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Design of High-Efficiency Microwatt RF Energy
Harvesting System

Lanyu Li

Abstract—A radio frequency energy harvesting (RFEH) system
can harvest and utilize radio frequency (RF) energy in the natural
environment. The fully integrated circuit of the RFEH system with
the ultralow power consumption is designed and implemented
in this article, including the receiving antenna, matching circuit,
RF-dc rectifier circuit, and power management unit. The key pa-
rameters are calculated and simulated, and the power consumption
model of the system is established. Optimization of the power
consumption is conducted. The overall power conversion efficiency
of the microwatt-level RFEH system is 31.77 %, which has potential
application in fields, such as wireless energy transmission and
portable device power supply. The circuit is designed and imple-
mented based on Taiwan semiconductor manufacturing company
limited (TSMC) CMOS 0.18-4m technology.

Index Terms—Power conversion efficiency (PCE), power
management unit (PMU), radio frequency energy harvesting
(RFEH), receiving antenna, RF-dc rectifier.

1. INTRODUCTION

ADIO frequency (RF) energy harvesting technology can
R convert radio signals in the surrounding environment into
the harvested electrical energy. At present, research on radio fre-
quency energy harvesting (RFEH) system has made significant
progress [1]. Based on the electromagnetic induction of radio
waves, the RFEH system receives radio signals and converts
them into dc power. The research on the RFEH system includes
antenna design, energy conversion circuit design, energy man-
agement, and power transmission [2].

In recent years, RFEH technology has undergone rapid
development, with obvious improvements in the energy level
and the harvesting efficiency. Nowadays, RFEH system can
be commonly used for self-powered low-power device and
wireless sensor node. In [3], the RFEH system can provide dc
current for wireless Internet of Things (IoT) devices. Installing
infrared sensors on IoT sensing nodes, such as smart homes,
can automatically control the switch of corridor light [4].
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Sensor nodes applied to human LAN can assist in monitoring
health status and predicting disease occurrence [5]. In [6], the
RFEH system is used in power implanted biomedical devices,
eliminating the need for frequent battery replacement surgeries
and alleviating patient pain. The RFEH system can also be
used to collect data, such as temperature, mineral content,
and soil moisture. In [7], the receiving antenna, smart meter,
and LCD display are connected and powered by the wireless
RFEH system. The RFEH technology is also involved in the
applications of optical detectors, remote base station weather
prediction, and military monitoring.

Efforts have been reported to design a fully integrated RFEH
system [8], [9], [10], [11]. Currently, there are some works
on the adoption of multiband RFEH, which is considered as
a promising solution to improve the practicality and efficiency
of the harvesting system [8], [12], [13], [14], [15]. Current
state-of-the-art multiband RFEH adopting CMOS technology
requires the integration of nonmonolithic aids, such as trans-
mission line impedance matching network and antenna codesign
to match the RF-dc rectifier [8], [12], [13], [14], [15]. A fully
integrated solution is desirable without constraints in the reliance
on external components. In this article, to investigate the fully
integrated solution, a single-band RFEH system, which can be
fully integrated, is designed and implemented.

For the application of RF harvesting systems, it tends to be
developed toward smaller and lighter with more multifunctional.
Antenna is moving from external to internal and very sensitive
to size and function. For antennas to satisfy the requirements
of the current market, they must be compact with smaller size.
High-performing antennas with simple structures are focused.
One candidate is the planar inverted-F antenna (PIFA). A PIFA
is composed of a ground plane, radiation plane, feed line, and
short pin. Because it operates at a resonant length of A/4, it is
highly conductive to a small and lightweight design, and thus
well suited for use as an internal antenna [16], [17].

In the designed RFEH system, the matching circuit is nec-
essary for circuit startup and maximum power transmission.
An impedance transformation network that converts the input
impedance of the antenna into the matching impedance of the
rectifier for the maximum power transmission is required. A
shunt-inductor power-matching network between the antenna
and the voltage rectifier is employed to resonate out the capac-
itive part of the input impedance of the antenna. At the same
time, the impedance imaginary part coefficients of the antenna
and the rectifier circuit can be adjusted accordingly [18], [19].

There are different types of matching networks, such as
L-network [11], transformer matching network [18], and
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Chebyshev matching network [20]. The Chebyshev network
can provide wideband matching but increases parasitic losses
due to a larger number of passive components [20], [21]. The
transformer matching provides compact sizing but requires a
large turn ratio and high mutual inductance [18]. The L-network
offers a more compact size with fewer passive components,
reducing parasitic losses. It also has a straightforward design
process [13], [19], [22], [23], [24], [25], [26], [27], [28]. The
performance of the receiving antenna in the RFEH system is
crucial. High gain and miniaturized antennae are highly required
by the RFEH system. The RF signal is very low, stochastically
scattered across multiple frequency bands. The tradeoff between
the high gain and miniaturization is quite challenging. In this
article, an L-type high-pass matching circuit is adopted in the
system. The relevant design is shown in Section III.

The performance of the rectifier circuit in the RFEH system is
important. The RF-dc rectifier circuit should have low-threshold
loss, high output voltage, and high-power conversion efficiency
(PCE) performance. In order to reduce the threshold voltage
of the rectifier device, the external power source is always
needed [29]. To get rid of the external power, a number of
threshold voltage compensation techniques for the rectifier have
been proposed in order to increase the efficiency of the RF
energy harvesters. Schottky diodes [29] or HSMS diodes [30]
are used to implement the rectifier circuit. The drawbacks of
these techniques are high cost caused by the additional fabri-
cation steps and integration with the standard CMOS-integrated
circuits. The active threshold voltage compensation method pro-
posed in [31] requires an external battery, which is inconvenient
for application or maintenance. The scheme proposed in [32]
uses auxiliary transistors to control the gate-source voltage of
the rectifying devices. A differential dual-path CMOS rectifier
described in [33] employs an adaptive control circuit to con-
trol both high-power path and low-power path over extending
input power range. However, the power efficiency is always
degraded by the parasitic capacitances of the multiple paths.
A hybrid threshold voltage employs P-channel metal-oxide-
semiconductor (PMOS) transistors as rectifying devices in recti-
fier’s stages except in the first stage in order to eliminate the need
of N-channel metal-oxide-semiconductor (NMOS) triple-well
transistors [34]. A dual-band rectifier is reported in [35] to im-
plement an internal threshold voltage compensation technique.
A differential cross-coupled rectifier [36] can compensate the
threshold voltage of the rectifying devices and suppress the
leakage current. A self-biasing circuitin [37] provides dc biasing
voltage by using an off-chip impedance resistive network.

In order to improve the output voltage level of RF-dc voltage
doubling rectifier circuit, several or even dozens of stages of
rectifier circuit structure are usually required. However, external
power supply and multilevel structure could increase the reverse
leakage current of the rectifier device, causing a decrease in PCE.
In this article, a novel synchronous self-threshold voltage dou-
bling rectifier circuit is proposed, showing high power efficiency
and high output voltage. The details are listed in Section V.

Based on the designed RFEH system, an appropriate voltage
should be provided as the power supply for the IoTs system,
in which specific voltages are required for the microcontrollers,
sensors, and wireless communication modules. In this sense,
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voltage limiting is required in RFEH system to ensure the
long-term reliability of the circuit [38], [39], [40]. Valenta
and Durgin [30] show achievements on triband ambient RF
energy harvesting system. In the proposed system, the voltage
monitor with a novel structure is proposed, with the merits of
ultralow power consumption (<0.021 W) and small layout area
(0.37 mm?). It shows potential applications in IoTs’ systems.

In this article, the hysteresis control circuit combined with
low dropout (LDO) is adopted for the voltage divider. One of
the benefits of the hysteresis control is that it can provide high-
voltage protection. At the same time, the limiting voltage can
be adjusted for various applications by varying the divider ratio.
The LDO regulator is designed in this article to filter out the
ripple and provide a stable output voltage for external loading.

