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Abstract— Simultaneous wireless information and power
transfer (SWIPT) is a flexible and cheap way to supply Internet-
of-Things (IoT) smart sensors avoiding battery replacement.
In this paper, we analyze, model, and design a 2.45-GHz RF
energy harvesting (RFEH) system based on a discrete-component
matching network (MN), a custom 65-nm CMOS cross-coupled
rectifier, and an off-the-shelf storage-charging power manage-
ment unit (PMU), which regulates the rectifier output voltage
with maximum power point tracking (MPPT). We propose
a reverse global analysis to model the RFEH. It allows an
accurate prediction of the power harvesting efficiency (PHE)
to directly size the MN and select the RFEH MPPT regula-
tion ratio, at different incident RF power levels. We perform
parasitic-aware RFEH design to take advantage of printed
circuit board (PCB)/package capacitive parasitics at the rectifier
input for optimizing the 7-MN with the help of the proposed
RFEH modeling results. We show that this parasitic capacitance
introduces a maximum bound on the real impedance at the
rectifier input to ensure good impedance matching in practice.
MPPT is used to help reach this target real impedance at given
incident RF power, as the rectifier equivalent input impedance
is a function of both its input and output voltages. Measure-
ment results show a sensitivity as low as —17.1 dBm with a
peak PHE of 48.3% at —3-dBm incident RF power. Global
modeling, simulation, and measurement results demonstrate that
the PHE is limited by PCB/package parasitic capacitance and
that PCB/packaging technology improvement to reduce parasitic
capacitance by 150 fF could boost the PHE up to 45% for a low
incident RF power level of —10 dBm.

Index Terms— Cross-coupled rectifier, impedance matching,
maximum power point tracking (MPPT), power harvester effi-
ciency (PHE), RF energy harvesting (RFEH), simultaneous wire-
less information and power transfer (SWIPT).

I. INTRODUCTION

IRELESS power transfer (WPT) is a flexible way to
supply Internet-of-Things (IoT) smart sensors without
battery replacement. This is usually done with sub-gigahertz
WPT using a specific power transmitter added to the building
infrastructure. As mainstream short-range low-power (LP)
communications like WiFi or Bluetooth low-energy (BLE)

Manuscript received January 15, 2019; revised April 4, 2019; accepted
April 21, 2019. This paper was approved by Guest Editor Hong-June Park.
This work was supported by the Brussels Institute for Research and Innova-
tion (INNOVIRIS) through the COPINE-IoT Project. (Corresponding author:
Pengcheng Xu.)

The authors are with the Department of Electrical Engineering,
ICTEAM Institute, Université catholique de Louvain (UCLouvain),
1348 Louvain-la-Neuve, Belgium (e-mail: pengcheng.xu@uclouvain.be;
denis.flandre @uclouvain.be; david.bol@uclouvain.be).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSSC.2019.2914581

, Senior Member, IEEE

Tune MN[7][8]

Cap. bank]:"-l
_IT

Tune rectifier [5]-[7] Gate/Body biasing [18]-[23]J_

N ULPD[22,23] I”—®—l
et

— Sizing[26,27] W/L?
Voltage regulation [1,2,10]-[14] Multi-path[3][4] V-cancellation [15]-[17]

—] 1
*k management *L et :ﬂ
B

rectifier
Sensors H Mcu H BT-LE radio

ULP wireless sensor platform

Energy

' Matching
storage network

7

Fig. 1.
niques.

# Power
=) Data

IoT application | RFEHsystem| State-of-art tech.

SWIPT IoT smart sensor system and RFEH state-of-the-art tech-

uses 2.45-GHz band, sub-gigahertz WPT also requires a sec-
ond specific antenna on the smart sensor for receiving the RF
power. Therefore, WPT at 2.45 GHz is an interesting alterna-
tive for more compact and cheaper smart sensors. Going one
step further, re-using BLE/WiFi infrastructure enables simul-
taneous wireless information and power transfer (SWIPT).
As an example, such a 2.45-GHz SWIPT occupancy-detection
smart sensor with RF energy harvesting (RFEH) system is
demonstrated in [1] and [2].

Fig. 1 shows the concept of RF-supplied IoT smart sensor
for SWIPT. A single antenna would be used with an RF switch
between BLE communications and RFEH. The RFEH system
collects the ac electromagnetic power of the RF wireless
link when BLE is mute and converts it into a dc electrical
power to supply an ultra-LLP (ULP) sensor platform. A typical
RFEH system is composed of an impedance matching network
(MN), an ac/dc rectifier, a power management unit (PMU),
and a rechargeable energy storage (lithium-ion battery or
supercapacitor). The MN matches the rectifier input impedance
to the antenna impedance, typically 50 or 75 Q, to avoid
reflecting incident RF power. After ac/dc conversion by the
rectifier, the PMU generates a stable voltage to supply the
ULP platform regardless of the variable incident RF power
while managing the storage element.

Because of strong path loss and limited maximum RF
power emission due to regulations for human health problem,
the system incident RF power is limited in a range from —25
to 0 dBm [1], [2]. Therefore, it is a key challenge for the
SWIPT system to achieve good harvesting efficiency over this
wide incident power range. As depicted in the upper part
of Fig. 1, solutions in the literature include dual/multi-path
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rectifiers, which consist of a LP path using low-Vy, transistors
for high efficiency at low RF power and a high-power path
using high-Vy, transistors for high efficiency at high input
power [3], [4]. Another solution is reconfigurable rectifiers
based on multiple identical primary rectifying units con-
nected in series or parallel depending on the input RF power
level [5]-[7]. In order to compensate rectifier equivalent input
impedance variation with input RF power, a tunable MN
based on a capacitor bank was implemented in [7] and [8].
Similar to the photovoltaic (PV) energy harvesting system [9],
maximum power point tracking (MPPT) is also introduced
in [1], [2], and [10]-[14] to regulate rectifier output voltage
for improving harvester performance. To decrease the rec-
tifier forward ON-resistance and limit reverse leakage cur-
rent, self-Vi,-cancellation/compensation [15]-[17], gate/body
biasing [18]-[23], and ULP diode (ULPD) [24], [25] were
implemented in the rectifier circuit design. The rectifier transis-
tor threshold voltage and sizes are optimized in [26] and [27]
with gradient method sizing methodology to maximize the
rectifier power conversion efficiency (PCE).

