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Abstract—A self-biased cross-coupled differential rectifier is
proposed with enhanced power-conversion efficiency (PCE) over
an extended range of input power. A prototype is designed
for ultrahigh-frequency (UHF) 433-MHz radio-frequency power-
harvesting applications and is implemented using a 0.18-μm
CMOS technology. The proposed rectifier architecture is com-
pared with the conventional cross-coupled rectifier. It demon-
strates an improvement of more than 40% in the rectifier PCE and
an input power range extension of more than 50% relative to the
conventional cross-coupled rectifier. A sensitivity of −15.2-dBm
(30-μW) input power for 1-V output voltage and a peak PCE of
65% are achieved for a 50-kΩ load.

Index Terms—AC-to-DC power converter, adaptive, energy
harvesting, radio-frequency identification (RFID), rectifier, self-
biased, wireless powering.

I. INTRODUCTION

W IRELESS power transfer (WPT) applications range
from powering batteryless wireless sensors [1], radio–

frequency (RF) identification (RFID) [2], and implantable de-
vices [3]–[5], to the higher scale of space-based solar cells
and wirelessly charged electric vehicles. It utilizes various
frequency bands starting from low megahertz for low-power
implants [4], [5] to ultrahigh-frequency (UHF) RFID tags [2],
including a 433-MHz industrial, scientific, and medical (ISM)
band [6] that is used for license-free communication, under-
water wireless-sensor networks [7], and automotive applica-
tions such as batteryless tire-pressure monitoring systems [8].
Among this myriad of batteryless devices, the wireless power
receiver is considered the linchpin for any given WPT system.

As shown in Fig. 1, the RF-to-dc power converter is the core
of any wireless power receiver that supplies usable dc power
out of the incoming RF power to the antenna. Recently, an RF-
to-dc power converter has been used for recycling wasted RF
power in hybrid duplexers and enhancing the power amplifier
efficiency [9]. The RF-to-dc power converter performance is
evaluated in terms of two main parameters: 1) sensitivity, which
defines the minimum input RF power required to generate a
specific dc output voltage, and 2) power-conversion efficiency
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Fig. 1. Block diagram of the wireless power receiver.

(PCE), which is the ratio of the usable output dc power Po to
the input RF power Pi and can be expressed by

PCE =
Po

Pi
=

Po

Po + Pdiss + Prvs
(1)

where the input power Pi is equal to the summation of the
output dc power Po, the dissipated power in rectifying devices
Pdiss and the reverse leakage power Prvs, which is caused by
the nonidealities in the reverse characteristic of the rectifying
device.

Traditionally, ac–dc power converters have been realized
using diode-based architectures, such as the Greinacher cell,
the Dickson multiplier [10], or a full-wave bridge rectifier [11].
Diode-based rectifiers have simply been realized in CMOS
technology using diode-connected transistors, such as the
Dickson rectifier shown in Fig. 2(a). However, they suffer from
poor sensitivity at low input power and from high dropout
voltage that degrades their PCE at mid-high input power. En-
hanced sensitivity can be achieved either by using Schottky
diodes that require additional fabrication steps and, hence, are
seldom offered in conventional CMOS processes or by using an
integrated step-up transformer occupying a large area [12]. On
the other hand, the differential fully cross-coupled (FX) rectifier
[2], as shown in Fig. 2(b), is widely used in RFID applications,
due to its improved sensitivity and high peak efficiency. How-
ever, this improvement is gained at the expense of the reverse
characteristic of the rectifying devices because the rectifying
cross-coupled transistor is still a bidirectional device, unlike
diodes or diode-connected transistors. Hence, it conducts in a
reverse direction once the instantaneous value of the RF signal
VRF becomes lower than the output dc voltage VDD in every
RF cycle, as shown in Fig. 3(a). This periodic reverse leakage
is exacerbated as the RF power level grows, degrading the
rectifier conversion efficiency at high input power, as shown in
Fig. 3(b). Consequently, the rectifier operates efficiently within
a limited range of input power. To evaluate different rectifier
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Fig. 2. Schematic of (a) the Dickson rectifier and (b) the conventional FX
rectifier.

Fig. 3. (a) Conventional FX rectifier efficiency versus RF power and (b) its
alternating current, output dc voltage, and RF voltage.

architectures, a dynamic range is defined as the input power
range at which the rectifier maintains a PCE higher than 80%
of its peak efficiency [13].

In [4] and [5], a low-megahertz adaptive architecture recon-
figures the rectifier stage as a diode-connected voltage doubler
or as a half cross-coupled rectifier based on the input power
level. However, it requires active diodes driven by fast com-
parators that are not power efficient at high RF frequencies,
such as UHF 433 MHz or higher. A multistage configuration
is presented in [13] and [14] to enhance the efficiency of
the cross-coupled rectifier by rewiring stages as a series or
parallel multistage rectifier. Although this technique extends
the efficiency of the cross-coupled rectifier over a wide range
of input power, it requires multiple stages with high input
capacitance and low input resistance, thus complicating the
matching network design. In [15], an adaptive offset calibration
technique is presented to compensate the threshold voltage Vth

in diode-based rectifiers to improve their sensitivity. However, it
requires two more auxiliary multistage rectifiers to compensate
the Vth of the main rectifier, thus occupying a large area, adding
more losses and degrading the PCE.

