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ABSTRACT This review explores the various strategies used to widen the input power (PN) dynamic range
of an RF-DC rectifier and analyzes the recent developments reported in the literature. This development is
insightful as the Py dynamic range is crucial for systems adopting wireless power transfer (WPT) or wireless
energy harvesting (EH) for both near- and far-field applications to mitigate the reliance on the battery as its
primary power source. However, the RF-DC rectifier exhibits non-linear characteristics, resulting in a narrow
PN band for reasonable power conversion efficiency (PCE). The different strategies reported in the literature
are discussed and classified into three main concepts: reconfigurable, multi-path, and self-biased rectifiers.
Despite having different design constraints and considerations during the inception of the reported work in
the literature, this article analyzes and provides the general development trend, merits, and demerits.

INDEX TERMS CMOS, energy harvesting, wireless power transfer (WPT), RE-DC converter, rectifier,

efficiency, dynamic range, sensitivity, power conversion.

I. INTRODUCTION

Over the years, there has been a steady demand and uptake
of Internet-of-Things (IoT) devices [1]. These devices range
from wearable for consumers, such as smartwatches, to indus-
trial radio frequency identification (RFID) tags used in
logistic tracking. Many industries and businesses use IoT
to understand consumer behavior better, anticipate market
shifts, and increase productivity with automation. However,
there is still a reliance on the battery as the primary power
source, which limits the form factor of the IoT device
and incurs high maintenance costs due to periodical battery
replacement.

The associate editor coordinating the review of this manuscript and

approving it for publication was Alon Kuperman

Harvesting radio frequency (RF) energy is a promising
alternative towards achieving a battery-less system. However,
such systems are plagued by many losses, such as free-space
path loss and obstacle obstruction in far-field applications [2].
Despite these losses being of lesser concern in the near field,
the system’s front-end consists of a rectifier with non-linear
characteristics, exhibiting severe power conversion efficiency
(PCE) performance degradation and limited input power
(Pv) dynamic range. Despite the low RF power density [3],
[4] and a slew of losses, the ease of integration in standard
CMOS technology and system scalability makes it highly
attractive.

The Dickson rectifier and the complementary cross-
coupled rectifier are the two most popular topologies found in
many RF energy harvesting (RFEH) applications due to their
simplicity [5]. The diode voltage (Vpiopg) in the Dickson
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rectifier results in poorer sensitivity and lower achievable
PCEpgak [6], [7]. In the CMOS implementation of the
Dickson rectifier, the diode-configured transistor will incur
a threshold voltage (Vty) drop instead of Vpiopg. In con-
trast, the cross-coupled rectifier has demonstrated remarkable
sensitivity and achieved a higher PCEpgax [8]. However,
compared to the Dickson rectifier, the cross-coupled recti-
fier suffers from a series of losses due to the bidirectional
conduction characteristics of the CMOS transistors. These
losses are primarily the reverse conduction (Prgy) loss due to
the reverse conduction current (Irgy) and the shoot-through
loss (Psgoot) due to the shoot-through current (Isyoor) [9].
Particularly, Irgy occurs when the output voltage (Vour) is
larger than the voltage-boosted RF input (Vrg). On the other
hand, due to the inherent cross-coupled inverter structure,
ISHOOT occurs when VOUT > VTHN + |VTHP| where VTHN
and |Vryp| are the Vg of NMOS and PMOS, respectively.
In this condition, PMOS and NMOS experience simultaneous
conduction during VR transition, resulting in Isgyoor. IRgv
and Isgoor manifest during high Py operation, leading to
rapid PCE degradation and a narrow Pyy dynamic range.

There are several design strategies and circuit techniques to
provide a wide Py dynamic range while preserving high PCE
and sensitivity. However, there are no clear deciding factors
on their merits and demerits when choosing the optimal
strategies for a given application. Hence, a more quantitative
review is necessary to provide a design reference and guide-
line when given certain design constraints.

This review article overviews the various strategies and
techniques to widen the Py dynamic range. The merits
and demerits of the different classes will be discussed.
In Section II, a brief overview of the two primary types
of rectifier is discussed; Section III provides the common
performance metrics for the rectifier; from Section IV to
Section VII, the different techniques employed by different
classes to achieve a wide Pin dynamic range are reviewed;
Section VIII explores the current trend and the impact of the
different strategies class; Section IX concludes this review
article.

Il. RECTIFIER TOPOLOGIES OVERVIEW
A. DICKSON RECTIFIER
The Dickson rectifier in Figure 1 was demonstrated in the
“70s by Dickson [10]. In recent times, due to the practicality
and simplicity of the Dickson rectifier, it has commonly
been found and implemented in various charge pump and
voltage doubler circuitry [11], [12], [13], [14], [15], [16].
The coupling capacitor C; charges during VrRr < —VDpIODE
through D; and functions as a doubler during Vgp >
Vpiopg through D» to transfer the charges to Cr. to generate
Vour = 2(lVrr| — Vpiopg). The unidirectional current
conduction in a fast-switching diode prevents a sizeable
Irgv from discharging the Cr, thereby achieving half-wave
rectification [17].

This design is commonly used in high Vrg design when
Vpiopg, typically 0.7 — 1V, is tolerable as it imposes a
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FIGURE 1. A single unit dickson rectifier.
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FIGURE 2. A single unit complementary cross-coupled rectifier.

IVREIMIN) = VDIODE. As such, the Dickson rectifier needs
a greater number of stages to meet the required VoyT while
also suffering from a lowered PCE due to the inherent dropout
voltage Vpiopg. To overcome this undesirable Vpiopg, the
Schottky diode with a lower Vpiopg and faster reverse recov-
ery time (t;) is utilized to improve the PCE [17]. However,
the modelling of the non-linear performance for the required
Schottky diode is non-trivial for high-frequency design [18].
For example, the injection of the minority carriers from the
PN junction form by the guard ring to the Schottky diode
may not be sufficiently modelled in its simulation model [19].
This injection leads to an increase in t;; and, consequentially,
an increase in loss for the high-frequency rectifier. The Dick-
son rectifier can also be implemented with CMOS and has the
VTu compensated for improved sensitivity and PCE perfor-
mance [20], [21], [22], [23], [24], [25], [26], [27]. However,
by introducing the compensating voltage, it weakly biases
the diode-configured CMOS devices in an on-state, which
provides a leakage path during the transition of VrRg when
Vour > VRrr + Vc1 and diminishes the PCE improvement.

B. CROSS-COUPLED RECTIFIER

The complementary cross-coupled MOS rectifier in Figure 2
utilizes the differential-ended input Vrpp and VRren to pro-
vide full-wave rectification when Vrrp > VRpN (¢1) and
also during VRrp < VREN (¢2). It was demonstrated in [8]
and [28] that this rectifier can achieve a high PCE with alower
sensitivity for high-frequency applications. The sensitivity
for this structure was also demonstrated in [29] with a 7-stage
cross-coupled rectifier operating in a subthreshold region
(< |VTmp|) and can generate a Voyr of 1V with a PCE
of 42.3% for 10k2 load at a Py of -6dBm. The Vour =
2(|Vrrp| — Vps,Mm1) & 2|VRrrp| can be achieved theoretically
with a small dropout voltage Vps M1 and Vps vz from the
switch on-resistance ron,m1 and ron,m2.
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There are various loss mechanisms associated with this
rectifier structure. These loss mechanisms are the Prgy, the
Psnoor, the subthreshold leakages (PLgak), and the para-
sitic capacitance coupling efficiency [9]. The losses exhibit
a non-linear characteristic, which is exacerbated at higher
Pin, leading to a narrower PCE profile due to a rapid PCE
degradation. The bidirectional characteristic of the MOSFET
contributes to the Prgy; as such, when Vour > Va 41 and
VREv,o1 = Vour — VBt > |VTHP,MPI|, M| provides a
discharging path and depletes the charges stored in Cr, and
reduces Voyr. On the other hand, when Vg 41 > Vss and
Va,p1 — Vss > VTuN, M4, My discharges the charges stored
in C; and reduces the benefit of the voltage boosting provided
by the C; and C,. Furthermore, during the transition of V
and Vg, and when Vour > |Vtap| + VtaN, both the PMOS
and NMOS can still be biased in the conducting region,
resulting in a Psgoor. The PCE degradation at high Py
is severe due to these losses. To address these losses, vari-
ous bias techniques discussed in Section VII are commonly
implemented to modulate the overdrive voltage.

Ill. PERFORMANCE METRICS
A. POWER CONVERSION EFFICIENCY (PCE)
The PCE metric effectively determines the ability to transfer
the Py to the output. The PCE is determined by the ratio
between the output power (Pour) typically delivered to an
equivalent resistive load (R pap) emulating the actual load
and the effective Py to the rectifier as follows:
PCE — Pour _ Vaur/Reoap )
Py Py

While it is true that the overall system efficiency is
also dependent on the matching network preceding the rec-
tifier, the PCE of the rectifier can be characterized by
de-embedding the reflected power and losses from the test
setup to determine the Pyn (dBm) as follows:

Py — Psource — Linserr + 10log(1 — |S111%)  (2)

where Psource (dBm) is the output power from the test
equipment, Linsgrr (dB) is the insertion loss from the test
setup, and Sp; is the measured reflected s-parameter of the
rectifier input.

B. INPUT POWER (P;y) DYNAMIC RANGE

The Py dynamic range (dB) measures the ability of the recti-
fier to maintain a high PCE between two Pyny(dBm), as shown
in (3). The Py dynamic range is typically determined
for a PCE > 20% (PR #1). However, other characteriza-
tion criteria are also reported, such as PCE > 30% [30],
PCE > 0.8xPCEpgak (PR #2) [31], [32] and PCE > 0.9 x
PCEpgak [33].

Py Dynamic Range = Piyax) — Piviny 3

Regarding system design, evaluating the rectifier for
PCE > 0.8xPCEpgak is more prudent as it provides infor-
mation on the PCE profile quality.
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FIGURE 3. Overall system link budget consideration.

