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ABSTRACT This article investigates the latest research outcomes on the wide power dynamic range (PDR)
CMOS RF-DC rectifier for on-chip radio frequency energy harvesting (RFEH) system as a viable approach
to extend the high power conversion efficiency (PCE) operating range which is limited by the varying nature
of the available far-field RF power. The significance of enhancing the rectifier’s PDR is that it offers a more
reliable operation of RFEH in real-life applications. Therefore, this review seeks to navigate the research
and development focus of the RFEH system towards extending the PDR of the CMOS RF-DC rectifier by
providing analysis of the effect of state-of-the-art PDR extension techniques and their design tradeoffs. The
review encapsulates the transmission of the RF power, a brief overview of the RFEH front-end circuit, and a
comprehensive review of the CMOS rectifier design focusing on PDR. At the end of this article, we discuss
the future design aspects to address the limitation of the RFEH system. Recent research shows that extending
the rectifier’s PDR will enhance the overall performance of the RFEH system.

INDEX TERMS CMOS rectifier, power conversion efficiency (PCE), power dynamic range (PDR),

RF energy harvesting, RF power transmission.

I. INTRODUCTION

In the era of industrial revolution 4.0 (IR4.0), there has been
an exponential rise in the number of users of low-powered
electronic devices to cope with the demand for Internet of
Everything (IoE) [1] applications such as healthcare mon-
itoring, industrial monitoring, wearables, edge computing,
smart cities, etc. [2]-[5]. The increasing energy demand in
the form of batteries used to power these portable devices is
unsustainable due to their maintenance constraints and high
replacement costs. Not to mention that the constant use of
highly flammable batteries poses safety concerns [6] and
also causes pollutions to the environment at its disposal [7].
As an alternative solution, prominent research works [8]-[12]
has been carried out on radio frequency (RF) based wireless
power transmission or RF energy harvesting (RFEH) for
its potential as an alternative energy source for powering
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portable low-power devices such as biomedical implants,
radio frequency identification device (RFID) and wireless
sensor nodes (WSNs) enabling the IoE applications.

The portability, flexibility and scalability advantages from
using the RFEH system in CMOS technology for large
scale deployment of WSNs portray it as a preferred solution
over other ambient energy sources. Nevertheless, challenges
remain in designing a highly efficient RFEH system. As a
core front-end circuit in the RFEH system, an RF-DC rectifier
plays a vital role in converting the harvested power from the
RF input to a usable DC output, as shown in Fig. 1 whereby
the RF energy harvester front-end circuit consists of a receive
antenna, an impedance matching network and a RF-DC recti-
fier. Therefore, improving the efficiency of the RF-DC recti-
fier will significantly enhance the overall performance of the
RFEH system.

To increase the DC output, the RF-DC rectifier usually
consists of a cascade of multiple stages. Each stage rectifies
the RF input and feeds its DC voltage into the subsequent

VOLUME 10, 2022


https://orcid.org/0000-0002-8275-0731
https://orcid.org/0000-0003-3505-6525
https://orcid.org/0000-0001-8544-8995
https://orcid.org/0000-0002-7949-8766

A. C. C. Chun et al.: Wide Power Dynamic Range CMOS RF-DC Rectifier for RF Energy Harvesting System

IEEE Access

A7 N

Transmit Receive
Antenna  Antenna

i | Vant — Ve _”_{NT Voe
(RF Input T DC

[ — »> Output

RF Energy Harvester
Front-End Circuit

RF Transmission

. RF-DC Rectifier
Distance

Impedance Matching
Network (IMN)

FIGURE 1. Block diagram of RF energy harvester front-end circuit.

stages, resulting in voltage multiplication. The final rectifier
output DC voltage (Vrout) is proportional to the number
of optimized cascaded stages. Conventional diode-based rec-
tifier such as Dickson rectifier [13] suffers from poor sen-
sitivity and low power conversion efficiency (PCE) at low
input power level due to its high dropout voltage, especially in
multistage configuration. On the other hand, a cross-coupled
differential-drive (CCDD) rectifier [14], which has achieved
improvement in sensitivity and higher peak PCE compared to
the Dickson rectifier, is widely adopted for its performance to
be used in the RFEH system. However, a reverse leakage cur-
rent is generated in the CCDD rectifier as the rectifying cross-
coupled transistor conducts in the reverse direction when the
DC output voltage is higher than the RF input signal in every
negative cycle, resulting in a limited power dynamic range
(PDR). The PDR is described as the RF input power range
whereby the rectifier is operating at a high PCE. This reverse
leakage current becomes severe as the DC output voltage of
the CCDD rectifier increases and thus further degrading the
PCE and the PDR in a multistage configuration.

Several design architectures and circuit techniques have
been explored in [15]-[17] to improve the sensitivity and
the peak PCE of the rectifier. Yet, there is only a handful
of research work aims to achieve a wider PDR in rectifier
design to perpetuate the RFEH performance in an actual envi-
ronment where the power density of the available RF power
varies dynamically with the change of transmitted power dur-
ing the RF transmission between the transmit antenna and the
receive antenna. The heterogeneous nature of the RF power
during transmission is mainly due to the nonuniform deploy-
ment of RF facilities [18] and obstacles disturbance [19]
which result in variable harvested RF input power range.
Hence, the consensus approach is to fill the research gap
through a comprehensive review of CMOS RF-DC rectifiers
focusing on PDR to enhance the overall performance of the
RFEH system.

This article not only provides an overview of the RFEH
front-end circuit which consists of the antenna, the impedance
matching network and the rectifier but also deep-diving into
the review of the latest research progress achieved in the prac-
tical extended PDR design and development of the CMOS
RF-DC rectifier over the years. In section II, the review covers
the transmission of the RF power. Section III provides a brief
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overview of the RFEH front-end circuit. Section IV presents a
comprehensive review of wide PDR RF-DC rectifier circuits.
Section V explores the future design aspects that contribute
to a more efficient RFEH system. Section VI concludes this
review article.

