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Abstract—Because of the interaction between the internal
blocks of an RF energy harvesting (RFEH) system, sizing a
rectifier only for high power conversion efficiency (PCE) is
insufficient for improving global power harvesting efficiency
(PHE). This paper analyzes and sizes the rectifier by taking
its input and output impedances into account with a two-port
model that combines the rectifier AC and DC characteristics.
The AC characteristic in this model is used for impedance-
aware rectifier sizing. We target a low input-impedance rectifier
for better impedance matching between the receiver antenna
and the rectifier. The DC characteristic describes the rectifier
power loss allocation and estimates its maximum power point. A
proposed parasitic-aware matching network sizing methodology
predicts the PHE is finally limited by Ohmic loss in the matching
network at a low incident power level. For overcoming this
limitation, this paper also analyzes the impact of multiple rectifier
stages on RFEH with a high peak-to-average power ratio (high-
PAPR) incident waveform for improving the PHE. We design
an RFEH prototype with a sized 28nm CMOS two-stage cross-
coupled rectifier. Measurement results show sensitivity as low
as -28.3 dBm with a peak PHE of 31.1% at -16.5 dBm 2.45-
GHz high-PAPR incident power. It has sufficient high output
impedance to prevent reverse leakage without the need for an
additional self-gating circuit.

Index Terms—RF energy harvester (RFEH), power harvesting
efficiency (PHE), maximum power point, impedance-aware, two-
port rectifier model.

I. INTRODUCTION

Radiative wireless power transfer (WPT) is an alternative
solution for far-field power supply of ultra-low-power (ULP)
Internet-of-Things (IoT) sensors. It is composed of an RF
power generator as transmitter (TX) and an RF energy har-
vester (RFEH) as receiver (RX) [1]. Improving the power
harvesting efficiency (PHE) of the RFEH is a key factor to
increase the effective distance between TX and RX, which is
the primary goal of the far-field WPT.

As depicted in Fig. 1, the RFEH includes four main
blocks: receiving antenna, impedance matching network (MN),
AC/DC rectifier and power management unit (PMU). Off-the-
shelf PMUs for energy harvesting feature maximum power
point tracking (MPPT) helps to improve the PHE by regulating
the rectifier output voltage Vout.rec to a given ratio γMPPT of its
open circuit voltage Vout.rec.OC.
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Fig. 1. RFEH architecture and its interaction between the internal block.
PHE = PEEant × PCEMN × PCErec, where PEEant, PCEMN and PCErec
are respectively the power extraction efficiency of the receiving an-
tenna (=Pin.MN/Pincident), power conversion efficiency of the matching net-
work (=Pin.rec/Pin.MN) and power conversion efficiency of the rectifier
(=Pout.rec/Pin.rec). For avoiding AC voltage attenuation, the corner frequency
of the high pass filter which is composed by CC and rectifier should be far
lower than the input RF power frequency [2].
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Fig. 2. (a) The architecture and perspectives of the rectifier with MPPT regula-
tion. (b) The proposed two-port rectifier model and corresponding parameters
expressions for impedance-aware rectifier sizing. In far-field RFEH application
with low Pincident, the Rin.rec is far larger than the antenna impedance.

There are interactions between these four blocks. Indeed,
because the rectifier is a non-linear circuit, the voltages
between the different blocks Vin.MN, Vin.rec and Vout.rec have
forward (power transfer direction) impact on its corresponding
downstream stage. MN input power Pin.MN, rectifier input
power Pin.rec and rectifier output power Pout.rec increase at
high incident power Pincident. The node voltages also have
reverse impact in opposite direction to the power transfer
on its upstream stage. Even with a fixed input Pincident, the
Pin.MN, Pin.rec and Pout.rec vary with γMPPT. The interactions are
mainly due to the fact that rectifier power conversion efficiency
PCErec and input-impedance Zin.rec are function of both the
rectifier input and output voltages. They further have impact
on the receiving antenna return loss and matching network
Ohmic loss [3]. Therefore, rectifier acts as a "bridge" of these
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Fig. 3. PCErec and power loss on Rcond/Rleak depending on γMPPT for (a)
a Greinacher rectifier and (b) a cross-coupled rectifier. (c) Comparison of
PCErec depending on Pin.rec. (d) Rectifier input-impedance depending on
γMPPT. (28nm FDSOI CMOS, LVT RF transistors, both rectifier types sized
with LG=30nm, WN/LG=17, WP/LN=2 and mrec=40).
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interactions. It needs impedance-aware analysis and sizing
for taking its input AC and output DC characteristics into
consideration to improve the global PHE of RFEH.

