The receiver antenna picks up the EM waves (RX ant) followed by an
impedance matching circuit (match) after which a rectifying circuit converts the RF
signal into a dc current (rectifier). A boost converter increases the voltage level (boost)
to efficiently store the energy in a battery or capacitor (storage). The stored energy
can be used by e.g. a wireless sensor device.

Research Objective

The primary research objective is the maximization of the rectifier energy transfer
efficiency. The rectifier energy transfer efficiency is the ratio of the rectifier dc
output energy to the RF input energy. The primary objective can be subdivided
into various aspects, which will be covered in the following chapters.

The state-of-the-art work, like e.g. [41-46], is making use of design tech-
niques that still have room for improvement. This work discusses several areas
for improvement for the WET application: usage of an adaptive source in sim-
ulation for improved efficiency optimization and a more objective diode and
rectifier topology comparison, improved diode models for more accurate recti-
fier impedance prediction and a thorough rectifier efficiency analysis leading to
different insights in the choice of diode, load resistance and rectifier topology.
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Figure 1.2 Imec WET receiver example consisting of an antenna (top-right), imped-
ance matched to the rectifier stage, which is connected to a power management
circuit (bottom-left) and connections for storage and usage of the rectified energy.
[photo: H.J. Visser].
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1.4 Organization of the Thesis

To be able to design an optimal rectifier circuit, more insight is required. The
non-linear nature of a rectifying device calls for the use of a circuit simulator.
The important quantity in WET is the rectifier efficiency, which is typically simu-
lated using a standard SPICE pn-junction diode model based on manufacturer
supplied SPICE-model parameters. To provide more insight in the design of the
optimal rectifier circuit, the next chapters will address the following:

Chapter 2 — Methods: Three methods are presented. a) WET systems in-
clude a non-linear element, the rectifier, to obtain a dc output signal. In systems
with large signal levels, the topics of impedance matching and -definition are of
special interest. The method of time-domain trajectory impedance analysis is de-
scribed to provide more insight in the time dependent rectifier impedance [47].
b) The optimization of a non-linear rectifier circuit for optimal efficiency is
not straightforward, as its load resistance affects both efficiency and its input
impedance. An adaptive simulation source to serve this purpose is presented.
This simultaneously provides a method to objectively compare diode types and
rectifier topologies [13,48]. ¢) An ideal rectifier circuit is discussed, which eases
the basic understanding of the rectifier topic and is used in following chapters.

Chapter 3 — Diode Model: For the diode model, two aspects are covered. a)
The choice of simulation domain: time or frequency. b) The typical WET rectifier
used is based on a Schottky barrier diode (SBD), which has different properties
compared to the pn-junction diode. In SPICE the only available diode model
is a pn-junction diode model. Alternative SBD models are covered, including
temperature effects, the diode package and model parameter spread [36,48].

Chapter 4 — Rectifier Efficiency: To design for optimal rectifier efficiency,
several aspects are discussed. a) Finding the optimal rectifier load resistance. b)
The properties of the rectifier input impedance. c) Defining the diode dissipation.
d) The relation of the rectifier efficiency to the diode model parameters and
temperature.

Chapter 5 — Rectifier Circuits: The choice for the optimal topology is dis-
cussed by comparing different rectifier circuit topologies. Next to the peak de-
tector topology, the Villard-, Greinacher- and Graetz families are discussed. A
comparison shows that efficiency is not the main differentiator between the
topologies [13].

Chapter 6 — Far Field Application: A far field application provides a practi-
cal example. A WSN application is provided including a power management ex-
ample and an alternative approach. The design is compared with a commercial
off-the-shelf (COTS) product [40].

Chapter 7 — Conclusions & Recommendations: The conclusions and re-
commendations are summarized in the final chapter of this work.



Chapter 2

Methods

Before diving into the details of wireless energy transfer rectifiers, a few methods
are covered in this chapter. The first one will help in studying and understanding
the involved non-linear rectifier circuits, which involves the use of the imped-
ance time trajectory. The presented ideal rectifier circuit, i.e. the second method,
will ease the analysis of diode rectifier properties. The third method forms a
foundation for the subsequent chapters on how to optimize for optimal energy
transfer efficiency.

2.1 Energy Transfer and Complex Impedances

With the topic of WET there is typically a rectifier circuit involved, which is a
non-linear circuit by definition. The rectifying elements have parasitic effects
in the form of inductance and capacitance, which play a role with the use of
ac-signals. This makes that we are dealing with complex impedances. For the
design and analysis of these rectifying circuits, it is beneficial to describe the
circuit behaviour both in the frequency and in the time domain. In this section
we will introduce the notation used in this work, we will calculate active power,
used to provide an insight in the energy flow in both domains within a circuit
and we will show how to obtain an impedance time trajectory. We will see that
rectifier impedances are time-variant and the time- and frequency domain views
on these will be brought together.

2.1.1 Time domain view

In time-domain, the instantaneous power flowing into a circuit port is defined
as
p) =v(0)i(1), (2.1)
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see Fig. 2.1 for an example circuit with time domain voltages and currents at
various locations [49].

This applies to all waveforms, also the non-sinusoidal ones, like in rectifier
circuits. It applies to any circuit element type. E.g. in a reactive circuit, the
voltage and current are not proportional, meaning they are not in phase. With
non-linear circuit elements, the voltage and current phase difference can even
change during the cycle of the input signal. Therefore it is useful to calculate the
average power over the complete cycle, with duration T. This gives the active
power, the power flowing into a circuit port, regardless of the harmonic content
of the waveforms:

1 .
Pact:—f v(Di(Ddr. 2.2)
TJr
Zo i@ “OPF i D1 i ()
—_— —_— —_— ) —_—
| A L
Vs Vin(2) 20 nH a(t) ve() 10pF  |ui() S250Q
- -— PO -—

iin (%) ial0) ic(2) ir (1)

Figure 2.1 Example single diode or peak detector rectifier circuit with, shown in blue,
the time domain voltages and currents at (in) the circuit input port, (a) the diode an-
ode side and (c) cathode side and (L) the load side of the circuit. Note that i, (¢) = i. ()
and v (1) = vi (). V; is the source voltage amplitude and Z; the source impedance.

The time domain active power includes the complete harmonic content
of the signals. This means that not only the fundamental (wanted) signal at
the input is accounted for, but also the non-wanted! higher order harmonic
frequency components. The circuit of Fig. 2.1 is simulated using Advanced
Design System (ADS) [50], see Fig. 2.2. Although the Harmonic Balance (HB)
simulation engine used in ADS is a frequency domain simulation, time domain
information can be obtained using the ADS function ¢s(), which performs a
frequency-to-time domain transform. From this simulation, the active power
values at the four different circuit locations (in, a, c and L) are calculated and
listed in Table 2.1. Although this circuit is properly impedance matched to the
source impedance (|T'iy| = —29.4 dB), the active circuit input power is almost
0.5 dB less than the source power P (+10 dBm?). To understand this, we need

I These terms are non-wanted as they are generated by the diode and do not contribute to a dc
current in the load resistor, as they are shorted to ground by the capacitor.
2The expected mismatch-loss is only 10log(1 - [T'?) = —0.005 dB.

10



2.1 Energy Transfer and Complex Impedances

Table 2.1 Active power example for the peak
detector circuit in Fig. 2.1 and Fig. 2.2, at P =
+10 dBm and fy = 915 MHz, using an Avago
HSMS-2850 SPICE diode model.

p act,in p act,a p act,c p act,L
(dBm) (dBm) (dBm) (dBm)
Pact | +9.53  +9.53  +7.54 +7.54

to distinguish between the different harmonic frequency components. To do
this we have to analyse the circuit behaviour in the frequency domain.

T by [ e @ EE
C=1.6 pF Model=HSMS2850 ™ Diode_Model
Vin Va VL,

HSMS2850

P_1Tone o ) I m e Is=3 uA
Ps | Erobe |_Probe l |_Probe RL Rs=25 Ohm
Num=1 Lt L La e LL R=250 Ohm N=1.06
Z=50 Ohm L1 C2 Tt=10 psec
P=10 mW — L=20 nH C=10 pF Cjo=0.18 pF
Freq=915 MHz _1_ R=0 1 1 1 Vj=0.35 V
- - - - M=0.5
T = Bv=3.8V
|| HarmonicBaLancE | opions | Ibv=300 uA
Xti=2
HarmonicBalance Options Eg=0.69
Simulation Temperature
Freq[1]=915 MHz Temp=26.85
Order{1]=35 Tnom=26.85

Figure 2.2 ADS implementation of the example peak detector rectifier circuit shown
in Fig. 2.1.

The reason that P, in and Pac4 are equal in Table 2.1 is that C; and L; (see
Fig. 2.2) are ideal components; they don’t give rise to energy loss due to resistive
dissipation. The same is true on the other side of the diode (Pt c = Pact,L), as Co
is also an ideal capacitor.

2.1.2 Frequency domain view

The typical use of sinusoidal source signals and the generation of higher order
harmonics in a diode, make using the frequency domain a logical choice for
WET rectifier circuits analysis. The signals can be described with enough detail,
in a compact form, using a limited number of harmonic frequency components.
The intended conversion from the fundamental frequency to dc can be easily
analysed.

11



Chapter 2 Methods

h-phasors and time trajectory

In this work, (A)y, will be used to represent the complex phasor Ael® which is
a static complex number corresponding to the function Ae/0!+® with am-
plitude A, harmonic frequency number index h, wy = 27 fy, time ¢ and phase
a. fo is the fundamental frequency. The phasor notation is used to ease the
indexing of specific harmonic frequency coefficients [51]. For example, (A);
is the 1-phasor which represents a signal at the fundamental frequency f; (as
h = 1), with amplitude A. Time-constant amplitudes will be designated with
an upper-case symbol in this work, time varying amplitudes and instantaneous
signal values with a lower-case symbol. So we will use e.g. (A, (a),(¢) and a().
Time varying complex values will be designated with a lower case symbol with a
hat: a(t). This is indicated as a time trajectory function.

Fig. 2.3 shows the circuit of Fig. 2.1 with frequency domain voltages and

currents indicated at various locations. For each frequency index &, a complex
value exists for the voltage and current.

1.6 pF D
Zs Iin Iu u Ic 1
(Lindn {adn Q) Uedn | L) n
I A
Vs (Vin)n 20nH Vadn (Vedn 10pF (VL) 250 Q
-~ D D — -~
(Iin)n Uadn e [/

Figure 2.3 Example peak detector rectifier circuit with, shown in blue, the frequency
domain voltage and current phasors at (in) the circuit input port, (a) the diode anode
side and (c) cathode side and (L) the load side of the circuit. Note that (I;);, = {I:),
and (V) =(Vi)p.

Table 2.2 provides an overview of the voltage and current phasor amplitudes,

indicated in Fig. 2.3, using a sinusoidal +10 dBm circuit input power at 915 MHz
and a HSMS-2850 SPICE model for the SBD.

For WET rectifier circuit design, an optimal energy transfer is a design goal.

Therefore, we will now show how to calculate the active power at different
locations in the circuit. Thus, we will provide a frequency domain view on the
energy flow through the rectifier circuit.

12
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2.1 Energy Transfer and Complex Impedances

Table 2.2 Simulated voltages and currents corresponding to the
peak detector example circuit in Fig. 2.1, Fig. 2.2 and Fig. 2.3 for
a sinusoidal input signal with a P = +10 dBm and fy = 915 MHz,
using an Avago HSMS-2850 SPICE diode model. The other circuit
elements are modelled as ideal components.

h | KVindnl  Klindnl  KVadnl  Klanl KV Rl KD pl
V) (mA) V) (mA) V) (mA)
0 0.00 0.00 0.00 4.74 1.19 4.74
1 1.01 19.8 2.44 8.78 0.15 0.61
2 0.30 6.05 0.45 4.80 0.04 0.17
3 0.09 1.77 0.11 1.60 0.01 0.04
Active power

The active power P, entering a circuit port, can be obtained for each harmonic
component as*:

1
Py = 5R8(<V>h<l>;§), 2.3)

in which the symbol * denotes the complex conjugate operation.

Table 2.3 shows the active power levels of the example circuit for the various
locations in the circuit. Notice the equal values for the two pairs of active
power locations. This equality changes when the components in between the
circuit locations (1.6 pF capacitor, 20 nH inductor and 10 pF capacitor) include
a parasitic resistance, which will be the case in reality. The summed active
input power value (+9.53 dBm) is lower than the power entering the circuit at
the fundamental frequency (+10 dBm). This is a result of all non-fundamental
harmonic components being negative in direction sign (reflected energy), which
is not visible when converting the values in dBm®.

The simulation is setup such, that at the fundamental frequency, +10 dBm
is injected into the circuit input port. Due to the non-linear rectifier diode, this
energy is partly converted to other frequency components, which are flowing
in the opposite direction, i.e. towards the source. This makes that the total

4We use the notation P" instead of (P) 1 as power is expressed as a real value, only having a
sign corresponding to the direction of power flow.

51n this case we only use 22:0 P" instead of Z(}’l":o Ph, as the higher order harmonics (h > 4)
are not significant in this example and therefore left out of the equation.

13
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Table 2.3 Active power levels for the cir-
cuit in Fig. 2.2, at P = +10 dBm and
fo =915 MHz, using an Avago HSMS-2850

SPICE diode model.
h h h h
h P act,in P act,a P act,c act,L
(dBm) (dBm) (dBm) (dBm)

0 +7.50 +7.50
1| +100 +10.0 -13.3 -13.3
2] -039 -039 -246 -246
3| -11.1 -11.1 -376 -37.6
X

+9.53 +9.53 +7.54 +7.54

power entering the circuit at the input port is less than +10 dBm. In the example
circuit of Fig. 2.1, the higher order harmonic energy is dissipated in the source
impedance. For the WET application, the interest is in how well the active power
. . . 1 . .
at the input port at frequency fo, which is P, ;, is converted into a dc power at
the output port cht ;- This makes that the higher order harmonic components
at the input are not of interest for the calculation of energy transfer efficiency?®.
: 1 1 0 0 ;

In this work we use P, as short for P, ; and P as short for P, ;. Having the
frequency domain active power values, provides a useful insight in designing an
optimal rectifier circuit, as will be explained later.

The fundamental frequency impedance of a circuit port is given by:

(I~

Going back to the time domain: the instantaneous port impedance is chang-
ing in time for a rectifier circuit, due to its non-linear behaviour. Not only
the phase difference between voltage and current varies within a fundamental
frequency cycle, also the amplitude ratio. In order to visualize this 'wobbling
impedance’ around (Z); in time, a time trajectory impedance function Z(t) is
defined’.

This step is taken, as the traditional way of looking at voltages and currents
in the time domain has its limitations. Fig. 2.4 shows the input voltage and
current signals corresponding to Fig. 2.2. It is not intuitive to obtain the circuit

VAR (2.4)

6The higher order harmonic components, dissipated in the source impedance, might result in
unwanted radiation if the source represents the WET receiver antenna.
“The ’hat’-notation " indicates a time-varying complex value.
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2.1 Energy Transfer and Complex Impedances

M55

1.0 1

0.5 1

0.0 1

—0.5 1

—1.0

—1.5 1

—-2.04 legend
©~ Re(Visl[n])
—2.5 4{-@ Re(inln])

real voltage (V) or current (100 mA)

570_example_ckt_vi_f2t

0.0 0.2 0.4 0.6 0.8 1.0
time (ns)

Figure 2.4 Example peak detector rectifier simulation result (see Fig. 2.2) showing:
the input voltage- and current signals Re(9;,[n]) and Re(i;,[n]), calculated from the
HB simulation frequency domain result, using 35 harmonics of the fundamental
frequency fy. Prorw = +10 dBm and fy = 915 MHz, using an Avago HSMS-2850 SPICE
diode model. Using a time domain simulator will obtain the same result.

input impedance from this graph. The signals are not sinusoidal and the signal
peaks are at different moments in time for voltage and current. Due to the zero
crossings it is obvious that taking the ratio of the two does not result in the circuit
input impedance.

With the design challenge of an optimal performing rectifier in mind, we
will see how to calculate the instantaneous impedance using a time trajectory,
obtain a common value from this as design input value and relate this variation
in the time domain to the 'missing’ energy in the frequency domain of Table 2.3.

2.1.3 Impedance time trajectory

In order to define and simulate the instantaneous impedance of a complex
circuit, it is convenient to describe and visualize the voltages and currents as
complex valued time trajectories.

Before introducing these time trajectories, we will first look at time nu-
meric sequences. In a transient simulator, time-continuous voltage and cur-
rent information (the real-world signals) is represented by discrete-time nu-
meric sequences of real valued floating point numbers: [vg, v1, V2, -, vn-1] and
[ig, 11,12, -+ ,in-1] at equally spaced time instances [fy, f1, 2, -+, ty—1]. This is
also the case for frequency to time converted information in a frequency domain

15
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simulator. Following the Nyquist-Shannon sampling theorem [54, 55], a suffi-
cient sample-rate is 2k fy samples/second, or anything larger, when the signal
contains no frequencies higher than k fy Hertz. k is the maximum number of
fundamental frequency harmonics taken into account. The sample frequency
(fs) should be an integer multiple of the fundamental frequency to obtain useful
Fourier transformation results and can be adjusted to the number of harmonics
taken into account. At a circuit port, the voltage and current sequences are
defined as
vinl=v(nTy), n=0,---,N—-1 neN°

(2.5)
ilnl=i(nTy), n=0,---,N—-1 neN°

with N being the number of time samples used, T = 1/ f; being the sample
interval and N® = {0,1,2,3,-- -} the set of natural numbers including zero.

Voltage- and current time trajectories

The discrete versions of the complex voltageV(t) and current i(t) time trajectories
are constructed from the frequency domain £-phasors using the inverse discrete
Fourier transform (IDFT). Using Ts = 1/f; = 1/(N fy) with N = 2k, the time
trajectories are:

N-1 . N-1 .
oinl= Y (VyzelnTs g =Y (IypelheonTs, (2.6)
h=0 h=0

in which wy is equal to 27 fy, (v);, and (i)}, are the h-phasors for the respective
harmonic components. The real-valued simulator results, typically provided
in a circuit simulator, are equal to the real-parts of the complex-valued time
trajectories: v[n] = Re(9[n]) and i[n] = Re(i[n]). 8

For the example circuit of Fig. 2.1, these complex valued voltage and current
time trajectories are shown in polar form in Figs 2.5 and 2.6. The trajectories are
normalized, see the figure captions for details. This shows nicely how both i, [7]
and iy, [n] fluctuate around an amplitude of one (marked 'linear’ in the figure),
due to the higher order harmonics. The centre point of the trajectories is the
centre of the polar figure as no dc component is present due to the series input
capacitor. Over a complete cycle, both trajectories have an average magnitude
value of one. The two figures also show how the impedance matching circuit (Cy,
L) not only changes voltage and current values, it also changes the phase of the
signals. The positive peak in the diode current occurs around a trajectory period

8This method is similar to the multi-harmonic load-pull concept [56], also known as X-
parameters [57], where the voltage and current information is obtained from the measured
power waves a and b.
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Figure 2.5 Example peak detector rectifier simulation result (see Fig. 2.2) showing:
the normalized time trajectory signals iy [n] and i, [n], calculated from the HB sim-
ulation frequency domain result, using k = 35 harmonics. Pgy = +10 dBm and

fo =915 MHz, using an Avago HSMS-2850 SPICE diode model. dj,[n] is divided by
[(Vin)1l = 1.010 V and iy [7] by [{Iin)1| = 19.814 mA to obtain the respective normal-
ized values. These signals would be on the 'linear’ marked (dashed) amplitude level in
case of a linear circuit. The trajectory period phase ¢ is marked for both graphs.

phase ¢ = 37/2, at the maximum value of Re(i,[n]), where the peak in input
voltage occurs at ¢ = 0. The output voltage and current peak is also at ¢p = 0.
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Figure 2.6 Example peak detector rectifier simulation result (see Fig. 2.2) showing:
the normalized time trajectory signals 0,[nl, i,[n], ¥1[n] and iz [n] (the latter two
overlap), calculated from the HB simulation frequency domain result using k = 35
harmonics, at Pgrw = +10 dBm and fy = 915 MHz, using an Avago HSMS-2850 SPICE
diode model. 9,[n] is divided by [{V,)1| =2.438V, i,[n] by [(I;)1] = 8.783 mA, ¥ [n] by
[{VL)ol = 1.185 V and iy [n] by [{I)o| = 4.742 mA to obtain the respective normalized
values. The trajectory period phase ¢ is marked for the four graphs. The diode current
i4[n] positive peak in rectified current occurs after ¢p = 37/2, at the maximum value of
Re(i,[n]) marked peak.
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2.1 Energy Transfer and Complex Impedances

Impedance time trajectory

From the voltage- and current time trajectory values, the discrete version of the
instantaneous impedance time trajectory Z(t) is calculated using:

v[n]
(n]”

z[n] = (2.7

~>

It is insightful to visualize the instantaneous impedance trajectory, but we
will not be able to realize a circuit which provides the optimal impedance match
in time accordingly. To design a circuit for the proper impedance match we use
the mean impedance value. There are different ways to find the mean value of
real numbers. For complex numbers this is not the case. The geometric mean is
found to be useful to calculate the complex impedance mean value [58], when we
use the following definition for the mean of a complex number: a complex mean
is a function m: C* x C* — C* such that min{|al, |bl} < |m(a, b)| < max{|al, |b|}
and for all a € C*,m(a,a) = a where C* = {x + jy|x > 0}. E.g. the standard
arithmetic mean and the power mean or root mean square (rms) do not comply
to this definition for all C* values.

The geometric mean of two real numbers a and b is found as v'ab. Applying
this to the complex impedance trajectory magnitude, we use

[20n1| = 3| IT |2tm1] 2.8)

with z € C* where C* = {x+ jy|x > 0}, with C being the set of all complex
numbers x + jy.

When using (2.8) for relatively small values of |z[n]|, the product of the
magnitude values for large N quickly approaches zero and for larger values of
|z[n]| infinity (arithmetic under- and overflow): when e.g. all z[n] values are
equal, the product results in z[n]V. For large N and z[n] < 1 this leads to very
small values, for z[n] > 1 to very large values. To prevent this, an equivalent
equation is derived and used instead, using logarithmic summation. With the
use of

Vb =elxnb) 2.9)

Equation (2.8) can be rewritten as

z[n]

1 N-1
N ln]—Inzo

), (2.10)
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and as
In(ab) =In(a) +1In(b), (2.11)
we can use
N-1 N-1
In[] fm=) Infn. (2.12)
n=0 n=0
We can now rewrite Equation (2.10) as:
1 N-1
|21 =exp |~ ¥ In21m1)|. (2.13)
N n=0
For the complex mean angle we use [58] as well:
1 N-1
Z&[nl=—= ) Zzlnl. (2.14)
N n=0

Applying this to the example circuit input impedance, we do observe that

2[nl = (Z)1, (2.15)

which relates the time- and frequency domain impedance view®. This eases
the design work as we can just make use of (Z); which is frequency domain
simulation output information by having (V); and (I); available!?.

Reflection coefficient time trajectory

From the impedance time trajectory, a Moébius transformation is applied to
obtain the corresponding reflection coefficient time trajectory [59]:

IS\

[n] - Zy

ETEZ% 210

yln] =

where 7 is the characteristic impedance. Likewise for the average impedance,
to obtain the fundamental frequency reflection coefficient

zZlnl -2y _ (ZIh -2
Zm+Zy (In+Zy

I = (2.17)

9Since proving an equality in Equation (2.15) is beyond the scope of this work, we use an
approximately equal sign.
10This method of finding (Z)1 and z[n] can also be used for linear reactive circuits: the voltage
and current amplitudes are constant, therefore also the impedance. For linear resistive networks,
next to constant voltage and current amplitudes, also the voltage-current phase difference is zero,
resulting in a real impedance.
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2.1 Energy Transfer and Complex Impedances

The result is shown in Fig. 2.7 in the Smith chart. This Smith-chart is scaled
to |I'| = 0.5 to provide more detail. The impedance grid inside the chart is
normalized using Z; = 50 Q2. The same simulation result is shown in Fig. 2.8 for
a different number of harmonics k. In each chart, the (I'); marker corresponds
to the k = 1 case. This series provides an idea how the number of harmonics,
taken into account, affects the resulting graph. This number is e.g. limited when
measuring the impedance using a non-linear vector network analyzer.

rms of the average reflection coefficient magnitude

For power flow calculations, we define the power mean'! or rms of the average

reflection coefficient magnitude, which is calculated from the y[n] time trajectory
as:

(2.18)

For the example circuit values (using k = 35 harmonics) this results in m =
0.3216 and this corresponds to a mismatch loss of 1 — |_y|2 =—0.474 dB, which
matches the reduction of summed power flowing into this example circuit, as
calculated in the frequency domain and shown in Table 2.3. This shows that, for
this example, only using the first three harmonics provides enough accuracy in
the calculated active input power level.

From eqns (2.15), (2.16) and (2.17), we find!2

Yin] =<D);. (2.19)

In this section we obtained insight into the complex valued impedance time
trajectory method, which provides valuable insight in the behaviour of a non-
linear rectifier. We also see how the time- and frequency domain results relate
and that making use of the frequency domain results is easing the design work,
as it provides harmonic dependent information and requires less calculations.
This is the case when using steady state input signals.

HEor power calculations, the square of the reflection coefficient has to be used, therefore the
use of the arithmetic or geometric mean functions is not adequate.

12Note that 7[n] # |y] as the former represents the complex average of the complex valued
reflection coefficient trajectory and the latter represents the real average of the real valued
magnitudes of the reflection coefficient trajectory.
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Figure 2.7 Example peak detector rectifier simulation, showing the circuit input time
trajectory reflection coefficient i, [#] and the reflection coefficient of the mean input
impedance (T'jp)1, calculated from the HB simulation frequency domain result using
k = 35 harmonics, at Pgow = +10 dBm and fy = 915 MHz, using an Avago HSMS-
2850 SPICE diode model and Zy = 50 Q. [(Tjn)1| = —29.4 dB and the corresponding
mismatch-loss equals 10log (1 - |T'|?) = —0.005 dB. The Smith-chart is scaled to || =
0.5 to provide more detail. The impedance grid inside the chart is normalized using
Zy = 50 Q. The trajectory period phase ¢ is marked and indicates a non-uniform
movement along the trajectory.
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(b) k=3

(@ k=2

d) k=7

(c) k=4

Figure 2.8 Same simulation as in Fig. 2.7, using a different number of harmonics k.
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2.2 Ideal Rectifier

Transporting electrical energy in a wireless fashion is done with alternating
current (ac) signals, where the consuming circuits typically make use of dc
voltages and currents. The rectifying circuit in the WET receiver is therefore
a key component. Typically a diode is used in these rectifier circuits. To ease
the analysis of the diode rectifier properties, an ideal single diode rectifier is
presented, which will be used in later chapters as basic circuit. The ideality will
simplify the calculations without preventing a thorough analysis.

2.2.1 Ideal single diode rectifier

To ease the study of the essential behaviour of a diode rectifier, it is practical to
start with an ideal rectifier circuit topology. This circuit will be used in chapter 4
to derive the fundamental functioning of the diode rectifier.

Ideal rectifier

With the single diode rectifier circuit, shown in Fig. 2.9, an ideal situation can be
created by taking the following measures:
a. asinusoidal waveform signal source is used unless otherwise noted,

b. anideal harmonic filter F; is applied between the diode anode and ground,
having an insertion resistance R with (R)¢2....o = 0 and (R); = oo,

c. anideal diode is used, having no junction capacitance (Cjp = 0 F), no series
resistance (R; = 0 Q), and ideal diode ideality factor!® (n =1.0),

d. an ideal high-pass filter, represented by capacitor C;, is used between the
diode’s cathode and ground, shorting the fundamental current (i); and all
higher harmonics (i)...00-

The result of this idealized circuit is:

Vindhz1 =0,

Vout) h>0 = 0 and (Voue)o = out)o RE,
(Iout>h>0 =0,

P71 =0 and PI'=" = L Re ((Vin)1 (in)?),
PO = 0and P20 = (Tu)2Ry.

ok

out out

In this two-port circuit, Py, is equal to P, in at the input port, and Py is
equal to P, 1, at the output port.

13The ideal diode equation will be discussed in chapter 3, which contains the diode ideality
factor.
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Pin, Zin Ip: Pout, Zout

—

Tout
— G llm Vout

R

Figure 2.9 Single diode rectifier configuration with a bandstop filter Fj, tuned at the
circuits operating frequency fy. The diode voltage is defined as Vp; = Vip — Voue- The
impedance of F) should be low at f # fy and high at f = f. The reactance of C;
should be low at f = f; and can be seen as a high-pass filter.