However, in several previously proposed solutions,
the configuration switches introduce power losses due to
their series resistance. Large switches can be selected for low
series resistance. However, as we will study in this paper,
any parasitic capacitance added (e.g., by these switches) at
the rectifier input becomes critical for the MN design at
2.45 GHz. Consequently, a rectifier independently optimized
for good PCE cannot guarantee a better power harvester
efficiency (PHE) in the RFEH system due to impedance
mismatch problem and power loss in the MN. In this
paper extended from [10], we fully study the design of an
RFEH system at 2.45 GHz without reconfiguration switches.
We analyze and demonstrate the impact of the parasitic
capacitance at the rectifier input and validate the interest of
rectifier output voltage regulation with MPPT. On the strength
of the proposed RFEH global modeling, we optimize a
7-MN by using the parasitic capacitance as a contribution to
implement the capacitor of the 7-MN. The block schematic
analysis, RFEH system global modeling, and parasitic-aware
design measurement results are in excellent agreement. The
proposed RFEH system is introduced in Section II with
the analysis of the characteristics of cross-coupled rectifier
operated at its MPPT and of the 7-MN design. In Section III,
we perform RFEH system modeling based on reverse global
analysis to size the MN, accurately predict the PHE, and
select the MPPT regulation ratio at different incident RF
power levels, and the Appendix provides RFEH modeling
mathematical derivation in detail. The parasitic-aware
design and measurement of the proposed RFEH prototype
are described and compared with the state of the art in
Section IV.

II. RFEH SYSTEM AND SCHEMATIC ANALYSIS
A. Proposed RFEH System

The proposed 2.45-GHz RFEH system is depicted in Fig. 2.
It is built around a custom cross-coupled rectifier designed
in 65-nm CMOS. The rectifier architecture allows dynamic
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Fig. 2.  Proposed RFEH system and its power loss classification. The MN
element Cp, in gray comes from the parasitic capacitors of both the chip
package and the PCB. Ly and Cpp are parasitic-aware sized for impedance
matching.

self-Vi, cancellation but as its input is differential, it requires
the addition of a Balun to the single-ended antenna. The MN
is based on the 7 topology to help cancel the rectifier parasitic
input capacitance coming from printed circuit board (PCB) and
chip package, as presented in Sections II-C and IV-A. The
rectifier output voltage is regulated by the storage-charging
path inside the PMU, which performs MPPT to preserve good
PCE in the rectifier and limits its equivalent input impedance
variation over the incident RF power range as will be explained
in Section II-B. The PMU we will use is able to regulate the
rectifier output voltage to a specific MPPT ratio ymppr at 50%,
70%, or 85% of its open-circuit voltage. It also boosts the
rectifier output voltage to charge the storage element.

There are four main sources of RF power losses in the
RFEH system: RF power reflected back over the air due to
impedance mismatch, power loss in the matching network,
power loss in the rectifier, and power loss in the PMU. The
PHE of RFEH system is the ratio between the extracted dc out-
put power Py delivered to the load (here in Fig. 2 we consider
the PMU as the load) and the RF incident electromagnetic
power on the receiver antenna, which would be collected with
a perfect impedance match, Pipcigent in short. As the similar
RFEH performance metrics in [1], [2], and [12], PHE can be
expressed as

PHE = Pout/ Pincident = PEEMN X PCEMN X PCEree (1)

where PEEMN, PCEmy, and PCEg. are the MN power
extraction efficiency  [=(Pincident Prefiected)/ Pincident]s
MN PCE [=Pinrec/( Pincident—Preflected)], and rectifier PCE
(=Pout/ Pinrec), respectively. They correspond to the first three
of four main power losses sources as illustrated in Fig. 2.
In the proposed RFEH system, we use an off-the-shelf
storage-charging PMU (AEM30940 from e-peas). Therefore,
we consider this PMU as the rectifier load without taking its
efficiency into account, namely, the power loss in the storage
charger (SC) shown in Fig. 2. This definition is fair with
respect to RFEH performances comparison in Table 1.
Because of the wide RF path loss range, preserving
good PHE over the resulting incident RF power range is a
challenge [1], [2]. Let us mention that the PCE metric defined
as PCE = Pout/ Pabsorbed = Pout/ (Pincident — Preflected) in [28]
and [29] is a limited metric for RFEH systems as it neglects
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Fig. 3. Rectifier schematic. (a) Conventional Greinacher rectifier. (b) Static
self-Vip-cancellation Greinacher rectifier. (c) Dynamic self-Vi,-cancellation
cross-coupled rectifier. (d) Rectifier equivalent input impedance model. The
MPPT regulation effect on rectifier output voltage is treated as a voltage
controlled voltage source. Voutrec = YMPPT.rec X Yout.rec.0C- Here, Voutrec.0C
is the rectifier output voltage at open circuit.
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Fig. 4. Cross-coupled rectifier equivalent input impedance depending on
rectifier input voltage with given MPPT regulation ratio at 2.45 GHz. The
one-stage rectifier is four internal cross-coupled rectifier units in parallel with
sizes nMOS 5 xm/60 nm and pMOS 10 xm/60 nm.

the reflected power due to impedance mismatch that can vary
a lot with the incident RF power range. A high PCE is thus
a required condition but not a sufficient condition for high
performance of RFEH systems. This is why we use the PHE
definition depicted in (1) as the RFEH performance metric in
this paper.

B. Cross-Coupled Rectifier

The proposed RFEH uses a custom rectifier design in
65-nm LP CMOS with low-Vy, (LVT) transistors. It is
based on the dynamic self-Vy-cancellation cross-coupled
topology [15], [16], which achieves a higher rectifier PCE
than the conventional Greinacher rectifier in Fig. 3(a), espe-
cially at low input power conditions. In this differential
scheme, as shown in Fig. 3(c), the gates of transistors are
actively biased by dynamic differential-mode signals. On the
one hand, when Vpr is negative, it corresponds to the forward
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Fig. 5. Cross-coupled rectifier PCE and rectifier output voltage at open
circuit depending on the rectifier input voltage.
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Fig. 6. Cross-coupled rectifier PCE and equivalent input resistance depending
on the rectifier MPPT regulation ratio. For each Vi, rec, the optimum ypMppPTrec
for PCEec is around 85%.

bias condition for the MN1 diode, because the gate voltage
of MNI1, which is Vnr, is positively biased and effectively
decreases the turn-on voltage of MNI, resulting in a small
ON-resistance. On the other hand, when Vpr becomes positive,
which corresponds to the reverse bias condition, the gate volt-
age rapidly decreases, which effectively reduces MN1 reverse
leakage current. This is better than the static-Vi,-cancellation
Greinacher rectifier as depicted in Fig. 3(b), which increases
reverse leakage current due to low Vi.

