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Abstract: This work presents a compact batteryless node architecture suitable with the backscattering
communication (BackCom) approach. The key functional blocks are demonstrated at 5.8 GHz,
making use of commercially available components involving a DC/DC step-up converter, a 3.3 V
data generator, and an ASK backscattering modulator based on a single GaAs HEMT in a cold-FET
configuration. The node integrates a patch antenna exhibiting a non-50 Ω optimal port impedance;
the value is defined by means of a source pull-based optimization technique aimed at maximizing
the DC/DC input current supplied by the RF to DC converter. This approach maximizes the node
compactness, as well as the wireless power conversion efficiency. A prototype was optimized for
the −5 dBm power level at the input of the RF to DC converter. Under this measurement condition,
the experimental results showed a 63% increase in the harvesting current, rising from 145 to 237 µA,
compared to an identical configuration that used a microstrip matching network coupled with a
typical 50-Ω patch antenna. In terms of harvested power, the achieved improvement was from
−13.2 dBm to −10.9 dBm. The conversion efficiency in an operative condition improved from 15% to
more than 25%. In this condition, the node is capable of charging a 100 µF to the operative voltage in
about 27 s, and operating the backscattering for 360 ms with a backscattering modulation frequency
of about 10 MHz.

Keywords: Internet of Things; backscattering communications; energy harvesting; microwave
electronics

1. Introduction

In recent years, there has been a growing interest in exploiting the Internet of Things
(IoT) paradigms in many contexts, such as the control of processes in assisted ambient
intelligent [1], industrial environments [2], and environmental quality [3]. A major fac-
tor that has fostered the development of IoT on a large scale is the projected growth in
distributed communications and computing technologies [4,5]. The application of these
technologies has led to IoT technologies fulfilling some key requirements, including low
energy consumption [6–8] and, possibly, the development of hardware nodes that feature
small batteries (or that even operate without batteries). As a consequence, a number of
approaches aimed at overcoming this problem were envisioned in the last few years, in-
cluding technical solutions such as the concepts of energy harvesting (EH) and wireless
power transfer (WPT) [9]. These are complemented by new technical concepts aimed at
sustaining the coexistence of a large number of wireless devices for IoT applications (with
the drawback of reduced battery life). In order to overcome (or at least minimize) these
limitations, one of the most promising solutions is the so-called backscattering communi-
cation (BackCom) technique [10–12]. This approach is based on the controlled reflection
of the electromagnetic wave that incorporates the data to be forwarded to the receiving
node. It can be easily demonstrated that not having any carrier source on board to reflect
the IoT node allows for transmitting forward data while minimizing energy consump-
tion. Furthermore, in the BackCom vision, communication is obtained by avoiding the
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implementation of most of the functional blocks in the transmitting/receiving chain (i.e.,
oscillators, mixers), reducing device complexity, and decreasing production costs [13,14].
Additionally, such node architectures usually involve EH and/or WPT to fully overcome
the energy constraints and extend the battery life, as illustrated in [15–17].

A primitive example of BackCom design principles can be observed in the use of radio-
frequency identification (RFID) technology [18] in vehicular communications. Nonetheless,
the expected performance associated with a batteryless BackCom-based IoT node requires
communication capabilities and ranges that surpass those of a typical RFID device scenario.
Following this, the final step in improving the feasibility of IoT paradigms, with respect to
power limitations, is the development of fully batteryless BackCom nodes that implement
specific solutions supporting both burst and low-rate operations [19].