C. SENSITIVITY

The sensitivity measures the minimum Ppy to generate a
Vour of 1V for an intended load. The intended load varies
across publications, with the open load or IMS2 commonly
reported alongside the targeted loading. The open load is
useful to determine the ability of the rectifier to establish
reasonable Voyr for the system with minimal power con-
sumption, which is typical in sleep mode or at the point of
system initialization. On the other hand, it is insightful to
emulate the leakage from the storage capacitor and the system
in sleep or standby mode using IMQ2 (ILoap = InA @
Vour = 1V). The sensitivity at the operating load deter-
mines the minimum Py to sustain the system in typical
operating conditions. This sensitivity metric is crucial during
the feasibility studies similar to the link budget performed
in a wireless communication system to determine the sys-
tem operating range and link margin (Liargin) shown in
Figure 3. Liargin is the difference between the minimum
received power (Pr) and maximum sensitivity at the receiver
side. In this case, the maximum sensitivity at the receiver
refers to the sensitivity of the rectifier. For instance, when
there is a Liyargin = 3dB, the RFEH system can endure an
additional uncertainty in the transmission link or performance
degradation due to the rectifier.

D. LINK BUDGET FOR FEASIBILITY STUDIES

A sufficient link budget can be established during the RF
energy harvester conceptualization stage as follows:

Psgy = Py + Gy — Lp + G, — Lmargin 4

where Psgy is the rectifier sensitivity (dBm), Py is the trans-
mitter Poyt (dBm), G is the transmitter antenna gain (dBi),
L, is the free-space path loss (dB), G; is the receiver antenna
gain (dBi), and Liargin is the link margin (dB). L, can be
determined as follows:

2
L, = (4jrfd) )

c

where f is the transmitted frequency, d is the distance between
the transmitter and receiver, and c is the speed of light.
Performing initial link budgeting allows the designer to
1) determine the viability of the system given a set of
constraints and 2) study the required specification of the
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FIGURE 4. General concept of different strategy by superimposing
different PCE profiles and selecting at appropriate P;y.

functional blocks. As an example, the following assumptions
are made:

o The transmission source provides P; = 20dBm

o The antenna on the transmit side has G; = 3dBi

o The antenna on the receive side has G; = 3dBi

There are two trains of thought for the analysis to consider.
Firstly, given an operating distance d, the required Psgn can
be determined and used as an initial specification during the
design of the rectifier. For example, to operate at d = 8m,
the rectifier needs a Psgn = —23.6dBm or lower (Lmargin =
0dB). This calculated Psgn includes the matching network
preceding the rectifier. It is common to co-design the rec-
tifier with the matching network as the matching network
not only provides the required impedance matching but also
introduces a passive voltage boost to assist in lowering Psgn.
However, the non-idealities in the matching network also
introduce insertion loss and component tolerance, which must
be accounted for in the design. As such, a sufficient Lmargin
ensures that the system is resistant to component variation
and environmental factors for reliable system operation. Sec-
ondly, in the case of a discrete implementation, it allows the
designer to assess the suitability of an existing device for
a given set of application-specific constraints. For instance,
given a Pspny = —20dBm, it can be estimated that a maximum
operating distance d = 5.3m for Lp = —46dB is plausible.

IV. WIDE P;y RANGE STRATEGIES

Numerous works demonstrated remarkable improvement
in PCE, Py dynamic range, and sensitivity. However,
application-specific design constraints and methodologies
make it challenging to appreciate the merits and demerits
of adopting and choosing those ideas based on the system
requirements. This section attempts to classify the literature
into three distinct classes. The three classes are, namely, the
Reconfigurable Stages (RCS), Multi-path Selection (MPS),
and Self-bias Generation (SBG). As illustrated in Figure 4,
these three classes achieve a wide Pyny dynamic range by
reconstructing the desired PCE profile by superimposing a
group of narrow Py band PCE profiles and subsequently
selecting the most appropriate PCE profile at a given PiN.
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FIGURE 5. Series-parallel reconfigurable rectifier concept.

V. RECONFIGURABLE CAPABILITY STAGES (RCS)

A multi-stage rectifier can be reconfigured to achieve dif-
ferent PCE profiles, as shown in Figure 5. A cascading
series of Nconrig-stage rectifiers provides the necessary
VOUT stacking by NCONFIG'VOUT,UNIT while paralleling
these Nconrig-stage rectifiers provides a summation of IoyT
by Nconrig-lout,unit. The series configuration allows a
higher Voyr to be generated even at a lower Py, making
it essential for load with minimum Vpp requirement [34].
In contrast, the parallel configuration allows lower IoyT per
rectifier, resulting in a lower ron dropout and improving
the PCE [35]. One such implementation was demonstrated
by [36], [37], and [38] with Nconpic = 2. Auxiliary cir-
cuitry is typically required to track the Piy to determine
the optimal trip point between the different configurations.
Vour is commonly compared to a reference voltage (VRgr)
due to the relationship between Voyt and PNy. Two distinct
PCEpgak at two different Py was reported by [36], and by
switching the configuration, a Pry dynamic range of 19dB
(-=17dBm < Py < 2dBm) is achieved for a PCE > 20%.
A more extensive demonstration by [39] with an Nconpig =
4 with the use of a Nynit = 3 rectifiers results in an Ntotar, =
Nconrig X Nunit = 12. The NtoraL = 12 stages rectifier
by [39] achieved a similar widening of the Pyy dynamic range
by 2dB compared to the Py dynamic range of 13dB by an
equivalent cross-coupled rectifier.

While this approach generally widens the Py dynamic
range, adding VRgr and control circuitry increases the com-
plexity and deteriorates the overall system PCE. One such
concern is the availability of Vgrgp during initialization,
resulting in the need for an additional supply. Further-
more, the reconfiguration changes the input impedance (Zjn),
which leads to varying s-parameter Sy; performance across
the entire Py dynamic range [40], [41]. As such, [36]
demonstrated a co-optimized rectifier with a custom antenna,
thereby eliminating the losses from the matching network
to achieve high-PCE performance. Besides just configuring
Nconrig for Py dynamic range, various maximum power
point tracking (MPPT) algorithms are used to optimize rec-
tifier output impedance (Zoyt) with the Ryoap [41], [42],
[43], [44] or Zin with the antenna [45]. A DC-DC converter
can be implemented to provide a regulated Rypap to the
rectifier [46], [47], [48] to improve the PCE performance.
Instead, [49] applies the MPPT on the reconfigurable rectifier
to achieve a regulated input to the DC-DC converter while
using the DC-DC converter to provide a regulated Vour.
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Another type of RCS involves the transformation of topol-
ogy. A cross-coupled rectifier is reconfigured into a partial
Dickson rectifier was demonstrated [50]. The cross-coupled
rectifier is used for low Py to maintain high PCE and
sensitivity, while the partial Dickson rectifier reduces Irgy
at high Pin. It achieved a Py dynamic range of 23dB for
a PCE > 20%.

VI. MULTI-PATH SELECTION (MPS)

The PCE profiles depend on the optimization constraint and
the choice of rectifier topology. It was reported by [51] that at
a particular Py, the PCEpgak of the cross-coupled rectifier
depends on the VT and aspect ratio (W/L) of the device.
Hence, intuitively, a PCE profile with a wider Py dynamic
range can be achieved by superimposing different PCE pro-
files with rectifiers under different optimizing constraints and
Vru. Figure 6 shows the conceptual principle of a rectifier
with multi-path selection with Npaty = 3. While any arbi-
trary NpaTy can be implemented conceptually, the increasing
complexity of the control circuitry and the necessary Pin
awareness algorithm may result in degraded PCEpgak and
sub-optimal transition.

The dual-path rectifier proposed by [51] demonstrated
such an Npaty = 2 implementation with two distinct
PCEpgak resulting from a low-power path rectifier which
has a PCEPEAKJ = 32.5% at PIN,] = —15dBm and a
high-power path rectifier which has PCEpgak 2 = 35% at
Pin,2 =-9.5dBm. As expected, the transition from this imple-
mentation was sub-optimal, transiting at a Pyy of —10.5dBm
instead of the optimal Piy of —12.5dBm. Furthermore, due
to the unavailability of a reliable Vpp supply, the control
strategy uses the output of an additional auxiliary mid-power
rectifier as a VRgr to compare with Vour and determine the
appropriate Pyy path. This auxiliary mid-power rectifier also
serves as an alternate Vpp supply for the control circuitry.
It should be evident that under-voltage lockout during the
system initialization devastates the control logic, making the
rectifier highly inefficient, missing its optimal operation, and
not forgetting that a portion of the Piy needs to be diverted
for the auxiliary and control circuitry, which limits the PCE
of the system.

Besides simply imposing different constraints on a rectifier
topology, the adoption of different rectifier topologies for dif-
ferent Py is also viable. The dual-topology rectifier by [52]
uses two rectifier topologies for different Pyy paths. The
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cross-coupled rectifier is used for low Prn, while the Dickson
rectifier is used for high Pin. This approach has the merit
of combining the high sensitivity from the cross-coupled
rectifier and the low Igrgy from the Dickson rectifier. The use
of the Dickson rectifier greatly overcomes the cross-coupled
rectifier losses due to Irgy and Isyoor during high PiN. It is
important to note that the reported PCEpgak of the Dickson
rectifier is lower than the cross-coupled rectifier by about
40% due to Vpiopg [52]. Subsequently, [53] developed this
principle into a multi-stage rectifier with the dual-topology
rectifier providing the topology amalgamation in the last
stage to prevent high Irgy from discharging Vour. It was
demonstrated by [53] that this approach has a PCEpgax =
79.77% with a Py dynamic range = 21dB for PCE > 20%
at an Ry poap = 100k2. A hybrid of MPS with RCS was
also reported by [54] and [55], particularly for [54], where
a DC-DC boost converter was used as a low Piy path and
switching over to a Nconrig = 2 RCS serving as the high
Pin path when Py > —16dBm.

While multi-path selection seems strictly a system solution
at first glance, diverting the Piy to the appropriate device
with the optimal Vg and W/L within the rectifier is possible.
This paradigm shift achieves a rectifier capable of performing
adaptive PCE optimization like the study by [51]. A reconfig-
uration stack rectifier by [56] diverts the PN through devices
with different Vg at different Py, thereby altering the effec-
tive Vg and W/L. In [56], the native NMOS was also utilized
due to its zero-Vry (Vzrh), making the rectifier highly
sensitive at low Pyy. The control logic allows three modes
progressively providing the series reconfiguration with other
low-Vtg (VryT) and high-Vg (Vgyt) devices to limit the
Irev and adjust the effective W/L. A remarkable PCEpgak =
57.75% with a Pry dynamic range = 22.8dB for PCE > 20%
at an Rppap = 100k2 was achieved by [56] with extensive
study.

