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Abstract: The power saving issue and clean energy harvesting for wireless and cost-affordable
electronics (e.g., IoT applications, sensor nodes or medical implants), have recently become attractive
research topics. With this in mind, the paper addresses one of the most important parts of the energy
conversion system chain — the power management unit. The core of such a unit will be formed by an
inductorless, low-voltage DC-DC converter based on the cross-coupled dynamic-threshold charge
pump topology. The charge pump utilizes a power-efficient ON/OFF regulation feedback loop,
specially designed for strict low-voltage start-up conditions by a driver booster. Taken together, they
serve as the masters to control the charge pump output (up to 600 mV), depending on the voltage
value produced by a renewable energy source available in the environment. The low-power feature is
also ensured by a careful design of the hysteresis-based bulk-driven comparator and fully integrated
switched-capacitor voltage divider, omitting the static power consumption. The presented converter
can also employ the on-chip RF-based energy harvester for use in a wireless power transfer system.

Keywords: DC-DC converter; charge pump; energy harvesting; low-voltage; IoT; wireless power
transfer system

1. Introduction and Motivation

Recent advances in design and fabrication of integrated circuits (ICs) opened a space
for the development of wireless, miniature and powerful sensor nodes, as well as wearable
biomedical devices. Since the device’s case size is constrained to a few cm3, standard IC
power supplies using a battery are rather limited. This constraint forces the development of
new IC design and power management methods for low-voltage and low-power conditions.
These approaches include the following;:

*  Energy harvesting using power tracking algorithms;
e  Low-voltage circuit topologies;

*  Voltage converters with low start-up voltage;

e Low-voltage driving circuits.

Energy harvesters (EHs) are based on converting an alternative energy source to
electrical energy [1]. Among others, photovoltaic, thermoelectric [2], piezoelectric [3,4],
acoustic [5], triboelectric [6] or electromagnetic generators [7,8] are widely used for this
purpose. Supplying the IC by using an appropriate EH allows the whole device to become
energetically autonomous. On the other hand, considering a small build volume, the
EH output voltage value and also power are insufficient in continuously supplying an
integrated circuit. As overall EH methodology has become promising, solutions for the
above mentioned issue have emerged.

The radio-frequency energy as a potential power source reaches relatively low power
density compared to solar and piezoelectric energy [9]. On the other hand, it is more
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stable due to source regularity and lower weather dependency. Taking these attributes
into account, the radio-frequency energy harvesting (RF-EH) is widely adopted for ultra-
low power IC and their application. The RF-EH achieves high reliability and small form
factor of a transducer. According to the state-of-the art, the RF-EH systems dominantly
employ inductive DC-DC converters. These are more attractive compared to the capacitive
counterparts (charge pumps) due to the higher power conversion efficiency (PCE) and
suitability for low-voltage start-up [10]. Recent research has revealed that the charge
pump-based step-up converters reach improved PCE and start-up ability [11,12]. However,
the research across the utilization of charge pumps (CPs) in energy harvesting systems is
relatively unexplored [13,14]. This inspires further research towards the examination of
CPs as an alternative to inductive step-up converters for ultra-low voltage EH systems.

As the output impedance of an EH system is rather high, it is essential to match
the following IC input impedance in order to preserve the EH source capability. The
more sophisticated approach is the use of the maximum power point tracking (MPPT)
algorithms [15]. MPPT dynamically adjusts the EH load impedance according to its
power curve, allowing higher power extraction. In order to achieve sufficiently high value
of supply voltage for IC using EHs, the switched regulators are used to carry out the
conversion of voltage from lower to higher values. One of the widely used regulator
topologies suitable for full integration on the chip are CPs. Its operation is based on a
charge being accumulated in capacitors and sequentially propagated to the output through
switches. As the charge pump itself must be designed for ultra-low voltage conditions,
while being supplied from an EH, the proper operation of switches becomes a challenge.
For charge accumulation, CPs utilize rather large capacitors. Such capacitors require
adequate drivers, which are well suited with a simple inverter. In order to maintain
sufficient propagation delay during capacitor charging, which limits the overall operation,
it is crucial to open and close the inverter transistors as much as possible. This otherwise
trivial requirement becomes a challenge in the environment of supply voltage under 200 mV.
Therefore, the clock signals (CLKs) require a dedicated boosting circuit with adequate
driving capability, increasing the value of CLK signal [16]. As every voltage conversion
technique has its limits from the efficiency point of view, it is essential to design ICs using
low-voltage and low-power approach. In the field of analog IC design, such methods
include the g,,/Ip design methodology and the so-called bulk-driven approach. Such
methods of IC design for ultra low-voltage applications form the core of the research
presented in this paper, where the bulk-driven design approach has been implemented in
the design of several subcircuits (e.g., a charge pump core, a boosted driver, comparator
and a voltage divider) in order to improve the total EH performance focused on low-voltage
conditions.