In this paper, the authors demonstrate the feasibility of a simple yet fully compliant bat-
teryless BackCom node system that is compatible with the implementation of IoT network
architectures. The node has been demonstrated at 5.8 GHz, making use of component-off-
the-shelf (COTS) devices. The latter includes a harvester block that is based on a rectifier
driving a DC/DC boost, as well as a modulator block, which is controlled by a microcon-
troller included in the node’s prototype. Moreover, the proposed BackCom node system
integrates a patch antenna, showing a non-50-Ω optimal port impedance. The proposed
node system architecture, illustrated in Figure 1, was developed by following an approach
that is fully compatible with frequency scalability and with an integrated design based on
the standard IC process.

mCDC/DC
Boost

RF to DC
Conv

BackCom
Modulator

Data

Optimum
Matched
Antenna

CBAT

enabler (batt-ok)LBOOST

Figure 1. Architecture of the considered IoT BackCom batteryless node. The CBAT capacitor and the
inductance LBOOST assume values of 100 µF and 22 nH, respectively.

The paper, in addition to the introduction, is organized into three further sections. The
next section is dedicated to the description of the proposed node architecture, including the
harvester, the modulator, and the antenna. The third section presents a discussion of the
prototype’s system-level architecture, while the fourth section describes the performance;
the final section presents the conclusive discussion.

2. The BackCom Node Key’s Functional Blocks

The batteryless node architecture was designed to be compliant with the operation
principle of the BackCom approach, and consists of the following three functional blocks:
the harvester, the modulator, and the antenna (Figure 1).

The operational sequence of the proposed node can be summarized as follows:

• Firstly, the base station queries the node and supplies it with a continuous wave RF
signal at 5.8 GHz;

• Secondly, the RF to DC converter and the DC/DC boost harvest the received RF energy
and charge the CBAT ;

• Thirdly, when CBAT reaches the desired level, VBAT , the harvester enables the micro-
controller, which controls the backscattering modulator through a GPIO pin;

• Finally, under the control of the microcontroller, the modulator backscatters the RF
continuous signal by transmitting the data.

A key feature of the proposed architecture consists of the antenna, which exhibits an
internal impedance capable of optimizing the RF to DC energy conversion by maximizing
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the current provided to the DC–DC converter; the impedance of the antenna is estimated
using a source pull-based technique. This in turn maximizes the wireless power conversion
efficiency of the harvester block [20,21], and permits the inclusion of commercial DC–
DC converters.

From an operational point of view, the architecture increases the operational time
window suitable for backscattering communication, minimizing the energy harvesting time.

The following subsections illustrate the characteristics of the aforementioned func-
tional blocks.

2.1. RF Energy Harvester

The RF energy harvester block was developed following the approach introduced
in [20], and widely discussed and exploited in [21]. The latter makes use of an RF to DC
converter based on a voltage multiplier, working on a specific input impedance aimed at
maximizing the performance, as well as a commercial nanopower DC/DC boost [22]. Since
the harvesting interval sets a lower limit on the querying time, the harvester has to exhibit
maximum conversion efficiency during this interval. Based on the previously proposed
solution, this objective is obtained by terminating the RF to DC converter with an optimum
input impedance. Following [21], the latter consists of the impedance that maximizes
the ICHG (Figure 1), with respect to the RF input power at the RF to DC converter. To
optimize performance for low impinging power, the RF input reference level at the RF to
DC converter was set to −5 dBm. Taking into account this power level, and due to the
inherently non-linear behavior of the RF to DC converter, a source pull-based optimization
was carried out to identify the optimum impedance that the antenna should exhibit to the RF
to DC converter. This was obtained by varying ZRF, which is the impedance shown by the
equivalent RF source, VRF, at the RF to DC converter, as illustrated in Figure 2. In this work,
the RF to DC converter was implemented by a diode-based voltage tripler configuration.

Figure 2. Conceptualization of the source impedance optimization by the source pull-based technique.

Regarding the DC/DC boost, the input port can be described by a behavioral model
based on an ideal diode with a threshold voltage VTH . On this basis, the charging current is

ICHG =


VRFDC −VTH

RRFDC
when VRFDC > VTH

0 otherwise
(1)

where VTH is 0.34 V, in accordance with the experimental results [20], and on the base of
manufacturer specifications [22]. Parameters VRFDC and RRFDC represent, respectively, the
output voltage and the output impedance shown by the RF to DC rectifier toward the
DC/DC step-up converter.