In this brief, we propose and experimentally validate a self-
biased cross-coupled differential CMOS rectifier with enhanced
efficiency over a wider input range than both diode-connected
and cross-coupled rectifiers. This facilitates reliable and effi-
cient RF-to-dc power conversion at varying RF power levels,
and it adds more spatial freedom between the wireless power
transmitter and receiver. The proposed architecture is illustrated
along with its operational concept in Section II, whereas the

Fig. 4. Schematic of the proposed self-biased cross-coupled rectifier.

experimental results are discussed and compared with measure-
ments of a fabricated conventional FX rectifier in Section III.
Finally, the conclusion is drawn in Section IV.

II. PROPOSED RF-TO-DC POWER CONVERTER

A. Proposed Architecture

A schematic of the proposed self-biased cross-coupled recti-
fier is shown in Fig. 4. The rectifier utilizes the cross-coupled
configuration with the differential-drive capability, to main-
tain good sensitivity at low input power, by operating in the
linear region and holding low dropout voltage. Moreover, a
self-biasing mechanism is added to limit the reverse leakage
at the sense of high input power. The proposed self-biasing
mechanism controls the conduction of the rectifying devices by
raising their effective turn-on voltage at high RF power levels.
A simple implementation of this mechanism is achieved by
applying the output dc voltage directly to the controlling gates
of the rectifying transistors (MP1,2) without disturbing the RF
signal at the differential inputs. This is achieved by decoupling
the dc voltage of the rectifying pMOS MP1,2 gates from their
corresponding nMOS MN1,2 using (CP3,4) and then applying
the dc self-bias using an RF choke (RFC) coil that is a dc
short circuit and an ac open circuit. It is worth noting that the
self-biasing branch is connected to a MOSFET gate; hence,
no dc current passes through it, whereas the self-biasing RFC
branches can be simply replaced by high feedback resistors
(RFB1, RFB2 � 100 kΩ) without loading the RF inputs, as
shown in Fig. 4.

B. Operational Concept

The operating point of the proposed self-biased cross-
coupled rectifying device is compared with the conventional
cross-coupled and diode-connected rectifying devices in Fig. 5.
Each rectifying device connects the ac-coupled RF node (RF
superimposed on a common mode VCM = VDD/2) at its input
terminal to the output VDD point. As shown in Fig. 5(a), the
gate and drain of the diode-connected device are tied to the
output VDD to act as a two-terminal diode. In the case of
the conventional cross-coupled device, the gate is attached to
the RFN node (= −VRF/2 superimposed on VDD/2), as shown
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Fig. 5. Operating point of the rectifying device (MP1) configured (a) as a
diode-connected transistor (Dickson rectifier), (b) as a cross-coupled transistor,
and (c) as a self-biased transistor (proposed rectifier).

Fig. 6. Simulation of (a) dropout voltage VSD and (b) drain current IDP in
the rectifying pMOS devices of the Dickson, conventional FX, and proposed
rectifiers at 37-μW input power level.

in Fig. 5(b). However, in the proposed self-biased cross-coupled
device, the gate RFN signal is superimposed on VDD, as shown
in Fig. 5(c). Note that both the proposed self-biased cross-
coupled device and the diode-connected device need minimum
turn-on RF voltage VRFmin equal to threshold voltage Vth

plus VDD/2. This is unlike the conventional cross-coupled
device, which requires Vth only. Moreover, the proposed device
conducts in the linear region and holds a dropout voltage
of less than or equal to its overdrive voltage Veff , passing
higher output voltage than the diode-connected device, which
requires a dropout of Vth + Veff . As a result, the proposed self-
biased cross-coupled device retains moderate sensitivity (i.e., it
generates higher output voltage at the same RF input power)
compared with the diode-connected device. This is derived
from the operating points shown in Fig. 5 and it matches the
simulated dropout voltages of the three rectifiers at the same
input power, as shown in Fig. 6(a).

During the periodic RF signal transitions, the reverse leak-
age of the diode-connected device is negligible, whereas
the conventional cross-coupled device is strongly biased by
VSG(RVS) = VRF/2 + VDD/2 in the reverse direction, as de-
rived in Fig. 5. Accordingly, the reverse current lobes increase,
as shown in Fig. 6(b). On the other hand, as shown in Fig. 5, the

Fig. 7. (a) Simulated output voltage, (b) alternating charges flowing in MP1
per RF cycle (Qp), and (c) PCE for the Dickson, conventional FX, and proposed
rectifiers versus RF input power.

TABLE I
COMPARISON OF RECTIFYING DEVICES

proposed device is biased only at VSG(RVS) = VRF/2, leading
to reduced reverse current lobes, as shown in Fig. 6(b). It is
worth noting that, during the negative RF half-cycle, the gate
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Fig. 8. Die microphotograph of (a) the proposed self-biased rectifier and
(b) enlarged view of active area with the feedback resistors are highlighted.

