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An RF-to-DC Rectifier With High Efficiency
Over Wide Input Power Range for RF
Energy Harvesting Applications

Parvaneh Saffari

and Kambiz Moez

Abstract—This paper presents, a wide input range, 4-stage
threshold voltage compensated RF-to-DC power converter,
designed to efficiently convert RF signals to dc voltages by
applying an optimum compensation voltage produced by sub-
threshold auxiliary transistors. The proposed optimally compen-
sated rectifiers can achieve higher efficiency over a wider input
power range compared to other threshold voltage compensation
circuits where the level of the compensation is limited by the
circuit structure and varies with input power. The designed
rectifier is implemented in three possible ways. This proposed
compensation technique can be applied to a rectifier chain with
a relatively low number of stages. Designed and implemented in
a 130 nm CMOS technology, the proposed rectifier exhibits a
measured PCE of above 20% over the 8.5-dB input power range
while driving a 1-M< load resistor at 896-MHz. For the same
load and utilizing a minimal number of compensated rectifier
stages, the proposed circuit exhibits a maximum PCE of 43% at
—11 dBm for single-ended Dickson-based CMOS rectifiers. The
proposed circuit demonstrates a —20.5 dBm sensitivity for 1 V
output across a 1-M$2 resistive load.

Index Terms—RF energy harvesting, rectifier, power conver-
sion efficiency, threshold-compensation.

I. INTRODUCTION

ADIO frequency (RF) energy harvesting is becoming
a viable solution for powering the wireless Internet of
Things (IoT) sensors eliminating the need for batteries and
associated storage and lifetime limitations. Possible other
applications also include biomedical implanted equipment,
telemetry systems, and passive radio frequency identifica-
tion (RFID) systems [1]-[3]. An RF energy harvester consists
of an RF-to-DC rectifier that produces a dc supply source
by scavenging the electromagnetic energy transmitted by
a dedicated transmitter or existing wireless sources (WiFi,
Cellular,...) [4].
The major limitation of harvesting RF energy is the limited
amount of the energy that can be scavenged from wireless
sources because of limited signal strength at the input of the
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energy harvester and low efficiency of rectifiers at low input
powers. The received signal strength is limited due to the path
loss, rapid attenuation of signal over distance (Preceived ~
]/dz) [5], and limited maximum allowed transmitted signal
strength restricted by the regulatory bodies [6]. The low
voltage levels at the input of the RF energy harvesters, even
boosted by the matching network, are not high enough to
produce large overdrive voltages for the transistors/diodes used
as rectifying devices to exhibit low conduction losses, thus
the efficiency of rectifiers at low input powers are low. As it
is not possible to predict accurately the amount of energy
harvester’s received input power in practical scenarios as it
is determined by the output power level of power source,
the distance from the power source, existence of obstacles such
as walls in between the power source and energy harvester, all
of which depend on the environment that energy harvester will
be deployed. As a result, the RF energy harvesters exhibiting
a high efficiency over a narrow input power range often fail to
scavenge the maximum possible energy that can be harvested.
To increase the range of the operation and the range of wireless
powering, it is critical to enhancing the PCE of RF rectifiers
for the widest possible input power range, especially at low
input power levels.

Modified Dickson charge pumps are extensively used as RF-
to-DC converters [7] because of their capability to rectify and
boost signal amplitudes using cascaded diode-connected tran-
sistors as rectifying devices. The performance parameters of
Dickson-based rectifiers such as power conversion efficiency
(PCE) which is defined as the ratio of input power to the
output power, and sensitivity strongly dictated by the thresh-
old voltage (Vi) and the leakage current of the rectifying
devices. To increase the efficiency of these rectifiers, several
threshold voltage compensation techniques have been pro-
posed by changing the gate-source voltage from a conventional
diode-connected configuration [8]-[10] known as threshold
voltage compensation, as the transistor behaves similar to
the case when its threshold voltage is changed by the same
amount in the opposite direction, the major limitations of these
techniques are

« the compensation voltages cannot be optimally adjusted
as the gate terminals are connected to the specific nodes
of the rectifier chain not allowing the compensation
voltage to be set freely, and
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o the produced compensation voltages vary dramatically
with input power and input voltage levels. As a result,
the existing compensation techniques, while enhancing
PCE at certain input power levels, fail to produce a high
PCE over a large input power range.

In addition, these techniques usually need a large number
of stages and consequently occupy a large chip area to
produce the compensation voltage for the certain input power
range.