For the ultralow power operation system, self-start of the
RFEH system is one of the prerequisites for design. At the
microwatt power level, the system’s operating voltage is at a
very low level. However, if the input power is nonsufficient, the
circuit cannot be operated successfully. Therefore, it is necessary
to reduce the startup threshold of the RFEH system and reduce
system power loss. The so-called “cold-start” technology is
adopted in the RFEH system for reliable start-up operation with
low-level power [41]. Recently, a ring oscillator-based cold-start
system has aroused much interest in the energy harvesting
system. Because of the delicate power supply characteristics
and the vulnerability to MOS device noise, the ring oscillator
for the cold start is studied intensively.

In order to smooth the vibration of the ring oscillator and make
it suitable for the integration in the standard CMOS technology,
researchers attempted to use intrinsic transistors to construct the
oscillator [41]. In 2015, Ashraf and Masoumi [42] proposed
a complete energy harvesting power supply for implantable
pacemakers. A forward body bias strategy was used to reduce
the startup voltage of the ring oscillator, allowing the circuit
to be started at 60 mV. However, the ring oscillator cannot
be operated on the process corners. Dezyani et al. [43] pro-
posed a new process-tolerant inverter unit for the ring oscillator.
This method does not need postfabrication or trimming, and is
compatible with the standard CMOS technology. With an input
voltage as low as 60 mV, the harvesting system can be operated
with 4.5-pW output power. Bose and Johnston [44] proposed a
modified ring oscillator architecture with triple-stacked inverter
delay elements, in which the oscillator can be started as low as
50 mV.

A fully integrated RFEH system is designed in this article.

The rest of this article is organized as follows. Section II
describes the structure of the proposed RFEH system and the
functions of each module. Section III introduces the receiving
antenna and the matching circuit. Section IV provides the circuit
of synchronous self-threshold compensation voltage doubling
rectifier circuit. Section V introduces the designed power man-
agement unit (PMU) for maximum power transmission. Finally,
Section VI concludes this article.

II. PROPOSED RFEH SYSTEM

Fig. 1 illustrates the overall structure diagram of the RFEH
system, showing the specific energy conversion process of RF-dc
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Fig. 1. Schematic of the RFEH system.

and the output voltage waveforms of the key nodes. The whole
system is divided into five parts, including the receiving antenna,
the matching circuit, the rectifier, the PMU, and the subsequent
energy storage application module.

As shown in Fig. 1, the antenna can be used to collect RF
energy in the environment. The harvested RF signal would be
transmitted into the matching circuit for the impedance transfor-
mation. The matching circuit can ensure the maximum power
transmission between the receiving antenna and the rectifier
circuit, minimizing transmission loss as much as possible. The
rectifier circuit can convert the ac signal into dc signal, where
performance directly determines the efficiency and the sensitiv-
ity of the system. The electrical signal from the rectifier circuit
is stabilized by the energy management unit (PMU) to achieve
end-to-end maximum power transmission. Finally, the transmit-
ted energy is stored or directly supplied to the application load.

There are four main parameters to evaluate the performance
of the RFEH system, including the PCE, the sensitivity, the
dynamic range of input signal, and the output voltage. This
article focuses on optimizing the PCE of the RFEH system.
PCE is generally defined as the ratio of output dc power (PouT)
to input RF power (Pn). In this article, the overall PCE is
determined by the product of the antenna efficiency PCE,,,,
the rectification circuit efficiency PCE,,., the matching circuit
efficiency PCE,,,, and the PMU efficiency PCE,

P,
PCE = ;’UT = PCE,, X PCEy x PCE,, X PCE,. (1)
IN

III. RECEIVING ANTENNA AND MATCHING CIRCUIT
A. Receiving Antenna

The PIFA shows the merits of high gain, high efficiency, and
small size, which is commonly used as the receiving antenna in
the global system for mobile communication (GSM) 900 band.
The PIFA is an improved microstrip rectangular antenna [45],
with its basic structure, as shown in Fig. 2. The meanings of the
key parameters are listed in Table 1.

As shown in Fig. 2, the radiating metal sheet is parallel to
the grounding plane (reflecting surface), while they are short
connected by the short-circuit metal sheet. The purpose of the
short-circuit metal sheet is to reduce the sensitivity of the antenna
to ground so that the PIFA antenna can be resonated at A /4 points
for better load matching. The coaxial feeding is used in the PIFA
antenna. The feeding point of the coaxial line is determined by
the impedance matching of the subsequent rectification circuit.
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Fig. 2. Structure of the proposed PIFA. (a) Theoretical model. (b) HFSS
model.
TABLE I
LISTS OF KEY PARAMETERS OF PIFA ANTENNA
Parameters Parameter Meaning
H Height
L, Radiant metal sheet length
W, Radiant metal sheet width
Xe X coordinate of the vertex of the grounding plane
Y, Y coordinate of the vertex of the grounding plane
L, Length of grounding plane
W, Width of grounding plane
Xy X-axis center coordinates of the coaxial line
Y Y-axis center coordinates of the coaxial line
X Distance from short-circuit metal sheet to the upper
edge of radiation metal sheet
SW Width of short-circuit metal sheet
T Inner core radius of coaxial feeder
Ty Coaxial feeder outer diameter
Simulated
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Fig. 3.  S11 parameter of the PIFA antenna.

The coaxial feeding can achieve the collaborative design of
impedance matching circuit and rectification circuit, showing
good voltage standing wave ratio (VSWR) parameter results.

The insulating media is added between the radiating metal
sheet and the grounding plane. The selection of insulation mate-
rials is critical. If the dielectric constant of the insulation layer is
high, the size of the PIFA antenna can be reduced. However, the
medium with a smaller dielectric constant can generate better
radiation.

An optimization process is conducted on the antenna design.
Fig. 3 shows the waveform of optimized S;; parameters, in-
cluding the simulation and the measurement results. It shows
that S1; = —29 dB at 900 MHz. The antenna design meets
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the bandwidth requirements of GSM 900, with a bandwidth of
130 MHz (840-970 MHz) for S1; <—10 dB.

The antenna shows the maximum gain of 3.2 dBi vertically
above the radiating metal plate (m1). The antenna efficiency can
be represented by the following equation:

P, Pr—-P,

PCE,, = P, Pn 2)
where Pp, is the input power, P,, is the antenna output power, and
P, is the power reflected by the antenna. P, can be calculated
by the VSWR coefficient of the antenna, and the ratio k of the
reflected voltage to the incident voltage can be determined by
VSWR. k? is the percentage of P,.in Px.

The relationship between k and VSWR is given as follows:

1+k
VSWR = - (3)

Based on the simulation results, at the center frequency of
900 MHz, VSWR = 0.6.

With the results of VSWR and (2) and (3), it can be calculated
that k = —1/4 (The negative value indicates the opposite phase),
and the reflected power accounts for 1/16 of the input power.
Therefore, the efficiency of the PIFA is PCE,, = 93%. It is
necessary to calculate the equivalent collection voltage Vi of
the PIFA antenna to determine the input voltage of the matching
circuit and prepare for the design of subsequent circuits. Ac-
cording to (4), the RF power collected by the antenna can be
calculated as P;, = —6 dBm. The conversion of power values
is given as follows:

P (W)
P(dBm) = 101g ( (W) > . “)

It can be concluded that the energy harvested by the antenna
is approximately 251 pW.

Assuming the antenna’s reactance Z, = Rant + J Xant, and
the input reactance Zi, = Rj, + jXin, the equivalent voltage
value Vip can be obtained from the following equation:

1 .