As shown in Fig. 3(d), the rectifier equivalent input
impedance Z.. can be modeled as a resistor Ry and capacitor
Crec in parallel for representing its real and imaginary parts.
For a given sizing of the rectifier, Zy. is a function of the
rectifier input Viecin and output Voyurrec at given operational
frequency (here, fy = 2.45 GHz). It can be expressed as

Vin.rec (@)
Zrec = 7 3
Iinrec (@) w=27fy
= Rrec”Crec = f(vin.rem Vout.rec)~ (2)
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Fig. 7. Sizing 7-MN elements. Step 1: divide 7-MN into two L-MNs with
a virtual resistor Ry which is not real in the practical circuit. Step 2: convert
Xpy and Ryec in parallel into X lgl and R} in series for conjugate matching.
Then repeat Step 2 for right L-MN. At last, Crec should be detracted from
Xpj elements.
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Fig. 8. Sizing results of the 7-MN depending on Ryec at 2.45 GHz with 50-Q
antenna impedance (blue dashed line with Cyy = 0.29 pF and gray dashed
line with Cpy = 0.45 pF). Crec is taken into consideration as expressed in (7).

In Fig. 4, the post-layout simulations show that the rec-
tifier input resistance Rye. increases greatly at low Viecin as
transistors enter the near-/sub-threshold region. For example,
at 0.3 V corresponding to a —30-dBm incident RF power with
an ideal MN and 50-Q antenna impedance, Ry is higher than
100 kQ. At 0.75 V corresponding to an incident RF power
of 0 dBm, Ry is below 1 Q. This illustrates the challenge
of MN sizing and design for a wide incident RF power
range. However, its capacitance Cre. remains around 65 fF
as it is dominated by the bias-independent access and fringing
capacitance of the transistor, while the bias-dependent gate-to-
channel part is minimized, especially when the MOSFETs are
driven in weak inversion at part of time even with high Vi rec
ac amplitude. Fig. 5 shows the excellent PCE,. performance
of this cross-coupled rectifier. Thanks to its dynamic self- V-
cancellation ability, the PCE. is above 50% at 0.4-V Vij rec
ac amplitude. At open circuit, rectifier voltage conversion
efficiency (VCE) is around 81.2%. Since rectifier equivalent
input impedance is a function of its input and output voltages
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Fig. 9. 7-MN sizing results depending on Cpp for Rrec = 1.2 kQ and
Crec = 65 fF.
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Fig. 10.  Matching network elements ac current amplitude and PCEpN
depending on Cryp with Rrec = 1.2 kQ, Crec = 56 fF, and Vijrec = 0.5 V
ac amplitude (in fact, PCEpN = f(ZMN, Zrec) is not relevant with the input
voltage as expressed in (11) of Section III assuming both ZyN and Zyec are
independent of Vjp rec)- The element quality factors of Ly, Cm, and Cpyp are
correspondingly equal to 35, 200, and 200.

as shown in (2), rectifier performance is linked with its MPPT
regulation ratio [13]. As depicted in Fig. 6, the best PCEe.
is achieved at yMmppTrec = 85%. However, a higher MPPT
regulation ratio also increases Ry, which will impact the
impedance matching as we will discuss in Section II-C.

C. m Matching Network

To extract the maximum power from an RF source, the load
impedance must be equal to the complex conjugate (i.e.,
identical real impedance with opposite reactance) of the source
impedance. The antenna equivalent impedance Ry is 50 Q for
the 1/4-wavelength printed monopole antenna in this design.
In two-elements L-MN, the circuit quality factor is fixed when
the source and load impedances are determined. In contrast,
m-MN with three elements (L, Cn, and Cyyp) as illustrated
in Fig. 2 can be used for narrowband high-Q application [30].
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As represented in Step 1 of Fig. 7, 7-MN can be separated into
two L networks with a virtual resistor Ryi; whose resistance
must be smaller than both the antenna impedance Rs and the
load resistor Ry, (here Ry is the equivalent input resistance
Ryec of the rectifier operated at its MPPT) for sizing z-MN
parameters.

Cmp, L, and Cy, in 7-MN are sized from a selected Ryir
in [30]. However, here we prefer to decide Cyyp first since
it is a real component in 7-MN and has effect on Ly, Cp,
and PCEpN as shown in Figs. 8-10. By reversing derivation
from [30], the virtual resistor Ryir can be expressed in terms
of Cryp as

Ryir = Rant/[1 + (CURantCmp)z]- (3)

On the strength of (3), we update 7-MN sizing based on
selected Ryir to Crp. The separated left and right L-MN
circuits quality factors are, respectively, equal to

QL =V (Rant/Rvir - 1) (4)
QR =V (Rrec/Rvir - 1) (5)

As represented in Step 2 of Fig. 7 for parallel-to-series
impedance transformation, it gives two independent equations
for conjugate matching. Therefore, Ly, and Cp, can be, respec-
tively, derived as

Ly = Rvir(Qr + Or) /@ (6)
Cn = QR/(CURreC) — Crec @)

where @ = 2z fy. As expressed in (7), Cre is taken into
consideration at the final step by subtracting it from the
primary Cp(=QRr/(wRyec)). Fig. 8 shows the required Ly
and Cp, values to achieve a perfect match as a function of the
rectifier input resistance Ry and the Cpyp value. If Cpyp =0,
the 7-MN network is actually an L-MN and the values of its
elements L, and Cp, follow the L-MN sizes. Let us mention
again that Ry varies with the incident RF power. This comes
from the varying voltage ac amplitude at the rectifier input
combined with the highly non-linear characteristics of the
transistors at low gate voltage, as discussed in Section II-B.
The sum of parasitic capacitance Cp, from chip package and
PCB can contribute to the equivalent C, as will be discussed
in Section IV. (Ciy — Cpa) is the capacitance that should be
finally added in practical MN. Therefore, a higher resistance
Ryec at low Vip rec requires less Cry, as depicted in Fig. 8, and
decreases parasitic capacitance margin.

