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ABSTRACT In this paper the design of regulated active rectifiers (RARs) is addressed, with emphasis on
energy harvesting applications. After an insightful overview of the main topologies of RARs, the analytical
models are discussed and extended. Then, a data-driven comparison is carried out which, however, does not
allows an absolute ranking between the different topologies. Then, a general Verilog-A model of the active
rectifier is introduced and extended to simulate and compare the different regulation schemes. Unlike the
data-driven comparison, the simulations based on the proposed Verilog-A models allows concluding that the
PWM regulation scheme is more suitable for applications requiring an input power lower than about ImW,
whereas the Reconfigurable (1X/0X) is more effective for input power levels in the range ImW-10mW. The
adoption of the developed models allows a huge reduction of the simulation time, equal to 7X for the open
loop active rectifier and about 100X for the regulated mode. The accuracy of the proposed model has been
extensively verified against transistor-level simulations, showing an error lower than 5% in all conditions.
The proposed model is useful during the design phase to select the rectifier topology and control scheme
during the design phase and also to reduce the simulation time during pre-silicon verification on complex
mixed-signal systems.

INDEX TERMS Active rectifier, energy-harvesting, power management unit, regulated rectifiers, Verilog-A.

NOMENCLATURE AND ACRONYMS DCM: discontinuos conduction mode
3R: resonant regulating rectifier Sox: time-domain duration of the 0X-duty-mode
AR: active rectifier ¢ time-domain duration of the duty-cycle
CCM: continuous conduction mode 8¢ time-domain duration complementary
CWM: current-Wave Modulator duty-cycle
CGC: common-gate comparator EH: energy harvester
COMPI1(2)A,.B: PWM-regulated active rectifier €9: percentage error on the rectified regulated
comparators voltage
CM: current mode regulating rectifier IEn: AC input current of the energy harvesting
D: percentage duty-cycle of the rectifier source
D: percentage complementary duty-cycle Ien rms:  RMS value of gy
of the rectifier Ir0AD: load current
Is pp: reverse saturation current of the
The associate editor coordinating the review of this manuscript and parasitic diodes
approving it for publication was Riccardo Carotenuto . IMD: implantable medical device
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LineRq,: percentage line regulation
LoadRq,: percentage load regulation
PCE: power conversion efficiency

PMU: power management unit

PFM: pulse-frequency modulation

PSM: pulse-skipping modulation

PWM: pulse-width modulation

OFn: input energy harvesting source
charge

OEH 5, input charge transferred during &,

Orn s input charge transferred during §;

OREC: output charge of the rectifier

RAR: regulated active rectifier

Racpe equivalent series resistance of the

= Ry + Rps: AC/DC converter
Rps equivalent series resistance of
= Rps ny + Rps.p:  n-type and p-type transistors

Rep: equivalent resistance of the input
harvesting source

Ry load resistance

Rpopt optimum load resistance

R3: Reconfigurable Resonant
Regulating Rectifier

RFID: radio-frequency identification

Vaci.2: input AC voltage phases

Vecoump,i(t): time-domain response of the
i-th comparator

VEA(?): time-domain output voltage of the

error amplifier
VM: voltage mode regulating rectified

VCIPM: voltage/current-mode inductive
regulated power management

Vei,2: gate voltages of the active rectifier

VbcC.REG: regulated rectified DC output
voltage

Vi BD1,2: bulk-drain parasitic diodes voltage
drops

VREC: rectified DC output voltage

Vr: thermal voltage

VrIaRG: target regulated DC output voltage

Vru n: NMOS transistor threshold voltage

VrH . p: PMOS transistor threshold voltage

Vrrii 2(): time-domain triangular waveforms

To: input AC source period

Ton: ON-time of the active diodes

WPT: wireless power transfer

I. INTRODUCTION

Wireless power transfer (WPT) is defined as the technology
capable of transmitting energy from a power source to an
electrical load across a medium, without the use of electrical
wires. Recently, WPT has become increasingly popular for a
broad range of applications, such as radio frequency identi-
fication (RFID), portable or wearable electronic devices, and
implanted biomedical devices (IMDs) [1], [2], [3], [4], [5],
(61, [71, [81, [9], [101, [11], [12], [13], [14], [15], [16], [17],
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FIGURE 1. Simplified Block scheme description for PMUs, including an
AR cascaded with regulator.

(18], [191, [20], [211, [22], [23], [24], [25], [26], [27], [28],
[29], [30], [31], [32]. Battery charging via WPT is an attrac-
tive solution because it can deliver a wide range of power and
helps the devices to be water-/dust-proof. Moreover, WPT
enables battery-less IMDs, thus avoiding the toxicity of wires,
reducing the implant dimensions, and increasing the long-
term operation of the device [1], [2], [3], [4], [6], [8], [9],
[10], [11], [16], [17], [20], [21], [25], [29], [30], [31], [32].
WPT is mainly implemented using inductive transfer [4], [5],
(71, [81, [9], (101, [111, [12], [13], [14], [15], [16], [17], [18],
(191, [20], [22], [23], [24], [26], [28], [29], [31], [33], [34],
[35], [361, [37], [38], [39], [40], [41] and, more recently,
ultrasound waves [1], [3], [30], [32], [42]. Furthermore, also
microwave radiation WPT can provide very high efficiency
and a wide propagation area when used in open air and is
widely adopted for RFID. However, in the context of IMDs,
since the attenuation in tissues depends exponentially on the
frequency, this technology is limited to shallowly implanted
devices in the body requiring very low power. Indeed, the
safe electromagnetic (EM) field exposure limits are in the
10—100 mW/mm? range, depending on the frequency band.

On the other hand, inductive WPT is widely adopted for
IMDs since low-frequency magnetic fields can penetrate well
into the body. While power transmission efficiency is very
high, one major downside of inductive links is their small
transmission distance and significant decrease of the trans-
mitted power when the transmitting and receiving coils are
misaligned.

Ultrasonic WPT, unlike the other WPT types, transfers
power by propagating energy as sound or vibration waves.
It has the advantage of centimetres-range depths and can also
travel through electrically conductive materials, which would
be opaque to EM energy. Ultrasonic waves have proven to
be better suited than EM waves to powering and communi-
cating with implants dispersed in the body since ultrasonic
safe exposure limit is 7.2 mW/mm?2, about two orders of
magnitude higher than EM waves.

Regardless of the link modality for WPT, a power man-
agement unit (PMU) is needed on the receiver side in order
to convert an input AC voltage delivered by the link to one,
or even multiple, regulated DC supply voltages. Indeed, the
WPT scheme, in all cases, includes a transmitter which gener-
ates the power to be delivered to the untethered device, whose
simplified block diagram can be represented as in Fig. 1.
In this figure the energy harvester (EH), which can be equally
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FIGURE 2. Simplified block scheme description of PMUs, including a RAR.

an antenna, a coil or a piezoelectric device, is modelled by
an ideal voltage source with a series resistance and a paral-
lel capacitor. Appendix VIIA discusses, as an example, the
equivalent model of a piezoelectric device. Irrespective of the
EH, it can be noted that the rest of the block diagram remains
unchanged and, since the alternate form of the transferred
signal, it comprises an impedance matching network, aimed
to locally guarantee the maximum power transfer from the
EH, and an active rectifier (AR), which converts to DC the AC
voltage generated by the EH. Being the voltage provided by
the rectifier, Vrgc, highly dependent on various conditions,
such as the loading variation, coupling conditions, transmitter
distance, etc., the regulated DC voltage required for the load,
Vbc RrEG, 1s traditionally provided through a post-stage regu-
lation block. However, the serial scheme in Fig. 1 inevitably
degrades power efficiency and induces silicon area over-
head. Therefore, the regulating active rectifier (RAR) scheme
depicted in Fig. 2 has been introduced in literature, where,
thanks to an additional feedback control loop, the regulation
of the output voltage is included in the AR to achieve higher
power conversion efficiency while reducing the chip area [8],
(91, [10], [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26]. Although exiled from
the proposed topic, is worth to mention that the regulation of
the output voltage can be achieved also at the TX level of the
WPT [37], [38], [39], [41], [43]. Indeed, as reported in [6], the
TX regulation is provided by controlling several parameters
linked to the power-transmitting electronic systems, such as
the power amplifier supply voltage, the resonant frequency
and the power switch duty-cycle.

In order to provide the designer some guidelines that allows
choosing the best option given the main design specifications,
in this paper the main topologies of RARs are analytically
studied and a data-drive comparison is first carried out. Then,
a general Verilog-A model of the active rectifier is introduced
and extended to simulate the different regulation schemes.