The flow of the different current h-phasors in the rectifier circuit is shown in
Fig. 2.10 by colored arrows. The result of using filter F} is that the waveform of Vi,
remains equal to V;, as the (Ip;);>1 current terms are not flowing through the
source impedance Zs. As (Vin) nz1 = 0 and (Vour)o = (lour)o R, the diode voltage
is Vp1 = (Vin)1 — {out)oRr. An ADS implementation of this rectifier circuit is
discussed at the end of the next section.

|

T

— (Dp>1 (Do

E=al

Figure 2.10 The flow of the different current h-phasors in the single diode rectifier
configuration with a bandstop filter. The harmonic current terms (I)j~; will not dissi-
pate energy in the circuit due to the ideality of the circuit.

f —| |
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2.2.2 Simplified model

Following the implications described above, the diode and circuit can be de-
scribed with a simplified model as shown in Fig. 2.11. This will be used for basic
concept insights later in this work. A more detailed model will be covered in
the next chapter. The simplified diode model consists of a non-linear junction
resistance R; and voltage controlled current source (I;)o(V}).

Junction resistance

The junction resistance is defined as the fundamental diode voltage over current:

_ Vih

T Iy
in which the current is non-linearly related to the junction voltage V; consisting
of both (V;); and (Vj) with (Vj)o = (Ij)oRy.

(2.20)

In the next chapter we will see how the diode current is defined in detail.
The non-dc currents are all shorted to ground by the capacitor and band stop
filter; only the dc current will flow through the load resistor. This is reflected
in the controlled current source used in this model. The bandstop filter F; and
load capacitor C; don't play a role in this simplified model and are omitted.

(i) (o

A
(Von Win Rj§¢<lj>o(w) We >Rp
T

Figure 2.11 Simplified single diode rectifier circuit model, consisting of a non-linear
junction resistance R; and a voltage controlled current source {I;)o(V}).

2.3 Energy Transfer Efficiency

In the field of radiated wireless energy transfer, the most important characteristic
is the obtained energy transfer efficiency 1. For low power wireless sensor node
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applications, a higher efficiency leads to a larger possible distance between
transmitter and receiver or e.g. higher update rates of sensor nodes. For high
power applications, efficiency also plays an important role in power dissipation:
better efficiency results in lower device temperatures, larger operating range
conditions, longer battery lifetime, etc.

Energy transfer efficiency

When taking a closer look at the energy transfer efficiency'* (from receiver RF
input to receiver dc output'®), we should focus on the result of energy in time:
power. All that counts is the ratio of obtained dc power in a load P[L) to the required
fundamental frequency power Piln to accomplish this:

0
— Py

=—. (2.21)
1
Pin

n

2.3.1 Efficiency optimization

From the radiative WET system block-diagram in Fig. 1.1, we can derive the min-
imal block-diagram, needed to optimize the rectifier circuit for a WET receiver.
The receiver antenna can be seen as a source, generating the incoming signal,
which comes from a distant origin. Fig. 2.12 shows the block-diagram of the
minimal receiver. The following matching circuit is used to minimize the im-
pedance mismatch loss between source output- and rectifier input impedance.
This circuit has typically a frequency dependent transfer function. The rectifier
transfers the incoming RF energy to a dc output energy consumed by a load,
represented by a resistance in this diagram.

Optimizing a rectifier circuit for best efficiency is done by maximizing Equa-
tion (2.21), which looks fairly straightforward!'®. Unfortunately when using
rectifier devices that are inherently non-linear, like a semiconductor diode, this
is not straightforward. The reason for this is easily overlooked. There is a depen-
dency on signal amplitude in the rectifier. Later we will see that the rectifier input

141n this work, rectifier energy transfer efficiency (ETE) is equal to PCE.

15Duye to the extremely low value, the transmitter-input to receiver-antenna efficiency has no
practical value. Optimizing the receiver efficiency is of more interest as this consists typically of a
circuit running on a battery or the-like.

16 Erom the maximum power transfer theorem a difference can be seen between power efficiency
and power transfer. For radiated WET applications, the receiver is placed in the far field of the
source. This means the source dissipation is left out of the equation when designing an optimal
efficient receiver rectifier. This makes that in this work maximizing the power- and efficiency
transfer provides the same result.
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VHZ HBHHR

source match rectifier load

Figure 2.12 Block diagram of a minimal WET rectifier. The source represents the
incoming signal at the antenna (source), connected to the impedance matching net-
work (match). The rectifying circuit (rectifier) is connected to a load.

impedance has a dependency on the load resistance. The load resistance value
for optimal efficiency has a dependency on the rectifier input signal amplitude,
due to the non-linear rectifier behaviour.

2.3.2 Adaptive source

In this work we use the approach to leave out the impedance matching network
as a first design step. This to ease the design of the rectifier circuit and the
comparison of different types of rectifiers. The resulting impedance mismatch
between source and rectifier can be countered by ensuring a specific power
level flowing into the circuit, using an adaptive source we refer to as complex
conjugately matched source and indicated as 'P_CCM’ in ADS or Py in circuit
diagrams. First an example is discussed to outline the need for this approach.

For a signal source, whether a physical lab-generator or e.g. a standard
"P_1Tone’ ADS source, the output power can be specified. This is done with
the assumption of having a load, connected to the source, with an impedance
equal to the complex conjugate of the source impedance [60]. The source can
be represented by a voltage source V; in series with the source impedance Z;.

From circuit theory [51,52] the maximum available power from the source
at the fundamental frequency fp, P!, can be found as

Pl (Vo2

1o DL (2.22)
8Re(Z,)

with (V;); being the source voltage'”.
The equation for the source voltage amplitude is given by

[(Vsy1] = 21/2PL Re(Zy). (2.23)

17In [52,53], rms values are used for voltages and currents. In this work, peak values are used
unless otherwise stated.
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2.3 Energy Transfer Efficiency

This will result in power dissipation P! in the load impedance Z; . For different
load impedances, the dissipation will also differ. Fig. 2.13 (a) shows an example
of using a standard 'P_1Tone’ source, set to an output power of Ps1 with a rectifier
and load resistor used as loading circuit for the source. In this case, the rectifier
input impedance Zj, determines the input reflection coefficient using eq. (2.16):

o () = 2l = Zs (2.24)
Vin B Zin[n] +Zs. '

The level of power entering the circuit Py,! is calculated as

PL=Pla-TyP). (2.25)

P_1Tone

O P R

et}

—2
[yl

(a) Rectifier with load and normal P_1Tone
source. The rectifier input power P} = P{(1 -

).

P_CCM

O P R

1
s

=
—> =
1= D—’Z [yl

Iyl

(b) Rectifier with load and adaptive P_CCM
source. The rectifier input power P = Pg.

Figure 2.13 Minimal rectifier analysis setup, without impedance match between
source and rectifier: a) using a normal P_1Tone source with fixed source voltage and
b) using an adaptive P_CCM source with reflection coefficient dependend source
voltage.

The usage of a typical circuit simulator optimizer will not result in the opti-
mal rectifier efficiency, when using a standard signal source like the 'P_1Tone’
source in ADS. The source output power parameter P only ensures the specified
level when the load connected to the source has a complex conjugately matched
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impedance to the source output impedance. For other load impedances, the
power flowing into the load will be higher or lower than the specified value. A
similar approach can be used in measurements [61].

As an example, an ideal single diode rectifier'® is simulated. The circuit
diagram is shown in Fig. 2.14 and does not have an input impedance matching
network. This-way the optimization of the matching network is left out of the
equation and kept for a later stage in the design steps. To show the difference in
results, both the P_1Tone and the P_CCM source will be used in the example.

Pin, Zin

Vs C R,

&

L [

h={1} +

Figure 2.14 Peak detector rectifier circuit. The source power level (P;); = —20 dBm.
The band stop filter blocks the fundamental frequency fy = 1 MHz only, & = {1} refer-
ences the fundamental frequency component being blocked.

The rectifier circuit has an input impedance Zj,. Two different sources are
used: a standard P_1Tone and an adaptive P_CCM type. When the source imped-
ance Z; is not equal to the complex conjugate of the circuit input impedance,
mismatch loss will occur. The power flowing into the circuit equals the source

power multiplied with a factor 1 — Iy_lz. To ensure a specific rectifier input power
level, the source impedance can be made equal to the complex conjugate of
the circuit input impedance to obtain zero mismatch loss, or we adapt the
source amplitude [(V;)1], which is done in the P_CCM source. If we vary the load
resistance Ry using a simulation optimizer routine, a change in circuit input
impedance is observed for the P_1Tone source cases. The result is a varying level
of power entering the circuit due to the varying impedance mismatch loss. This
is illustrated in Fig. 2.15 (a) with the example circuit simulation of Fig. 2.14. The
mismatch loss plays a role in the power transfer efficiency. Fig. 2.15 (b) shows
the efficiency versus load resistance variation. The corresponding load voltage
increases with load resistance for the four cases, the levels are different between
the cases as shown in Fig. 2.15 (c). This also shows that optimizing a rectifier for
highest output voltage does not result in the most energy efficient rectifier. This
example is used to underpin the need for an adaptive source, to obtain optimal

18 A peak detector rectifier topology is used with a Skyworks SMS7621 diode.
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(b) Power transfer efficiency versus load resistance. The markers are
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Efficiency n (%)

-20

-22

-24

-26

-28

/ o ——
pEEE=
/
o
/'/
/ /><
source Z: \\.\
-@- P_1Tone  10kQ \ g
=@~ P_1Tone 100 kQ g‘
1|-a— P_1Tone  s00ka T g
- P.CCM  123+j6.3kQ s
50 100 150 200 250 300 350 400 450 500
Load resistance R, (kQ)
(a) Circuit input power versus load resistance.
,/-—.—\ |
/ //"' A \!\\
v TN
/, / \\\
/ / St
I, 1
—"1 T I —— S
T F
/
source Zs H
-@- P_1Tone  10kQ 5,
—@- P_1Tone 100 kQ g
/ —A— P_1Tone 500k ||
- PCCM  123+6.3ka||g
50 100 150 200 250 300 350 400 450 500

Load resistance R, (kQ)

placed at the peak efficiency values.

Figure 2.15 Single diode rectifier ADS simulation (see Fig. 2.14), showing (a) circuit
input power, (b) power transfer efficiency and (c) circuit load voltage, all versus load

resistance and for four different source impedance Z; values (the P_CCM curve is

dashed).
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(c) Circuit load voltage versus load resistance.

Figure 2.15 Single diode rectifier ADS simulation (see Fig. 2.14), showing (a) circuit
input power, (b) power transfer efficiency and (c) circuit load voltage, all versus load
resistance and for four different source impedance Z; values.

rectifier efficiency. The explanation of the behaviour seen will be provided in
the following chapters.

Tabel 2.4 shows the circuit input power level and -impedance and the load
voltage and -resistance for the different source impedance values used, at the
maximum efficiency i points. From these results we observe that the rectifier
power transfer efficiency depends on load resistance and source impedance.
If the circuit is operated at higher frequencies, the input impedance will show
a larger reactive component. It is observed that an optimization routine will
have difficulty finding the optimal load resistance and source impedance at the
same time. A manual adaptive approximation approach did improve the result.
A source which always ensures the same level of power flowing into the circuit,
provides the best result in optimizing the rectifier energy transfer efficiency!?,
see Fig. 2.13 (b). This is the P_CCM adaptive source and can be realized in ADS
as we will see later.

9Typically the efficiency is analysed over a range of rectifier input power levels. The design goal
is to find the optimal efficiency for each input power level. The adaptive source is swept over the
range of power levels and at each level, the source output power is kept constant.
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Table 2.4 Single diode rectifier ADS simulation, showing maximal efficiency
1 and corresponding circuit input power and -impedance and load voltage
and -resistance versus source impedance Z.

Source Z 1 Pl (Zinh (Vido R

(type) (kQ) (%)  (dBm) (k) V) (k)
P_1Tone 10 76.3 -26.8 168.8—j13.8 0.67 2773
P_1Tone 100 |83.0 -20.1 121.4-j6.15 136 218.2
P_1Tone 500 | 821 -21.4 156.6—j103 134 2864
P_CCM 123+j6.3 | 83.0 —-20.0 123.4-j633 136 2227

2.3.3 Diode rectifier optimization

The following sequence of design steps is presented for obtaining an optimal (i.e.
maximized efficiency) rectifier design. See Fig. 2.16 for a visual representation.

a. First choose a diode and rectifier topology for the required range of input
power levels. This will be covered in Chapter 4 and 5.

b. Add aload resistance Ry and optimize Ry, for the range of input power levels,
using an adaptive source which ensures a constant power flow into the cir-
cuit. Note: the effective load resistance might change in step (d) due to the
insertion of a buck/boost converter.

c. design an input impedance matching network, which results in an optimal
PCE across the input power range. Mismatch loss should be minimized.

d. design an optimal power management circuit as stage between the rectifier
and the loading application circuit. This circuit will typically convert the
variable rectifier output voltage to a constant output voltage with a circuit
input impedance close to the rectifier ideal load resistance for optimal PCE.

To accommodate (b), the method of using a complex conjugately matched
source is introduced. This is an adaptive source which ensures that a specific
power level is flowing into the connected circuit, for any arbitrary load circuit
impedance. For a normal source, the specified source output power level flows
only into a connected load when the source impedance is the complex conjugate
of the load impedance, therefore the choice of name for this adaptive source.
If tlﬁ%oad resistance has a different value, this results in a mismatch loss of
1-1lyl", reducing the power flowing into the circuit. We will see later that the
input impedance of a rectifier is also dependent on the input signal level. This
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Figure 2.16 Diode rectifier optimization: sequence of design steps.



2.3 Energy Transfer Efficiency

means that we have an undefined situation for the level of power flowing into
the circuit and therefore also for the power flowing out of the circuit output.
Obtaining convergence for a circuit simulator optimization routine will be diffi-
cult, especially for larger signal amplitudes. A signal source capable of adapting
its output signal level to the amount of power flowing out of the source, into
the connected circuit, is required for this non-linear optimization job. The ADS
implementation will be shown below. When applied to the above example of
Fig. 2.14, the optimal rectifier power transfer efficiency is found to be n = 83.0 %
at an input power of —20.0 dBm and input impedance (Zj,); = 123.4 — j6.33 kQ.
The load voltage is V; = 1.36 V at a load resistance of Ry =222.7 kQ. This is close
to the source resistance case of R; = 100 k(2.

Complex conjugately matched source

A design challenge is finding the optimal impedance match between the rectifier
input impedance and the source impedance. As the rectifier input impedance
varies with input power (next to frequency and load resistance), a matching
circuit will typically not provide an optimal match over a large input power range.
In order to get a view on the performance (power transfer efficiency) of a rectifier
circuit, it is effective to use a complex conjugately matched source. This source
is constructed such that a specific power level is always entering the circuit,
regardless of its input impedance. This is realized by adjusting the source output
level to obtain the desired power flow into the load circuit. This is equivalent to a
constant adaptation of the source resistance to be complex conjugately matched
to its load — therefore the choice of its name.

2.3.4 ADS implementation

To enable a circuit simulator like ADS to mimic a complex conjugately matched
source, an adaptive approach is used to ensure a specific power level P} to enter
into the connected load circuit with an arbitrary impedance Z, # Z;. Fig. 2.17
shows the block diagram used to implement this source in ADS.

This ADS source makes use of two, equation based, components: a 3-port
non-linear frequency-domain defined device (FDD) and a 3-port linear equation
based S-parameter component (S3P_Eqn). The latter one is used as a 3-port
circulator at the output of the source with its S-parameters defined as

0 0O
S=|1 0 0f, (2.26)
010
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(FDD3P) (S3P_Eqn)
Gm
Vin (Vo)1 (Vsh Z
@ pl p2 pl @ p2 . X
fOJP;rZS p3 pS P‘%
(V301

Figure 2.17 Complex conjugately matched source block-diagram, connected to a
load with an arbitrary impedance Z. p1, p2, p3 indicate the port numbers used in
the ADS implementation. FDD3P is an ADS frequency-domain defined device (FDD)
component, S3P_Eqn is an ADS S-parameter component.

to ensure an ideal separation between the outgoing and returned energy. This is
done for all frequencies, therefore a time-domain defined linear equation based
S-parameter component is suitable. The FDD component is used to calculate
the reflection coefficient at the source output port by taking the complex ratio
of the voltage of the reflected wave (V3); to that of the incident wave (V>);:

(Vsh
I =" (2.27)
AN
which is used to calculate the required gain mismatch factor
= ! (2.28)
1=K '

As the reflection coefficient (I'); is calculated at the fundamental frequency
only, a frequency-domain FDD device is used?. The source amplitude (V1) is
multiplied by /G, to obtain the specified amount of power flowing into the
connected load Z,. For the FDD, the ports are defined as Z; impedance ports
by relating the port current to the -voltage and impedance. Port 2 is used to
implement the feedback mechanism on the required output power ({I); in
Equation (2.29) below). The ADS implementation is shown in Fig. 2.18. The
adjustable gain block, implemented in the FDD component, makes use of the
following equations:

20Note that (V2)j, = 0 for h > 1.
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V;
()1 = <le>1,
Iy, = -V Em 2.29)
Zs
_(Vsh
(I3)1 = 7

(I1)1 defines the impedance of the FDD port p; being Z, like (I3); does for port
ps3. The adjustable gain is implemented in the port p» equation, specifying (I>);
based on the p; voltage and G, value. For the ADS FDD component, the port
voltages are accessible using _sv(p,h), with p being the port number and h
being the frequency harmonic number.

Example

To show the functioning of the adaptive source, an ADS example is used based
on the example rectifier circuit of Fig. 2.14 as shown in Fig. 2.19. The adaptive
source is shown on the left in this circuit, as a sub circuit symbol of Fig. 2.18 (a).

During the ADS simulation, for each optimizer step, the source is ensuring
adaptively a constant power level, flowing into the connected circuit?!'. This is
important as with the change in load resistance, also the junction resistance
changes and with that the power flowing into the circuit changes when using a
standard source, as shown in the example of Figs 2.14 and 2.15. The requested
power is Ps (which is swept in dBm) and the actual power entering the circuit is
defined as

1
Pyt = ERe(<V1n>I<Iin>T)~ (2.30)

The percent source output power error can be expressed using the normal-
ized requested- P and actual power level P, difference:

Ps—P
Sps = 'SPJ x 100 %. (2.31)

N
The ADS example shows dps < 0.0001 % for P; = —60 to +30 dBm, as shown in
Fig. 2.20. The optimal load resistance value Ry is stable within four optimization
iterations. For each iteration, the optimizer calculates the value of the error

21This is equivalent of a source with a fixed output power and a source impedance which
adaptively matches with the complex conjugate of the load impedance. In a circuit simulator,
a source delivering power consists of a voltage source in series with a source impedance. The
source voltage is calculated based on the required output power and chosen source impedance,
with the assumption that the load impedance is the complex conjugate of the source impedance.
Therefore, using the source output level adaptation is a logical choice in this work.
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0c100_conj_source
Source

f0=f0

Ps=Ps

Zs=Ri Ohm

(a) The ADS symbol.

Vi . V2 . Vs C>
+2 _ P_1Tone L LR -
source I__ I__ Num=1
Nums=1 + +
Z=1s Ohm L,_ 3 3
—t— P=polar(Ps,0) V3
Freq=f0
VAR FDD3P S3P_Egn P2
VAR1 FDD3P1 S3P1 Num=2
refl_coeff=_sv(3,1)/(le-25+_sv(2,1)) 1[1,1]=_sv(1,1)/Zs S[2,1]<1
Gm=1/(1-abs(refl_coeff)**2) I[2,1]=-(_sv(1,)*(Gm**0.5))/Zs S[3,2)-1
I[3,1]=_sv(3,1)/Zs N=Zs
2[2)-Zs
2[3]=Zs

(b) The circuit implementation.

Figure 2.18 ADS implementation of the complex conjugated source: (a) shows the
ADS component symbol, (b) provides the corresponding circuit diagram. The com-
ponent has three parameters: The source frequency fy (Hz), the source output power
P (W) and the source impedance Z; (Q2). The output power is flowing into the load
circuit with the specified amount, regardless of the load impedance.
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function, which consists in this example of the obtained efficiency, and estimates
a better value for the parameter(s) to optimize — in this case — the load resistor.
In the mean time, the adaptive source has its own mechanism of adjusting
its output power using the built-in equations. A low number of optimization
iterations means the chosen optimization method converges easily. For non-
linear circuits this is an important property to keep simulation time under
control. The P_CCM source results shown in Fig. 2.15 are simulated using the

ADS example in Fig.

0c100_conj_source
Source

f0=f0

Ps=Ps

Zs=Ri Ohm

2.19.

SBD_SMS7621_Sischka_model
D

Z1P_Eqn Z1P_Egn
F1 F2
ni=zh IN-Z.F2

|®| HARMONIC BALANCE ||@j

PARAMETER SWEEP I| OPTIONS I

HarmonicBalance ParamSweep Options

HB1 Sweepl Options1

Freq[1]=f0 SweepVar="Pin_dBm" Temp=26.85
Order(1]=h Start=-60 Tnom=26.85

Stop=30
VAR MeasEqn
COZE I | @ | OPTIM I variables meas_eqns

Goal o RL=150e3 {o} P_act=real(0.5*(real(Vin[1]*conj(l_in.i1]))))
OptimGoall opr‘mw Ri=n*VT/ls_nom Pdin=real(0.5*(real(Ve[1]*conj(l_din.i[1])))
Expreteff" th:’r:Typ?Gra - Ps=10**(Pin_dBm/10)*1e-3 P_act_dBm=10*log(P_act*1000)
SimInstanceName="HB1" Maxlters=20 h=35 P_L=ab5(\{L[[l] ‘__U'-!!.I[U])
Weight=2 SIS n=1.064 Zin_c = Vin[1)/I_in.i[1]
LimitType[1]="EqualTo" SaveGoals=yes gji:‘]‘;%m_ o eff-PL/(P_act)
LimitMin[1]=1 i = -

Uil ::::Ez;ﬂ\gzges VT=boltzmann*tempkelvin/gelectron

) Is_nom=0.06541e-6
SR lliEElEETD Z_F1=if (freq > f0 or freq == 0) then 1e-10 else 1e10 endif

Figure 2.19 ADS example of the complex conjugated source usage in the example
rectifier circuit of Fig. 2.14. The sub-circuit of the source is shown in Fig. 2.18. The
equation based component F1 represents the input band-stop filter. F2 is used to
model an ideal capacitor, acting as short for f > 0 Hz. The load resistor RL has a

OptVar(1]-"RL"
GoalName[1]="OptimGoal1"
SaveAllTrials=no

7_F2=if (freq > 0) then 1e-10 else 1e10 endif

resistance which can be optimized.
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Figure 2.20 Simulated percent source output power error, resulting from the complex
conjugately matched source ADS example shown in Fig. 2.19.

2.4 Summary

In this chapter three items have been presented:

a)

b)

c)

40

The benefit of using frequency domain simulation to obtain harmonic insight
in the flow of energy through a non-linear circuit, together with the notation
used to address the different time- and frequency domain quantities used in
this work. The topic of impedance time trajectory is discussed and related
with the frequency domain view. This shows that the time domain view
gives useful insight, where the frequency domain is easier for the design and
analysis of rectifier circuits.

An ideal rectifier circuit is discussed, which eases the basic understanding of
the rectifier topic and is used in following chapters.

Optimal energy transfer is key in making WET beneficial. The optimization
of a non-linear rectifier circuit for optimal efficiency is not straightforward. A
special adaptive simulation source to serve this purpose is presented. This
also provides a method to objectively compare diode types and rectifier
topologies by leaving out the impedance matching circuit. This approach is
used in subsequent chapters. The process of designing the optimal rectifier
circuit is presented.



Chapter 3

Diode Model

In designing WET electronic circuits a rectifying component model is needed to
enable finding the optimal design through circuit simulation. In WET circuits
often a diode is used as the rectifying device. In this work we only focus on the
diode as a rectifying element and more specifically only on the discrete diode —
not the integrated diode or equivalent circuits like diode-switched transistors.
In this chapter we discuss the diode model by looking into the equations that
describe its ideal behaviour and the different methods used to model realistic
diodes.

3.1 Circuit Simulation

The electronic circuit simulations in this work are based on Keysight Technolo-
gies’ ADS software [50]. ADS contains different simulation engines. Two main
types can be identified: the first of them being a SPICE based time domain en-
gine named Transient. The other is a frequency domain engine named Harmonic
Balance (HB). Most WET applications make use of Continuous Waveform (CW)
signal sources, producing a signal with constant amplitude and frequency. In
this work we are focusing on the energy transfer performance of WET circuits.
With a CW source, we can apply a steady state analysis as we are not interested
in the circuit start-up behaviour. For steady state circuit simulations, the HB
frequency domain simulation engine is the most efficient one. When we look
into the details of energy transfer using non-constant signal sources, we will
resort to time domain analysis.
Three problems can make a time-domain technique impractical:

1. Dispersive elements are difficult to analyse in the time domain (e.g. trans-
mission lines, S-parameter described sub-networks). They are typically
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defined in the frequency domain and the translation to a time domain
model require an extra step in calculating the impulse response.

2. Circuit’s time constants may be large compared to the fundamental ex-
citation frequency period. This requires many excitation cycles for the
numerical integration encountered in the circuit equations.

3. Each linear or non-linear reactive element adds a differential equation
to the set of equations describing the circuit. This makes time-domain
simulation slow. HB makes use of a numerical method without differential
equations.

For WET circuits, the first problem is applicable, especially when elements of the
circuit are based on frequency domain measured data or if e.g. printed circuit
board (PCB) transmission lines play a role in the circuit behaviour. The second
problem is also applicable as the circuit load capacitance typically results in a
large time constant compared to the frequency of operation period. The number
of reactive elements is typically not high in a WET rectifier, as each additional
element adds losses. This is the case for discrete circuits and even more for
integrated versions. Therefore the third problem is not applicable, unless a high
number of parasitic elements is included in the model.

An advantage of time-domain analysis is its ability to handle strong non-
linear component behaviour. This robustness requires the non-linearities to be
continuous, so that the time steps can be made short enough to obtain small
enough circuit voltage and current differences [62, 63].

In HB analysis, circuits with both linear and non-linear circuit elements
are divided into two sub-circuits. One with the linear and the other with the
non-linear components. The linear sub-circuit is treated as a multi-port, de-
scribed by its admittance-, scattering- or other parameters and analysed in the
frequency domain. The non-linear elements are described by their I-V or Q-V
characteristics and analysed in the time domain. By making use of the inverse
discrete Fourier transform (IDFT) and discrete Fourier transform (DFT) func-
tions the results are converted between the two domains. We will see later in this
chapter how to model the non-linear diode elements in the time domain. An
example of the HB method is shown in Fig. 3.1 and the HB process is described
in Algorithm 1.

The basic HB analysis process can be described as shown in Algorithm 1,
where Kirchoff’s current law (KCL) is used as pivotal point. This description
uses pseudocode, which is a plain language description of the steps used in the
algorithm. The := sign means assignment. For instance, v[f] := (V)}, means
that the value of (time domain) voltage v[¢] changes to the value of (frequency
domain) (V)y, by using the IDFT function. Same-wise in line 6 (Iy7)p, := inp[?]
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Figure 3.1 HB analysis process for a diode circuit example: (a) division into a linear-
(left) and non-linear (right) sub-circuit, (b) the linear part is analysed in the frequency
domain with I ;y being equal to the voltage (V) divided by the source impedance
(Z)p, (c) the non-linear part in the time-domain with Iy; being equal to the voltage
v(t] divided by the diode impedance Zp, [z].

means that the value of (frequency domain) current (I )j changes to the value
of (time domain) iy [#], by using the DFT function. The loop with (V); adapta-
tion is repeated until the resulting KCL current-error is below maxg, . The result
is a possibly! correct (V) solution with the corresponding currents.

Algorithm 1: Harmonic Balance analysis process.

h=0,1,---, k with k the maximum number of harmonics concerned.
Data: maxy, - max KCL error
Result: (V)j,, (D)

1 (V) :=(V)l0]; /* initial estimate */
2 while | f,| > maxy, do

3 | dondn:=Vpl{Zp; /* sim linear circuit */
4 | v[tl:=(Vip; /* IDFT %/
5 | inpltl:=vltl/zp,[1]; /* sim non-linear circuit */
6 | {(Unp)n:=inLlt]; /* DFT */
7 | fo=Uunn+UND s /* KCL */
8 modify (V)

9 end while

1In general non-linear circuits have multiple solutions. In a practical circuit, a single solution
usually dominates.
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Chapter 3 Diode Model

3.2 SPICE Model

From the preceding section, it follows that the HB simulation approach is the
preferred method to use for WET circuits. HB requires that the non-linear device,
typically a diode, should be modelled in the time-domain with continuous
functions. The de-facto standard diode model used by circuit simulation tools is
the Simulation Program with Integrated Circuit Emphasis (SPICE) model. This
model will be analysed in more detail.