Il. RF TRANSMISSION

In RF-based wireless power transmission, electrical power
is firstly converted into RF energy before being transmitted
over a distance through a free space medium. This transmitted
RF energy is then received and converted back into electrical
power at the receiving end. Depending on the propagation dis-
tance, the electromagnetic signal can be utilized for near-field
and far-field applications. Fraunhofer distance provides the
limit between near-field and far-field [20]. Typically, the
power is transferred through magnetic coupling between coils
of wire at a short range distance in near-field applications,
whereas in far-field applications, the power is transferred
by harvesting the energy from the ambient electromagnetic
radiation propagating over a long range distance between
the transmit antenna and receive antenna. By using the Friis
transmission equation [21], the input power received by the
receive antenna can be calculated as:

_ PrGr GRC2
"~ (4nDf)?

where Pg is the received power, Pr is the transmitted power,
Gr is the antenna gain of the transmit antenna, Gg is the
antenna gain of the receive antenna, c is the speed of light,
f is the frequency of the RF wave and D is the RF transmis-
sion distance between the transmit antenna and the receive
antenna. According to the equation in (1), it is important to
note that Pg is inversely proportional to D? and the relation-
ship can be shown in Fig. 2. In reference to the simulation
work reported in [22], the power density curve observed in
Fig. 2 is correlated with the Friis transmission equation in (1)
whereby the received power is much higher in the near-field
than far-field segregated by the Fraunhofer distance [20].
As such, the power density of the received power is proven to
be varied dynamically with the transmission distance. Hence,
it is clear that extending the PDR of the rectifier will offer a
higher degree of portability and flexibility for the RF energy
harvester in an actual IoE application.

Theoretically, more RF power could be harvested at lower
frequencies. However, the strength of signals from different
RF bands can be inconsistent in distinct locations around
the world, resulting in the different available magnitude of
the power density due to the nonuniform deployment of
RF facilities [18] and blocking obstacles [19] such as build-
ings and mountains. The measurement of the power density
can be conducted through RF surveys [23]-[27] to investi-
gate the spectrum of available RF bands which are suitable
for energy harvesting. From the RF surveys conducted as
shown in Table 1, it has been concluded that GSM900 and
GSM1800 are the two most reliable ultra-high-frequency
(UHF) bands applicable for energy harvesting as these

ey
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TABLE 1. Measured power density of RF bands in different locations.

Ref. RF Band (Freq.) Average Power Peak Power
Digital TV ) R
(470 — 610 MHz) 0.89 nW/cm 460 nW/cm
GSM900 ) 5
(800 - 915 MHz) 36 nW/cm 1930 nW/cm
. GSM1800 ) 5
[24] (1.805 — 1.88 GHz) 84 nW/cm 6390 nW/cm
3G ) )
(2.11-2.17 GHz) 12 nW/cm 240 nW/cm
WiFi , )
(2.4-2.5 GHz) 0.18 nW/cm 6 nW/cm
CDMAS00
(810 — 870 MHz) -40/-34 dBm -38.99/-30 dBm
GSM900
(935 — 960 MHz) -50/-56 dBm -45/-52 dBm
GSM1800
b - - - -
[25] (1.805 — 1.85 GH) 55/-48 dBm 54.9/-39 dBm
CDMA2000
(.11 -2.15 GHz) -59/-55 dBm -55/-45 dBm
TD-LTE / WiFi
(2.32—2.575 GHz) -70/-65 dBm -61/-60 dBm
GSM900 -34.9/-26.65 -22.66/-7.65
880 — 960 MHz dBm dBm
( )
GSM1800 -45.53/-15.66 -27.56/-1.29
1.71 — 1.88 GHz dBm dBm
( )
[26]° UMTS -43.27/-13.33 -29.09/-10.65
1.92-2.2 GHz dBm dBm
( )
WiMax -48.53/-31.48 -41.40/-27.04
2.3-2.39 GHz dBm dBm
( )
WiFi -43.19/-24.8 -29.92/-15.56
24-2.5GHz dBm dBm
( )
GSM900
(925 — 960 MHz) n.a. -22.5dBm
GSM1800
(1.805 — 1.88 GHz) n.a. -17.8 dBm
d 3G
71 (2.11-2.23 GHy) n.a. -23 dBm
WiFi
(2.39 - 2.4 GHz) n.a. -25.6 dBm
LTE
(2.5-2.7GHz) n.a. -26.5 dBm

“London Underground stations, UK; ®Shunde shopping center/ residential
area, China; “Kedah and Perlis (semi-urban area)/ Penang (urban area),
Malaysia; “Multimedia University, Selangor, Malaysia

UHF bands have the highest measured power density in the
actual urban environment from the wide adoption in com-
munication activities such as television broadcasts, wireless
LAN, Bluetooth and mobile phones, making it practical to be
adopted for the RFEH system. Nonetheless, the choice of fre-
quency in designing the RFEH system should be suitable for
the dedicated application and location. For instance, GSM900
and GSM1800 can be selected for outdoor or suburban IoE
applications such as smart agriculture, whereas UMTS and
WiFi can be considered for indoor or urban IoE applications
such as smart homes based on the availability and reliability
of the RF power density. This has set the specification in
designing the RF energy harvester front-end circuit.

lIl. RFEH FRONT-END CIRCUIT

The three main components in an RF energy harvester front-
end circuit are the receive antenna, impedance matching
network and RF-DC rectifier. As the incident RF input is
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FIGURE 2. Power density curve of RF energy harvesting system [22].
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FIGURE 3. Power flow of RF energy harvester front-end circuit.

harvested by the receive antenna, the received power is sensed
through an impedance matching circuit in order to achieve
maximum power transfer. Subsequently, the RF-DC rectifier
converts the matched RF power to DC at the output load. For
illustration, this power flow of the RF energy harvester front-
end circuit is shown in Fig 3 which takes into account the
efficiencies and the losses of the front-end circuit during the
conversion of the input RF power to the output DC power.
The overall performance of the RF energy harvester front-end
circuit can be represented by:

Ppc
NFRONT = —— = NIMN * IREC )

Pg
where nrront 1s the overall efficiency of the RF energy
harvester front-end circuit, Ppc is the output DC power, Pg
is the received power, nyy is the efficiency of the impedance
matching circuit, nggc is the efficiency of the RF-DC recti-
fier. This is where the effort of improving the efficiency of
the impedance matching circuit and the rectifier, benefits the
overall performance of the RFEH system. To estimate the DC
output for the overall RFEH system, njyn is considered to
be 50% at maximum power transfer [28] and nggc ranges
from 25% to 86% depending on the rectifier design, which
is summarized in Table 3 and will be discussed later in
section I'V. The end-to-end efficiency of the power flow from
the receive antenna to the DC load, as exhibited in Fig. 3, can
be calculated by multiplying nn and ngec shown in (2),
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TABLE 2. Comparison of the recently published works on compact
antennas.