The main contributions of the paper can be summarized as
follows:

1) The working principle of the AR and the different
regulation methods are summarized and their analytical
models is reported.
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2) The analytical model of the rectifiers is extended by
including resistive losses and the antiparallel bulk-drain
junction diode associated to the NMOS switches of the
AR, giving out a more accurate view of its working
principle.

3) A comprehensive data-driven comparison of the state
of the art is carried out.

4) A general Verilog-A model of RARs using different
regulation schemes is developed and full code listings
are provided.

The first advantage of the proposed Verilog-A model is that
it enables a huge reduction of the simulation time, namely
7X for open loop AR and about 100X for RAR. This aspect
is crucial when assessing the interaction between the ana-
log and digital subsections of a complex electronic systems
during pre-silicon verification. Indeed, transistor-level sim-
ulations are computationally intensive and require a long
simulation time, which extends the Time-to-Market (TtM).
The adoption of behavioral models allows a reduction of TtM
while preserving accuracy. Moreover, Verilog-A modelling
of the AR and of the various regulation schemes provides
the designer with an effective tool to simulate and select the
best circuit topology and regulation scheme according to the
design parameters, without entailing intensive transistor-level
simulatons. Indeed, the simulations based on the proposed
behavioral models revealed that it is possible to establish
a general ranking among the different studied topologies,
which was not evident from the data-driven comparison of
the state of the art. In particular, the PWM regulation scheme
is more suitable for applications requiring an output power
lower than about 1mW, whereas the Reconfigurable (1X/0X)
is more effective for higher power levels.

The rest of the paper is organized as follows. In Section II
an overview of ARs is provided, with their working prin-
ciple and their conduction modes; furthermore, this section
also deals with the post-stage regulation and the one-stage
regulation, defined as RAR. Section III presents the PWM
regulation and its behavioural equations, while in Section IV
the Reconfigurable Resonant Regulating Active 1X/0X Rec-
tifier is shown with its behavioural equations. Section V deals
with the review on the state-of-the-art of RARs. Section VI
presents the Verilog-A models and simulations of the AR
in open-loop and of the RARs with both PWM and 1X/0X
regulation schemes. Finally, in Section VII conclusions are
carried out.
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Il. OVERVIEW ON REGULATING ACTIVE RECTIFIERS
Most of the Power Management Units for Energy Harvesting
power-receiving (RX) systems include an input matching
network cascaded by a rectifier and a regulator, as shown in
Fig. 1. For input power levels higher than hundreds of micro-
Watt, the active rectification solution seems to be preferred,
for its higher power conversion efficiency (PCE) compared to
the passive one, that exploits diodes or latched inverters [1].
Being the input power level unpredictable and considering
that the loading conditions of the PMU could continuously
change, a proper regulation circuit is required to provide
an accurate power supply voltage, Vpp = Vpc reg, to the
loading circuitry of the RX-system. Two solutions have been
presented in about a decade of PMUs for EH applications,
as schematically depicted in Fig. 3. The first one, presents the
rectifier cascaded by a post-stage regulation, as a low-dropout
regulator (LDO) or a DC-DC converter (see Fig. 1). The
second one, on the contrary, does not require any additional
post-stage circuits, indeed it achieves the DC output voltage
regulation by controlling the rectifier conduction activity,
as shown in Fig. 2. This paper is focused on this latter
topology which will be referred in the following as regulating
AR (RAR).

A. AR WORKING PRINCIPLE AND CONDUCTION MODELS
The working principle of the Active Rectifier is explained
here and it refers to the simplified schematic reported in
Fig. 4. The most important part of the rectification circuit
is represented by four power transistors; among them, the
n-type transistors, My 2, are used for the start-up and as
switches after the initial phase, while the two cross-connected
p-type transistors, Mpj 2, allow the current flowing to the
storage capacitor, CsToRr.

As regards the start-up of the circuit, it is provided by
the anti-parallel diodes reported in shaded colour in Fig. 4,
representing the p-n* bulk-drain junctions of power NMOS
transistors, My1,2. Indeed, when Vac1(Vac2) is lower than
the ground potential and the gate voltages V1(Vg2) is not
high enough to turn-on Mpy(My2), the junction guaran-
tees the conduction through the power PMOS Mpi(Mp3),
since its Vsg1(Vsgz) allows it to work in inversion region.

43894

Ved \% <0

(@) apo-Anq

=
=
=

N is tt=9, —
H o (E-t)H(E-t,)= 9,

cief

>
t() 1 2 3

|V

ACI-VAC2| =|

\%

EHl

Q
5
=)
(=)
=
=
£
5
2
2
o
=%
o
-~
=4
=

FIGURE 5. Equivalent models in Duty-Mode and Complementary
Duty-Mode with associated waveforms.

The rectification mechanism is similar to the one of a diode-
bridge rectifier and the power conversion efficiency, PCE, is,
thus, quite low (<60%). When Vg1(Vg2) > Vra N, the start-
up phase ends and the rectifier enters the active rectification
working mode. If V4c1(Vac2) are lower than the ground
potential, the output of COMP1 (COMP2) turns high and
Mpy1(Mpy>) is used as a turned-on switch, short-circuiting
Vac1(Vacz) to the ground voltage. Then, the p-type tran-
sistor Mp>(Mpy) is turned-ON, being its source-gate voltage
VsG,p2(Vsc,p1) = Vac2(Vac1) > |Vru,pl, and the source
current, /gy, charges the storage capacitor. This conduction
phase can be called Duty-Mode and it lasts for a time interval
equals to §;, as represented in Fig. 5, within a half of the
period of the EH input source, Typ/2. When both V1 and Vs
are low during a time interval within 7(/2, the conduction
phase is defined as Complementary Duty-Mode and its char-
acterized by a time duration of §, = Tp/2 — &;. It is possible
to define the percentage Duty-Cycle, (D) of the controlling
signals of the rectifier, by using the following equation
Ton 2.6

D=-2".100=
To To

- 100 1

Similarly, the Complementary Duty-Cycle (D) is defined
as follows
— To—Ton 2.8

D=———.100=
To To

Furthermore, during the conduction phase identified by
8, if Vac1 < 0 (Vaca < 0), the parasitic junction diode
associated to My1(Mpy>) turns-on and it reduces the voltage
on Vac1(Vac2). Indeed, this last will be equal to the diode
drop one, V; pp1(2). This voltage it is essentially a function of
the source current, /gy, and it is given by

en|
Viep12 = Vr ~ln( 3)
Is D

where Vr = kT /q is the thermal voltage, |Iggy| is the
amplitude of the current of the EH source and Is pp is the
reverse saturation current of the parasitic bulk-drain p-n™
junction diode. Finally, it is worth noticing that the quantity

-100=100—-D (2)
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|[Vac1 — Vaca| is always equal to the AC input voltage ampli-
tude, |Vey|, independently of the conduction phase of the
rectifier. In addition, when the parasitic diode is conducting,
the source-gate voltage of the PMOS transistors increases,
leading to an enhancement of the rectified voltage towards
IVer| — Vjpp, as in passive rectifiers. This gives rise to
an overall reduction of the PCE, due to a higher value of
power loss given by IE%H)RMS - Rgy, where Ry is the series
equivalent resistance of the Th—venin model used for the
EH source under the resonance condition and Iy grus is
the root mean square (RMS) value of the resonant current.
The schematic shown in Fig. 4 presents also two additional
blocks, namely Gate Drive Control and CMOS Logic. They
are usually matched together to allow the control of the
turn-on/off delay of the power NMOS transistors and/or to
regulate the output voltage by modulating the durations of
the conduction phases, giving birth to the concept of RAR.

Regarding the simplified conduction models reported in
Fig. 5, they are characterized by the presence of an Rps =
(Rps.n + Rps.p) as the equivalent series resistance of the
p-type and n-type transistors used as switches. Moreover,
Racpc = (Rps + Ren), is the equivalent series resistance
of the AC/DC converter, taking into account both intrinsic
resistive effect of the rectifier together with the losses of the
source. In addition, the anti-parallel junction diode is also
shown and represented in shaded colour in Fig. 5.

B. POST-STAGE REGULATION

The post-stage regulation is well-know for the literature about
PMUs under the EH scenario. The LDO cascading the recti-
fier unit can provide a precise regulation with smaller voltage
ripple on the DC output voltage, Vpc reg, as compared to
DC-DC converters [6]. Moreover, various LDOs could be
integrated to provide the supply voltage for analog and digital
subsystems inside of System-on-a-Chip (SoC). Nevertheless,
the PCE for the entire PMU is strongly reduced since the LDO
regulator is the most static power-consuming block [2], [3],
[40], reaching a maximum PCE value up to 85% [4]. The PCE
can be improved by adopting DC-DC converters as post-stage
regulation circuits reaching an overall efficiency enhanced up
to the 92.8% [5], [42]. Apart from their increased efficiency,
this solutions presents several disadvantages, as the increased
output ripple and ground noise; in addition, the need of bulky
components such as inductors and large capacitors reduces
the integration possibilities or increases the overall cost of
the chip due to larger area occupation.