Fig. 9. Measured PCE of the proposed (solid) and conventional FX (dash)
rectifiers versus input power, for three loads.

of the MP1 in the conventional FX and proposed rectifiers is
positively biased, shutting down its current completely, similar
to the reverse-biased diode-connected device.

Fig. 7(a) shows the simulation of the output voltage versus
the input power, for all three rectifiers, for a load of 50 kΩ. At
low RF power, the proposed rectifier outperforms the Dickson
rectifier, whereas it outperforms the FX rectifier at high RF
power. This can be explained by plotting both the forward
harvested charges and the reverse leakage charges at three
distinct RF power levels, as shown in Fig. 7(b). The simulated
PCE of the three rectifiers versus input power is plotted in
Fig. 7(c). As shown in Fig. 7, the conventional FX rectifier has
a peak PCE at low RF power, but it falls off rapidly due to its
high reverse leakage current, which is shown in Fig. 6(b). On
the other hand, the Dickson (diode-based) rectifier displays a
moderate PCE at the high RF power levels but suffers from poor
efficiency at low input power due to its high dropout voltage, as
shown in Fig. 6(a). Conversely, the proposed rectifier achieves
a wider dynamic range with a slight decrease in its peak PCE
relative to the conventional FX rectifier.

A comparison of the three rectifying devices is summarized
in Table I, where the proposed self-biased rectifying device
shows competitive advantages of low dropout voltage, as shown
in Fig. 6(a), and hence low dissipation loss and better sensi-
tivity than the diode-connected device. At the same time, the
proposed rectifying device shows lower reverse leakage and
wider input range than the conventional cross-coupled device,
as shown in Figs. 6(b) and 7(c), respectively.

Fig. 10. (a) Measured ratio of the proposed rectifier PCE relative to the
conventional FX rectifier PCE for three different loads. (b) Measured dynamic
range of the proposed and conventional rectifiers.

Fig. 11. Measured output dc voltage of the proposed and conventional FX
rectifiers at 433 MHz versus RF input power for various loads.

III. RESULTS AND DISCUSSION

The proposed rectifier is implemented in a 0.18-μm CMOS
process technology and occupies a 130 μm × 130 μm active
area. The die microphotograph is shown in Fig. 8. A con-
ventional FX rectifier is implemented on the same die for
a fair comparison with the proposed rectifier, using identical
test setup and conditions. The RF measurement setup includes
an Agilent vector network analyzer (N5225A) and a digital
multimeter (34420A). The rectifier’s PCE is measured with
a single-tone 433-MHz signal at different input power levels,
and the output dc voltage is recorded. After deembedding
the reflection and transmission losses, the net input power is
calculated and the PCE for the proposed and conventional
rectifiers is plotted in Fig. 9 versus the input power at different
loads. Although the proposed rectifier has lower peak PCE
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TABLE II
PERFORMANCE COMPARISON

(�65%) than the conventional rectifier, whose peak PCE is
�75%, the proposed architecture maintains its PCE over a
broader dynamic range of input power. Thus, the proposed
rectifier can operate efficiently at different RF power levels,
enabling robust wireless powering from varying transmission
distances or within unstable environments.

To elucidate the relative PCE enhancement of the proposed
rectifier, the ratio of the proposed rectifier PCE over the con-
ventional FX rectifier PCE is plotted in Fig. 10(a), for variable
loads RL = 50, 100, and 200 kΩ. An approximately 40%–70%
efficiency improvement is achieved in the proposed rectifier at
mid-high input power (> 30 μW) relative to the conventional
FX rectifier, as shown in Fig. 10(a). Moreover, the proposed
rectifier maintains the achieved improvement in PCE over a
wide input range at different loading conditions, as shown in
Figs. 9 and 10(a). To further illustrate this point, the dynamic
range of input power [Pmin to Pmax] at which the rectifier
maintains 80% of its peak efficiency is represented as the ratio
of Pmax over Pmin and is compared in Fig. 10(b), for the pro-
posed and conventional FX rectifiers, versus different loading
conditions. Evidently, the proposed rectifier achieves a higher
dynamic range across a wide range of loading conditions (from
30 to 300 kΩ). Fig. 11 shows the measured output dc voltage
versus input power level for the proposed and conventional FX
rectifiers equally loaded by 50, 100, and 200 kΩ. At the same in-
put power, the proposed self-biased rectifier delivers higher dc
output voltage than the conventional FX rectifier by 20%–30%.

A performance comparison of the proposed rectifier versus
the recent ISM 433-MHz rectifiers is summarized in Table II.
The proposed rectifier shows 2× improvement in dynamic
range and 5× enhancement in efficiency relative to the architec-
ture in [6]. More than 50% wider dynamic range and doubled
efficiency is achieved, as compared with the architecture in [15],
with 9× chip area saving.

IV. CONCLUSION

In this brief, we have proposed a self-biased cross-coupled
differential rectifier with 50% enhanced PCE over a wide range
of input power levels and under different loading conditions.
A sensitivity of PRF = 30 μW at Vo = 1 V and peak PCE =
65.3% are achieved for a 50-kΩ load. The architecture of the
proposed rectifier is presented and its performance is compared
with the conventional cross-coupled rectifier.
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