In this paper, we first explore that what would be an
optimum compensation voltage to provide a high PCE over
a large input power range as in practical applications RF
energy harvesters must be able to scavenge RF energy with
the highest possible efficiency over large input power ranges as
the distance from the power source may change dramatically.
We derive mathematically and verify with circuit simulation
the optimum amount of compensation that maximizes the
PCE. Then as a proof of concept, an area-efficient, wide input
range, 4-stage, single-ended, RF-to-DC converter is designed
to apply the optimum compensation voltage to the transistors.
The desired threshold voltage compensation that is remaining
relatively constant for a wide input power range is produced
by a simple yet effective structure avoiding using complex
auxiliary circuitry, baluns, or external components. As the
proposed threshold voltage compensation can be applied to
rectifiers with a relatively low number of stages and pro-
vide the optimum compensation voltage for each gate for
the wide input power range, this design can provide higher
PCE and output voltage for the wider input power range in
comparison to previously reported structures. The proposed
rectifier is designed and implemented in a standard 130 nm
CMOS technology in three possible ways and the results are
compared.

The paper is organized as follows: Section II provides a
brief review of previously proposed threshold voltage com-
pensation techniques. In Section III, we obtain the optimum
compensation voltage for maximum efficiency through both
mathematical modeling and simulation. Section IV describes
the proposed self-compensated circuit; Section V reports
the measurement results; finally, Section VI concludes the

paper.

II. PREVIOUS THRESHOLD VOLTAGE
COMPENSATION TECHNIQUES

Several works have been reported on the compensation
of threshold voltages of the rectifying devices either by
employing technology solutions or based on proper compen-
sation circuits [8]-[24]. Some technology-based solutions are
reported in previous works including using Schottky diodes
with intrinsic low threshold voltage [11]-[13], using backward
tunnel diodes [14], using zero threshold voltage transistors
in CMOS process [15], and using floating gate transistors
requiring additional programming phase [16]. However, rec-
tifiers constructed with technology-based approaches have
higher production cost and cannot be integrated with another
analog/digital circuit blocks on a single standard CMOS
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substrate. Thus, circuit-level compensation techniques are
desirable.

Several works have been reported to compensate threshold
voltage using circuit techniques [8]-[10], [17]-[24]. In [17]
threshold voltage compensation is performed by supplying
a bias offset using an external battery between gate-drain
nodes of each transistor. However, this method of compen-
sation is not passive and requires external power sources. The
work in [18] utilizes an internal Vy, cancellation circuit by
holding the threshold voltage of a diode-connected transistor
in a capacitor and using this stored threshold voltage for
compensation at the gate-source of the MOS transistor. For
multi-stage implementations, this technique needs a large
silicon area and suffers from substantial parasitic capacitance
to substrate resulting in high leakage current as large resis-
tance values are used. In [19] a chain of external resistors
is used to provide appropriate compensation voltages for
transistors in rectifying chain. To limit the leakage current
in the resistive pass, large resistors are needed resulting
large silicon area in on-chip implementations. Body biasing
techniques are used in [20], [21] to adaptively adjust the
threshold voltage of the rectifying devices. As discussed in
previous section, the threshold voltage compensation tech-
niques in [8]-[10] changes the gate-source voltage of the
transistors in Dickson chain, to reduce the ON resistance
of these rectifying devices to lower the conduction loss and
improve the rectifier PCE, by connecting the gate terminals
of the transistors to the nodes in the chain that produce
higher overdrive voltages. In low power regimes, the technique
can be further improved by adaptively connecting the gates
terminals to suitable nodes that reduces the leakage current
minimizing the inversion loss when the transistors are reverse-
biased [10].

As discussed in Section I, the aforementioned techniques
fail to produce a high PCE over a large input power range
because the compensation voltages cannot be optimally set as
they are produced by connecting to different nodes along the
chain.

III. OPTIMUM COMPENSATION VOLTAGE
AND NUMBER OF STAGES

Assuming the compensation voltage can be produced as
desired, finding the optimum compensation voltage to achieve
the maximum PCE for modified Dickson charge pump rec-
tifiers is the first logical step toward the development of
threshold-voltage compensated rectifiers. Fig. 1(a) shows a
single transistor in a rectifier chain with an ideal voltage source
producing the compensation voltage and Fig. 1(b) shows the
input and voltage waveforms for this single compensated
transistor. In interval [t; @ — t;] the transistor is forward biased
but in [z — t;, 27+ t;] the transistor is reverse-biased.

Our goal is to find the optimum compensation voltage for
the one transistor rectifier. In this work, we will find the
optimum compensation voltage based on two models. The first
model is assuming that at low input powers and low input
voltages, the transistors are in the subthreshold region in both
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Fig. 1. (a) Schematic of threshold-compensated, single-transistor rectifier.
(b) Input and output voltage waveforms of a single-transistor rectifier.

the forward bias and reverse bias regions. The second model
is valid for all operating region.