As reported in [6], to eliminate the bulky inductor, a reso-
nant regulating rectifier (3R) was proposed in [7]; the solution
consists of an additional switch, between the output of the
AC/DC converter and the storage capacitor, Csror, driven
by a feedback loop. When a fraction of the rectified volt-
age, VRec, is higher than the target one, Vzarg, the switch
turns-off, avoiding the rectified current flows into the stor-
age capacitor, thus reducing the average value of Vpc reG.
Hence, the rectifier is working in Discontinuous Conduction
Mode (DCM) as a DC-DC converter. The disadvantage is
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associated to the RMS value of the resonant current, Iry rus,
that will be much higher than the one in Continuous Conduc-
tion Mode (CCM). This undesired feature leads to an higher
power loss given by II%H’ rus - Rer. To reduce the average
value of the RMS current, a three-switches solution of the
3R scheme that works in CCM is reported in [7], showing an
overall efficiency up to 86% with precise regulation of the
output voltage [6].

C. ONE-STAGE REGULATION: REGULATING

ACTIVE RECTIFIERS

The one-stage regulation was adopted in several works among
the state-of-the-art of EH PMUs that work under resonance
conditions [8], [9], [10], [11], [12], [13], [14], [15], [16], [17],
[18], [19], [20], [21], [22], [23], [24], [25], [26]. The self-
regulating rectifier solution allows avoiding the use of the
post-regulation stage and, as a consequence, increasing the
PCE of the entire PMU. One of the most used techniques to
design a regulating AR consists of controlling the conduc-
tion time of the switched power transistors. This feature is
implemented by modulating the pulse widths of their gate
signals, Vg1 2 as in Fig. 2, and/or their frequency. The result
is the control, through a negative feedback path, of the current
flowing in the storage capacitor and, hence, the regulated
output voltage is obtained.

The second technique is the Reconfigurable Resonant
Regulating Rectifier (also defined R3). The rectifier can be
reconfigured to multiple basic rectifier topologies, i.e., full-
wave (1X), half-wave (%X ) and grounded source phases (0X).
Indeed, the power switches can be properly turned-on/off to
reduce the current flowing in the Csror; when, both Vi 2
are high both My are ON in a half-period of the AC
input source (or a fraction of this) and both V4¢1 2 are short-
circuited to ground. This last working mode is defined 0X,
while in %X just one branch of the AR allows the current
conduction during an entire period of the source (e.g., the pair
My and Mp; or My, and Mpj is ON). In 1X-working mode
the two branches are turned-ON/OFF in every period of the
EH source with their proper duty-cycle.

In this work, two mainly adopted working modes will be
investigated and simulated using Verilog-A models. The first
one, is the Pulse Width Modulation (PWM), and the second
one is the 1X/0X reconfigurable rectifier; both are designed
with a high gain feedback loop to directly modulate the out-
put rectified voltage, Vpc reg, under different load current,
I104D, and source voltage amplitude conditions, |Vey|.

IIl. PWM REGULATION: BEHAVIOURAL EQUATIONS
The PWM regulation is achieved by designing a proper high
impedance feedback loop in order to compare the rectified
voltage with a target one and to properly modulate the time-
duration of the gate-controlling signals, i.e. V1 2. Moreover,
the EH source is never short-circuited to ground, thus provid-
ing a continuous power transfer to the PMIC.

The analytical model introduced in [27] is here reported in
Fig. 5 with the addition of the input source resistance, Rgy,
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and the parasitic junction diode in shaded colour. Moreover,
the two working modes, namely Duty-Mode and Complemen-
tary Duty-Mode, have been taken into account. The overall
resistance, Racpc = (Rps .y + Rps.p + Ren) is given by the
sum of the switches on-resistances, both PMOS and NMOS,
with the series resistance of the EH source, so that

1 1
~— 4)

Racpc Ren

Gu.acpC =

The approximation in Eq. (4) holds if Rpsnp < RgnH.
Being Csror the capacitance of the storage capacitor and
considering the load circuitry as a resistance, Ry, the charge
that flows in half period Ty/2 into the output node of the
rectifier, Vggc, is given by

Vrec - Gm,L - To

To/2
ORreC = / Iroap dt =
0 2

&)

where, G, 1 = 1/Ry,, indicating the load conductance, while
I104p and Vggc have been considered as average steady-state
constant and controlled values. This last assumption is true
justif Csror - R > To/2.

By using a PWM control circuit, it is possible to modulate
the conduction time of the AR, by working in Duty-Mode (5;)
and Complementary Duty-Mode (8;). The charge that flows
from the EH input to the output during &; is

2=0F0 |V | sin (wot) — Vrec
OFrH.5, = / dr  (6)
1

Racpe

while, during 8, the charge from the EH input to the output is
given by

" \Ver| — Vjsp — VrEC
Oy~ = / . dr
EH.o 0 Racpe
n /t3 |Ven| — ViBp — VREC dt )
I Racpc

The Eq. (7) is found out by replacing the AC input sine
voltage with a constant value equal to |Vgy| — Vj gp. This
approximation holds if Csyor - R > Ty, since the storage
capacitor allows reducing the ripple on the rectified voltage
and helps maintaining it about constant. Furthermore, being
(6) and (7) depending on time instants (i.e., fo—3), another
approximation can be applied to them to have a deeper insight
into the behaviour of the rectifier voltage as a function of the
conduction time. Otherwise, the rectified voltage will also
be a function of #; and, consequently, Eq. (5), Eq. (6), and
Eq. (7) could not be handled by exploiting a pencil-and-paper
approach. It follows the equation of the average charge from
the EH to the output of the rectifier, in which it was supposed
thatty = 0,0 = 11 + 6; = 6; and 13 = Tp/2, giving out
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t3 —trp = To/2 — &, thus yielding

Qe = QeH,s, + O 5,

_ /3, |Ven| sin (@of) = Viee
0 Racpe
n /T0/2 |Ver| — Vip — VrEC dt
8 Racpce

_ 1Ven| [1 — cos (wod))] — VrEC

Racpe Racpe

+ : (@ - 5:) (IVen| = Vip — Vrec)

Racpe \ 2 ’

®)

By applying the charge conservation principle Qrec = Qrr
the equation of the rectified voltage as a function of the duty-
time, J;, 18

V
Vrec = Ba,, - |:| jiH' (1- COS(w03t)):|

+ BG, - [(I\VEn| = Vjpp) - (1 =2-8)]  (9)

where the parameter Bg,, is defined as

Gm,AcDC
B, =\m=7—""5
Gu,acpc + Gm,L

Although the result obtained in (9) is a rough approxi-
mation, it clearly shows the regulating capability of the AR
by changing the ON-time of the power NMOS switches, &;.
Moreover, from (10), it is possible to observe that if G, 1,
is much lower that G,, acpc (e.g., Racoc < Rp), than the
rectified voltage, Vrec, does not depend on fg,,, since this
last parameter can be approximated to a unitary value.

(10)

IV. RECONFIGURABLE RESONANT REGULATING ACTIVE
1X/0X RECTIFIER: BEHAVIOURAL EQUATIONS

Similarly to the PWM regulation, the 1X/0X regulation is
achieved by designing a proper high impedance feedback
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loop in order to compare the rectified voltage with a tar-
get one. Nevertheless, in this case, the EH source is short-
circuited to ground for some periods (or fraction of these) in
order to provide the target rectified regulated voltage.

Starting from the approximated behavioural equations
found out in the previous section, it is possible to describe and
obtain similar results for the R3 topology. Indeed, by exploit-
ing the models and the waveforms reported in Fig. 6, it is
possible to properly modify (9) by adding a new time interval
namely 0X-Duty Mode (8px) within the previously defined
temporal window §,. Indeed, as in Fig. 6, by supposing that
Vact < 0, (Vo2 < 0), contemporaneously the two input
phases, Vac1 and V4cp, can be grounded to regulate the
rectified voltage, Vggc. This result is achieved by turning-on
together V1 and Vg, for an amount of time, 8oy . In this way,
the DC output is left working in free-wheeling mode and the
storage capacitor is, thus, discharged by the load.