Instead of individual PCE optimization, in Section II, the
rectifier is sized in an impedance-aware manner with a trade-
off between PCErec and Zrec by a two-port model. The match-
ing network is parasitic-aware sized in Section III. The impacts
of multiple number of rectifier stages in series on the RFEH
with high peak-to-average power ratio (high-PAPR) waveform
are discussed in Section IV with an RFEH prototype and
corresponding measurement results.

II. IMPEDANCE-AWARE RECTIFIER SIZING

We propose to size the rectifier not only for high PCErec,
but also for low Zin.rec with the two-port rectifier model in
Fig. 2(a). A large Rin.rec raises the MN design challenge
and increases its Ohmic loss [3]. A large Cin.rec narrows the
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Fig. 5. Multiple rectifier in parallel (a) schematic, (b) impedance modeling
and (c) its analogy to pipe fluid. Q is volumetric flow rate. ∆ P is the pressure
difference between the two ends. A is the cross section of pipe. v is the flow
velocity. (d) The mrec sizing for given Pin.rec. (e) Optimal mrec for Pincident.

parasitic capacitance Cpa margin since Cpa=Cm-Cin.rec, where
Cm is the required MN capacitance value in Fig. 1.

As depicted in Fig. 2(a), the discrete diode or the diode-
connected MOS transistor in the rectifier has two main power
loss sources: forward conduction loss Ploss.cond and reverse
leakage loss Ploss.leak. As illustrated in Fig. 2(b), from the
input-side view, the rectifier has an AC equivalent impedance
Zin.rec modeled by Rin.rec in parallel with Cin.rec. From the
output-side view, we can analyze its DC status with an voltage
source Vdc.rec controlled by the AC input voltage amplitude
Vin.rec.pk. The Vdc.rec value equals to the value of Vout.rec.OC
(=VCR×Vin.rec.pk), where VCR is the rectifier voltage con-
version ratio between its output open-circuit voltage and its
input AC voltage amplitude. For a single-stage cross-coupled
rectifier used in Fig. 1, the rectifier VCR is around 0.85. The
output power extracted by the MPPT PMU is modeled as a
Vdc.rec controlled voltage source. It has an equivalent resistance
RMPPT(=Vout.rec/Iout.rec). The power consumption on the Rcond
and Rleak represent Ploss.cond and Ploss.leak respectively.

The link between the input-side AC model and the output-
side DC model is power conservation. In other words, the
power consumed on Rin.rec is the sum of the power losses on
Rcond and Rleak and the power extracted by MPPT PMU. It can
be expressed as Pin.rec = Ploss.cond +Ploss.leak +Pout.rec, namely

V 2
in.rec.pk

2Rin.rec
=

V 2
dc.rec

Rleak
+

(Vdc.rec −Vout.rec)
2

Rcond
+

V 2
out.rec

RMPPT
. (1)

Simplifying Eq. (1) by applying Kirchhoff’s circuit laws in
Fig. 2(b), we have the Rin.rec expression as

1
Rin.rec

= 2VCR2
rec[

1
Rleak

+
(1− γMPPT)

2

Rcond
+

γ2
MPPT

RMPPT
]. (2)

Normally, Rleak and RMPPT are far larger than Rcond, thus Rin.rec
mainly depends on Rcond.

The rectifier is designed in 28nm FDSOI CMOS at
2.45GHz. As depicted in Fig. 3(a) and (b), at low γMPPT, the
forward conduction losses dominate, i.e. Ploss.cond > Ploss.leak.
On the other side, at a high γMPPT, the reverse leakage
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methodology. Parasitic inductance, e.g., due to bonding wire, should be
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losses become dominant. The optimal rectifier output voltage
Vout.rec.opt for the highest PCErec is the one that meets the
following conditions

∂Ploss.cond

∂Vout.rec
=−∂Ploss.leak

∂Vout.rec
. (3)

Thanks to its dynamic self-Vth-compensation ability [4,5],
the power loss on Rleak is suppressed in the cross-coupled recti-
fier compared to the Greinacher rectifier. So, the cross-coupled
rectifier has a higher γMPPT.opt (= Vout.rec.opt/Vout.rec.OC=0.8)
than the Greinacher rectifier. As depicted in Fig. 3(c) and (d),
the cross-coupled rectifier has higher PCErec and lower Rin.rec
compared to the Greinacher rectifier at the same input power
Pin.rec level.

As depicted in Fig. 3(c) and (d), γMPPT has a weaker
influence on Rin.rec than Vin.rec. It can be explained with Eq. (2),
that Rleak and Rcond mainly depend on gate-source voltage VGS
which is bounded by Vin.rec. Vout.rec has no prominent influence
on Rin.rec since it is at the drain node of PMOS MP1/2. High
γMPPT decreases the source-drain voltage VSD of PMOS and
increases Rcond. But as there is a (1-γMPPT) factor with power
of two at the numerator in Eq. (2), Rin.rec eventually increases
slightly at high γMPPT.