A. First Model
For the first model, assuming the transistors are always in
the subthreshold region, the output voltage and the input power

for the one-transistor rectifier of Fig. 1 can be expressed [25]
as [25]:

Io (,,,VV”T) | 0

Vourt = mVrIn

Pin

where V, is the input voltage amplitude, and Iy and I
are the zero-order and first-order modified Bessel functions,
respectively. 7,44 as the function of output voltage and output
load can be expressed as

Substituting (3) in (1) and solving (1) for finding Vi
gives us:

VCump
Vourt = —Is—e ™1 Rp
L
VComp
v IS%“ T Ry Vcomp
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+mVrW
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where W is the Lambert function, also called the product
logarithm, which is the inverse function of

(W)= we". (5)

Equation (1) shows that by increasing the compensation volt-
age, Vcomp, the output voltage can be increased for a fixed
load resulting in larger output power. However, (2) shows
that the increased Vcomp enhances the input power Py,
clearly indicating that PCE does not necessarily increase with
the compensating voltage. Thus, it is imperative to find the
optimumVcomp to provide the highest PCE. The overall PCE
is defined as

Vou
PCE — Pour _ Vout11Load _ RLI1 .
P, P, P,

(6)

To find the optimum Vcomp, the derivative with respect to
Vcomp is taken from (6), where A, B, and C in (7), as shown
at the bottom of this page, are expressed as follows:

w 5 Y W
A= ISI = ,ueffcox (m — 1) (VT) e "™ f7 (8)
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where u.ry is the effective mobility of carriers in the channel,
Cox 1s the gate oxide capacitance per unit area, m is the
subthreshold slope factor, and Vr is the thermal voltage.

To find the optimum Vcomp for having the maximum PCE
at a given input voltage level (V,), dPCE/0Vcomp should

and

(10)

I1oad = Vour1 (3) be equated to zero. Finding the root of 6PCE/0Vcomp = 0,
RL the optimum compensation voltage, (Vcomp)opT, that produces
VComp
Ae VT R +Veom
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the highest PCE can be calculated as

Vin
mVye™'r

teffCox (m—1) (VT)2 %RL

(VCOMP)OPT =mVrIn

(1)

From (11) it can be seen that optimum Vcomp is the function
of transistor characteristics (uerr, Cox, m, Vr and Vi),
size of transistor (W/L), and output load (Ry). While this
model provides a closed-form equation for calculation of the
compensation voltage, it is only valid for scenarios that the
transistors remain in the subthreshold region. To find the opti-
mum compensation voltage for the case where the transistor
operation is no longer in the subthreshold region, a second
model is developed in the following section.

B. Second Model
For developing the second model we start with the efficiency
equation calculated in [26]

POUT _ ILoadoVoutl
Pry 2Pyt + Ipoad-Vourt

In the above expression, Pypp is the power dissipated by M
and Ijoaq is the load current which can be calculated as:

Voutl . ﬂ
2 T

(12)

Nrect =
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1 Vour1 Atf
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where At;/T is the conduction angle, Ip and Ir are the peaks
of instantaneous currents at the middle of the forward and
the reverse conduction phases, respectively, and they are given
in [26]. In [26] it is assumed that for the compensation, the gate
of each transistor is connected to the output of the subsequent
transistor but for finding the optimum compensation voltage
we are assuming that an ideal voltage source is producing the
compensation voltage as shown in Fig. 1(a) and Ip and Ir have
been modified accordingly.

For finding the optimum compensation voltage the above
set of the equation should be solved. Py; and Vgy are
calculated as the function of compensation voltage and are
substituted in (12) then the compensation voltage is calculated
for maximizing #ecc in (12).