From the state of the art development point of view, the most important attributes
of the developed EH power management unit (EH-PMU) based on the proposed DC-DC
converter are the following:

¢  Minimum start-up voltage of CP;

*  Output-to-input voltage ratio;

e Output voltage ripple;

*  Self-sustainability;

*  Power throughput;

*  Opverall EH-PMU effectivity in the target power range.

The last three attributes represent the primary objectives for our research, where the
self-sustainability and the overall EH-PMU efficiency are ensured by low-power require-
ments originating from analogless design, and the power throughput is achieved by the
modified structure of the CP core using a dedicated driver and taking into account reliable
switching and the associated frequency/timing requirements. The CP-based PMU function-
ality has been verified by experimental measurements and was successfully implemented
into RF-EH systems. Moreover, the valuable experimental results from the bulk-driven
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design represent a part of the novelty in terms of the application of unconventional design
approaches in low-voltage systems.

The paper is organized as follows. In Section 2, the developed DC-DC converter and
its main building blocks are described. Section 3 presents the application of the converter in
an RF-based energy harvesting system. Evaluation results obtained by the measurement of
the experimental chip prototypes are presented in Section 4, where simulated and measured
results are compared as well. Comparison of the results achieved in this research with
other works is addressed in Section 5, where a short discussion and conclusions can also
be found.

2. DC-DC Converter System

In order to address the issues and trends described in the previous section, a regulated
low-voltage (subthreshold) step-up DC-DC converter based on switching capacitors, also
known as a charge pump, has been proposed. Figure 1 shows the top level block diagram of
the developed system with highlighted parts that were integrated on a chip. The CP-based
converter consists of the following parts: a CP Core as the main part of the voltage stepping
and conversion, an integrated voltage divider realized by switching capacitors (marked
as type 1), clock boosters driving digital logic blocks with potentially mismatched supply
voltages, a low-voltage comparator, a CP driver and a frequency divider with fixed dead
time. The proper connection of these parts into a feedback configuration can control the
output voltage Vcp,,,, to the desired regulated value according to custom specifications.
The ON/OFF based regulation feedback loop approach is implemented to manage this task.
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Figure 1. Top level of the proposed CP-based DC-DC converter.

2.1. Charge Pump Core

The most important part of the proposed converter is the CP Core (Figure 2). This block
consists of nine cells organized into series-parallel configuration creating an unconfigurable
structure with three parallel branches (multi-branch structure at higher system level). Each
branch consists of three CP cells connected into a cascade. In the ideal case, cascading cells
allows boosting the CP Core input voltage Vour,. up to Vour,. + NVour,., where N is
the number of cascaded stages. This can be achieved if supplying the CP core as well as
the driver by the same voltage value. However, non-ideal CPs have many parasitics that
deteriorate performance such as the finite output impedance including modulation index
and parasitics capacity at switching nodes, etc. [17-19]. Under low-voltage subthreshold
conditions and the high current throughput requirement (see RF-harvester application in
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Section 3) across the system, the output impedance plays a very important role and should
be minimized as much as possible. In this sense, we would like to state the following;:

(a) Impedance modulation index, which is the result of finite on-state transistor resistance
Rt 0N of main switches—My;_» and Mp;_ (see Figure 2) —is usually reduced by
bootstrapping techniques implemented in the CP cell [20,21];

(b) The ideal term « N¢/kFsyCrry, which is valid for linear CP, is topology-dependent
and can be managed exclusively by topology interventions. N is a number of
stages in the cascade, k is a number of power flow patches known as branches,
Fsw is clock frequency and Crry represents the main flying capacitor (in Figure 2
denoted as C1,_ny, where x stands for p or n) [18].
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Figure 2. Multi-stage CP Core block (detail view of the DT-CCCP cell).