SPICE was first released under the name Computer Analysis of Nonlinear
Circuits, Exlcuding Radiation (CANCER) in 1970 [64] and acquired the name
SPICEI in 1972 [65]. SPICE2 was released in 1975 [66]? and SPICE3 in 1987 [67,
68]3. The junction diode model available in CANCER had a basic functionality,
containing only six parameters without including the breakdown effect. The
SPICE2 diode model is described using 14 parameters, adding the saturation
current /; and junction capactiance C; temperature dependence, flicker noise
and the breakdown effect. The SPICE3 diode model is based on the SPICE2
model also using 14 parameters, with a slight extension, e.g. the addition of
the series resistance R; temperature dependency [69, 70]. The Keysight ADS
pn-junction diode model is described using 68 parameters. The model is built
on top of the SPICE2 model, adding extra parameters for more model details.

This work is based on the SPICE2 diode model, without making use of the
noise equations. One reason for using this model is the fact that diode suppliers
provide SPICE2 model parameters. Another reason is that with the use of the
SPICE2 model as described in this work, enough detail can be obtained to design
efficient rectifier circuits. What follows in the next section is a description of
the relevant SPICE2 pn-junction diode model parameters for WET applications.
Another part of our model is discussed in the Schottky Diode section 3.4, as the
pn-junction diode and Schottky diode models have a considerable overlap in
parameters used for both models. In the remainder of this work, we will use the
word SPICE when referring to the SPICE2 version.

3.3 pn-Junction Diode

The Shockley ideal diode equation [71] or the diode law is used to describe the
diode’s pn-junction current I; dependency on the diode junction voltage V;:

Vi
Ij:IS(e"VT—l), 3.1

2stable release: 2G.6 / 1983.
3stable release: 3£.5 / July 1993.
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3.3 pn-Junction Diode

with I; being the saturation current (A), V; the diode junction voltage (V), n the
diode ideality factor (emission coefficient), that is assumed to be temperature
independent?. V; = kg T/q is the thermal voltage (V) where ¢ is the elementary
charge (1.60218 x 10719 C), k3 is Boltzmann’s constant (1.38065 x 10723 J/K) and
T is the physical temperature (K). In all diode related equations, the temperature
is always in kelvin. We will mostly use degree Celsius in text, tables and figures
for readability. In the reverse bias domain, following

wlirgm I;=~I 3.2)
the diode current saturates at —I; for the ideal diode. The ideality factor n
was not part of Shockley’s equation, but was added later to better match with
non-ideal diode behaviour seen in measurements. Therefore Equation (3.1) is a
semi-empirical equation.’

Both the pn-junction diode and Schottky barrier diode can be modeled using
an equivalent SPICE diode model as shown in Figure 3.2. The model consists of
avoltage dependent current source, parallel to a junction and diffusion capaci-
tance C; both in series with a resistance Rs. This resistance represents different
ohmic resistances present in the semiconductor diode [74]. C; is defined by both
Q; and Qg, which represent the two types of charge storage in a semiconductor
pn-junction, the depletion and diffusion charge. They will be defined later in
this chapter. I; models the impedance of the barrier layer itself and is V; and
temperature dependent [75]. V; is defined across the current source, excluding
R;. V, is the diode voltage, defined across the diode terminals including R;.

The diode equation (3.1) can also be written as a function of the complete
diode voltage V, to include the diode series resistance Rj:

I]:IS

Vy-Rsly
e "r —1]. (3.3)

In this equation R; plays a role as well. Typically, SBDs have a larger R, value
when the saturation current I is larger.

Fig. 3.3 shows the I;-V; relationship from Equation (3.1) and the I;-Vj
relationship from Equation (3.3) for an example SBD. Both the forward- and
reverse bias regimes are shown for absolute values of voltage and current. Next
to the effect of the series resistance, also the temperature effect is clearly visible
in the dashed curves. Besides V7, also I; is temperature dependent, which will
be discussed later.

4For low temperatures (below 250 K), the number of parameters being dependent on tempera-
ture increases [72,73].

5A diode’s ideality factor n with a value larger than one, is not directly related to diode energy
dissipation. It only affects the current-voltage dependency and with that the diode’s conductance.
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C]' —

Figure 3.2 Equivalent SPICE diode model (left) and Schottky barrier diode symbol
(right).
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Figure 3.3 Calculated dc Shockley diode current versus voltage, for a Skyworks
SMS7621 Schottky diode, both for forward and reverse bias conditions, at a tempera-
ture of T =300 K (solid) and T =353 K (dashed). The SPICE diode model parameters,
supplied by the vendor, are used. Also shown is the deviation due to R, from the curve
without Rg being AV = IR;.
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3.3 pn-Junction Diode

Non-linear recurrence relations, as Eq. (3.3), are usually difficult to change
into closed-form equations with standard techniques. If we want to plot the
function I;(V,;) we need to getrid of I; in Equation (3.3)6. To accomplish this, we
make use of the main branch of the Lambert W function [76]: W,. The Lambert
W function is defined to be the multivalued inverse of the function f(z) = ze*.
See Appendix A for details. Rewriting the equation for the diode current as a
function of the complete diode voltage V; (exluding Cj, so I = I}), and using
Ag=IRs/(nVr) and Ay = Vz/nVr, results in:

=1 (3.4)

Wo (Aselseld)
As

This equation is used for the I;-V; curve in Fig. 3.3.

3.3.1 Diode SPICE parameters

In most WET work, e.g. [41,42], the SBD is modelled using the SPICE pn-junction
diode model. The model parameters are listed in Table 3.1. These are typically
specified by the manufacturer on a diode data-sheet. In this work, I}, C ;.0 and
¢, are the values of I5, Cjo and ¢p respectively at a reference temperature Tp.

To give an idea of several commercial available SBDs, an overview is provided
in Table 3.2. These parameter values have been used in the construction of
Fig. 3.3.

5The other parameters I, R, n and Vr are given for a specific diode and temperature.
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Chapter 3 Diode Model

Table 3.1 Diode SPICE parameters

Symbol Name Parameter Unit Default
I IS Saturation current® A 1x1071
R; RS Parasitic resistance Q 0

n N Emission coefficient - 1

Td TT Transit time S 0

Cijo cJO Zero-bias junction capacitance?® F 0

bp V] Junction potential® \Y 1

m M Junction grading coefficient? - 0.5

Yo EG Energy gap® eV 111

pi XTI Is temperature exponentc1 - 3.0

k¢ KF Flicker noise coefficient - 0

arg AF Flicker noise exponent - 1

FC FC Forward bias depletion capacitance coeff. - 0.5

VB BV Breakdown voltage A% 'S}

Ip IBV Current at breakdown voltage A 1x1073
Ty TNOM Parameter specification temperature? °c 27

21n this work I, C}o* ¢’z and T' are used to indicate that I, Cjo, ¢ are speci-
fied at Tj.

blinearly graded junction: 0.33, abrupt junction: 0.5

¢Si: 1.11 eV, Ge: 0.67 eV, Schottky: 0.69 eV(Al-Si), see [77] for other materials.
d pn junction: 3.0, Schottky: 2.0
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3.3 pn-Junction Diode

Table 3.2 Commercially available Schottky barrier diode SPICE model param-

eters

Part IS RS N Cjo V] M FC BV IBV
(LA Q) (pF) (V) (V) (uA)
HSMS-282x  0.022 6.0 1.08 0.7 065 05 - 15 100
HSMS-285x 3 25 1.06 0.18 035 05 - 3.8 300
HSMS-286x 0.05 6.0 1.08 0.18 065 05 - 7.0 10
CDB7620 0.04 4 1.20 0.15 0.495 035 0.5 10 10
CDF7621 0.09 6 1.10 0.11 0.510 0.30 0.5 2.5 10
CDB7619 0.03 30 1.04 0.11 0.540 0.32 0.5 3.0 10
CDC7623 0.11 1.10 0.20 0.510 0.30 0.5 2.5 10
SMS1546 0.3 4 1.04 038 051 036 05 3 10
SMS7621 0.04 12 1.05 0.10 0.51 035 0.5 3 10
SMS7630 5 20 1.05 0.14 034 040 05 2 100
SMS7621-060 0.026 10.3 1.01 0.13 0.51 0.35 0.5 3 10
RBEO5SM20A 5.646 0.234 1.05 40.0 0.50 0.49 0.5 30 1000

For all diodes: TT =10 ps, EG=0.69 eV, XTI = 2.
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3.4 Schottky Diode

In many cases, energy transfer circuits make use of the metal-semiconductor
(MS) Schottky barrier diode (SBD) or in short ‘Schottky Diode’. The main reason
is the low so-called threshold voltage of the SBD’: due to their typically larger
I value and lower n value compared to pn-junction diodes, the SBD reaches a
certain current at a lower (forward biased) junction voltage. In other words: the
diode current of a SBD is more sensitive to the applied voltage than the current of
a pn-diode. As can be seen in Fig. 3.3, a diode does not have a specific threshold
voltage. A threshold voltage could be defined at a specified diode current, but
lacks standardization®. Therefore it is better to plot the diode’s current-voltage
relation to compare one diode with another diode, where a logarithmic current
scale provides best insight.

Different semiconductor physics theories exist to model the Schottky diode
current. The single thermionic emission-diffusion theory by Crowell and Sze
[78] combines the isothermal thermionic emission theory by Bethe [79] and
the isothermal diffusion theory by Schottky [80], and describes the total diode
current using Equation (3.1) but with the restriction: V; > —3V7. For the reverse
bias domain, the SBD is modelled using a special function as we will see later in
this chapter.

We will see that an important difference in modelling, between the ideal pn-
junction model and a Schottky diode, is the reverse bias characteristic. Where
the ideal pn-junction diode model saturates at a fixed —I; level, the Schottky
diode shows a reverse bias current which keeps getting more negative with more
negative bias voltage.

3.4.1 Saturation current model

Shockley’s ideal diode equation (3.1) contains the saturation current variable I.
This saturation current? I; is dependent on temperature. For SBDs, the diode
equation (3.1) is also applicable but the saturation current is described by [78],
named Sze model in this work,

—¢
I, = AAgp- T2e™r 3.5)

with A being the junction area'®, Ag being the effective Richardson constant
and ¢p the Schottky junction potential. A is not dependent on temperature

7 Another reason is a significant difference in diode capacitance, which will be discussed later.
8Multimeters with a diode measurement option indicate the diode voltage drop at a fixed
diode current.
91n fact, the reverse saturation current, as I saturates at — I in an ideal diode.
10for the SMS 7621 estimated to be 638 x 1072 cm?
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3.4 Schottky Diode

but on the typical semiconductor being used and the crystal orientation. E.g. for
metal-Si systems with an impurity concentration of 106 cm™3, for n-type Si, Ag
has a value of about 110 A/cm?/K?. For p-type Si this is around 30 A/cm?/K?. In
equation (3.5), the emission coeffient n is added to obtain a proper fit between
the forward and reverse I;-functions. This is like the 7 factor used in the semi-
empirical pn-junction diode model which ideally also doesn’t need this factor.
The equation has proven to match measurements well, as will be shown later.

The SPICE pn-junction diode model is based on another equation for the
saturation current. In the early 50s this was modeled as [81], and in this work
named the Schaffner model,

I =Le" T, (3.6)

with a being the I temperature coefficient. Later, this relationship was adjusted
and is what is used in SPICE [70]:

i/}’l I (1!
(%)p e["%r( T’ )], 3.7

I =1
with I’ being the saturation current at T’ — the reference temperature 1, p;
being the Is temperature exponent. The quantity v’ is the energy gap (barrier
height, band gap or activation energy) at T', used to differentiate between dif-
ferent types of diodes 2. Equation (3.7) is equal to Equation (3.6) at T = T"
for a=vy'/(nVy T') = 0.089 K~'. Figure 3.4 shows the difference between the
three models, Equations (3.5), (3.6) and (3.7), for a SMS 7621 Schottky diode.
Comparing the SPICE- with the Sze model, we see that the SBD I; parameter
is modeled within 50 % error above 20 °C. The largest difference, at the lower
temperatures: a factor of 10 around T = —30 °C.

3.4.2 Reverse bias model

Connecting a pn-junction with the n-type region to the positive- and with the
p-type region to the negative terminal of a battery makes the junction reverse
biased. In this situation, almost no current will flow through the diode. The
current flowing is the reverse bias leakage current that flows until the diode
breaks down, when a sufficient high voltage is applied to the pn-junction. For
the SPICE model, Shockley’s ideal diode equation (3.1) describes also the reverse
bias behaviour, where the diode current saturates at — I for large reverse bias
voltage values.

Hthe default value in SPICE is 300 K (26.85 °C).
1244" equals for Si: 1.11 eV, Ge: 0.67 eV and for Schottky: 0.69 eV.
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Figure 3.4 Calculated diode saturation current versus temperature of a SMS 7621
diode, showing the SBD model by Sze [78] using ¢ = 0.47, the earlier pn-junction
diode model by Schaffner [81] and the SPICE model [70] using p; = 2 and ¥’ = 0.69.
These correspond to Equations (3.5), (3.6) and (3.7). The other relevant diode param-
eter is: n =1.064. Both ¢ g and n are adjusted to match measured data, which we will
see later in this chapter.

The Schottky barrier diode is of a physically different construction compared
to the pn-junction diode [69]. Therefore a different equation should be used to
model its behaviour properly. In this work, the reverse SBD characteristics are
modelled using [78]:

2ol )l )
Iy =—1j=AARTel "rle o) (3.8)
with
ZC]ND
E= (—Vj+ Vi = Vr), -V <Vj<-28Vr, (3.9)
€s

being the magnitude of the electric field and where ¢y = ¢pp + Z—?}Vj is the
Schottky junction potential including its sensitivity to V;, Np is the donor impu-
rity density, € is the semiconductor permittivity and Vj; is the built-in potential.
The junction voltage range has a lower limit at the breakdown voltage —Vp (more
on that later) and an upper limit which is in literature set at —3 V but taken here
slightly higher at —2.8Vr to have a more smooth transition between the different
domains. This eases convergence in circuit simulation.

The reverse bias current is shown in Fig. 3.5 as a function of the junction
reverse voltage. It is composed of the reverse bias equation (3.8) and the part
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Figure 3.5 Reverse bias diode current versus reverse bias junction voltage of a SMS
7621 diode, using the SBD model by Sze [78]. Equation (3.1) for the junction voltage
range V; > -2.8Vr is named 'forward’ (orange), the reverse bias equation (3.8) re-
verse’ is used for the range V; < —2.8V7 (blue). We call the V; = —2.8Vr point the
model switch-over voltage. The curves used are shown solid, the dashed ones are
the non-used ranges of the corresponding equations. The diode model parameters
used are p; = 2, ¥ = 0.735 (' = 0.69), ¢ = 0.47V, dp/dV; = 0.008, R; = 23 Q,
I; =65.41 nA and n = 1.064, at a temperature of 27 °C.

corresponding to the forward equation (3.1)!3. We will see later in this chapter
that the Sze I; and reverse bias equations better match with measured data. For
the V; > —2.8V7 region the Sze SBD equation is equal to the SPICE equation and
fits well with measured data.

3.4.3 Breakdown region

When the reverse bias voltage is increased, the diode can enter the breakdown
region. There are three breakdown mechanisms: thermal instability, tunnelling
effect and avalanche multiplication [78]. These are non-destructive and re-
versible, as long as the semiconductor material is not overheated, which causes
thermal damage. The avalanche multiplication is the most important mecha-
nism in junction breakdown.

In simulations, the reverse-bias breakdown effects should be taken into
account. In the SPICE model, two parameters are available in this respect'*:
BV (breakdown voltage V) and IBV (current Iz at breakdown voltage Vg). A

13ywhich is also the SPICE forward- and reverse bias equation.
145ee Table 3.1.
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Table 3.3 Reverse-bias low current leakage region

Author Equation Region Ref.
SPICE® Ij =I5+ VjGuin ~Vp < Vj < -5nVr [69,83]
Vladimirescu I; = —Is + VjGmin —Vp<Vj<-5nVr [70]
Brinson®  I; = I (eVi/"Vr — e=(BVertV)/nVr (84]
%)
nVT
Sandler®  I;=-IBVe VstVi/Vr [85]
ADS¢ Ij =—Is—1BVe VetVp/muVr Vj<-10nVr [82]
. . V;
Piotrowski® I;j=-1I Sﬂ_‘;r -XBV <V;<0 [86]

3 The SPICE diode model, as described by Massobrio [69].

by equals forward emission coefficient, BV is based on Vp —
nVrIn(IBV/I;gy) with I;gy = —I(e”V8/"Vr — 1),

¢ This is the PSpice®model [69].

d 1y is reverse breakdown ideality factor (default = 1.0).

¢n=1inforward- and n=0.1---1.0 in reverse-bias regime. XBV is a SPICE

generated term: XBV = Vg — nVrIn(+2%) with IDBV = — I (e”V#/"V1 — 1),

common understanding of the SPICE model for the reverse-bias region seems
to be lacking. Tables 3.3 and 3.4 list different versions for the junction current,
found in literature for both the reverse bias leakage and breakdown regions.
In the exponential terms, the factor Vr is sometimes multiplied by #n, being
often the forward emission coefficient, but sometimes »n represents a reverse
breakdown ideality factor. It can also be noticed that continuity is not always
guaranteed at the boundary between the leakage and breakdown region (in case
of Vladimirescu). In the Piotrowski equation, the SPICE internal parameter X BV
is used and required to maintain continuity between the two regions. The ADS
diode model is the most extensive one. Several extra parameters are available like
Nyy, being the reverse breakdown ideality factor (ADS equation), for more see
[82]. Fig. 3.6 provides a view on the different models for the reverse-bias region.
Fig. 3.7 shows the same reverse bias model curves at different temperatures.
This gives a better insight into the different temperature dependencies of the
various models. When we compare these models with measured data'®, the
Piotrowski comes closest but is far from accurate. In this work we will make use
of a model based on measured data, to be more accurate.

15this will be presented later in this chapter
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Table 3.4 Reverse-bias breakdown region

Author Equation Region Reference
SPICE Ij=—I(e”VerVIVr — 1) 4 Vg / Vrp Vi<-Vg  [69,83]
Vladimirescu I; = —I(e”Ve+V)/Vr —1) - IBV Vi<-Vg  [70]
Brinson I;=I(eVi/nVr — g~ (BVertVi)InVr 4 iL‘}T“) (84]
Sandler I;=—1BVe WVstVi)lVr [85]

ADS Ij=—I;—IBVe VstV mnVr Vj<-10nVr [82]
Piotrowski  [; = —Is(e”XBV*InVr 14 ZBY) v, <-XBV [86]

3.4.4 GMIN element

To prevent failure of the time-domain analysis, in SPICE a variable named mini-
mum conductance (GMIN) is build-in. This minimum conductance is used to
protect against an ill-conditioned set of nodal equations and has a default value
of 10712 U. This conductance is placed parallel across the diode junction (in
fact from every node to ground). It is also highly recommended to have a ratio
between large and small resistances of less than 102 [70].

3.4.5 Charge storage

Two types of charge storage control the variation in time of a semiconductor
pn-junction, the diffusion and the depletion- or junction charge. The diffusion
charge Qg is defined as [69]

Qa=71al; (3.10)

with 74 being the SPICE diode model average transit time TT of the minority
carriers. A Schottky barrier diode has 74 = 0, because of the absence of minority
carriers — therefore the diffusion charge plays no role. The junction charge
equation is shown next.

The complete diode capacitance equation, containing both forms of charge
storage (with the diffusion capacitance in the left term and the junction capaci-
tance in the right one):

Cj
— for V; < FC- ¢,
AV, /g5 orVy<Ft-os
j=Td 8d c, m(V; - FC-¢p)
1+ fOI‘VjEFC-(,bB.
(1- FC)m $5(1—FC)
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Figure 3.6 Calculated diode reverse bias current against reverse junction voltage of an
Avago HSMS-2852 shown for different models at a temperature of 27 °C. BV is set to
3.8 V. In the Piotrowski model, n = 1.0 was used.

Cjo, ¢, FC and m represent the zero-bias junction capacitance CJO, built-in
junction potential VJ, junction capacitance coefficient FC and junction grading
coefficient M, respectively'®. C ; is formed by the insulating barrier between the
two diode contacts, being the depletion layer in the substrate. From this equa-
tion we see that the value of C; is dependent on the large-signal, time-varying
voltage V; across the diode junction (excluding R;) [87]. The junction capaci-
tance C; is also dependent on temperature as both Cjo and ¢p are temperature
dependent and modeled as [70]
/
400x 1057 — 1)~ 22— 9B
Py

in which C}o is the zero-bias junction capacitance as specified at reference

(:jO = (:}0 { 1+m

}, (3.12)

160, V], FC and M are SPICE diode model parameters as presented in table 3.1.
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Figure 3.7 Calculated diode reverse bias current against reverse junction voltage of an
Avago HSMS-2852 shown for different models at (a) a temperature of —40°C and (b) a
temperature of 80°C. BV is set to 3.8 V. In the Piotrowski model, n = 1.0 was used.

temperature 7', m is the junction gradient coefficient and ¢p and ¢'; are the
junction potential of which the latter is specified at T’ and the former, being
temperature dependent, is defined as [70]

T, TS [T
5= —ZVTln(F) | —w] , (3.13)
with ¥’ and v being the energy gaps EG at T’ and at the actual temperature,
respectively. The energy gap v is also temperature dependent. Calculations and
measurements show that ¢ decreases for most materials with rising temperature
and is usually modeled in compact form by use of the Varshni equation [88]

T2

m, (3.14)

Y=Yo—-a
where 1 is the gap’s width extrapolated to T =0 K, @ > 0 and § > 0 are material
parameters. Table 3.5 provides values of a and S for Si and GaAs.

The above equations provide enough detail and accuracy for the type of work
described in this thesis. More details on e.g. the nonlinear bias dependence
of the barrier height or general Schottky barrier modeling details can be found
in literature [89, 90]. As v is defined at T = 0 K in Equation (3.14), the 0.69
value at room temperature should be specified using ¥ = 0.735, which will
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Table 3.5 Energy gap of silicon and
gallium arsenide

Material a(eV/K) BEK)
Sid 7.02x107* 1108
SiP 49%x107* 655
GaAs 5.80x107* 300

2 After Varshni [88], accurate
up to 415 K (142 °C)

b After Alex [91], accurate up
to 750 K (477 °C)

be used in this work when ¢’ = 0.69 is applicable. The SBD energy gap or the
Schottky barrier voltage EG parameter is typically set to a value of 0.69. When
SPICE just came out, this value was used as a SBD default, corresponding to
an aluminium-silicon contact [69, 70]. The actual value depends on the type of
materials chosen and can vary form 0.3-0.9 [77].

The diode capacitance equation (3.11) consists of two parts. The upper
one is the Fleri-Cohen equation [87] and becomes singular at V; = ¢p. For
this reason numerical simulators, like SPICE, make use of the extra lower part
of Equation (3.11), which is a linear approximation to the upper part. A new
parameter FC is introduced for this approximation. Normally under a large
forward bias situation, the diffusion capacitance will dominate over the junction
capacitance, which is not exactly modeled using this two-equation approach.
The diffusion capacitance is approximately proportional to the square of the
intrinsic carrier concentration and thus depends on the semiconductor bandgap
and temperature in an exponential fashion (e_”’/ ks T). Therefore the junction
capacitance tends to be significant for devices with a large energy band-gap
and/or operating at low temperatures. As the diffusion capacitance is not present
in Schottky diodes, Equation (3.11) should be used with care for these devices
in this region. A physically justified model for the semiconductor space charge
region capacitance is proposed by Van Halen [92]. This model only requires the
zero bias capacitance, the built-in potential and the junction grading coefficient
as input parameters, eliminating the fitting parameter FC used in SPICE. For
voltages larger than the built-in potential the space charge layer consists of
charge carriers being injected into the regions adjacent to the metallurgical
junction, and the junction capacitance value will decrease [93]. This effect is not
accounted for in the current SPICE diode model. The Van Halen equation for
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3.5 Diode Current-Voltage Measurement

the space charge region junction capacitance is [92]

Ci=Cjo 1—&+ﬁe(‘/f‘¢3”VT . (3.15)
¢ 2¢p

An example of using the above set of equations, defining the diode’s junction
capacitance, is provided in Fig. 3.8. For an Avago HSMS-2852 Schottky diode,
the following is shown: the Fleri-Cohen equation (3.11 upper part), the SPICE
equation (3.11) and the Van Halen equation (3.15). In this figure, the singularity
of the Fleri-Cohen model is clearly visible.

Later in this chapter we will present an ADS implementation of a SBD in-
cluding the model of the diode capacitance. The three equation options are
included in this model. From using this model in the rectifier circuits presented
in this work, we see that the diode junction typically stays below the point where
the three equations diverge. This is due to the rectifier self-biasing effect caused
by the dc-current causing a dc-voltage at the rectifier output. The conclusion is
that for the circuits in this work, it doesn’t matter which of the three equations is

used.
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Figure 3.8 Diode junction capacitance value of an Avago HSMS-2852 using Eqs (3.11)-
(3.15), as a function of diode junction voltage V; and temperature, shown for the
Fleri-Cohen (dashed), SPICE (dash-dot) and Van Halen (solid) models.

3.5 Diode Current-Voltage Measurement

In order to verify the typically used SPICE diode models, a series of dc current-
voltage measurements is carried out. The data is compared with the diode
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Chapter 3 Diode Model

equation (3.1) part of the diode model. This is the voltage controlled current
source and series resistance in Fig. 3.2. In this section two different SBD types
are measured on their dc characteristics and compared to the SPICE diode dc
performance, including the temperature dependency.

To validate the diode current-voltage (I-V) model, a measurement is carried
out on five Avago HSMS-2852 and Skyworks SMS7621 diode pairs (ten diodes of
each type). Using multiple diodes provides insight into component to compo-
nent variation. The limited number of 10 diodes for each type was chosen for
practical reasons. The ability to manually switch between the diode samples,
when using a temperature chamber, did set the practical boundary. For accu-
rate current measurement results an Agilent (Keysight) B1500A Semiconductor
Device Analyzer is used together with a CTS climatic test cabinet (series C) to
control the environmental temperature. For each of the diodes, both the forward
and reverse dc I-V characteristic is measured by applying a voltage between the
anode and cathode and measuring the resulting diode current. This is done at
temperatures of —40, 0, 26.85, 40 and 80 °C. Fig. 3.9 shows the test PCB used
for the measurements and Fig. 3.10 shows the B1500A, measuring an Avago
HSMS-2852 forward I-V curve at 0 °C.
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o o

3
E

s o

2 1 /2 1/f2 1/]2 1]2 1

3
D

3 3
B C

3
A

Avago HSMS-2852

2 1

o oo ofle oo oo e
2 1|2 1f2 1|2 1|2 1
A B C D E
o o |la oo o|le oo e
3 3 3 3 3

pin-header

Figure 3.9 Test PCB used to measure Avago HSMS-2852 (upper) and Skyworks
SMS7621 (lower) Schottky diode pairs containing 10 diodes named D1-D10. The

5 diode pairs are named A-E for each type and connected to pin-headers above/be-
low, numbered Al, A2, etc. The diodes are accessible as (anode-cathode): D1 = A3-Al,
D2 =A2-A3, D3 = B3-Bl, etc.

The measured SMS7621 reverse- and forward-bias currents are shown for
T =26.85 °Cin Fig. 3.11. From this figure we can see that among the 10 diodes,
a minimum and maximum diode response can be found, as well as a calculated
mean response. For the SMS7621 a minimum response is found for diode 5
(D5) and a maximum response for diode D2, where diode D6 shows the closest
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3.5 Diode Current-Voltage Measurement

Figure 3.10 Agilent BI500A Semiconductor Device Analyzer measuring an Avago
HSMS2852 diode forward I-V curve at 0 °C.

response to the mean response. For the HSMS-2852 these diodes are D10, D5
and D3, respectively.

The measured HSMS-2852 reverse bias current at its specified breakdown
voltage of BV = 3.8 V matches the data sheet!”’. For the SMS 7621 this is not
the case as the measured value of 0.5 yA at BV = 3 V is a lot less compared to
the specified 10 uA. A measurement based model will result in a more accurate
SMS 7621 model on this aspect.

17The measured HSMS-2852 bias currents are available at a later section.
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Figure 3.11 Skyworks SMS7621 current measurement on 10 devices against bias volt-
age at T = 26.85 °C, together with the mean response (dashed line).
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3.6 Schottky Diode Model

As the SBD has a clear difference in behaviour compared to the pn-junction
diode, it is useful to create a SBD model for circuit simulation. Different tech-
niques can be applied to obtain a proper model, being a representation of the
real world within acceptable margins. In this work, two different approaches are
investigated: the use of a macro model and an equation based model. A macro
model consists of available simulator circuit element models and therefore
doesn’t require a user to build an equation based model.