To verify the validity of the first and second model, Fig. 2(a)
compares the optimum compensating voltages obtained using
both models and simulation of one-transistor rectifier shown
in Fig. 1 for two different loads and fixed input sinusoidal
voltage source with an amplitude of 200 mV. It can be seen
that there is a good agreement between the simulation and
the derivations. Vi, peffCox, and m are estimated from
simulations of NMOS transistor in 130 nm CMOS. Fig. 2(a)
shows that by increasing the size of the transistor (W/L) and
load resistance (Rr), the optimum compensation voltage for
having the maximum PCE (Vcomp)opr, is decreasing. Fig 2(b)
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compares the optimum compensation voltage versus the load
resistance for two different transistors sizes. This figure shows
also that by increasing the load resistance and the size of the
transistor the optimum compensation voltage is decreasing.
Based on (11), the optimum compensation voltage should
not be the function of input voltage amplitude (V,) if the
transistors are in subthreshold region but the second model
can predict the optimum compensation voltage dependency
to input voltage amplitude. Fig 2(c) and 2(d) compare the
optimum compensation voltage versus input voltage amplitude
for two different load resistances and two different transistor
sizes respectively using both models and simulations. These
figures show that based on simulation results and Model II by
increasing the input voltage amplitude the optimum compen-
sation voltage is slightly decreasing. Fig. 2 shows that both
models and simulation results are in good agreement. The
first model can give us a closed-form equation for optimum
voltage compensation voltage, but this model cannot predict
the dependency of optimum compensation voltage to the
input voltage amplitude. The second model is valid for all
operating regions and can predict the dependency of optimum
compensation voltage to input voltage amplitude but it should
be solved numerically using mathematical software.

Utilizing these two models the optimum compensation
voltage can be calculated with good accuracy.

After deriving the optimum compensation voltage for the
one-transistor rectifier mathematically, the next step is to
explore what would be an optimum compensation level for
a multi-stage rectifier to produce the highest possible PCE
over the largest input power range through simulation. For
this reason, an ideal compensation voltage source is applied
between the gate and drain of the transistors of the main
rectification chain as shown in Fig 3. To eliminate the need for
triple-well NMOS transistors, PMOS transistors are chosen as
the rectifying devices in all stages except for the first transistor.
Fig. 4(a) shows PCE versus the compensation voltage for
different numbers of stages when the output load is 1MQ
and Fig. 4(b) shows the PCE versus the input power for the
4-stage rectifier when the output load is 1MQ and the width
of the PMOS transistors is 10um. For each number of stages,
the matching network and size of transistors are optimized to
provide the highest PCE.

The effect of the number of stages on the rectifier effi-
ciency is discussed in [27] and shows that as the number of
stages increases, the passive amplification of matching network
reduces as the rectifier’s input resistance decreases also after
some point adding extra stages no longer increases the output
voltage. The simulation results show that the optimum number
of stages to produce the highest PCE over the input power
range of —23 to —5 dBm is about 4 to 6. Based on Fig. 4(a),
a 5-stage rectifier has about 4% higher efficiency than a 4-stage
rectifier, but it occupies about 20% more silicon area. Thus,
we choose the 4-stage rectifier.

The optimum PMOS width for a 4-stage rectifier is 10um
while the minimum length of 120nm is used.

In this case, based on Fig. 4(b) the simulation results
of the 4-stage rectifier also are in good agreement with
the results of optimum compensation voltage that is derived
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Optimum compensation voltage for having maximum PCE versus (a) size of transistor (W/L) for different load resistances and fixed input voltage

amplitude of 200 mV, (b) load resistance (RL) for different size of transistor and fixed input voltage amplitude of 200 mV, (c) input voltage amplitude for
different size of transistor (W/L) and fixed load resistance of 1M, and (d) input voltage amplitude for different load resistances and fixed W/L of 20.
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Fig. 3. Simulated circuit for finding the optimum compensation voltage and
the optimum number of stages.

with a mathematical model for the one-transistor rectifier.
Fig. 4(c) shows the optimum compensation voltage for a
4-stage rectifier versus the width of transistors for three
different loads. Based on Fig. 4(c) for a 4-stage rectifier the

optimum compensation voltage decreases by increasing the
length of the transistor and output load. This confirms the
results obtained in (11). Fig 4(d) shows the optimum compen-
sation voltage for a 4-stage rectifier versus the input power
level for three different loads. For an optimum width of 10um
for three different loads and input power levels of between
—23 to —10 dBm, the optimum compensation voltage is
varying from 200mV to 250mV. Thus, we choose the 4-stage
rectifier with compensation voltage of around 200mV and in
the next section, we propose a compensation technique applied
to a 4-stage rectifier to produce the desired compensation
voltage for all the transistors in the rectification chain for
different input power levels in a small silicon area.

IV. PROPOSED SELF THRESHOLD-VOLTAGE
COMPENSATION SCHEME

For a self-compensated rectifier, the compensation voltage
must be produced by a minimalistic auxiliary circuit that con-
sumes the least possible power. In this work, a single auxiliary
transistor operating in the subthreshold region is employed
in conjunction with each transistor of the main chain to
produce the desired sub-Vy, gate-source compensation voltage.
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current.

