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Abstract

To enable smart, batteryless devices relying on weak energy
harvesting sources, ultra-low-power operation and commu-
nication are crucial. Therefore, this work studies the power
requirements and power management to enable backscat-
tering communication by means of an off-the-shelf STM32
microcontroller. Through hardware and software optimiza-
tions, the prototype IoT device demonstrates how a tem-
perature measurement can be performed and transmitted,
requiring less than 60 mJ of energy. Finally, the lab setup
proves the ability to receive and demodulate the backscat-
tered signal at a range of up to 10 m.

1 Introduction

Nowadays, the vast number of small battery-powered de-
vices and Internet of Things (IoT) applications is already
causing major concerns. Not only is the regular recharging
or replacement of batteries a tedious task, the environmen-
tal impact of billions of batteries being disposed of on a
yearly basis cannot be ignored [1]. Therefore, batteryless
solutions, relying on less energy-dense (super)capacitors,
are emerging as a more sustainable alternative [2].

Depending on the environment, wireless power transfer,
light, thermal coefficients, movement or any combination
of these energy sources could be harvested to power the
batteryless application [3]. However, the number of practi-
cal applications remains very limited due to the low power
levels that are generally received and the resulting low re-
liability of IoT devices depending on such sources. Hence,
to make the best of this difficult situation, the only option is
to drastically reduce the power requirement of IoT devices.

One approach to limit the power required by these devices
is by relying on backscattering instead of implementing
a complete RF front end. Though this is already widely
adopted in radio-frequency identification (RFID) tags [4],
their capabilities in terms of sensing and range remain very
limited. For more complex operations or more robust com-
munication encoding, microcontrollers offer significantly
more flexibility and have the benefit of being more accessi-
ble to developers. Therefore, this work proposes a robust,
ultra-low-power backscattering system based on an off-the-
shelf STM32 microcontroller. While the systems in [5, 6]

already implemented low-power microcontroller backscat-
tering applications, this work demonstrates a significantly
larger communication range and uses a higher carrier fre-
quency, allowing for more compact antennas. Furthermore,
the proposed system is designed for cold-starting through
a power management unit (PMU), in contrast to the con-
tinuous operation in [5, 6]. A detailed power consumption
measurement shows that the optimized application only re-
quires a minimal, fixed amount of energy per transmission,
while mitigating leakage currents in between transmissions.

Note that, while the implementation in this work is mainly
aimed towards extremely low-power batteryless energy
harvesting applications, for example, relying on wireless
power transfer or indoor solar energy, these principles could
also be applied to battery-operated devices to significantly
extend their operational lifespan.

2 Backscattering for batteryless IoT

A block-schematic representation of the proposed system is
given in Fig. 1 shows. To minimize the energy required by
the proposed IoT device, it does not feature any RF front-
end. Instead, it relies on backscattering the carrier signal
from a reader device, which could simultaneously irradiate
many of these batteryless IoT devices in one room. Though
there exist several topologies for such reader devices [7],
Fig. 1 shows a very general implementation, which will also
be employed in the lab measurements later. The reader de-
vice consists of source generating a carrier signal which
feeds into a power amplifier (PA) before it is transmitted
to the batteryless device or tag. The received backscattered
signal is received through the same antenna, by using a cir-
culator, and fed into a low-noise amplifier (LNA). Finally,
it is down-converted, which can be easily achieved by cou-
pling part of the carrier signal out and using it as the mixer’s
local oscillator (LO).

To transmit data back to the reader, the proposed IoT de-
vice in Fig. 1 performs load modulation on its backscat-
tering antenna. Herein, the microcontroller unit (MCU)
biases a diode or transistor connected to one of its GPIO
pins, thereby modulating a low-frequency baseband signal
onto the backscattered carrier signal. In comparison, puls-
ing such a diode requires significantly less power than a
typical RF front-end [8, 9].