For both the Avago HSMS-2852 and Skyworks SMS 7621 diodes, the two
approaches are applied. The first approach makes use of the first Russell method
[94] (three-point I-V method), as forward bias region model. The reverse bias
region is modelled using a macro model. Secondly the diodes are modelled
using equations only, corresponding to the physical Schottky barrier devices,
which are different from the pn-junction diodes.

3.6.1 Forward bias model

First the Avago HSMS-2852 and Skyworks SMS 7621 diodes are modelled, follow-
ing Russell’s method by selecting three data points dj, d», d3 on the measured
I-V curves, corresponding to V1, V», V3 for the forward voltage points and I3, I», I3
for the corresponding forward current points. Secondly, the series resistance R
is calculated using

(Vo= Vi) + (V/ —V){ln(é)
2 1 1 3 T

in(3)

Rs= : (13 , (3.16)
o
(I — L)+ (I —13>{ 2 }
In(2)
the emission coefficient N is calculated using
(1 =Wo)+Rs(Ir — I) (3.17)
VT In (%)
and the saturation current I as
I
Ij= —— (3.18)

Vi-Rsly ) *
e( 1”VT 1)
With the obtained R, n and I values, the dc diode model is available using

Equation (3.3). Fig. 3.12 shows the results. To draw the model curves in this
figure, Equation (3.4) is used.
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Figure 3.12 Forward I-V nominal diode measurement at a temperature of T = —40, 0,
27,40 and 80 °C together with the Russell model (dashed) and -data points d;, da, ds.
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3.6 Schottky Diode Model

The obtained error between model and measured values is calculated using
anormalized root mean square error (NRMSE) enrums defined as

Y leil?
N

ENRMS = (3.19)

with N being the number of data-points and €; being the normalized error at
the i-th measured data point, defined as

_ Id,model - Id,meas

; (3.20)

Id,rneas
The choice for the d;, d» and ds values is made to obtain the lowest exgMs.
When applying the first Russell-method to the measured data, temperature
dependent values become available for R;, n and I;. A comparison shows
that using a fixed value for R and n (taken at T = 300 K or 26.85 °C) gives
almost the same error between model and measurement, compared to the use
of temperature dependent values. As diode simulation models typically don’t
provide a temperature dependence on these parameters, the fixed values are
used.

With fixed R; and n values, the method still obtains a temperature depen-
dent saturation current /5. This temperature dependence is modelled in SPICE
using Equation (3.7), and shows an almost straight line, when plotted on a log-
arithmic scale against temperature. To further improve the measured data fit
of the model, the energy gap at a temperature of T = 300 K, v/, is manually
optimized. For Schottky Barrier Diodes (SBD) the energy gap is equal to 0.69 eV
at T =300 K, according to literature and datasheets [69, 78,94]. The value for
v’ giving the lowest exgrys value, is found to be ¢'=0.310 eV (o = 0.355 eV)
for the Avago and y'=0.460 eV (1 = 0.505 eV) for the Skyworks type'®. This
provides the lowest engms value for the error in the modelled saturation cur-
rent against the 5 different temperature values. The ¢’ value can be used for
I-V modelling over all temperatures and junction capacitance C; modelling at
T =300 K only. A diode C-V measurement is necessary to verify Equation (3.13).
Apparently the datasheets of the Avago HSMS-2852 and Skyworks SMS7621 look
inaccurate in stating EG = 0.69 as value for this SPICE parameter. These Schottky
diodes likely have a different combination of semiconductor material and metal-
type compared to other — previously more commonly used — Schottky diodes.
Semiconductor physics literature provides tables which report the EG value for
different material combinations [78]. Fig. 3.13 shows the mismatch between

18Correcting the obtained saturation current at 25 °C to 26.85 °C (300 K), we have
I}, =5.541 x 1075 A for the Avago HSMS-2852 (the Skyworks SMS7621 was measured at 26.85 °C,
therefore no correction is needed for this type).
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Chapter 3 Diode Model

the datasheet SPICE model parameters and the measured data. Modifying the
SPICE Energy gap EG parameter is not new. A power Schottky diode example
shows lowering of the EG value of a silicon 1N5817 diode from the original
supplier value of 1.11 eV into 0.6 eV, found from temperature dependent I-V
measurements [95]. They also report a series resistor R temperature depen-
dence. The energy gap EG value is in reality even temperature dependent, as
shown in literature [73, 96, 97].
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Figure 3.13 Avago HSMS2852 forward I-V measurement on 10 devices at a tempera-
ture T = —40, 0, 40 and 80 °C (straight). Also shown are the calculated SPICE model
curves, based on the Avago data-sheet SPICE parameter values (dashed) for the same
temperature values. The mismatch between model and measurement is clear with a
ENRMS, forw of 77.1 %.

Tables 3.6 and 3.7 provide an overview of the obtained forward bias model
parameter values. The obtained enrms error is clearly smaller for the Russell
method model result compared to the data-sheet SPICE model parameter values.
This is mainly due to the improved ¥’ value, resulting in a more accurate diode
current temperature dependency.

3.6.2 Reverse bias macro model

For the reverse bias situation, the ideal pn-junction diode model does not result
in a fit on the measured values. One way to obtain a more accurate SBD model
is to make use of a macro model, which can e.g. be based on standard SPICE
elements. This will result in a model that corresponds better with a realistic
diode instead of an ideal diode. Diode macro model examples are suggested by
Sandler [85], Piotrowski [86], Lepkowski [98], Sischka [99] and Wong [100].
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3.6 Schottky Diode Model

Table 3.6 HSMS-2852 Russell method forward-bias model result and
data-sheet SPICE model parameters. Extracted temperature range:
—40---+80°C.

Parameter minimal nominal maximal data-sheet unit

Ry 26.2 24.0 21.0 25 Q
n 1.130 1.141 1.141 1.06

I 4.96 5.57 6.55 3.00 LA
v 0.32 0.31 0.31 0.69 ev
Wo 0.365 0.355 0.355 - ev
ol 0335  0.335%  0.335° 0.35 \%
ENRMSforw 428 4.35 5.30 77447 %
diode D10 D3 D5

4 Compared with nominal diode D3. See also Fig. 3.12.

Table 3.7 SMS7621 Russell method forward-bias model result and data-
sheet SPICE model parameters. Extracted temperature range: —40--- +
80 °C.

Parameter minimal nominal maximal data-sheet unit

R, 26 17 40 12 Q
n 1.055 1.068 1.081 1.05

I 51.6 55.0 121 40 nA
g 0.465 0.460 0.404 0.69 eV
Yo 0.510 0.505 0.449 - eV
(,b'B 0.335% 0.3352 0.3352 0.35 \Y
ENRMS, forw 5.26 3.88 7.16 72482 %
diode D5 D6 D2

2 Compared with nominal diode D6. See also Fig. 3.12.
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As an example the Sischka macro model is applied to the Avago HSMS-
2852 and Skyworks SMS 7621 SBDs using a reverse diode, placed parallel to
the forward diode. The advantage of this model is the usage of a second SPICE
diode model, only having a few odd (not typical for a diode) parameter values.
Fig. 3.14 shows the schematic of the macro model. Due to the fact that the
breakdown effect is included in the measured curves by nature, we should not
make use of the SPICE breakdown parameter BV when the model is fitted to
the measured data. The reverse-bias leakage region is mainly modelled by the
reverse diode D,. This diode has special values for the series resistance Rg;, the
emission coefficient n,, the saturation current I, and its temperature coefficient
pir- The reverse diode zero-bias junction capacitance Cjo; is set to zero as this
capacitance is already modelled by the forward diode. All other parameters have
the same values as in the forward diode model.

SBD

(@)

Figure 3.14 SBD Sischka macro model schematic with forward- and reverse-bias
elements: a) Schottky diode circuit component, b) macro model consisting of SPICE
diode models. D is the forward- and D, the reverse-biased diode, c) detailed diode
macro model. The model parameters are given in Table 3.8. I; is the diode current,
R; is the forward diode series resistance, R;;, is the reverse diode series resistance, I;
the forward diode junction current, [, is the reverse diode junction current, C; is the
forward diode junction capacitance.

The reverse diode parameter values are found by manually matching the
calculated response with the measured mean result for minimal engns, after
first applying the first Russell method for the forward diode parameter values.

The resulting HSMS-2852 and SMS 7621 reverse-bias SPICE diode parame-
ters are provided in Tables 3.8 and 3.9.
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Table 3.8 HSMS-2852 SPICE Sischka reverse-bias macro model and data-
sheet SPICE model parameter.

Parameter minimal nominal maximal data-sheet unit

A 0.3358  0.335%  0.335% 0.35 %
Rsr 3.50 2.80 1.42 - kQ
n, 31.1 30.2 30.0 -

Isr 6.9 8.0 11.97 - LA
Dir 415 368 320 -

ENRMS,rev 13.14 12.88 12.48 143.8° %
diode D10 D3 D5

3 Derived from measured data in equation based Sze-model
process.
b Compared with nominal diode D3. See also Fig. 3.12.

Table 3.9 SMS7621 SPICE Sischka reverse-bias macro model and data-
sheet SPICE model parameter.

Parameter minimal nominal maximal data-sheet unit

(/)33 0.4702 0.4702 0.4702 0.51 A%
Ry, 3.6 42 10 - kQ
n, 48 47 48 -

I 42 43.4 200 - nA
Pir 860 862 730 -

ENRMS,rev 19.36 17.52 23.34 126.3° %
diode D5 D6 D2

3 Derived from measured data in equation based Sze-model
process.
b Compared with nominal diode D6. See also Fig. 3.12.
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ADS Sischka macro model

The ADS implementation of the SBD Sischka macro model is shown in Fig. 3.15.
This model includes the reverse bias breakdown effect — up to the maximum
reverse bias voltage used — and is based on the measured nominal SMS 7621
diode.

Diode Diode
DIODE4 DIODET
Model=HSMS2852_forward_nom Model=SMS7621_forward_nom
Temp=temp Temp=temp
NI NI
L1 L1
P3 L1 P4 P1 L1 P2
Num=3 ™~ Num=4 Num=1 ™~ Num=2
Diode Diode
DIODE3 DIODE2
Model=HSMS2852_reverse_nom Model=SMS7621_reverse_nom
Temp=temp Temp=temp
=] ==
Diode_Model Diode_Model Diode_Model Diode_Model
HSMS2852 forward_nom  HSMS2852_reverse_nom SMS7621_forward_nom SMS7621_reverse_nom
1s=5.57 uA Is=8 uA 1s=55.0 nA Is=43.4 nA
Rs=24 Ohm Rs=2.8 kOhm Rs=17 Ohm Rs=42 kOhm
N=1.141 N=30.2 N-=1.068 N=47
Tt=10 psec Tt=10 psec Tt=10 psec Tt=10 psec
Cjo=0.18 pF Cjo=0 pF Cjo=0.10 pF Cjo=0 pF
Vj=0.335V Vj=0.335 V Vj=0.470 V Vj=0.470 V
M=0.5 M=0.5 M=0.35 M=0.35
Fc=0.5 Fc=0.5 Fc=0.5 Fc=0.5
Bv=1e3 V Bv=1e3 V Bv=1e3 V Bv=1e3 V
Ibv=10 uA Ibv=10 uA Ibv=10 uA Ibv=10 uA
Xti=2 Xti=368 Xti=2 Xti=862
Eg=0.355 Eg=0.355 Eg=0.505 eV Eg=0.505 eV

Figure 3.15 ADS Sischka macro SBD model based on nominal measured HSMS-2852
and SMS 7621 diodes. The reverse bias breakdown effect is inherently covered in the
model as this effect is included in the fitted reverse diode behaviour.

The HSMS-2852 comparison between this model and the nominal measure-
ment D3 is shown in Fig. 3.16 (a). Likewise for the SMS 7621 the comparison be-
tween the macro model and the nominal measurement D6 is shown in Fig. 3.17
(a). The model provides a better match compared to the ideal SPICE model. The
reverse current model engyvs for the nominal HSMS-2852 diode, equals 12.9 %
where the SPICE model with supplier parameter values obtains 143.8 %. For
the SMS 7621 these numbers are 17.5 % and 126.3 % respectively. Having a
different series resistance for forward (R;) and reverse (R;,) bias voltages is an
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3.6 Schottky Diode Model

advantage for the Sischka model, compared to the Sze model (presented in the
next section). This model is compared to the measured data in Figs. 3.16 (b) and

3.17 (b) and shows a larger error mainly at T = —40°C.

A likely cause for this is the fixed series resistance R; value used both for the
forward and reverse bias regions, where a different reverse bias R, is included
in the Sischka macro model.
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Figure 3.16 Comparision of calculated HSMS2852 reverse bias models and nominal
diode D3 measured data for different temperatures 7.
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Figure 3.17 Comparision of calculated SMS7621 reverse bias models and nominal
diode D6 measured data for different temperatures 7.
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Table 3.10 Statistical data for the HSMS-285X family?.

Param. data-sheet max min mean std.dev. percent unit

Ry 25.0 493 257 422 6.03 143% Q
n 1.055 1.176 1.056 1.098 0.03 2.6 %

I 3.0 420 143 2.56 7.02 274% pA
Cijo 0.17 0.256 0.185 0.218 0.018 82% pF
BV 3.8 6.3 3.3 4.8 0.93 194% V

4 Avago data taken from lot 5549#05 (January, 1997)(C.L. Lim — Avago,
personal communication, 21 September 2015).

To provide another viewpoint on the possible spread on the SPICE param-
eters, statistical data measured on a batch of 20 HSMS-285X diodes, provided
by Avago is shown in Table 3.10. Note the difference between the data-sheet
nominal and mean values. The observed offset in y( with the data-sheet value
of 0.69 was not recognized by Avago!®. Also ¢’ = 0.35 is kept as is.

3.6.3 Equation based Sze model

The equation based SBD model, named Sze model in this work, is based on
equations (3.1), (3.5), (3.8) and with one of the reverse-bias low current leakage
and breakdown region equations from Tables 3.3 and 3.4. From the I-V mea-
surements it follows that BV > 4 V, which means that for the typical RF-power
levels (P; < —5 dBm) used in radiated WET, the breakdown region is not reached
for both measured diode types. This work also contains simulation graphs with
input power levels up to +30 dBm. In these results, the breakdown effects of the
specific diodes are not included. This is done to keep the results more generally
applicable, as each diode type has a different breakdown voltage.

Tabel 3.11 contains the parameter values for the Sze-model, obtained using a
manual optimization process. For the forward biased region, this model is equal
to the Sischka macro model, they differ on the reverse bias region. A reverse
bias comparison of the Sze model results with the measured data is shown in
Fig. 3.16 (b) for the HSMS2852 SBD and in Fig. 3.17 (b) for the SMS 7621 SBD.
For finding the diode model parameter values: first estimate d¢z/dV; based on
a forward biased dc-measurement, to find the proper gradient for the I; versus
Vj curve. Next estimate the reverse bias parameters to have a smooth transition

19personal communication with C.L. Lim — Avago, 21 September 2015.
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Table 3.11 HSMS2852 and SMS7621 derived physical Sze-model

parameter values.

Parameter HSMS2852 SMS7621 unit

R, 24.0 23.0 Q

n 1.140 1.064

A* 32 24 Alcm?/K?
Y 0.335 0.470 \Y

Np 15 x 10%2 1x 10?3

Vi 0.12 0.05 \Y%

€sleg 11.8 11.8

O3 ¢p+0.015Vp ¢p+0.008Vp \Y%

A 185x 1079 638 x 1079 cm?

Vi, @ —2.0Vy —2.8Vp \Y%

Yo 0.355 0.505 eV

ENRMS, forw 4.35 3.88 %

ENRMS, rev 24.5 17.2 %

nominal diode D3 D6

4 Switch-over voltage between reverse and forward current
model (see Fig. 3.5).

between forward- and reverse bias functions, also for the first- and preferably
second derivatives, as that eases convergence in simulations.

The Sze reverse bias model shows in particular a mismatch with the mea-
sured data for the T = —40 °C case and high drive level (which causes the dc bias
voltage to be larger, resulting in a more negative diode voltage swing). A likely
cause for this is the fixed series resistance R value used both for the forward-
and reverse bias regions, where a different reverse bias R;;, is included in the
Sischka macro model. See Fig. 3.18 (b) for a schematic representation of the Sze
model.

ADS Sze model

The ADS implementation of the SBD Sze model is shown in Fig. 3.18, showing
the series resistance R, as R1, the parallel GMIN element as R2 (see Section 3.4.4),
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3.6 Schottky Diode Model

the non-linear junction resistance symbolically defined device (SDD) element
and the non-linear junction capacitance C; as X5. The junction resistance
equations implementation is shown in Fig. 3.19 and the junction capacitance
model sub-circuit is shown in Fig. 3.20.

—>—

diode_model
D1

Is=ls_nom

N=n

Rs=12
Cj0=0.2e-12
VJ=0.47
FC=0.5
EG0=0.735
XTI=2

M=0.35
Dmodel="Sze"
cap_model="SPICE"

(a) Sze SBD circuit compo-
nent with parameters.

O ”
R
P1 R 1 SDD1P <1 SDDca
Num=1 R1 Rz ) ] SDDNP1 X5 ’
R-RS Ohm < R=l/diode_gmin I[1.0]-model_eqn Xl Cjo=Cjo
|0 M=M
I Cport[T]- o] wew
o ! EGO-EGO
alpha=alpha
;im=2 beta=beta
FC=FC

cap_model=cap_model

(b) Sze model sub-circuit implementation. R2 respresents the GMIN
element, X5 the junction capacitance C;.

Figure 3.18 ADS Sze SBD model implementation. See Fig. 3.19 and 3.20 for more
details.
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VAR
VAR7
model_eqn=if (Dmodel == "SPICE") then SPICE_eqn else Sze_eqn endif
SPICE_eqn=Istemp*(exp_soft(_v1/(N*Vt))-1)
Istemp=Is*(tempkelvin/300)**(XTI/N)*exp(EG(300)/(N*Vt)*(tempkelvin-300)/300)
exp_soft(x)=if (x < max_arg) then exp(x) else (x+1-max_arg)*max_exp endif
Sze_eqn=if (_v1> (-2.8*Vt)) then Sze_fwd_eqn else Sze_rev_eqn endif
Sze_fwd_eqgn=Ismod*(exp_soft(_v1/(N*Vt))-1)
Ismod=A*Ass*tempkelvin**2*exp_soft(-VJO/(N*Vt))
Sze_rev_eqn=-A*Ass*tempkelvin**2*exp_soft(-VJ0O/Vt)*exp_soft(sqrt(qelectron*ee/(4*pi*eps))/ Vt)
A=638e-9
Ass=24
VJ0=VJ+0.008*_v1
ee=sqrt(2*gelectron*ND/eps*(-_v1+vhi-Vt))
eps=11.8"e0
ND=1e23
vhi=0.05
Vi=boltzmann*tempkelvin/gelectron
EG(T1)=EG0-alpha*T1**2/(T1+beta)
alpha=7.02e-4
beta=1108
max_arg=ln(max_exp)
max_exp=1.0e60
diode_gmin=1e-9

Figure 3.19 ADS Sze model parameter equations and values, linked by model_eqn to
the SDD element in Fig. 3.18 (b).
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3.6 Schottky Diode Model

I=C(v)*dv/dt
P1 tv- P2
Num=1 Num=2
SDD2P
* SDD2P1
I[1,0]=model_eqn/(1e-25+C_T(CO0)) * i0
@ I[2,0]=-i0
$ _L 1[2,1]=C_T(CO)*_v1
——  Cport[1]=

(a) ADS SBD Cj implementation.

VAR
VAR

i0=_v2

VAR
VAR5
T0=tnom+273.15
Tl=temp+273.15
VT=boltzmann*T1/gelectron
VJ_T=T1/T0*VJ-2*VT*In((T1/T0)**1.5)-(T1/TO*EG_T300-EG_T(T1))
EG_T(T)=EGO0-(gap1*T**2)/(gap2+T)
EG_T300-EG_T(300)
gapl=alpha
gap2=heta
C_T(C0)=CO*(1+M*(400e-6*(T1-T0)-(VJ_T-VJ)/VJ))
C0_T=C_T(CO)
C0=Cjo

VAR
ARG

V)
C1(v)=CO_T*(1-v/VI_T+VT/(2*VI_T)*exp((v-VJ_T)/VT))**(-M)

VAR
VAR8

Fleri-Cohen model C2(v)=CO_T*(1-v/VJ_T)**(-M)

VAR
VAR7

Spice model C3(v)=if v<(VJ_T*FC) then C2(v) else(CO_T/(1-FC)**M*(1+M*(v-FC*VJ_T)/(VJ_T*(1-FC)))) endif

Van Halen model

VAR

VAR10
model_eqn=if (cap_model == "SPICE") then C3(_v1) else model2_eqn endif
model2_eqn=if (cap_model == "FleriCohen") then C2(_v1) else C1(_v1) endif

(b) ADS SBD Cj equations, linked to the SDD element in (a) by C_T(CO0) and iO0.

Figure 3.20 ADS Sze model Cj implementation, being the sub-circuit of element X5 in
Fig. 3.18 (b).
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Chapter 3 Diode Model

3.6.4 Model comparison

To compare the equation-based and macro-based SBD models with the widely
used SPICE model, an ADS HB circuit simulation is performed using an ideal
single diode rectifier circuit (as discussed in Section 2.2.1) with a complex con-
jugately matched source, at a frequency of 1 MHz and room temperature of
T =300 K. The circuit load resistance value is optimized for energy transfer
efficiency. This circuit’s energy transfer efficiency n is shown in Fig. 3.21 as a
function of input power. As the equation- and macro-based models have the
same forward bias characteristic, the different efficiency behaviours can be
explained from the difference in the reverse bias curves, as can be observed in
Fig. 3.17 for the T = 27°C curves. The general drop in efficiency at high drive
levels for all curves is caused by the diode series resistance, which mechanism
will be explained in the next chapter in more detail. The SPICE model curve
shows the highest efficiency at low input power levels. This is due to the reverse
bias current, clipping to the saturation current value and resulting in a higher
diode junction resistance. Just below an input power level of —30 dBm, the
SPICE breakdown voltage starts to kick in, resulting in a sudden rise in reverse
bias current causing a drop in diode junction resistance. At an input power
level of e.g. 0 dBm, the optimal load resistance for the SPICE model is ten times
smaller compared to the one for the Sze model. In Chapter 5 we will look in
more detail into this topic.

1.0
model
Q— Sze
== Sischka
0.8 {|=A~= SPICE
< 0.6
>
1%
[=
[}
S
& 0.4
0.2 1 4
0.0 N

-60 =50 -40 -30 -20 -10 0 10 20
Input power P;, (dBm)

w
o

Figure 3.21 Efficiency vs. input power, optimized for maximum efficiency, for an ideal
single SMS 7621 SBD rectifier circuit at fy = 1 MHz, T = 300 K, using the different
diode models: the equation based Sze model (orange), the Sischka macro model
(blue) and the SPICE model (red dashed).
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3.7 Package Model

Table 3.12 Single diode rectifier ADS HB sim-
ulation time, using 35 harmonics and 37 in-
put power levels between —60 and +30 dBm.

SBD model type | simulation duration

Sze 228.5s
Sischka 134.0s
SPICE 157.8 s

The required simulation times are shown in Table 3.12. This shows that
the macro model (Sischka) results in a simulation time duration shortening of
roughly a factor of two compared to the Sze model. The SPICE model has an
in-between result.

3.7 Package Model

Manufacturers typically sell the diodes packaged. As these packages introduce
extra parasitic elements (e.g. bondwires for connecting the diode to the package
pins introduce inductance), a model can be made for each type of package.
Suppliers often provide these models, normally built with lumped components
for easy insertion in simulations. Different types of packages exist. For military
systems, typically high performance packages are used. They result in small
parasitic elements but are relatively expensive. E.g. the old HP outline 60 and
61 package is used for the HP 5082-3140, having a series parasitic inductance
of 200 pH or less, see Fig. 3.22 [101]. Consumer and commercial applications
require low-cost packages, which are easy to assemble. The Joint Electron Device
Engineering Council JEDEC) standard surface mount package small outline
transistor (SOT)-23 is a plastic package with tin/lead plated leads, suited for
various soldering processes, and a good low-cost example [102]. A disadvantage
of this SOT-23 package is the inherently long bondwire leading to a rather large
inductance inside the package (1.0 nH) and the bent leads leading to additional
inductance (0.5 nH each). Fig. 3.23 shows the SOT-23 package outline drawing.
Fig. 3.24 shows how the parasitic inductances relate to the SOT-23 packaging,
with the parasitic inductance elements Lg (bondwire related inductance) and
L; (bent leads related inductance) [103].

Fig. 3.25 shows the Avago supplied model of the diode connected into the
SOT-23 plastic package [104], which is valid up to 3 GHz and can be used both
for the double diode series configuration package as well as for the single diode
configuration. The component values are listed in Table 3.13. The Skyworks
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Figure 3.22 Hewlett Packard Outline 60 and 61 diode packages, used for military sys-
tems, having small parasitic values [101].

SOT-23 [o———29max ——
o1 183

/L ~=0,95-» R
P2

] 1
0,01min | 3

3 P8

— \l Von ubeiHTop view
N _— S
0.85max-< yd 14899.87 0,@ max

m12max™ ) dimensions in millimeters (mm)

Figure 3.23 Plastic SOT-23 package outline.

SOT-23 diode package model is slightly different and is shown in Fig. 3.26 [105].
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DIODE LL:0.5 nH

BONDWIRE\ V'I/
J Ii Rg
Lg=1.0nH
} L, =05nH

STANDARD CONFIGURATION HSMP-3820,-3821

Figure 3.24 An Avago SOT-23 package construction showing the parasitic inductances
of bondwire and bent leads on the left side and a corresponding first order model
on the right side [103]. A second order model, including capacitances as well, will be
shown below.

Table 3.13 Avago SOT-23 package model component
values, corresponding to the model shown in Fig. 3.25.

Element Description Value Unit
L; Leadframe Inductance  0.50 nH
Cr Leadframe Capacitance 0 pF
Cp Package Capacitance 0.080 pF
Cc Coupling Capacitance 0.060 pF
Lg Bondwire Inductance 1.0 nH
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e

L1
HSMS-2862 HSMS-2852 Cu L
SMS7621-005LF SMS7621-006LF Bl
3 3
=] =] =
D, D, 3
1 2

Figure 3.25 Second order model of the Avago HSMS-2852 and HSMS-2862 with leads
in a SOT-23 plastic diode package, valid up to 3 GHz. A single diode version is also
available, in that case only diode D, is mounted. The HSMS-2852 and HSMS-2862
have a different configuration as shown in the figure on the left side, the equivalent
circuit model on the right side represents the HSMS-2852 version.

L=0.65nH L=0.05nH R L—07nH
o = e H # o]

o l I . | l | l
C=0.13pF C=0.01pF C=0.015pF C=0.13 pF

Figure 3.26 Model of the Skyworks SOT-23 packaged single diode configuration [105].
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3.8 Summary

In this chapter we discussed different diode models. We showed the state-
of-the-art SPICE model, that is commonly used, and we presented two other
models providing a better fit to measurements: the Sischka macro model and
equation based Sze model. The different model elements where treated in
detail, including their temperature dependences. Together with the rectifier
efficiency theory, to be covered in the next chapter, the diode model plays an
important role in the correct modelling and designing of WET rectifier circuits.
The conclusions are:

a)

b

—~

c)

d

e)

f)

For simulation of a WET circuit, a frequency domain HB approach is pre-
ferred over a time domain approach.

The SPICE model yields an incorrect temperature dependency of the vari-
ables. This is most visible for the extreme temperatures. The proposed
Sischka and Sze models, based on measurements, result in a proper model.

The reverse bias current is not modelled realistically in the SPICE model.
This is a significant short coming for WET applications, as the energy transfer
efficiency is affected by this. The proposed Sischka and Sze models, based on
measurements, provide a proper model.

Manufacturer-supplied SPICE diode parameters are not necessarily correct.
A dc I-V measurement provides useful insight, especially when carried out as
a function of temperature. These parameters can also show significant device
to device spread. The recommendation is to execute this measurement first
before creating a diode model.

For higher diode voltages, the reverse bias breakdown effect plays a role
in efficiency as well. The reverse breakdown characteristics of a real diode
tend to be soft; the reverse leakage current gradually increases towards the
breakdown current as the reverse-bias voltage increases. The SPICE model
has a hard breakdown characteristic with parameter IS being constant up
to the breakdown point. The proposed Sischka and Sze models, based on
measurements, include the soft current characteristic towards the breakdown
state.