The drain-source current of this transistor is limited by placing
a high impedance on its path to ground as shown in Fig. 5(a),
to ensure that the transistor will operate in the subthreshold
region and produce a Vgg that is less than Vy,. The leakage
current through M; and Vgs of the sub-threshold transistor
has the following relation [28]:

w kT\?> Yos—Vin ~Vps
ID,subzlueffCOXI(m -1 7 e mkl/q 1 —e*a |,
(15)

where Vgs = Vps.

A Vgs of around desired compensation voltage can be
produced by properly sizing of the auxiliary transistor (W/L)
and leakage current through M1 (Ip supb) that can be controlled
through high impedance path to ground.

Fig. 5(b) is the plot of Equation (12) and shows that small
leakage current through M1 (in the range of a few nano-
Amperes) can produce the desired compensation voltage. Very
high impedance path is needed to limit the leakage current.

The high impedance path to the ground can be created by an
OFF transistor or stack of diode-connected transistors or even
by floating the drain terminal of the diode-connected transistor.
The designed rectifier with three possible implementations
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Fig. 6. Proposed single-ended self-compensated RF energy harvester using three implementations for the high impedance path, (a) Implementation I,

(b) Implementation II (V1) and (V2), and (c) Implementation III.

of the high impedance path is shown in Fig. 6. In the
first implementation (Implementation I shown in Fig. 6(a)),
the drain of each transistor is connected to the PMOS diode-
connected transistor where its drain is floating. In this case,
the drain-source current of the auxiliary transistor will be
determined by the sum of the leakage current connected to
the floating node, which is mostly dominated by the leakage
current of the transistor in the main rectifier path. The size
of compensation transistor can be found by writing KCL
equation at the gates of transistors Mao—go and equating
subthreshold leakage current flowing through Mao_go to the
sum of gate leakage tunneling current flowing through Mj_g
and Mpo—go and the subthreshold current flowing through the
high impedance path [29]. This will require solving a complex
equation to find the size of the compensation transistor to
produce desired compensation. Alternatively, one can find the
size of compensation transistor by parametric simulation of
the circuit to obtain the desired outcome. Finally, it can be
concluded that by fine-tuning the ratio of the two transistors,
one can produce a compensation voltage very close to the
calculated optimum compensated voltage.

In the second implementation (Implementation II shown
in Fig. 6(b)), the high impedance path is created by a stack
of diode-connected transistors where the number of stacked
diode-transistor limits the transistor currents to the subthresh-
old levels that produce the compensation voltage.

In the third implementation (Implementation III shown
in Fig. 6(c)) the high impedance path is created by an OFF
transistor (an NMOS transistor with grounded gate) where
the subthreshold current of the NMOS will pass through an
auxiliary OFF transistor producing the compensation voltage.

In Fig. 6, transistors Mj_g and coupling capacitors C1_7
comprise the main rectification chain. Transistors Mg, Mgpo,
Mco, Mpo, and Mgy are the auxiliary transistors that provide
the compensation voltage for the gates of Mj_g. In Implemen-
tation I (Fig. 6(a)), the gate terminals of these auxiliary transis-
tors are floating. M| —Bn1, Mc1-cn2, Mpi1-pn3, and Mgj_En4
are the stacked diode-connected transistors in Implementation
IT (Fig. 6(b)) that create a high impedance pass to ground.
Note that nl, n2, n3, and n4 are the number of stacked diode-
connected transistors in branches B, C, D, and E, respectively.
In Implementation II (V1), nl, n2, n3, and n4 are 11, 11, 14,
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and 14 and in Implementation I (V2), nl, n2, n3, and n4 are 7,
7, 10, and 10, respectively. In the next section, we will explain
how to select these numbers. Moff, Mcotf, Mpofr, and Mgoff
are OFF transistors in Implementation III (Fig. 6(c)).

For the gates of Mj, M4, and Mg note that their drain
voltages are dc (not connected to RFyy), and the compensation
voltage is provided by connecting them to drains of MAy,
MCy, and ME),, respectively. Cpj_a suppresses the high-
frequency signal leakage at the gates of Mj_», My, and Me.
For providing the compensation voltage for the gates of M3
and M5 that their drain voltage is ac (connected to RFy via the
decoupling capacitors), the dc level of the drain voltages of M3
and M5 is shifted to lower voltages without attenuation of their
ac component by delivering the ac component to the dc-shifted
drains of MB( and MDy through the small dc block capacitors
of Cp1,2. By connecting the gate of NMOS transistor of M to
the last transistor of the voltage divider (MA7) connected to its
adjacent PMOS transistor (M»), a higher voltage for the gate
of M; with respect to its drain for compensation is provided.
The last stage of this designed rectifier is left uncompensated
to decrease the leakage.