The value of the optimum impedance ZRFopt is calculated using the previously de-
scribed approach by using a source pull-based procedure on a commercial CAD for the
high-frequency circuit analysis. This technique consists of running a non-linear analysis at
5.8 GHz with a reference input power of−5 dBm, spanning the source impedance across the
entire Smith chart; the target is the impedance ZRF that maximizes ICHG. In this work, we
adopted the zero bias SMS7630-061 Schottky diode in a voltage tripler configuration on sili-
con; as a result of the source pull-based procedure, the value ZRF = ZRFopt = 19.8− j83.7 Ω
represents the optimum source impedance. As a consequence, ZRFopt is the impedance to
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which the harvester input should be terminated during the charging interval; this allows
for maximizing the performance and minimizing the latency time between the start of the
query and the response of the node.

In the present architecture, in order to reduce losses and maximize the compactness of
the node, the impedance matching of the voltage tripler is obtained following the approach
described in [23]. However, in a BackCom node architecture (Figure 1), the presence of the
modulator block cannot be neglected in the harvesting phase (modulator in high impedance
state). As a consequence, the identified optimum matching impedance ZRFopt differs from
the design impedance that is exhibited by the antenna ZRFe f f . The effect of the modulator
can be considered by modeling it as a microstrip line with a characteristic impedance ZT
and a length WT , as illustrated in Figure 3.

RFeff

RFeff

HARV

T

43,22 mm

T

WT

RFeff

RFeff RF

Antenna Harvester

Modulator

TT

Figure 3. The modeling of a high impedance state modulator for evaluating ZRFe f f .

The values of both ZT and WT were calculated, starting from the dimensions of the
modulator interconnection (the proposed modulator based on a cold-FET configuration, as
explained in the specific subsection) between the antenna and the tripler. It is assumed that
the modulator exhibits a high impedance at this junction during the harvesting; thus, the
ZRFe f f can be simply evaluated on the basis of the well-known transmission line equation
and the ZT and WT values.

ZRFe f f =
ZRFopt + jZT tan

(
2π
λRF

WT

)
ZT + jZRFopt tan

(
2π
λRF

WT

) . (2)

2.2. Modulator

The architecture proposed in this paper for implementing the BackCom node utilizes
backscattering modulation, which is a well-known approach for low-power communica-
tion [24]. Basically, the backscatterer reflects the impinging radio signal while superim-
posing a modulation; this feature is obtained by varying the reflection coefficient seen by
the antenna. In some approaches, the BackCom node may differentiate the energy and
communication paths. This technique simplifies the design of the communication chain by
implementing one or two antennas or even two different frequencies. On the contrary, the
batteryless BackCom node proposed in the present paper follows a single-path approach
for both harvesting and communication. As a consequence, the design procedure has to
take into account the use of a single antenna for both harvesting and backscattering.

This approach improves the compactness of the system but it introduces some critical
issues in the design process. In particular, the modulator stage has to fulfill two different
requirements that are not easily achievable simultaneously. Firstly, the modulator has to
satisfy the required modulation parameters; in addition, it has to introduce the minimum
effects on power delivery during the harvesting phase.

The topology of the implemented modulator is illustrated in Figure 4. It consists of
a cold-FET that is driven by the data output of the microcontroller. The microcontroller
was chosen to ensure a significant differentiation between the OFF and ON states of the
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switch at the operative frequency, regardless of other considerations, such as the settling
time of the switch. In addition, because the modulator needs to be carefully designed to
ensure proper impedance (ZMOD in Figure 5), an accurate model of the device is necessary
(which is typically not available at this frequency in other technologies such as CMOS).
The cold-FET is connected to the antenna and the harvester by means of a microstrip line,
whose length l and width w must be chosen to fulfill the conditions described in (3)

|ZMOD| >> max(|ZRF|, |ZHARV |). (3)

R
A

R
B

L
DS

Transmission

Line

Harvester

Z
RF

Modulator

Z
MOD

Z
Rfeff

Figure 4. Modulator block for the backscattering mode of the BackCom node.
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Figure 5. Modulator impedance |ZMOD| with respect to the feeding line dimensions.