As in the previous section for PWM-controlled ARs, it is
possible to obtain a behavioural equation applying the charge
conservation principle and equating the output charge, Qrrc,
with the input one Qgg. In this case, Qrgc in steady-state is
still expressed by (5), while Qg is now defined, adopting the
same approximations of (8), as

Qen = Qen s, + Opp 5, — QEH sox

_ / K |Vin | sin (@ot) = Viec
0 Racpc
n /TO/2 IVen| — Vip — VrEC & A
5 Racpe

As a matter of fact, during §px there is no charge that goes
from the input EH source to the output of the rectifier, being
the EH short-circuited to ground. Moreover, this results in
a reduction of the RMS-input current value averaged in a
period, Iey rus- In this way, the PCE is increased. The recti-
fied output voltage, for R? ARs, is both a function of 8, and of
dox, as it can be seen in the following approximated equation

[Venr|

Vrec = Ba,, - [ (1 — cos[wo(d; — 80X)])j|

+ B6, - [(VEr| = Vipp)-(1=2-86)] (12)

where f¢,, has the same definition of (10).

V. REVIEW OF THE STATE-OF-THE-ART

In order to provide the designer with information regarding
the benefits deriving from the adoption of a particular topol-
ogy given the design specifications, in this paper we carry out
a numerical comparison among the solutions available in the
literature.

The state-of-the-art of RARs has been divided into two
major categories. The first category is defined by those works
that exploit the modulation of the conduction time of the
active diodes, through a negative feedback loop, to obtain
the regulated output voltage from the AR, named Vpc reG
in Fig. 2. Some papers [8], [14], [20] employ the PWM
technique illustrated in the previous section. This control
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is designed through an analog high-bandwidth feedback
loop and it regulates the rectifier when working in active
mode [27]. The PWM controller is typically based on an
error amplifier with a voltage reference, Vr4rg, and a resistive
output voltage divider, as in Fig. 2, to provide a voltage-
based feedback. Then, the control waveforms are synchro-
nized with the clock derived from the incoming AC signal
phases, Vac1,2, by using a Phase Recovery Circuit, as shown
in Fig. 2. Finally, a Gate Drive Control digital circuit allows
the control of the active diodes conduction time trough the
two signals Vg1 2.

On the other side, the Phase Frequency Modulation (PFM)
is used, in particular, for the sleep-mode voltage regulation
in stimulator applications [27], or in Hybrid mode, working
together with the PWM-Mode as in [11] and [21]. In detail,
in [11] the PWM is realized by using an analog negative
feedback loop, while the PFM regulation is implemented
within a digital negative feedback loop. Indeed, by increas-
ing/decreasing the pulse frequency of V2, a more rapid
regulation is achieved, compared to the PWM. Moreover,
under light load conditions and for high working frequency,
the widths of the control signals may be too narrow to turn-
ON the power switches (My > in Fig. 4) [6]. To circumvent
this issue, the Hybrid technique results better suitable for
those cases in which the frequency of input EH signal is
above tens of MHz and when the input frequency range
can be wide (1-10 MHz) as in [21]. In these last solutions,
an integer input frequency is provided (1/1~1/32) and, mak-
ing the PFM works in tandem with the PWM, an extended
operation dynamic range is reached. In a similar way the
Pulse-Skipping Modulation (PSM) in [15] and [19] is shown.
With this control scheme, the output is charged just when the
rectifier works in ON-mode and it is discharged in the OFF-
mode, in which the input voltage source is short-circuited to
ground. While in [15] the PSM works in tandem with the PFM
to regulate one output voltage, in [19] the PSM technique is
employed to simultaneously control two DC output voltages,
namely Vo1 2. Indeed, instead of charging up multiple-output
at the same time which will increase the input current to incur
extra power losses, in this last work, the conduction is divided
in even and odd cycles.

The second category is defined by those works that employ
the R? 1X and 0X topology analyzed in Section IV [17],
[24], [26]. Similarly, in [13], it is reported a self-regulated
reconfigurable rectifier for inductive power-links that oper-
ates in Voltage Mode (VM) or in Current Mode (CM) taking
into account a source ascribed as LC-tank. Indeed, if the
power RX is exploiting the EH as an AC voltage, it will
work in VM, while if it is intended as an AC current source,
it will work in CM [12]. While the former mode requires
additional AC/DC or bulky external components, since it
switches between rectifier and voltage doubler [33], the latter
regulation is implemented by shorting the input EH source.
By doing this, the incoming energy is stored for several Tps
into the inductor of the LC-tank and, then, it is delivered
to the load within To/4 [34]. Authors in [13] introduced
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TABLE 1. State-of-the-art comparison table.

Paper | Journ. | Year | Techn,| Freq. Reg. Output PCE L.Reg Area Off-Chip Regulation
(nm) | (MHz)| Volt. (V) | Power (mW) | Max. (%) (%) (mm?) Comp. Method

[8] JSSCS | 2013 500 2.0 2.5:4.6 12.88 87 - 2.25 2 coils Adaptive PWM
[9] JSSCS | 2015 350 13.56 3.6 102 92.6 3.1 3.06 2 coils 1X/2X Reconfig.
[10] TPEL | 2016 350 6.78 1.2;3.8 600 80.5 - 1.92 4 cap.,1 ind. 2X Reconfig.+DC/DC
[11] JSSCS | 2017 180 144 0.8;1.0 0.7 60 1.87 9.0 1 cap. Hybrid: PWM+PFM
[12] JSSCS | 2017 350 6.78 5.0 6000 92.2 6.0 4.77 1 cap. 1X/%X/OX Reconfig.
[13] JSSCS | 2017 350 1.0 33 10 77 22 0.52 2 cap. VM/CM Reconfig.
[14] TCASI | 2018 180 6.78 5.0 2500 96 - 3.0 1 cap. Adaptive PWM
[15] TVLSI | 2018 180 0.250 1.8;2.0 80 93.48 0.13 0.4246 1 cap. PSM+PFM
[16] ISCAS | 2018 180 13.56 2.0;6.3 45 84.2 - 0.24 1 cap 1X/3X Reconfig.+LDO
[17] JSSCS | 2018 65 13.56 1.2;2.5 49.4 70.6 4.1 0.46 1 cap. 1X/0X Reconfig.
[18] CICC 2018 180 13.56 | 0.9-2.75 10 79 - 0.66 2 cap. 2X/3X w.0. comp.
[19] TCASI | 2019 180 0.125 1.6;2.0 114 91.7 0.12 0.63 2 cap. Even/Odd cycles (PSM)
[20] TBCAS | 2019 350 1.0 2.6;3.9 45 75.3 0.57 1.35 3 cap. Adapt. Switch.+Boost
[21] TBCAS | 2020 180 10.0 1.5;2.5 65 90.7 0.46 6.0 2 cap. PWM and/or PFM
[22] TPEL | 2021 180 6.78 33 1980 92.14 1.8 0.65 1 cap. CWM Reconfig.
[23] JSSCS | 2021 180 6.78 1.8;3.3 1020 91.9 1.5 0.6 2 cap. 3 Levels Reconfig.
[24] JSSCS | 2021 250 6.78 5.0 400 92.9 0.82 2.07 1 cap. 0X/1X Reconfig.

[25]* | ICECS | 2021 180 13.56 33 30.3 70.7 - 0.048 - PWM
[26] Micro.T.| 2021 350 13.56 33 200 86 3.24 2.72 1 cap. 1X/0X Reconfig.

@ Simulation results.

a reconfigurable voltage/current-mode inductive power man-
agement (VCIPM) that can adaptively switch between VM
and CM based on the rectified voltage amplitude, Vggc.
Then, if a partition of this value is higher than the target
one, Vyarc the VM configuration is selected and the AR is
selected too; while, if the rectified voltage is lower than the
desired value, the CM is selected and the LC-tank is shorted
for the optimal number of Tys. Moreover, the VCIPM regu-
lates the rectified voltage by controlling the reverse current of
the active diodes, defined as the current returning back from
the storage capacitor, Cstog, to the LC-tank.

Moreover, some papers present the configuration of a
voltage doubler on the DC output voltage, thus, entering
the 2X-working mode. Indeed, as presented in [9], when
the rectifier works in 1X-mode, the conduction time of the
active diodes is controlled by analog comparators, COMP1,2
in Fig. 4. Then, when working in 2X-mode, COMP2 and
My are turned-OFF and My p; are active diodes, while
Mp; is diode-connected. In this way, in steady-state Vac» is
clamped ad Vggc/2 and Mp; is reverse biased. Moreover,
the equivalent structure of the 2X mode is a voltage doubler
made up of two half-wave rectifiers connected in series [9].
Furthermore, in [16] a reconfigurable 1X/3X rectifier is
described for implantable neuro-modulation systems with a
novel active triple-voltage rectifier to obtain a regulated DC
voltage amplitude as high as 6.3 V together with the second
DC output equal to 2.0 V. In order to achieve the function-
alities of a voltage multiplier (3X), the system embeds also
a level-shifter and a ripple-cancellation circuit to reduce the
instability and the ripple on a driving voltage generated within
the rectifier, Vpp4. Also cascode power transistors have been
used in this work to prevent over-stress problem due to the
high output voltage level. Also authors in [18] showed a reg-
ulated step-up full-wave rectifier (2X/3X). The levels shifting
technique is employed also in this work; by using a dual
feedback loop with two error amplifiers and by sensing the
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difference of the rectified voltages, V,1 02 and the reference
voltage, Vg 1 are generated as adjustable supply voltages
to shift the driving voltage levels for the power switches.
Moreover, in [18] a full-wave AR without comparators is
presented; indeed, a close-loop delay controller is proposed in
this work and it achieves ps level on/off time control precision
on switching and regulating transistors.

