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Abstract

This paper presents the design of an energy autonomous
radiofrequency  identification = (RFID) tag  for
communication and/or indoor localization. It makes use of
the energy harvesting (EH) technique in the 915 MHz
ultra-high frequency (UHF) band for the feeding of a
system-on-a-chip (SoC), working also as a radio
transceiver, in order to communicate data to a reader, or a
gateway, at 2.4 GHz. First, the design of a multiple-input
multiple-output (MIMO) antenna is described, with the
dimensions of the whole tag limited to 47 x 100 mm?.
Subsequently, the description and the performance of the
UHF rectifier are reported, with its connection to the
related power management unit (PMU). The PMU is then
connected to a transceiver that can send information about
its identification number (ID) and the received signal
strength indicator (RSSI) without the need of a battery.

1. Introduction

Lately, simultaneous wireless information and power
transfer (SWIPT) led to a huge amount of interest from
many fields, and in particular from Industry 4.0 [1].

Specifically, wireless power transfer (WPT) and the
concurrent abating of the overall integrated circuits (IC)
energy requirements helped the development of
techniques of powering low-power electronic devices by
means of “green” energy sources, by getting rid of bulky
batteries, and consequently avoiding the continuous need
for their maintenance [2]. In particular, radiofrequency
(RF) waves have been exploited in order to power RFID
tags, or sensor nodes, with the exploitation of both near-
field (NF) [3] and far-field (FF) WPT solutions [4].

In this work, an RFID tag conceiving the presence of two
different radiating elements is presented: a rectifying
antenna (rectenna) working at 915 MHz (UHF band) is
designed for EH purposes along with a 2.4 GHz antenna

Figure 1. Geometry of the proposed UHF and ISM
MIMO antenna: (a) top view and (b) bottom view with
the common RF ground. Dimensions (mm): L=100,
W=47, [.1=18.4, 12=16.5, 1,3=37.5, 1.s=62, 1,=24.5, 1,=75,
wai=18.4, war=18.4, w,=24.5, w,=35.

devoted to data communication serving a commercial
radio transceiver which can be fully autonomous from the
energy source point of view, because it uses power
harvested from the UHF rectenna.

2. MIMO Antenna Design

The two-port MIMO antenna is designed with two
radiating elements, one for the UHF and one for the 2.4
GHz industrial, scientific and medical (ISM) band with
common RF ground plane. The UHF radiating element
consists of a meandering monopole etched on both sides
of the substrate which are connected through vias. The top
side of the monopole is connected to the matching
network consisting of an open stub and a radial stub to
match the monopole radiator impedance to 50 Q.
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Figure 2. Simulated S-parameters of the proposed UHF
and ISM MIMO antenna.
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Figure 3. Schematic representation of the 915 MHz
rectenna.

The feeding line of the UHF radiator is extended to the
edge of the substrate where an SMA connector is
connected for testing purposes. The ISM radiating
element is a rectangular patch with truncated corners. The
rectangular patch has a shared RF ground with the UHF
radiator and is fed using a coaxial feed from the bottom of
the substrate. The two-port MIMO antenna is realized by
incorporating both UHF and ISM radiators on a single
board of Rogers Kappa 438 substrate with a dielectric
constant of 4.38, a loss tangent of 0.005 and thickness
1.524 mm. The schematic of the proposed two-port
MIMO antenna is shown in Fig. 1. The overall size of the
dual-port MIMO antenna is 47 x 100 mm?. The feed point
of the UHF radiator is indicated as port 1 and the one for
the ISM radiator is indicated as port 2, as can be seen in
Fig. 1(b). The simulated S-parameters plot of the
proposed two-port MIMO antenna is depicted in Fig. 2.
The —10-dB reflection coefficient bandwidth of the UHF
radiator is 105 MHz, ranging from 840 to 945 MHz,
covering the UHF RFID bands worldwide. The 105 MHz
bandwidth covers the designated bands used in China,
Europe, and the USA. The —10-dB reflection coefficient
bandwidth of the ISM radiator is 80 MHz, ranging from
of 2.4 to 2.48 GHz covering the 2.45 GHz ISM band. The
isolation between both ports of the MIMO antenna is
better than —20 dB as can be seen in Fig. 2.

3. Energy Harvesting and Communication
Modules

3.1 Rectifier Design and Performances
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Figure 4. (a) Reflection coefficient S;; of the voltage-
doubler rectifier vs frequency, and (b) RF-to-dc power
conversion efficiency (PCE) vs RF input power Pj,.

A UHF voltage-doubler rectifier has been designed and
considered in order to convert the harvested UHF signal
into exploitable dc power. The 915 MHz rectifier is
connected with the abovementioned wideband UHF
antenna in order to implement a rectenna.