Py = 9 Re (Viy - iin) ()
1 (V2 (Ra—jXi

Py = Re(RF(Rn : 2“)) ©)
2 |Zam + Zin‘
1 ViZ - Ri

Py= o 5 7
2 (Rant + Rin) + (Xam + Xin)
Vi3 Zin— 25, P

P = RF 1— n ant 8

' 8Rin ( ’ Zin + Zant ) ( )

where Vi, is the peak voltage at the matching circuit’s input,
and i;,, is the peak current flowing between the antenna and the
matching circuit. Vi is the peak source voltage that would
be observed if there is no load on the antenna. With the power
available from the antenna being

V2
Pin — RF 9
SR ©))
Vip = /8% R+ Py = 300 mV. (10)
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Fig. 4. LC matching circuit structure. (a) L-type high-pass matching circuit.
(b) Equivalent blocking diagram of the matching circuit.

B. Matching Circuit

Power matching and gain boosting can be achieved simul-
taneously by inserting a passive impedance transformation net-
work consisting of a spiral inductor and a metal—insulator—metal
capacitor between the antenna and the multiplier, as shown in
Fig. 4(a) [18]. The functionality of the impedance transformation
network is twofold: First, to provide matching impedance to the
antenna in order to maximize the power transmission from the
antenna to the rectifier at the carrier frequency, and second, to
resonate at the carrier frequency such that the voltage at the
output of the impedance transformation network is maximized.

Fig. 4(b) shows the equivalent block diagram of the L-type
high-pass matching circuit. In the figure, Rp = 50 €2, which
is the characteristic impedance of the antenna. R denotes the
equivalent input resistance of the rectifier circuit, L and C
denote the inductance and capacitance of the matching circuit,
Vrr denotes the RF voltage harvested by the antenna, and Viyn
denotes the matched input voltage of the rectifier circuit.

The relationship between Vi and Vin can be derived by

el

Vin = Vi .
N RFM%‘|R+RO 1 jwL

an

Passive amplification is the optimal voltage gain when max-
imum power transfer occurs, which enhances the sensitivity of
the system at the matched desired frequency. To achieve the
matching, the impedance of the antenna and the LC matching
network needs to be in complex conjugate with the rectifier’s
impedance, when the source and the load resistances are equal,
and the imaginary components are conjugate [18]. As shown in
Fig. 4(b), the following conditions should be satisfied:

R
Fo = 1+ w2R2C? (12)
R?*C
S 1
1+ w2R2C? (13)

The Smith impedance chart is shown in Fig. 5(a). Fig. 5(b)
shows the simulation and the measurement results of S7; param-
eter. It can be seen that the L-type high-pass matching circuit
can make the entire circuit resonance at 900 MHz, achieving
the effect of maximum power transmission. After verifying the
theoretical values through simulation, the results, as shown in
Fig. 6, are obtained. The matched circuit can amplify the small
RF signal voltage from 300 mV to 1.04 V, which is greater than
the threshold voltage of the rectifier transistor and can be used
to start the rectifier circuit effectively.
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Fig.5. Simulation and measurement results of the matching circuit. (a) Smith
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Fig. 6. Signal amplification results of impedance matching circuit.

IV. SYNCHRONOUS RF-DC RECTIFIER

Fig. 7 shows the iterative process of the synchronous threshold
compensation RF-dc rectifier circuit [46]. Based on the tradi-
tional rectifier, as shown in Fig. 7(a), two voltage adjustable
self-threshold compensation modules are provided to compen-
sate NMOS2 and PMOS?2 transistors, as shown in Fig. 7(b).
The voltage sharing structure enables the circuit to obtain the
accurate compensation values under low RF input voltage and
power, reducing the equivalent conduction threshold loss of
the rectifier circuit. However, the compensation voltage of this
structure is obtained by copying V. from the current mirror. This
could cause a sharp increase in reverse leakage current during
the sleep duty, which would degrade the PCE.

In order to control the operation time of the threshold voltage
compensation, the circuit in Fig. 7(c) is designed with two
switches M o and M po, which control the threshold compensa-
tion modules 1 and 2, separately. The periodic operation of the
switching transistors can suppress the reverse leakage current
of rectifying transistors during nonoperating periods. However,
the compensation voltages in the structure are provided by an
external supply, affecting the circuit’s PCE.

Fig. 7(d) shows the circuit diagram of the proposed syn-
chronous self-threshold compensation RF-dc rectifier circuit
[46]. In the structure, no external voltage bias is needed. The
input voltage Viy is directly connected with the switching tran-
sistor, meaning that the working state of the switch transistor is
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periodically changed with the input signal. The two rectifying
transistors are synchronized with the operation of the switching
transistors, effectively reducing reverse leakage current.

The synchronous rectifier can be serially connected in mul-
tilevel mode to achieve higher output voltage, as shown in
Fig. 7(e). The number of stages in the rectifier circuit is a
key parameter for the RF energy harvesting, and the optimal
point should be determined to obtain the maximum PCE. As the
number of stages of the rectifier circuit increases, the gain of
the output dc level and the voltage multiplication reaches the
optimal point. In addition, as the number of stages increases,
the peak of PCE shifts toward higher power values. In this
article, the three-level rectifier circuit is used to provide power
for subsequent circuits.

The operating states of the switching transistors and the
impacts on the steady-state voltages of the voltage doubling
capacitors are summarized in Table II. The input signal is used
to control the periodic operation of the switching transistor to
generate threshold compensation voltage, to achieve voltage
doubling, and to obtain higher voltage with less loss.

The results of the proposed rectifier circuit are shown in Fig. 8.
Fig. 8(a) shows the process corner results of the output voltage of
the synchronous self-threshold compensation voltage doubling
rectifier circuit without load. The output voltage reaches 1.9V,
with the error less than 0.16 V.

The specific parameters should be optimized to achieve the
maximum PCE under fixed input power and loads. Fig. 8(b)
shows the influences of the load impedances and the input power
values on the output voltage. The adopted loads are based on
the typical values of RFEH sensor nodes, RFID nodes, and test
nodes, with storage capacitors of 10 pF. As shown in Fig. 8(b),
the larger the load, the higher the output voltage could be.

The influence of input power and load value on PCE of the
rectifier is shown in Fig. 8(c). There is an optimal load value
and input power value for the maximized PCE value. With the
condition of P;,, = —6 dBm, the PCE is maximized when there
is an optimal load of 80 k2. Taking into account the peak PCE
value and the output voltage, at the fixed input power of —6 dBm,
the load impedance is determined to be 80 k{2, and the load
capacitance is 10 pF.

Fig. 8(d) shows the simulation results of the output voltage
of four circuits [see Fig. 7(a), (b), (d), and (e)]. Consistent with
theoretical analysis, for a fixed load of 80 k2, through iterative
optimization, the peak output voltage changes from 1.1 V (V42)
to 1.4 V (Vouta), with a voltage ripple range of 0.0021-0.0075 V.
The PCE values of the iterative rectifiers are shown in Fig. 8(e).

The reverse leakage current waveform of the rectifier transis-
toris shown in Fig. 8(f). The leakage current of PMOS2 is greater
than 70 pA, which would deteriorate the circuit efficiency.
Compared with the circuit, as shown in Fig. 7(b), the leakage
current only occurs during the transient period of reverse input
signal change. Therefore, the designed rectifier can suppress the
reverse leakage current efficiently, with 16.24 A and 15.24 A
in an alternate manner. During nonoperating time, the rectifier
transistor can be considered completely closed.

For the circuit structure, as shown in Fig. 7(d), the compensa-
tion voltage simulation results are shown in Fig. 8(f). When the
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Fig.7. Proposed rectify circuit with the iterative process. (a) Traditional voltage doubling rectifier circuit. (b) First conceptual design with the dividing resistances.

(c) Second improvement with the added external supplied switches. (d) Proposed circuit diagram with the synchronous switching threshold compensation.