In order to deal with statement (a), the Dynamic Threshold Cross-Coupled Charge
Pump (DT-CCCP) has been chosen as a good candidate. Generally, the CCCP has promising
potential under low-voltage conditions without applying any special "external" techniques
since bootstrapping intrinsically includes such a feature. Despite the few inherited draw-
backs, the positives outweigh negatives from a broader perspective [22-24]. Moreover,
recent research proves that if the dynamic-Vrg technique is employed to minimize the
impedance modulation index, together with careful design based on a parasitics-aware
approach, the current throughput and power efficiency can be very optimistic even in the
case of the full on-chip implementation [17]. On the other hand, in relation to statement
(b), the CP topology intervention is required. Taking into account the current throughput
requirement, the linear dual-branch CP has been selected because it is characterized by
lower sensitivity of voltage conversion to the presence of parasitics capacitance (under
the same capacitor requirements in the total value) compared to the non-linear CPs (as
Fibonacci or exponential ones). For this reason, linear CPs are more suitable for heavy
loads since a lower number of stages is needed for the same conversion ratio, and hence
the lower output impedance [19]. Additionally, the branch parallelization (equivalent to
multi-branch approach at CP cell level) at higher system levels has been used to redistribute
the current and decrease the output impedance in both terms (a) and (b) (the value of the
individual capacitors was retained).

Transformation of a single branch into multiple ones withdrew the need for on-
state resistance Rt oy of the main switches Myj_, and Mpj_; but brings more strict
requirements for the driver, which charges flying capacitors Ci,_n, and shifts-up the
voltage at their terminals. Since the system is synchronized into two clock phases, the
driver’s inverter must sustain currents flowing through all capacitors during individual
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phases without any drastic impact on the impedance modulation index. It is important
to note that if the system can be investigated through a representative cell [17], such a
modification does not affect the (RC),,; constant of the charging/discharging cell itself
if the values of transistor and capacitor are preserved. However, if a driver is non-ideal,
i.e., on-state resistance Rp oy has a finite value, the original Rt onyCror is increased about
NRp onCrot, where Cror represents the total capacitance observed at the internal center
node of the CP cell and N is the total number of CP stages.

2.2. Boosted Driver

Consequently, the proposed CP consists of a stand-alone boosted driver circuit to solve
the above-mentioned issue as an alternative to other competitive techniques with different
primary purposes in relation to ultra-low voltage research area (e.g., a clock booster based
driver, topology reconfiguration approach, implementation of adiabatic principle and many
others [10,24,25]. The transistor level schematics of the proposed driver and detailed cross-
connection with a complementary replica circuit are shown in Figures 3 and 4, respectively.
The implemented driver originates from an already characterized version (presented
in [26,27]), which was extended by another auxiliary circuit in order to further improve the
performance of the boosted output inverter. The previous version boosts the gate of the
high-side part of the inverter formed by PMOS transistor Mp; to the negative voltage of
—2Vsupp. The low-side part was of our interest and, therefore, kept untouched. Despite
this implementation, the driver has been successfully implemented into a chip prototype
of regulated DC-DC converter and is capable in driving more than 100 pF capacitor with a
few units of ns propagation delay under the supply voltage value of 200 mV and the clock
frequency of 1 MHz [26].

In the converter design, the CP Core has been modified, including a larger number of
stages. For this reason, the driver also had to be adapted to that and the improved version
also takes care of the inverter low-side formed by the NMOS transistor My across the
boosted gate voltage of 2Vs;pp in the ideal case. The operation principle can be closely
examined from Figure 4, where the transistors and capacitors are organized in order to
enable a serial-parallel reconfiguration for doubling the voltage value. In Figure 4, the
states of individual transistor switches in both clock phases are highlighted, where green
and red represents the on-state and off-state, respectively. The blue arrows show the energy
flow of the charging/discharging process. It should be noted that the presence of positive
voltage higher than the supply value, derived for the input voltage Voyr,. in our case,
is not only used for driving the main switch My but also controls the auxiliary NMOS
switches. Including all logic gates, the dynamic-Vry technique has also been employed
for some critical transistors in the driver, and for this reason natural trade-off between the
maximum supply voltage, switching frequency and capacitor/transistor sizes exists. For
instance, the node CLKpy7 is relatively sensitive to this trade-off because, during time of
driving transistor My to the voltage of 2Vsypp, the My transistor has a negative potential
of about — Vg pp at its source terminal and the bulk diode can be activated to discharge
Cp3 and charge Cp; (both effects have negative impact on the driver performance). As a
consequence, if 2V pp represents a value that is too high and the frequency is too low,
the driver can be the most critical loss contributor, and this is manifested in squeezing
the efficiency for the higher input voltage compared to the lower one (in relation to the
lower and upper switching frequency). Based on the simulations, in order to ensure a
reliable functionality under the nominal conditions across all technology corners and the
temperature range (—20 °C-85 ° C), the size of capacitors Cp; and Cpp should be doubled
(15 pF = 30 pF) compared to the previous version, and the value of the additional capacitor
Cps has to set to 40 pF. It should be also noted that the performance of the proposed driver
has not been explicitly investigated but was implicitly carried out only as a part of the
system to which this work is primarily dedicated.
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Figure 4. Driver operation principle. (a) DRIVERy = Log0. (b) DRIVER N = Log1.