Fig. 7(a) depicts the simulated compensation voltage cre-
ated for each transistor at different input power levels for
Implementation I when driving a 1IMQ load. Fig. 7(b) shows
the compensation voltage versus input power for all the
implementations when they are connected to a 1MQ load.
It can be seen that by applying this technique for each power
level almost constant compensation voltage is created for all
transistors. The compensation voltage only changes by 50 mV
as the input power level increase from —23 to —10 dBm.
Fig. 7(c) shows the generated compensation voltage for each
transistor when they are connected to different output loads
for Implementation I at an input power of —15 dBm.

This figure shows that an almost constant compensation
voltage is generated when the circuit is connected to different
loads. In the designed circuit, higher input voltages and higher
output loads generate higher compensation voltages for each
transistor. This is because of the fact that for higher input volt-
ages and higher output loads, the output voltage and voltage
at each node of the rectifier is higher, thus the leakage current
from each auxiliary branch is higher that will generate a higher
compensation voltage. In the proposed design there is a trade-
off between the amount of generated compensation voltage
and loss of power in auxiliary branches, thus the amount
of compensation voltage should be optimized considering the
power consumed by the auxiliary branches.

The effect of process corners is mostly on the threshold
voltage of transistors. Fig. 8 shows the simulation of PCE for
all implementations with typical NMOS and PMOS transistors
with £50 mV threshold voltage variation when —15 dBm
input power is applied to the rectifier. Fig. 8 shows that Imple-
mentation II (V2) and Implementation III are more processes
dependent and has £10% PCE variation with threshold voltage
variation. Implementation I and II (V1) are more robust in
comparison to the two other implementations. Fig. 9 shows the
simulation of output voltage versus input power for different
process corners of Implementation I when the rectifier is
connected to 1MQ load.
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Fig. 7. (a) Generated compensation voltage for each transistor at different

input power levels for implementation I, (b) compensation voltage versus input
power for all implementations, (c) generated compensation voltage for each
transistor at different output loads for implementation I.

V. EXPERIMENTAL RESULTS

Three implementations of the proposed RF-DC power con-
verter were designed and fabricated in a 130 nm CMOS
process with eight layers of metallization. Fig. 10 shows the
chip microphotograph of the fabricated chip. Each implemen-
tation occupies a small core area of 0.053mm? (without the
charging capacitor, matching network, and test load). The die
is packaged in a 36-pin QFN package. The chip is soldered
onto a 2-layer FR-4 PCB board and tested with Agilent 8648D
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Fig. 9. Simulation of output voltage versus input power for different process
corners of Implementation I when the rectifier is connected to 1MQ load.

RF signal generator. The output dc voltage is obtained with
an oscilloscope or a digital multimeter. As discussed in the
previous section, the matching network is more for voltage
boosting rather than power matching. Three main factors affect
overall PCE, namely: (a) matching losses, (b) reflection losses
between matching network and rectifier, and (c) efficiency of
the rectifier. The proposed work covers and focuses on the
rectifier efficiency; however, the performance of the entire
system is limited by the quality factors of inductors, capacitors,
and loss of other passive elements in the matching network.
According to this, high-Q external components are exploited
for impedance matching to limit the loss of performance due to

Fig. 10. Die microphotograph of the fabricated chip.

the loss of matching network. This limits our proposed circuit
to a narrower application range where high PCEs are required
and the use of high-Q SMDs is possible.

For our test high-Q discrete inductor from COILCRAFT-
1812SMS series with a quality factor of more than 100 and
discrete capacitor from AVX-Accu-P series with a quality
factor of more than 200 at the operation frequency were chosen
for the matching network to minimize the power loss.

The performance of different implementations of the
designed rectifier is compared in this section.
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Fig. 11.  PCE as the function of input power for a) IMQ, b) 500KQ and

¢) 300KQ loads, without considering the loss of the matching network.

A. Performance Measurement

The measured PCE for all three implementations are com-
pared in Fig. 11 and Fig. 12. Fig. 11 (a), (b) and (c) show the
PCE for all three implementations for three different loads
of 1IMQ, 500k€, and 300kQ excluding loss of matching
network. Fig. 12 (a), (b) and (c) show the same information
including loss of the matching network.