As depicted in Fig. 9, a larger Cmp helps to increase
the target Cp, and releases parasitic capacitance margin that
contributes to equivalent Cp,. For matching R = 1.2 kQ
and Crec = 65 fF rectifier equivalent input impedance, with
Cmp = 0, Cpy is only around 0.2 pF. It increases to 0.45 pF
when Cpp = 2 pF. However, increasing Cy,p, to improve
the parasitic capacitance margin is not a free gift. As shown
in Fig. 10, it also enhances the ac current amplitude in 7-MN
and thus decreases PCEpnN, because all MN elements have
parasitic resistors due to the finite-element quality factor. The
power loss in MN is boosted by the square of ac current
amplitude. Considering Q = 35 for the inductor (L) and
0 = 200 for the capacitors (Cpp and Cp), PCEpMN goes down
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Fig. 11. Proposed RFEH system modeling on strength of reverse global

analysis with ideal or real MN. Step 1: characterize rectifier as in Section 1I-B.
Step 2: size 7-MN parameters as in Section II-C. Step 3: compute power
efficiency PCEpN based on (11) and |Sy1| parameters based on (12). The
global PHE is calculated by (1). Step 4: compute corresponding RFEH input
incident RF power Pjpcident- Step 5: compute corresponding RFEH output
MPPT regulation ratio yNppTRFEH -

from 90% to 77% with Crp increasing from O to 2 pF. This
will also be verified by the modeling RFEH in Section III-B.
Fig. 10 shows that L, and Cy, flow almost the same amount of
ac current. This is because, as illustrated in Fig. 11, the current
going through L, is the sum of currents going through Cp, and
Zrec. Since the impedance magnitude of Ly, (wL,,) is much
less than the magnitude of Zpc, Ly and Cy, flow almost the
same amount of ac current.

III. PROPOSED RFEH MODELING METHOD WITH
REVERSE GLOBAL ANALYSIS

As discussed in Section II-B, we characterize the rectifier
by applying an ac voltage Vinrec across the rectifier input
with MPPT regulation on its output. However, the incident
RF power Pipcident 1S injected from antenna and thus not
directly at rectifier input nodes Vpr and Vngr, as illustrated
in Fig. 2. Due to the nonlinear behavior of the rectifier
as depicted in Fig. 4, it is challenging to deal with the
interaction between the antenna, MN, rectifier, and MPPT
regulator in the RFEH system. The relationship between the
rectifier input Vi rec and the RFEH input Pipciden: 1S linked with
the MN performance (both PEEyn and PCEpN). Different
MNs generate different Vipr. even with the same input
Pincident- In addition, ympprrec Of the rectifier alone required
to generate a given MPPT-regulated output voltage is not
the same as ymppT.RrEH Of the RFEH global system. Indeed,
when simulating the rectifier alone, the rectifier input voltage
Vinrec 1s forced at the fixed value, no matter its output is
open circuit or regulated with MPPT. On the other hand,
when considering the global RFEH system at fixed Pipcidents
Vinrec varies with the rectifier output voltages Vourrec due
to the associated change in the impedance match because
Voutrec has effect on rectifier equivalent input impedance Zec
as shown in (2) and Fig. 4. Therefore, even with the same
input Pipcigent and MN, different rectifier output conditions
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cause different Vi, rec. Therefore, in the conventional iterative
analysis [31], [32], both corresponding incident RF power
Pincident and output MPPT regulation ratio yMppT.RFEH are not
known for a given rectifier with Viyrec and yMppTrec- Zrec
needs to be iteratively recomputed for the matched rectifier to
fine-tune the MN parameters and ymppT.REEH- FOr optimizing
MN at different Pjpcigent or for MN elements with different
qualify factors, the conventional iterative analysis only based
on SPICE simulation will be more tedious and approximative.

In this section, we propose an RFEH system modeling
method with the reverse global analysis for filling the gap
between the rectifier characterized at (Viprec, YMPPT.rec) and
corresponding RFEH with ( Pincident, YMPPT.RFEH), as illustrated
in Fig. 11. In addition, it predicts the optimized MN sizes and
efficiency performances (PEEyN, PCEMN, PCE ., and PHE)
at different Pipcigenr- In other words, with a single SPICE
simulation for rectifier characterization alone, the modeling
computes efficiency performances for the whole RFEH system
with optimized MNs at different incident RF powers.

A. Modeling With an Ideal Matching Network

With an ideal MN, all elements are assumed to have infinite
quality factor (Q), namely, without any parasitic resistors in
capacitors and inductors. Therefore, the PCEpN is 100%. The
MN extracting RF power Py, = (Vin/ \/5)2 /real(Ziy) is exactly
equal to the rectifier input power Piprec = (Vinrec/ «/Q)Z/Rrec,
where Zj, is the equivalent input impedance looking from MN
Vin as depicted in Fig. 11. PEEyN can also be up to 100%
if the MN is sized from Z.. as discussed in Section II-C
and without mismatch caused by z-MN parasitic resistors,
namely, Zij; = Run. As defined in (1), the global RFEH
PHE is finally equal to rectifier PCE... Therefore, we have
Pincident = Pin = Pinrec- Vin and Pincident can be, respectively,
expressed as

Vin = Vin.rec/\/ Rrec/Rant (8)

Pincident = (Vin.rec/ﬁ)z/Rreo (9)

From (8), the MN voltage gain that is defined as the
ratio between Vj,rec and Vi, can be expressed as Gainyn =
(Rrec/ Ram)l/ 2, With (9), we can compute the optimum MN
sizes and PHE (=PCE;..) depending on Pincidenr, Which are
discussed in Section II and characterized in Step 1 but
depending on Vi, rec. The expressions for the corresponding
yMPPT.RFEH are the same as derived in Section III-B.