In addition, authors in [23] present the 3-levels reconfig-
urable rectifier fro two DC output voltages. The structure,
first introduced by [12], essentially consists of a full-wave
active (1X), an half-wave (1/2X) and a grounded source (0X)
rectifier. Those working mode are switched by using an ana-
log feedback path made up by two comparators used to enable
a Three-Levels Current-Wave Modulator (CWM). This last
block is made up by a voltage divider, a voltage reference
and three hysteresis comparators as in Resistive Analog-to-
Digital Converter (ADC). Their outputs are driven by simple
logic circuits to properly enable the power transistors among
the three current levels (100%, 50%, 0%) corresponding to
1X,1/2X,0X working mode, respectively.

Table 1 summarizes the main characteristics and perfor-
mance parameters of the RARs discussed previously. The
main parameters under analysis are the regulated output volt-
ages, Vpc,reG, the maximum output power, Ppc, the area and
the maximum PCE defined as

2
per = D6 - e a3
Piy NT, j;oo SVeu () - Ipy (1) dt

where Ry, is the load resistance. In addition, the percentage
load regulation, LoadRq,, is considered

max min
Vpc.rec — Ve rec

LoadRq, = 100% -
Vbc REG

(14)

where Vpc reg is the nominal value of the DC regulated
voltage on the output of the RAR, while Vpc'prs is the

VOLUME 11, 2023



A. Ballo et al.: Demystifying Regulating Active Rectifiers for Energy Harvesting Systems

IEEE Access

1
10 Blu}g: Cq‘ndug‘lion “l’ime :I\Ilqt_!llolatio‘n : : : :
Red: Reconfigurahle Rectifier | ] | | |
| I f I 1 | 1 1 I I |
| I f I I | 1 1 I I |
| I I I | | I I I |
I I | | | I I I [ﬁ] I I
o | | | | | | | A |
e ) [ e e e e e
= I I I I | i 1 01§ B i
< S R R s i, . R At o
P A A
S | | I I | 1 [10]! I ! | |
- oo A g
€ 10— S S S g I —
5 10 I | —Ir\br I I [2ﬂ\ I I * I I
B I [ S A 1 1 I 1 I
= | I 21} [9] | | I I |
©] | | * | | I ! ! |
T L ;oA o
[ | | I | | | |
& | | | | |
5 [ 4ot~ — {16}
z | 1 I I I
1 1 I I |
E I I L I
£ I I I |
= | | | |
s 1 I I I
= | I I I
- - —
.*. ® Tech. 500 nm
| A Tech. 350 nm
i * Tech. 250 nm
| * Tech. 180 nm
| m Tech. 65 nm
I | | |
I I I I
1

1.5 2 25 3 35 4 45 5 55 6 65

Maximum Regulated Output Voltage, V )

DC,REG

FIGURE 7. Maximum Output Current, /;g4p vs. Maximum rectified
regulated voltage, Vpc g for the solutions reported in Table 1.

10 . . . . .
Blue: Conduction Time Modulation  [14]
Red: Reconfigurable Rectifier
2l 241 1121 122] |
21 A [24]
9L * [19] [23]
18] 126]
o [ ]
$ 85 A 1l
5 [10]
£ 50 (18] A
£ *13)
= A 20
E 75 A
] a7 1251
= 70 ¥
65 o Tech. 500 nm
ATech. 350 nm
[11] * Tech. 250 nm
60- * * Tech. 180 nm
u Tech. 65 nm

5 Il Il Il Il Il
e L L 1
Maximum Power Density (mW/mn)

FIGURE 8. Maximum PCE vs. Power Density for the solutions reported in
Table 1.

maximum rectifier and regulated voltage under low-load con-
dition (high R;) and g“c" ric 18 the rectified and regulated
voltage under high-load condition (low Ry ). Furthermore, it is
also important to emphasize the number of off-chip compo-
nents which express the ability of the RAR to be adopted
in applications requiring small volume, like mm-implantable
medical devices.

Fig. 7 reports the maximum output power as a function
of the maximum regulated and rectified output voltage for
the solutions reported in Table 1. The two main regulation
schemes have been depicted with different colours, while the
used technologies have been reported with different symbols.
As suggested by [27], it is possible to observe a trend for the
two most used topologies discussed in this work. Indeed, the
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Gate Driving
Circuitry

FIGURE 9. Block diagram of the Rectifier-Core Verilog-A Model.

reconfigurable regulation method (in red in all of the perfor-
mance metrics graphs) it is better suitable for power levels
higher than 100 mW, while the conduction time modulation
better suits for lower power levels.

Using the same notation, Fig. 8 shows the maximum PCE
versus the power density, defined as the ratio of the maximum
output power and the occupied silicon area. In this case,
it is not possible to establish a clear ranking between the
different rectifier topologies. The best result is achieved by
solution in [14] achieving a PCE equal to 96% and a power
density almost equal to 1 W /mm?. Note, however, that also
solutions [12], [22], and [23], based on the reconfigurable
regulation method, achieve very good performance. From the
comparison carried out in Table 1 and Figs. 7-8 it is not
possible to establish a general ranking between the different
topologies and adopted technologies. Therefore, in order to
provide the designer additional guidelines that allow choos-
ing the best option given the main design specifications,
in this paper we introduce a Verilog-A model of the AR,
as detailed in the next section.

VI. VERILOG-A MODELS AND SIMULATIONS

As in the comparative study of Regulated Charge Pumps
conducted in [44], a model for the AR is here proposed with
the aim of providing the designer with an effective tool to
simulate and select the best rectifier topology and regulation
scheme according to the design parameters. Then, the two
regulation schemes discussed previously, namely Conduction
Time Modulation and Reconfigurable Rectifier, are presented
and simulated, concentrating on the PWM regulation tech-
nique for the former and on the 1X/0X technique for the latter.
The full Verilog-A code listing is available in the Appendix.

A. OPEN-LOOP FULL-WAVE ACTIVE RECTIFIER

As reported in Section II-A, the most important block of
an AR is represented by the four power transistors (n-type:
My 1.2, p-type: Mpi 2 in Fig. 4). In Fig. 9, this sub-block of
the AR is called Rectifier-Core and it is divided in Cross-
Connected PMOS Transistors and an NMOS Power Switch
networks.

The Verilog-A model of the Rectifier-Core is quite simple
and it has been reported in Listing 1 and Listing 2 in the
Appendix Section. It is based on four switches, with given
thresholds, Vry, (positive for NMOS and negative for PMOS)
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TABLE 2. Components and Parameters for the Verilog-A Model of the
Rectifier-Core as in Listing 1 and Listing 2 in Appendix Section.

Component | Parameter | Value Unit
p-n+ Is® 10 PA
Bulk-Drain tp? 100 ps
Junction Cjo ¢ 5 pF
Diodes Db ¢ 0.7 \Y
NMOS Vru 0.5 \Y
Power Rps,n 5 Q
Switches Licak © 10 nA
PMOS Vry -0.5 v
Power Rps,p 5 Q
Switches Lieak © 10 nA
Storage CsToR 100 nF
Capacitor EPR/ 10 MQ

@: Saturation Current, b. Forward transit time

¢: Junction Capacitance at the equilibrium

d: Bult-in potential, ¢: Switches leakage current
f: Equivalent Parallel Resistor

and a series on-resistance, Rps y and Rps p, for n-type and
for p-type switches, respectively. Moreover, to simulate the
start-up behaviour of the rectifier, two anti-parallel p-n™
bulk-drain junction diodes have been added with the typical
exponential law reported in the Verilog-A code for such sub-
block. The values of all the used parameters for the code are
reported in Tab. 2. In addition, it is important to underline that
both n-type and p-type transistors switches do not present any
parasitic gate-to-source (or source-to-gate) capacitance in this
model. These last parasitic contributions have been neglected
since it was supposed that the CMOS driving logic circuit
and the power NMOS transistors have been designed with
a sufficiently large driving capability and with a very-small
ON-resistance, respectively, to make negligible the capacitive
parasitic contributions associated to Vg 2 and Vaci 2.