In our design, |ZRF| = 1700 Ω, while |ZHARV | = 31.27 Ω. Condition (3) ensures that
during the harvesting interval, when the modulator is in a high impedance state, the input
power is transferred to the harvester stage, minimizing any losses [21].

The length l and width w of the microstrip feeding line of the backscattering modulator
were chosen after simulating modulator impedance in a high impedance state; the results
are depicted in Figure 5.
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The dimensions of the modulator feeding line fulfill the conditions of the maximum
power transfer given by (3) and maximum compactness. Specifically, the resulting op-
timal values are l = 4.7 mm and w = 0.7 mm. These values lead to WT = 2.15 mm
and ZT = 75 Ω; thus, according to (2), the value of the optimum antenna impedance is
ZRFe f f = 44.6− j164.9 Ω.

As detailed in [21], the expected ASK modulation depth for a two-symbol modulation
is defined as

mASK =
||A1| − |A0||

max (|A1|, |A0|)
(4)

where each Ai is the simulated reflection coefficient at the antenna port related to the i-th
symbol state of the modulator. Through simulations, using the optimal dimensioning of
the modulator feed line, the reflection coefficient results, respectively, in mag(A0) = 0.352,
phase(A0) = 213 degrees for A0, mag(A1) = 0.968, and phase(A1) = 347 degrees for A1, as
illustrated in Figure 6, where the two symbols are depicted in the Smith chart. Moreover,
from Equation (4), the expected value of the modulation depth is mASK = 0.60.

+j

−j

+j

+j

−j

+j

−j

+j

−j

+j

−j

Figure 6. Representation of the A0 and A1 symbols on the Smith chart.

2.3. Antenna

The antenna was designed to satisfy the impedance requirements in terms of ZRFe f f
and it shows a high level of compactness. The antenna topology is based on a single patch
antenna printed on the same substrate of the cold-FET backscattering modulator and the
three-stage RF–DC converter, namely the Isola FR408 (εr = 3.67, tan δ = 0.012). The antenna
was designed at 5.8 GHz in order to show an input impedance of ZRFe f f = 44.6− j164.9 Ω.
This non-canonical input impedance value was obtained by using a couple of patches
etched on the same plane of the patch itself. Their presence adds an additional degree of
freedom in the antenna design, which allows for achieving the desired input impedance.
The antenna was simulated with a commercial full-wave electromagnetic simulator. The
resulting antenna layout, which is inspired by the one proposed in [25], is shown in Figure 7,
where the main dimensional parameters are also illustrated.

The proposed design shows an antenna gain of about 6 dBi as well as an antenna
efficiency of about 71.4%. The simulated antenna reflection coefficient is illustrated in
Figure 8 in a band of about 1.6 GHz and is centered on 5.8 GHz. The S11 parameter is
evaluated with respect to the usual normalization impedance Z0 = 50 Ω and the opti-
mum impedance Z′0 = 44 − j164.9 Ω. The circle in the graph represents the different
normalization impedance values of S11 @ 5.8 GHz. The Smith chart confirms that the
concept of optimum matching for this application is completely different from the usual
matching approach.
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Figure 7. The main dimensions of the antenna for achieving the optimum impedance.
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Figure 8. The S11 parameter normalized, respectively, to Z0 = 50 Ω (orange) and Z′0 = 44 −
j164.9 Ω (blue).

3. The BackCom Node Prototype

The prototype was implemented by making use of two different boards. The first one
integrates the optimum matched antenna, the modulator, and the RF to DC converter, while
the second board includes the DC–DC boost device, the control electronics, and the data
generator. This approach simplifies the development of prototypes as well as the testing
phase, allowing for full control over all critical blocks and enabling the measurement of
key parameters. The two boards were implemented on the Isola FR408 laminate and the
prototypes are illustrated in Figure 9.