VII. SELF-BIAS GENERATION (SBG)

Unlike the previous strategies, the self-bias generation (SBG)
using the generated Vouyr, or the Vgrr input, has a wider
variety of implementations. The objective is to suppress Irgy
that rapidly degrades the PCE performance at high Pry in the
cross-coupled rectifier. Figure 7 shows the general concept of
self-bias to limit Vrgy and Irgy for Prgy loss mitigation. Itis
paramount for Ipwp > Irgv across the period for rectification
to be successful and generate a Vour.

Due to the symmetry of the cross-coupled topology, the
following discussion will consider only VrRrp > VRreN (¢1)
and the operation of M; and My (along with other relevant
devices for the self-bias) for simplicity and conciseness.
M; and M3 function complementary to M; and My when
VRrP < VREN (¢2).

A. Vour SENSING FEEDBACK

The Vour sensing feedback (VSF) technique in Figure 8(a)
uses additional detection circuitry to detect Vouyt and bias M
to limit the amount of Irgy [33]. This feedback technique is
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accomplished by sensing Voyr with Mpg; and Mgp; in the
Sooch diode configuration, forming a long-length transistor,
with Mpp; functioning as a source degeneration for Mgp1,
to minimize the quiescent current consumption. The feedback
voltage (Vgp) to turn on Mp; can be designed by properly
sizing the W/L between Mpg; and Mpg>.

M; has a VrRev,m1,vsF = Vour — (Vc4 + VRENp1) =
Vas,MrB1 + Vs, MmB1, thereby reducing the Irgy compared
to the cross-coupled (CC) rectifier with a VrRgv m1.cc =
Vour. The Voltage stored in C4 is Vcs = Vour — VGS,MFBI -
VGs,MB1 — VREN, 1. However, there is a reduction of Vrwp
in the cross-coupled rectifier from Vewp m1,cc = VREP, 1 —
VReN,p1 to VSF having Vewpwmi,vsk = (1/2 Vour +
Vrep,p1) — (Vca + VREN,p1). It was reported to have a
significant Py dynamic range = 13.3dB, a 4.7dB extension
compared to the cross-coupled rectifier Pry dynamic range of
8.6dB [33].

B. RESISTIVE FEEDBACK BIAS

The resistive feedback (RFB) configuration in Figure 8(b)
eliminates the static losses from the quiescent current by
feeding Vour directly through Rg; [31]. Under the steady-
state condition, C4 prevents a static quiescent loss while Rpj
configures M into the diode configuration by forming a
DC-short between the gate terminal and Vour node, form-
ing a structure like the Dickson rectifier. The impedance of
Rp; also performs the crucial function of an RF choke by
effectively coupling the Vrpn to the gate terminal of M; and
preventing leakage to Vour.

The biasing voltage stored in C4 is Vc4 = Vout — VREN, ¢1 -
This provides VRev,m1,RFB = Vout — (Vca + VREN,p1) &
0V to My, effectively reducing the Irgy. This is at the expense
of My having a Vrwp,M1.rRrB = (1/2 Vour + VRFP¢1) —
(Vca + VREN,1). This VEwp m1,rRFB reduces sensitivity and
requires a higher Py to overcome the |VrtupMmi1|. The PCE
profile shows that the PCEpgaxk is shifted towards the high
PN region due to reduced Vgwp. It is also evident that Irgy
has been reduced with a PCE improvement by about 10% at
50k€2 due to the equivalent diode-configured M. It also has
a Py dynamic range of 16.2dB for a 0.8 x PCEpgak.

C. DIODE-CONFIGURED MOS BIAS
RFB configuration presents distinct disadvantages, such as

needing a large silicon area for a large resistor and degrada-
tion in Vrwp. The MOS diode feedback (DFB) configuration
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in Figure 8(c) by [57], also known as single-sided bias,
replaces the resistors with a diode-configured PMOS to
achieve better performance. Single-sided bias has the advan-
tage of inhibiting the generation of the bias at low Py
due to the minimum |Vrhp p1| requirement [57]. However,
during high Py, with sufficient Voyr, the diode-configured
D; provides a charging path to charge C4 to Vou =
Vour — IVtHp,D1| — VREN,p1. This Vg limits Irgy by
Vrev.m1,pFB = Vour — (Vca + VReNg1) = [VTHP,DII-
However, VEwp m1,0r8 = (1/2 Vour + Vrrp,p1) — (Veat+
VRFN,¢1) = VRrPyp1 — 1/2 Vour + |VTHP,D1| has been
improved by |VTHP,D1 |

This biasing technique has been widely adopted for its sim-
plicity in achieving a reasonably high PCE across a wider Piy
range [57], [58], [59], [60]. The PCEpgak of the single-sided
bias has an improvement of 20% compared to the resistive
feedback despite an increase in the Irgy. It also has a Py
dynamic range of 6.8dB for a 0.8xPCEpgaxk.

The single-sided bias can be further improved by biasing
the NMOS. Figure 8(d) shows that the double-sided bias
by [57] also generates a positive bias for My for improved
sensitivity. A similar bias by [61], [62], [63], [64], and [65]
also reported an enhanced sensitivity performance. This bias
voltage on My is generated during ¢> and is stored in Cs. The
stored voltage Vcs = Vss — |Vtap, D3| — VREP, 2 is charged
by the conduction path from the diode-configured PMOS Dj.
The PCE at high Py yields minimal improvement because
Irgyv is still primarily limited by D;. However, a positive
voltage boost from Vs adversely delays turning off My,
leading to an undesirable discharge of C and diminishing the
effect of voltage doubling during ¢. As a result, even though
there is an improved PCEpgak by approximately 5-10%,
the benefit quickly diminished and converged towards the
single-sided bias at an even higher Py [57]. The bootstrapped
gate by [66] mitigates the Irgy loss by biasing the gate
terminal of M; for Vrp—cancellation using bootstrapping
and achieves an overall PCE improvement of 10% — 20%
compared to its predecessor [67] and [68]. In contrast, [69]
and [70] bias M4 with a negative voltage with a negative volt-
age charge pump to limit Isgoot while trading off sensitivity.
This negative biasing allows a much better performance at an
even higher Py, resulting in a secondary PCEpgak. However,
the negative voltage charge pump must be properly designed
to prevent generating a bias voltage for NMOS during low
PN, increasing the effective VTgn and unnecessarily degrade
the sensitivity.

D. AUXILIARY BOOSTED GATE

The auxiliary boosted gate (ABG) in Figure 8(e) attempts to
offset the Vy using several auxiliary floating rectifiers [71].
Unlike the main rectifier, the floating rectifier can produce
higher Voyr due to the absence of loading at the output node.
The boosted gate achieves better sensitivity with a 30% PCE
improvement at low Py from —38dBm < Pjy < —13dBm with
a 50-k€2 load while preserving the PCE profile [71]. Under
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bias [57] (d) Diode-configured MOS Feedback: Positive PMOS and NMOS bias [57] (e) Auxiliary Boosted Gate [71] (f) Dynamic Vi Body Bias [82].

steady-state, the bias voltage stored in the coupling capacitor
of the floating rectifier is 1/2 (Vout — Vour,rp) for M; and
1/2 (VouT,rN — Vss) for My [72].

It is worth noting that an additional eight devices are
required to implement the biasing circuit. Furthermore,
proper optimization is required to prevent excessive gate
boosting, which results in a large Irgy and the discharge of
the coupling capacitor in the main rectifier from the persistent
conduction of the NMOS. It was demonstrated by [73], [74],
and [75] that the preceding rectifier stages can also func-
tion similarly to the auxiliary rectifiers. On the other hand,
an auxiliary self-bias circuitry was used by [30] to increase
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the charge transfer capability by generating a lower bias for
PMOS and a higher bias for NMOS to increase the Ipwp.
Another example of the boosted gate is the all-NMOS
rectifier [76]. It uses cross-coupled low and half-diode high
sides to maintain good sensitivity at low Pyy and eliminate
Irgv. The double-sided self-bias [57] was also incorporated
onto the cross-coupled low side to improve the conduc-
tion of the NMOS by allowing more charges to replenish
the coupling capacitors, thereby improving the PCE and
sensitivity. It demonstrated an improvement of >50% com-
pared to the Dickson rectifier and >100% compared to the
cross-coupled rectifier at low and high PiN, respectively [76].
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On the other hand, [77] demonstrated a half-diode low and
cross-coupled high sides with active bias tuning to achieve
a wide Pin dynamic range. The improvement demonstrates
the combined effect and merits of the cross-coupled low and
half-diode high sides similar to the study by [78] and subse-
quently developed in [79] into an RCS implementation.

E. DYNAMIC Vyy WITH BODY BIAS

Most SBG involves biasing the gate terminal while con-
necting the body terminal to the source terminal to achieve
Irgy reduction. Another form of bias involving the body
terminal allows the modification of the Vg of the transistor
as follows:

Vrae.ny = Vraoe.Ny + v (J | —2®F + Vsp| —+/ |2<1>F|)
(6)

where Vg is the Vgg = OV body bias Vty, y is the body
effect coefficient, and ¢ is the Fermi potential. Note that y
is positive for NMOS and negative for PMOS, while ¢ is
negative for NMOS and positive for PMOS.

Higher Vty has a lower Irgy, while lower Vg improves
Irwp. A lower DC feeding body bias by [80] biases the
current k™ stage PMOS body terminal using Voyr from the
previous stage Vourt k—1. It was demonstrated by [80] that
lowering |Vtup| improves the PCE by as much as 9.5% at a
lower Pin. This body bias was further expanded upon by [81],
having the current k' stage NMOS body terminal connected
to the current output, reducing the Vyn.

Despite reducing Vg to improve sensitivity by increasing
Irwp, the performance at high Pry is degraded due to an
increase in Irgy. Providing an adaptive body bias to adjust
the Vry dynamically is useful. One such implementation
is by [82], where the complementary phase of Vrpp or
VREN is coupled into the body terminal, shown in Figure 8(f).
Irwp is increased due to a lowering of Vry during ¢ charg-
ing phase while the Irgy is reduced by an increase of Vg
during ¢, discharging phase. It was reported to achieve an
improved sensitivity of —23.4dBm and a P;y dynamic range
of 14.3dB.