The time-domain simulation of the Rectifier-Core was
conducted in Cadence ADE-L environment and the results
is shown in Fig. 10. The voltage source is an ideal sine
generator with |Vgg| = 3.0V as amplitude, a series resis-
tance Ry = 1.0kQ and a frequency fy = 2.0 MHz. It is
possible to observe the comparison of the transient simulation
conducted on the transistor implementation of the circuit
with a bulk CMOS 28-nm technology provided by TSMC
and the result of the same simulation for the used code for
the core. Moreover, while for the transistor level simulation,
the Gate Driving Circuitry is represented by two common-
gate comparators and two CMOS drivers, in the Verilog-A
transient simulation two ideal pulse generators have been
used with the same D (about 40%) of the comparators. The
relative percentage error on the open-loop rectified voltage
is about the 1.5%,! demonstrating, thus, the efficacy of the
proposed model for this sub-block.

Furthermore, the value of the load resistance is chosen
according to the maximum power transfer theory applied
to ideal full-wave rectifiers as reported in [23] and [45].

tis worth noticing that this relative percentage error remains in the range
of 1-5% also for other load conditions.
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FIGURE 11. Equivalent ideal model for the equivalent resistance, Rgq,
in full-wave rectifiers.

The Thevenin equivalent model of the EH source depicting
the power-link is shown in Fig. 11. The equivalent series input
resistance, Rgp, of the single-output unregulated rectifier is
evaluated neglecting the power losses of the diodes and, thus,
the input power is equal to the output one

) 2
EIEHREQ = IgpcRe (15)

where Irgc is the DC output current equal to %IEH. Then,
by substituting this current in Eq. (15) it is found the value of
the ideal equivalent input resistance of the full-wave rectifier

8
Rpp = PRL (16)

The maximum power transfer is obtained if Rgg = Rgp.
Hence, by equating these two equivalent resistance it is pos-
sible to find out the optimum value for the load resistance,
Ry opr, that ensures, from a theoretical point of view, the
maximization of the PCE. In particular, referring to Fig. 10,
Ry opt = 1.2kS.

The behaviour of the active full-wave rectifier, working
in open-loop as a function of the D is reported in Fig. 12,
in which the rectified voltage, Vrec, is depicted as a function
of the D of the two controlling signals, Vg1 2. The simulation
is completed by using two ideal pulse generators with variable
on-time, delayed each other of T/2. In order to validate
the analytical model, Fig. 12 also shows Eq. (9), assuming
Viesp = 0.7V and Ry = 1MQ. Indeed, it is possible to
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FIGURE 12. Open-loop working mode of the Verilog-A model for the
Unregulated AR: Vgee vs D and validation of the behavioural Eq. (9).
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FIGURE 13. PWM Feedback control loop and generation of Vg, (3) circuit
schematic implemented with Verilog-A model.

TABLE 3. Components and Parameters for the Verilog-A Model of the
PWM Feedback Control Loop as in Appendix-Listing 3.

Component Parameter | Value Unit

Voltage Divider Ky 0.5 V/V
Voltage Reference VraArc 0.5 v
Error Apa 60 dB

Amplifier faBwW 100 KHz
Comparators Vurcu 1.0 \
and VLO w 0.0 \'%
Driving Logic tqg @ 10 ns

@: Overall time delay due to comparators and driving logic circuit

observe that Eq. (9) presents the same trend of the simulation
results obtained with the Verilog-A model for Ry = 1 M€,
in particular in the D range [15-47.5]%. Indeed, for lower D
values, the behaviour of the AR is more similar to a passive
diode-bridge AC/DC converter, while for D values higher
than 47.5% the cross-conduction of the two anti-parallel
diodes is dominating on the output, reducing, thus, the value
of the rectified voltage. The deviations of the behavioural
equation from the Verilog-A model are mainly due to the
approximations that have been applied to obtain Eq. (9).

B. PWM REGULATION

The PWM regulation and generation of signals Vgi(2) is
depicted in Fig. 13 and simulated under un-loaded and loaded
conditions in Fig. 14 and Fig. 15, respectively and by using
the code reported in Appendix-Listing 3.
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FIGURE 14. Closed-loop transient simulation for the generation of the
driving signals Vg, , with PWM regulation method @ |Vgy| =3.5V
under un-loaded condition (R, = 10 M Q).
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FIGURE 15. Closed-loop transient simulation for the generation of the
driving signals Vg, , with PWM regulation method @ |Vgy| =3.5V
under loaded condition (R, = Ry opt = 1.2k<).

A resistive voltage divider provide a fraction Ky of the
output of the AR, Vpc, reg. This quantity, Ky - Vpc reG 1S
compared to the target voltage, Vrarg, and then amplified by
an error amplifier with a gain equals to Ag4. Moreover, the
error amplifier is described by using large signal specifica-
tions in terms of bandwidth; indeed, it is used the following
equation

0.35

l‘r’f

where fgpw is the bandwidth and ¢, ; is the large signal rise
time and fall time of the error amplifier, respectively; for the
sake of simplicity it is assumed to have 1, =ty =1, 5.

The output, in the time domain, of the error amplifier is
given by

feaw = (17)

VEA(t) = AEA - [Viarc — Kv - Ve ,reG ()] (18)

In addition, the error amplifier is assumed to have a rail-
to-rail output voltage swing. Then, Vga(¢) is compared with
a triangular wave, Vrg; 1(2)(¢) by exploiting the comparator
COMP1(2),A. Moreover, the triangular wave is compared to
the ground level, in order to make the output of COMP1(2),B
goes high (VHIGH) just when VTRl,l(Z)(t) > VGND- Fur-
thermore, Vrgy 1(2) have been generated by exploiting the
phase recovery circuit and, as a result, synchronized with
Vaci(2)- Then, a logic driving circuit allows the generation of
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FIGURE 16. (a) Closed-loop PWM Regulator response vs. normalized input voltage amplitude, |Vgy /Vry |: regulated DC output
voltage, Vpc greg. and Complementary Duty-Cycle, D. (b) Closed-loop PWM Regulator response vs. load current, /;g4p for three
different level of the input voltage amplitude, | Vg |: regulated DC output voltage, Vpc peg, and Complementary Duty-Cycle, D.

the driving signals V1(2). All the comparators and the logic
circuits are ascribed by using an overall rise and fall time
delay equals to 7.

All of the parameters adopted for the simulations of PWM
feedback control loop have been summarized in Tab. 3.
In addition, it is worth noticing that all the blocks in Fig. 13
do not present any current consumption in their Verilog-A
model, in order to avoid that the performance evaluation of
the regulation scheme could depend on their power consump-
tion. Furthermore, for the sake of simplicity, the generation
of the triangular signals Vrgs,; and Vrgr > was emulated
exploiting ideal PWL signal generators of the AnalogLib in
Cadence Virtuoso simulation environment.

It is possible to observe in Fig. 16 the value of the line
regulation, defined as
max _ Vmin
DC,REG DC,REG
AlVEH]|

LineRq, = - 100% (19)

The maximum allowed percentage error on Vpc reG was
set to 1.5%. Then, it is possible to obtain a line regulation,
LineR, almost equal to 0.28% and 0.76% for the unloaded
and optimum-loaded condition, respectively. The maximum
PCE, it is observed around an input amplitude equals to
|VEr| 1.5V and it is near 80% with Iypap = 30 uA.
The load regulation is evaluated by exploiting the closed-
loop results in Fig. 16a and Eq. 14. For the case of |Vey| =
1.5V the regulation range spans into /1, € [1.0uA — 10A]
with LoadR ~ 0.7%, while for the case of |Vgy| = 4.5V
the regulation range spans into I € [1.0uA — 1.0 mA]
with LoadR =~ 1.0%. The relative percentage error on the
regulated rectified voltage in these load current ranges is the
order of the 1.0%.
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FIGURE 17. 1X/0X Feedback control loop and generation of Vg; (3 circuit
schematic implemented with Verilog-A model.

TABLE 4. Components and Parameters for the Verilog-A Model of the
1X/0X Feedback Control Loop, as in Appendix-Listing 4.