(e) Three-stage RF-DC rectifier circuit.

TABLE II
MOS SWITCHES AND THEIR EFFECTS ON CAPACITOR VOLTAGE UNDER STEADY STATE
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(a) Process corners simulation of output voltage. (b) Relationship between output voltage V¢ and input power Piy,. (c) Impact of input power and load

resistance on PCE. (d) Four key output voltages. Insets show the zoom-in curves for clear observation. (e) PCE values of the iterative rectifiers. (f) Comparison
of the reverse leakage currents of the rectifying transistors. In the figure, PMOS2/NMOS2 in Fig. 7(b), PMOS3/NMOS3 in Fig. 7(d), and PMOS4/NMOS4 in

Fig. 7(e).
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TABLE IIT
POWER CONSUMPTION OF THE COMPONENTS IN THE PROPOSED RF-DC
RECTIFIER [SEE FIG. 7(D)]

Components Power Consumption (W)
Si(Mn1) 2.53
S>(Mp2) 2.41
C 0.5
C, 0.5
R, 5
Rz 3
Ry 24.85

input signal is in a negative period, the rectifier transistor M
is in the operating region, with a threshold voltage of 0.47 V.
V2 plays an important role in reducing the effective threshold
voltage of M yg. As shown in the figure, the peak value of Vo
is 0.52 'V, which can compensate the forward conduction loss of
M no. Similarly, the peak value of the compensation voltage V1
generated by M p; is 0.57 V, which can effectively compensate
the threshold loss of M p(. During the periodic switching period
of the rectifier transistor, two compensation voltages V1 and
Vo can compensate the forward conduction threshold voltage
of M pg and M yg to be close to zero.

The synchronous self-threshold voltage doubling rectifier cir-
cuit designed in this article shows the highest PCE and output
voltage.

The calculation method for the rectification circuit’s PCE is
given as follows:

pep = Four _ DCpower 7 [vow doudt
PN RFpower 7 [ Vin - Gindt
in which
17 Vi Iom
P]N(Rp) = ? gViN (t) X IIN (t) dt = T (1 — COSQ(UQt)
=42.75 yW (15)
V2
Pour = EUT = 24.85 pW (16)
L
P — Poss P
PCE = “N 7l 0 100% = ~ 2T « 100% ~ 58%.
IN IN

7)

Based on the calculated results, the power consumptions of
each component in the proposed RF-dc rectifier [as shown in
Fig. 7(d)] are shown in Table III.

The power consumptions of R; and Ry are 5 uW and 3 uW,
separately, corresponding to 13% and 8% of the overall power
consumption of the RF-dc rectifier. The pie chart clearly shows
the percentages of the components, as shown in Fig. 9. Although
there are power consumptions on R and R», the power efficiency
of the rectifier can be 58%, which is compatible with the other
published results [47], [48], [49], [50], [51], [52], [53]. Table IV
depicts the comparison results of the key parameters of the RF-dc
rectifiers. It can be seen that the leakage current is 16 pA. The
effective threshold voltage is near zero.

Fig. 10(a) depicts the rectifier’s simulated and measured re-
flection coefficient at different input power levels from —40
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Fig. 9. Pie chart of power consumption of the components in the proposed
RF-DC rectifier, as shown in Fig. 7(d).
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Fig. 10.  Reflection coefficient of the proposed synchronous rectifier. (a) Dif-
ferent input RF power levels from —40 to +10 dBm. (b) Different frequency
band at —5 dBm.

to +10 dBm, with the step of 2.5 dBm. Reasonable agree-
ment between simulation and measurement results is achieved
at 900 MHz. Moreover, the simulation and the measurement
reflection coefficients at the GSM frequency band are shown
in Fig. 10(b). In order to demonstrate the impedance matching
bandwidth of the rectifier at desired frequency bands, the cor-
responding power level to the minimum reflection coefficient
is chosen as the input power [—5 dBm at 900 MHz based on
Fig. 10(a)]. It shows the fractional bandwidth of 21% at the
GSM band. It can be observed that the proposed rectifier has an
acceptable impedance matching.
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TABLE IV
COMPARISON OF THE KEY PARAMETERS OF THE RF-DC RECTIFIERS

Parameters [48] [49] [50] [51] [52] [53] [54] This work
Technology node(nm) 350 180 250 130 180 180 180 65
Frequency(MHz) 13.56 13.56 915 915 902 902 902 900
Number of Stages 1 5 3-5 6 NA NA NA 3
Input voltage/Power 1.5-2V —8.86 dBm 2V 800 mV -8 dBm 63.25 mV 6 dBm 300 mV
Output voltage(V) 2-3.6 2.71 0.6 1.8 3 1.2 3 1.4
Load(KQ) 100 80 1000 1000 1000 1000 5 80
Leakage Current (LA) NA 139 50 NA NA NA NA 16
Effective Threshold 0.7 0229 NA NA NA 0.4 NA 0.05
Voltage (V)
PCE(%) 70 56 29 27 33 41 46 58
—| Boost can raise the output voltage of the reduced rectifier circuit back
L s T : to the usable range. When the rectifier output is used as a power
—_— 3-stages AL 'D'O’U‘T;‘f : supply for bandgap and oscillation, LDO is needed to stabilize
Rectifier J_ Sx : :
. -\( ]- Cout the output ripple.
in H . . .
| :[— H Fig. 11(b) shows the working voltage of the storage capacitor

(a) I Cin charging
Vr

Vi

ti > G [

(b)

Fig. 11.  (a) Schematic of the connection between rectifier and boost circuit.
(b) Working voltage of storage capacitor Cjy,.

V. POWER MANAGEMENT UNIT

The RFEH system requires PMU to control and optimize the
power supply, especially in the scenario of low power and low
voltage [10]. There is an obvious power discrepancy between
the environmental RF source and the load network node. The
PMU is needed between the energy source and the electrical
appliance. The electrical output by the rectifier circuit can be
stabilized by the PMU, achieving end-to-end maximum power
transmission.

The design of the PMU can be divided into two parts. The first
part is the impedance matching between the rectifier circuit and
the PMU in order to effectively charge the storage capacitor
and achieve maximum PCE. The second part is the power
transmission to the storage capacitor, which converts dc to dc
for the target application.

The PMU has three fundamental characteristics, including
boost voltage, high output accuracy of dc voltage, and maximum
power transmission. Therefore, the PMU is designed based on
the boost circuit and combined with LDO for voltage stabi-
lization. The schematic of the connection with the three-level
rectifier circuit, storage capacitor Cj,,, and the boost circuit is
shown in Fig. 11(a). The output energy of the rectifier circuit is
stored by the capacitor Cj,, with the voltage V. Vi would act
as the power supply for all subsequent circuits. The boost circuit

Cin. Before the rectifier circuit reaches stable operation, its
output voltage Vx continues to rise in an initial period of time.
1, is the charging time of the three-level rectifier to the storage
capacitor Cj, during the power ON period. When the voltage
value on Cj, exceeds the threshold voltage Vy, Ci, begins to
be discharged, and the PMU starts working. When Cj,, voltage
is decreased to the low threshold Vi, the charging process is
started. t4 is the discharge time of Cj, after the boost circuit
stabilizes. 7, is the charging time of Cj,, after stabilization.

The PMU duty cycle D can be determined based on changes
in VR

Vr

D=1-—.

o (18)

A. Overall Structure of PMU

The top-level circuit of the PMU is shown in Fig. 12. The
circuit is based on the boost structure, including the startup
circuit, bandgap reference circuit, voltage detecting circuit, main
clock generation circuit, logic control circuit, LDO circuit, and
overvoltage protection circuit. The entire system has no external
power supply. The bandgap reference circuit provides Vygr for
the system. Control signals Ctr and EN are generated by the
logic control circuit.