The resulting power consumption of this thoroughly opti-
mized script was recorded using a Nordic power profiler kit
II. The graph in Fig. 2 shows that the complete temperature
measurement and transmission application consumes a to-
tal energy of only 55.1 mJ, before being shut down again
by the PMU. Owing to the hardware and software opti-
mizations, the startup time is reduced to under 20 ms, while
minimizing the power consumption. Importantly, during
the backscattering transmission the power consumption in-
creases by less than 1 mW, a fraction of what a typical IoT
RF front-end would require.

Figure 2. Measured power consumption of the STM32U5
backscattering application when powered by 1.8 V, using
biasing output current of 1 mA for load modulation.

4 Transmission Measurements

To demonstrate that the low-power microcontroller can be
used to effectively transmit data through backscattering
over a considerable range, a measurement setup with off-
the-shelf components was built according to the block dia-
gram of Fig. 1. An annotated overview of the lab setup is
shown in Fig. 3, and will be described in detail below.
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Figure 3. Overview of the backscattering measurement.

Starting from the reader device, shown at the top-left of
Fig. 3, a 2.45 GHz carrier signal of 0 dBm is generated by
a Keysight PNA E8364B vector network analyzer (VNA).
This carrier is then amplified to 23 dBm by a Mini-Circuits
ZRON-8G+ serving as PA. Next, the signal is split by a
Mini-Circuits ZFRSC-42-S+ resistive power splitter with
6 dB insertion loss, serving as coupler, where one output
is used as backscattering carrier and where the other output
serves as a LO for the down-conversion of the backscat-
tered signal. The first output of this splitter thus feeds into
an MCLI CS-10 circulator, having a 0.5 dB insertion loss
and the signal is transmitted through a custom air-filled
substrate integrated waveguide (AFSIW) cavity-backed slot
antenna with a gain of 6 dBi. Hence, the reader device’s
EIRP is approximately 22.5 dBm when not accounting for
connector and cable losses.

The weak backscattered signal is received by the same an-
tenna, where the circulator now feeds it into a Mini-Circuits
ZVA-183-S+, serving as LNA, amplifying it by 27 dB. This
amplified signal is then down-converted by a Mini-Circuits
ZEM-4300+ double balanced mixer, where the LO is de-
rived from the earlier discussed power splitter and atten-
uated to approximately 10 dBm. The down-converted IF
baseband signal is finally fed into an oscilloscope to ana-
lyze the data. However, the output of the mixer introduces
a significant DC-offset, due to multi-path interference, to
the very weak and noisy AC signal. Therefore, an addi-
tional TL081 operational amplifier was introduced in a non-
inverting configuration. This circuit, shown at the top-right
of Fig. 3, serves to decouple the DC-offset, filter the high-
frequency noise and amplify the voltage eleven times, re-
sulting a significant increase in signal quality and range.

The prototype backscattering device (bottom right in Fig. 3)
was built on a movable table, featuring an identical antenna
as the reader device. Load modulation is achieved by an
SMS7630 diode connected to the antenna through a bias-T.
The bias modulation signal is coming directly from the mi-
crocontroller’s GPIO-pin, where the output current is lim-
ited by to 1 mA through a series resistor.

To demonstrate the successful backscattering communica-
tion experiment, Fig. 4 shows a detailed step-wise time-
diagram of the raw data (a), which is encoded (b) and mod-
ulated (c) by the microcontroller before being transmitted
through backscattering to the reader device. Finally, the re-
ceived demodulated signals at distances of 3 m (d-e) and
10 m (f-g) are compared before and after the operational
amplifier circuit, clearly illustrating the signal quality and
range improvement owing to the additional filtering and
amplification. In the future, however, additional improve-
ments could be made with a more refined custom receiver
circuit implementing additional filtering, especially to re-
duce the 50 Hz coupling from the power grid. Further-
more, due to the nature of the realistic lab-environment, the
backscattering still suffers from small-scale fading due to
multi-path propagation.