The chosen substrate for the rectifier circuit is the same
Rogers Kappa 438 (thickness: 1.524 mm, &=4.38,
tan(8)=0.005), that was used for the antennas. A common
microstrip feeding has been adopted to connect the UHF
antenna port to the input port of the rectifier.

The topology selected for the rectifier is a voltage-doubler
(schematically represented in Fig. 3), in order to achieve
higher output dc voltage, since this is a critical parameter
for the most common commercial PMUs’ cold start (i.c.,
e-peas AEM30940, or Texas Instruments bq25570). It is
composed of a lumped input matching network (an RF
capacitor Cyn=0.5 pF, and a shorted RF inductor in
parallel Lyn=23 nH), two Schottky diodes D; and D,
(Skyworks  SMS7630-079LF), two RF capacitors
(Cp=CLroap=1 nF), and a resistor (RLoap=12.9 k) acting
as a load and setting the cut-off frequency of the output
low-pass filter.
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Figure 5. Rectifier (red line) open-circuit voltage and
(blue line) output voltage with optimum load (Rroap)
depending on the RF input power Pj,.

In order to ensure the use of the correct values of these
components, an optimization has been conducted using
the Keysight ADS circuit simulator. The twofold goal was
to maximize the RF-to-dc power conversion efficiency
(PCE) and to enlarge the bandwidth of the rectifier in
order to cover the US UHF band from 902 to 928 MHz.
The obtained results are shown in Figs. 4(a) and 4(b),
showing the reflection coefficient S;; with respect to
frequency, and the percentage PCE reached by the
voltage-doubler rectifier while the input power Pi, is
varied from —25 to 0 dBm.

From Fig. 4(a), which presents the rectifier’s reflection
coefficient, it can be derived that, for small signal analysis
(S-parameters simulation), the reflection coefficient
remains better than the —10-dB matching threshold, which
indicates the good matching of the non-linear rectifier
circuit.

It is worth mentioning that this design is optimized for
low input power levels, as can be deduced from Fig. 4(b);
indeed, this is the typical power level expected to harvest
from the UHF EH antenna.

3.2 Power Management Unit and
Communication Module

The PMU that has been used for this prototype is the e-
peas AEM30940 [5], which features a cold start from 380
mV and a maximum power point tracker (MPPT) open-
circuit voltage (OCV) sampling frequency of 3 Hz.

As can be seen in Fig. 5 (red line), the simulation results
indicate that it is possible to activate the cold start for an
input power at the rectifier equal to —20 dBm.

Moreover, after the cold start, the boost converter
integrated in this PMU can extract the available power
from the source as long as the input voltage is between 50
mV and 5 V. This performance makes the rectifier
operational for input power as low as —32 dBm, assuming
that the cold start has been accomplished.

UHF Rectifier

Figure 6. Layout of the board including the lumped-
components rectifier at 915 MHz, the PMU, and the
C(C2530 transceiver (overall dimensions: 35 x 67 mm?).

This PMU IC is able to supply low-voltages (from 1.2 to
1.8 V) typically driving low-power microcontroller units
(MCU), whereas the high-voltage output (HVO) can
support the energy requirements of a transceiver, with
required voltage supply between 1.8 and 4.1 V.

In fact, for the communication part, a SoC from Texas
Instruments (TI), namely the CC2530, has been selected
for sending and receiving data to/from a reader or a
gateway. Its recommended supply voltage can be
anywhere between 2 and 3.6 V.

The TI CC2530 radio transceiver, integrating an Intel
8051 MCU, adopts a protocol for communication named
SimpliciTI: this is a low-power RF network protocol
developed by Texas Instruments allowing to exchange
information, for instance, between the RFID reader and
the RFID tags regarding their IDs and the corresponding
instantaneous RSSI power values, as described in [6] for
an indoor localization system.

Regarding the PMU energy budget, for the recommended
storage capacitor of 150 pF and an output voltage (HVO
mode) of 2.5 V, a stored energy of 0.47 mJ can be
guaranteed. Having said that, it is possible to state that a
communication cycle of transmission/reception (TX/RX)
lasting for a maximum of 3.5 ms is feasible for the present
configuration (current consumptions: active mode RX: 24
mA, active mode TX at I dBm: 29 mA).

4. Conclusion

In this work, the design of an ISM communication
module using harvested power from the implemented
UHF RFID antenna, has been presented. A MIMO
antenna was implemented on the same board with the
UHF rectifier in order to guarantee both the



communication and the wireless power reception needed
to sustain the operations of the ICs.

The circuit system comprises of a rectifier at 915 MHz, a
UHF antenna as the harvesting antenna, the PMU, and a
commercial low-power radio transceiver working in the
2.4 GHz band.

In conclusion it can be stated that with a minimum input
power at the rectifier of —20 dBm, is possible to sustain
the energy requirements of a transceiver for an active state
framed by TX/RX cycles.
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