As shown in Fig. 12, the voltage Vp is divided by the MOS
divider. The voltage sensor VS is used to sense and compare
the node voltages iny and Vrgr. The output result is processed
by a logic control circuit to generate Ctr signal. The Ctr signal
is used to control the switching between the start circuit and the
main clock generation circuit. When Vp is lower than Vigpr,
the startup is turned ON to provide initial bias for the PMU. As
Vg is gradually higher than Vrgr, the startup is disabled, and
the clock generation circuit is enabled. At this time, the system
operates during the first 74, and subsequently stabilizes, as shown
in Fig. 11(b), allowing C;j,, to be charged/discharged.

With the occurrence of the voltage drop in Vg, the boost
circuit is used to obtain V,, which is then divided by the voltage
divider structure to generate ins. The voltage sensor VS, is used
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Fig. 12.  Overall circuit structure of the designed PMU.

to compare between iny and Vrgr, generating a control signal
EN, which is used to determine the switching status of LDO and
overvoltage protection circuit. The LDO is used to stabilize the
voltage and to supply the power. The overvoltage protection
transistors are used to limit the output voltage below 2.5 V,
suppressing possible large leakage current and protecting the
normal operation of the system.

In the traditional boost circuit, with the control of the main
clock signal’s 50% duty cycle, in addition to storing charges on
the inductor Lp, a portion of energy is wasted on the switch Sy.
In order to utilize the wasted energy to improve the conversion
efficiency of the system, there are generally two methods: in-
creasing energy conversion rate and reducing energy loss. The
former changes the structure of the NMOS part on the basis of a
traditional boost circuit, combines it with the voltage detecting
module, and uses this positive half-cycle energy to generate con-
trol signals for the system, thereby improving energy conversion
efficiency. The latter utilizes the control signal of the main circuit
to generate a clock with an adjustable duty cycle [47], which
shortens the time for NMOS conduction and greatly suppresses
the power consumption. In the PMU proposed in this article,
a design method combining voltage detecting circuit and boost
circuit is adopted. The output of the voltage detecting circuit
is used to control the opening and closing of the starting circuit
and the main circuit, improving energy utilization efficiency and
thereby improving the PCE of the PMU.

B. Start-Up Circuit and the Master Clock Circuit

Before the circuit starts working, the output voltage Vi of
the rectifier circuit is zero, and all subsequent circuits powered
by Vi are in a dormant state. The output voltage Vp of the
PMU is zero, and the clock signal cannot be generated. But the
output zero potential is the stable state of the system. If there is
no starting circuit, the entire system cannot work. The startup
circuit enables the system to resume from undervoltage locking.
As shown in Fig. 13(a), the starting circuit is improved based on
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Fig. 13.  (a) Starting circuit and master clock generation circuit of the designed
PMU. (b) Simulation results of start-up circuit clock CLK and master clock.

aring oscillator, using a three-layer stacked ring oscillator. It can
increase the amplitude of the clock signal CLK while ensuring
the oscillation speed so that the charges of the capacitor Coy;
can be accumulated quickly. The power-insensitive bias circuit
in Fig. 13(a) is used to suppress the possible influences of the
frequency and the power on the starting circuit.
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As shown in Fig. 13(b), with the provided input voltage,
the starting circuit can generate CLK signal around 140 MHz,
with low voltage of 0 V and high voltage of 0.9 V. The power
supply voltage of the main clock signal is higher than V. The
oscillation frequency is 180 MHz. The voltage of the clock is
between 0.7 and 1.3 V.

The starting circuit is powered by the output voltage Vp
instead of Vpg. It is because, as mentioned earlier, Vi has a
significant voltage drop when supplying power to subsequent
circuits. If it is used as the power source, it not only further
reduces Vg but also does not meet the input voltage require-
ments of the ring oscillator, which can cause the failure of the
starting circuit. In addition, the time for V reduction cannot be
accurately predicted and controlled, and the starting circuit only
works for a short period of time when the rectifier circuit begins
to accumulate charges. Using Vi power supply may even lead
to logic errors.

Regardless of whether the front-end rectifier circuit reaches a
stable state or whether the starting circuit of the PMU is turned
ON, as long as the rectifier circuit starts working, there is charge
accumulation in Cj,. The initial state CLK is low, Sy is OFF,
and Sp is ON. When the rectifier circuit and boost circuit are
matched, the boost circuit transfers the charge on Cj, through
the Sp, causing the charge to accumulate at the output end,
gradually increasing V,,. The starting circuit can start working
when the V,, is as low as 0.3 V and can generate CLK with a duty
cycle of 50%. CLK signal provides the boost circuit an initial
voltage value, which can charge the switching capacitor Cj,, and
storage capacitor C,y so that they can respond quickly when
the working clock signal of the main circuit arrives.

As the output voltage of the rectifier circuit gradually in-
creases, the starting circuit would be disabled when the value
is higher than Vrgp. Therefore, the working time of the startup
circuit is only a few microseconds. The three-level three-layer
stacked ring connection is adopted in this article, which can
ensure the completion of the oscillation of the starting circuit
in a short time, and quickly stabilize CLK with a high-voltage
level.

After the startup circuit is closed, the main clock circuit begins
to work. The main circuit is connected in a loop by a three-level
inverter and processed by two buffers for waveform stabilization.
The frequency of the clock is higher than CLK because its power
source is V. As Vg increases, the frequency of the voltage-
controlled oscillator also increases.

C. CMOS Bandgap Circuit

The bandgap reference circuit for the reference voltage source
used in subsequent voltage detecting circuit and voltage stabi-
lizing circuit is designed based on CMOS technology [48]. An
improved voltage reference circuit is shown in Fig. 14(a). In
the first stage startup circuit, M; is constantly turned ON, and
a path from Vp to Vrgr is constructed in the startup circuit
to prevent the degradation of the bandgap reference circuit. A
current mirror is composed of Mo and M3, which replicates the
current of M. The input voltages V; and V, of the second stage
are intercepted internally in the circuit, and the output terminal
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Fig. 14.  (a) Schematic of CMOS bandgap reference circuit. (b) Simulation

results of Vrgr on different process corners, including ff, fs, sf, ss, and #t.

is connected to M1 4 to replicate the reference current. The third
output stage M15—M;g is a voltage divider, and the required
reference voltage can be obtained by changing the appropriate
width/length ratios of the transistors. The number of transistors
can be changed based on the concrete requirement. The input
transistor of the ideal differential amplifier biases M2 and M;3
in the subthreshold region of 1: n. With M1y and M;; current
mirror loads, the currents of the two input transistors are equal,
so I} = I». Therefore, the parameter relationship between M,
and M;3 can be expressed as follows:

7 Vesi2 | Visis
0 exp Vo = nlyexp Ve )

The negative temperature coefficient voltage of the bandgap
reference circuit is provided by the gate-source voltage Vggig of
Mg, and the positive temperature degree voltage is constructed
by the gate-source voltage difference AVgg of M5 and M3

19)

I I
A VGS = V(‘,Slg - VC,513 = VT ln? - VTln Ifo = VT Inn

1 2

(20)

in which Vgs12—Vasiz3 = Vi—Va = Vpsi6 = Vasie.
VrEr can be obtained by
Vrer = Vbsis + Vbsie + Vbsi7 + Vbsis
= Vgsis + I3 (Ronis + Ronte + Romi7) - (21)

Ry, 1s the conduction resistance of the MOS transistor, R,, =

1/\/#;700)(%[3, Iy = Yrlm

Tl
Ronie’

so Vrer can also be represented
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as follows:

Vrlnn

VRer = Vasis + (Ron15 + Ron16 + Ron17)

onl6

Roq Ron
= Vgsis + Vrlnn (1 + onl5 + o 17)

Roan Roan

(W/L)ys  (W/L)y
(W/L)ys <W/L>17> - )

The simulation results of Vrgr of the bandgap circuit chang-
ing with temperature at different process corners are shown in
Fig. 14(b). Vrer variation is within 0.002 V under different
process corners and within 0.01 V with the temperature range
of —40~120 °C.