The modulator is based on an ATF58143 pseudomorphic HEMT in a cold-FET configu-
ration; the voltage tripler (RF to DC converter) employs three silicon, zero bias SMS7630-061
Schottky detector diodes; the DC–DC boost is based on the commercial BQ25570 [22].
Furthermore, concerning the critical components of the DC/DC converter illustrated in
Figure 1, LBOOST and CBAT are the values of 22 µH and 100 µF. The data generator is based
on an EEPROM, Atmel AT17LV512A 3.3 V 256 kbit on a PDIP package [26], which emulates
the controller block.
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Figure 9. BackCom node composed of two boards.

4. The BackCom Node Prototype’s Experimental Results

In order to assess the performance of the proposed batteryless BackCom node archi-
tecture as a whole, a specific measurement setup was implemented. In particular, it was
conceived to investigate the backscattering communication behavior and the performance
of the harvester in different conditions.

The measurement setup schematic is illustrated in Figure 10, and consists of a radio
link with the node under test from one side and a TX/RX system from the other side. The
node, being implemented in the split form illustrated in Section 3, simplifies the testing
procedure. Such a configuration allows for accessing the terminal between the RF to DC
converter and the DC/DC boost, enabling the measurement of the ICHG, as well as the data
line monitoring. On the contrary, the TX/RX system makes use of an RF power generator
and a power amplifier in the transmitter path, while the receiver is implemented by means
of a spectrum analyzer. The two paths are connected to a single antenna array through
a circulator.

Data

mC

DC/DC Boost

Multimeter

ICGH

RF Power
Generator

AMP

RF to DC
Conv

+
Modulator

Power
Meter

Spectrum
Analysers

Measurement
Section

Figure 10. Measurement setup block diagram.

The previously described setup includes a reference antenna on the same BackCom
node measurement section. The latter is connected to a power meter in order to evaluate,
at the reference section, the effective impinging power. Based on this setup, the BackCom
node behavior was characterized. The implemented measurement setup is illustrated in
Figure 11
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The distance between the reader TX/RX antenna and the node was fixed at 1.8 m in the
setup; in addition, the main dimension of such an antenna resulted in 0.25 m, with an EIRP
= 37 dB, while the antenna that was integrated in the node showed a gain of about 6 dBi.
Therefore, in accordance with the operative data, the limits for the far-field and the near-

field are d > 2D2

λ = 2.20 m (far-field limit) and d < 0.62
√

D3

λ = 0.45 m (near-field limit).
Consequently, the system was not tested in either far-field or near-field conditions. The
system was characterized in an anechoic setup to take advantage of the absorbing behaviors
of the absorbers. Our objective was to obtain reliable data from the characterization by
isolating the setup as much as possible from unpredictable environmental contributions,
rather than eliminating all of the possible multipath contributions. The data features
confirmed the reliability of the measurement setup.

REFERENCE

ANTENNA

BACKCOM NODE

UNDER TEST

SPECTRUM

ANALIZER
POWER

AMPLIFIER

TX/RX

ANTENNA

POWER

GENERATOR

Figure 11. Measurement setup for the characterization of the BackCom node.

The first set of tests was aimed at verifying the effective improvement of the harvesting
performance of the node. The results are illustrated in Figures 12 and 13. The measurements
confirm that the node was effectively designed to simultaneously follow the approach of
the optimum matched antenna and the minimization of the modulator effect during the
harvesting phase (3).