VIIIl. CURRENT TRENDS AND DISCUSSION
Some of the most recent and notable developments of wide
Pin dynamic range rectifiers are listed in Table 2. Though
it is not exhaustive, Table 2 shows works from the various
discussed strategies and implementations. An overview of
the various strategies in terms of the mean X and the stan-
dard deviation o from the reported performance in Figure 9
is tabulated in Table 1. Even though different constraints
were reported in the literature, a general trend still emerges
between the different strategies. From this study, there was
more work exploring the SBG with a wide range of different
implementations.

Figure 9(a) shows the PCEpgak versus Py dynamic range
for PCE > 20% (PR #1). All three strategies using the
cross-coupled rectifier have comparable PCEppak > ~60%,
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and as expected, the strategies that employ the Dickson recti-
fier generally yield lower PCEpgak. Note that [52] and [53]
use the Dickson rectifier and cross-coupled rectifier as part of
MPS. It can be observed that RCS and MPS can easily achieve
higher PR #1 than SBG. Each rectifier or configuration in
RCS or MPS is subjected to different optimization constraints
to cover different Pyy domains, leading to a wider PCE pro-
file. However, to better assess the PCE profile quality, the
PN dynamic range is determined for PCE > 0.8 x PCEpgak
(PR #2), as shown in Figure 9(b). PR #2 for all three strategies
is centred around PR #2 X & 7.63dB. This observation indi-
cates a PCE profile with abrupt PCE transition even though all
three strategies have a wider PR #1 X > 14dB. This difference
between PR #1 and PR #2 indicates that a particular configu-
ration contributes most of the performance improvement with
rapid PCE degradation in the RCS and MPS, while occasional
non-dominant PCEpgak stretches PR #1. On the other hand,
though SBG reduces the Irgy, it is still ineffective in reducing
the rate of PCE degradation during higher PiN.

RCS and MPS fare better than SBG in terms of PR #2
because MPS uses a specifically optimized rectifier to accom-
modate different Py domains, while RCS tends to use the
same rectifier core in different configurations, resulting in
better PR #2 X. Also, it is quite evident that RCS has a better
PR #2 0 = 2.75dB than MPS from the use of the same
rectifier core. However, the PR #2 o for RCS and MPS has a
larger variation than SBG, likely due to the process variation
between multiple rectifiers. A single rectifier core is typically
used in SBG, where different biasing or Vg compensation
techniques are applied. It is also important to note that RCS
is usually implemented as part of a system where a better
algorithm or trimming can provide correction and adjust the
PCE profile to achieve better P;y coverage, unlike SBG, with
the biasing built-in with minimal available tuning.

Figure 9(c) shows the Sensitivity versus Pry dynamic range
for PCE > 0.8 x PCEpgak (PR #2). RCS has the best
trade-off between having a sensitivity of X ~ —16.74dBm and
a wide PR #2 of x =~ 8.83dB. On the other hand, SBG gener-
ally yields good performance in sensitivity X &~ —17.05dBm
and PCEpgakX ~ 57.12%, as shown in Figure 9(d). It is
because the same rectifier core is utilized without major
or abrupt changes on the Vout/Nconrig or lout/NconNrFi
experience per unit rectifier, yielding better optimization.
Furthermore, RCS and MPS require a portion of the Poyr
to be diverted to the control circuitries to facilitate the oper-
ational requirement, thereby incurring quiescent power loss
and degrading PCE.

As validated in the literature, the design based on the
Dickson rectifier indeed offers a lower PCE and sensitivity.
Interestingly, such a design seems to offer wider PR #1
despite the limiting dropout voltage Vpiopg or Vty. The
widening of Dickson rectifier PR #1 is likely due to a
lower rate of PCE degradation (APCE/APy) in the high Py
domain. The lower APCE/AP;ny makes the switchover tran-
sition between the MPS paths less abrupt, easing the required
responsiveness of the control circuitry during the switchover.
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TABLE 1. Performance metrics of various strategies.

Strategy PR #1¢ PR #24-¢ Sensitivity PCEpEak
(dB) (dB) (dBm) (%)
X g X a X a X a

RCS (11) 14.84 448 8.83 2.75 -16.74 9.46 47.90% 16.37%
D@ 13.89 3.61 8.30 1.88 -15.20 9.06 42.71% 18.76%
CcCb 15.88 531 9.36 3.60 -14.74 14.10 61.98% 11.76%
MPS (8) 17.25 4.20 8.13 3.24 -16.50 9.13 57.10% 15.42%
Daf 19.07 2.00 7.33 3.51 -12.00 8.32 67.72% 19.69%
cchf 17.29 4.54 7.71 3.26 -18.50 7.74 58.83% 15.80%
SBG (22) 14.04 4.60 7.21 2.17 -17.05 5.36 57.12% 18.59%
D@ 10.67 3.28 6.80 321 -16.00 7.48 38.73% 7.80%
CC? 15.31 4.44 7.36 1.75 -17.45 4.58 64.01% 16.66%

@ Dickson rectifier, ® Cross-coupled rectifier, ¢ PCE > 20%, ¢ PCE > 0.8XxPCEpgax
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At the same time, the SBG strategy yields limited results
across all the metrics for the Dickson rectifier. The study
suggests that while the dropout voltage has been largely elim-
inated using a Vryg-compensated structure, it also inherited
Irev and increased I gak due to the diode-configured tran-
sistors being biased into a weakly on-state. As a result,
the diode-configured transistor (with Vrg-compensated) pro-
vides a discharging path when Voyr > VRp. As a result,
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the inclusion of additional discharging mechanisms (previ-
ously absence) diminished the benefit of reduced the dropout
voltage.

Cross-coupled rectifiers are more versatile as they gen-
erally offer better PCEpgak and sensitivity. It is reasonable
to simply seek an effective approach to widen its lacklustre
dynamic range. As a result, SBG offers reduced system and
control complexity, making it a popular approach with the
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TABLE 2. Overview of recent and notable development in Wide P,y dynamic range MOS rectifier in the literature.

Ref Technique Tech Freq Rroap PR#1  PR#2  Sensitivity PCErEak Stages
q Node  (MHz)  (kQ) @) (@B) (@Bm)@1V @Pn g
| Adaptive Vtu . . -20.5 32%
21]edhi 130 902 - 928 1000 751 2.3 12
211 Compensation nm 1-MQ —15dBm
| Local Self- . . -19 34%
c,d,h,i J ]
[25] Calibrator Vi 180nm 433 100 10 8.5 1-MQ —7 dBm 4
Subthreshold Vtn . -22 51%
26]¢4h 130 896 1000 10.5 6.5 4
[26] Compensation nm 1-MQ -11 dBm
33eee | Adaptive 180 1000 100 167 9.1 18 65%
[33] Feedback nm ' 100-kQ ~20 dBm!
) ) . =21 60%
a,e h, i o
[36] Reconfiguration 130nm 868 cap 21) 13) 2V, 00-0 —9dBm 2,1
37141 | Reconfigurati 180 902 200 13 11 202 33% 2,1
[37] econfiguration nm 1-MO _8 dBm ,
. -21.7 34.93%
a, d, H
[39]>¢¢ Reconfiguration 130nm 900 1000 14 6’ 1-MO ~10 dBm 12,3
. . -3 39% 1,2
a,d,h, i : 9oy
[41] Reconfiguration 130nm 820 4.7 14 10/ 4.7-kQ _5dBm 48
.| Tri-path PMU . -11.5 60%
b,e h,i ] .
[47] Aware 180nm 400 100 13.5 5 0-0 8 dBm 5
, . -17.7 36.5%
b,e h,i _ .
[51] Dual-Path 65nm 900 147 11 8.5) -0 15 dBm) 5
52] %<2 | Dual Topol 130 900 100 19.5 41 18 784% 3
[52] ual Zopology nm ' 100-kQ ~16 dBm
Topology . -15.5 79.77%
b,d, e,
(53] ¢ Amalgamation 65nm 200 100 21 7 100-kQ —18 dBm 2t
Reconfiguration . -21 47.91%
be.g J
[56] Stack 130nm 900 100 22.8 12 1-MO 14 dBm 3
) . . —-18.2 66%
[571¢<¢8 Double-sided 180nm 900 100 14.5) 6.8/ 1-MO 19 dBm 1
6011 | Boosted Gat 65 2450 13.8 151 101 12 73.6%
[60] oosted Gate nm . -0 _6 dBm
e Shared-Cap . ) -19.2 83.7%
[61]¢ee Coupling 130nm 900 100 157 7.59 100-kQ _18 dBm 3
Lower DC Feed ) ) =71 69.5%
ceg J J .
[80] Self-body-bias 130nm 933 2 12 6 50-kQ 5 dBm
.| Dynamic . -23.4 44.8%
c,e h,i
[82] body bias 90nm 900 200 14.3 7) 1-MQ _17.9 dBm 5

aRCS, ® MPS, ¢ SBG, ¢ Dickson rectifier, ¢ Cross-coupled rectifier,
£ wafer probe measurement, " board measurement, ' Inclusive of matching network, | Estimated from figures reported in publications

cross-coupled rectifier. From the study, a larger performance
variation was observed from the system using the cross-
coupled rectifier. These are possibly the two key reasons:
1) process variations involving both PMOS and NMOS are
present and shift the optimal operating condition in the cross-
coupled rectifier, and 2) different device types (such as HVT)
are often required to generate the appropriate bias. The use
of different device types is essential as the bias structure also
aims to exploit the inherent characteristic of the cross-coupled
rectifier at low Py by delaying the onset of the bias. Fur-
thermore, the sensitivity of the cross-coupled rectifier is not
guaranteed, as the inclusion of the bias structure introduces
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additional parasitic capacitance. Extensive optimization and
iterative cycles are required to address the performance defi-
ciency while also seeking to widen the dynamic range.

IX. CONCLUSION

This review presented the three major strategies to improve
the Pin dynamic range of a CMOS RF-DC rectifier. The three
strategies are Reconfigurable Structure (RCS), Multi-path
Selection (MPS) and the Self-bias Generation (SBG). The
implementation of SBG is varied, with techniques primar-
ily revolving around Irgy reduction and Igwp improve-
ment within a rectifier. Although some exceptions are also
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reported, RCS and MPS are generally considered system
approaches to widen the Pyy dynamic range. Depending on
the intended application, different strategies offer different
merits and trade-offs between achieving a wide Py dynamic
range and maintaining reasonable PCE profile performance.
From the trend presented in this study, SBG offers a promis-
ing compromise between the different performance metrics,
leading to the numerous works reported. Future development
in wide Pry dynamic range rectifiers will likely adopt a
combination of the different strategies.