B. Modeling With a Real Matching Network

In practice, as discussed in Section II-C, any inductor
and capacitor component has a parasitic resistance. This is
illustrated in Fig. 11 with the first-order model that is a
pure inductor/capacitor in series with a resistance due to
the finite quality factor. They are, respectively, expressed as
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Rcm = 1/(wCmOcm), Rim = ®Lm/QOrm, and Remp =
1/(wCinpQcmp). There is, therefore, an inevitable power
loss in the MN. These parasitic resistances also cause
impedance mismatch. There is no possibility to achieve per-
fect conjugate matching by this single z-MN that is sized
will ideal elements as illustrated in Fig. 7. Two or more
L-MNs/z-MNs in series could be used to solve this problem.
As in a Smith Chart, there are almost always more than one
way to reach the center point where the reflection coefficient is
zero from a given impedance [33]. For example, an inductor
can be added in parallel for canceling parasitic capacitance
by resonating instead of by increasing Cpp in 7-MN as
discussed in Section II-C. However, it greatly increases MN
sizing complexity and design cost and also increases power
loss in the MN. Therefore, this paper focuses on single 7-MN
sizing and design. In practice, Pincident # Pin 7 Pinrec Since
both PEEmn and PCEpN are less than 100%. More accurate
modeling can be performed in five steps with a global reverse
analysis from the rectifier to the incident power as depicted
in Fig. 11. In Step 1, the rectifier equivalent input impedance
Zrec and PCE. depending on Vi, for a given yMppTrec
are extracted, as explained in Section II-B. This is the only
step that needs circuit SPICE simulation since the rectifier
characteristic is non-linear and strongly dependent on the
CMOS technology. All the following steps can be performed
by analytical computation with the equations derived in the
following. In Step 2, 7-MN is sized depending on Zie. as
explained in Section II-C.

Once the rectifier equivalent input impedance Z.. and
7-MN are defined, the MN voltage gain Gainyn, the MN
power conversation efficiency PCEpN in Step 3.a, the reflec-
tion coefficient S1; magnitude in Step 3.b, and the MN power
extraction efficiency PEEyN can be, respectively, expressed
as [see the Appendix for the mathematical derivation in detail
and (11) is shown at the bottom of this page]

Gainvn = (1/Zin — 1/ZCmp) X (Zcemll Zree) (10)

[S11 |(dB) =20 x 10g10|(Zin — Rant)/(Zin + Rant)l (12)
PEEMN = 4Rant X real(Zin)/(Zin + Rant)®  (13)

where Zin = ZCmp”(ZLm + ZCm”Zrec), Zcmp = Remp +
1/(joCmp), Zcm = Rem + 1/(joCr), and Ziy = Rum +
JjoLp. The rectifier input power is

Piprec = (Vin.rec/\/i)z/Rreo (14)

Therefore, the corresponding incident RF power in Step 4 can
be computed as

Pincident = Pin.rec/(PCEMN x PEEmN). (15)

Equation (15) expresses the relationship between Viprec
and Pincident- As a result, the 7-MN sized from Z.. at
given Viprec at Step 2 can be converted to its corresponding

Gainﬁ,[N / Rrec

PCEMmN =

Gain12\/[N/Rrec + Rem(Gainvn/ Zem)? + RCmp/Z%mp + Rim(1/Zin — l/ZCmp)2

(1)
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Fig. 13. Rectifier equivalent input resistor and input voltage depending on
incident RF power with 7-MN sized at Cmp = 2 pF. Vi rec increases about
25 mV with Cmp = 0 pF and corresponding Rrec decreases as depicted
in Fig. 4.

Pincident- Combining (11), (13), and PCE;,. extracted in Step 1,
the global RFEH system PHE can be computed as expressed
in (1).

In order to get the optimum ymMppTRFEH at correspond-
ing Pincidents the rectifier open-circuit output voltage in the
RFEH system needs to be computed first, which is expressed
as V) ecoc- Let us emphasize here that V) . - is not
corresponding to the previous given Vi,rec, otherwise we
could directly get Vo/ut.rec.OC from Fig. 5 since Voyrrec.o0c =
VCE X Vin rec. Rectifier input voltage Vip rec 1S changed to Vi;.rec
due to actual matching conditions (both PEEyN and PCEpmN)
changed at open circuit. Therefore, V. ... o corresponds to

oo Assuming the rectifier equivalent input impedance is

Z!.. at the RFEH open circuit, we can combine (11), (13),
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Fig. 14. Computed 7-MN sizes depending on incident RF power.
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Fig. 15. RFEH open-circuit output voltage and corresponding MPPT
regulation ratio depending on incident RF power with 7-MN sized at Cpp = 0
PF. Vout. RFEH.OC decreases about 35 mV with Cryp = 2 pF and corresponding
YMPPT.RFEH is also around 70%.

and (14) to express Vi .. as

n.rec

i;l.rec - \/2Pi/n.rec x real(z;ec)

_ 2 Pincident X real(zéec) (16)
PCEMN|,, x PEEMN|,,

As depicted in Fig. 4 and expressed in (2), the monotonic
relationship between rectifier Zy. and Viprec at open circuit
is the other constraint condition in addition to (16) and it be
expressed as Z.. = AV, ....VCExV; ). Z/.. can be simpli-
fied to Ry, in parallel with a constant 65-fF C;, since rectifier
input capacitance variation with Viprec is very limited. The
generic function of polyxpoly in MATLAB [34] can be used
to find the above two independent functions, single intersection
point expressed as V. ... = Vinrecoc and Zj. = ZrecocC.
Therefore, V(;ut,rec.OC = VCE X Vinrec.OC = VoutRFEH.OC-
Therefore, in Step 5, ymppT.RFEH can be expressed as

YMPPT.rec Vout.rec.0C __ VMPPT.rec Vin.rec

YMPPT.RFEH = (17)

Vout.RFEH.OC Vinrec.0C
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Fig. 16. RFEH blocks and global power efficiencies performance with 7-MN
sized at Cmp = O pF and ympprREEH = 70%. Gray dash lines: proposed
modeling computation results. Black lines: fully SPICE simulation results.

C. Modeling Results and Verification

All the following modeling results in this section are based
on the rectifier characterized in Section II-B with ymppTrec =
85% since this ratio maximizes PCE.. as shown in Fig. 6.
As depicted in Fig. 12, the proposed modeling results obtained
in Step 3 match the full SPICE simulation results on PCEyn
and |S11|. Using finite quality factors for the 7-MN elements
(Ocm = 200, Ocmp = 200, and Qrm = 35), the increasing
Ryec resistance decreases the PCEpn and increases |Sii|
(namely, decreases PEEyN). This further shows the challenge
to achieve good PHE at low incident RF power as mentioned in
the Introduction. At given Ryec, the increasing Cr,p degrades
RFEH PCEpmnN and |S71| performance due to the higher ac
current amplitude in 7-MN, as depicted in Fig. 10, despite
the fact that it can relax the parasitic capacitance margin on
the equivalent Cy,.