Ref. Freq. (GHz) Size (mm?) Measured Gain
[29]¢ 2.45 249x8.6 0.8 dBi @ 2.45 GHz
[307° 2/2.5/3.5 120 x 120 9.2dBi @ 3.5 GHz
[317° 20-3.1 50x 35 3dBi @ 3.1 GHz
[32]° 0.9 130 x 130 5.6 dBi @ 900 MHz
[33]° 245 35x35 -1.6 dBi @ 2.45 GHz
[34]° 2.15-29 43.6x 18.5 2.2 dBi @ 2.45 GHz
[35]¢ 0.85/1.81/2.4 160 x 160 4.82 dBi @ 2.4 GHz
[36]¢ 0.95/1.74/2.42 220 x 220 7.6 dBi @ 2.42 GHz
[37]° 1.8 45 x 45 3dBi @ 1.8 GHz
[38]° 0.915/0.945 49.18x49.18 | 1.3 dBi @ 915/945 MHz
[39]° 2.3-2.63 190.5 x 26 8.7 dBi @ 2.63 GHz
[40]® 2.45 30x 18 5.6 dBi @ 2.45 GHz
[41]" 23-4.1 40 x 38 6.3 dBi @ 3 GHz
[42]" 2.4/3.8/5.6 24 x 19 3.73 dBi @ 5.6 GHz

“slotted/slitted antenna; fractal antenna; ‘bow-tie antenna; ‘fork-shaped
antenna; °loop antenna; ‘quasi-Yagi antenna; coplanar waveguide-fed
antenna; "asymmetric coplanar strip-fed antenna

and the resulting end-to-end efficiency is ranged from 12.5%
to 43%.

A. ANTENNA

Since the early days of radio engineering, the standard
of 50 2 antenna has been used in RF applications as a
compromise between low loss and power handling for coaxial
cables [43]. A receive antenna is an essential component in
the RFEH system as it can intercept the ambient RF power
to generate an electrical signal at its terminal. The peak input
voltage generated by the receive antenna can be calculated
by [44]:

Vant = /8 X Rant X Pg 3)

where V7 is the peak input voltage at the receive antenna,
Rant 1s the radiation resistance of the receive antenna and
Pr is the received power in (1). This peak input voltage is
usually very low and needed to be rectified and multiplied
by an increased RF-DC rectifier stage. Among the antennas,
patch antennas or printed antennas are preferred due to their
compact size, low fabrication cost and ease of integration
with the RF-DC rectifier [29]. In the perspective of antenna
design, some design techniques have been investigated
towards the miniaturization of the antenna for RFEH sys-
tem which includes creating slots/slits on antenna [30]-[32],
employing fractal geometry on antenna [33], [34], bow-tie
antenna [35], forked-shaped antenna [36], utilizing the com-
pact loop antenna [37], [38], adopting the compact quasi-Yagi
antenna [39] and also implementing different feeding struc-
tures such as coplanar waveguide [29], [40] and asymmetric
coplanar strip [41], [42].

In [30], the proposed triple-band antenna is realized by
etching two rectangular slot loops connected in the ground
plane with a dimension of 120 mm x 120 mm, achieving
a measured gain of 7, 5.5, and 9.2 dBi at the frequencies
of 2, 2.5 and 3.5 GHz respectively. By combining the annular
slot radiation patch and the newly slotted ground plane, the
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50 mm x 35 mm slotted antenna in [31] has achieved a peak
gain of 3 dBi at 3.1 GHz. An octagonal-shaped patch antenna
with eight tapered slits is designed in [32]. The proposed
130 mm x 130 mm tapered-slit patch antenna is able to
provide a circular polarized wide-angle beam with a gain of
5.6 dBi at 900 MHz for the RFEH system.

Apart from creating slots/slits on the antenna, a com-
pact antenna is developed in [33] with a dimension of
35 mm x 35 mm based on the fractal geometry of Koch
curve. Despite the compact size, the antenna has a measured
gain of —1.61 dBi at 2.45 GHz due to high loss tangent of
the low-cost substrate used for fabrication. On the basis of
fractal geometry, a novel broadband antenna is introduced
in [34] by etching fractal slot on the antenna patch. With a
broad operating range of 2.15 — 2.9 GHz, the gain of the
antenna with a size of 43.6 mm x 18.5 mm is reported to
be around 2.2 dBi at 2.45 GHz. The advantage of employing
fractal geometry on the antenna over a slotted structure is in
the compactness achieved. Nevertheless, the planar structure
naturally has a more complex design and lower reported
antenna gain. Alternatively, higher antenna gain of 4.82 dBi
and 7.6 dBi can be achieved by trading off the compactness
of the antenna using bow-tie antenna [35] and fork-shaped
antenna [36] respectively.

On the other hand, a compact loop antenna for RFEH at
GSM1800 band is presented in [37] with a measured peak
gain of 3 dBi. To harvest RF energy from different directions,
a dual-band loop antenna array is developed in [38] with a
compact size of 49.18 mm x 49.18 mm per antenna element.
The dual-band compact loop antennas have a gain of 1.3 dBi
at 915 and 945 MHz, respectively. Furthermore, the reported
work in [39] has proposed a novel quasi-Yagi antenna array
with an effective area of 190.5 mm x 26 mm. A high gain
of 8 — 8.7 dBi from 2.3 to 2.63 GHz is realized by adopting
a collinear antenna and employing a few collinear parasitic
strips. At the cost of narrower frequency bandwidth, the
proposed design can further offer a compact size by reducing
the size of patches and the distance between parasitic strips
and the collinear antenna. Thus, there is a positive correla-
tion between the antenna’s effective area and its operating
frequency bandwidth.

In addition, antennas with different feeding structures are
also being explored for smaller overall footprint. In [29], a
rectangular patch antenna with two etched U-shaped slots
benefited from a symmetric coplanar feeding structure to
achieve an overall dimension of 24.9 mm x 8.6 mm. How-
ever, its measured peak gain is only 0.8 dBi at 2.45 GHz.
At the same frequency, another work in [40] has demonstrated
a higher peak gain of 5.6 dBi using a novel 30 mm Xx
18 mm coplanar waveguide-fed antenna with a rectangular
tuning stub. An alternative approach is taken in [41] by
proposing an antenna feeding technique using a metal-backed
asymmetrical coplanar waveguide. The overall dimension
of the proposed structure is 40 mm x 38 mm with two
inverted L-shaped strips placed at the microstrip line of the
asymmetric coplanar waveguide. Measured at the operating
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frequency of 2.3 to 4.1 GHz, the peak gain is observed
to be 6.3 dBi with a substrate-size reflector. Besides that,
a compact grounded asymmetric coplanar strip-fed flexible
antenna is presented in [42] backed by a flexible polyamide
substrate with a dimension of 24 mm x 19 mm. The reported
antenna radiates unidirectionally with a peak gain of 3.73 dBi
at 5.6 GHz. In spite of the higher gain compared to the copla-
nar waveguide-fed antennas, the downside of the asymmetric
coplanar strip-fed antennas is that the design may suffer from
asymmetric radiation patterns [29].