For the circuits used in this work, it doesn’t matter which diode junction
capacitance model is used as the diode junction voltage typically stays below
the point of divergence of the different models.
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Chapter 4

Rectifier Efficiency

In this chapter we discuss the optimal energy transfer efficiency achievable
with an ideal single diode rectifier circuit. Fig. 4.1 shows this circuit as defined
in Chapter 2. The diode’s rectifying behaviour will be analysed step-by-step
together with the relationship between the circuit’s load resistance R; and the
amount of energy transferred from the RF input signal to the load. Firstly, the
ideal diode model will be analysed for its relation with respect to the rectifier
efficiency. Secondly the Schottky diode model will be discussed with respect to
efficiency.

Vs (Vin R | (Vi)

&l

Figure 4.1 Ideal single diode rectifier configuration as defined in Chapter 2. The diode
voltage is defined as 7 () = (Vj)1 — (VLYo = (Vj)1 + (V})o.
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Chapter 4 Rectifier Efficiency

4.1 Ideal Diode Equation

4.1.1 Natural exponential function

The diode current dependency on the diode junction voltage is typically de-
scribed using the diode equation, which is based on the natural exponential
function. It is useful to just look at the following two equations first:

filx) =e", 4.1)
folx)=e*-1. (4.2)

Both f; and f> are shown in Fig. 4.2 as a function of x. Both functions have the
same derivative function f’(x) = e* but the logarithmic graphs in Fig. 4.2 show
a difference in slope over the first decades of x; the effect of the '—1’ term in
Eq. (4.2).

function
10% 3l-0- filx)=e*

== fr(x)=eX-1

f(x)

10b_exp_diode_function

=
o
4

102 107! 10°
X

Figure 4.2 A comparison of the natural exponential function (4.1) and the basis of the
diode Equation Eq. (4.2), shown in a log-log fashion.

Diode basics are often explained using graphs with linear scales (lin-lin) on
both axes. Within the context of radiative WET, low power levels are typically
of interest. Fig. 4.2 is used as an example to show the importance of using
logarithmic (log-log) scales as they show best the low-level details. On a lin-lin
scale, the difference between the two functions would be practically invisible.

The natural exponential function can be approximated, using a finite form of
its Taylor series expansion (taken around x = 0, which is also called a Maclaurin
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4.1 Ideal Diode Equation

series). The series expansion is defined as:

N 2 B ol
e :Zﬁzl+x+?+€+ﬂ+--- (N — 00), (4.3)
h=0 =

with N the number of terms used for the approximation and harmonic index
h. For the diode equation, based on the function f,(x) from Equation (4.2), the
approximation can be simplified for small x values to

lim fo(x) = x, (4.4)
x—0

and for large negative values of x

xgrpm flx)=-1. (4.5)

The first limit shows that for small values, the exponential diode equation be-
comes linear. This will be shown in more detail later in this chapter. The second
limit shows that for large negative values, the exponential function saturates to
a fixed negative value. This corresponds to a fixed reverse biased diode current
value as we will see later in this chapter.

The Taylor series expansion will be used in the next section to study the
behaviour of a diode rectifier in more detail. It eases the separation of the dc
and RF terms of the voltages and currents, which is useful as a rectifier acts as
an RF to dc converter.

4.1.2 Harmonic approximation
To separate the diode equation in its dc and RF terms, the ideal diode equation
(3.1) is rewritten in a harmonic term form. First the equation is rewritten as

Vi

I =1 (e"VT - 1) =I(e*-1), (4.6)

with x being the junction voltage divided by nVr. In this chapter we make use
of the ideal rectifier discussed in Chapter 2. This rectifier has a sinusoidal input
signal at frequency fy. When applied to Eq. (4.6) we get

I;=I;(e" —1) = I (eMreostntho 7)) 4.7)

with the fundamental frequency amplitude term

KVl

Ay
nVT

) (4.8)
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and the dc-offset term A, being related to the dc-offset V;, (across the load

resistance Ry), as
A Vido _ (Vo

. 4.9
0 nVT nVT ( )

Using ela+h) — gagh Eq. (4.7) can be rewritten into
I = I (eMreos@Deho ), (4.10)

For the Taylor expansion x"-terms we fill in the input signal from Eq. (4.10):
1 = (A; cos(wo ). 4.11)

The next step is to rewrite Eq. (4.10) using the Taylor expansion of e*, Eq. (4.3):

N h
B (Aq cos(wgt)) Ao
Ij_Is(th — e —1). (4.12)

To expand this equation into harmonic terms, we make use of the binomial
coefficient being defined as

hl A 4.13)
i ilth=0i)V ‘
and the following series expansion
B h
% X,2 () cos((h—2i)x), for he{1,3,5,-},
cos" x = (4.14)
n_
2 (1) + 252 (Meos((h—2i)x), for he (0,24,

From this, the diode junction current approximation can be written in its
harmonic terms h. First the dc-term can be written as'

N 11 hg
Iige=1 _
Jdc s{;’)ho!zho %

with (hg = 2i, N — 00),

ehopa o } (4.15)

in which i is the index of approximation for the dc-term and hy the dc harmonic
index hg ={0,2,4,---}.

I This dc-term equation is referred to as the k = 0 term. This is not the same as the & = 0 term
in Eq. (4.12), as all the even h-terms in Eq. (4.12) result in harmonics which include a dc-term:

the ZL’L (Z) part of the lower term in Eq. (4.14)
P

88



4.1 Ideal Diode Equation

The odd harmonic terms result samewise in:

with (h; =2i4+2h-1,N — 0),

k N
Lioaa=15s Y. {Z ! i(hl)eAOAlhl cos((2h— Dwy t)}, (4.16)

in which i is the index of approximation for the odd harmonic terms and #; the
odd harmonic index.
The even harmonic terms results in the following equation:

h=1 [izo i
with (hy, =2i+2h, N — 00),

eM A1 cos((2h)wo 1) } , (4.17)

k N
1 2 (hy
Ijeven=1s ) {Zh_g'sz(

in which i is the index of approximation for the even harmonic terms and h; the
even harmonic index.

Combined diode junction current approximation

The dc-, odd- and even-terms from Eqs (4.15), (4.16) and (4.17) can now be
combined into a single equation as

N 1 l(ho

ehop, o —1} (4.18)

k(N1 2 (Il
”SZ{ mal

eM A" cos((2h - Dawg )

=1 =0 !
N1 2 (h) A
- 0 2
+l§=0 Il 27 | i e A1 cos(h)wot) ¢,

with (hg =2i, hy =2i+2h—-1, hp =2i+2h, N — 00),

in which the first i-summation term, on the right hand side, represents the dc-
component, the z =0 term. The second i-summation term accounts for the odd-
and the third one for the even harmonics. hg, h; and h, are the harmonic indices
for the dc-, odd- and even harmonics, k is the maximum number of fundamental
frequency harmonics taken into account and i is the index of approximation for
each harmonic. N is the maximum number of summation iterations used for
each harmonic term.

Taking the dc-term e out of the equation, the harmonic term multiplica-
tion factors of Eq. 4.18 are shown in Table 4.1. The diode dc current flowing
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Table 4.1 Diode junction current approximation i-summation val-
ues (without the e and cos(wgt) terms), used in Eq. (4.18).

i
h 0 1 2 3 4
0 1 A2 At A NS
4 64 2304 147456
T Ay A
1 8 192 9216 737280
2 A_12 A_14 Al 6 A] 8 A] 10
4 48 1536 92160 8847360
3 A_lj Al 5 A17 Al 9 Al 11
24 384 15360 1105920 123863040
4 A_14 A] 6 Al 8 A] 10 A] 12
192 3840 184320 15482880 1981808640
5 A_IS Al 7 Alg Al 11 Al 13
1920 46080 2580480 247726080 35672555520
6 A16 A18 Al 10 Al 12 Al 14
23040 645120 41287680 4459069440 713451110400

through the load resistor will result in a positive voltage across the resistor and
therefore between the diode’s cathode and ground. For the diode’s junction
voltage, this is equal to a negative offset voltage (V)¢ as the junction voltage is
defined between the anode and cathode, and the anode is grounded for dc in
the ideal single diode rectifier circuit.

Combining the dc-term Eq. (4.15) with Eq. (4.9), the current through the
load resistor gets:

N

1 1 (h nv. I

1, Ll ho efop o 1l = A —L = A2 (4.19)
55 hol 270 | 1o Ry Ar

with (ho = 2i,N — 00),

with Ry being the load resistance and introducing the diode dc-offset calculation
term

IR
Ap =L (4.20)
I’ZVT
Using
N N
1 1 (ho A h A 1 1 [ho h
—— e =e ) —— A0, (4.21)
;’)ho!zho (% 1 ;)ho!zho % !

and e”/e” = e~ Eq. (4.19) can be re-written as:
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1 (n
(AL~ Ag)e™ AO_GALALE:]llzm( O)Alh% (4.22)

from which Ay can be extracted using the principal branch of the Lambert W
function, Wy [76]:

No=Ap -

1 (ho\ .,
Lmzhmm()lﬁ (4.23)
with (hg = 2i, N — 00).

Fig. 4.3 relates the rectified dc voltage (V)¢ against diode junction voltage (V;);
for different harmonic approximation values k, defined as

(VLYo =—AonVr (4.24)

1 (Vjyr\lo
{AL LALZ <7 '2’10(— (n_VT) }HVT,

with (g = 2i),
and compares it with an ADS simulation result, based on an HB simulation
with k = 65 harmonics. From this graph it is clear that with larger signal levels
(V)1 >100 mV), more harmonics are required (larger value for k). For the ideal
single diode rectifier, the combined dc- and first harmonic term diode junction
voltage can be described as

0j(6) = (Vi1 = (Vo = (V)1 +(Vj)o. (4.25)

Combining Equations (4.18) and (4.23), the harmonic terms can be calcu-
lated against the diode junction voltage (V;); for the first fews harmonic terms,
as shown in Fig. 4.4. This shows the rate at which the different harmonic terms
increase, with increasing fundamental diode junction voltage level (V;);. Both
the dc- and second harmonic terms follow a two decades increase per decade
of voltage rise, where the fundamental current increases only at 1 decade per
decade. The third harmonic rises three times as fast as the fundamental and the
fourth harmonic four times as fast. The bend in the h = 0 curve is caused by the
exponential diode equation. In this ideal single diode rectifier, the harmonic
terms for h > 1 do not dissipate energy and reach the same level as for the h =1
term, for the high (V) levels.

At this stage it is good to realize that the single diode rectifier circuit can be
seen as an RF input voltage to dc output current converter, which incorporates a
feedback mechanism. The feedback is provided by the induced voltage across
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Figure 4.3 Simulated and calculated rectified dc voltage (V7)o versus diode junction
voltage (V;);. Comparison of an ADS HB simulation (using k = 65, dashed) with

eq. (4.24) for different values of k for an ideal single diode rectifier with I =3 pyA and a
load resistor of 8.6174 kQ, at T = 300 K. The combined diode junction voltage equals
0j(8) =<(Vj)1—(VL)o.
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Figure 4.4 Calculated harmonic term current versus diode junction voltage (V)1,
using Iy =3 A and Ry = 8.6174 kQ, at T =300 K.
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4.2 Load Experiment

the load resistor, acting as a negative offset voltage on the RF input voltage
across the diode junction. This results in a smaller dc current at the output,
decreasing the negative offset voltage — finally finding an equilibrium, expressed
in Equation (4.24).

4.2 Load Experiment

To get insight into the dependency of the diode junction resistance on a varying
rectifier input power level for different rectifier load resistances, a series of
different diode saturation current and load resistance combinations is analysed.
The cases for this load experiment are listed in Table 4.2, in which different
diodes are used. They are labelled D4, Dg and D¢ — having a corresponding
saturation current I; of 0.040 uA, 0.40 uA and 3.0 uA respectively. This way they
cover the range of diodes from the Skyworks SMS7621 to the Avago HSMS-285x.
The circuit diagram, as shown in Fig. 4.5, is simulated in ADS. The source voltage
V; is swept from 1 mV to 250 V2. The cases are subdivided based on the load
resistance value being used. The naming of these sub-categories is explained
after the next three equations.

The diode’s conductance, corresponds to the derivative of the diode equation
(3.1):

6Ij I L‘} (4.26)
g § = — = en'r, .
7oV, nvr
From this equation we see that
Is
li =, 4.27
V;I—I}O Ej nVr ( )

showing a junction resistance, which is only dependent on the diode parameters
n, Vr and I with

. 4.28
PN =T (4.28)
The fixed load resistance R; is chosen to be either equal to this small signal
junction resistance value (Ry, 4 for diode A, Ry p for diode B and R; (¢ for diode C),
twice this value (2R, 4 for diode A, etc.) or equal to this resistance corresponding
to one of the other two diodes ({Ry, 4, Rr,B, Rr,c})-

2As the relatively high circuit input impedance is not transformed to e.g. 50 Q, a high source
voltage amplitude is required to obtain the indicated input power levels. Due to the missing input
impedance matching circuit, part of the source energy is reflected, requiring even more source
amplitude.
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Chapter 4 Rectifier Efficiency

Table 4.2 Load experiment cases using different I; and Ry values.

diode Dy Dgp D¢

I (uA) 0.040 0.40 3.0

R;? A 2A B C|B 2B A C|C 2C A B
case 1 2 3 4|5 6 7 819 10 11 12
aR;: A=646.30kQ, B =64.631 k2, C =8.6174 kQ.

At large input voltage levels, the dc-voltage across the load resistance equals
the peak input voltage, which has a sinusoidal shape3. Therefore the junction
resistance value should be half the load resistance value, in order to have equal
in- and output power for the lossless case. Using the circuit simulator ADS, this
ratio of two was verified to be correct (and it is reached only at a very high input
voltage in the order of 1000 V). This also corresponds to the ratio of (I;); and
(I)0, shown in Fig. 4.4 on the high input voltage side, being equal to 2: 1.

Pin, Zin

— G R

Figure 4.5 Ideal single diode rectifier configuration as described in section 2.2.1, used
for the load resistance effect investigation. The bandstop filter F) is tuned at the cir-
cuits operating frequency fp. The diode has n = 1.00, R; = 0 Q, Cjo = 0 pF and the
simulation uses fy = 6.78 MHz and T = 300 K. The circuit input power is calculated
as Pip = 0.5Re({Vin)1(fin)}). Due to the ideal diode and circuit, the junction resistance
equals R; = Re({Zin)1). The source voltage is swept from 1 mV to 250 V.

The analysis result is shown in Fig. 4.6 and shows the following important
aspects of an ideal single pn-junction diode rectifier:

1. For low signal levels, (Viy1 <10mV, Rj = nVT/IS applies, with R;j being

3This is in fact the envelope detection function, this circuit has served for decades. For low
input voltage levels, the dc output voltage is not reaching the peak level due to losses and the
reverse bias current being more dominant.
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4.2 Load Experiment

independent of Ry.

2. For large signal levels, Py, > 10 dBm, R; = R /2 applies, independent of
the diode parameters.

3. R; can be controlled against input power by choosing both I; (the diode)
and R correctly.

103

case: diode - R,

102 4

(o4

Junction resistance (kQ)

101 -

205_51checkRLIaw

10° T
-80 -60 —40 -20 0 20
Input power (dBm)

»
o

Figure 4.6 Simulated diode junction resistance R; versus RF input power Py, for var-
ious load experiment cases, for an ideal single diode rectifier having n =1, R; =0 Q,
Cjo =0pE fo =6.78 MHz and T = 300 K. Two regimes are visible: for (V;); < 10 mV:

R = "I—‘? (the boundary becomes visible when plotting R; against (V;);) and for

Pin >10dBm: R; = %. See Table 4.2 for the case parameter values.

Load resistance sensitivity

In Section 2.3.1 we discussed the efficiency optimization topic and concluded
that a complex conjugately matched source is required. In this section we make
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Chapter 4 Rectifier Efficiency

use of the previous load experiment to add a different view on the topic of
efficiency optimization. We take the same rectifier circuit cases from Table 4.2,
to illustrate the need for an adaptive source.

The normalized input power Pj, sensitivity- and energy transfer efficiency n
sensitivity to the load resistance R; are defined as

0Pin, R
P; in L
in = —, 4.29
R 9R[ Pin (.29
and on R
n n Lp
= ——. 4.30
R = 3R, 7 ( )

Simulating these, using an ADS HB Sensitivity? simulation on the same circuit
diagram as used in the previous load experiment, provides the result as shown in
Fig. 4.7. This shows that the input power, entering the rectifier, is affected signifi-
cantly by a load resistance change, for the larger input levels where the effect on
efficiency is more pronounced for the small signal range. From Eq. (4.28) follows
that the junction resistance is not dependent on the rectifier load resistance for
small signals, therefore we see S?L“ at low input power values being small.

From this we can conclude that an adaptive source is particularly of value for
the large signal range and will show no significant sensitivity SﬁiL“ as the source
keeps Pj, constant. Note in the S??L figure (b) the cluster of case {1,5,9} cases
showing no sensitivity over the whole junction voltage range and the {2,6, 10}
cluster with a minimal sensitivity.

4A dedicated ADS analysis component, based on finite difference approximation (taking partial
derivatives) requiring N + 1 circuit simulations, where N is the number of optimization variables.
The normalized sensitivities use the approximate gradient (single-point sensitivity) to predict the
percentage change in the response due to a 1 % change in the design variable.
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4.2 Load Experiment
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Figure 4.7 Simulated rectifier normalized sensitivity of (a) P, to Ry and (b) efficiency
7 to Py, for various load experiment cases (see Table 4.2), for an ideal single diode
rectifier having n = 1.00, R =0 Q, Cjo =0 pE fy =6.78 MHz and T = 300 K. The arrows
mark the case= {1,5,9} and {2, 6,10} clusters of three cases each.
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Chapter 4 Rectifier Efficiency

4.3 Small Signal Approximation

In analysing rectifier circuits, we can define the special small signal case. In
this case the diode junction voltage amplitude has a value below a specific level,
which is defined as (V)1 < Vr = % being the thermal voltages.

4.3.1 Small signal load voltage

In this section, we will have a closer look at the small signal load voltage. It is
not straightforward to provide the equation for the load voltage, based on the
diode equation (3.1), for the complete input power range. This is why we make
use of the Lamber-W function, see Eq. (4.23).
In the small signal regime, (V7)o can be approximated. For small (V;); values

we see that

x 1 1 [ho), , NG

ZF%(@)AI °=1+T, (4.31)

i=0 "0* >
which is Eq. (4.15) diode current dc-term multiplication factor — see table 4.1
(h = 0). We found that for the small signal regime, the optimal load resis-
tance equals the junction resistance: limvj_.o Ry = limvj_,o Rj=nVr / I;. This
makes A; = IRy / nVy =1, therefore e*A; = e, and Wy (2) has its lowest value.
Analysing the Eq. (4.23) W, function for these small (V;); values shows:

A2 NG
Wole |1+ —|bm1+—. (4.32)
4 8
Therefore Eq. (4.23) results in
A2 (Vi
AN=——=——" 4.33
0 8 8(nVr)? (4.33)
with Eq. (4.9) leading to
(Vs

Vido = . 4.34
(Vi)o Vs (4.34)

Having R; = nVr /I in this regime gives for the circuit input power Pj;:

(VI
in= ——. 4.35
in = (4.35)
This leads to
Vo~ 2 (4.36)
L/0 4IS- .

SAta temperature of 300 K, k—qT =25.85mV.
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4.3 Small Signal Approximation

From these equations we see that the rectifier load voltage is independent from
I, in the small signal regime as a function of V4,°. Against the input power level
Pj, the load voltage is dependent on I in this regime, where we see that a lower
I; will result in a higher load voltage. Fig. 4.8 shows the calculated load voltage
and the simulated voltage versus diode junction voltage. The calculated small
signal load voltage is within 10% of the simulated load voltage even up to a
junction voltage of 100 mV at T =300 K.

102 >

107 4 A
10° 4 o
1071 4 %

1072 7

Load Voltage (V)

1073 4 7

1074 4 £

/ case
7 O~ simulated
107° 47 -l calculated

210_54RLoptvsisPin VL

~

1073 1072 107! 10° 10! 10
Junction Voltage (V)); (V)

Figure 4.8 Simulated load voltage V}, at optimal efficiency against junction voltage
(Vj)1, of an ideal single diode rectifier at a temperature of T = 300 K, p; = 2, 9o =
0.735 (v’ = 0.69) and n = 1. Also drawn is the calculated V;, from Eq. (4.34) which
shows that both curves differ less than 10 % up to a junction voltage (V;); = 100 mV.

4.3.2 Small signal efficiency

In this section we will derive an equation for the rectifier energy transfer effi-
ciency in the small input signal regime. The rectifier load power is calculated
using eq. (4.24) as:

2
h,
((AL —~Wo {eALALZ?ZO noi i () A1 }) "VT)
P = = 2 . (437
out R, R ( )

In the previous section, we have seen that the diode junction resistance R;
is constant in the small signal regime, from which the input power Eq. (4.35)
results, where Pj, is independent on R;. To find the load resistance for optimal

SFor the ideal single diode rectifier, (Vin)1 = (Vj)1 due to the ideal load capacitor.
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Chapter 4 Rectifier Efficiency

efficiency, it is therefore sufficient to find the zero crossing of the derivative of

the output power eq. (4.37) to R;: ddljgz”. To get this derivative we start with the

derivative of the dc-offset term Ay, using Eq. (4.20):

dAL IS
ke . (4.38)
dRL I’lVT
Then we use the help variable z defined as
x© 1 1 [ho ING
_ A ho — A 81
z—eLALzh—o!%(@)Alo~eLAL(l+ n ) (4.39)
=0 2
and
dz _ I np, 41 (1 + AIZ) (4.40)
dRp - nVr L 4 ) )
The derivative of the Lambert W function is known as [76]:
dWy(2) 1 Wo(2)
= = ) 4.41
dz z+eW@  z(1+Wy(2) (44D
Using
dwW, dW, d
0(2) _ 0(z) dz (4.42)

dRL dz dRL’

We can now write

21 Wo(®) A A2
dPout AL —=Wo(2) = Sp- {1— Ty AL+ 1)(1+ Tl)}

dRy R:

(nVp)?. (4.43)

Plotting the numerator of Eq. (4.43) shows that, in the low (V;); regime,
the load resistance for optimal efficiency is Ry, = nVr / I;, equal to the junction
resistance, as also derived in Eq. (4.28). This might seem logical due to its
similarity to the maximum power transfer theorem. This theorem states that, to
obtain maximum external power from a source with a fine internal resistance,
the resistance of the load must equal the resistance of the source. In this case R;
is defined at the fundamental frequency and can be seen as an analogy to the
theorem’s source resistance, R; is defined at dc and acts as the load.

Combing Eq. (4.33) with Eq. (4.37) leads to
2

1
R—L. (4.44)

(Vp)inVr
8(nVr)?

out ~
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4.4 Large Signal Approximation

Using R; = R = nVr/ I, the obtained small signal optimal efficiency 7op; can
be written, using Eqs (2.21) and (4.35), as

Pout _,, ( (Vin )2 __ Pu
P \8nVy) ~ 16nVrIy

Nopt = (4.45)

This shows that 74,¢(V;) is in the small signal (V;); regime not dependent
on I, when using the optimal load resistance Ry = nVr / I (which is dependent
on Iy). Contrary 1opt(Pin) linearly depends on Py, but is inversely proportional
to I;.

Looking at Eq. (4.45), nopt = 165‘, e lowering the temperature will on one
hand increase the efficiency linearly with temperature at a fixed input power
level, due to the V7 term. On the other hand, the temperature dependency of
I; will result in a non-linear dependency of efficiency on temperature at a fixed
input power level, see Eq. (3.5) for the SBD and Eq. (3.7) for the pn-junction
diode. These characteristics will be shown graphically in the next section.

4.4 Large Signal Approximation

4.4.1 Large signal efficiency

To express the rectifier efficiency over the complete range of input signals we can
not make use of the approximations used in the previous section. For the output
power, Eq. (4.37) is still valid. For the input power, using Eq. (2.20), we get

ViR,

Ppn=—7=—7"—"—. 4.46
NS R T 2w (4.46)

Using Section 2.2.1, (Vp1)1 = (Vj)1. From Eq. (4.18) we use (h = 1):
<Ij>1 _Isi:oh_llﬁ( e A, (4.47)

with hy =2i + 1. The efficiency is expressed as

2
A 1 (" h,
— Pout ((AL { LALZI =0 hO' 2hy ( o)AI O}) nVT)

= - : (4.48)
Pin RUVIN I X2 iz (F)eho A ™
with Ag :AL—WO( MALYR ) 77 ( g)AlhO) AL =54, Ay = 5= Note that

this is not the equation for optimal efficiency like Eq. (4.45), the efﬁmency is still
dependent on R;.
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Chapter 4 Rectifier Efficiency

This total equation for efficiency is too complex for finding the derivative
with respect to R;. Having the ability to use a circuit simulator, like ADS, for
this purpose (deploying the method of Section 2.3.1), the R}, values for optimal
efficiency can be found against a range of input signal levels at a specific tem-
perature. Fig. 4.9 shows the result, when using an ideal single diode rectifier as
discussed in Section 2.2.1 and an ideal SPICE pn-junction diode model.
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Figure 4.9 Simulated optimal efficiency n against junction voltage (V;); for various
diode saturation currents I, of an ideal single diode rectifier at a temperature of

T =300K, fo =6.78 MHz, p; = 2, ¢ = 0.735 (¢’ = 0.69) and n = 1. Also shown is the
calculated 711,p¢ from Eq. (4.45) which shows the (V;);-range for which this small sig-
nal efficiency matches the full range simulated efficiency. The difference between
the simulated optimal efficiency and small signal approximation is only 6.9 % at
(Viar=Vr.

Although the swept variable in this simulation is the input power level, the
graph shows efficiency against the resulting junction voltage (V;);. The curves
for the different I values are all on the same line of optimal efficiency, they only
have a different junction voltage range as they have different R; values. Fig. 4.10
shows a 3D perspective of the same result to illustrate this.

In the preceding section we already noted the independence of (V) to I
for the small signal regime line, when choosing the optimal R} value. From this
simulation result we see that this is also the case for the large signal regime. The
picture changes, when we plot (for the same simulation) efficiency against the
input power level, as shown in Fig. 4.11.

The reason for the shift in efficiency curves, for the different I values, is
that R; varies with I, not only in the small signal regime but across the whole
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Figure 4.10 Three dimensional view of the simulated optimal efficiency 77 against

junction voltage (V;); and diode saturation current I of an ideal single diode rectifier
at a temperature of T = 300K, fy = 6.78 MHz, p; = 2, ¥ = 0.735 (¢’ = 0.69) and n = 1.
This data is equal to the data shown in Fig. 4.9. The markers show the input power

points for the —60 to +30 dBm range, in 10 dB steps.
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Figure 4.11 Simulated optimal efficiency n against input power Pj, for various diode
saturation currents I of an ideal single diode rectifier at a temperature of T = 300 K,
fo =6.78 MHz, p; = 2, wo = 0.735 (v’ = 0.69) and n = 1. The curves shift by 10 dB in

input power, per decade in I; change.
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input signal range. This makes that for a specific input power level, the junction
voltage is different depending on the R; value. Note that the shift in efficiency
curves is exactly 10 dB per decade in Iy change’. For the small signal case this
was already shown in Eq. (4.45), now we see this is also valid in the large signal
case. With this, the optimal efficiency curve for any I value is known.

Fig. 4.12 shows the corresponding optimal load- and junction resistance Ry
and R; respectively. Their ratio R /R; is shown in Fig. 4.13 (a) against input
power and R;/R j — 1 against junction voltage (V;); in (b). The minus one
operation reveals the small signal straight curve without /; dependency.

4.4.2 Emission coefficient dependency

In the preceding section we have seen the dependency of efficiency and op-
timal load resistance on the diode’s saturation current. The diode’s emission

coefficient 7 also plays a role, as can be seen from Eq. (3.1): I; = I; (eﬁ - 1.
Introducing n # 1 leads to a % multiplication factor to V;. This makes that the
efficiency 7 versus V; curve shifts, as is shown in Fig. 4.14 (a) using a scaled
junction voltage on the x-axis. Also the corresponding efficiency versus input
power level curve is shifted samewise as shown in Fig. 4.14 (b).

In the small signal regime, we have seen for the junction resistance R; = IVT,
see Eq. (4.28). Therefore introducing n # 1 leads to a n multiplication factor to
R; for the small signal regime, resulting in an increase in diode dissipation and
lowering of the efficiency (for n > 1). R; is plotted scaled against scaled input
power in Fig. 4.14 (c). This makes optimal efficiency predictable for different
n values, when using an ideal pn-junction diode rectifier. The range for »n is
chosen to include pn-junction diode values.