The inputs to the driver cores are generated by a simple logic acting as gated clock
generator controlled by a comparator with hysteresis across a feedback loop. The fre-
quencies of clocks, i.e., CLKcp 1 r and complementary twin nCLKcp rr, are managed by
an external CLKgxT signal with half of the clock frequency (see Figure 1). In other words,
the frequency divider, with a non-overlapping clock generator, was implemented through
standard T flip-flop topology followed by the NAND-based dead-time circuit (with delay
gates in feedback path defined). Since the entire driver and frequency divider are supplied
by the same voltage Vour,. during the experiment, using a clock booster or a level shifter
in low-frequency branches is irrelevant. Therefore, an optional one (bounded by dashed
gray-box in Figure 1) has been designed on a chip but omitted in measurements. We have
to make it clear that in Section 4, the frequency range of 5-200 kHz representing the external
clocks and clocks for switching the driver has to be considered as smaller by half.
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2.3. Voltage Divider Branch

The high-frequency branches are directly fed from the external clocks and drive transmis-
sion gates (TGs) in the capacitor-switching voltage divider across fast drivers and inverters
(designed as type 1 in top-level block scheme, Figure 1). The main objective of this step is to
eliminate static power consumption and exploit a greater inherited compactness compared
to bulky resistors with higher resistance value. The proposed voltage divider of type 1 is
shown in Figure 5a, where capacitors can be arranged by TGs connected into a serial-parallel
cycling reconfiguration. Due to the fact that capacitors Cyp; and Cyp;, are of the same size
(capacitance of 15 pF), the ratio of ~0.5 is provided at steady state. However, if a dynamic-
Vry technique is employed together with quite large TGs ensuring reliable on-state under
low-voltage conditions (CPoyr ~ 400 mV, Vry =250-300 mV /300-350 mV for long/short
channel, respectively, in a standard 130 nm CMOS technology), the dominant parasitics
effect such as charge injection and clock feedthrough cannot be fully neglected. Addition-
ally, the dynamic bulk-switching fosters discharging effects that degenerate the dividing
ratio (the issues of low frequency). For these phenomena, the post-extract simulation (PEX)
under the nominal conditions reveals 92-224 mV of DIV 4p variation in DC value, where
for 25 kHz and 50 kHz driving frequencies, the best results of 193.4 mV and 210.3 mV
are achieved, respectively. Figure 5b shows the conversion gain transfer function of the
CPoyrt to DIV 4p node through zero harmonic obtained from the PSS-PAC type analysis.
The achieved results demonstrate slightly lower ratio around —7.4 dB in comparison to
the intended value of —6 dB. With a link to time-based analysis observations, the non-
negligible influence of parasitics effect can be deduced. Adding the filtrating capacitor
Cyps with the capacitance value of 40 pF at the output node, the capacitor-switching volt-
age divider is obtaining a character of first order low-pass filter with frequency-dependent
corner frequencies of the 1 kHz-20 kHz range related to clocks CLK¢p r and nCLKcp HF,
which is the characteristic property of many other systems utilizing the switching capacitor
technique. Since the divider and control logic are necessarily supplied by the high-voltage
domain (i.e., Vcp,,,,), the use of the clock booster or level shifter auxiliary circuits must
also be a part of the design. In other words, the low-voltage domain (supplied by the input
voltage Vour,,.) must be able to control the high-voltage domain and ensure its reliable
operation. For this purpose, the popular Nakagome’s clock booster with dynamic-Vry
technique was employed [20,28].
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Figure 5. Switched-capacitor voltage divider 1 to 0.5. (a) Circuit implementation. (b) PEX simulation of conversion gain
function under Vcp,,,, = 400 mV and typical 23 °C conditions. Clocks and digital blocks are supplied by the same voltage.

In order to create a complete picture about the developed CP system, it should be
also noted that based on the observations described above, an alternative solution in the
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form of a common resistor-based voltage divider (marked as type 2 in Figure 1) has been
investigated, and a comparison is carried out in Section 4.1. In this case, the voltage divider
has been realized externally (off-chip) and connected through the DIVgxT node. Thus, the
supply voltage of the switched-capacitor voltage divider has been grounded, and the fuse
has burnt out.