The performance of the recently published works on com-
pact antennas for the RFEH system is summarized in Table 2.
Within the selected operating frequency, the tradeoff between
the antenna size and the antenna gain is apparent. Upon the
integration to the rectifier, the high gain of the antenna will
elevate the performance of the RFEH system in terms of
sensitivity. Still, the designed antenna should be compact for
better cost-effective and practical use. The compactness of
the antenna is realized by selecting higher frequency bands as
the higher the frequency, the shorter the wavelength and the
smaller the antenna. However, this will come at the expense
of utilizing frequency bands with lower RF power density
compared to GSM900 and GSM1800 such as UMTS and
WiFi. Therefore, these tradeoffs have to be factored in to
obtain the optimized antenna performance and practicality.
Although there are other published works on broadband
antenna [45]-[47] that are able to simultaneously harvest
more RF power from a wide frequency band, these reported
antennas are relatively bulky and are not feasible to be embed-
ded ubiquitously into portable devices, especially WSNs.

B. IMPEDANCE MATCHING CIRCUIT

The complication occurs as the diodes or transistors
used in the rectifier are nonlinear devices, resulting in a
highly varying rectifier impedance dependent on the fre-
quency [48], [49]. Due to the wide variation of the rectifier
impedance, it is a challenge to match the 50 € antenna to
the RF-DC rectifier. Impedance discontinuity between the
antenna and the rectifier causes some of the electrical signal
to be reflected, as illustrated in Fig. 5(a). The amount of sig-
nal reflected can be modeled using the reflection coefficient
equation given by [50]:

ZREC — Z* ANT
= “4)

ZREC + Z*ANT

where I’ is the reflection coefficient, Zrrc = Rrec + XrREC
is the rectifier impedance and Z*4n7 is the complex con-
jugate of the antenna impedance, Zsny = RanT + XanT.-
To ensure maximum power transfer and minimum signal
reflection, an impedance matching circuit is needed to be
designed specifically between the receive antenna and the
RF-DC rectifier to match the antenna impedance and the rec-
tifier impedance [53], [54]. The efficiency of the impedance
matching circuit can be determined as the ratio of the incident
power from the receive antenna and the power delivered to the
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FIGURE 4. Impedance matching circuit topologies. (a)-(d) L-matching.
(e) High-pass PI-type. (f) Low-pass Pl-type. (g) High-pass T-type.
(h) Low-pass T-type. (i) Transformer matching [51], [52].

RF-DC rectifier as given by [10]:

Pr — Prerrect PrEC
NIMN = = (5)
Pg Pr

where npn is the efficiency of the impedance matching
circuit, Prerrect 1S the power reflected during transmission,
Prec is the power delivered to the rectifier and Pg is the
incident power from the antenna.

The commonly used impedance matching circuit in the
RFEH system is the L-matching network [55]-[59], with dif-
ferent configurations of inductor and capacitor in an L-shape
relative to the load impedance at the desired frequency as
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shown in Fig. 4(a)-(d). When the antenna impedance, ZANT is
larger than the rectifier impedance, Zrgc, the L-matching net-
work is configured as shown in Fig. 4(a) and Fig. 4(b) to trans-
form the load impedance upward from Zrgc to Zant. As for
the downward impedance transformation, the L-matching
network is connected as exhibited in Fig. 4(c) and Fig. 4(d).
Both configurations in Fig. 4(a) and Fig. 4(d) are low-pass
L-match, whereas Fig. 4(b) and Fig. 4(c) represent high-pass
L-match. The quality factor or Q-factor of the inductor in the
impedance matching circuit is an important design parameter
as it is positively correlated to the passive voltage gain, which
will affect the sensitivity of the rectifier. The relationship
between the Q-factor and the voltage gain can be expressed
as [56]:

LR W/ ©)
Vanr 2
where Vg is the input of the rectifier, V4nr is the peak input
voltage at the receive antenna and Q is the Q-factor of the
inductor.

From characterizing both the impedance matching network
and the rectifier circuit, optimization can be achieved by
choosing the optimum values for the design parameters [56].
To obtain a higher Q-factor, off-chip components are used in
the impedance matching circuit design [58] to improve the
performance of the rectifier for variable input power. Despite
the improvement in sensitivity from the passive voltage gain,
the use of bulky off-chip matching elements has imposed
a disadvantage in terms of the form factor and flexibility
relative to the on-chip matching network design [56], [57].
A comparative study has been conducted in [59] to examine
the limit and tradeoffs for both on-chip and off-chip matching
networks in the RFEH system.

To enable energy harvesting from different RF inputs,
parallel-connected matching networks have been developed
in [60] to harvest from two frequencies simultaneously by
combining two different rectifier circuits. Alternatively, the
dual-band RFEH operation is achieved in [61] with the pro-
posed band-pass and band-stop filters for providing zeros and
poles to pass and stop signals. By employing the Integrated-
Passive Device technology, the matching networks and filters
have low power loss and high Q-factor. Apart from that, novel
dual-band matching networks were designed using a T-type
network [62] and a PI-type network [63] for dual-band RFEH
systems at 915 MHz and 2.45 GHz. In [62], the dual-band
matching network is assembled using a single-stage T-type
network with only three segments of the transmission line
to reduce the design complexity and form factor. On the
other hand, the PI-type network in [63] is reported as a
sub-network to match a pair of conjugate impedances from
two arbitrary frequency-dependent impedances for realizing
dual-band RFEH.

Some reported work in [51], [52] utilizes a transformer-
based impedance matching circuit as represented in Fig. 4(i)
to provide additional voltage boosting for the rectifier while
simultaneously working as a matching circuit. However, there
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is a tradeoff between the power transfer and the transmis-
sion efficiency in reference to the maximum power transfer
theorem mentioned in [28]. At the maximum power transfer
condition, the efficiency of the impedance matching circuit
will be capped at 50%. Increasing the power to the rectifier
will lead to a decline in the efficiency of the impedance
matching circuit. Therefore, the optimization between the
power transfer and the efficiency of the impedance matching
circuit has reached a bottleneck for the performance of the
RFEH system. As such, there has been an increase in research
interest focusing on the performance of the rectifier to dras-
tically improve the performance of the RFEH system.

C. RF-DC RECTIFIER

As a core component in the RFEH front-end circuit, the
RF-DC rectifier is used for voltage rectification and voltage
multiplication from RF energy into DC energy. Due to the
low power density of the harvested RF energy, the power
delivered to the rectifier has to be rectified and multiplied to
provide sufficient DC power to the output load. The perfor-
mance of the rectifier can be evaluated based on the following
aspects:

1) SENSITIVITY

The sensitivity of the rectifier is defined as the minimum input
power required to generate a DC output of 1 V at desired
output load. It is an important metric to ensure that the RFEH
system is activated and able to work reliably in an actual
environment. The expression for the sensitivity of the rectifier
is given by [64]:

Pagm = 101ogyo (Pmw) (N

where Pgp, is the sensitivity of the rectifier expressed in dBm
and P,,w is the power received by the rectifier expressed in
milliwatts.