Fig. 13 shows the output dc voltage as a function of input
power for different load resistances excluding loss of input
matching network. Fig. 14 shows the same information by
considering the loss of the matching network. As discussed
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Fig. 12.  PCE as the function of input power for a) IMQ, b) 500KQ, and
¢) 300KQ loads, with considering the loss of the matching network.

in the previous section, implementation II is designed in two
versions, V1 and V2. V2 has a fewer number of stacked diode-
connected transistors thus these diode-connected transistors
sink much more current in comparison to V1, resulting in
the degradation of PCE and the output voltage drop. At high
input power levels, all implementations except implementa-
tion II (V2) produce high output dc voltages that necessitate
the use of a voltage limiter to guarantee reliable operation
of subsequent circuits that are going to be powered by these
structures.
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Fig. 13. Output voltage as the function of input power for a) IMQ, b) 500K€2,
and c) 300KQ loads, without considering the loss of the matching network.

With the 1IMQ load, the implementation I and implemen-
tation II (V1) are measured up to the —11dBm input power
level to ensure the reliable operation of the system and voltage
breakdown of transistors and capacitors. At the same load,
implementation II (V2) is measured up to —7dBm input power
because as explained before this structure will have a reliable
operation up to higher input voltages. Implementation III is
just measured up to —13dBm because the breakdown voltage
of the high voltage OFF transistors used in this structure
is 3.2V. Thus, for reliable operation of these OFF transistors,
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Fig. 14. 14. Output voltage as the function of input power for a) 1MQ,
b) 500K, and c¢) 300K loads, with considering the loss of the matching
network.

this implementation is not suitable for high input powers with-
out a voltage limiter at its output. For the same reasons with
the 500KQ load, implementation I, implementation II (V1),
implementation II (V2) and implementation III are measured
up to —9dBm, —9dBm, —5dBm, and —11dBm, respectively,
and with 300kQ load these implementations are measured up
to —7dBm, —7dBm, —3dBm and —9dBm, respectively.
Measurement results including and excluding losses of
matching network for all implementations show that the loss of
matching networks reduces the PCE by about 10% at low input
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Fig. 15. Measured 10-90% charging time for different implementations
(a) versus Pj, for R, = IMQ and Cp, = 47nF, (b) versus Ry, for Pj, =
—20dBm and Cy, = 47nF.

powers and by about 7% at higher input powers. As discussed,
the loss in passives components such as inductors, capacitors
and transmission lines with limited quality factors degrades the
rectifier’s performance. The PCE varies only by about 2% for
all the implementations with different loads and input power
levels.

At almost all input power levels Implementation I and
Implementation II (V1) has better performance than the two
other implementations. That is mostly due to the higher
leakage current that is flowing through the auxiliary transistors
in Implementation II (V2) and Implementation III. On average
the measurement results including loss of matching network
shows that this proposed structure has PCEs of more than 20%
at input powers of more than —19.5 dBm for the 1MQ load.
Including the loss of the matching network, the proposed struc-
ture shows PCEs of 23% and 39% at —19dBm and —15dBm
input power levels for 1IMQ for all implementations and
producing 1.7V and 3.5V at the output, respectively. As the
load resistance decreases, the peak conversion efficiency curve
shifts to the right. Except for implementation II (V2), the PCE
increases with input power levels for all other implemen-
tations. The sensitivity of the RF-dc power converter for
obtaining an output voltage of 1 V with a 1 MQ load for
all implementations is around —20.5 dBm.

Fig. 15 (a) and (b), show the measured 10-90% charging
time versus (a) input power with R, = 1M, and (b) Ry, with
Pin = —20 dBm for all the implementations when rectifiers are
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connected to Cp, of 47nF. The implementation I and III have
higher charging time because in these two implementations
the auxiliary branches see higher impedance path to ground
and take more time for building up the compensation voltage.

There is a trade-off between the power consumption of
auxiliary circuits, the amount of generated compensation volt-
age and charging time. By increasing the current of auxiliary
transistors, the produced compensation voltage will be higher
but because the power consumption of auxiliary transistors,
the PCE will not necessarily increase. Thus, there is a trade-off
between the power consumption of auxiliary circuits and the
amount of produced compensation voltage. Another trade-off
is between the charging time and power consumption of auxil-
iary branches (produced compensation voltage). By increasing
the power consumption of auxiliary branches, the charging
time is smaller. Implementation IT (V1) and (V2) have smaller
charging time but as explained the PCE is slightly smaller at
lower input powers and the PCE of Implementation II (V2)
drops rapidly at higher input powers. These two implemen-
tations require a large number of transistors and consuming
a slightly larger area that can be negligible. Implementation
IIT has long charging time and is suitable for up to a certain
value of input power. The implementation I exhibits higher
PCE at low and high input powers than other three imple-
mentations while consuming the smallest area and it has a
simple and robust structure at the cost of the highest charging
time of all. In comparison with the other implementations,
we selected Implementation I because of its simplicity, good
efficiency, robustness to process variations, and high voltage
sensitivity.