2.4. Comparator with Hysteresis

The divided voltage Vpjy,.,, is compared to the reference voltage Vrer.,,, generated
externally, and a suitable control signal at node CTRLpRrvEr is produced (see Figure 1).
The decision block providing this task is a rail-to-rail voltage comparator depicted in
Figure 6, which has been designed for the power supply voltage of 400 mV with emphasis
on the robustness and low value of the input offset without the need of post-processing
trimming [29,30]. The topology is capable of working with even lower supply voltages
thanks to two stacked transistors. The proposed comparator works in the so-called current
regime. The input transistors act as current sources modulated by the input voltage applied
to their bulk terminals. The current generated in the input branches is then mirrored in
order to create the differential voltage in nodes dif f and dif f, which is then processed
by digital block. The proposed comparator topology also contains built-in programmable
hysteresis controlled by a 2-bit input signal. The hysteresis does not require any external
components and its level and symmetry can be fully custom-designed by the W/ L ratio
of the respective transistors. The enable function shuts-off the current sources, sets the
output to a defined logic state, and reduces the power consumption into a leakage level.
For this purpose, the Log 0 level has been selected to allow passing the clock signals into
the driver, which in this application ensure a reliable start also at a very low supply voltage.
The selected measured characteristics are displayed in Figure 6b, where the measured
current draw includes the consumption of several ESD structures, IC package, PCB and
probe parasitics. This means that for on-chip application, the power consumption can be
considered near or even less then 1 uW under typical conditions, which can be improved
by further reduction of the supply voltage.
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Figure 6. Implemented bulk-driven rail-to-rail comparator (redrawn from [30]). (a) Transistor level diagram. (b) Current

consumption for various reference voltages.

3. Application

In order to demonstrate the suitability of the developed DC-DC converter in the appli-
cation example as a PMU in an RF-based energy harvesting system (RF-EH), we demon-
strated its functionality in conjunction with a fully integrated wireless power transfer (WPT)
receiver system. Thus, this section provides a brief description of the implemented fully
integrated rectenna (rectifying antenna) based solution used for experimental validation.
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Because of the fabrication related limitations, a very low overall coupling coefficient is
expected due to the maximum allowable area of the on-chip antenna (OCA), resulting
in limited output power. Therefore, the internal components of the WPT system were
optimized for low-voltage and low-power operation. Such a WPT system is used as a
power source for the DC-DC converter and, therefore, is connected to the converter input
(the Energy Harvester block in Figure 1). A more detailed description of the implemented
WPT system can be found in [31].

WPT System Description

A fully integrated WPT system can be divided into three main parts: the OCA, an
impedance matching network and the rectifier circuit, as shown in Figure 7. The main
design consideration of the latter two parts are the parameters of the OCA itself, as the
antenna determines the usable frequency band as well as the available power of the system
as a whole.

i [Low Voltage]

+|_Rectifier |

! oo o e |

B
—
||
=
|
—
o &
—

Figure 7. Microphotograph of the fabricated WPT chip. The Vpc represents the Voy,,. from Figure 1,
i.e., the input voltage source for the CP.

The implemented OCA has been optimized for the limited available chip area on the
manufactured prototype. In order to compensate this major limitation, a layer-modified
version of the recently proposed structure (described in [32]) was used. The designed OCA
structure is shown in Figure 8, where the topology is based on a symmetrical multi-layer
stacked inductor suitable for use in a standard CMOS technology. In comparison to more
commonly utilized designs, based on simple spiral coils, this proprietary structure offers
improved inductance as well as quality factor values, both of which are very important
parameters for the overall WPT system performance. Such an inductor design achieves
the best overall performance at frequencies around 200 MHz + 10%, with the previously
measured example exhibiting the maximum quality factor in this region.

The impedance matching network and the main rectifier circuit of the proposed WPT
system were designed to best utilize the above-described inductor design, taking into
account the expected values of quality factor and inductance of the OCA. The impedance
matching network was designed for the maximum power transfer, as the expected har-
vested values are very low due to the chip area restrictions. By utilizing a capacitor-only
structure, we avoided possible interactions between multiple on-chip coils. The imple-
mented structure consists of a tunable parallel capacitor used to form a resonant circuit
with the EH coil and, thus, raise the harvested voltage and a series capacitance formed by
the rectifier structure itself [33]. The core of the rectifier is formed by a differential drive
cross-coupled (DDCC) CMOS bridge topology, which was previously found to be suitable
for very low values of the input voltage and power [34-36]. The utilized circuit consists
of three rectifier stages capacitively coupled to the EH coil. Each stage utilizes threshold



Sensors 2021, 21, 5721

10 0f 18

voltage compensation for its internal switching transistors (based on the body-biasing
technique) in order to improve the performance with the expected low RF input voltage
amplitudes. The use of multiple stages was necessary to increase the total output DC
voltage to a satisfactory value at the cost of somewhat decreased overall efficiency.