4.4.3 Temperature dependency

The diode equations have an implicit temperature dependency. E.g. the small
signal optimal efficiency 7ot in Eq. (4.45) has V7 in the denominator. The
thermal voltage is related to temperature as Vr = kpT/q and in Section 3.4.1
we saw that I; is also temperature dependent. Fig. 4.15 shows a simulation
result (optimal efficiency and junction resistance versus junction voltage or
input power) when varying the junction temperature in an ideal single diode
rectifier circuit. The optimal efficiency versus junction voltage graph in Fig. 4.15
(a) shows a little variation for the different temperature values. It is important
to notice the variation in junction resistance and what shift this brings in the
corresponding input power level for a fixed junction voltage. Clearly, from

This is verified by plotting the curves with shifted input power levels resulting in a figure with
all curves on top of each other.
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Figure 4.12 Simulated optimal (a) load and (b) junction resistance against input

power Pj, for various diode saturation currents I of an ideal single diode rectifier
at a temperature of T = 300K, fy =6.78 MHz, p; =2, ¥ =0.735 (¢’ = 0.69) and n = 1.

See Fig. 4.11 for the legend.
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Figure 4.13 Simulated optimal load- to junction resistance ratio against (a) input
power Pj, and (b) the resistance ratio minus one against diode junction voltage(V;);
and diode saturation current I of an ideal single diode rectifier at a temperature of
T=300K, fo =6.78 MHz, p; =2, ¥, =0.735 (' =0.69) and n = 1.
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Figure 4.14 Simulated optimal efficiency versus (a) junction voltage and (b) input
power and (c) junction resistance at optimal efficiency versus input power of an ideal
single diode rectifier at a temperature of T = 300K, fy =6.78 MHz, p; =2, ¥ = 0.735
(@' =0.69), I, =1 puA and n = 1-2. In this case the junction voltage, input power and

junction resistance are multiplied by a factor - in a post-processing step.
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Figure 4.14 Simulated optimal efficiency versus (a) junction voltage and (b) input
power and (c) junction resistance at optimal efficiency versus input power of an ideal
single diode rectifier at a temperature of T = 300K, fy =6.78 MHz, p; =2, ¥ = 0.735
(@' =0.69), I, = 1 pA and n = 1-2. In this case the junction voltage, input power and
junction resistance are multiplied by a factor % in a post-processing step.

108



4.4 Large Signal Approximation

Fig. 4.15 (b) we can conclude that a lower temperature will result in a better
efficiency at the same input power level.
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Figure 4.15 Simulated optimal efficiency versus (a) junction voltage and (b) input
power and (c) junction resistance versus input power of an ideal single diode rectifier
atp; = 2,9 =0.735 (¢’ = 0.69), I, = 1 uA, fy = 6.78 MHz, n = 1 at different junction
temperatures.
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(c) Junction Resistance versus input power.

Figure 4.15 Simulated optimal efficiency versus (a) junction voltage and (b) input
power and (c) junction resistance versus input power of an ideal single diode rectifier
atp; =2, =0.735 (¢' = 0.69), I, = 1 uA, fy = 6.78 MHz, n = 1 at different junction
temperatures.

4.4.4 Diode dissipation

From the preceding efficiency figures we see that the ideal diode rectifier is able
to achieve a power conversion efficiency between zero and 100 %, depending
on the input signal power level. The law of conservation of energy states that
the total energy of an isolated system remains constant. This means that when
having no efficiency (n = 0 %) all energy is dissipated in the diode, as the ideal
rectifier circuit doesn’'t contain other dissipative elements. Vice versa, atn =
100 % no energy should be dissipated in the diode. The simplified single diode
rectifier circuit model is used as reference, see Fig. 2.11. In this circuit, the energy
put into the ideal diode is only present at the fundamental frequency, which is
calculated as

Py =P} =1Re(<v~> INy) (4.49)
n in™ o JIANLj1) - :

In fact, the simplified diode rectifier circuit model uses a (non-linear) resistor
to absorb this energy; in reality we should see this as a resistor of which the
dissipation depends on the signal level. The fundamental current (I;); flows
towards the non-grounded side of the resistor indicating the diode is dissipating
energy (power dissipation passive sign convention). This means power is re-
moved (dissipated as heat) from the electrical domain. In the case of a rectifier,
besides energy transformed into heat there is also a part translated from the fun-
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4.4 Large Signal Approximation

damental frequency to other harmonic frequencies including dc. For this ideal
circuit, only the dc current is applicable® and translates into energy delivered to
the load resistor R;. The diode’s power dissipation can therefore be written as®

_pl_po_1 NI — (T2
Py=P, PL_ZRqaqnupg (Ij)oRr. (4.50)

As the dissipation is dependent on the input power level, we define the relative
diode dissipation as

Py _ 3Re((Vp1tpi) = 3RL _
Dl 1 -
Pin Pin

1-17, 4.51)

with 1 being the efficiency as defined in Eq. (2.21). Fig. 4.16 shows the relative
power dissipation of an ideal single diode rectifier, for different junction temper-
atures and using a complex conjugately matched source. The curves are drawn
for the optimal efficiency case at each point of input power temperature.
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Figure 4.16 Relative diode dissipation Eq. (4.51) (at optimal efficiency) versus input
power for different values of the junction temperature in an ideal single diode rectifier
atp; =2,99=0.735 (' =0.69), I; =1 uA, fy =6.78 MHz and n=1.

8At a later stage we will see that this simplification doesn’t hold for a real diode, in which the
parasitic series resistance R; also dissipates energy, and not only at the fundamental frequency.

91In this equation we assume the circuit’s capacitor being ideal, which is the case for the ideal
rectifier circuit.
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Chapter 4 Rectifier Efficiency

4.4.5 Current responsivity

To quantify the rectifying energy transfer capabilities of a diode, the current
responsivity 1y is sometimes used [15]:

_ (isc)o
~ Pl
in

Ry ) (4.52)
in which (is)¢ represents the dc short circuit current (first term in Eq. (4.18))
and P. the power flowing into the diode:

. 1T _ 1
pin:? A Uj(f)lj(l)dl‘ZEVjIj. (4.53)

In Appendix B we elaborate why we don't see the current responsivity to be a
useful quantity to design efficient WET rectifier circuits.

4.5 Schottky Diode Efficiency

An important conclusion that can be drawn from Fig. 4.11 is that a lower diode
saturation current I; enables a higher efficiency at a certain input power level.
This is contrary to the idea that a SBD should be preferred over a pn-junction
diode for its higher current at a certain voltage level. In this section, the SBD will
be analysed in more detail to unravel this contradiction.

The two main differences between an ideal pn-junction diode and an SBD
are the reverse bias regime behaviour and the voltage dependent junction poten-
tial. The details are discussed in Section 3.4.2. The focus here is on the different
reverse bias behaviour: for the SBD, the junction resistance R; doesn't saturate
at a (close to) infinite value for large reverse bias conditions. The value is lower
and an example is shown in Fig. 4.17 (b). This figure is derived from measured
SMS 7621 data shown in Fig. 3.17 (a), using the inverse of the diode conductance
gradient Equation (4.26): R; = dV; /ol j- Using Eq. (4.28) at 300 K, we find for
the SMS 7621: limvjﬂo Rj= nVT/Is =502 kQ. The forward biased junction re-
sistance, shown in Fig. 4.17 (a), is equal for the ideal pn-junction diode and the
SBD.

In the large signal rectifier situation, the reverse bias junction resistance
curve results in a lower average R; value for the Schottky diode, compared to
using the Shockley equation (3.1). This is demonstrated when repeating the load
experiment from Section 4.2, this time with a Schottky diode model named ’'Sze
model’ (see Section 3.6.3). The comparison between the two diode models is
shown in Fig. 4.18.

For the small signal region, the results are equal for the SPICE and Sze models.
But in the large signal region, the Schottky diode Sze model shows a steady drop

112



4.5 Schottky Diode Efficiency

8 Y
10 temperature
~@- —40°C
== 0°C
107 |
—#= 27°C
~ l.\\ \\ - 40°C
S 106 ~o -¥- 80°C ||
(] S
g \\\
% n \ \\\;
0 10 ~ =
a ~
g \'\I\\ \\ .
- a
_E Lot ’\_\ \’\ -y \\\‘ £
k9] BES g
g \ . 2
= o6e - \ \N.\ g‘
\ = £
\\ ~
~E
102 £
0.00 0.05 0.10 0.15 0.20 0.25

Forward bias voltage (V)

(a) Forward biased junction resistance, derived from Fig. 3.12 (a).

5 - E==S
20 T —

102 107! 10°
Reverse bias voltage (V)

temperature WM
10° 4| -@~ -40°C
- 0°C
—A— 27°C
—~ =9~ 40°C
G 108 4] - 80°C ==
= - N ——
g > a *\.\
2 >+ =
8 -7 “u, 2
0 s
7 107 S — Lk
o ——- /__——.._._* N2
5 !
5] / :
c 6 o
= ? ’__/ 3
- S
H
=
g
&5
B
3

(b) Reverse biased junction resistance, derived from Fig. 3.17 (a).

Figure 4.17 Measured (a) forward- and (b) reverse biased diode junction resistance
versus junction voltage of a SMS 7621 diode. Both figures are derived using the in-
verse of the diode conductance gradient equation (4.26) to calculate the junction
resistance: Rj =0V;/01;.
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in junction resistance. For power levels above +10 dBm, it is also noticed that
the curves are not grouped on R -value but on Is-value, like for the small signal
region. This is due to the dropping junction resistance with larger negative
voltages. The figure shows that it is difficult to design for a constant R; value
over a large power range when using a Schottky diode. In the following section
the impact on efficiency will be analysed.

4.5.1 Comparing models

Following an equal approach as for the pn-junction diode efficiency simula-
tions, the Schottky diode is used in the same ideal single diode rectifier from
Section 2.2.1. The diode is taken ideal in a sense that its series resistance Ry = 0
and the junction capacitance Cjo = 0. Two versions of the diode current-voltage
equation are used: 'Sze fwd’ being Shockley’s ideal diode equation (3.1), also
for the reverse biased region but with a voltage dependent junction potential
¢po, see Eq. (3.8), and ’Sze’ which makes use of the reverse bias equation (3.8)
as well. Both are compared to 'SPICE’ which is based on the standard SPICE
pn-junction model, using the same parameter values and I = 65.41 nA. To see a
comparison between the Sze-, Sischka- and SPICE models including realistic R
and Cj values, we refer to Fig. 3.21.

The deviation of the Schottky diode from the pn-junction diode is shown
from the results, provided in Fig. 4.19 and 4.20. The ’Sze fwd’ curves show
the deviation caused just by the voltage dependency of the junction potential
d¢p/dV;, resulting in a varying saturation current Is with junction voltage V;,
which in turn results in a change in junction resistance. The 'Sze’ curves show
an extra deviation, when also the reverse bias equation is used. This results in
a declining junction resistance for larger junction voltages. The rectifier starts
to make use of the V; < —2.8V7 regime for an input power above —52.5 dBm,
nicely visible in Fig. 4.20 (b), see also Fig. 4.21 for the junction voltage to input
power relation. The efficiency versus junction voltage curves are all on top of
each other, like in Fig. 4.9. The junction resistance shows a significant deviation
for the large signal regime: up to three orders of magnitude. This corresponds to
a different input matching requirement for the practical case.

4.5.2 Effectof R;and C;

Fig. 4.22 shows the basic diode model based on Fig. 3.2, modified to reflect
the fundamental frequency junction resistance R; approach of Eq. (2.20). Both
diode parasitics Ry and C; have an effect on the diode junction voltage V;, which
will be analysed in this section.

To better understand the implications of adding these parasitic elements,
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Figure 4.18 Simulated diode junction resistance R; versus RF input power Pi, for
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various load experiment cases, for an ideal single diode rectifier having n = 1, R =
0Q, Cjo=0pE fo =6.78 MHz and T = 300 K. See Table 4.2 for the case parameter

values. (a) using a SPICE diode model, (b) using the Sze diode model.
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Figure 4.19 Simulated ideal Schottky diode rectifier efficiency and relative dissipation
atp; = 2,99 = 0.735 (¢’ = 0.69), pp = 0.47V, d¢pg/dV; = 0.008, R; = 0, Cjo = 0,

I; = 65.41 nA, fy = 6.78 MHz and n = 1.064. The comparison is made between the
full 'Sze’ model, the voltage dependent junction potential model 'Sze fwd’ and the
standard SPICE pn-junction model 'SPICE’, including the breakdown effect.
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Figure 4.20 Simulated ideal Schottky diode rectifier junction resistance and resis-
tance ratio at p; = 2, ¥ = 0.735 (' = 0.69), ¢ = 0.47V, d([)B/de =0.008, R; =0,
Cjo=0, I;=65.41nA, fy =6.78 MHz and n = 1.064. The ’Sze’ model is compared with
the voltage dependent junction potential model ’'Sze fwd’ and the standard SPICE
pn-junction model 'SPICE’ including the breakdown effect.
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Figure 4.21 Simulated diode junction voltage (V})1, as a function of input power Py,
to an ideal Schottky diode rectifier at p; = 2, w¢ = 0.735 (¢' = 0.69), ¢p = 0.47V,
dpg/dVi =0.008, Ry =0, Cjo = 0, I; = 65.41 nA, fo = 6.78 MHz and 1 = 1.064. The
comparison is made between the full 'Sze’ model, the voltage dependent junction
potential model 'Sze fwd’ and the standard SPICE pn-junction model 'SPICE’.

Va

Figure 4.22 Equivalent diode model at the fundamental frequency.
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4.5 Schottky Diode Efficiency

the diode model is complemented with the rectifier circuit elements from Sec-
tion 2.2.1, as shown in Fig. 4.23 (a) and (b). This represents the rectifier input
impedance (Zi,); as a parallel R-C model Ry, || Cip, see Fig. 4.23 (c¢). This circuit
is simulated using the complex conjugately matched Pccy source from Section
2.3.1, set to a circuit input power Ps1 =1 mW, and component values correspond-
ing to a large signal situation (small R; and Ry values) and a relatively large
C; = 1 pF value to show its impact starting at a lower frequency (compared to
using a lower realistic capacitance value which starts to have impact at a higher
frequency). The result is shown in Fig. 4.24. From this we can see that for lower
frequencies (< 100 kHz), the C; capacitance doesn't play a role: Cy, is dominant
and is not acting as a short as assumed in the ideal rectifier (Section 2.2.1). In
this case both R; and Ry, dissipate the circuit input power. Between 10 MHz and
200 MHz Cy, shorts Ry and C; still doesn’t contribute, resulting in an equivalent
Rin of 212 Q (Rs + R;). The equivalent parallel (Zi,); R-C model is shown in
Fig. 4.23 (b). The input power is dissipated mainly in R; and some in R (due
to their respective resistance values). For higher frequencies, C; starts to play a
role in shorting R;, resulting in more current flow through R and therefore also
more power dissipation in R; and less in R;. This makes that the energy transfer
efficiency drops. As this is just a fundamental frequency model, the higher order
harmonic currents are not taken into account. In the real circuit, they do play a
role in this regime as they dissipate energy in Ry as well, further degrading the
circuit efficiency.

For the lower frequencies, the equivalent impedance of the circuit can be
described as

7 ij}RLCL+R}+RL

in

- ) (4.54)
JwRCr+1
with R} = Rs + R;. For the higher frequencies (no power dissipation in Ry), the
equivalent impedance is

ijstCj + Rs+R;

7! = . 4.55
n ijj Cj +1 ( )

To calculate the equivalent R, and Cj, values, we use Rj, = 1/Re(Yj,) and Ci, =
Im(Yijn)/w. For the specific frequency ranges the corresponding equivalent
impedance is used to obtain the admittance.

Another effect of C; is that the junction impedance becomes complex. The
insight that the energy conversion efficiency is independent of I; when plotted
as a function of V; for a non-complex diode junction impedance also holds for
a complex impedance. Adding a junction capacitance parallel to the junction
resistance doesn’'t change the voltage magnitude across the pair, only its phase.
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R; —Gj (Zinh1
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(b) model elements (c) equivalent (Zj,); model

Figure 4.23 Single diode rectifier: (a) circuit diagram with (b) equivalent impedance
model elements and (c) parallel R-C model at the fundamental frequency. Values
used: Ry =12Q, R; =200Q,C; =1pE R, =400Q, C, =1nE

120



4.5 Schottky Diode Efficiency

103
R element
L -~ Rin
5 10 \ & Cin
9} \
1)
c
.‘g \ K
8 10
= N\
(@]
5
2 100 —
o =~
g a
g H
7 107 \ §
o 5
o<
U\
1072 "
10° 10 107 108 10° 10%° 101t
fo (Hz)

(a) Parallel resistance and capacitance value versus frequency.

1.0 ﬁ\ /

0.8 \
= /
3
5 0.6 \ _.}:di;s
.g == R;
a - R
© 0.4
)
2
[o)
o

o
[N)

= ik
\

0.0 2

302_CjRj_invest_fswp

=
o
<
s

10° 10° 107 108 10° il
fo (Hz)

(b) Power dissipation for the different resistors versus frequency.

Figure 4.24 Simulated linear single diode rectifier model (see Fig. 4.23) with fixed
component values R; = 12 Q, R; =200Q, C; = 1 pE R, = 400 Q and C; = 1 nF and
P, =1 mW. (a) Equivalent parallel Rj,-Cin, model component values, (b) power dissi-
pation in the three rectifier resistors R, Rj, Ry and their sum.
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This is verified by ADS simulation. To verify the junction capacitance model, the
diode junction impedance can be derived from a measurement. If a matching
circuit is included, this should first be de-embedded from the measurement
data. After that, the R; value — obtained from a dc I-V measurement — can be
subtracted. Taking the imaginary part of the remaining admittance provides the
diode junction capacitance.

Simulating the single diode rectifier input capacitance in ADS results in a
response corresponding to Eq. (4.55), as shown in Fig. 4.25. For this simulation,
an ideal load capacitor Cy is used, except for the Cy = 3.3 uF case which provides
areactance of X¢ = —j0.2 Q at 1 MHz. One would normally expect this to be
low enough for shorting RF signals. The graph shows the impact of the small
junction resistance in the large-signal case. The shown increase in capacitance
results in an extra challenge to match the rectifier input impedance in case a
range of input power levels of e.g. 0 to 30 dBm should be served by the circuit.

C; model )
©- fixed 0.2 pF /
== Van Halen /
10 §{-A— SPICE 7
T -9 Van Halen, C; = 3.3 uF /-
5 :
g f
c /
©
?
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Figure 4.25 Simulated rectifier input capacitance Cj, for different capacitor models
as a function of input power to an ideal Schottky Diode rectifier with ideal Cy ata
frequency of 1 MHz and p; =2, o = 0.735 (¢’ = 0.69), ¢pp = 0.47V, d(,bB/de =0.008,
R; =0, Cjo = 0.2 pE I; = 65.41 nA and n = 1.064. The curve for the C; = 3.3 uF case
(dot-dash) shows the impact of small junction- and load resistance.

For an input power level of —50 < Pj;, < 0 dBm we see a drop in capacitance
with increasing signal level. This is a result of the increasing negative dc-bias
voltage across the diode, as the junction capacitance is voltage dependent for
the Van Halen and SPICE models. Their different capacitance-voltage response
is masked due to the fact that most of the time, the junction voltage is negative.
Fig. 4.26 shows the diode junction voltage in this simulation.
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4.5 Schottky Diode Efficiency

Another effect R; has, is on its energy dissipation. Not only at f but also
for the generated dc current and harmonic frequencies. In the ideal circuit
used, the diode anode is at ground for dc and the harmonic frequencies but the
diode junction (other side of R;) is not. This will influence the amount of energy
available for R; and will also affect the efficiency equation.

On top of these effects, the varying optimal source impedance due to the
varying R; and C; values with input power, results in a varying mismatch loss
when making use of a fixed matching circuit.
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Figure 4.26 Simulated diode junction voltage as a function of input power of an ideal
Schottky diode rectifier at p; = 2, ¥ = 0.735 (' = 0.69), ¢pp = 0.47 V, dgbB/de =0.008,
Rs;=0, Cjo=0.1pE I; =65.41 nA and n = 1.064 at 1 MHz. Shown is the dc term (V})o

and the amplitude of 7; ().
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4.6 Load Resistance Choice

4.6 Load Resistance Choice

Till this point we have focussed on obtaining the optimal power transfer effi-
ciency for the rectifier circuit by choosing the best load resistance values, as
indicated in Fig. 2.16 (b). Next we will add the impedance matching circuit,
corresponding to Fig. 2.16 (c), and show two different approaches.

To obtain an optimal transfer of energy between source (typically a signal re-
ceiving antenna) and rectifier input, we need some form of impedance matching
between these components. A mismatch in source- and circuit input imped-
ance will lead to a mismatch loss, reducing the rectifier efficiency. From that
perspective a constant circuit input resistance is preferred, otherwise the circuit
can only be perfectly matched at a specific input power level. In Fig. 4.18 we see
that having a lower saturation current diode type results in more diode junction
resistance variation against input power variation between —30 and 0 dBm. This
junction resistance variation corresponds to a circuit input resistance variation
as well.

In this section we discuss the comparison between the case of using the opti-
mal load resistance, being input power dependent, and the case of using a fixed
load resistance. The choice of this fixed load resistance value is made such as to
obtain the least mismatch loss at the rectifier input over the above mentioned
input power range. The comparison is based on the circuit simulation shown
in Fig. 4.27: a single diode rectifier with load resistor and complex conjugated
source Pccoum.

h={1}

Figure 4.27 Ideal peak detector simulation circuit diagram as described in Sec-
tion 2.2.1, using a packaged SMS7621 SBD Sischka macro model. The bandstop filter
Fj is tuned at the circuits operating frequency fy = 868 MHz.

For the optimal load resistance, only the input power is swept and the load
resistance optimized for rectifier efficiency. For the fixed load resistance case,
both circuit input power and load resistance are swept to picture the result of
having non-optimal load resistance values. From this a fixed value is selected:
in this example (SMS7621 SBD at 868 MHz) we use Ry = 40 kQ.

The resulting optimal achievable efficiency for the single diode peak detector
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Figure 4.28 Both optimal and R; = 40 kQ efficiency 7, of an ideal single diode peak
detector rectifier configuration, using an SMS7621 SBD, simulated at f, = 868 MHz
using the Sischka macro model including diode package.

rectifier, is shown in Fig. 4.28 for two different load resistances, using an SMS7621
SBD'. For the fixed load resistance case, post simulation calculations were used
for which Fig. 4.29 was used as reference.

Fig. 4.30 (a) shows the optimal load resistance, efficiency loss L;, for arbitrary
load resistance and in (b) rectifier input impedance Z result of the same
rectifier topology, at 868 MHz. The efficiency loss factor for the non-matched

rectifier, is calculated as

L= 12oRt (4.56)

2
with 72 opt being the optimal achievable efficiency at each input power level by
optimizing the load resistance R, of the circuit. 7, is the obtained efficiency at
any load resistance Ry. The ratio L, corresponds to the loss due to having a non-
optimal load resistance. From these figures we see that a fixed load resistance
of 40 kQ results in an efficiency loss of less than 1 dB across the input power
range of —30 to 0 dBm. In Fig. 4.30 (b) we can see that a fixed load resistance of
40 kQ doesn’t correspond to a fixed input impedance: the variation is between
(17-817j) Q and (65 —1045j) Q. From the same figure, the rectifier input
impedance for the optimal efficiency case shows a larger variation with values

between (9.3 —837j) Q and (146 —995j) Q.
The next step is to analyse the efficiency of the complete rectifier circuit of
both input impedance matching and the diode rectifying parts. To keep the

10Thjs is for the un-matched case. The input filter F; and loading capacitor C; are ideal.
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pin,rin Prect,Zrect

D Zo — A Re

source match rectifier load

1 m L M2

Figure 4.29 Block diagram showing the post simulation approach. The input match-
ing circuit is modelled using Eq. (4.57) with a selectable reference impedance Z,. The
load resistance is either optimized for efficiency as a function of input power or kept
constant at a fixed value. 7, is the input impedance mismatch to Zj loss factor, 1, the
diode rectification efficiency.

example general, the choice is made to make use of calculating the circuit input
reflection coefficient referenced to a complex reference impedance instead of
designing a specific impedance matching circuit. This reflection coefficient can
be defined, for a complex reference impedance 7, as [106]:

Zrect - Z(;k

=— (4.57)
Zrect + ZO

in
with Z; being the complex conjugate of Z. This reference impedance is cho-
sen as Zy = Zy., wWith Zec selected somewhere in the range of rectifier input
impedances found for the different input power levels.

The input impedance efficiency factor is calculated as:
Giin=1=KTin)11* =11, (4.58)

which can be seen as the efficiency factor of input match. This input mismatch
results in a difference between the source- and rectifier circuit input power levels.
As the Pccm source is used in the simulation, all results are related to the rectifier

circuit input power level Pyec;. The corresponding source power level'! can be
calculated using
Pin
Ps= . (4.59)
Gi,in

Fig. 4.31 shows in (a) the impedance mismatch loss factor versus source
power level, for both the 40 kQ fixed load resistance case as for the optimal

Hywhich would relate to the power coming from e.g. an antenna.
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(a) Load resistance for optimal efficiency 7, curve (red) and effi-
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Figure 4.30 Load resistance for optimal efficiency together with (a) efficiency loss L;
and (b) rectifier input impedance Z for a varying load resistance R;, of an ideal
single diode peak detector rectifier configuration, using an SMS7621 SBD. Simulated
at fo = 868 MHz using the Sischka model including diode package.
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efficiency case with different reference impedances chosen (optimal-I: 7 =
12.3+862j Q, optimal-II: Zy = 23.04+930; Q, and for R;, = 40 kQ a reference
impedance of: Zy =35.0+900; Q). In Fig. 4.31 (b) the corresponding efficiencies
are shown, also versus source power level. This graph shows the impact of
choosing a fixed- or optimal load impedance and also the choice for reference
impedance, i.e. the impedance on which the impedance matching circuit is
based. The efficiency curves shown, are equal to Fig. 4.28 — they are only shifted
to the right by a varying amount. This shift is input power dependent, and
calculated in dBs as 101og;(L; in)-

129



Chapter 4 Rectifier Efficiency

100 T
é| > / ‘ Rc
90 I \.‘ ,’ N -@- optimal-l ||
I \ ] \\ ~@- optimal-Il
g 8 " v 1 \ —A— 40 kQ
= ! \ ’ \ u
& I \ I \ N
< 70 i ) T ~
= 1 S
g | ’ : N N
& 604+ S m
£ 1 \ ~
8 501! / \\: N>
T
5 1 }\ LN
E o) : \ \\ o
a 40 &
£ / + N &)
E .~ \ g
30 i o F
/ ' \ i
1 S~ R
20
=25 -20 -15 -10 -5 0 5
Source power (dBm)
(a) Impedance mismatch.
90 T
RL == _L0—"
=@~ optimal-I ‘—.—is./
g0 1|-@ optimal-n ,f 0T
—A— 40 kQ Z 4
/ -~ = \s

~
o

Efficiency Nrect (%)
(=2
o
\
\
\

g
®-—=Je
~

710__SMS7621_Pe2

40 /
=25 -20 -15 -10 =5
Source power (dBm)

(b) Efficiency.

o
(G

Figure 4.31 For the optimal load resistance case and a fixed load resistance (R; =

40 kQ), in (a) the impedance mismatch and in (b) the efficiency is shown for an ideal
single diode peak detector rectifier, using an SMS7621 SBD. Simulated at 868 MHz us-
ing the Sischka macro model including diode package. The corresponding reference
impedance chosen is for optimal-I: Zy = 12.3+862j Q, optimal-II: Zy =23.0+ 930 Q
and for R =40 kQ: Zy =35.0+900j Q.

130



4.7 Summary and Conclusions

4.7 Summary and Conclusions

In this chapter we discuss the WET rectifier energy transfer efficiency and show
how the diode characteristics relate to this. The main conclusions are:

a)

b)

c)

d

e)

f)

g)

h)

The rectifier load resistance has an effect on the rectifier input impedance.
For the ideal diode model this is at high input power levels. In that regime we
see: Rj oc Ry, shown in the Load Experiment Fig. 4.6, described in Section 4.2.
For the Schottky diode model, the same experiment is repeated in Section 4.5.
This shows in Fig. 4.18 (b) that R; o< R; applies for input power levels between
—20 and 0 dBm.

The diode saturation current also plays a role in the rectifier input impedance,
at low input power levels for both the ideal and Schottky diode model. In that
regime we see: Rj o< 1 /Is. For the Schottky diode model, the rectifier input
impedance is also determined by the diode saturation current at high input
power levels, but is also input power dependent. See Fig. 4.18.

An adaptive source is required for proper efficiency optimization of a non-
linear rectifier circuit.