Fig. 15(a) shows the simulation results at ¢z process corner at
27 °C (top). The bandgap circuit can provide reference voltage
Vrer = | V within the range Vi = 1.01-1.72 V. As shown
in Fig. 15(b), the power supply ripple rejection (PSRR) at low
frequency is —62 dB, showing good power noise suppression
ability. The static current of the bandgap circuit is 300 nA,
meeting the low-power consumption requirement.

= Vis1s + Vrlnn (1 + +

D. Voltage Detecting Circuit

The essence of PMU voltage detecting characteristics is re-
flected by a comparator, which compares the monitored voltage
with Vrgr to obtain the voltage detection results. At this point,
the voltage on the capacitor Cj, fluctuates between V and Vg,
so the detecting circuit needs to be sensitive to the voltages at
these two endpoints. Possible oscillation at the output of the
comparator should be avoided. Therefore, the voltage detecting
circuit is composed of a hysteresis comparator.

The threshold voltages Vg and V1, of a hysteresis comparator
are the result of the interaction between the feedback resistor
and the divider resistor, and both input and output voltages
have an impact on the threshold. In the design of hysteresis
comparator with the hysteresis effect, the voltage divider should
be included. Also, the positive feedback should be added to
introduce the input and the output voltages on the threshold
together. To address the issue of high-power consumption in

5893

Mis

M20 M2

M26 .21[:

M2 A M29 Output

I:l\l'u_hlgf" MIIEIIJ—i A7

(b)

Fig. 16.  Hysteresis comparator design. (a) VS; circuit. (b) VSq circuit.

traditional hysteresis comparators, the resistors are replaced by
the diode-connected MOSFETs (as shown in the voltage divider
structure in Fig. 12) to achieve the goal of reducing static power
consumption. The hysteresis comparator is designed based on
this voltage divider structure.

As shown in Fig. 11, there is a significant variation of the
voltage on the capacitor Cy,. Itis necessary to sense the changing
rate of the voltage in a target manner. When the voltage detecting
circuit VS; is used to monitor the rise rate of Vg, it shows
low-speed and low-power consumption. When VS; is used to
monitor the drop rate of Vg, the changing rate of voltage on
Ciy, is accelerated, and the comparator needs to have high-speed
performance at this stage. Therefore, the balance between the
power consumption and the response speed is needed. When
VS, is in a stable state, no speed requirement on VS, is needed,
while the low-power consumption should be considered.

Fig. 16(a) shows the circuit diagram of the hysteresis com-
parator VS;. There are two feedback loops. The first is current-
series-negative-feedback brought by the tail current source M1 .
The second is the voltage formed by M, and M3 cross-coupling
connection. So, its response speed is faster than VSs, but its
power consumption is higher than VS;.

Fig. 16(b) shows the circuit schematic of the hysteresis com-
parator VSs. The input stage and the output stage are connected
in a cross-coupling manner. M13—Msg form the bias circuit of
the comparator, providing a bias voltage V, for the tail current
M. This voltage is not affected by the working state of other
transistors and can constantly bias M1 in the saturation region.
By controlling the aspect ratio and gate-source voltage of M1,
the input current can be controlled, thereby reducing the power
consumption. VS5 has three feedback paths.

1) Current-series-negative feedback by tail current source

M.
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Fig. 17.  Simulation results of hysteresis comparators. (a) VSI1. (b) VS2.

TABLE V
RIPPLE REQUIREMENTS OF LOAD CIRCUIT FOR POWER SUPPLY VOLTAGE

Load type Ripple Examples

Digital circuit 0.3000~0.4000 V Digital switching
circuits, memory

General analog circuit <0.1000 V Amplifiers,
comparators

Accurate analog circuit < 0.0010 V ADC and DAC

2) Voltage-parallel-positive feedback by M4/M5 cross-

coupling connection.

3) Voltage-parallel-positive feedback by Mj4/M;5 cross-

coupling connection.

The hysteresis simulation results of the voltage detecting
circuits are shown in Fig. 17. The comparator has a hysteresis
of 40 mV. The working current of VS; is as low as 2 pA. As
shown in Fig. 17(b), the comparator flips at Vp = 1.7 Vin VS,,
while its response speed is slower than VS;.

E. Voltage Stabilizing Circuit

The power supply voltage on the load node is varied in the
range of 1-3 V. To stabilize the voltage, an LDO circuit is inte-
grated to suppress the output voltage ripple of the PMU. Table V
presents the ripple requirements for power supply voltages.

In order to be applicable for portable RF harvesting system,
low-power consumption, fast transient response, and easy inte-
gration are the main characterizations of LDO regulator. In the
design, the structure with a single-stage operational amplifier
is adopted. Its stability is improved by the transconductance
enhancement circuit, and the transient speed at low static current
is optimized by conversion rate enhancement circuit.

Fig. 18 shows the designed LDO, which mainly consists of
five parts. The first part is a single-stage error amplifier (EA) with
a single output to increase the loop gain and the stability of the
regulator. The second part is the conversion rate enhancement
circuit (SRE), which enhances the load regulation ability. The
output of SRE is connected to Mpagg in the third part, in which
large-sized PMOS transistors are used as power transistors to ob-
tain large output resistance. The fourth partis a transconductance
enhancement circuit (G,, cell) [49], implemented by transistors
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My, and M. Mp10—M p1g corresponds to the fifth part, which
deals with the large current during the transient response of the
G,, cell.

With SR = I55/Cpass, the conversion rate SR of LDO is
directly proportional to the tail current /gg. Two PMOS current
mirrors are adopted to increase the bias current and also enlarge
the input voltage range. However, the larger the bias current,
the more power is consumed. EA can be biased by adjusting
the mirror ratios of My1—-Mpy, M 10, and M 12 to generate
appropriate currents in order to compromise the performance of
design conversion rate and power consumption.

In order to improve the transient response rate and achieve
stability at fast speed, it is necessary to increase the EA band-
width. The bias circuit and the output of EA are connected to
the M p4 and M y5 of SRE, respectively, while the output of SRE
circuit is connected to the gate of Mpags. M p7 can accelerate the
charging speed of Mppsg gate capacitor, causing arapid increase
in Mpagg gate voltage and a rapid decrease in V. Similarly, if
Vo decreases, SRE undergoes two reverse changing, which can
ultimately maintain the stability of the output voltage.

Without a large off-chip output capacitor, system stability
and transient response are degraded. The transconductance
enhancement circuit can effectively solve the problem. The
transconductance enhancement circuit has two units: a neg-
ative difference compensation module (G,,z) and a positive
difference compensation module (G, 7). During the transient
response process, regardless of the size relationship between
Vo and VRrgr, a large current from any G, cells can quickly
charge or discharge the gate capacitor. Therefore, even if the
static current is very low, the SR can be improved, no longer
limited by the traditional amplifier constant current sources. The
output transient current at G,,, is used to discharge the large
gate capacitor of the Mppss, while at G,, g, it is used to charge
the gate capacitor, accelerating the processing speed of excess
current flowing through the power transistor. The G, cells are
connected by a current summation circuit with power transistor
cross coupling, achieving high conversion rate in the positive and
negative directions, improving transient response, while greatly
reducing the static power consumption of the system [49], [50].

The voltage buffer circuit provides dynamic bias voltage to the
current mirror by detecting changes in the system output voltage,
in order to improve the transient response speed of LDO. The
output of the G,, cell is connected to the voltage buffer circuit,
generating loop feedback voltage Vyp. Vg is transmitted into
EA to form negative feedback, allowing the circuit to respond to
changes in load current based on the feedback loop of EA. M 12
and M pg act as push—pull output stage, which can sum up the
output currents to amplify the changes in the output signal. The
single-stage amplifier has the ability to drive the source output.
The push—pull output stage provides more current at the output
of the EA to charge or discharge the gate of the power transistor
during transient response with fast stability time.