2) POWER CONVERSION EFFICIENCY (PCE)

The PCE of the rectifier is defined as the ratio of the
DC output power to the RF power received by the rectifier
which is determined by:

Ppc

®)

NMREC =
PreC
where nggc is the PCE of the rectifier, Ppc is the output
DC and Pggc is the RF power received by the rectifier. The
RF power received by the rectifier can be calculated in an
equation as given by [65]:

Prec = Pr — PrerLecT = PR (1 —IS1 |2) 9

where |S11]2 = |T'|? is the power reflection coefficient. The
PCE measures the ability of the rectifier to convert RF power
to DC power and it is highly dependent on the rectifier circuit
design.
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3) POWER DYNAMIC RANGE (PDR)

The PDR of the rectifier is defined as the range of input power
at which the rectifier maintains its PCE above 20% [66].
Based on the definition, the relationship between PDR and
PCE of the rectifier can be expressed as:

PDR (dB) = {100% > nppc > 20%} (10)

where nggc is the PCE of the rectifier and dB is the unit of
measurement for PDR in decibel. Maintaining a wide PDR in
the rectifier performance improves the reliability of the RFEH
system in an RF environment with varying power densities.
In the later section, the latest research progress on wide PDR
rectifiers for the RFEH system will be reviewed.

4) FIGURE OF MERIT (FoM)

To provide a comprehensive evaluation between different
PDR extension techniques, a FoM is formulated to better
reflect the performance of the wide PDR rectifiers after deriv-
ing it from the equation reported in [67], [68]. The RF-DC
rectifier’s FOM can be re-expressed as:

PCE x PDR f
oo <fo)
where FoM is the rectifier’s figure of merit, N is the total
number of rectifier stages, f is the frequency of operation
and fo = 5 MHz is the frequency normalization factor to
uniformly evaluate the performance of the state-of-the-art
rectifiers which operate at different frequencies [67], [68].
The essential take in designing the rectifier using CMOS
technology is to understand the characteristics and behavior
of the transistor during operation to provide an approach on
how to improve the performance of the rectifier. In RFEH,
the transistor usually conducts in a weak inversion region
whereby the gate-to-source voltage is below or near the
threshold voltage of the transistor. This subthreshold conduc-
tion of the transistor can be modeled in the equation given
by [69]:

FoM = (11)

Ip = MnCOXV%¥e(VG§"7TVTH) {1 - e<VVDTS>} (12)

where Ip is the drain current of the transistor, ., is the carrier
mobility of NMOS transistor, Cpyx is the oxide capacitance
per unit area, W is the channel width, L is the channel length,
n is the slope factor, V7y is the threshold voltage, Vs is the
gate-to-source voltage, Vpg is the drain-to-source voltage and
Vr is the thermal voltage.

As shown in Fig. 5(a), the Dickson rectifier [13] and the
CCDD rectifier [14] are the two main rectifier topologies used
in the RFEH system. Since the RF input power density is
typically very low, multiple stages of rectifier are cascaded to
attain a higher usable DC output voltage. Each stage rectifies
the RF input (Vrin) and feeds its DC output voltage (VrouT)
into the subsequent stages, resulting in voltage multiplica-
tion from one stage to the next. The final output voltage
(Vpc) of the rectifier, as shown in Fig. 1, is proportional to

23954

Forward Voltage

Cc M.
- * VRIN
e M1 CC
Reflected Voltage —|—
T v
(a)
. 0“... ..‘"‘ VR|N+ oﬁ
) ‘ Cc
1T
) MP1
¢+ Vrour
MP2
AL L ¢
o 0 o‘ ) VRIN- OJ—

(b)

FIGURE 5. Single stage RF-DC rectifier topology. (a) Dickson [13].
(b) cross-coupled differential-drive (CCDD) [14].

the number of the cascaded stages, N and is evaluated by
Vbce = NVrour [70].

Even though the Dickson rectifier has been commonly
adopted for generating higher output voltages, the rectifier
suffers from poor sensitivity and PCE during low voltage
operation, especially in multistage configuration. Referring
to (12), the performance of the rectifier can be improved
through boosting Vgs or reducing Vry. The proposed
threshold voltage compensation scheme in [57], [71]-[74]
enhanced the sensitivity of the rectifier by applying an addi-
tional bias voltage between the gate and the drain terminals
of the transistor to reduce the voltage drop. However, the
tradeoff arises when the reverse leakage occurs in the com-
pensation scheme. This limits the efficiency of the rectifier
as some of the power flows back to the source. To reduce
the reverse leakage, an adaptive or hybrid threshold compen-
sation scheme is proposed in [16], [75]-[77] to optimally
increase the forward conduction by increasing the voltage
compensation during the forward bias condition and decreas-
ing the voltage compensation during the reverse bias con-
dition of the transistor, hence, improving the sensitivity and
PCE of the rectifier. Apart from that, various other methods
are also reported to reduce the threshold voltage of the tran-
sistor, such as self-body-biasing techniques [15], [78]-[80],
tunable threshold design [81] and implementation of zero-
threshold transistors [82].

Alternatively, a CCDD rectifier is adopted for low voltage
operation to achieve relatively better sensitivity and PCE by
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FIGURE 6. Wide PDR RF-DC rectifier architectures. (a) Reconfigurable
rectifier [91]. (b) Self-biasing technique in CCDD rectifier [17].

applying the differential RF input across the four rectifying
transistors, as shown in Fig. 5(b). Nevertheless, the CCDD
rectifier design has been bottlenecked by the presence of
reverse leakage current, which degrades its PCE at high RF
input, causing narrow PDR. Worse still, the reverse leakage
can be more severe in a multistage configuration whereby
the output voltage is much higher than the incoming input
voltage. The performance optimization between the reverse
leakage and the number of stages of the CCDD rectifier to
provide sufficient output voltage has been a design challenge
in the RFEH system. Several reverse leakage reduction tech-
niques are introduced to reduce the effect of reverse leakage.
In [83], the issue of reverse leakage is addressed by using a
complementary MOS diode at the last stage of the rectifier.
The utilization of thick-oxide MOSFET as a rectifying device
to reduce the leakage current is shown in [84]. Improvement
in the PCE can also be made through complementing the
bootstrapping approach [85], [86] and the threshold voltage
cancellation scheme [87], [88] in the rectifier design. A self-
biased design is proposed in [89] by utilizing two feedback
resistors between the transistor gate and the output, which
lowers the driving voltage of the rectifying transistors when
the output voltage is higher than the input voltage. Reducing
the detrimental effect of the reverse leakage can significantly
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increase the operation range of the RFEH system. In the next
section, state-of-the-art circuit enhancement techniques that
can further extend the PDR of the rectifier will be reviewed
and discussed.