REFERENCES

[1]

[2]

[3]

[4]

[51

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

M. Sandra. Internet of Things: Market Data & Analysis. Inter-
net Things (IoT)—Statistics & Facts. Accessed: Nov. 20, 2023.
[Online]. Available: https://www.statista.com/study/109197/internet-of-
things-market-outlook-report/

A. C. C. Chun, H. Ramiah, and S. Mekhilef, “Wide power dynamic
range CMOS RF-DC rectifier for RF energy harvesting system:
A review,” IEEE Access, vol. 10, pp.23948-23963, 2022, doi:
10.1109/ACCESS.2022.3155240.

N. Dang, E. Bozorgzadeh, and N. Venkatasubramanian, “Energy harvest-
ing for sustainable smart spaces,” in Advances in Computers, vol. 87.
Amsterdam, The Netherlands: Elsevier, 2012, pp. 203-251.

S. Hemour and K. Wu, “Radio-frequency rectifier for electromagnetic
energy harvesting: Development path and future outlook,”
Proc. IEEE, vol. 102, no. 11, pp.1667-1691, Nov. 2014, doi:
10.1109/JPROC.2014.2358691.

Z.Xu, A. Khalifa, A. Mittal, M. Nasrollahpourmotlaghzanjani, R. Etienne-
Cummings, N. X. Sun, S. S. Cash, and A. Shrivastava, “Analysis and
design methodology of RF energy harvesting rectifier circuit for ultra-low
power applications,” IEEE Open J. Circuits Syst., vol. 3, pp. 82-96, 2022,
doi: 10.1109/0JCAS.2022.3169437.

J. Yi, W.-H. Ki, and C.-Y. Tsui, “Analysis and design strategy of UHF
micro-power CMOS rectifiers for micro-sensor and RFID applications,”
IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 54, no. 1, pp. 153-166,
Jan. 2007, doi: 10.1109/TCSI.2006.887974.

J. Yi, W-H. Ki, and C.-Y. Tsui, “Corrections to ‘analysis and design
strategy of UHF micro-power CMOS rectifiers for micro-sensor and RFID
applications,”” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 54, no. 6,
p. 1406, Jun. 2007, doi: 10.1109/TCS1.2007.897762.

K. Kotani, A. Sasaki, and T. Ito, ‘‘High-efficiency differential-drive CMOS
rectifier for UHF RFIDs,” IEEE J. Solid-State Circuits, vol. 44, no. 11,
pp. 3011-3018, Nov. 2009, doi: 10.1109/JSSC.2009.2028955.

B. C. T. Teo, W. C. Lim, X. Y. Lim, V. Navaneethan, C. B. Tan,
N. Utomo, and L. Siek, “Performance analysis of self-biasing tech-
nique for differential RF-DC rectifier in IoT application,” in Proc.
Int. Conf. Electron., Inf., Commun. (ICEIC), Feb. 2023, pp. 1-4, doi:
10.1109/ICEIC57457.2023.10049944.

J. E. Dickson, “On-chip high-voltage generation in MNOS inte-
grated circuits using an improved voltage multiplier technique,” IEEE
J. Solid-State Circuits, vol. SSC-11, no. 3, pp. 374-378, Jun. 1976, doi:
10.1109/JSSC.1976.1050739.

U. Karthaus and M. Fischer, “Fully integrated passive UHF rfid
transponder ic with 16.7-u minimum RF input power,” IEEE
J. Solid-State Circuits, vol. 38, no. 10, pp. 1602-1608, Oct. 2003,
doi: 10.1109/JSSC.2003.817249.

J.-P. Curty, N. Joehl, C. Dehollain, and M. J. Declercq, ‘“Remotely
powered addressable UHF RFID integrated system,” IEEE J. Solid-
State Circuits, vol. 40, no. 11, pp.2193-2202, Nov. 2005, doi:
10.1109/JSSC.2005.857352.

R. Barnett, G. Balachandran, S. Lazar, B. Kramer, G. Konnail,
S. Rajasekhar, and V. Drobny, “A passive UHF RFID transponder for
EPC gen 2 with —14 dBm sensitivity in 0.13 um CMOS,” in [EEE Int.
Solid-State Circuits Conf., Dig. Tech. Papers, Feb. 2007, pp. 582-623, doi:
10.1109/I1SSCC.2007.373554.

R. Colella, M. Pasca, L. Catarinucci, L. Tarricone, and S. D’ Amico, “High-
sensitivity CMOS RF-DC converter in HF RFID band,” IEEE Microw.
Wireless Compon. Lett., vol. 26, no. 9, pp. 732-734, Sep. 2016, doi:
10.1109/LMWC.2016.2597212.

79114

[15]

[16]

[17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

G. Song, X. Liu, and C. Liu, “Wide-range rectifier for wireless
power transfer based on power compensation,” IEEE Microw. Wire-
less Compon. Lett., vol. 31, no. 5, pp.509-512, May 2021, doi:
10.1109/LMWC.2021.3057452.

X. Gu, S. Hemour, R. Khazaka, and K. Wu, “Improving temperature
stability of Dickson charge pump rectifiers for battery-free wireless sens-
ing applications,” in [EEE MTT-S Int. Microw. Symp. Dig., Jun. 2023,
pp. 1160-1163, doi: 10.1109/ims37964.2023.10188165.

K. K. Selim, S. Wu, and D. A. Saleeb, “RF energy scavenging with a wide-
range input power level,” IEEE Access, vol. 7, pp. 173450-173462, 2019,
doi: 10.1109/ACCESS.2019.2954624.

B. R. Franciscatto, V. Freitas, J.-M. Duchamp, C. Defay, and T. P. Vuong,
“High-efficiency rectifier circuit at 2.45 GHz for low-input-power RF
energy harvesting,” in Proc. Eur. Microw. Conf., Oct. 2013, pp. 507-510.
W. D. Braun, E. A. Stolt, L. Gu, and J. M. Rivas-Davila, ‘“Reverse
recovery testing of small-signal Schottky diodes,” in Proc. IEEE
Energy Convers. Congr. Expo. (ECCE), Oct. 2021, pp. 5611-5615, doi:
10.1109/ECCE47101.2021.9595177.

T. Umeda, H. Yoshida, S. Sekine, Y. Fujita, T. Suzuki, and S. Otaka,
“A 950-MHz rectifier circuit for sensor network tags with 10-m distance,”
IEEE J. Solid-State Circuits, vol. 41, no. 1, pp. 35-41, Jan. 2006, doi:
10.1109/JSSC.2005.858620.

Z. Hameed and K. Moez, “A 3.2 V —15 dBm adaptive threshold-voltage
compensated RF energy harvester in 130 nm CMOS,” IEEE Trans. Cir-
cuits Syst. I, Reg. Papers, vol. 62, no. 4, pp. 948-956, Apr. 2015, doi:
10.1109/TCS1.2015.2413153.

Y.-S. Luo and S.-I. Liu, “A voltage multiplier with adaptive thresh-
old voltage compensation,” IEEE J. Solid-State Circuits, vol. 52, no. 8,
pp. 2208-2214, Aug. 2017, doi: 10.1109/JSSC.2017.2693228.

A. A. Razavi Haeri, M. G. Karkani, M. Sharifkhani, M. Kamarei, and
A. Fotowat-Ahmady, “Analysis and design of power harvesting circuits
for ultra-low power applications,” IEEE Trans. Circuits Syst. I, Reg.
Papers, vol. 64, no. 2, pp. 471-479, Feb. 2017, doi: 10.1109/TCS1.2016.
2609144.

K. Gharehbaghi, F. Koger, and H. Kiilah, “Optimization of power conver-
sion efficiency in threshold self-compensated UHF rectifiers with charge
conservation principle,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 64,
no. 9, pp. 2380-2387, Sep. 2017, doi: 10.1109/TCSI.2017.2695650.

K. Gharehbaghi, O. Zorlu, F. Koger, and H. Kiilah, “Threshold com-
pensated UHF rectifier with local self-calibrator,” IEEE Microw. Wire-
less Compon. Lett., vol. 27, no. 6, pp.575-577, Jun. 2017, doi:
10.1109/LMWC.2017.2701326.

P. Saffari, A. Basaligheh, and K. Moez, “An RF-to-DC rectifier
with high efficiency over wide input power range for RF energy
harvesting applications,” IEEE Trans. Circuits Syst. I, Reg. Papers,
vol. 66, no. 12, pp. 48624875, Dec. 2019, doi: 10.1109/TCSI.2019.
2931485.

M. Basim, D. Khan, Q. U. Ain, K. Shehzad, S. A. A. Shah, B.-G. Jang,
Y.-G. Pu, J.-M. Yoo, J.-T. Kim, and K.-Y. Lee, “A highly efficient RF-DC
converter for energy harvesting applications using a threshold voltage
cancellation scheme,” Sensors, vol. 22, no. 7, p. 2659, Mar. 2022, doi:
10.3390/522072659.

A. Sasaki, K. Kotani, and T. Ito, “Differential-drive CMOS recti-
fier for UHF RFIDs with 66% PCE at —12 dBm input,” in Proc.
IEEE Asian Solid-State Circuits Conf., Nov. 2008, pp. 105-108, doi:
10.1109/ASSCC.2008.4708740.

G. Chong, H. Ramiah, J. Yin, J. Rajendran, W. R. Wong, P.-I. Mak,
and R. P. Martins, “CMOS cross-coupled differential-drive rectifier in
subthreshold operation for ambient RF energy harvesting—Model and
analysis,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 66, no. 12,
pp. 1942-1946, Dec. 2019, doi: 10.1109/TCSIL.2019.2895659.

H. Jiang, Z. Wu, and H. Min, “Co-design of an auxiliary self-bias module
and a CMOS rectifier for RF energy harvesting,” IEEE Trans. Circuits
Syst. I, Exp. Briefs, vol. 71, no. 3, pp. 1481-1485, Mar. 2024, doi:
10.1109/TCSI1.2023.3318410.

M. H. Ouda, W. Khalil, and K. N. Salama, ““Self-biased differential rec-
tifier with enhanced dynamic range for wireless powering,” IEEE Trans.
Circuits Syst. II, Exp. Briefs, vol. 64, no. 5, pp. 515-519, May 2017, doi:
10.1109/TCSI1.2016.2591263.