B. Comparison With Previous Works

Table I summarizes the performance parameters of the
proposed rectifiers (data from implementation I including and
excluding loss of matching network) and compares them with
the published state-of-the-art works. Apart from not requiring
a PCB balun or differential antenna or special transistors in
the CMOS process and a large number of stages, this work
shows superior performance to other reported works as it
shows higher PCE at low input powers. Connected to a IMQ
output load and including the loss of the matching network,
at input power levels of —19 dBm, —15dBm and —11dBm,
this work has the PCE of 23%, 39%, and 43%, respectively,
and that is among the highest in comparison to other works.
This work has a PCE of above 20% for an input power range
of —19.5 dBm to —11 dBm, higher than in [10] and [24].
The RF-DC power converters in [23], [30] and [31] achieve a
greater high PCE range in comparison to this work at higher
input powers and smaller loads with additional requirements
as generally the PCE increases with input power.

Charging time is increasing with a number of stages [24].
As in this work, we used a minimum number of stages,
Implementation I with the highest charging time has better
performance in comparison to [8] and [10] that have a large
number of stages. With the same load resistor and capaci-
tor, [8] has charging time of 143ms at —18 dBm that is about
two times of charging time of Implementation I at the same
input power. Our measurement results for [10] shows that
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON
This work This work TCAS1°15 JSSC ’14 JSSC ’11 TCAS 11 °17 JSSC’17 MWCL’17
Inc. MN Exc. MN [10] [24] [8] [23] [30] [31]
loss loss
Technology 130 nm 130 nm 130 nm 90 nm 90 nm 65 nm 180 nm 180 nm
Frequency 896 MHz 896 MHz 915 MHz 868 MHz 915 MHz 900 MHz 402 MHz 433 MHz
Effective area | 0.053 mm? 0.053 mm? 0.25 mm? 0.029 mm?> | 0.19 mm? 0.048 mm? 1.44 mm? 0.15 mm?
No. of stages 4 4 12 5 17 5 3 4
Differential Differential
Additional antenna, antenna,
requirements - - - Control Triple-well Adaptive Control Multi-Vin
loop, control circuit Loop technology
Triple-well
Matching Off chip - Off chip Off On chip Off chip Sk Off chip
network chip***
Peak: 43% Peak: 51% Peak: 32% Peak: 24% | Peak: 11% Peak:36.5% Peak:31.9% | Peak:34%
@-11dBm @-11dBm @-15dBm @-21dBm @ @-10dBm @-1dBm @-7dBm
-18.83dBm
Peak PCE & at 39%@ 42.5%@ 18% @ 10%@ 3.5%@ 20%@ 20% @ 20% @
different input -15dBm -15dBm -10dBm* -11dBm* -10dBm* -5dBm -11dBm* -14dBm*
powers
23%@ 30%@ 18% @ 18% @ 9% @ 20%@ 30% @ 30% @
-19dBm -19dBm -19dBm* -15dBm* -15dBm* -16dBm -5dBm* -10dBm*
Load RL=1IMQ RL=1MQ RL=1MQ Ri=1MQ | RL=1MQ RL = 147kQ RL=30kQ | RL=100kQ
Voltage -12 dBm -19 dBm
Sensitivity: 1V | -20.5 dBm -22 dBm -20.5 dBm -23 dBm -17.5 dBm* -16 dBm @R1=1MQ, @R1=0
for RL VRrec=1.38V
High-PCE 8.5dB 10.5dB 7.5dB 8 dB* N.A. 11dB 10 dB 10 dB*
Range**

* Estimated from the figure, ** PCE >20%, *** With on-chip capacitor tuning, **** Not mentioned in the paper.

this work for the same loading condition has charging time
of 150ms at —18 dBm.

VI. CONCLUSION

A highly power-efficient RF-to-DC power converter for
energy harvesting systems is proposed by applying an opti-
mum compensation voltage. The optimum compensation volt-
age, calculated mathematically and verified with simulation,
is generated by auxiliary transistors operating in the subthresh-
old region. Three different implementations of the rectifiers
utilizing different auxiliary circuits to generate the desired
optimum compensation voltage have been designed and fabri-
cated in a 130 nm CMOS technology. The proposed technique
can provide almost constant compensation voltage for all input
powers and output loads. The proposed rectifier achieves the
maximum PCE of 43% at —11 dBm of input power when
driving a IMQ load. The measured PCE remains above 20%
for an input power range of more than 8.5 dB. The proposed
circuit exhibits a sensitivity of —20.5 dBm to generate 1V
across a IMQ load while consuming a relatively small silicon
area of 0.053 mm?.
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