Cin.rec is dominated by the bias-independent access and
fringing capacitances of the transistor. It is thus essentially
proportional to the total transistor width and has less variation
with both Vin.rec and Vout.rec. At the same given rectifier
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Fig. 7. The sizing results of the matching network and the power efficiency
depending on Pincident.

input power Pin.rec, a lower Rin.rec causes a lower Vin.rec.pk
(=

√
2Pin.rec × Rin.rec). So, as depicted in Fig. 4, both PCErec

and Rin.rec decrease at large rectifier sizes with low Vin.rec.pk
at given amount of Pin.rec. Thanks to the fact that high Vth
decreases reverse leakage, upsizing the gate length until 45nm
does not degrade the PCErec. As depicted in Fig. 4, the curve
of mrec almost covers all the optimal PCErec points at the same
Rin.rec level. This means that rectifier sizing can be simplified
into mrec with fixed optimal LG, WN/LG and WP/WN.

The mrec effect can be simplified into multiple rectifiers in
parallel as illustrated in Fig. 5(a). Fig. 5(b) shows that Rin.rec
and Cin.rec are mrec repetitions of unitary Rin.rec.n and Cin.rec.n
in parallel. It matches with the simulation results shown in
Fig. 4. At given rectifier input power Pin.rec, the larger mrec,
the lower Vin.rec.pk, which degrades PCErec. It is similar to a
pipe fluid as illustrated in Fig. 5(c). The pressure difference
∆P (⇒ Vin.rec) decreases as the cross section of pipe A (⇒
mrec) increases with given amount of input fluid.

So, there is a tradeoff between PCErec and Zin.rec on the
mrec for PHE optimization. As depicted in Fig. 5(d), the
optimal mrec can be found by sweeping mrec for maximizing
PHE at given Pin.rec. The corresponding matching network
sizes and Pincident can be calculated based on RFEH reverse
global analysis methodology in [3]. As shown in Fig. 5(e), the
optimal mrec gradually decreases at low Pincident since less mrec
with high Rin.rec boosts Vin.rec.pk at given Pin.rec. However, as
depicted in Fig. 5(d), mrec has a 55× variation range for only a
relative drop in the PHE from its peak value. Considering the
difficulty of configuration switch and control for the adaptive
mrec, a fixed mrec at average value (=40) is chosen for the
RFEH design in this paper without apparent PHE drop.

III. PARASITIC-AWARE MATCHING NETWORK SIZING

There are parasitic resistors in the lumped capacitor and in-
ductor due to limited element quality factor (Q), as depicted in
Fig. 6(a). It causes both Ohmic loss and impedance mismatch
in the matching network. The parasitic capacitors from die
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pads, packaging and PCB impose a constraint on the minimum
Cm value. We could increase Cmp to release the minimum Cm
limitation. However, as discussed in [3], a larger Cmp causes a
higher current amplitude in the matching network and degrades
PCEMN. So, as illustrated in Fig. 6(b), we propose a parasitic-
aware matching network sizing methodology for maximizing
PHE. To avoid iteration in forward RFEH analysis, it uses
the reverse RFEH analysis and starts from the rectifier with
MPPT PMU characterization by the proposed dual-end recti-
fier model. Instead of directly sizing the matching network
from Rin.rec, the parasitic-aware sizing targets a resistance
RMN.tag that is proportional to Rin.rec by a factor α . If lumped
elements have infinite quality factor Q, the factor α should
be equal to 1. We gradually increase Cmp until Cm meets its
minimum constraint Cm.min (=Cin.rec+Cpa) or directly size Cmp
from Cm.min with the following equations (4) and (5). The
virtual resistance Rvir used for the matching network sizing
can be expressed as a function of Cm.min,

Rvir =
RMN.tag

[ω(Cm.min +Crec)]2 +1
(4)

The Cmp and Lm are given by

Cmp =

√
Rant/Rvir −1

ωRant
(5)

Lm = (
√

Rant −Rvir +
√

RMN.tag −Rvir)/ω (6)

The maximum PHE can be found by sweeping the parasitic-
aware sizing factor α . The perfect matching or highest PEEant
is obtained with optimal α in the range of (0 1]. The optimal
parasitic-aware sizing factor α for maximizing PHE is mainly
up to PEEant. A lower Pincident with a higher Rin.rec has a
lower optimal α . As depicted in Fig. 7, with the proposed
parasitic-aware sizing, we can achieve perfect matching even
at low Pincident which is a challenge for the matching network
due to extremely high Rin.rec, e.g. Rin.rec ≈1MΩ @ Pincident=-
20dBm. From 0dBm to -20dBm, the Cmp gradually increases
to meet the Cm.min constraint at large Rin.rec. As a result,
the PCEMN gradually decreases due to high AC current in
the matching network. The Lm and Cm values are relatively
stable. It is interesting in practice since we can reconfigurable
the matching network just by tuning Cmp. As Buckets effect
reveals, the capacity of a bucket depends on the shortest
board. Finally, the PHE is limited by PCEMN due to limited
elements quality factors, especially at low Pincident. The high-
PAPR waveform used in Section IV can help to improve the
PHE at low Pincident.