IV. WIDE POWER DYNAMIC RANGE RFEH RECTIFIER

To ensure the RFEH system operates efficiently in a highly
dynamic RF environment, many research works have been
carried out to extend the PDR of the CMOS RF-DC rectifier
while achieving a high PCE and good sensitivity. As reported
in [66], five-stage CCDD rectifiers are connected in a dual-
path structure with adaptive control that achieves a PDR of
11 dB by using a common-gate input comparator to switch
the path with some power overhead. By optimizing the width
of transistors differently for the low power path and the high
power path, the system is able to maintain high PCE for
a wide range. Another work in [90] integrates a dual-input
rectifier scheme with Dickson and CCDD topology to harvest
energy from two individual energy sources. By selecting the
path of high PCE using a logic control circuit, the proposed
work manages to extend the PDR of the rectifier to 26 dB.

Besides that, a reconfigurable rectifier presented in [91]
operates at a wide PDR through a series path during low
power operation and a parallel path during high power oper-
ation by adaptively switching between the series path and
the parallel path to maximize the operating range of the
RFEH system as represented in Fig. 6(a). Further improve-
ment has been accomplished in [92]-[94] by reconfiguring
multiple rectifier stages depending on the input power condi-
tions to determine the optimal rectifier stages for improving
the PDR. The implementation of one-two-four-eight-stage
configurations for the reconfigurable rectifier in [94] man-
ages to achieve a PDR of 10 dB in a fully integrated sys-
tem with a matching network, rectifier, power management
circuitry and storage capability. A wide PDR RFEH system
of 13 dB with an effective maximum power point tracking
(MPPT) power efficiency above 72% is designed in [92]
with an optimized reconfigurable two-three-four-six-twelve
stage rectifier. The work in [93] proposed a reconfigurable
one-two-four-eight stage rectifier with optimal loading point
determination showcasing a PDR of 14 dB. A more complex
reconfigurable differential rectifier with a cross-connection
transistor in a threshold voltage compensation scheme is pro-
posed in [95]. The work in [96] has presented a bidirectional
class-DE circuit that can be reconfigured as a rectifier or an
oscillator where the rectifier is reported to have a PDR of
19 dB using the proposed architecture. Moreover, the work
in [65], [97] have proposed another method of reconfiguring
the rectifier by transitioning the type of rectifier from config-
uring the gate connection of each transistor which allows the
PCE of the rectifier to be attained even with the increasing
number of stages at varying input power condition.

Apart from the reconfigurable mechanism, self-biasing
techniques have been proposed in [17], [89], [98], [99] to
extend the range of input power for multistage CCDD rec-
tifier. The operating principle is to adaptively control the
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conduction of the rectifying transistors during high input
power operation when the reverse leakage becomes severe.
This is executed by applying DC self-bias from the output
voltage to the rectifying PMOS gates of the CCDD rectifier
using feedback resistors [89] or a feedback network [98] to
detect the output voltage and limit the reverse leakage in the
presence of high input power, thus improving the PCE and
extending the PDR of the rectifier.

The substitution of the feedback resistors with feedback
diode-connected transistors is realized in [17], which are
positioned to be reverse-biased for the RF input and forward-
biased for the DC output to provide a variable resistance for
DC voltage depending on the RF input while limiting the
passage of the RF signal from the input to the output as
shown in Fig. 6(b). A similar diode-connected gate-biasing
scheme is proposed in [99] to reduce the reverse leakage
current with the addition of self-body-biasing scheme that
lowers the turn-on voltage of the transistor in the rectifier.
Another work in [100] utilizes a dual-mode nested feedback
circuit to perform the self-biasing technique. By enhancing
the conductivity of the rectifier at low power while reducing
the reverse leakage at high power, the PDR of the rectifier
will be extended.

An optimized voltage compensation scheme that is pro-
posed in [101] exhibits a PDR of 10.5 dB using three
different implementations of the rectifiers with different
auxiliary circuits to generate the optimum compensation
voltage. Through calculations and simulations, the desired
optimum compensation voltage is generated by utilizing
minimal auxiliary transistors operating in the subthreshold
region to reduce the power consumption of the auxiliary
circuits. In [102], a novel threshold voltage compensation
technique is proposed by exploiting both dynamic and static
self-compensation to allow rectifier operation of high PCE
and high sensitivity over a input power range of 8 dB. A two-
stage CCDD rectifier with DC-boosted gate bias is presented
in [103] which enables the rectifier to operate in subthreshold
region, achieving a peak PCE of 73.6% and a PDR of 15 dB.
The auxiliary gate bias also manages to reduce the reverse
leakage current by constraining the positive gate voltage
during off state.

Another work in [104] has performed parasitic-aware
RFEH system design through the proposed RFEH global
reverse analysis and modeling to optimize the size of the
matching network, predict the PCE and determine the MPPT
regulation ratio. At 2.45 GHz, the proposed design achieved
48.3% peak PCE at —3 dBm incident RF power and 11 dB
of wide incident power range. Other than that, a resistance
compression is used in [105] to minimize the rectifier’s sen-
sitivity for the variation in the input power and the rectifier
load. Fabricated in 180 nm, the proposed design also provides
a regulated voltage of 1 V with a sensitivity of —16 dBm and
apeak PCE of 47.1% while maintaining a wide PDR of 16 dB
at 2.4 GHz. The performances of the state-of-the-art wide
PDR CMOS rectifier for RFEH system are summarized
in Table 3.

23956

The rectifier operating frequency bands reported in the
recently published works are mostly in the UHF bands. This
coincides with the aforementioned RF surveys as discussed
in Section II to ensure a reliable operation of the RFEH
system. Still, the design of the RFEH system should be
subjected to the availability of the frequency range depending
on the desired application and location. For example, lower
frequencies are more practical for suburban IoE applica-
tions, whereas higher frequencies are better suited for urban
applications. The effect of the frequency that will influence
the performance of the rectifier is manifested at a higher
frequency due to the higher switching loss, tapering off the
rectifier’s PCE and PDR as the switching loss increases.
It is important to take note that different PDR extension
techniques have shown different merit in their performances
depending on the capability of offsetting the tradeoffs in
the rectifier design. While all of the reconfigurable Dickon
rectifier designs [91]-[94] are able to achieve a wide PDR
of more than 10 dB, they are confronted with a limitation in
reaching higher peak PCE due to its significant drawback in
the dropout voltage. On the other hand, the implementation of
the self-biasing technique in CCDD rectifier [17], [89], [98]
has manifested a tradeoff in reducing the reverse leakage
and hindering the forward conduction concurrently during
high input power operation. Moreover, the power that is
partially consumed by the usage of the reference path and
adaptive control circuit in the dual-path rectifier [66] has
been compromising the achievable PCE in order to extend
the PDR of the rectifier. These tradeoffs have to be taken
into consideration when designing the circuit architecture to
optimize the performance of the rectifier.