Component Parameter | Value Unit

Voltage Divider Ky 0.5 VIV
Voltage Reference Vrara 0.5 \Y
Comparator Acomp 60 dB

COMP,C faBw 10 MHz
Comparators Vuren 1.0 \%
and VLO w 0.0 \%
Driving Logic tqg @ 10 ns
CGCs trise 5.0 ns
COMP1(2),A teall 5.0 ns

f
@: Overall time delay due to COMP1(2),B and driving logic circuit

C. 1X/0X REGULATION

The working principle of the reconfigurable 1X/0X AR
explained in the previous sections is simulated and imple-
mented by exploiting the simplified schematic of the
Verilog-A model shown in Fig. 17, implemented with the
Verilog-A code in Appendix-Listing 4. The time-domain
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FIGURE 18. (a) Closed-loop 1X/0X response vs. normalized input voltage amplitude, |Vgy /Vyy |- regulated DC output voltage,
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FIGURE 20. Closed-loop transient simulation for the generation of the
driving signals Vg , with 1X/0X regulation method @ |Vgy| =3.5V
under loaded condition (R, = Ry opt = 1.2k).

simulation results are shown in Fig. 19 and Fig. 20, for the
unloaded and loaded conditions, respectively.

A resistive voltage divider provides a fraction of the output
of the AR, Ky - Vpc reg, being Ky < 1. This voltage
is compared to the target voltage, Vzarg, by exploiting the

VOLUME 11, 2023

comparator COMP,C which presents a single threshold level,
V1. Moreover, it is characterized by a wider large signal
bandwidth (see Eq. 17) compared to the error amplifier of the
PWM regulation and a similar gain, namely Acopyp. Its out-
put, Vcomp,c, presents just discrete voltage values, Vyigr =
Vbc rec and Viow = 0. Then, COMP1(2),A are COMP1,2
reported in Fig. 4. Indeed, these comparators are placed
outside of the 1X/0X feedback control loop, being them
a part of the forward chain. Furthermore, they are usually
implemented by using Common-Gate Comparators (CGCs)
as in [30], [31], [32], [35], and [36], Their output are com-
pared with ground level by means of COMP1(2),B and feed
into an OR-gate together with the output of COMP,C. Indeed,
when VCOMP,C OR VCOMP1(2),B are high VGI(Z) goes high
too, also if Vo(1) is high in the same half-period. This leads
the two input phases, Vaci,2, be short-circuited to ground
(0X-mode). All of these parameters used for the simulations
of PWM feedback control loop have been summarized in
Tab. 4. In addition, it is important noticing that all the blocks
in Fig. 5 do not present any current consumption in their
Verilog-A model, in order to avoid that the performance eval-
uation of the regulation scheme could depend on their power
consumption. Moreover, to simplify the entire Verilog-A
model of the regulator, COMP1(2),A have been simulated by
using two ideal pulse generators with a fixed D around 42%,
as could be appreciated from Fig. 18.

From this last figure it is possible to evaluate LineR for this
regulation scheme by applying Eq. 19; for the un-loaded case,
the regulation results in a maximum average percentage error
on Vpc reg around +8% (@ |Vey /Vra| = 10), while in the
case of the optimum load condition the maximum percentage
error on the regulated rectified voltage is around —0.2%
(@|Vey /VrH| = 5.8). In the un-loaded case, LineR >~ 1.6%,
while in the loaded case LineR >~ 0.5%
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TABLE 5. Comparison between regulation schemes in RARs by Verilog-A simulations.

Scheme | Input Voltage® | Load Current® | Optimum Input Line Load Maximum | Complexity
Range Range Power Range Regulation (%) | Regulation (%) PCE (%)
PWM 32V-5.0V 1.0 pA-1mA 10 uW-1mW <1% 1.0% 80 % Middle
1X/0X 3.0V-5.0V 1.0 pA-1mA 1 mW-10 mW <1% 0.2% 90 % Low
@: Evaluated under loaded condition with Ry, = 1.2k
b: Evaluated in the Input Voltage Range
102 10 1,
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FIGURE 21. Comparison PCE and relative percentage error on Vpc gec for
the two regulating methods, PWM and Reconfigurable 1X/0X AR @
IVEHI =3.0V.
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FIGURE 22. a) Impedance versus frequency of five piezoelectric
ultrasound transducers, b) Measured wave forms in ballistic gel under
electrical resonance.

The load regulation is evaluated by exploiting the closed-
loop results in Fig. 18a and Eq. 14. For the case of |Vey| =
1.5V the regulation range spans into /1, € [1.0uA — 10A]
with LoadR ~ 0.7%, while for the case of |Vgy| = 4.5V
the regulation range spans into Iy, € [1.0uA — 1.0 mA] with
LoadR >~ 0.2%. The maximum relative percentage error on
the regulated rectified voltage in these load current ranges the
order of the 1.0%. The maximum PCE is observed around an
input amplitude equal to |Veg| = 1.5V and it is near the 90%
with Iroap = 1.0mA.

From Fig. 13 and Fig. 17, itis seen that the PWM regulation
loop presents a more complex architecture compared to the
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FIGURE 23. (a) The piezoelectric device, (b) BDV model with two
resonance doublets, and (c) its equivalent Th-venin model assuming
electric resonant conditions.

one of the Reconfigurable 1X/0X, due to a larger number
of sub-circuits; moreover, this higher complexity is also paid
in terms of area occupation and power consumption of these
blocks implemented on silicon die.

VII. CONCLUSION

This paper discusses the active rectifier, which constitutes
a fundamental building block of any energy harvesting sys-
tems based on AC voltage harvesters. In particular, the work
addresses the topologies that embed the regulation of the
output voltage and provides a comprehensive summary of
their analytical models. In order to provide a more accurate
description of the AR behavior, the analytical model has been
extended by including resistive losses and the antiparallel
bulk-drain junction diode associated to the NMOS transistors
of the rectifier. The main objective of the paper is to provide
the designer with design guidelines to select the best topology
able to optimally satisfy the design specifications. At this
purpose, a comprehensive review of the state of the art is
carried out, focusing on the output power level, the load regu-
lation, and the power conversion efficiency. The review, how-
ever, does not allow to establish a general ranking between
the different AR topologies and regulation strategies. Con-
sequently, a general Verilog-A model has been developed
showing an error against transistor-level simulations lower
than 5% in all conditions. The developed model has been
exploited to carry out extensive simulations after which it
can be concluded that the PWM regulation scheme is more
suitable for applications requiring a power lower than about
1mW, whereas the Reconfigurable (1X/0X) is more effective
for higher power levels, also for its reduced circuit com-
plexity. Another advantage of the proposed Verilog-A model
is that the simulation time is reduced up to 100X as com-
pared to transistor-level simulations, thus enabling simplified

VOLUME 11, 2023
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‘include "constants.vams"
‘include "disciplines.vams"
module Rect_Core_MN1,2 (vgl,vg2,vss,vacl,vac?2);
inout wvacl,vac2,vgl,vg2,vss;
electrical vacl,vac2,vgl,vg2,vss;
branch (vgl,vss) vgs2l;
branch (vg2,vss) vgs22;
branch (vacl,vss) vds2l;
branch (vac2, vss) vds22;
branch (vss,vacl) vbdl, resl, capl;
branch (vss,vac2) vbd2, res2, cap2;
Bulk-drain Jjunction parameters
parameter real is=10p from (0:inf);
saturation current (A)
parameter real tf=100p from [0:inf);
forward transit time (s)
parameter real cjo=5p from [0:inf);

capacitance (F)
parameter real phi=0.7 exclude 0;
built—-in junction potential (V)
real gdl;
real gd2;
NMOS switches parameter
parameter real thn=0.5;
Threshold voltage
parameter real ileak=10n;
Leakage Current
parameter real ronn=5;
ON-resistance of the NMOS Switches
analog begin
MN1 switch of the rectifier-core
@(cross(V(vgs2l)-thn,0, 0.01ln,
vgs2l.potential.abstol)) S$discontinuity(0);
if (V(vgs2l)>=thn)
V(vds2l) <+ I (vds2l)xronn;
else I(vds2l)<+ileak;
end
analog begin
MN1 bulk-drain junctio
I(resl) <+ isx(limexp(V(resl)/S$vt) - 1);
gdl = tfxI(resl) - 2xcjoxphix
sqgrt (1 - V(capl)/phi);
I(capl) <+ ddt(gdl);
end
analog begin
MN2 switch of the core
@(cross(V(vgs22)-thn,0, 0.01ln,
vgs22.potential.abstol)) S$discontinuity(0);
if (V(vgs22)>=thn)

V(vds22)<+ I (vds22)xronn;
else I(vds22)<+ileak;

zero-bias junction

end
analog begin
MN2 bulk-drain junction

I(res2) <+ isx(limexp (V(res2)/$vt) - 1);
qd2 = tfxI(res2) - 2xcjoxphix
sqrt (1 - V(cap2)/phi);
I(cap2) <+ ddt(gd2);
end
endmodule