A. S. Almansouri, J. Kosel, and K. N. Salama, “A dual-mode nested recti-
fier for ambient wireless powering in CMOS technology,” IEEE Trans.
Microw. Theory Techn., vol. 68, no. 5, pp. 1754-1762, May 2020, doi:
10.1109/TMTT.2020.2970913.

VOLUME 12, 2024


http://dx.doi.org/10.1109/ACCESS.2022.3155240
http://dx.doi.org/10.1109/JPROC.2014.2358691
http://dx.doi.org/10.1109/OJCAS.2022.3169437
http://dx.doi.org/10.1109/TCSI.2006.887974
http://dx.doi.org/10.1109/TCSI.2007.897762
http://dx.doi.org/10.1109/JSSC.2009.2028955
http://dx.doi.org/10.1109/ICEIC57457.2023.10049944
http://dx.doi.org/10.1109/JSSC.1976.1050739
http://dx.doi.org/10.1109/JSSC.2003.817249
http://dx.doi.org/10.1109/JSSC.2005.857352
http://dx.doi.org/10.1109/ISSCC.2007.373554
http://dx.doi.org/10.1109/LMWC.2016.2597212
http://dx.doi.org/10.1109/LMWC.2021.3057452
http://dx.doi.org/10.1109/ims37964.2023.10188165
http://dx.doi.org/10.1109/ACCESS.2019.2954624
http://dx.doi.org/10.1109/ECCE47101.2021.9595177
http://dx.doi.org/10.1109/JSSC.2005.858620
http://dx.doi.org/10.1109/TCSI.2015.2413153
http://dx.doi.org/10.1109/JSSC.2017.2693228
http://dx.doi.org/10.1109/TCSI.2016.2609144
http://dx.doi.org/10.1109/TCSI.2016.2609144
http://dx.doi.org/10.1109/TCSI.2017.2695650
http://dx.doi.org/10.1109/LMWC.2017.2701326
http://dx.doi.org/10.1109/TCSI.2019.2931485
http://dx.doi.org/10.1109/TCSI.2019.2931485
http://dx.doi.org/10.3390/s22072659
http://dx.doi.org/10.1109/ASSCC.2008.4708740
http://dx.doi.org/10.1109/TCSII.2019.2895659
http://dx.doi.org/10.1109/TCSII.2023.3318410
http://dx.doi.org/10.1109/TCSII.2016.2591263
http://dx.doi.org/10.1109/TMTT.2020.2970913

B. C.T. Teo et al.: Recent Development of High-PCE CMOS RF-DC Rectifier

IEEE Access

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

M. H. Ouda, W. Khalil, and K. N. Salama, “Wide-range adaptive
RF-to-DC power converter for UHF RFIDs,” IEEE Microw. Wire-
less Compon. Lett., vol. 26, no. 8, pp.634-636, Aug. 2016, doi:
10.1109/LMWC.2016.2586077.

M. H. K. Hmada, B. A. Abdelmagid, and A. N. Mohieldin, “An adaptive
fully integrated wide-range power management unit with fractional charge
pump for micro-scale energy harvesting applications,” IEEE Trans. Cir-
cuits Syst. I, Reg. Papers, vol. 70, no. 8, pp. 3399-3408, Jun. 2023, doi:
10.1109/TCS1.2023.3280223.

P. Xu, D. Flandre, and D. Bol, “Analysis and design of RF energy-
harvesting systems with impedance-aware rectifier sizing,” IEEE Trans.
Circuits Syst. I, Exp. Briefs, vol. 70, no. 2, pp. 361-365, Feb. 2023, doi:
10.1109/TCSI1.2022.3171470.

S. Scorcioni, L. Larcher, and A. Bertacchini, “A reconfigurable dif-
ferential CMOS RF energy scavenger with 60% peak efficiency
and —21 dBm sensitivity,” IEEE Microw. Wireless Compon. Lett.,
vol. 23, no. 3, pp. 155-157, Mar. 2013, doi: 10.1109/LMWC.2013.
2243376.

D. Khan, S. J. Oh, K. Shehzad, M. Basim, D. Verma, Y.G. Pu,
M. Lee, K. C. Hwang, Y. Yang, and K.-Y. Lee, “An efficient recon-
figurable RF-DC converter with wide input power range for RF
energy harvesting,” IEEE Access, vol. 8, pp. 79310-79318, 2020, doi:
10.1109/ACCESS.2020.2990662.

B.-R. Heo and I. Kwon, “A dual-band wide-input-range adaptive CMOS
RF-DC converter for ambient RF energy harvesting,” Sensors, vol. 21,
no. 22, p. 7483, Nov. 2021, doi: 10.3390/s21227483.

A. Choo, H. Ramiah, K. K. P. Churchill, Y. Chen, S. Mekhilef, P.-I. Mak,
and R. P. Martins, “A reconfigurable CMOS rectifier with 14-dB
power dynamic range achieving >36-dB/mm? FoM for RF-based hybrid
energy harvesting,” IEEE Trans. Very Large Scale Integr. (VLSI) Syst.,
vol. 30, no. 10, pp. 1533-1537, Oct. 2022, doi: 10.1109/TVLSIL.2022.
3189697.

M. A. Abouzied, K. Ravichandran, and E. Séinchez-Sinencio, “A
fully integrated reconfigurable self-startup RF energy-harvesting
system with storage capability,” [EEE J. Solid-State Circuits,
vol. 52, no. 3, pp.704-719, Mar. 2017, doi: 10.1109/JSSC.2016.
2633985.

Z.Zeng, J. J. Estrada-Lopez, M. A. Abouzied, and E. Sanchez-Sinencio,
“A reconfigurable rectifier with optimal loading point determination for
RF energy harvesting from —22 dBm to —2 dBm,” IEEE Trans. Cir-
cuits Syst. II, Exp. Briefs, vol. 67, no. 1, pp. 87-91, Jan. 2020, doi:
10.1109/TCSI1.2019.2899338.

Z.Zeng, S. Shen, X. Zhong, X. Li, C.-Y. Tsui, A. Bermak, R. Murch, and
E. Sanchez-Sinencio, “Design of sub-gigahertz reconfigurable RF energy
harvester from —22 to 4 dBm with 99.8% peak MPPT power efficiency,”
IEEE J. Solid-State Circuits, vol. 54, no. 9, pp. 2601-2613, Sep. 2019, doi:
10.1109/JSSC.2019.2919420.

M.-C. Chen, T.-W. Sun, and T.-H. Tsai, ‘“Dual-domain maximum power
tracking for multi-input RF energy harvesting with a reconfigurable
rectifier array,” Energies, vol. 15, no. 6, p.2068, Mar. 2022, doi:
10.3390/en15062068.

J. Park, Y. Kim, Y. Cho, and J. Burm, “Multi-stage reconfigurable
RF-DC converter with deep-n-well biasing using body isolated MOS-
FET in 180 nm BCDMOS process,” [EEE Trans. Circuits Syst.
I, Exp. Briefs, vol. 70, no. 10, pp.3817-3821, Oct. 2023, doi:
10.1109/TCSI1.2023.3290178.

A. Bertacchini, L. Larcher, M. Maini, L. Vincetti, and S. Scorcioni,
“Reconfigurable RF energy harvester with customized differential PCB
antenna,” J. Low Power Electron. Appl., vol. 5, no. 4, pp.257-273,
Nov. 2015, doi: 10.3390/jlpea5040257.

S.-H. Lin, C.-Y. Kuo, S.-Y. Lu, and Y.-T. Liao, “‘A high-efficiency power
management IC with power-aware multi-path rectifier for wide-range RF
energy harvesting,” in IEEE MTT-S Int. Microw. Symp. Dig., Jun. 2017,
pp. 304-306, doi: 10.1109/MWSYM.2017.8059104.

J-H. Tsai, C.-Y. Kuo, S.-H. Lin, F-T. Lin, and Y.-T. Liao,
“A  wirelessly powered CMOS electrochemical sensing interface
with power-aware RF-DC power management,” IEEE Trans. Circuits
Syst. I, Reg. Papers, vol. 65, no. 9, pp.2810-2820, Sep. 2018, doi:
10.1109/TCS1.2018.2797238.

Y. Huang, N. Shinohara, and T. Mitani, “Impedance matching in
wireless power transfer,” IEEE Trans. Microw. Theory Techn.,
vol. 65, no. 2, pp.582-590, Feb. 2017, doi: 10.1109/TMTT.2016.
2618921.

VOLUME 12, 2024

(49]

(50]

[51]

(52]

(53]

[54]

[55]

[56]

(571

(58]

[59]

(60]

[61]

[62]

[63]

[64]

S.-Y. Kim, H. Abbasizadeh, B. S. Rikan, S. J. Oh, B. G. Jang,
Y.-J. Park, D. Khan, T. T. K. Nga, K. T. Kang, Y. G. Pu, S.-S. Yoo,
S. Lee, S.-C.Lee, M. Lee, K. C. Hwang, Y. Yang, and K.-Y. Lee,
“A —20 to 30 dBm input power range wireless power system with a MPPT-
based reconfigurable 48% efficient RF energy harvester and 82% efficient
A4WP wireless power receiver with open-loop delay compensation,” IEEE
Trans. Power Electron., vol. 34, no. 7, pp. 6803-6817, Jul. 2019, doi:
10.1109/TPEL.2018.2872563.

W. X. Lian, J. K. Yong, G. Chong, K. K. P. Churchill, H. Ramiah, Y. Chen,
P-I. Mak, and R. P. Martins, “A reconfigurable hybrid RF front-end
rectifier for dynamic PCE enhancement of ambient RF energy harvesting
systems,” Electronics, vol. 12, no. 1, p. 175, Dec. 2022, doi: 10.3390/elec-
tronics12010175.

Y. Lu, H. Dai, M. Huang, M.-K. Law, S.-W. Sin, and R. P. Martins, “A wide
input range dual-path CMOS rectifier for RF energy harvesting,” IEEE
Trans. Circuits Syst. II, Exp. Briefs, vol. 64, no. 2, pp. 166-170, Feb. 2017,
doi: 10.1109/TCSII.2016.2554778.