Another consideration to keep in mind is that the perfor-
mance of the rectifier changes with the transistor size and
output load. Depending on the CMOS process and type of
transistor used, an optimum transistor sizing ratio can be
determined through iterative simulation and the sizing ratio
of the PMOS transistor is generally larger than the sizing ratio
of the NMOS transistor due to the higher electron mobility in
NMOS transistor [106]. Changing the output load will lead
to a shift in the PCE curve and output voltage as investigated
in [102]. Generally, the PCE curve will shift to the right
as the load decreases and the optimum peak PCE and PDR
can be acquired after sweeping for multiple load values. The
load affects the performance of the rectifier with respect to
the output voltage by obeying Ohm’s Law. Hence, a suitable
output load is chosen with the intention to obtain a high
peak PCE, a wide PDR and a good sensitivity in delivering
sufficient voltage required for the desired application.

Although there are many alternative methods to extend
the PDR of the rectifier as reported in [107]-[112], these
enhancement techniques, which are realized from using dis-
crete components rather than integrated circuits, are not
included in this review because the scope of this review is
focused on the implementation of CMOS technology which
has a leading edge in terms of the form factor, scalabil-
ity and flexibility in designing the RFEH system for low
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power applications. Not to mention that the threshold voltage
of the transistor could be reduced by using an advanced
CMOS technology node which has a shorter transistor chan-
nel length and lowers power consumption. Consequently, this
will further improve the performance of the rectifier but with
an increase in fabrication costs and tend to be more exposed
to reverse leakages as the tradeoff.

The test bench for RF characterization may vary depending
on the operating frequencies and the performance param-
eters. Generally, the device under test (DUT), namely the
RFEH circuit is tested using the on-chip wafer probing
or is embedded within a test fixture via the printed cir-
cuit board (PCB) to enable the characterization through the
test equipment such as the vector network analyzer (VNA).
To measure the frequency-dependent input scattering param-
eters (S-parameters), the VNA injects RF into one port and
measures the RF reflected from that port. However, the
quality and the accuracy of the measured S-parameters can
be affected by the discontinuities introduced in the on-chip
probes and test fixtures, especially at high frequencies [113].
These measurement errors can be mathematically removed
by performing proper calibration and de-embedding process.

The typical measurement setup reported in the published
works consists of a VNA, RF signal generator, oscilloscope
and a digital multimeter. For on-chip measurements con-
ducted in [17], [89], [94], [96], [99], [100], a wafer probing is
adopted for on-chip characterization. Upon sweeping a wide
range of RF input with the output load at the operating fre-
quency, the corresponding output voltage and S-parameters
are measured using on-chip probing. The de-embedding pro-
cess for the on-chip measurement is accomplished by setting
the reference plane to be at the on-chip pads of the rectifier
input and the calibration is done at the probe tips. The net
RF input power delivered to the rectifier after considering
the reflection and transmission losses can be derived from the
equation in [17], [100]:

Prec = Psource — IOIOg |S11|2 (13)

where Pgrpc (dBm) is the net RF input power delivered
to the rectifier, Pgyyce (dBm) is the RF power gener-
ated from the signal generator, and S1; is the S-parameter
of the rectifier input measured using the VNA. Alterna-
tively, chip on board (CoB) based measurement is reported
in [65], [66], [91]-[93], [95], [97], [101]-[105]. In CoB
measurement setup, off-chip components can be intercon-
nected on PCB such as antenna [92], impedance matching cir-
cuit [91], [95], [101] or additional control pins [65], [66], [97]
depending on the characterization condition of the proposed
design. Similarly, calibration is undertaken at the connection
terminals of the test fixture whereby the reference plane
is shifted to the ports of the test fixture. De-embedding is
performed to compensate for the effects of the test fixture
used in the measurement up to the DUT connection point. 2x
Thru de-embedding is an example of a popular de-embedding
methodology used for CoB measurement due to its accuracy
and simplicity [114]. By modeling the test fixture, the effects
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of the fixture are subtracted from the measurement results
through de-embedding and the net input power is determined
by referring to the equation in (13) which can be expressed
as:

Prec = Psource — Linsertion — 1010g |S11 |2 (14)

where Prgc (dBm) is the net RF input power delivered to
the rectifier, Psource (ABm) is the RF power generated from
the signal generator, Li,serion (dB) is the insertion loss and
S11 is the S-parameter of the rectifier input measured using
the VNA.

As of recently reported work, the proposed designs which
can extend the PDR of the rectifier for more than 20 dB are
reported in [90], [100]. The adoption of both Dickson and
CCDD rectifiers in the dual-input design [90] helps to out-
perform other reported works by leveraging the advantages
of both of the rectifiers. Similarly, the outperformance of the
dual-mode nested rectifier design in [100] compared to
the other published works is dedicated to the adaption of the
self-biasing technique whereby the conductivity of the recti-
fier during low power operation is enhanced while reducing
the reverse leakage current during high power operation by
dynamically biasing the rectifying transistors using a dual-
mode nested feedback circuit. In terms of the rectifier’s FoM,
the dual-mode nested design in [100] also has the highest
FoM among the other recently published designs. Although
the higher FoM may imply greater merit in the rectifier PDR
extension techniques, it hardly reflects the suitability and
practicality of the RFEH system design due to the highly
varied output load range and the availability of the selected
frequency for RFEH depending on the IoE applications.
Therefore, it is difficult to use FoM for benchmarking and
comparing the performance of the rectifier fairly. As for the
performance benchmark, the proposed rectifier must be able
to simultaneously achieve high peak PCE, good sensitivity
and wide PDR. Some viewpoints are put forward on the
RFEH design further outlook in the next section.

V. RFEH DESIGN FURTHER OUTLOOK

Although many state-of-the-art rectifier’s PDR extension
techniques have been reviewed and discussed in this article,
designers should also consider other design aspects which can
also contribute to the overall performance improvement of the
RFEH system.

To improve the sensitivity, an antenna-rectifier co-design
has been proposed in [83], [115]-[120] to reduce the min-
imum input RF power required in generating the targeted
output voltage. This is achieved by resonating the antenna
inductance and the rectifier input capacitance to boost the
input signal into a larger voltage swing at the input of the
rectifier [83], [116]. Fig. 7(a) illustrates a simplified dia-
gram of the antenna-rectifier co-design. The elimination of
the impedance matching network in the proposed antenna-
rectifier co-design reduces the circuit complexity and costs
while improving the sensitivity, thereby extending the range
of operation and PDR of the RFEH system. An optimized
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TABLE 3. Performance summary and comparison of recently published works on wide PDR RFEH rectifier.