Figure 8. Designed OCA of the implemented EH (turn details: width = 60 um, space = 12.5 pm;
realized using top 6 layers. (a) Two-dimensional structure. (b) Three-dimensional structure.

For the purpose of experimental verification, an external transmitter circuit consist-
ing of a PCB coil and a lumped impedance matching network connected to a RF signal
generator was designed. Two transmitter coil sizes were implemented based on sizing
restrictions from [37,38]. These preliminary measurements were performed on bare die
samples of the developed prototype chip, as presented in [39]. The measurements with the
transmitter input power between 10 dBm and 20 dBm were performed with the maximum
reported DC output power of around 60 ptW and the maximum DC output voltage of more
than 0.5 V under various load conditions. These results prove the overall functionality
of the implemented WPT system, as well as its suitability for use in conjunction with the
developed DC-DC converter described in the previous section.

4. Measurement and Achieved Results

In this section, the results obtained by the measurement of the prototyped chips
are presented and discussed, where three branched configuration has been chosen for
implementation as described in Section 2.1 in more detail. The selected configuration
is capable to exploit the common power availability in 10-100 yW range of different
energy harvester types used for IoT applications without significant form-factor violation,
where the thermoelectric, bio-fuel cell or RF-based harvesters could be good candidates
for utilization [1]. In order to better show the features of the proposed self-powered CP
system, the measurements were performed without and with a RF energy harvester. For
this purpose, the printed circuit test board was designed and fabricated. The measurement
setup consists of the device under test (DUT) with all its physical peripheries and additional
circuitry as well as the instrumental equipment where the input capacitor and the output
capacitor placed directly on the test board possess a value of 35 uF and 69 pF, respectively.
The flying capacitors belonging to the CP have the capacitance value of 330 nF and passive
components corresponding to a voltage divider of type 2 consisting of 2 x 600 k() resistors
in series with a 8.5 pF capacitor at center node DIVgxr.
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4.1. Self-Powered CP System

In Figure 9a, one can observe the dependence of the efficiency (1) and the output
voltage (Ve pommg) of self-powered CP system on the output load current (I.0Ap,avg) for
different external clock frequencies (xCLKExt) and the input voltage value Voyr,,. of
180 mV (the minimum value needed to start-up the self-powered CP system). It can be
observed that the maximum efficiency can be obtained for a low clock frequency and
for the maximum current at the CP output. For these conditions, the efficiency of about
42% can be achieved. However, the output voltage deviates by about 3.75% from the
required value (400 mV). For higher clock frequencies, the CP system has a higher power
consumption; therefore, the overall efficiency is degraded. The optimum clock frequency
is about 50 kHz, where the efficiency and the output load current of 43% and 23 pA were
achieved, respectively. As can be observed from Figure 9a, if the input voltage is increased
to the value of 300 mV, the output current over 100 pA can be reached. In such a case,
the efficiency of the self-powered CP system is less dependent on the clock frequency. It
is also important to mention that the deviation of the output voltage of the CP system is
mainly caused by the on-chip voltage divider, because its voltage ratio depends on the
clock frequency as already discussed in Section 2.3.
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Figure 9. 7 and Vp,,,, vs. Iroap for different clock frequencies (“avg” in graphs stands for average value). (a) For the
Vb, of 180 mV. (b) For the Vpc,,, of 300 mV.

The stand-by power consumption and non-stand-by power consumption of the CP
system are shown in Figure 10, where the total power consumption was divided into the
contribution of individual sub-blocks of the overall CP system. Naturally, the biggest part
of power consumption in the non-standby mode is given by CP Core and Driver cores
that directly drive the bulky flying capacitors across charge transfer switches and boosted
inverter, respectively. Other sub-blocks consume less than pW of total power consumption.
In the standby mode, all parts have a power consumption in the order of hundreds nW,
while the biggest part of contributors to standby power is given by the comparator used in
the feedback control loop across its permanent current-bias and leakage current through
bulk diodes (a natural drawback of bulk-driven design technique).