IV. RFEH PROTOTYPE DESIGN AND MEASUREMENT

A large rectifier output voltage is good for improving the
PCE of the MPPT PMU. In order to boost the rectifier output
voltage, we can connect multiple rectifiers in series as shown
in Fig. 8. The mrec as shown in Fig. 5(a) can be uniformly
distributed on each stage, i.e., each stage has the same number
of fingers. From Kirchhoff’s current law, we know that each
stage has the same output current. Fig. 8(b) shows that the
rectifier output voltage gradually increases with the number of
rectifier stages. Its output current decreases and the product of
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Fig. 9. Rectifier forward current and reverse leakage by sweeping its input
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leakage thanks to its unidirectional behavior.

output voltage and current (i.e. Pout.rec) remains constant. From
the AC input view of the rectifier, the input impedance does not
change compared to the parallel rectifier structure. As a result,
the number of stages has no impact on the rectifier PCErec and
Zin.rec as illustrated in Fig.8(c). The matching network sizing
results from a single-stage rectifier stage can be directly used
for a multi-stage one. However, the rectifier output voltage is
limited by the range of MPPT PMU input voltage (50mV-5V
for the PMU we chose). Here, we choose a two-stage rectifier
for our RFEH prototype design.

As depicted in Fig. 9, the two-stage cross-coupled rectifier
has similar forward current compared to the single-stage
rectifier. But, its reverse leakage is much less which is good
for high-PAPR waveform for improving PHE at low incident
power level. As depicted in Fig. 2, the rectifier output resis-
tance Rout.rec is approximated to Rcond and can be expressed
as

Rout.rec ≈ Rcond = 2VCR2
rec(1− γMPPT)

2Rin.rec. (7)
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Fig. 10. RFEH prototype and measurement results at 2.45-GHz operational
frequency, and peak PHE comparison with the state-of-art works. Except [6],
the other works are with single-tone RF incident power. [1][3][6][12][13]
work in 2.45-GHz band. [7]-[11] work in sub-GHz band.

The two-stage cross-coupled rectifier has 2× VCR compared
to the single-stage. For reaching a given output voltage level,
its Vin.rec.pk is only half of the single-stage one. Let us notice
here, the Rin.rec exponential increases with low Vin.rec.pk as
transistors enter sub-threshold region. As a results, the two-
stage rectifier has a much higher Rout.rec to prevent reverse
leakage. Although, the Greinacher doubler rectifier has the
lowest reverse leakage thanks to its unidirectional behavior,
its forward current is the lowest as depicted in Fig. 9.

The RFEH prototype is built with an off-chip Balun and
MN. The two-stage cross-coupled rectifier is designed and
fabricated in FDSOI 28nm CMOS based on the sizing results
in Section II. It includes a self-gating circuit [6] which can
be enabled (or disabled) by turning up (or down) its power
supply. As depicted in Fig. 10, the RFEH with 2.45-GHz high-
PAPR waveform can reach very good PHE at low Pincident even
without self-gating compared to state-of-art works with zero-
Vth rectifier [7], reconfigurable rectifier [8][9], MPPT [10],
dual-path RFEH [11] co-design [12] and power recycling [13].
It reaches a sensitivity (positive output power criterion) of -
28.3dBm and peak PHE of 31.1% at -16.5dBm.

V. CONCLUSION

There are interactions between the internal blocks of an
RFEH. The AC/DC rectifier is the critical part of RFEH and
acts as "bridge" of these interactions. For improving global
PHE, we propose a two-port rectifier model to analyze both
its input AC and output DC characteristics. In additional
of improving the PCErec, impedance-aware rectifier sizing
methodology also targets for a low Zin.rec which is friendly
to parasitic-aware matching network. Multi-stage rectifier has
high output impedance. It helps to prevent reverse leakage for
intermittent input power and can improve PHE at low incident
power level. We designed an RFEH prototype with a sized
two-stage cross-coupled rectifier in FDSOI 28nm CMOS.
Measurement results show a sensitivity of -28.3 dBm and peak
PHE of 31.1% at -16.5 dBm with high-PAPR waveform.
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