A clear relation is seen between diode junction voltage and circuit input
power on one hand and rectifier efficiency, optimal load resistance and
circuit input impedance on the other hand.

A clear difference exists between the results obtained with an ideal SPICE
diode model and a realistic SBD model, for circuit input impedance and
energy transfer efficiency.

When using a fixed rectifier load resistance and a range of input power levels,
it is useful to define and analyse the efficiency loss. This to find the optimal
load resistance value.

The choice of diode type, more specifically the I; and R; value, is dependent
on the design requirements. The effect of R; is frequency and input power
dependent. A low I value increases efficiency in the low input power regime.

Designing an efficient rectifier for a larger input power range can be done
using a varying optimal load resistance or a fixed load resistance. Depend-
ing on the range of input power levels, the latter can outweigh the former
approach.
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Chapter 5

Rectifier Circuits

In this chapter we compare different basic rectifier configurations. This provides
insight in how beneficial topology choices can be for the rectifier efficiency.
For objective rectifier circuit topology comparison, the complex conjugately
matched source (Pccy) method is used in this chapter, to ensure an equal input
power situation. The circuit load is optimized for maximum energy transfer
efficiency. The details on these methods are discussed in chapter 2.

Due to the chosen complex conjugately matched source technique, the
rectifiers do not need to be input impedance matched with the source. This
enables a proper comparison over a wide range of input power — the input
impedance typically varies significantly with input power. The input impedance
should be matched differently at each input power level, when using a normal
fixed impedance source. In chapter 6 a rectifier example will be shown including
a matching circuit.

To obtain a high energy transfer efficiency at low input power levels, design-
ers often tend to choose a diode with a low forward voltage specification for a
given current, e.g. [107]. As discussed in chapter 4, such a diode corresponds
to a high saturation current I, which doesn’t result in an optimal efficiency
performance versus input power level. In this chapter the difference between
two different diode types! becomes more visible, when comparing different
rectifier topology efficiencies.

I The diode types are: the Skyworks SMS 7621 and the Avago HSMS-2852, with a low respectively
high saturation current. See tabel 3.2 for an overview of the SPICE model parameters of these
diodes.
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5.1 Topology Comparison

In the previous chapters, the rectifier theory is mainly build around the single
diode peak detector topology, abbreviated as Pe. This circuit is used for decades
for peak detection and demodulation purposes, but serves also as a WET rectifier
circuit. This configuration will be compared with several other rectifier families:
the Villard rectifier (Vi) [108], the Greinacher voltage doubler (Gr) [109] and
Graetz (Gz), diode-bridge or full-wave rectifier [110]. See Fig. 5.1 for examples of
the different rectifier families.

The rectifying diodes are modelled using the Sischka macro model (chapter 4,
tables 3.8 and 3.9 and Fig. 3.15) for two different SBDs: the SMS 7621 and HSMS-
2852. For some circuit topologies, also the ideal diode model is used, using the
specific SBD saturation current value and the ideal diode parameter values n =1,
Rs=0and C; =0, see Fig. 5.2. The purpose is to show the theoretical maximum
efficiency limit, for that particular topology.

All circuits in this chapter are simulated using ADS with the non-linear HB
engine. For the simulations, the following parameter values are used: fy = 1 MHz,
number of harmonics? n = 35, the adaptive source impedance Z; is equal to
the diode small signal junction resistance’, see eq. (4.28). Fig. 5.2 provides and
overview of the ideal circuit components, used in the ADS simulations, together
with the circuit schematic equivalent components, used in the different rectifier
topologies overview to be discussed next.

The different topologies contain frequency selective elements: ideal filters.
These are defined in the frequency domain, using ADS’ Z1P_eqn component
which is an equation defined impedance. They refer to an IF-THEN-ELSE equa-
tion shown in the "VAR’ block. E.g. Z_F1 has an impedance of 1071° Q at f,
and 10'° Q for other frequencies. For these ideal filters, the frequency domain
harmonic number % is shown below the filter, to be passed through or being
blocked, depending on the filter type. A bandpass filter with i = {1} means
that only the fundamental frequency fj is passed through. The variation in the
configurations shown is not complete: more combinations are possible.

2Using 35 harmonics is seen as a good compromise between obtaining an accurate enough
result and having sufficient simulation convergence, for all configurations analysed.

3This value of hmV] oRj= IL results in converging optimization over the complete input
power range of {—60--- + 30} dBm. E. g. Zs =50 Q results in HB solver convergence issues.
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L G

(a) Peak detector (Pe) family.

(0]

o_{

D,

(b) Villard (Vi) family.

@ D,
D—{
Dy @
% L
I

(c) Greinacher (Gr) family.

(d) Graetz (Gz) family: diode-bridge or
full-wave rectifier.

Figure 5.1 Examples for the different detector rectifier families, with the abbreviation
used in parentheses.
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Figure 5.2 ADS implementation of the ideal circuit components (blue) and the circuit
schematic equivalent components (black) used in the different rectifier topologies
overview to be discussed next. For the ideal filters, the frequency domain harmonic
number(s) h are shown to be passed through or being blocked, depending on the
filter type. The non-ideal SBDs (not shown in this figure) are modelled as shown in
table 3.8 and 3.9 and Fig. 3.15.
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5.2 Peak Detector

The basic peak detector topology, indicated as Pel, is shown in Fig. 5.3 (a) and
is sometimes called a class-C rectifier for its zero dc-bias voltage at the diode’s
anode by using a dc-short to ground (the lowpass, k = {0}-filter). This element
is used to avoid the dc-current passing through the source-resistance causing
unwanted loss of energy. Often the function is filled in by a shunt inductor, being
part of the input impedance matching circuit.

The Pe2 variation shown in sub-figure (b) is an improved form of Pel and
corresponds to the ideal rectifier circuit described in section 2.2.1. To compare
the performance, Fig. 5.4 shows the rectifier efficiency of the different topologies
for (a) the SMS 7621 and in (b) for the HSMS-2852 SBD.

Another derivation to the rectifier topology can be made using harmonic
load termination. In amplifier design, the use of a harmonic load termination is
used to improve the amplifier efficiency, e.g. [111, 112] describe the class-F type
amplifier. A similar approach is used in rectifier designs, e.g. [41] describes an
inverse* class-F amplifier (F~!). In this case, the odd-harmonic frequencies are
shorted to ground and the even ones are allowed to pass between source and
rectifying diode. This class-F™! rectifier is shown in Fig. 5.3 (c). Pe2 and Pe3 per-
form almost equal, except for the high drive levels, where Pe3 outperforms Pe2,
see Fig. 5.4. The drawback is that Pe3 requires more components to implement.

Shorting only the odd harmonics at the output of the rectifier doesn’'t work
well, as shown with variant Pe4 in Fig. 5.3 (d), see Fig. 5.4.

The implementation of Pe5, as shown in Fig. 5.3 (e), doesn’t result in an
optimal efficiency as shown in Fig. 5.4 (a) and (b).

The difference between class-F amplifier and -rectifiers is that in the case of
the amplifiers the voltage and current are 180° out of phase and result in a zero
voltage-current product for the harmonics. In case of the rectifier, they are in-
phase (more or less, as reactive parasitics will introduce a slight shift depending
on the frequency used). If a harmonic term is not shorted, the voltage-current
product will be non-zero and represent energy, not ending up in the dc-term.
Therefore no significant improvement is seen in rectifier efficiency. In this case
the class-C and class-F~! filters present only a zero- or infinite resistance for
a harmonic term. It would also be possible to optimize the harmonic term
amplitudes, like described in [111], but this is not taken into account in this
work.

Making use of the measured diode performance spread information, result-
ing in a minimum and maximum fitted model as shown in table 3.8 and 3.9,

4In an RF to dc converting rectifier, the usage of a frequency selective filter at the output doesn’t
work. Therefore the filter is used at the RF input side — hence the usage of 'inverse’.
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the corresponding Pe2 spread in rectifier efficiency is simulated®. The result
is shown in Fig. 5.4 (c)%. On top of this efficiency spread, the spread on the
other rectifier lumped-) component values will add variation. Comparing the
spread for the different topologies, adding this additional spread, doesn’t show a
different order in performance between the variants.

As expected from chapter 4, the SBD SMS 7621 diode with lower I value,
outperforms the HSMS-2852 one, having a higher I value.

Zs D,

Vs Pcem G Rp

€

r [

h=1{0} L

(a) Pel: class-C rectifier, with dc-short at input,
shorting & = {0} to ground.

Zs Dy

Vs Pcem G RL

&0

r [

h={1} L

(b) Pe2: shorting all but i =1 at input.

Zs D,

&2

34

Vs Pcem G R

r [

h={1} h={1,2N"]

(c) Pe3: class-F~! rectifier, passing f; and shorting
dc and odd £ to ground, at input.

Figure 5.3 The single diode peak detector rectifier family.

5Note that this spread is taken from a limited number of ten samples. Real spread is expected
to be larger.

6In this simulation, the optimal achievable efficiency is calculated for the three cases: the three
cases have different load resistances. This is not the same as keeping the load resistance values
equal to the nominal case, when simulating the maximum and minimum cases.
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(d) Pe4: shorting all but & =1 at input, short-
ing odd h at output.
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Vs Pcem
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(e) Pe5: passing fp and shorting dc to ground, at input.

Figure 5.3 The single diode peak detector rectifier family.
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Figure 5.4 Peak detector rectifier family efficiency, shown for (a) the SMS 7621 and (b)
the HSMS-2852 and (c) the expected efficiency spread using the nominal, minimum
and maximum SMS 7621 models (see tables 3.8 and 3.9).
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Figure 5.4 Peak detector rectifier family efficiency, shown for (a) the SMS 7621 and (b)
the HSMS-2852 and (c) the expected efficiency spread using the nominal, minimum
and maximum SMS 7621 models (see tables 3.8 and 3.9).
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5.3 Villard

The Villard topology looks of similar complexity as the peak detector one, and is
shown in Fig. 5.5. An advantage is its build-in dc-block capacitor and no need
for an input dc-path to ground, as the diode is connected to ground itself. A
drawback of this circuit is the large ac voltage swing on the output. Only the
Vi3 and Vi4 types have a flat load voltage characteristic due to the output filter.
These variants are also the most efficient ones of the four types, as shown in
Fig. 5.6.

Also for the Villard topology, the SBD SMS 7621 diode with lower I; value,
outperforms the HSMS-2852 one, having a higher I value (like for the peak
detector type).
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(a) Vil: capacitor at input, blocking /2 = 0.
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(b) Vi2: shorting all but & =1 at input.
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(c) Vi3: passing dc and even £ at output.
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(d) Vi4: shorting all but 4 =1 at input, passing dc
and even h at output.

Figure 5.5 The single diode Villard rectifier family.
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Figure 5.6 Villard detector rectifier family efficiency, shown for two different SBD’s.
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5.4 Greinacher

The Greinacher voltage doubler type of rectifier is shown in Fig. 5.7, with the
voltage quadrupler variants in (c) and (d).

AV
Vs Pccm % D, T G R
4+

h=1{1}

(a) Grl:shorting all but h =1 at input.

R
R LA L
AV
Vs Pcem % D, T G Ry
h={1} L h={2N"+1}

(b) Gr2: shorting all but 2 = 1 at input, blocking odd % to second
stage.

Zs

Vs @ Pcem %

h={1
{}C3

(c) Gr3: shorting all but & =1 at input.

Figure 5.7 The voltage doubler Greinacher rectifier family.

The resulting efficiencies are shown in Fig. 5.8. The Grl and Gr2 types
perform best at the lower input power levels where Gr2 and Gr4 are the best at
the high-end range. Although the output voltage doubling attracts designers to
make use of this configuration, we will see later that, from an efficiency point
of view, this type is not the best choice. A trade-off should be made, taking
high-efficient dc-dc voltage-converters into account as well, when looking at a
higher level system design.
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h={1}

C;  h=(NT+1

(d) Gr4: shorting all but h =1 at input, blocking odd &
to ground in centre.

Figure 5.7 The voltage doubler Greinacher rectifier family.

Like for the peak detector and Villard types, also for the Greinacher topology,
the SBD SMS 7621 diode with lower I value, outperforms the HSMS-2852 one,
having a higher I value.
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Figure 5.8 Greinacher detector rectifier family efficiency, shown for two different

SBD’s.
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5.5 Graetz

The Graetz-, diode-bridge or full-wave rectifier topology is shown in Fig. 5.9. The
resulting efficiencies as a function of input power are shown in Fig. 5.10. This
configuration is commonly used in power supply rectification but also serves
well in WET applications. The Gz3 variant is the best of the three, performing
well both at low and high drive levels.

Also for the Graetz topology, the SBD SMS 7621 diode with lower I; value,
outperforms the HSMS-2852 one, having a higher I value (like for all three
previous types).

Zs G D,
D, Dy L G Ry
Vs Pccm Ds

(a) Gzl: blocking h = 0 capacitors only.

Zs G D,

Vs Pcem

h={1}

(b) Gz2: shorting all but & =1 at input.

Zs

D,
X
X L
Dy Dy C Rr
Vs Pcem Ds
}

h={1,2N"

(c) Gz3: blocking dc and odd £ at input.

Figure 5.9 The Graetz-bridge full-wave rectifier family.
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Figure 5.10 Graetz detector rectifier family efficiency, shown for two different SBD’s.
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Chapter 5 Rectifier Circuits

5.6 Rectifier Family Comparison

A comparison of the best performing topologies from the different rectifier
families is shown in Fig. 5.11, showing efficiency and load voltage as a function
of input power’. In this comparison only the SMS 7621 diode is taken into
account as the HSMS-2852 performs less efficient due to its larger I; value.
Fig. 5.11 (a) shows — for the low drive levels — that Pe2 and Vi4 are performing
the best in terms of efficiency (they have an equal curve). For drive levels above
0 dBm, the Gz3 outperforms the rest although the Pe3 variant is equal at 30 dBm.

Looking at the load voltage in Fig. 5.11 (b), the Gr4 topology results in the
largest voltage values.

Fig. 5.11 (c) shows the load resistance Ry, as a function of input power, cor-
responding to the optimal efficiency 7. Note the same order of topologies as
for the load voltage graph in (b). The corresponding circuit input resistance
versus input power is shown in Fig. 5.11 (d). The imaginary part is negligible
at fo = 1 MHz. The ratio between the two resistances is shown in Fig. 5.11 (e).
Note that the different rectifier families have different ratios — the Pe2 and Vi4
topologies correspond to the ideal peak detector curve, shown against junction
voltage in Fig. 4.13, with a ratio of 2. The Gr4 topology has a ratio above 20,
showing the lowest circuit input resistance. A lower ratio value results in less
input impedance matching loss as this requires to bridge a smaller step between
source- and circuit impedance by the impedance matching circuit. Therefore
a trade-off has to be made between topology efficiency and -input impedance.
Also the output voltage is part of the equation, as this plays a role in the power
management between rectifier and loading circuit.

In some applications, different modes of operation are deployed with signif-
icant changes in load resistance and therefore rectifier input impedance. For
example a rectifier charging a battery can be in normal charge- and trickle charge
mode, typically having an order of magnitude difference in charge current and
load resistance. This puts an extra challenge on the rectifier input impedance
matching circuit. Changing rectifier topology when changing charging mode,
can be a solution to obtain less mismatch loss on the rectifier input side.

To specify a topology’s efficiency, it is not useful to use a single number,
as the efficiency is input power dependent. It would be better to specify the
efficiency for a specific input power range. E.g. in chapter 2 a useful WET range is

Rectifier efficiency can also be presented in a graph which shows the breakdown between
the contributing different rectifier circuit parts, see e.g. [113]. In this thesis the ideal rectifier is
observed, without an input impedance matching network and other dissipating elements. This
results in only two contributors for efficiency degradation: the voltage dependency of the diode
junction potential and the non-ideal diode reverse bias characteristic. The difference between
the two is made clear in Fig. 4.19.
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Figure 5.11 A comparision of the different rectifier families, using the SMS 7621 diode
for: (a) efficiency, (b) load voltage, (c) optimal load resistance, (d) corresponding
circuit input resistance and (e) input- to load resistance ratio.
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Figure 5.11 A comparision of the different rectifier families, using the SMS 7621 diode
for: (a) efficiency, (b) load voltage, (c) optimal load resistance, (d) corresponding
circuit input resistance and (e) input- to load resistance ratio.

for input power levels between —15 and —5 dBm for a 915 MHz application. The
minimal achievable efficiency over this range is, in that case, useful to specify
for a rectifier topology, e.g. as _15dBm-
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5.7 Summary

In this chapter different WET rectifier topologies have been discussed and com-
pared. The main findings are:

a) The optimal performing rectifier configuration type is input power depen-
dent, with respect to energy transfer efficiency.

b) The rectifying diode type plays a significant role in the efficiency, and more
specifically: the saturation current of the diode.

¢) The complexity of a topology plays a role: non-ideal components will add
losses and parasitic behaviour. For small size applications the component
area is also of importance.

d) The input matching circuit needs to be added, introducing extra loss and
frequency dependency. The required impedance transformation factor is not
equal for all topologies.

e) Comparing the different rectifier families, the input resistance varies more
between the families than the efficiency.
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Chapter 6

Far Field Application

This chapter provides a view on typical WET rectifier characterization work: work
is shown with WSNs as WET application. A comparison is described between a
commercial Powercast harvesting solution [114] and work carried out at imec in
2014 [40]. This shows the typical RF signal levels available at the input of a WET
rectifier circuit, the available dc power to drive a connected electronic circuit
and the resulting energy conversion efficiency. The topics of the corresponding
load resistance and power management circuit are also discussed.

The only available commercial harvester, at that time, from Powercast [114]
is compared to a discrete-rectifier from imec [40] (supplemented with a commer-
cial power management circuit by Texas Instruments [115]). For the imec work,
a frequency of 868 MHz (European short-range device (SRD) band) is chosen
for its relatively high allowable transmit power and which results in favourable
antenna dimensions against performance!. The Powercast system operates at
915 MHz (USA industrial, scientific and medical (ISM) band).

6.1 RF Harvesting System

Assumptions

As a starting point for the experiments, described in this chapter, the following
assumptions are made:

« protocol the RF communication protocol, used by the radio system, foreseen
to be connected to the RF harvester, will be according to the Institute of
Electrical and Electronics Engineers (IEEE) 802.15.4g standard [116].

1The regulations have changed over time. In 2021 different restrictions apply, see the European
Communication Committee (ECC) Recommendation 70-03 [10].
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Chapter 6 Far Field Application

Table 6.1 Frequency Band Allocations and Transmit Power
Restrictions for radio-frequency identification (RFID) Ap-

plications.
Frequency band Powerlevel  Region
865.0 — 865.6 MHz 100 mW ERP Europe
865.6 - 867.6 MHz 2 W ERP Europe

867.6 — 868.0 MHz 500 mW ERP  Europe
902.0-928.0 MHz 4 WEIRP USA, Canada
2400.0 -2483.5 MHz 4 W EIRP USA, Canada
2400.0 - 2483.5 MHz 10 mW EIRP Japan, Korea
2446.0 -2454.0 MHz 4 W EIRP! Europe?

! effective isotropic radiated power (EIRP) is the
transmit power multiplied by the gain of the trans-
mit antenna. EIRP is 1.64 times effective radiated
power (ERP).

2 Power levels above 500 mW are restricted to use
inside the boundaries of a building and the duty
cycle of all transmissions shall in this case be < 15%
in any 200 ms period.

« packet a packet is assumed with 108 bits payload data and 392 bits overhead
at50 kb/s.

e on-time this leads to an on-time of 10.0 ms, which is used as pulse duration
in the case of a so called dynamic load.

« energy consumption the maximum energy consumption is dominated by
the transmitter of the radio system, consuming 50 mW of power, although
this can be scaled down by lowering the RF output power of the system.

When making use of RF energy transfer, the regulations set in a specific region
of the world should be followed. From [39] table 1, the allowed power level
restrictions are found as listed in Table 6.1.

For USA/Japan/Europe coverage, the best choice is using 868 and 900 MHz
where 2 W respectively 4 W is allowed. For 2.4 GHz this is restricted to 10 mW for
Japan and 600 mW for Europe (15 % of 4 W).
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6.1 RF Harvesting System

Controlled RF environment

Radiative WET used in an indoor environment will be subject to different forms
of fading effects.

In order to get an idea of available signal levels at the receiving side in an
wireless indoor environment, an available-power measurement is performed
in a large office hallway. Two different antennas — a 1.0 dBi ground-plane and
a 6.1 dBi patch type (both commercial Powercast antennas [117]) — are used
on the receiving side, connected to a power sensor. On the source side, a3 W
EIRP commercial Powercast transmitter with build-in patch antenna is used
at a frequency of 915 MHz. The measurement results are provided in Fig. 6.1.
We see that even in a large indoor room we will have fading effects. As can
be conducted from this experiment, to achieve power transfer over distances
between 5 and 10 meter, a system operating at power levels between —15 and
—5 dBm on the receiver side will cover most situations. The dashed predicted
curves are calculated using Friis’ free-space transmission equation [118].

\ antenna
©— 1.0 dBi groundplane == groundplane Friis
\ == 6.1 dBi patch = = patch Friis

10

—-10 4

y

received power (dBm)

—20

—30

201__ImecTl_antennas_hallwa:

Distance (m)

Figure 6.1 Measured indoor (hallway) received power at 915 MHz, using a 1.0 dBi
groundplane and 6.1 dBi patch antenna on the receiving side and a 3.0 W effective
isotropic radiated power (EIRP) transmitter. The expected received power levels,
based on a free-space assumption using the Friis equation [118], are also shown
(dashed).

For reproducibility, a controlled RF environment is used in this work, by mak-
ing use of a wired connection between the source and receiver and controlling
the source output power level?.

2 Actually the receiver input power is controlled as that is the difficult to control one in a wireless

157



Chapter 6 Far Field Application

The following characterization experiments are done in a wired set-up, using
a signal source connected to the RF energy receiver by a coaxial transmission
line. Fig. 6.2 shows a block-diagram used to characterize a combination of RF
matching and rectifier circuit with a voltage boost/buck-converter with energy
storage and a dynamic load at the output of this converter. This load is used
to emulate a typical wireless sensor node, which will have a specific energy
consumption pattern in time.

Tharv

MNrect

|
|
Mboost ! Mbuck
|
|
|

®* Z 4%* dcdcg_TL_ dcdc_ R

source match rectifier boost storage buck load

Figure 6.2 Block diagram of a practical WET test-setup. The source represents an RF
signal generator (source), connected to the impedance matching network (match).
The rectifying circuit (rectifier) is followed by a boost converter to increase to voltage
level (boost) for efficient storage in a capacitor or battery (storage). This voltage is
brought down by a buck converter (buck). The load is a dynamic load (load), con-
trolled by e.g. an Arduino® microcontroller. The different n'’s represent power conver-
sion efficiencies and are explained in the next section.

6.2 Rectifier Comparison

In this section, two rectifier designs will be compared: a discrete rectifier, de-
signed at imec in 2014 and a discrete rectifier, made commercially available by
Powercast Corporation. Around 2014, the Powercast solution was the only com-
mercial design available on the market. Five years later, they still have the same
design and performance available, only some other frequency band versions
where added in the mean time. Therefore the comparison is still relevant.

connection. As the source has a wired connection with the receiver input, both are the same in
this controlled RF environment.
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6.2 Rectifier Comparison

6.2.1 Powercast discrete rectifier

The COTS RF harvesting product is a Powercast discrete rectifier P2110CSR
evaluation board [114] containing an impedance matching circuit, two parallel
rectifiers, a voltage boost converter and energy storage capacitors, together
with a Powercast Battery Charging Board (BAT-EVAL-01, not available anymore)
containing a circuit producing a constant output voltage. The schematics of
the matching circuit with rectifiers is shown in Fig. 6.3, the corresponding PCB
layout in Fig. 6.4. This product is designed for 915 MHz (USA available license-
free ISM frequency band). In the measurements, this frequency is used for the
Powercast circuit, where for the imec designs the European license-free ISM
frequency of 868 MHz is used.

¢+—— o dcout

RFin

—

Figure 6.3 Impedance matching and rectifier circuit of Powercast P2110CSR evalua-
tion board, with undisclosed diode type.

6.2.2 Imec discrete rectifier

At imec a discrete RF harvesting rectifier is designed, including an antenna-to-
rectifier matching circuit. The circuit consists of an Avago Technologies HSMS-
2852 Schottky diode pair and some discrete surface-mounted device (SMD)
components. Fig. 6.5 shows a photograph of the fabricated prototype of the
matching and rectifier block. The schematic diagram is shown in Fig. 6.6. The
left section contains the impedance matching network which is designed to
transform the rectifier input impedance towards 50 Q2 at the circuit input side at
868 MHz. The right section is a voltage doubler rectifier topology.

The imec rectifier circuit is connected to a COTS Texas Instruments power
management circuit BQ25570 [115]. Fig. 6.7 (a) shows the circuit diagram of
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R ——5CCT70

ﬁl o

Figure 6.4 Powercast P21XXCSR-EVB evaluation board rectifiers with matching stage,

having the same topology and layout as on the P2110CSR evaluation board used in
this work.

Figure 6.5 Imec matched-rectifier: impedance match and rectifiers in a voltage dou-
bler configuration, prototype on a PCB.

the rectifier circuit connected to the Texas Instruments (TI) BQ25570 power
management chip in a circuit diagram and Fig. 6.7 (b) the corresponding PCB
application with antenna [12,119]. The antenna is directly conjugately matched

1
match <——— rectifier

Figure 6.6 Imec matched-rectifier: impedance match and rectifiers in a voltage dou-
bler configuration, circuit diagram with an Avago Technologies HSMS-2852 Schottky
diode pair.
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6.2 Rectifier Comparison

to the rectifier. So on the PCB shown in Fig. 6.7 (b) a matching network is not
present. Using resistors (R9 and R10), see Fig. 6.7 (a), the output voltage of the
TI chip can be determined, on which the load circuitry should run.
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Figure 6.7 Imec discrete RF energy harvester with TI BQ25570 power management
circuit: (a) Circuit diagram, (b) PCB.

TI's BQ25570 is a highly integrated energy harvesting management solution
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that is well suited for meeting the special needs of ultra-low power applica-
tions. The product is specifically designed to efficiently acquire and manage the
microwatts (UW) to milliwatts (mW) of power generated from a variety of dc
sources. The BQ25570 is the first device of its kind to implement a highly efficient
boost charger with a nano-powered buck converter targeted toward products
and systems, such as WSNs which have stringent power and operational de-
mands. The design of the BQ25570 starts with a dc/dc boost converter/charger
that requires only microwatts of power to begin operating. Once started, the
boost charger can effectively extract power from low voltage output harvesters.
The boost charger can be started with Vi, as low as 330 mV, and once started,
can continue to harvest energy down to Vi, = 100 mV.

The BQ25570 implements a programmable maximum power point tracking
(MPPT) sampling network to optimize the transfer of power into the power
management circuit. The BQ25570 periodically samples the open circuit input
voltage every 16 seconds by disabling the boost converter for 256 ms and stores
the programmed maximum power point (MPP) ratio of the connected input
voltage to the open circuit (OC) voltage on an external reference capacitor at pin
name VREF_SAMP, see Fig. 6.7 (a). While the storage element voltage is less than
the user programmed maximum voltage (VBAT_0V), the boost converter loads
the rectifier output capacitor until the regulator input voltage (pin 2, see Fig. 6.7
(a)) reaches the MPP (voltage at VREF_SAMP, pin 4). This results in the boost
converter regulating the input voltage of the converter until the output reaches
VBAT_0OV (pin 7), thus transferring the maximum amount of power currently
available per ambient conditions to the output.

In a practical application, the energy consuming application will not operate
in a continuous mode. Duty cycling is a common practice. The corresponding
power consumption is drawn in Fig. 6.8. Typically, a limited amount of energy is
available, therefore energy storage is in most cases a necessity. In low data rate
wireless sensor node applications, the energy can be stored in a capacitor. The
amount of energy available from a charged capacitor E,p is equal to

Q2 Q2
q 1 2, 1 2 2
Ecap = Vdg= —dg=—(Q5;-0Q7)==-C(Vy - V{), 6.1
cap fQ1 9 [Q1 C a ZC( 2 2 2 (V2 i) ©.1)

where V) and V5 are the capacitor voltage levels after and before the energy is

taken out and C is the capacitance value. A higher capacitor voltage corresponds

to more available energy. The required capacitance can be calculated using
PgcTon

> 6.2)
0.5(V5 - V)

with Py, being the foreseen dc-power consumption of the load connected to the
energy harvester.
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Figure 6.8 Time diagram of dynamic load dc power consumption with period T.