The relationship between Pipcigent and Viprec 1S shown
in Fig. 13 as computed in Step 4. Rrec = 1.2 kQ characterized
at Vinrec = 0.72 V corresponds to —5-dBm Pipcident. A higher
Rrec is with a lower Pincigent- The computed z-MN sizes
depending on Pipcigent are depicted in Fig. 14. Comparing
Figs. 8 and 14 shows that the low Pincident causes high Rpec
due to low Viprec at low Py, and vice versa. For example,
at Picident = —5 dBm, the corresponding R = 1.2 kQ
with Cp, = 0.45 pF and Ly, = 10 nH at Cpp = 2 pF
At Pincident = —9.5 dBm, the corresponding Ry is 2.5 kQ
with Cy = 0.29 pF and Ly, = 13.5 nH at Cppp = 2 pE.

As depicted in Fig. 15, the corresponding yMPpPT.RFEH
around 70% although the rectifier is characterized with
YMPPTrec = 85% in Step 1. Fig. 16 shows the RFEH blocks
and global system efficiency performances with the z-MN
sizes optimized in Fig. 14 at Cryp = 0 pF. Again, the results
obtained with the proposed modeling match SPICE simulation
results. The slight difference is mainly due to harmonics effect
since the rectifier is non-linear, while during modeling and
computation, it is modeled as a linear resistor and capaci-
tor. The PCE. remains high from 0 to —20 dBm. Since,
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Fig. 18. Proposed RFEH prototype design flow with three successive tasks.

as depicted in Fig. 5, with yMppTrec = 85%, the PCE¢ is
above 60% when Vi rec > 0.5 V. The PHE degradation at low
Pincident 1S mainly caused by PCEyn. Indeed, it shows that
MN has a significant effect on RFEH performance.

However, as depicted in Fig. 17, Cy, is only about 0.23 pF
at Pincident = —5 dBm, which is less than what we estimated
(as will be discussed in Section IV-A) for the package and
PCB parasitic capacitors that can contribute to equivalent Cp,.
In line with what was depicted in Fig. 9, a larger Cpyp relaxes
the margin on parasitic capacitance. Cp, is up to 0.45 pF
with Cyp = 2 pF. However, it causes power loss in MN
increasing, finally, degrading the converted power to PMU
load. As illustrated in Fig. 10, a larger Cyp enhances ac current
amplitude in 7-MN and increases power loss due to parasitic
resistors.

IV. RFEH PROTOTYPE DESIGN AND
MEASUREMENT RESULTS

As summarized in Fig. 18, the proposed RFEH prototype
design flow is based on three successive tasks. First, a specified
rectifier is characterized at different input voltages Viprec and
output MPPT regulation ratios ymppTrec by the SPICE simu-
lation, as depicted in Fig. 4. Second, rectifier characterization
results Zy. and PCE are included in the proposed RFEH
model for sizing MN and computing PEEMN/PCEMN/PHE
performance at corresponding input Pincident and output MPPT
regulation ratio yyMppTRFEH With given lumped elements qual-
ity factors as depicted in Fig. 11. Third, parasitic elements
are taken into consideration for optimizing MN in practical
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Fig. 20. Model of PCB/package parasitics (5x5 mm QFN32L with Rg = 46
mQ, Lg = 1.11 nH, Cp, =202 fF, and Cc = 39 fF).

design as illustrated in Figs. 19 and 20. If different rectifiers
are characterized in the first task, this flow can also be used to
size the rectifier by comparing their modeling results. In this
paper, we focus on the specified rectifier already used in [10]
and characterized in Section II-B.

A. RFEH Prototype Parasitic-Aware Design

The cross-coupled RF rectifier was designed and fabricated
in a 65-nm LP CMOS process with 5 umx25 um area
and assembled in a 5x5-mm open-cavity QFN32L package.
As depicted in Fig. 19, the full RFEH system also includes a
Balun, a discrete-component MN, and the AEM30940 PMU
from e-peas semiconductors for storage charging with pseudo-
MPPT [35]. It allows configuring the ymppr ratio at 50%,
70%, or 85% (we used an internal prototype but the com-
mercial product has selectable ratios of 50%, 65%, or 80%).
The selected AEM30940 battery-charging PMU operates with
pseudo-MPPT. Indeed, it periodically disconnects the rectifier
output and senses its open-circuit voltage (in this design,
Vout.rec.oC 18 close to 81.2% X Vi rec ac amplitude, as illustrated
in Fig. 5) and then regulates the rectifier output voltage
by forcing Vourrec to a configurable ratio ympprrrEn Of
Vout.rec.0C-

At 2.45 GHz, PCB and package parasitics have a magnified
impact compared to sub-gigahertz. The Cy, capacitance in the
7-MN has a minimum value coming from the combination
of the PCB (Cpcp) and package (Cp and Cc) parasitics,
as depicted in Fig. 20. From the datasheet of QFN package
model, the total parasitic from two input RF bonding wires and
PCB is around 0.30 pF (=Cr/2+Cc+Cpcg/2) if Cpcg = 0.30

|S1:] [dB]
PEEyy [%]

fre=2.45GHz

10 . . . . L 10
0 0.5 1 1.5 2 2.5 3

Frequency [GHz]

Fig. 21. Reflection coefficient |S11| and corresponding PEEyN measurement
results by sweeping the RF operational frequency.

pF [with a trace length (L) of 5.5 mm, width (W) of 0.7 mm,
and height (H) of 0.5 mm in FR4 PCB and Cpcp = e WL/H.
Here, € is PCB permittivity]. As depicted in Fig. 8, the 0.30-pF
Cny value requires an equivalent input resistance of the rectifier
below 0.6 kQ when Cyyp, is 0 pF (corresponding to an L-MN).
This is a difficult target for sizing the rectifier at low incident
RF power. Therefore, using Ciyp = 2 pF, the Ry requirement
is relaxed to 2.3 kQ. However, in real measurement, due to
extra parasitic capacitor from PCB arbitrary soldering and
extra bonding wire length for die position in package, which
depends on fabrication technique and is variable case by case,
the equivalent Cy, is estimated at 0.45 pF from RF Vector
Network Analyzers (VNA) measurement. The corresponding
matched Ry is close to 1.20 kQ with Cyp = 2 pF and
Ln = 10 nH as depicted in Fig. 14, which results in an
explicit Ly, of 7 nH in series with the parasitic inductance
Lgs of the bonding wires. This means that the best matching
occurs when the incident RF power results in Ry of 1.20 kQ
at Pincident = —5 dBm as predicted with modeling results
shown in Figs. 13 and 14. Let us mention here that assum-
ing sub-gigahertz WPT at 900 MHz, the same 0.45-pF Cy,
equivalent parasitic capacitance would require a target Ryec
of 4 kQ, which is much easier to obtain at low incident RF
power, as depicted in Fig. 13.

