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Abstract – The development of low-cost environ-
mental energy harvesters is opening new opportunities
for harvester-assisted semipassive radio frequency
identification (RFID) tags. In these systems, the tag to
reader communication raises a design concern as it is
the limiting factor of the maximum communication
range. Harmonic communication is an option for
enhancing this tag to reader communication in ultrahigh
frequency RFID systems. In this work, different voltage
multiplier (VM) configurations are evaluated at the
simulation level to suggest VM design guides to
increase the available harmonic power in harvester-
assisted scenarios. The results show that single-ended
topologies with the minimum number of stages are
preferred. Regarding the diode, a proposed modified p-
channel metal-oxide semiconductor (PMOS) diode has
shown higher generated harmonic power than typical
Schottky diodes.

1. Introduction

Radio frequency identification (RFID) has grown
rapidly during recent years, becoming one of the most
important technologies for tagging, tracking, and
locating objects [1]. Among its different operation
frequencies, the ultrahigh frequency (UHF) is the most
relevant for applications that require communication
with ranges above 1 m [2].

In most passive UHF RFID applications, the
reader to tag link was demonstrated to be the limiting
factor for the communication range. Specifically, the
harvested power that reduces with the square of the
distance between reader and tag is what limits that
distance. In most cases, the tag to reader communica-
tion, based on backscattering, has not been a problem as
high-sensitivity battery-powered readers are used.
Because of that, most of the efforts in UHF RFID
system development are focused on increasing the tag
sensitivity in terms of minimum activation power and
signal reception [3]. In these studies, the voltage
multiplier (VM) is a key circuit element, as it is the

block in charge of harvesting power from the incoming
RF signal.

However, with the development of low-cost
environmental energy harvesting interfaces and gener-
ators, new opportunities are arising for UHF RFID-
augmented systems, as continuous data logging without
a reader nearby or 21 m of range in the reader to tag link
[4]. In these scenarios, the harvested RF energy is no
longer a limiting factor in the system communication
range, but the uplink communication raises a design
concern.

One of the most promising techniques to improve
the tag to reader communication is to backscatter the
harmonics of the fundamental carrier generated by the
VM [5–10]. Several works have been presented for this
aspect, where commercial RFID tags are used to build
demonstrators. However, the harmonic generation has
not been evaluated from a VM design perspective. This
article faces this task in the scenario of harvester-
assisted UHF RFID system.

The article is arranged as follows. In Section 2,
the limitations of harvester-assisted RFID tags are
obtained. A presentation of VM from a harmonic
perspective is done in Section 3. Section 4 is devoted to
the simulation results and its discussion and is followed
by the conclusion.

2. Tag to Reader Communication Range in
External Harvester-Assisted UHF RFID

System

To evaluate the tag to reader communication
range in environmental harvester-assisted UHF RFID
systems, the work presented in [4] is taken as a
reference. In this article, a novel RFID tag for pick to
light applications is presented. In this kind of applica-
tions, the reader can ask to an individual RFID tag that
includes a light-emitting diode (LED) to switch it on,
among a number of tags.

The inclusion of the LED and its control comes
with an extra power consumption that affects the
communication range of the system in comparison with
an only ID tag: without any battery, i.e., using only the
RF-harvested power for communications, command
processing, and LED switching on; the maximum
communication range is limited to 3.7 m [4]. To
increase this range, a solar cell combined with a boost
regulator is used to supply the tag, transforming it into a
semipassive device. This way, the operation range can
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be theoretically increased up to 21 m. However, in this
work, that range is only evaluated in the downlink. The
uplink is not improved with the harvester inclusion in
the tag, as it continues with the same backscattering
principle.