6.3 Dynamic Load

To put the harvesting system in a real state of operation, an energy consuming
load should be connected with a non-constant time behaviour, like a wireless
sensor node. To be flexible and to provide the ability of loading the system with
a specific current profile, a dynamic load is build consisting of seven resistors
selectable by BS170 field effect transistors (FETs) as shown in Fig. 6.9. The
resistors Ry, ..., Rg have decreasing values of 750, 360, 180, 91, 47, 22 and 11 Q.
The load can be controlled using seven lines named by, ..., bg. This enables
binary resistance-FET combining providing 128 different resistance values. The
load is controlled using an Atmel® ATmega2560 microcontoller on an Arduino®
MEGA board [120]. The lowest bit by is controlling Ry (750 Q2) and selecting the
lowest current amount. Similarly bit bg controls Rg (11 Q) for the largest current
amount. A specific current value can now be programmed in a binary fashion.
For example, a binary code of 0000101 will select both Ry and R in parallel.
Using the Processing based Arduino software, a sequence of different resistor
combinations can be repeated in a loop structure, mimicking a wireless sensor
node system load [30]. For the RF harvester characterization experiments, the
dynamic load is programmed for one specific resistance value only combined
with a specific duty cycle, such that the complete system of harvester, power
management, energy storage and load are in an energy equilibrium.
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Ry — Ry Ry - Rs Rs

12k 12k 12k 12k

Figure 6.9 Dynamic load consisting of seven BS170 FETs, with 12 kQ pull-down resis-
tors and resistors Ry, ..., Rg ranging from 750 to 11 Q, selectable by seven (active high)
lines named by, ..., bg.

6.4 Practical WET Application

For practical radiative WET usage, the average available dc output power and
with that the system energy transfer efficiency are of most importance. Fig. 6.2
shows how different efficiencies are defined in the practical WET system.

For the efficiency measurement of the first, i.e. the impedance matching
and rectifier, stage, the load impedance of this stage is required as a function of
input power. The rectifier load impedance is the input impedance of the power
management stage. As already mentioned, the BQ25570 makes use of a MPPT
mechanism which stores the OC (no boost converter connected) input voltage
(VREF_SAVMP) at a capacitor. By measuring this voltage at different input power
levels of the matched rectifier stage, the input power to open circuit output
voltage characteristic of this stage is known. The BQ25570 controls the boost-
converter input impedance by using a certain percentage of VREF_SAMP. In this
measurement, a value of 50 % of the OC voltage is used.

As a second step, the matched rectifier stage is measured with a resistive load,
of which the value can be controlled. We can determine the corresponding load
resistance such, that the same rectifier output voltage is obtained for a specific
RF input power level (being 50 % of the OC voltage). Fig. 6.10 presents the
result of this measurement using the imec rectifier, showing a decreasing load
resistance for the rectifier stage with increasing RF input power. The definition
of the matched rectifier stage efficiency is
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P, VP
Pin  RpPin
with P; being the rectifier dc output power, V, the rectifier dc output voltage

(equal to half of the OC voltage measured on the MPP voltage storage capacitor)
and R; the load resistance of the rectifier.

Mrect = (6.3)

Input Resistance (kQ)
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Figure 6.10 Measured BQ25570 power management circuit input resistance at 50 %
OC voltage, using the imec rectifier.

By measuring the complete WET setup, the total harvester efficiency nparv
can be determined, see Fig. 6.2. For each value of RF input power, the duty cycle
of the dynamic load is selected such that the system is in an energy equilibrium.
This can be easily determined by monitoring the energy storage capacitor volt-
age. This voltage will vary between V; and V,, where the larger V, should just
be reached before the dynamic load starts to draw energy from the capacitor.
Fig. 6.11(a) shows the case with more RF input power compared to average dc
output power consumption. The energy storage capacitor voltage (magenta line)
reaches its maximum well before the dynamic load starts to consume power.
In Fig. 6.11(b) the system is in energy equilibrium after lowering the RF input
power level. Using Fig. 6.8, the average obtained dc output power is calculated
as

tO n

Poyt = Poyt———.
Ton + loff

(6.4)

From this, the harvester energy transfer efficiency npary is calculated as
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(b) System in energy equilibrium, Py, = 4.1 dBm.

Figure 6.11 Oscilloscope measurement example of RF power transfer system. Dy-
namic load dc power consumption (yellow, 2nd line from top) with the energy storage
capacitor voltage (magenta, bottom line). Ty =200 ms, Ty = 10 ms, Poye = 19.8 mW.
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POllt

P_in (6.5)

Tharv =

The energy stored in the energy storage capacitor, see eq.(6.1), during the
time period T is used to calculate the efficiency of the matched rectifier stage
with the following boost-converter and storage capacitor included as

0.5C (V- V?)

6.6
TP (6.6)

M stor =

The efficiency of the boost converter and buck converter are found from the
above defined efficiencies as

Tboost = n_stor, (6.7)
rect
h
Mouck = Y. 6.8)
Tstor

The above mentioned efficiencies are measured and shown as a function
of RF input power in Fig. 6.12. In this example, a storage capacitor of 1000 uF
is used and an instantaneous power consumption of the load of 55 mW. As an
example: Npary = 22.8 % for Prr = —10 dBm, which means Pout =22.8 UW and
with a period T = 8.7 s, this provides 19.8 mW available dc output power during
10 ms per period. In the same figure, the measured Powercast efficiency is also
indicated. Compared to the imec rectifier, the Powercast circuit performs less
efficient over the whole RF input power range.

ADS simulation

The circuit is replicated in ADS using the Sischka SBD model and realistic models
(including parasitics) for the lumped elements, based on supplier data. The
open circuit load voltage Voc is simulated using a 100 MQ resistor as load 3.
These values are stored against the source power level (in dBm), with the ADS
measurement data interchange format (MDIF) format. Using the file based ADS
data access component (DAC), this open circuit voltage data is used in a next
simulation to optimize the load resistance to reach a load voltage specified as
percentage of the open load output voltage. This is to mimic the situation of
using a TI BQ25570 power management circuit as rectifier load.

3As this is a simulation of a practical circuit, a normal source type is used: the ADS P_1Tone
source.
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Figure 6.12 Measured efficiency of the different sections of the imec WET setup, at

fo =868 MHz. rect’ is the matched receiver section, 'boost’ the boost converter and
storage capacitor, 'stor’ the matched rectifier with boost converter and storage capaci-
tor, 'buck’ the buck converter, "harv’ the complete harvester circuit (see Fig. 6.2). The
dashed lines are meausured on the Powercast setup at fy = 915 MHz.

Fig. 6.13 shows in (a) the efficiency and in (b) the load resistance as a function
of RF input power for the Gr1-type rectifier. The practical situation is simulated
for a range of open circuit voltage values (40---90 % Vo), of which the 50 %
and 70 % cases are shown. Also shown are two cases where the load resistance
is optimized for best efficiency. This is done for the matched case* and the
unmatched case®. In the measurement, the TI BQ25570 was set to 50 % open
circuit voltage (Voc). Comparing the measurement with the simulation data
shows that the 70 % Voc case shows the best match, especially for the load
resistance. The efficiency deviation between measurement and the 70 % Vo
curve above an input power level of —5 dBm is likely caused by the input voltage
limitation of the TI BQ25570 chip. This is not further investigated but plays a role
when using such a design in selecting the rectifier topology and setting the open
circuit voltage percentage for the maximum power point tracking mechanism.

From the simulation of the optimal efficiency load resistance, the optimal
open circuit voltage percentage is calculated. Fig. 6.14 shows the result, both for
the matched- and unmatched circuit. As found in chapter 4, the rectifier input
impedance is dependent on the load resistance, above a certain input power

4using the capacitor and inductors as shown in Fig. 6.7 (a) as input imedance matching circuit

and a normal ADS P_1Tone source.
Swithout input matching circuit and using a complex conjugated matched source
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6.4 Practical WET Application

level. This plays a role when the TI BQ25570 chip measures the open circuit
voltage: this changes the rectifier input impedance, which results in aimpedance
mismatch between the source and rectifier. Due to the reduced power flowing
into the circuit, the open circuit voltage will be lower. This explains why the
matched case shows a larger optimal open circuit voltage percentage.
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Figure 6.13 Simulated and measured (dashed) Grl-rectifier (a) efficiency and (b) load
resistance versus input power level, at fy = 868 MHz. The simulated results are for
different Vi, / Vo ratios, for an efficiency optimized case and for the RLqp¢ matched-
and unmatched cases. For the unmatched case, a complex conjugately matched
source is used. For the matched cases, a normal source is used and an impedance
matched section.
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Figure 6.14 Simulated V1, opt / Voc ratio (%) for the unmatched- and matched rectifier
case.

Comparison SPICE - Sischka

In chapter 3 we discussed the difference between the widely used SPICE SBD
model and the Sischka macro model. For the practical application circuit as
shown in this chapter, a comparison is made between these two models. This is
done for the un-matched case, so without using the input impedance matching
circuit. Fig. 6.15 shows the difference in rectifier input impedance as a function
of RF input power. Fig. 6.16 the difference in rectifier efficiency® as a function
of RF input power. The significant impedance difference explains why the
design of an input matching circuit based on the SPICE model, will not result
in a desired circuit input impedance and efficiency. The practical circuit input
matching circuit is found by trial-and-error optimization. This was done as the
proper Sischka model still had to be made. The measured efficiency is lower
compared to the Sischka model efficiency, due to the impedance matching
circuit component losses and — for the higher input power levels — also due to
the TI BQ25570 input voltage limitation.

6Compared to Fig. 4.19 (a), the difference between the models is larger for this Greinacher
rectifier at 915 MHz and a non-ideal SBD. The results shown in Fig. 4.19 correspond to a peak
detector topology with an ideal SBD at a frequency of 6.78 MHz.
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Figure 6.15 Simulated Gr1-rectifier (a) real- and (b) imaginary input impedance ver-
sus input power level. The simulation is done using a SPICE (dot-dash) and Sischka
(straight) diode model for the un-matched topology, at fy = 868 MHz, including realis-
tic Ry and Cjo values and the breakdown effect.

171



Chapter 6 Far Field Application

90

case
@ ' ADS SPICE o —0—o
80 {=H— ADS Siscka o
=A~ measurement o

Efficiency (%)

_eff.py

go_Grl

708__Ava

30 T T T T T T T
-20 -15 -10 —b) 0 5 10 15
RF input power (dBm)

N
o

Figure 6.16 Simulated and measured (dashed) Gr1-rectifier efficiency, comparing the
SPICE (dot-dash) and the Sischka (straight) diode models. The simulations are for the
un-matched topology, including realistic Rs and Cjp values and the breakdown effect.
The measurement includes the input impedance matching circuit. Measurement and
simulations are done at f = 868 MHz.

Power and distance prediction

Assuming a free-space, line of sight situation and a transmitter having an EIRP
of 3 W at 868 MHz, the average obtained dc output power, Py, has been calcu-
lated for the imec and Powercast designs, as a function of the distance between
transmitter and rectenna. For that, use has been made of the Friis equation and
the results shown in Fig. 6.12. The average power levels have been calculated for
two assumed receive antennas, one having a gain of 1 dBi and one having a gain
of 6.1 dBi. The average obtained dc output power is calculated by eq. (6.4), see
also Fig. 6.8.

The results are shown in Fig. 6.17, and are compared to a commercially
available radiative WET system, by Powercast, measured and converted to the
same EIRP level but for a frequency of 915 MHz [12]. From the figure and eq. (6.4)
we see that we can get, using the 6.1 dBireceive antenna, 30 W of continuous dc
power up to a distance of 10 m from the 3 W EIRP source and the imec rectifier
circuit. Using the same source and receive antenna we can obtain 60 mW of
dc power, during 40 ms, every 2 minutes, also up to a distance of 10 m. The
Powercast rectifier circuit is not effective at this distance and will result in a
non-working application.
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Figure 6.17 Calculated, based on measured data, average obtained dc output power
Pyt as a function of free line of sight distance for two antennas. The solid lines rep-
resent the results for the circuit described in this chapter. The dashed lines represent
the results for a commercially available radiative WET system, by Powercast, tested for
the same EIRP but at a frequency of 915 MHz.

6.5 Summary

In this chapter we have shown a typical radiative WET system and discussed its
load, power management and its input power level range and corresponding
available dc output power range. A practical example is shown of applying a
programmable duty-cycled load. A clear difference in performance is shown
between the commercial Powercast solution and the imec design.

In this chapter four items have been presented:

a) A practical WET application in the field of WSNs, including the typical re-
ceiver input power levels.

b) Animplementation example of a power management system, connected to
a rectifier output.

¢) The designed practical application example is compared to a COTS product
from Powercast.

d) The widely used SPICE diode model is compared in performance with the
Sischka model discussed in this work. The superiority of the Sischka model
has been demonstrated and we can conclude that the widely used SPICE
diode model is not very well suited for (radiative) WET application design.
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Chapter 7

Conclusions &
Recommendations

In this work we looked at the field of radiative WET, enabling energy transfer
bridging a distance of several meters for e.g. WSN applications. With a focus
on the energy receiving side, different aspects of the rectifying semiconductor
discrete diodes are discussed and their impact on the rectifier itself. The maxi-
mization of the rectifier energy transfer efficiency is used as the primary research
objective.

7.1 Conclusions

In Chapter 2 we demonstrated that a rectifier input impedance is showing a
time-varying behaviour, depending on the shape of the applied diode voltage.
This results in a mismatch loss between a source and rectifier circuit input
port even when the rectifier seems perfectly matched for the input impedance.
Applying the right filter structure will reduce the mismatch effect, resulting in an
increase of energy transfer efficiency. In the rectifier example of Section 2.1 the
mismath loss is 0.5 dB at Py = 10 dBm, due to the high pass filter. Shorting the
harmonic frequencies to ground at the rectifier input would eliminate this loss.

Having an accurate diode model and insight in the rectifier input impedance
does not mean that designing the optimal input impedance matching network
is straightforward. A so-called complex conjugately matched source Pccy is
presented in Chapter 2 to ensure an adaptive constant circuit input power
level, while optimizing the rectifier load resistance. Using this source results
in obtaining the optimal rectifier energy transfer efficiency and corresponding
load resistance and rectifier input impedance.

Literature shows that diode-circuit designs are often based on manufacturer
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pn-junction diode SPICE model parameters, like e.g. [41-46]. In this work we
discussed why this model has shortcomings for usage in the field of WET recti-
fiers. The reverse bias region plays a significant role for WET rectifiers, which
requires an improved model. Two different options were provided in Chapter 3:
the Sischka macro model, based on two anti-parallel connected pn-junction
diodes and the equation-based Sze model. The model parameters are fitted
on temperature dependent measurements, carried out for two different diode
types: the Avago HSMS-2852 and the Skyworks SMS7621. Both models correlate
better with measured data on both the reverse bias region and the temperature
dependency of the diode current than the classical ones. The measured data also
provided insight into component to component parameter spread and deviation
from the manufacturer data sheet values. These factors are both significant and
should be taken into account in rectifier design work. As an example, Table 3.7
reports a measured SMS7621 saturation current of I; = 51.6-212 nA with a data-
sheet value of I; = 40 nA. Samewise for the series resistance R = 17-40 Q with a
data-sheet value of R; = 12 Q.

Chapter 4 described a simple load experiment, which indicates a direct
relation between rectifier input impedance and diode type, for extremely low
input power levels. It also showed the effect of the load resistance on the rectifier
input impedance, for higher input power levels. Next to this, the difference
between the SPICE pn-junction diode model and the introduced improved
models was expressed with this experiment. This resulted in an important
insight into the rectifier input impedance, which is — for low input power levels
— dependent on the diode type, but for high input power levels on the load
resistance. Another result is that the improved models, fitting measured diodes,
yield in a significantly lower rectifier input impedance — for the high input
power levels — compared to the often used SPICE model.

Education on diodes typically is done in the voltage-current and time do-
main. Chapter 4 showed that doing this in the power and frequency domain
as well provides important extra insights. The idea that a high diode satura-
tion current and junction temperature lead to more dc current stems from the
voltage-current domain. This work shows that this doesn’'t correspond to a high
rectifier efficiency. When looking from the power domain perspective the rec-
tifier efficiency effect is contrary: a low diode saturation current and junction
temperature result in a high input impedance and (when converted to energy
transfer efficiency) in a high efficiency.

In the comparison of different rectifier topologies, it appears that they do
not really distinguish themselves in terms of efficiency, but in terms of output
voltage and optimal load and input resistance, as shown in Chapter 5. This
conclusion helps in making topology choices in a design phase.
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7.2 Recommendations

Different choices can be made to connect a circuit to a rectifier output port.
A few examples are provided in Chapter 6. Next to the optimal rectifier load
resistance, also the well-chosen fixed load resistance case is shown. The latter
might have a benefit, when a large input power level range is applicable.

7.2 Recommendations

Chapter 2 shows the varying rectifier input impedance over time, due to the
chosen topology and input signal level. In this situation, the exact point on the
impedance time-trajectory used for the input impedance matching circuit might
play a role in the obtained efficiency. This topic can be investigated further.

Chapter 3 discussed the improved diode models on the reverse bias charac-
teristic and Chapter 4 the effect of the improved models on the rectifier input
impedance and efficiency. More work on the diode junction capacitance is
recommended, as this parasitic element plays a significant role at higher fre-
quencies. Measurements on modern diodes can be verified with the existing
models and the model parameter(s) can be adjusted accordingly.

From Chapter 4 follows that a low diode saturation current results in a
higher rectifier energy transfer efficiency. The use of a pn-junction diode can be
investigated as possible efficient alternative. This might be the case for a specific
input power level range and/or frequency of operation range.

WET applications having significant load resistance variation might benefit
from switching rectifier topology. Chapter 5 shows a significant variation be-
tween different rectifier topologies for the optimal input impedance and load
resistance. E.g. a wireless battery charging case with normal and trickle charge
mode, typically has a decade difference in charge current and load resistance.

A thorough comparison of rectifiers, using modern available diodes, is rec-
ommended making use of the concepts and insights discussed in Chapters 2 to
6. This work can be combined with complex conjugately matched antennas to
avoid impedance matching networks, to further enhance the overall efficiency.
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Appendix A

Lambert W Function

The Lambert W function is defined to be the multivalued function of the con-
verse relation of the function f(w) = we", where w is any complex number and
e’ is the exponential function.

If z and w are any complex number, we can substitute w = W (z) and get the
defining equation for the W function:

z=W(z)e"?, (A.1)

If we restrict this to real-valued W, the complex variable z is replaced by the
real variable x and the relation is only defined for x = —1/e. The additional
constraint W = —1 defines a single-valued function Wy (x) which is named the
principle or main branch of the W function. The lower branch has W < -1 and
is denoted W_;(x). The Lambert W function cannot be expressed in terms of
elementary functions.

Non-linear recurrence relations, as eqn. (3.3), are usually difficult to change
into closed-form equations with standard techniques, only for very few cases
this works [121]. In this case, we can make use of the main branch of the Lambert
W function [76].

Rewriting the equation for the diode current, in a single diode rectifier circuit,
as a function of the complete diode voltage V,; (without C;, so I; = I}), and using
As=IRs/(nVy) and A4 = V; /nVr, the following derivation can be made:

(= 347)
Iz =Ie\"'r V1) — ], (A.2)
which can be rewritten as
IqBs
(Ig+I)e™r = IeM, (A.3)
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Multiplying both sides with A/ I:

A LdBs A
(Ig+I)=enr = [(—Sel, (A.4)
and separating 21‘1;; as:
I;R R I.R A
92— Ug+ I)— = 22 = (I + I) =2 - A, (A.5)
nVp nVy nVp I
we can write:
A As _
I+ IS)I—se((Id”S) oA Aseld. (A.6)
S

Bringing the exponential A term to the right side:

A As

g +]1y) I—‘e((""”“) E) 2 Agelhath, (A7)
N

If we now substitude (I; + I;) /}—j = x we see on the left hand side the function

xe*. Making use of the principle branch of the W function, this leads to

A
x=Iz+ IS)I—S = Wy (AsePa*AY), (A.8)

N

Rewriting the equation gives

Wo (Ase(Ad+As))

ﬁ )
I

(Ig+ 1) = (A.9)

which can be rewritten as

Wo (A e@PatAs)

A (A.10)

180



Appendix B

Current Responsivity

To quantify the rectifying energy transfer capabilities of a diode, the current
responsivity R is sometimes used [15]:
m
in which (i) represents the dc short circuit current (being the first term in
Eq. (4.18)) and Piln the power flowing into the diode:

1 1T . 1
Pinz?‘/(; Vj(t)lj(t)dt:ivjlf (B.2)

For an ideal (R; = 0 Q) shorted harmonically terminated rectifier (including
a dc-short at the diode’s anode), the power dissipated in the junction is only
due to the fundamental frequency, as at dc and the & > 1 harmonic frequencies
the voltage is zero across the junction. For a nonlinear device, at low input
power levels, the rectified current varies linearly with the applied RF power -
also named the square law regime (see Fig. 4.2: f>(x) is linear for x < 0.2, Fig. 4.4
and Fig. 4.8). This results in a constant R value, equal to the quadratic current
responsivity R, which can be calculated as following. First the (isc)¢ is obtained
by applying Eq. (4.31) in Eq. (4.15). As (Vj )0 = 0 we have e’ = 1. This results
in (isc)o = iAlzls. Next for the Piln term we use Egs (4.35) and (4.8) resulting in:
P! = 1ViA I Now Ry, is written as:

S0 1

Ry = = =19.34 (A/W), (B.3)
fo %VjAlls 2nVr

when using #n = 1 and Vr =25.85 mV at T = 300 K. This means that for every
diode, Ry, is only dependent on n and temperature T. The deviation from the
linear detection can be quantified with factor A. This factor is equal to R /R, .
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For R we take for (is:)o the large signal term for the dc current using Eq. (4.15).
This is divided by the Piln term for which Eq. (4.16) with h =1 is used in Eq. (B.2).
This results for A in:

OOLL hoy (Ao A ho _
2nVr | ) peigi (et A -1

i=0 2
A= — (B.4)
1 1.2 (h h
3Vid g (1)etoa™
i=0
with (hy = 2i, hy =2i +1),
which gives
R;=RpA. (B.5)

Fig. B.1 shows the linear detection deviation factor A related to the diode
junction voltage, for a shorted ideal harmonically terminated diode (n = 1.0,
R; =09, T =300K). This curve shows a decline in dc-current at input voltage
levels above 10 mV, which doesn’t match the efficiency values seen for these
circuits, which typically increase till at least 0 dBm [36,48].

100 4

10—1 4

Linear detection deviation A

14_calc_opt_RL

10° 10t 10?2 103
Diode junction voltage (V}); (mV)

Figure B.1 Deviation from linear detection factor A, showing the effect on ;. Calcu-
lated using eq. (B.4) based on approximation eq. (4.18) with 60 terms.

In the previous equations, a shorted diode is considered. In the practical
application, a load resistance is used to obtain a decent level of useful dc-voltage
to consume the rectified energy. This dc-voltage introduces a bias-voltage in the
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exponential diode equation, causing the average junction-voltage to be negative
instead of zero. An equilibrium is reached in steady state, leveling the RF input
power with the dissipated power in the rectifying circuit and its load. This results
in a change in the above provided equations.

An example is shown to illustrate that the approach of using the current
responsivity is not that useful for radiated energy harvesting:

a) The rectifier load resistance has an effect on the single diode detector, with
Pin = -30 dBm =1 yW. Optimal load resistance is Ry, = 12 kQ2. The dc-offset
(and output voltage) is 57 mV. The peak V; is only 59 mV instead of the 116
mYV available at the anode (no dc-offset at anode). The resulting dc-current
into the load equals 4.75 uA, which gives ®; = 4.75 A/W and npy—qc = 27.1 %.
Pdiss,diode = 729 nW, Pload = 271 nW.

b) The same circuit with Pin = 0 dBm = 1 mW. The optimal load resistance is
R; =37 kQ. The output voltage is 5.9 V and the dc output current 159.5 pA.
This results in R; = 0.159 A/W, a fairly low value, but npyt_gc = 94.1 %, which
shows that this circuit delivers a nice amount of RF to dc conversion. With
the corresponding values of Pdiss,diode = 58.9 uW, Pload = 941 uW.

The Schottky diode based rectifier is not a current driving source, but instead
an RF to dc energy converter.
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Publiekssamenvatting

Het zich nog steeds ontwikkelende gebied van draadloze energie-overdracht
kan grofweg in twee categorieén worden verdeeld. In de eerste categorie wordt
energie geleverd aan bijvoorbeeld elektronische sensoren met een relatief laag
energieverbruik. Hierbij wordt meestal een afstand overbrugd van meerdere
meters. De tweede categorie is die van inductieve energie-overdracht — meestal
gebruikt op afstanden van minder dan een meter en op verschillende vermo-
gensniveaus; van elektrische tandenborstels tot elektrische voertuigen. De
eerste categorie maakt gebruik van antennes en elektromagnetische golven en
wordt daarom stralings of verre veld draadloze-energie overdracht genoemd.
De tweede categorie gebruikt meestal spoelen om een magnetisch veld over te
dragen en wordt aangeduid als inductieve draadloze energie-overdracht. Dit
onderzoek richt zich op de eerste verre veld categorie, waarbij de kant die ener-
gie ontvangt wordt geanalyseerd, zonder rekening te houden met de kant die
energie zendt. Dit maakt de analyse eenvoudiger. Alle inzichten in dit werk zijn
ook bruikbaar in de inductieve, tweede categorie.

Een essentieel onderdeel in de ontvanger van energie is de gelijkrichter. Deze
is nodig om de wisselstroom, die gebruikt wordt voor de energie-overdracht, om
te zetten naar gelijkstroom. De nadruk in dit onderzoek ligt op deze gelijkrichter,
en dan specifiek het type waarbij gebruik wordt gemaakt van halfgeleider-diodes.

Om een optimale gelijkrichter te kunnen ontwerpen, is inzicht in de funda-
mentele werking van deze gelijkrichter nodig. De werking is gebaseerd op de
niet-lineaire eigenschappen van een diode. Om de diode-werking te modelle-
ren wordt gebruik gemaakt van een simulator. Een belangrijke grootheid in dit
onderzoek is de efficiéntie van de energie-overdracht en daarmee de efficiéntie
van de gelijkrichter.
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Uit dit onderzoek komen de volgende conclusies:

* Het kortsluiten van de niet-lineaire harmonische stromen, die in de diode
van een gelijkrichter ontstaan, resulteert in een hogere efficiéntie van
energie-overdracht en een constante ingangsimpedantie van de gelijkrich-
ter.

* De literatuur laat zien dat de meeste ontwerpen gebaseerd zijn op het
SPICE-diodemodel. Dit onderzoek laat de tekortkomingen van dat model
zien voor de toepassing van draadloze energie-overdracht. Ook worden er
twee alternatieven beschreven, gebaseerd op metingen.

* Het hebben van een accuraat diode-model en inzicht in de gelijkrichter
ingangsimpedantie garandeert nog niet dat er een optimaal ingangsim-
pedantie aanpas-netwerk ontworpen kan worden. Hiervoor blijkt een
adaptieve signaalbron nodig te zijn. Hiermee kan de optimale belastings-
weerstand bepaald worden en de bijbehorende efficiéntie van energie-
overdracht, voor een bepaald ingangsvermogen.

* Een eenvoudig belastingsweerstand-experiment toont aan dat de gelijk-
richter ingangsimpedantie voor lage ingangsvermogens afhankelijk is van
het diodetype en voor hoge ingangsvermogens van de belastingsweer-
stand. Ook wordt met dit experiment het verschil duidelijk tussen het
veel gebruikte SPICE-model en de op metingen gebaseerde alternatieve
Schottky-diodemodellen.

¢ Het intuitieve idee dat een hoge temperatuur en een grote diode verzadi-
gingsstroom resulteren in een hoge gelijkrichter efficiéntie blijkt verkeerd.
Het is juist andersom en dat wordt bevestigd door het uitwerken van de
bijbehorende formules.

* In het vergelijk van verschillende gelijkrichter topologieén blijkt dat deze
zich qua efficiéntie niet echt onderscheiden maar wel wat betreft uit-
gangsspanning en optimale belastingsweerstand.

 Tot slot blijkt dat, bij het ontwerpen van een gelijkrichter, de keuze tussen
het gebruik van een optimale belastingsweerstand of een belastingsweer-
stand met vaste waarde, athangt van het gekozen bereik aan ingangsver-
mogen.
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In the field of wireless energy transfer,

a rectifier is used to convert the received
alternating current into a direct current.
The maximization of the rectifier energy
transfer efficiency is not straightforward.
This research shows the shortcomings

of the SPICE diode model, used in most
designs.

The intuitive idea that a high temperature
and large diode saturation current result
in a high rectifier efficiency appears to be
incorrect. It is the other way around. This
is confirmed theoretically by introducing
topics like the time-varying rectifier
impedance and its optimal load resistance.
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