B. RFEH Prototype Measurements Results

The measured |S;;| parameter at the MN input for —5-dBm
incident power with open load shows excellent matching at
2.45 GHz as depicted in Fig. 21. The PEEyN curve is the
vertical mirror of |S71| as explained in Section III-B because
of PEEun = 1 — |S11|% (here, |Syi| is in linear units).
Since this matching depends on Ryec, it is sensitive to Vip rec
and Voyprec. Fig. 22(a) shows that the optimum matching is
reached for different Voycrec values. The best matching is at
Pincident = —5 dBm, which is in agreement with modeling
results and parasitic-aware design in Section IV-A. MPPT
thus helps preserving a good matching from 0 to —10 dBm.
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Fig. 22.  RFEH measurement results depending on rectifier output voltage
Vout.rec and incident RF power Pipcident- (2) [S11] versus Voutrec at different
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Pincident at different ypppTREFEH and its optimum yMppT.RFEH -

However, below —10 dBm, the mismatch becomes serious as
Ryec becomes significantly higher than the target 1.2 kQ for
which the 7-MN was sized with 0.45-pF Cp, contributed from
parasitic capacitors. As depicted in Fig. 22(b), the optimum
yMmPPT.REEH for |S11| is reduced at low Pipcigent, because the
low Voutrec helps to mitigate the Ry increase due to low
Vinrec, as shown in Figs. 4 and 6. Fig. 22(c) clearly shows
that the PHE is maximized for a Vg rec voltage that varies
from 0.25 to 0.65 V as a function of the incident RF power.
This really validates the need for rectifier output voltage
MPPT regulation. The ymppT.RFEH Tatio to select is analyzed
in Fig. 22(d) with the PHE obtained for 50%, 70%, and
85% ratios. For the target Pincident = —5 dBm, the optimum
YMPPT.RFEH 1S close to 70% which agrees with the modeling
results, as depicted in Fig. 15. At other Pincident, the best
PHE is reached at ympprrrEn ratio of 70% as a trade-
off between an optimum PCE, at higher ratio ymMppTRFEH
(although yMPPTRFEH 7 )MPPT.rec, they are positively cor-
related) and a better matching (thanks to lower Ry.) at
lower yMPPT.RFEH.

Fig. 23 shows that PHE measurement results are in excellent
agreement with the post-layout simulation results with all
parasitic elements taken into account. The proposed RFEH
has an excellent performance from 0 to —10 dBm, thanks
to the parasitic-aware design on the strength of z-MN opti-
mized sizes from the proposed RFEH global modeling results
in Fig. 14 and the absence of reconfiguration switches. Below
—10 dBm, the impedance mismatch shows up. The PHE
suffers from both the reflected power loss and the associ-
ated Viecin drop, which results in a low PCE;. as shown
in Fig. 5.

To demonstrate that the PHE of the proposed RFEH sys-
tem is limited at low Pincigent by the PCB/package parasitic
capacitance, we simulated the RFEH assuming that this
equivalent capacitance could be reduced to 0.30 pF. Results
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Fig. 23. RFEH PHE with ypppTREEH = 70% measurement and post-layout
simulation results. The curve with Cyy = 0.01-0.35 pF label is theoretical
PHE roof with 7-MN sizes optimized for each target Pjpcigent as shown
in Fig. 14 with Cyp = 0 pF. The other curves have a fixed 7z-MN with
Cmp =2 pF.

in Fig. 23 show that in this case, the PHE can be kept
higher than 25% down to —16 dBm with sensitivity below
—20 dBm. Furthermore, without considering the minimum
parasitic capacitance, the theoretical RFEH roof performance
keeps the PHE above 40% down to —20 dBm with the z-
MN optimally sized for each target Pincident> as proposed
in Fig. 14.

As summarized in Table I, compared to the previous works,
we use the proposed RFEH system modeling methodology and
parasitic-aware design techniques beyond MPPT. No config-
uration switch is used. Not only it avoids parasitic capacitor
and power loss but also it does not need additional/external
power supply to drive the switch. With only one stage,
the rectifier output voltage Vouirec at open circuit can be up
to 400 mV at —17.1 dBm. Instead of boosting Vyyrrec by
increasing the number of rectifier stages in [3], [6], and [7],
the MPPT PMU that can start from 380 mV with an input
voltage operation ranging from 50 mV to 5.5 V [35] internally
boosts and regulates the rectifier output Voyirec to 1.8 V to
power supply load as in [1]. Almost all peak PHE happens at
high Pincident around 0 dBm because the rectifier equivalent
input impedance Zye. is low at high Pipcident, as illustrated
in Figs. 4 and 13. Compared to high Ziec, a low Zec i
easier to be matched by MN since it is closer to antenna
impedance. This means that a smaller inductance L, and
capacitance Crp are needed to compensate a certain Cp, wWhich
is contributed by parasitic capacitors, as depicted in Figs. 8
and 20. The RFEHs in [21] and [26] achieve high PHE but
they only concern rectifier efficiency alone by assuming an
ideal matching without RF power been reflected and power
loss on MN. Indeed, as illustrated in the measurement results
shown in Fig. 22, these power losses significantly influence
RFEH performance. The good PHE in [26] is also obtained,
thanks to its low operational frequency with less rectifier
switching losses and conduction losses which are another
challenge at 2.45 GHz.
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TABLE I