Figure 12 compares the ICHG of the proposed architecture with respect to the one ex-
hibited by a standard configuration, using a matching network to implement the optimum
impedance. The latter does not include the modulator block. ICHG was evaluated in both
configurations, considering the same RF power at the RF to DC converter input by means of
the power meter connected to the reference antenna, and taking into account the optimum
antenna gain. The architecture proposed in the present paper has demonstrated an overall
improvement in ICHG at every input power level. In particular, at the design reference,
the RF power is about −5 dBm (at the input of the RF to DC converter section), and the
measured current is 237 µA for the node and 145 µA for the standard structure with an
improvement of about 92 µA.

Figure 13 illustrates the efficiency of the same two configurations. The measurements
confirm that the harvesting efficiency of the BackCom node is improved compared to the
standard configuration across the entire range of input power levels. Here, the efficiency is
calculated as the ratio of the power supplied to the DC/DC with respect to the impinging
power at the input of the RF to DC PRFDC converter, as described in

E f f =
ICHGVTH

PRFDC
(5)

Moreover, the above-mentioned figure also shows the incremental efficiency (∆E f f ),
which was calculated as the difference between the two cases at each power level.

With reference to (5), at −5 dBm of the RF input power (the design reference level),
the node shows an efficiency of about 25.5%, while the standard configuration is at about
16%. This leads to an increased harvester efficiency of about 10.5%, which translates to a
reduction of the charging time for a given storage capacitor.



Electronics 2023, 12, 2256 10 of 15

0

100

200

300

400

500

600

700

800

900

1000

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4

I C
G

H
(m

A
)

PRF(dBm)

Measured current in harvesting phase
Antenna + Modulator

Measured current in harvesting phase
Matching Network

Figure 12. Measured current in harvesting the interval for the actual configuration (without a
matching network) and with a matching network.
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Figure 13. Efficiency in harvesting the interval for the actual configuration (without a matching
network) and with a matching network.

The same measurement setup was used to evaluate the harvesting performance of the
node during the backscattering condition. Figure 14 illustrates the behavior of the charge
current in querying and backscattering state. This result confirms, as expected, the reduced
harvesting performance during the communication period. At the input power RF reference
level (−5 dBm), ICHG in the backscattering state assumes a value of about 137 µA. This
value is 99 µA lower than the harvesting state, which measures 237 µA. These measures
show how the node maintains a harvesting performance similar to the one shown by the
standard configuration implementing the matching network (during the backscattering
communication). The ability of the node to harvest energy during the backscattering state
is confirmed by Figure 15, which compares the efficiencies of the two functional states and
highlights the delta between them.

Figure 16 confirms that the comparison between ICHG (supplied by the node in the
backscattering state) and the corresponding value in the standard configuration (imple-
menting the matching network in the harvesting state) are very similar across all input
power levels. This behavior contributes significantly to delaying the discharge of CBAT and,
as a consequence, increases the time slot for communication.
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Figure 16. Measured current in the harvesting state with the matched network and in the harvest-
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A state-of-the-art analysis was carried out in order to compare the harvesting per-
formance shown by the proposed architecture in comparison with other approaches; the
results are summarized in Table 1. The harvester performances of the architecture proposed
in the present work were evaluated with respect to two solutions proposed by the same
authors, operating at 5.8 GHz, as well as four solutions proposed by different authors, three



Electronics 2023, 12, 2256 12 of 15

of which work at 5.8 GHz and one at 2.45 GHz. In References [21,27], the performances are
evaluated under operating conditions when the system is connected to the BQ25570. The
first makes use of a matching network that introduces losses and shows (at −5 dBm) an
efficiency of about 16%, while the second adopts a matching network optimized for multi-
sine excitation; it shows performance improvements of up to 27% at −5 dBm. The latter
shows better performances with respect to the present work but it is not fully compatible
with the BackCom approach; it is more oriented to pure harvesting solutions. With respect
to the solutions described in [28–30], they operate at 5.8 GHz, while the solution described
in [31] operates at 2.45 GHz.