A. Choo, H. Ramiah, K. K. P. Churchill, Y. Chen, S. Mekhilef, P.-I. Mak,
and R. P. Martins, “A high-performance dual-topology CMOS rectifier
with 19.5-dB power dynamic range for RF-based hybrid energy harvest-
ing,” IEEE Trans. Very Large Scale Integr. (VLSI) Syst., pp. 1-5, 2023, doi:
10.1109/TVLSIL.2023.3261263.

A. Choo, Y. C. Lee, H. Ramiah, Y. Chen, P.-I. Mak, and R. P. Martins,
“A high-PCE range-extension CMOS rectifier employing advanced topol-
ogy amalgamation technique for ambient RF energy harvesting,” IEEE
Trans. Circuits Syst. 1I, Exp. Briefs, vol. 70, no. 10, pp.3747-3751,
Aug. 2023, doi: 10.1109/TCSI1.2023.3285977.

N. Vamsi, V. Priya, A. Dutta, and S. G. Singh, “A 1V, —26 dBm sensitive
auto configurable mixed converter mode RF energy harvesting with wide
input range,” in Proc. IEEE Int. Symp. Circuits Syst. (ISCAS), May 2016,
pp. 1534-1537, doi: 10.1109/ISCAS.2016.7538854.

M. Wang, Y. Zhang, K. Tang, N. Yan, and H. Min, “A wide input range
energy harvesting system for AM broadcast with capacitor load,” Electron.
Lett., vol. 57, no. 12, pp. 469-471, Jun. 2021, doi: 10.1049/el12.12101.
K. K. P. Churchill, H. Ramiah, A. Choo, G. Chong, Y. Chen,
P-I. Mak, and R. P. Martins, “A reconfigurable CMOS stack recti-
fier with 22.8-dB dynamic range achieving 47.91% peak PCE for
IoT/WSN application,” IEEE Trans. Very Large Scale Integr. (VLSI) Syst.,
vol. 31, no. 10, pp. 1619-1623, Oct. 2023, doi: 10.1109/TVLSI.2023.
3299075.

A. S. Almansouri, M. H. Ouda, and K. N. Salama, “A CMOS RF-to-DC
power converter with 86% efficiency and —19.2-dBm sensitivity,” IEEE
Trans. Microw. Theory Techn., vol. 66, no. 5, pp. 2409-2415, May 2018,
doi: 10.1109/TMTT.2017.2785251.

W. W. Y. Lau and L. Siek, “A 2.45 GHz CMOS rectifier for RF energy har-
vesting,” in Proc. IEEE Wireless Power Transf. Conf. (WPTC), May 2016,
pp. 1-3, doi: 10.1109/WPT.2016.7498841.

W. W. Y. Lau and L. Siek, “2.45GHz wide input range CMOS rectifier
for RF energy harvesting,” in Proc. IEEE Wireless Power Transf. Conf.
(WPTC), May 2017, pp. 14, doi: 10.1109/WPT.2017.7953896.

W. W. Y. Lau, H. W. Ho, and L. Siek, “Deep neural network (DNN)
optimized design of 2.45 GHz CMOS rectifier with 73.6% peak efficiency
for RF energy harvesting,” IEEE Trans. Circuits Syst. I, Reg. Papers,
vol. 67, no. 12, pp. 43224333, Dec. 2020, doi: 10.1109/TCSI.2020.
3022280.

G. Chong, H. Ramiah, J. Yin, J. Rajendran, P.-I. Mak, and R. P. Martins,
“A  wide-PCE-dynamic-range CMOS cross-coupled differential-drive
rectifier for ambient RF energy harvesting,” IEEE Trans. Circuits
Syst. 1, Exp. Briefs, vol. 68, no. 6, pp. 1743-1747, Jun. 2021, doi:
10.1109/TCSI1.2019.2937542.

C.-Y. Kuo, C-A. Lu, and Y.-T. Liao, “A 918 MHz wide-range
CMOS rectifier with diode-feeding and switch-capacitor-based load mod-
ulation technique,” in Proc. IEEE Asian Solid-State Circuits Conf.
(A-SSCC), Nov. 2019, pp. 251-254, doi: 10.1109/A-SSCC47793.2019.
9056930.

P. K. C. Mishu and I. Song, “Highly-efficient CMOS rectifier for wide
range of input RF power in energy-harvesting systems,” in Proc. IEEE
Int. Midwest Symp. Circuits Syst. (MWSCAS), Aug. 2021, pp. 75-79, doi:
10.1109/MWSCAS47672.2021.9531762.

C.-A. Lu, P-H. Chu, and Y.-T. Liao, “A CMOS switchable diode-feeding
rectifier with load modulation for wireless power range extension,” in
Proc. Asia—Pacific Microw. Conf. (APMC), Nov. 2022, pp. 566-568, doi:
10.23919/APMC55665.2022.9999829.

79115


http://dx.doi.org/10.1109/LMWC.2016.2586077
http://dx.doi.org/10.1109/TCSI.2023.3280223
http://dx.doi.org/10.1109/TCSII.2022.3171470
http://dx.doi.org/10.1109/LMWC.2013.2243376
http://dx.doi.org/10.1109/LMWC.2013.2243376
http://dx.doi.org/10.1109/ACCESS.2020.2990662
http://dx.doi.org/10.3390/s21227483
http://dx.doi.org/10.1109/TVLSI.2022.3189697
http://dx.doi.org/10.1109/TVLSI.2022.3189697
http://dx.doi.org/10.1109/JSSC.2016.2633985
http://dx.doi.org/10.1109/JSSC.2016.2633985
http://dx.doi.org/10.1109/TCSII.2019.2899338
http://dx.doi.org/10.1109/JSSC.2019.2919420
http://dx.doi.org/10.3390/en15062068
http://dx.doi.org/10.1109/TCSII.2023.3290178
http://dx.doi.org/10.3390/jlpea5040257
http://dx.doi.org/10.1109/MWSYM.2017.8059104
http://dx.doi.org/10.1109/TCSI.2018.2797238
http://dx.doi.org/10.1109/TMTT.2016.2618921
http://dx.doi.org/10.1109/TMTT.2016.2618921
http://dx.doi.org/10.1109/TPEL.2018.2872563
http://dx.doi.org/10.3390/electronics12010175
http://dx.doi.org/10.3390/electronics12010175
http://dx.doi.org/10.1109/TCSII.2016.2554778
http://dx.doi.org/10.1109/TVLSI.2023.3261263
http://dx.doi.org/10.1109/TCSII.2023.3285977
http://dx.doi.org/10.1109/ISCAS.2016.7538854
http://dx.doi.org/10.1049/ell2.12101
http://dx.doi.org/10.1109/TVLSI.2023.3299075
http://dx.doi.org/10.1109/TVLSI.2023.3299075
http://dx.doi.org/10.1109/TMTT.2017.2785251
http://dx.doi.org/10.1109/WPT.2016.7498841
http://dx.doi.org/10.1109/WPT.2017.7953896
http://dx.doi.org/10.1109/TCSI.2020.3022280
http://dx.doi.org/10.1109/TCSI.2020.3022280
http://dx.doi.org/10.1109/TCSII.2019.2937542
http://dx.doi.org/10.1109/A-SSCC47793.2019.9056930
http://dx.doi.org/10.1109/A-SSCC47793.2019.9056930
http://dx.doi.org/10.1109/MWSCAS47672.2021.9531762
http://dx.doi.org/10.23919/APMC55665.2022.9999829

IEEE Access

B. C.T. Teo et al.: Recent Development of High-PCE CMOS RF-DC Rectifier

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

Y. Li, J. Rajendran, S. Mariappan, A. S. Rawat, S. Sal Hamid, N. Kumar,
M. Othman, and A. Nathan, “CMOS radio frequency energy harvester
(RFEH) with fully on-chip tunable voltage-booster for wideband sensitiv-
ity enhancement,” Micromachines, vol. 14, no. 2, p. 392, Feb. 2023, doi:
10.3390/mi14020392.

M. A. Akram and S. Ha, “A differential rectifier with Vry compensation
for high-frequency RF inputs,” IEEE Trans. Biomed. Circuits Syst., vol. 17,
no. 4, pp. 653-663, Aug. 2023, doi: 10.1109/TBCAS.2023.3264988.

S. S. Hashemi, M. Sawan, and Y. Savaria, ‘A high-efficiency low-voltage
CMOS rectifier for harvesting energy in implantable devices,” IEEE
Trans. Biomed. Circuits Syst., vol. 6, no. 4, pp. 326-335, Aug. 2012, doi:
10.1109/TBCAS.2011.2177267.

H. Cho, J.-H. Suh, C. Kim, S. Ha, and M. Je, “An intra-body power
transfer system with >1-mW power delivered to the load and 3.3-V DC
output at 160-cm of on-body distance,” IEEE Trans. Biomed. Circuits
Syst., vol. 16, no. 5, pp. 852-866, Oct. 2022, doi: 10.1109/TBCAS.2022.
3194278.

T. B. C. Terence, V. Navaneethan, L. X. Yang, N. Utomo, L. Ziming,
T. C. Boon, S. Y. D. Bryan, S. Ji-Jon, and S. Liter, “A RF-DC rectifier with
dual voltage polarity self-biasing for wireless sensor node application,”
in Proc. IEEE Int. Symp. Circuits Syst. (ISCAS), May 2021, pp. 1-5, doi:
10.1109/ISCAS51556.2021.9401260.

A. Alhoshany, “A 900 MHz, wide-input range, high-efficiency, differential
CMOS rectifier for ambient wireless powering,” Sensors, vol. 22, no. 3,
p- 974, Jan. 2022, doi: 10.3390/s22030974.

P. Kamalinejad, K. Keikhosravy, S. Mirabbasi, and V. C. M. Leung,
“An efficiency enhancement technique for CMOS rectifiers with low start-
up voltage for UHF RFID tags,” in Proc. Int. Green Comput. Conf.,
Jun. 2013, pp. 1-6, doi: 10.1109/IGCC.2013.6604483.

Z. Liang and J. Yuan, “Modelling and optimisation of high-efficiency
differential-drive complementary metal-oxide—semiconductor rectifier for
ultra-high-frequency radio-frequency energy harvesters,” IET Power
Electron., vol. 12, no. 3, pp.588-597, Mar. 2019, doi: 10.1049/iet-
pel.2018.5773.