In order to investigate the possible influence on the CP system efficiency as well as for
comparison of features and properties of the developed system, different types of voltage
dividers were used in the measurements: (a) on-chip capacitor-based voltage divider and
(b) off-chip resistive voltage divider, marked as type 1 and type 2 (Figure 1), respectively. As
can be observed from Figure 11a, the off-chip resistive voltage divider (marked as type 2)
can help in stabilizing the undesired output voltage deviation caused by different clock
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frequency. One can also notice that the output voltage ripple is relatively constant over the
clock frequency. The efficiency of the self-powered CP system is not influenced by the type
of the voltage divider used. However, the maximum load current and efficiency reached
slightly higher values in the case of using the capacitor-based voltage divider (marked as
type 1 in Figure 11a.

Standby power [nW] Non-standby power [uW]

P
HF-Clk Booster PFrequency Divider+LF-Clk Booster

PVoltage Divider - capacitive, PCP Core
234 /(across OUTpe)
563.8
PDriver (IOQiC)
0.13
\ PComparator
PLoad/ \\/_ 0.74
Pc _/ P, \_P P .
omparator ~_ "' Load 0.34 Voltage Divider - capacitive
768.8 338.4 0.23
P .
PDriver (Iogic)/ \PDriver (cores) Frequency Dl(\;ldzzLF-Clk Booster PHF-CIk Booster
(@) (b)

Figure 10. Distribution of power consumption across individual subsystems (Vpc,, = 200 mV, Rrpap = 476 kQ) and
xCLKgxT = 50 kHz ). (a) Standby mode. (b) Non-standby mode (switching mode).
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Figure 11. Comparison of different voltage dividers (“avg” in graphs stands for average value). (a) The 77 and V¢p,,, Vs.
ILOAD for VDCIN of 200 mV. (b) The VCPOUT Vs. VOUTDC for the ILOAD of 10 ].lA

Dependence of the output voltage on the input voltage is depicted in Figure 11b,
where one can observe that the output voltage is independent of the clock frequency in
the case of the resistive voltage divider. Additionally, the load regulation (LNR) in the
worst case is 68 ppm/mV. Therefore, in order to obtain better output voltage regulation, it
would be proper to use the resistive voltage divider. From the efficiency and the output
load current point of view, the performed analysis show better performance in the case
of using the capacitor-based voltage divider. However, such a divider should be carefully
optimized for the selected clock frequency and parasitics effect in order to obtain desired
output voltage regulation.
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4.2. Self-Powered Cp System with the Rf Harvester

The results presented in the previous section were obtained with an independent
voltage source used at the CP input node OUTp (see Figure 1). In this section, we present
the measurement results of RF-EH system as the input voltage source for the self-powered
CP system is generated directly from WPT unit. The developed RF-EH was described in
Section 3. The overall system was measured for different input power Pyy of the external
antenna and two distances between the external antenna and the implemented OCA (a part
of the RF-EH).

Figure 12 shows the dependence of the CP output voltage (and the output voltage
from the on-chip RF rectifier) on the load current at the output of CP system. The presented
measurement results are obtained for the distance of 3 mm and 6 mm between the external
antenna and the on-chip one for different values of the input power. The average output
voltage from the rectifier is shown on the left y-axis (Vour, avg), While the regulated output
voltage from the self-powered CP system is introduced on the right y-axis (Vcp,;;,a0g) Of
the graph shown in Figure 12. If the distance between antennas is increased twice, the
input power has to be increased by 5 dBm in order to obtain the same voltage level at the
RF rectifier output. The minimum input power needed for a reliable start-up of the self-
powered CP system with the minimum load current (4 nA) is 12 dBm and 16 dBm for 3 mm
and 6 mm distance between the external and on-chip antennas is required, respectively.
The regulated output voltage from the self-powered CP system was set to 0.4 V, and we
can observe from Figure 12 that the system can reliably regulate the output voltage to the
required value with the accuracy of £1.25%. Naturally, with higher input power, one can
achieve a higher value of the output load current. Regarding the CP system itself, the
efficiency was not influenced. On the other hand, the efficiency of the overall CP system
including the RF energy harvester will be significantly less than 1%. Such a low efficiency
is primarily associated with the quality factor of the on-chip inductor and with the effective
chip area in addition to degrading effects (described in [31]).
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Figure 12. Individual output voltages Vour,. and Vcp,,,, vs. Iroap for different input powers (“avg”
in graphs stands for average value). The CLKgxr is set to 50 kHz, and the voltage divider of type 2
has been used.
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5. Discussion and Conclusions