The first shows an efficiency of about 22 % at −5 dBm, the second demonstrates an
efficiency of about 15% at −10 dBm, and the third exhibits an efficiency of about 55%
at −5 dBm. The fourth, which works at 2.45 GHz, shows an efficiency of about 35% at
−10 dBm. Some of these solutions show better efficiencies compared to the present work.
The main drawback consists is that they were not evaluated in operational conditions
but rather with optimal loads of high value (k Ω order of magnitude). As a consequence,
considering the system-level operative conditions, the approach proposed in the present
work performed better compared to all other state-of-the-art architectures.

Table 1. Harvesting performance comparison of the system working @ 5.8 GHz.

Reference Reference
Power (dBm) Eff. (%) Freq. (GHz) Load/Condition

[21] −5 16 5.8 BQ25570 operative condition
[28] −5 22 5.8 3 kΩ
[31] −10 35 2.45 5 kΩ
[27] −5 27 5.8 BQ25570 operative condition
[29] −10 15 5.8 10 kΩ
[30] −5 51 5.8 9 kΩ

This work −5 25.5 5.8 BQ25570 operative condition

The system ability of the proposed architecture to implement an ASK backscattering
communication was evaluated by driving the proposed cold-FET modulator by means of a
10 MHz square wave (i.e., a periodic sequence of bit 0 and bit 1), which was generated by
the EEPROM, which emulates the controller block. Such a modulating signal provides a
reference benchmark for testing the harvesting efficiency in the backscattering phase due to
its inherently fixed frequency rate. The setup that was implemented to detect the spectrum
of the backscattered signal modulated by the square wave refers to the block diagram, as
illustrated in Figure 10.

The results are illustrated in Figure 17, showing the spectrum of the backscattered
signal modulated by the square wave. The figure illustrates the signal spectrum across the
carrier, where the fundamental, as well as the third harmonic of the modulating signal,
are recognizable. The EEPROM, emulating the controller block, is active for the CBAT
discharging time interval (i.e., ∆TON , as stated in [21]) for a maximum of 360 ms, which is
independent from the impinging power. On the contrary, the CBAT charge time interval
depends directly on the latter. For a power level of about −5 dBm at the input of the RF to
DC converter, measurements show a charging time of 27 s. However, the CBAT discharge is
a slightly critical phase for the modulation. As a matter of fact, the decrease in VBAT affects
the performance of the EEPROM, which in the final part of ∆TON generates a square wave
with a frequency that is below the canonical 10 MHz. As a consequence, both the spectrum
of the first and third harmonics show a slight widening.

Based on the previously described backscattering experiment with a modulating
square wave signal of 10 MHz, it is possible to argue that this value can be assumed as
the maximum data rate. The conversion gain of the node in the backscattering mode was
estimated to be 2.7 dB; this enables a typical operative range of 1 m, depending on the
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reader’s EIRP and sensitivity. Regarding power consumption, it is not considered a relevant
figure in this context since the component is batteryless.
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Figure 17. Measured spectrum of the backscattered signal modulated by a 10 MHz square wave.

Consequently, the measured results and analysis conducted in the proposed criti-
cal functional block assessment in this paper demonstrate the feasibility of a batteryless
BackCom node, as postulated in [32].

5. Conclusions

In this paper, we demonstrated the feature of the key functional blocks for a BackCom
node, enabling an integrated architecture for a totally batteryless BackCom node. In
particular, the coexistence of a highly efficient harvester configuration, a cold-FET-based
modulator, and an antenna designed to exhibit the optimum impedance for maximum
charging performances was fully demonstrated. The inclusion of such an antenna leads
to an improvement of 63% in the harvesting current, increasing the value from 145 µA
to 237 µA, with respect to the identical configuration involving a microstrip-matching
network coupled with a typical 50-Ω patch antenna. The conversion efficiency in operative
conditions demonstrates an improvement from 15% to 25.5%. Moreover, the effectiveness
of the ASK modulation was demonstrated. In summary, the performance comparison of
the system proposed in this paper, with respect to comparable technologies, shows that
this node system exhibits the best efficiency in operative conditions.
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