S. M. Noghabaei, R. L. Radin, Y. Savaria, and M. Sawan, “A high-
efficiency ultra-low-power CMOS rectifier for RF energy harvesting
applications,” in Proc. IEEE Int. Symp. Circuits Syst. (ISCAS), May 2018,
pp. 14, doi: 10.1109/ISCAS.2018.8351149.

S. M. Noghabaei, R. L. Radin, Y. Savaria, and M. Sawan, “A high-
sensitivity wide input-power-range ultra-low-power RF energy harvester
for IoT applications,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 69,
no. 1, pp. 440-451, Jan. 2022, doi: 10.1109/TCSI1.2021.3099011.

W. X. Lian, H. Ramiah, G. Chong, K. K. P. Churchill, N.S. Lai,
Y. Chen, P.-I. Mak, and R. P. Martins, “A —20-dBm sensitivity RF energy-
harvesting rectifier front end using a transformer IMN,” IEEE Trans. Very
Large Scale Integr. (VLSI) Syst., vol. 30, no. 11, pp. 1808-1812, Nov. 2022,
doi: 10.1109/TVLSI.2022.3207158.

X. Li, K. Wang, Y. Zhou, Y. Pan, F. Meng, and K. Ma, “A wide input
range all-NMOS rectifier with gate voltage boosting technique for wireless
power transfer,” IEEE Trans. Circuits Syst. Il, Exp. Briefs, vol. 70, no. 11,
pp. 4023-4027, May 2023, doi: 10.1109/TCSII1.2023.3285620.

X. Li, F Mao, Y. Lu, and R. P. Martins, “A VHF wide-input
range CMOS passive rectifier with active bias tuning,” [EEE
J. Solid-State Circuits, vol. 55, no. 10, pp.2629-2638, Oct. 2020,
doi: 10.1109/JSSC.2020.3005814.

U. Guler, Y. Jia, and M. Ghovanloo, “A reconfigurable passive RF-
to-DC converter for wireless IoT applications,” IEEE Trans. Circuits
Syst. II, Exp. Briefs, vol. 66, no. 11, pp. 1800-1804, Nov. 2019, doi:
10.1109/TCSI1.2019.2894562.

U. Guler, Y. Jia, and M. Ghovanloo, “A reconfigurable passive voltage
multiplier for wireless mobile IoT applications,” IEEE Trans. Circuits
Syst. II, Exp. Briefs, vol. 67, no. 4, pp.615-619, Apr. 2020, doi:
10.1109/TCSI1.2019.2923534.

A. K. Moghaddam, J. H. Chuah, H. Ramiah, J. Ahmadian, P.-I. Mak,
and R. P. Martins, “A 73.9%-efficiency CMOS rectifier using a lower
DC feeding (LDCF) self-body-biasing technique for far-field RF energy-
harvesting systems,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 64,
no. 4, pp. 992-1002, Apr. 2017, doi: 10.1109/TCSI.2016.2623821.

A. K. Moghaddam, A. C. C. Choo, H. Ramiah, and K. K. P. Churchill,
“A self-protected, high-efficiency CMOS rectifier using reverse DC
feeding self-body-biasing technique for far-field RF energy harvesters,”
AEU-Int. J. Electron. Commun., vol. 152, Jul. 2022, Art. no. 154238, doi:
10.1016/j.aeue.2022.154238.

79116

[82] S.-E. Chen, Y.-C. Lin, and K.-W. Cheng, “A high sensitivity RF energy
harvester with dynamic body-biasing CMOS rectifier,” in Proc. 20th IEEE
Interregional NEWCAS Conf. (NEWCAS), Jun. 2022, pp. 308-312, doi:
10.1109/NEWCAS52662.2022.9842019.

[83] D. Khan, M. Basim, K. Shehzad, Q. U. Ain, D. Verma, M. Asif, S. J. Oh,
Y. G. Pu, S.-S. Yoo, K. C. Hwang, Y. Yang, and K.-Y. Lee, “A 2.45 GHz
high efficiency CMOS RF energy harvester with adaptive path control,”
Electronics, vol. 9, no. 7, p. 1107, Jul. 2020, doi: 10.3390/electron-
ics9071107.

BOON CHIAT TERENCE TEO (Graduate Stu-
dent Member, IEEE) received the B.Eng. degree
in electrical and electronic engineering from the
School of Electrical and Electronic Engineering,
Nanyang Technological University (NTU EEE),
Singapore, in 2019, where he is currently pursuing
the Ph.D. degree.

His research interests include analog/mixed-
signal IC designs, focusing on low-power and
low-voltage design, including RF-DC rectifiers
and power converters.

WU CONG LIM (Graduate Student Member,
IEEE) received the B.Eng. degree in electrical
and electronic engineering from the School of
Electrical and Electronic Engineering, Nanyang
Technological University (NTU EEE), Singapore,
in 2019, where he is currently pursuing the Ph.D.
degree.

He commenced his professional career with
Micron Semiconductor Asia Operations Pte. Ltd.,
as a Product Engineer, from 2019 to 2021. In 2021,
he Jomed STMicroelectronics Asia Pacific Pte. Ltd., as an Analog Design
Engineer, blending his industrial role with academic pursuits under the
Industrial Postgraduate Program (IPP) from Economic Development Board
(EDB) Singapore. His research interests include analog/mixed-signal inte-
grated circuit (IC) design and battery management systems (BMS), focusing
on enhancing the efficiency of power management technologies.

XIAN YANG LIM (Graduate Student Member,
IEEE) received the B.Eng. degree in electrical
and electronic engineering from the School of
Electrical and Electronic Engineering, Nanyang
Technological University (NTU EEE), Singapore,
in 2019, where he is currently pursuing the Ph.D.
degree.
He joined Analog Devices Singapore, as an
Analog Design Engineer, in 2023. His research
" interest includes analog/mixed-signal IC designs,
that includes data converter.

VENKADASAMY NAVANEETHAN (Member,
IEEE) received the Diploma degree in electrical
and electronics engineering, the degree in elec-
tronics and communication engineering, and the
M.Sc. degree in integrated circuit design from
Nanyang Technological University, Singapore,
in 2000, 2003, and 2007, respectively, where he
is currently pursuing the Ph.D. degree with the
School of Electrical and Electronic Engineering.

: He began his career with Peass Automation Pvt.
Ltd., India, where he worked on the development of AC drives for various
applications, from April 2003 to May 2004. Then, he joined the Institute of
Microelectronics (IME), A-STAR, Singapore, in November 2007, where he
focused on the design of analog and mixed-signal CMOS ICs for power man-
agement, filters, and ADCs. He remained with IME until December 2011.

VOLUME 12, 2024


http://dx.doi.org/10.3390/mi14020392
http://dx.doi.org/10.1109/TBCAS.2023.3264988
http://dx.doi.org/10.1109/TBCAS.2011.2177267
http://dx.doi.org/10.1109/TBCAS.2022.3194278
http://dx.doi.org/10.1109/TBCAS.2022.3194278
http://dx.doi.org/10.1109/ISCAS51556.2021.9401260
http://dx.doi.org/10.3390/s22030974
http://dx.doi.org/10.1109/IGCC.2013.6604483
http://dx.doi.org/10.1049/iet-pel.2018.5773
http://dx.doi.org/10.1049/iet-pel.2018.5773
http://dx.doi.org/10.1109/ISCAS.2018.8351149
http://dx.doi.org/10.1109/TCSI.2021.3099011
http://dx.doi.org/10.1109/TVLSI.2022.3207158
http://dx.doi.org/10.1109/TCSII.2023.3285620
http://dx.doi.org/10.1109/JSSC.2020.3005814
http://dx.doi.org/10.1109/TCSII.2019.2894562
http://dx.doi.org/10.1109/TCSII.2019.2923534
http://dx.doi.org/10.1109/TCSI.2016.2623821
http://dx.doi.org/10.1016/j.aeue.2022.154238
http://dx.doi.org/10.1109/NEWCAS52662.2022.9842019
http://dx.doi.org/10.3390/electronics9071107
http://dx.doi.org/10.3390/electronics9071107

B. C.T. Teo et al.: Recent Development of High-PCE CMOS RF-DC Rectifier

IEEE Access

He continued his work with ST Ericsson, Singapore, from 2011 to 2013.
Then, he joined Intel Mobile Communications, where he was responsible
for RF CMOS IC development for connectivity and cellular applications,
from 2013 to 2019. Since 2020, he has been with the CM Engineering
Laboratories, working on RF IC development. In this role, he designs and
develops RF integrated circuits for use in various wireless communication
applications.

LITER SIEK (Member, IEEE) received the B.A.Sc.
degree in electrical engineering (system and con-
trol) from the University of Ottawa, ON, Canada,
in 1981, the M.Eng.Sc. degree in microelectron-
ics from the University of New South Wales
(UNSW), NSW, Australia, in 1990, and the Ph.D.
degree in electrical and electronic engineering
from Nanyang Technological University (NTU),
Singapore, in 2004.

From 1981 to 1983, he was with a couple of
companies in the area of automation and control. From 1983 to 1985, he was
an IC Design Engineer with a European Semiconductor Powerhouse, SGS

VOLUME 12, 2024

(currently known as ST Microelectronics), Milan, Italy, where he worked
with the Central Research Development Laboratories for Linear IC, design-
ing ICs for cordless telephone and motor regulator. From 1985 to 1987,
he was with the Asia Pacific Design Centre, ST Microelectronics, Singapore,
where he was a Senior IC Design Engineer, involved in IC design for
monolithic power ICs in bipolar technology. Since 1987, he has been with
the School of Electrical and Electronic Engineering (EEE), NTU, involv-
ing in research and academic. From 2012 to 2015, he was the Director
of the VIRTUS-IC Design Centre of Excellence and the Director of the
Joint NTU-TUM M.Sc. (IC Design) Program, from 2007 to 2015. He is
currently an Associate Professor and the Lead for Joint NTU-TUM Ph.D.
Program. He has authored and coauthored more than 100 international jour-
nal/conference technical papers and has conducted numerous analog/mixed-
signal IC design short courses and providing technical consultancy for the
industry. His current research interests include analog/mixed-signal ICs
especially low-voltage low-power circuits, power management ICs, PLLs,
and data converters.

Dr. Siek received numerous EEE Teaching Excellence Awards and the
Nanyang Award for Excellence in Teaching. He is currently actively involved
in the IEEE SSCS Singapore Chapter.

79117