From the performed analysis, it has been shown that the proposed concept of RF-EH
application using the CP-based DC-DC as a PMU can achieve promising performance even
though it is designed with standard pure CMOS technology. In order to highlight the
important features of the proposed wireless power transfer concept, the developed CP-based
DC-DC converter was compared to other state-of-the-art works (Table 1), where the results
obtained from measurement under typical conditions are presented. From Table 1, one can
observe that the developed DC-DC converter is able to work with the similar input voltage
values as reported in other works, except for designs presented in [40—44]. On the other
hand, in our work, the converter was designed for ultra-low voltage ICs; therefore, the
output voltage was much lower than 1 V. The maximum peak current of 38 pA was achieved
for the input voltage of 0.2 V. If the input voltage increased, the output current of more
than 100 pA can be reached. The power conversion efficiency of the proposed converter is
better than the one reported in the state-of-the art works, except for [40,41,45]. However, the
converters presented in [40,41] are designed for higher values of the output voltage. Finally, it
is important to underline that the proposed topology achieves the best efficiency compared
to the works without any MPPT algorithm [24,44,46-48]. Therefore, one can assume that
the overall efficiency of the designed converter might be improved by using a proper MPPT
algorithm. Additionally, many converters are unregulated and the power consumption of
auxiliary circuits forming the feedback loop are not considered in these cases. Moreover, in the
proposed design, the power throughput is extended to cover a broader range of applications.
On the other hand, our solution needs bulky external components and it is not currently
optimized for full integration. The presented results, proved by measurement of prototype
chips, demonstrate the suitability of the proposed DC-DC converter for applications in low-
power and low-voltage integrated systems. Additionally, it was shown that the developed
converter can be conveniently used in the on-chip RF-based energy harvester as a wireless
power transfer system. This application concept was verified by measurements, and we do
believe that its implementation in a standard pure CMOS technology renders the performed
research even more valuable. Finally, it is important to note that various energy harvesters
can be used as the input source for the proposed charge pump system. Although in our
case the RF harvester was used, there is no limitation for using a different input energy
source with an appropriate voltage range. The only strict requirement is that the minimum
input voltage must be about 200 mV to ensure the proper functionality of all blocks in
the proposed CP system. Since the proposed CP system was designed using bulk-driven
technique, the maximum input voltage is limited to the value of 300 mV. On the other
hand, we have to underline that the proposed CP system was designed for low-power
and low-voltage applications. Therefore, using the energy harvesters generating relatively
higher voltages at the output is rather limited or requires additional circuitry in order to
reduce the output voltage to the appropriate level.
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Table 1. Comparison of achieved results relative to other state-of-the-art works.

This Work [46] [40] [48] [44] [45] [24]
Year 2021 2018 2019 2012 2015 2020 2020
Process node 130 65 65 65 180 65 28
Area 543 32 470 783 48 1400 11.6
ViN 0.18-0.3 0.1-0.3 >0.55 0.12-0.16 0.5-1 0.25-1 0.04-0.1
Vout 0.4-0.6 1.2M 1.8-2.5 0.77-1.32 1.8 0.9-15 -
Vour ripple 279 0.14 18 - - - -
Peak Igut 38 M 5@ 35 <12 <7 - -
Pout 152 @ 6 M 35-70 <10 10.8@ 1-100 2@
Peak 7 430 450 70.8 400 520 >80 389G
Fow 0.05 (extern) 15.2 1 <20 - 0.1-2 1

BD Cross- Series- Boost+Buck .
Topology cross-coupled coupled parallel ) ) SCPC Hybrid
Multi-branch

Number of stages (3 per branch) 3 2 10 3 - 2
MPPT/Regulation N/Y N/N Y/Y N/N N/Y 2D/Y N/N
FOMgrarr—up © 0.0952 @) 0.8512 - - - - 0.0648 ©

MW@vy=02V,;@@Vy=07V,;® @ Pyyr listed; ® @ V;y=0.1V; ® @ V;y=0.3 V, Poy7r=5.5 uW; © FOMgsrarr_up = CCFLY FSTARTUP

M, where M represent voltage conversion ratio; 7 @

R10ap=476 kQ), Vi =200 mV, AVo;7=230 mV, (170 mV — 400 mV), where 170 mV is minimum start-up voltage restricted by comparator supply voltage requirement; ® @ Viy=2.1V; ©® Only open circuit

time response is considered.
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