There are two compensation methods in the LDO topology,
including active feedforward and transconductance enhance-
ment. SRE implements feedforward compensation technology
by placing the main pole at extremely low frequencies and
the output pole at high frequencies. With zero compensation
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technology and two current mirrors, a left half-plane zero offset
pole is generated to reduce the influence of nonmain poles,
thereby improving the stability and power suppression ability
of the voltage regulator.

The small-signal equivalent model of the LDO regulator is
shown in Fig. 19. The output impedance of EA is Ro; =

(—L—||—~—). TIts output terminal has the first main pole
Im(N8) ' Gm(P4)

~_ 1
P = Ro1Cpy1

The second main pole P is located at the output of LDO,
mainly depending on the gate capacitance size of Mpags. The
source of the transistor in the G,, cell is directly connected
to the output of LDO, causing the open-loop output resistance
to be changed from Rpags to (RPAssHﬁ)- It means LDO
has smaller open-loop output resistance over a wide range
of required load currents [51]. The second main pole P, =
m (Where Routr = Rpass | | ﬁ | ‘ROQ) is still at the high
frequency, being away from the low-frequency pole.

Fig. 20 shows the loop stability results of LDO with the
load current from 1 pA to 8 mA without the fixed load. The
gain intersection GX and the phase intersection PX are at lower
frequencies, and the phase margin is about 77°. With full load
(Imax = 8 mA), the loop gain is increased. The intersections of
GX and PX move to high frequency, while the phase margin is
still 62°. The transconductance enhancement circuit ensures the
stability of LDO at full load.
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80k
~ 60F
% 428: GX (Imax) ©
£ 0 a
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3 20
© o

-60

-80
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3 100
_% 50 (b)
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Frequency(Hz)
Fig. 20. Loop frequency response. (a) Loop gain. (b) Phase of LDO under

no-load (/ynin) and full-load (/4% ) conditions.

Fig. 21 shows the transient results of LDO. When the rising
time of ljpaq is 1 us, the overshoot voltage of LDO is 0.03 V,
and the transient time is 1 ps. When the current is changed in
the opposite direction, the change of the output voltage is 0.3 V,
with the transient time 1 ps.

PSRR of LDO is shown in Fig. 22. When [},,q = 8 mA, the
PSRR is —52 dB. When [jp,q = 1 pA, PSRR = —56 dB. The
static current of LDO is 3 pA, calculated by /g = in—IouT.
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Fig. 23.  Logic circuit diagram of PMU.

Vo (V)

135
1.30
1.25
1.20

T T T T T T T r

(b)

1.20V )

L1§

4 6 8 10

(b)
Time (us)

Fig. 21. Load transient response. (a) Load current with time. (b) Transient
response of output voltage.
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Fig.22. PSRR results of LDO.

F. Logic Control Circuit

The logic circuit is used to control the working status and con-
sequences of the startup circuit, the main clock signal, LDO, and
the overvoltage protection circuit. Table VII presents the logic
function. Ctr = 0 and 1 represents iny <Vgrgr and in; >Vgrgr,
respectively. EN =0 and 1 represents ino <Viygr anding > Vi yr,

respectively.
From Table VII, it can be seen that
A=Cu
B = Ctr x EN
C = Ctr x EN.

The corresponding logical relationship is shown in Fig. 23.

The basic gate circuit is shown in Fig. 24, including XOR and
NXOR gates. The transient simulation results of the logic gate
are shown in Fig. 25. Fig. 25(a) shows Ctr x EN, and Fig. 25(b)
shows Ctr x EN. The simulation results of the logic circuit are
shown in Fig. 25(c), showing that the logic circuit can meet the
functions in Table VI.

EN

o (EEEE E« R SO s !E* g
B‘(.‘ir ENGr
.l

E*_E‘E

EN

(a) (b)
Fig. 24. Logic gate circuit used in this article. (a) XOR gate. (b) NXOR gate.
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Fig. 25. Transient simulation results of logic circuits. (a) XOR. (b) NXOR.
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Management
Unit (PMU)

Fig. 26. Layout photo of the designed RFEH circuit.

0.0 0.6 1.2 1.8 24 3.0 3.6
Time (us)
Fig. 27. PMU control signals and the key nodes’ voltages.
TABLE VI
LoGIC FUNCTION OF THE CONTROL CIRCUIT
Ctr Start-up Clock and Overvoltage
circuit (A) LDO (B) protection transistor (C)
0 0 1 0 0
0 1 1 0 0
1 0 0 1 0
1 1 0 0 1

The waveform of Vp is shown in Fig. 28. It can be seen
that under no-load conditions, the voltage ripple of the boost
is 0.02 V. As shown in Fig. 29, when EN is at a high level, the
boost circuit cannot turn ON, so the transistor SP is not working.
Vp is at a low level. The boost circuit is in the stand-by mode.
When EN is low, V is transmitted to Vp through the boost and
the LDO is turned ON at this time. At this stage, the boost circuit
is working in a lossless transmission mode.

The output performance of the PMU module is shown in
Fig. 30. LDO can be turned ON when the input voltage Vp
is higher than 0.3 V. When the input voltage continuously in-
creases, the output Vo of LDO can also be increased accordingly.
When Vp exceeds 1.5 V, the circuit output voltage stabilizes at
L5V

5897
Superposition of Sin waveforms
2210
2.204
2 !
-
2.198
2.192 Lu I L L
3.12 3.22 3.32 3.42 35
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Fig. 28.  Output of V), in PMU controller.
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Fig. 29. Logic control signal and output voltages in PMU module.
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Fig. 30.  Output voltage of PMU module.

In Table VII, the key properties of the designed PMU in this
article are listed and compared with the other PMUs in the
literature [13], [14], [54], [55]. It can be seen the designed PMU
shows wide tunable voltage gain (0.1-8), less consumed power
(< 1 uW), and wider output voltage (0.2-2 V).

Fig. 31 shows the output voltage of RFEH system. The PMU
obtains an output voltage Vo with aripple of <0.001 V [as shown
in Fig. 31(a)]. Fig. 31(b) shows that the variation of the PMU
output voltage is less than 0.2 mV with different frequencies in
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TABLE VII
KEY PROPERTIES OF THE DESIGNED PMU IN RFEH SYSTEM AND COMPARISON WITH PRIOR ARTS
Parameter [13] [14] [55] [56] This work
Technology(nm) 65 130 180 Discrete 180
PMU Type AEM3094 Asyn. SC SC Switched Cold-start
0 PMU -L with LDO
PMU integration No Yes Yes No Yes
Frequency 2.45 GHz 2.4 GHz 400 MHz 245 900 MHz
GHz
Startup voltage(V) 038V 02V 12V NA 0.3
Output voltage(V) >22V 0.4-1.2V 12V 0-14V 1.5
Static current NA NA NA NA 300 nA
Achieved voltage gain NA 1.73 <1 1.3 0.1~8
PMU working range >-19 dBm >-20 dBm —12to—1dBm NA >-21.5 dBm
PMU consumed power >1 uW 28-405 nW 35 uW >47uW <1 pW
PMU Vpp >12V 0.3-1.0 V >1.2V >30V 0.2-2V
25 T T T
= R
o | o $201
g e L 1.5V \q-;
TR 8151 ”
s L Tin:c (s) ‘ . . ‘ § \\\ *\ Open load
380 385 3.90 395 4.00 O 1.0- . "\ R=5 MO
@ 9 \Rl=2 M
> .
805 R=1MQ J
I~ )
< O
-
. 0.0 T T :
Frenquency (MHz) 25 -20 -15 -10 -5
w0 w50 500 9% o0 —— Input power Pin (dBm)
(b) (a)
Fig. 31.  Output voltage Vo of RFEH system. (a) Ripple of V. (b) Variation ,;25
of V,, with different frequencies in the range of 800 MHz-1 GHz. S
£ 20+
8]
1
the range of 800 MHz—1 GHz. Fig. 32(b) shows the PCE values B 151
versus input powers. The maximum PCE value is 23.8% with 5
the load resistance of 1 MS2 at input power —13.2 dBm. lch 101
The designed whole RFEH system is tested with a single-tone 5
continuous wave (CW) 50-(2 source with a nominal frequency of 8 1 R=S MO
900 MHz. Fig. 32 shows the measured results of the fabricated o,
RFEH system. The load capacitor is 57 nF, and the load resis- -25 -20 15 -10 -5
tance is varied to get different output results. Fig. 32(a) shows Input Power Pin (dBm)
(b)