TECHNIQUE AND PERFORMANCE COMPARISON

This work [1] 2018 [3] 2017 [6] 2016 [7] 2017 [21] 2018 [26] 2016
PATMOS TCAS-II ISCAS JSSC ISCAS JSSC
Rectifier Process 65nm Discrete 65nm 0.18um 0.18um 0.13um 0.25um
Frequency 2.45GHz 2.45GHz 900MHz 2.40GHz 915MHz 915MHz 13.56MHz
Topology Cross-coupled G:ieinacher Cross- Greinacher Greinacher Cross- Cross-coupled
oubler coupled doubler doubler coupled
Techniques xzzﬁicz(ﬁénge;;i MPPT Dual-path r;?gin arFf(Lil ri'iclt/ilfliir v sz(t)il(r)lrtl) o gradliel;lfls)i;in g
Config. Switch No No Yes Yes Yes No No
No. Rectifier Stages 1 1 5 12 8 8 3
Rectifier Load PMU PMU 1??7‘]?5 g}‘)a;i‘t’gr PMU %f’;i\f[‘g C“rlrgr: ASi“k
Sensitivity -17.1dBm/ -22.7dBm’  -10.9dBm* -17.7dBm -22dBm’ -14.8dBm -30.5dBm* N.A.
@V ut.rec.oC @400mV @400mV @1V @1.25V @1V @1V N.A.
Peak PHE 48.3%/ 45% 32.5% 34.5% 38.4%" 26% 42.8%"* 72%*
@Pincident @-3dBm/ -10dBm @0dBm @-2dBm @0dBm @0dBm @-16dBm @1Vpp

T Post-layout simulation results. * Only concerning PCE,e, without PEEyN and PCEyn. * Including sensor power consumption.

V. CONCLUSION

A full 2.45-GHz RFEH system with MPPT for SWIPT
IoT smart sensors is presented in this paper. We model the
RFEH system with a global reverse analysis to integrate
the non-linear rectifier characteristics into the full system
for predicting the efficiency and optimizing the MN design.
The schematic simulation, global modeling, and prototype
measurement results achieve an excellent match. Because
of the high impact of capacitive parasitics, which are more
critical at 2.45 GHz than below 1 GHz, the parasitic-
aware RFEH design first estimates PCB/package parasitic
capacitance and then takes it into account to size the
explicit capacitance required for the z-MN. This sizing is
enabled by the RFEH modeling results with the predicted
corresponding input incident RF power and output MPPT
regulation ratio.

RFEH prototype measurement results show an experimen-
tal sensitivity of —17.1 dBm and peak PHE of 48.3% at
—3 dBm. The simulation shows that reducing the parasitic
PCB/package capacitance by 150 fF would result in 45% PHE
down to —10 dBm with a sensitivity as low as —22.7 dBm.
Designing 2.45-GHz RFEHs with the help of the proposed
modeling methodology thus shows great potential down to
—20 dBm of incident RF power. Below —20 dBm, the parasitic
capacitive margin vanishes, which is an open challenge for
future work.

APPENDIX
RFEH MODELING MATHEMATIC DERIVATION

As depicted in Fig. 11, the real inductor and capacitor
elements are first-order modeled as a parasitic resistor in series
with their corresponding pure reactive elements. The resistors
result in RF power losses in MN. However, as depicted
in Fig. 10, loss-less capacitors and inductors influence ac
current amplitude, which finally have an effect on resistive
power losses since they are the products of resistances and the

square of ac currents. Therefore, the power losses on practical
Cm, Cmp, and Ly, can be thus, respectively, expressed as

Pcem = I2,/2 X Rcm

= (Vinree/ Zcm)?/2 X Rcm (18)
Pemp = I¢mp/2 % Remp

= (Vin/Zcmp)*/2 X Remp (19)
Pim = I£,/2 X Rim

= (Iin — Icmp)*/2 X Rum

= [Vin x (1/Zin = 1/Zcmp)1?/2 X Rum ~ (20)

where both voltage and current here represent their ac ampli-
tude values. By Ohm’s law, the relationship between rectifier
input Vi rec and 7-MN input Vi, can be expressed as

Vinree = ILm X (Zcml| Zrec)
= (Iin - ICmp) X (ZCm”Zrec)
= Vin x (1/Zin — 1/ZCmp) X (Zemll Zree)-

From (21), the MN voltage gain Gainyn = Viprec/Vin can be
expressed as (11), as shown at the bottom of the page 7.

The total power losses on 7-MN Pyn are the sum of
Pcm, PLm, and Pcpp. Combining (14) and (18) to (21),
the PCEMN = Pinrec/(PMN + Pinrec) can be further derived
as (11), which is used in Step 3.a in Fig. 11.

Except for reflected RF power due to mismatch, the RF
power extracted by MN system can be expressed as

21

P = Ii%l/Z x real(Zip)

= [Vant/(Zin + Rant)1>/2 X real(Ziy). (22)

Let us emphasized here only real part of Zj, consuming
electrical power. When Zj, = Ran, the MN extracts the
maximum RF power, thanks to the perfect conjugate matching
in the 7-MN. Therefore,

Pin.max = Pincident = Vaznt/(8 X Rant). (23)
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Combining(22) and (23), the RFEH MN power extraction
efficiency PEEyN can be expressed as
PEEMN = Pin/ Pincident

_ 4Ryt X real(Zzin). (24)
(Zin + Rant)

From (12) and (13), we can also get directly the relationship
between |S;1| and PEEyN, which is PEEyy = 1—]S1 |2 (here,
|S11] is in linear units) as illustrated in Fig. 21.

As expressed in (11)—(14), once the MN impedance Zyn
and rectifier equivalent input impedance Z. are specified,
|S11], Gainyn, PEEmN, and PCEpmN can be computed, respec-
tively. The proposed RFEH modeling method is quite flexible.
It can be easily applied on another operational frequency
and both the rectifier and MN can be updated to another
topology, supposing that the rectifier characterization in Step
1 and MN sizing in Step 2, as depicted in Fig. 11, are with
this given frequency and topology. If a fixed MN is already
specified, then Step 2 can be skipped. Equations (18)—(20)
should be re-computed accordingly when a more complex
lumped/distributed element model is used. If the rectifier
load is a resistor or current sink but not MPPT PMU, then
Step 5 can also be skipped. However, the rectifier should
be characterized by the corresponding load in Step 1. More
explicitly, the rectifier equivalent input impedance Zy is the
rectifier with its load equivalent input impedance, but not
rectifier alone.
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