If the uplink is theoretically evaluated, the 21 m of
the downlink range reported is obtained with 2 W of
effective isotropic radiated power (EIRP; 33 dBm) in
the reader. The path losses corresponding to that
distance with central frequency of 868 MHz are equal
to 57.65 dB. Therefore, the minimum input power in the
tag is �24.65 dBm. This means that with the
implemented dipole antenna and supposing a reflection
coefficient S11 equal to �10 dB, the backscattered
power to the reader is approximately �30.35 dBm.
Applying the same path loss in the uplink, the
theoretical received power in the reader is �88 dBm.
Considering that the European regulation limits the
output power of the reader to a maximum of 2 W ERP
instead of 2 W EIRP and with the same tag sensitivity,
the path loss could be increased to 2.15 dB in each
direction, with a final reader sensitivity requirement for
the uplink of �92.3 dBm.

As shown in Table 1, the majority of the RFID
readers available in the market are far (10 dB) from
being adequate in this application scenario, and those
with the best sensitivity are still not good enough.
Therefore, to exploit the improvement in the overall
communication range of semipassive with low-cost
environmental harvesters, new expensive, high-sensi-
tivity readers or new uplink communication methods
are required. The harmonic communication is a
promising solution to provide a long communication
range (21 m or more) between the reader and the tag.

3. VM and Harmonics

The VM is the first block of a RFID chip and deals
with the incoming RF signal provided by the antenna.
Usually, between the tag antenna and the RFID chip, a
matching network (MN) is required to ensure the
maximum power transfer between both. The two main
VM topologies are the differential and the single-ended
topologies [11].

Both topologies are equivalent when they have a
two to one ratio for the number of stages. However, the
main difference appears in the input impedance (it is
higher in differential architectures) and the ground
terminal of the RFID chip (connected to one of the
antenna inputs in the single-ended topology). In both
cases, the more stages the VM has, the greater its
voltage-multiplying capacity is but the less conversion

efficiency [2]. For harmonic generation, due to the
symmetry of the differential topology, the second
harmonic wave is canceled [11]. Therefore, single-
ended topology (Figure 1) is preferred to exploit
second- and third-generated harmonics.

Regarding diode technology, minimum threshold,
minimum on-resistance, and minimum reverse current
are desirable on the VM diodes [2]. The VM
simulations presented here have been done by using a
standard 180 nm complementary metal-oxide semicon-
ductor process with Schottky diodes available. The
Schottky diode is, in most cases, the best option for VM
implementation. In addition to it, a different diode was
built, modifying a medium threshold p-channel metal-
oxide semiconductor (PMOS) transistor, connected as
shown in Figure 2.

The diode that originated between the source Pþ
diffusion and the N well is the one that was used as a
commuting device. There is a second parasitic diode
between the P substrate and the N well. As long as it
may not be properly described in the model supplied by
the foundry, future measurements are required to
quantify its effects. Simulations of both diodes show
that Schottky diodes have a lower threshold voltage but
larger on-resistance than the modified PMOS option,
which also present a larger nonlinearity around its
threshold voltage.

As the VMs are built with diodes that typically
show nonlinear I-V curves, when the incoming RF
signal at the communication fundamental frequency
arrives, harmonics of the tag voltage and current
components are generated by the VM. These harmonic
components are reflected, travel through the MN, arrive
at the antenna, and propagate. On a VM, in principle,
there is no interest on backscattering harmonics of the
fundamental frequency, so the MN is designed only to

Table 1. Sensitivity of different UHF RFID commercial readers

Model Sensitivity (dBm)

Impinj R700 �92
Impinj Speedway �84
Nordic ID AR85 �81
Nordic ID HH85 �80

Figure 1. ‘‘Circuit diagram of single-ended three-stage VM.’’

Figure 2. Diagram of the implemented modified PMOS diode.
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match the antenna and the VM impedances at that
frequency.

Therefore, although the VM generates harmonics,
they are attenuated due to the VM-MN mismatch at the
harmonic frequencies. This implies that second and
third harmonics are typically backscattered by the tag
with a power approximately 50 dB below the input
power of the fundamental frequency [7]. The higher
harmonics (fourth and beyond) show lower power level
and have no interest from a harmonic communication
perspective.