the measured output voltage versus input power with different
load resistances. The RFEH system shows a low input threshold
power. With the input power —22.5 dBm, it can provide a
1-V output voltage with an open-load scenario. With the load
resistance of 1 M, it can provide the nominal output voltage
of 1.2 V with an input power of —15 dBm.

The total power consumption and the conversion efficiency
of the RFEH system can be calculated, as shown in Table VIII.
The PCE calculation of the RFHE system can be obtained from
(1). The overall conversion efficiency of the system is 31.77%

PCERFEH = 93% X 95% X 58% X 62%
= 31.77%. (23)

There exists an obvious discrepancy between the theoretical
PCE value and the measured ones [58], [59]. The impedance
matching is one of the key issues. The impedance of the RFEH

Fig. 32.  Measured results of the designed RFEH system. (a) Output DC
voltage versus input power P;, with different load resistance values. (b) PCE
of RFEH system with different load resistance values. (C;, = 57 nF and f =
900 MHz, CW input).

TABLE VIII
POWER CONSUMPTION AND CONVERSION EFFICIENCY OF EACH MODULE

PMU

9.52 uW
62%

Rectifier

13.94 pW
58%

Antenna
75 mV
93%

Matching
Nearly 0
95%

Loss
PCE

system depends on various parameters, such as input power
level, operating frequency, load impedance, rectifier stage, and
PMU topology. Maximum power transfer can only be obtained
when the load impedance of each stage is well matched with the
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TABLE IX
PERFORMANCE SUMMARY AND COMPARISON OF RFEH SYSTEM WITH PREVIOUS WORKS
Sensitivity | Power Matching Rectifier Technology Frequency A. Spiral | Layout area
network size (mm?*)
(um xpm )
3-stage
This work —22.5dBm 2 uW On-Chip LC synchronous 0.18 pm 900 MHz 180 <180 0.25
rectifier
. 2-stage
[19] —14.1dBm 2 uW On-chip LC multiplifier 0.18 um 900 MHz 455%455 0.45
3-stage
[26] —12.6dBm 1pW Off-chip LC full-wave 5 um SOI 2.45GHz NA 0.50
rectifier
. Dual
[11] —12dBm ouw | On-chip stacked half-wave 0.18 um 3.85GHz 230%230 NA
transformer .
rectifier
Two on-chip LC
Reconfigura 1.8GHz/2.1G
[12] —11dBm 7.3uW for each ble Dickson 0.13um Hy 500 x350 NA
frequency
. . Cross-couple
[22] —20dBm g.suw | TriBandon-chip | "y tial 65 nm 0.9,1.9,2.4 400%600 0.37
LC . GHz
drive
60 As shownin Fig. 33, as the number of voltage multiplier stages
0 1 increases, the peak of PCE moves toward the higher power value.
] ‘*- 5 -stage Fig. 33 depicts the effect of the number of stages on the PCE.
X 40 1 The peak of PCE shifts from the lower power to the higher power
> 3- Stag "~_ region while the number of voltage multiplier stages increases.
c 30 L] . e
R 4 The operation of the large number of voltage multiplier stages
é’ 20 \ 1-stage "CL_ in the low-power level environment may reduce the PCE.
w -\ '-,‘. Table IX presents the performance summary of the designed
10: \‘. ) ] RFEH system. The comparison with the prior arts is also listed,
0 B TP, - especially including the full integration results [11], [12], [19],

20 15 10 5 0 5 10 15 20
Input power Pin (dBm)

Fig. 33. Relationship between input power Pi;, and rectifier’s efficiency with
different rectifier’s stages.

next stage. For this reason, there is an optimum load impedance
for each input power level and operating frequency. So, the
RFEH system should be designed by optimization on the load
to achieve the highest PCE.

To consider the matching between the rectifier and the PMU
module, optimization should be made for higher power trans-
mission. As shown in Fig. 8(c), the peak PCE reaches 58% with
an optimal load of 80 k{2 on a single-stage rectifier. While the
rectifier is connected with the followed PMU, the peak PCE
would be suppressed. To optimize the matching property at this
stage, multiple stages of the rectifier would be adopted. The
number of stages is a critical parameter for RF energy harvesting,
which should be determined optimally to obtain the maximum
value of dc—dc PCE.

Fig. 33 shows the relationship between input power P;,, and
the rectifier’s efficiency with variable stages of the rectifier.
As the number of voltage multiplier stages increases from 1
to 5, the output dc voltage level and the voltage gain of the
voltage multiplier increase up to the optimal point. The number
of voltage multiplier stages should be at the optimal point for
the maximum dc—dc PCE. In the designed RFEH system, three
stages of the synchronous rectifier are adopted, as shown in
Fig. 7(e).

[22], [26].

VI. RESULTS OF RFEH

The layout of the designed RFEH, including the matching
circuits, the RF-DC rectifiers, and the PMU, is shown in Fig. 26,
based on TSMC CMOS 0.18uum technology. The area of the
layout is 0.25 mm? (0.5 mm*0.5 mm). The matching inductor
is implemented using M6 of TSMC 0.18um six-metal CMOS
technology with thick-metal options. The thickness of the spiral,
the dielectric constant of the substrate, and the distance between
the spiral and the substrate, are provided by TSMC [57], [58].

VII. CONCLUSION

The RFEH system is designed and implemented in this arti-
cle. The key components, including the receiving antenna, the
matching circuit, the RF-dc rectifier circuit, and PMU, are de-
signed, separately. The overall simulation is conducted to testify
the application of the RFEH system, showing promising PCE,
as well as the stability and the robust of the controlling circuit.

For possible full integration of the RFEH system, PIFA an-
tenna operating in the GSM 900 frequency band is designed
to meet the requirements of compact size and high gain. The
LC matching circuit structure is adopted to achieve impedance
matching between the antenna and the rectifier circuit. The
self-threshold compensation voltage doubling rectifier circuit is
proposed, showing near-zero threshold voltage and suppressed
leakage current.
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The PMU is designed for the power management, provid-
ing high-precision voltage stabilization. An improved startup
circuit is proposed to address the possible degeneracy problem
of PMU in a zero output state. A CMOS bandgap reference
circuit is designed to address the issues of high-resistance power
consumption and high output reference voltage in traditional
bandgap reference circuits. An improved nonresistance hystere-
sis comparator is designed to address the issue of high-power
consumption by resistors in the traditional voltage detecting
circuits. A power consumption model for PMU is established
based on the parameter requirements for maximum power trans-
mission. It shows that the starting circuit can be turned ON when
the inputis only 0.3 V. The static current of the bandgap reference
circuitis 300 nA and can output a stable reference voltage of 1 V.

The PCE of the microwatt-level RF energy harvesting system
in this article is 31.77%, which has the potential application
value in fields, such as wireless energy transmission and portable
device power supply.
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