. PDR e
Ref. }:Icnh) (Fl\‘/i.le{qé) ]l?:;(t:lt; g} N Extension Olil(:ggt Voc Se:ts llt l;’,l ty Peak PCE 1()(;)Bl§ F(::M
Technique
n7p | 180 | 900 | ccpp | 1 | Dowblessided ya010 113y | s182dBm | 07 @ | 135 | 201
self-biasing -18.5 dBm
. 82% @
[65] 350 13.56 CCDD 1 Reconfigurable | 500Q | 22V 3 dBm 3 dbm 12 4.2
. -177dBm | 36.5% @
[66] 65 900 CCDD 5 Dual-path 147kQ | 2.8V for 0 O ~10 dBm 11 1.8
0,
[897° | 180 433 CCDD 1 Self-biasing 100kQ | 1.6V | -17dBm 5% @ 14 14
-18 dBm
. Dickson/ . -20.6 dBm | 47.87% @
[90] 65 953 CCDD 4/4 Dual-input 150kQ | 55V for 100kQ | -19 dBm 25 6.8
. . -20.2 dBm 33% @
[91] 180 902 Dickson 2 Reconfigurable | 200kQ | 4V for 1 MO 2 dBm 13 4.8
2-3-
. . -17.8 dBm | 34.4% @
92]° -6-
[92] 180 915 Dickson 41§ Reconfigurable | 10kQ | 22V for 1 MQ 1.3 dBm 13 0.8
=)= 0,
[93]° 130 820 Dickson 1-2 Reconfigurable | 4.7 kQ Y -3 dBm 39% @ 14 1.5
4-8 -5 dBm
=)= 0,
[941° 180 915 Dickson 1-2 Reconfigurable | 1 MQ 1.8V | -14.8 dBm 25% @ 10 0.7
4-8 -5 dBm
. -21 dBm 60% @
95]°
[95] 130 868 CCDD 2 Reconfigurable n.a. 2V @2V -8 dBm 19 12.8
o,
[961° 65 5750 | Class-DE 1 Bidirectional 400 Q n.a. -10 dBm 5,52(1/]3% 19 30.2
o,
[971° | 350 13.56 CCDD 2-3 | Reconfigurable | 2 kQ 5V 3 dBm 776d/]03n@1 15 1.6
. . 65% @
[98] 180 1000 CCDD 1 Self-biasing 100kQ | 1.5V | -18dBm 21 dBm 17 | 254
- - o,
[99P | 130 | 900 | CCDD | 3 Selfbody- | 15010 | 24v | -18.7dBm | 393%@ | 145 | g3
biasing -17 dBm
- o,
(00 | 65 433 CCDD | 1 Dual-mode | 45010 | 1.1v | -192dBm | 367 @ | 26 | 433
nested -20 dBm
Optimum 51% @
[to1y | 130 896 Dickson 4 voltage IMQ | 65V | -22dBm 11 c(iBm 10.5 3
compensation
) Threshold -29 dBm 42.4% @
[102] 130 915 CCDD 10 voltage 450kQ | 3V for 100 8 0.8
. -16 dBm
compensation MQ
i DC-boosted -12 dBm 73.6% @
103]°
[103] 65 2450 CCDD 2 gate bias 13.8kQ | 29V for o O "6 dBm 15 14.8
MPPT
. L -17.1dBm | 48.3% @
[104] 65 2450 CCDD 1 modgl}ng and n.a. 1V @ 0.4V 3 dBm 11 14.3
parasitic aware
. _ o,
nost | 180 | 2400 | ccpp | 3 | Resistance ogyo | gy | C16dBmop47I%@ |0 g,
compression for o Q -6 dBm

2Simulation; *On-chip measurement; “CoB measurement; *Calculated using equation (11)
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FIGURE 7. Simplified block diagram of RFEH design further outlook. (a) Antenna-rectifier co-design [116], [120]. (b) Integration of PMU with
MPPT [132]. (c) RF combiner in multiband RFEH system [121]. (d) DC combiner in multiband RFEH system [121].

design methodology is critical to ensure the antenna-rectifier
co-design is integrated and matched perfectly to avoid any
loss.

To fully utilize the available ambient RF energy
for harvesting, numerous research work has been car-
ried out on wideband or multiband ambient RFEH sys-
tems [49], [60], [121]-[126] to overcome the limitation
of narrowband RFEH. It is evident from the RF surveys
that there are a few different frequency bands that have
shown promising power density depending on the harvest
location. As more power is harvested from these frequency
bands, the efficiency of the RFEH system can be relatively
better. RF combiner and DC combiner are the two circuit
architectures that are used for multiband RFEH as shown
in Fig. 7(c) and Fig. 7(d), respectively. An investigation has
been made in [121] to discuss their advantages and disad-
vantages for multiband RFEH. Nevertheless, when design-
ing a multiband RFEH system, suitable circuit architecture
is chosen based on their desired applications for reliable
operation and high efficiency with the selection criterion
such as frequency, transistor’s threshold voltage, design
tradeoffs, etc.

Apart from that, a power management unit (PMU) can be
integrated into the RFEH system to regulate and manage the
output voltage of the rectifier. Voltage regulator [127], [128]
is included in the PMU to smooth the rectified voltage
fluctuations caused by the varying RF input power density.
If the rectifier output voltage is too low for the desired
application, it can be boosted using a low-startup DC-DC
converter [129]-[131] in the PMU to generate a usable output
voltage. To ensure that the power is being harvested at max-
imum efficiency, an MPPT circuit is implemented in [132]
to control the switching frequency of the DC-DC converter
and the configuration of the impedance matching network for
optimizing the performance of the RFEH system, as shown
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in Fig. 7(b). Lastly, a storage element can also be integrated
into PMU to store the harvested power.

VI. CONCLUSION

This article has presented a review of the recent research
progress of the CMOS RF-DC rectifier for RFEH sys-
tem based on its PDR performance. The review covers the
transmission of the RF power to provide an understanding
of the varying nature of the available ambient RF power.
An overview of the RFEH front-end circuit is included to
discuss the characteristics of each of the main circuit com-
ponents with their design consideration, challenge, and lim-
itation. The performances of prior state-of-the-art wide PDR
CMOS rectifiers are summarized and compared to investigate
the development of the circuit design techniques. A section on
the RFEH design further outlook has also been presented to
explore other design aspects which contribute to the overall
performance enhancement of the RFEH system. In addition,
the de-embedding process to accurately measure the designed
rectifiers is explained. To endure a high PCE over a wide
range of RF input power densities, the PDR extension tech-
nique for the CMOS RF-DC rectifier has been the recent
research interest and direction to enable power autonomous
ubiquitous devices in IoE applications.
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