LISTING 1. Verilog-A code for the NMOS MN1,MN2 in the rectifier-core.

analysis of complex mixed-signal electronic systems dur-
ing pre-silicon verification. Although the emphasis of is on
IMDs, the approach applied in this work can be extended
to other micro-scale electronic systems powered by other

sources, like microwind turbine generators [46].
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‘include "constants.vams"

‘include "disciplines.vams"

module

Rect_Core_MP1,2 (vacl,vac2,vdd);

inout wvacl,vac2,vdd;

electrical vacl,vac2,vdd;

parameter real thp=-0.5 exclude 0;
Threshold voltage

parameter real ileak=10n;

Leakage Current
parameter real ronp=5;
ON-resistance
branch (vdd,vacl) wvsdll;
branch (vdd,vac2) wvsdl2;
branch (vac2,vdd) wvgsl;
branch (vacl,vdd) vgs2;

analog begin
MP1l switch of the rectifier core
@(cross (V(vgsl)-thp,0, 0.01ln,
vgsl.potential.abstol)) $discontinuity(0);
if (V(vgsl)<=thp)
V(vsdll) <+ I(vsdll)xronp;
else I(vsdll)<+ileak;
end
analog begin
condition to ensure convergence
@ (cross (V(vgs2)-thp));
if ((V(vgsl) + I(vgsl)) > 0)
V(vgsl) <+ I(vsdll)*ronp;
else
I(vgsl) <+ ileak;
end
analog begin
MP2 switch of the Rectifier Core
@ (cross (V(vgs2)-thp,0, 0.01ln,
vgs2.potential.abstol)) $discontinuity (0);
if (V(vgs2)<=thp)
V(vsdl2)<+ I(vsdl2) xronp;
else I(vsdl2)<+ileak;
end
analog begin
condition to ensure convergence
@ (cross(V(vgsl)-thp,0));
if ((V(vgs2) + I(vgs2)) > 0)
V(vgs2) <+ I(vsdl2)*ronp;
else
I(vgs2) <+ ileak;

end
endmodule

LISTING 2. Verilog-A code for the PMOS MP1,MP2 in the Rectifier-Core.

Studying the application of Verilog-A in emerging areas
of electronics, such as low-power and energy-efficient sys-
tems, and exploring the potential for using Verilog-A to
design circuits for these applications represent an interest-
ing directions for future research. Moreover, exploring the
integration of Verilog-A with machine learning and artificial
intelligence to enhance the design and verification of analog
and mixed-signal circuits and developing new techniques
and tools for the automated generation of Verilog-A models
from measured data or other sources, such as SPICE simula-
tions or transistor-level layouts, represents another promising
research area.
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‘include "constants.vams"

‘include "disciplines.vams"

module PWM_regulator (gl,g2,dc,ref,

GND, trl,tr2,err);

input dc,ref,GND,trl,tr2;

output gl,g2,err;

voltage gl,g2,dc,ref,GND,trl,tr2,err,err2;

branch (dc,GND) wvdc;
branch (ref,GND) VTARG;
branch (trl,GND) vtrl; VTRI1 input

(
(
(
branch (tr2,GND) vtr2; VIRI2 signa input
(
(g
(

branch gl GND) wvgl;
branch 2, GND) vg2;
branch (dc,ref) diff;

branch (err,GND) verr;

parameter real Thresh=0.001,//1mV VTh. comps.
digOutLow=0.0,

digOutHigh=1.0,

trise=3.50u,

tfall=3.50u, fgbw=0.35/t_rise(fall
Kv=0.5, Voltage divider

AEA=100, E.A. Amplifier open-loop gain
td=10n;

omps. and Driving Logic time delay
real EA,auxl,aux?;
analog
begin : main
integer logicStatel, logicState2;

Error amplifier block
EA=AEA* (V (VTARG) -Kv*V (vdc) ) ;
1f(EA>1.0) Dynamic range of the EA
EA saturates to 1.0 V and 0 V
EA 1.0;
f(EA<0.0)
EA=0.0;

V(verr)<+transition(EA,0.0,trise, tfall);
utput of the EA

comparator algorithnm
if (V(trl,err)<=0)

if Vref>VDC reduces duty cycle towar
aux1=0.0;
if (V(trl,err)>Thresh && V(vtrl)>Thresh)

if Vref<VDC increases duty cycle towards 50
aux1=1.0;
if (V(tr2,err)<=0)
aux2=0.0;

if (V(tr2,err)>Thresh && V(vtr2)>Thresh)
aux2=1.0;

logicStatel = auxl ? digOutHigh : digOutLow;
logicState2 = aux2 ? digOutHigh : digOutLow;

V(vgl)<+transition(logicStatel,0.0,td,td);

V(vg2)<+transition(logicState2,0.0,td,td);
end

endmodule

LISTING 3. Verilog-A code for the PWM Regulator.

APPENDIX A
PIEZOELECTRIC EH EQUIVALENT MIODEL

‘include "constants.vams"

‘include "disciplines.vams"

module 1x0x_regulator (dc,ref,GND,gl,g2,err,
pl,p2);

input GND, dc,ref,pl,p2;

output gl,g2,err;

electrical gl,g2,err,GND,dc,ref,pl,p2;
branch (dc,GND) wvdc;

branch ref GND) VTARG;
branch 1, GND) vgl;
branch 2, GND) vg2;

(
(g
(g
branch (ref,dc) diff;
(
(p
(p

branch err, GND) verr;
branch 1, GND) vpl;
branch 2, GND) vp2;

1 (2) CGCs input signals
parameter real

v1=0.0, VLOW

vh=1.0, VHIGH
trise=35.0n,

tfall=35.0n,

Kv=0.5,

ACOMP=1000;
Comparator COMP,C open-loop gain

parameter real td =10n from [0:inf);
transition delay time of OR gate

real VCOMP;

analog

begin : main

integer logicStatel, logicState2;

VCOMP= ACOMP * (Kv*V (vdc) -V (VTARG) ) ;

if (VCOMP>=VTL)

VCOMP=1.0;

if (VCOMP<VTL)

VCOMP=0.0;

V (verr)<+transition (VCOMP, 0.0, trise,trise);
VGl (2) generation

@(cross (V(vpl) - VTL) or cross(V(verr)-VTL));

V(vgl) <+ transition(

((V(vpl)>VTL) | | (V(verr)>VTL))?vh:v1,0.0,td);

@ (cross (V(vp2) - VTL) or cross(V(verr)-VTL));

V(vg2) <+ transition(

((V(vp2)>VTL) | | (V(verr)>VTL))?vh:v1l,0.0,td);

end

endmodule

LISTING 4. Verilog-A code for the Reconfigurable 1X/0X Regulator.

frequency, fy, and their impedance around the above-
mentioned frequency. The employed piezoelectric device
is the 000065944 device provided by PI Ceramics with
0.5-mm thickness and 1-mm? surface area. The measured
resonance frequency (in air) is found around 2.1 MHz with
an impedance Rpzr qi» ~ 800€2. The impedance profile
can be modeled by using the conventional Butterworth-Van

In this Appendix the characterization of the piezoelectric Dyke (BVD) equivalent electrical model [47] whose param-
energy harvester is carried out in order to develop an equiva- eters are Ry = Rpzr q4ir, C1 = 150pF, L1 =43 uH, Ry =

lent Th“venin electrical model at the resonance condition.

1502, C; = 260pF, L3 = 2.7mH and Cyp = 600 pF (see

Figure 22a) shows the impedance, |Zpzr|, of five piezo- Fig. 23). When the device works at the resonance frequency,
electric transducers evaluated by exploiting a Vector Network the series parameters are compensated and the BVD model
Analyzer (VNA E5061B provided by Keysight Technolo- is reduced to that used in Fig. 2. Furthermore, a time-domain
gies). From this plot, it is possible to detect their resonance experimental characterization of two similar transmitting and
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receiving piezoelectric devices packed in ballistic gel was
carried out by using the oscilloscope Tektronik TDS5054B,
as reported in Fig. 22b). It is worth noting that the mentioned
gel allows to mimic the acoustic impedance of human tissues
and the distance, d, between the transmitting and receiv-
ing device is assumed equal to 1.0 cm. Moreover, the tissue
attenuation is estimated around 2 dB/cm-MHz [48], yielding
an expected attenuation of about 4-5dB. The experimental
results in Fig. 22b) are obtained by applying a 20-V,,, sine
wave with fo = 2.1 MHz to the transmitting device. The
received AC voltage, namely Vpzr, was estimated to be 3.2 V.
The results are compliant to the model reported in Fig. 23.

APPENDIX B
VERILOG-A CODE LISTINGS
See Listing 1-4.
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