The use of a four-component MN that matches the
impedance of the antenna and the VM, both at the
fundamental frequency and at a selected harmonic, is of
high interest because it can reduce the difference
between the input power and the backscattered
harmonic power to 15 dB [8]. This was the implement-
ed MN for the simulations presented in Section 4.

4. Results and Discussion

In this section, the harmonics generated by
different VM topologies are evaluated with an input
power of �20 dBm to determine a VM design criteria
for harvester-assisted operation. These criteria will
differ from the typical VM design, in which power
conversion efficiency maximization is the objective. In
this work, the VM efficiency is not a limiting factor
anymore due to the use of the environmental energy
harvester to supply the tag. The objective now is to
maximize the generated available harmonic power. To
do that, first, the number of stages of the single-ended
VM with the two proposed diode types have been
evaluated. The results are presented in Figure 3.

From Figure 3, it is concluded that the number of
stages is an important design parameter for the second-
order harmonics, with differences up to 20 dB in the
available power, depending on the number of stages.
Conversely, the available has a maximum variation of
only 5 dB. In both cases, the smaller number of stages,
the greater the generated harmonic power. Regarding
the diode type, simulations show that it is a critical

aspect, with 5 dB average power gain in both harmonics
when using the PMOS diode instead of the Schottky
diode.

In addition, simulations show that the second
harmonic power is much more sensitive to the different
design parameters than the third harmonic. The second-
order harmonic can achieve higher power values (�30
dBm at PIN ¼�20 dBm) with both diode types, if the
number of stages is reduced. However, third-order
harmonics are much more predictable and stable, yet
with a decent power level (�34 dBm at PIN ¼ �20
dBm).

Note the importance of the MN to transmit the
generated harmonics. In RFID tags, the input imped-
ance and, therefore, the matching are highly dependent
on the input power. This means that there is an
impedance mismatch between the antenna and the
RFID chip when the input power changes may affect
the available harmonic power. The effect of this
mismatch is evaluated in Figure 4 for a single, four-
stage topology, with a MN optimized for Pin at �20
dBm.

Note that the mismatch generated by increasing
the input power does not negatively affect the generated
harmonic power. Moreover, with the exception of the
second-order harmonic with the PMOS diode, the
harmonic power levels actually grow.

5. Conclusion

In passive RFID systems, the limiting factor in the
communication range was usually the downlink. This
was more obvious in augmented RFID tags, where
sensors, actioners, LEDs, or microprocessors were
added to the tag for extra features but with extra power
consumption. Low-cost environmental power harvesters
allow the RFID system to increase that downlink range
up to 21 m. However, under this new scenario, the
uplink raised a design concern, as most of the
commercial readers did not have enough sensitivity to
receive the tag answer (�90 dBm or more was required).
Harmonic communication was demonstrated as a

Figure 3. Harmonics generated with single-ended topology with
PMOS and Schottky diodes.

Figure 4. Harmonics generated with different input powers with a
MN matched with �20 dBm of input power with a modified PMOS
diode and Schottky diode.
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technique to improve the overall tag to reader
communication in UHF RFID systems. In this work,
the available power corresponding to the second and
third harmonic was evaluated at the simulation level
with different VM configurations and diode types.

Once that single-ended topology was chosen to
allow second and third harmonic generation, simula-
tions showed that the minimum number of stages was
the best option. At the simulation level, the proposed
modified PMOS diode showed a better performance for
energy harvesting and harmonic generation than the
Schottky diode available in the technology. Future
measurements, considering all the diode parasitics, can
validate these results.

Regarding the number of harmonic to be used,
from a complete system design perspective, it seems
that with a specific VM design, the available second
harmonic power can be higher than the third. However,
from the perspective of designing a harmonic commu-
nication system compliant with different commercial
RFID chips, the third harmonic seems a better choice, as
it is more stable and presents a better average power
level. Finally, regarding the operation point, the MN
should be defined in the worst input power case, as
more input power will increase the available harmonic
power, despite the generated mismatch.
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