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Envisioned scenario for the wearable sensor aiming at normal and deep breath rate detection, working at 5.8 

GHz, and able to harvest energy for feeding a commercial microcontroller unit.  

 

Take-Home Messages  

• This work describes the design and the realization of a wearable sensor working at 5.8 GHz exploiting the 

self-injection locking radar technique for human breath detection.  

• The sensor allows detecting inhalations and exhalations of monitored subjects living their normal life, as well 

as deep and fast breath that could reveal dangerous situations. The device is of reduced dimensions, fully 

wearable, and is located at a certain distance from the user’s body at the chest position. 

• The sensor architecture is conceived in such a way that it does not need a dedicated receiving station to be 

placed in the surrounding environment (such as a spectrum analyzer), since an FM-to-AM demodulator is 

embedded into the sensor itself, with the possibility to work without the need of any anchor nodes nor 

remotely synchronized receivers.  

• As a distinctive peculiarity with respect to the already existing solutions, the demodulator can further be 

exploited as an RF-to-DC rectifier for energy harvesting purposes. The harvested energy can be used, for 

instance, to supply an ultra-low-power microcontroller equipped with a transceiver in order to send wirelessly 

breath rate data to a laptop or a smartphone.  

• Data processing of the rectifier/demodulator output is thus enabled on board with the goal of raising an alarm 

wirelessly only whenever a dangerous situation is detected (i.e., in presence of hyperventilation). In this way, 

the power-hungry transmitter operations are minimized with respect to continuous transmission of the breath 

rate data.  
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Abstract — In this work, the design and the realization of a pocket-size sensor for breath rate detection are presented. Exploiting 

the self-injection locking radar technique, it is possible to perform FM-to-AM demodulation that allows the detection of the 

voltage peaks at the output of the sensor’s receiving part. If compared with existing solutions, this device is of reduced 

dimensions and fully wearable; in fact, it can be worn by the user at a certain distance from the body at the chest position, and 

work without the need of any dedicated remotely synchronized anchor nodes nor bulky analyzers to be carried close by. As a 

more distinctive peculiarity, the receiving circuit is designed as an RF-to-DC rectifier in order to also enable the possibility to 

harvest energy that can be exploited, for instance, to feed a microcontroller unit and a transceiver with the aim of sending 

wirelessly the breath rate data to a laptop or a smartphone. Circuit simulations are corroborated by measurements in order to 

ensure the feasibility of the proposed solution. 

 
Keywords — breath, demodulation, energy harvesting, microwaves, radar, self-injection, wearable. 

 

I. INTRODUCTION1 

VER these last years, the increasing attention towards 

wireless technologies for biomedical applications has 

led to the development of new devices and systems capable 

of assisting people in their daily living environments. 

Specifically, several internet of things (IoT) applications 

are nowadays on the cutting edge because of their 

interoperability, ease of use, easy availability, and low cost; 

we can therefore talk about smart homes, smart cities, and 

smart health, among others. All these solutions are made 

possible by interconnecting intelligent objects exploiting 

the recent advances in wireless sensor networks (WSN), 

radiofrequency identification (RFID), artificial intelligence 

(AI), augmented reality, and so on. 

Focusing on smart health (or e-health) applications [1], 

the adoption of a consistent network of sensors able to 

continuously monitor and transmit vital data to healthcare 

controllers [2], has resulted in the creation of the so-called 

wireless body area networks (WBAN). In particular, the 

correct detection of human vital signs, e.g., heart rate [3]-

[6], fetal cardiac activity [7], [8], and especially breath rate 

 
Manuscript submitted June 21, 2021. 

G. Paolini, M. Shanawani, D. Masotti, and A. Costanzo are with DEI 

“Guglielmo Marconi”, University of Bologna, Bologna 40136, Italy (e-

mail: giacomo.paolini4@unibo.it, mazen.shanawani@unibo.it, 

diego.masotti@unibo.it, alessandra.costanzo@unibo.it). 

G. Paolini and A. Costanzo are also with DEI “Guglielmo Marconi”, 

University of Bologna, Cesena 47522, Italy. 

D. Schreurs is with ESAT-Wavecore, KU Leuven, Leuven 3001, 

Belgium (e-mail: dominique.schreurs@kuleuven.be). 

 

[4]-[6], [9], [10], is becoming more and more crucial in 

these last times, also considering the capability of early 

diagnosis of illnesses that could require hospitalization. 

As an example, SARS-CoV-2 (severe acute respiratory 

syndrome coronavirus 2, or COVID-19) is an infectious 

disease caused by the most recently discovered coronavirus, 

that can gradually cause shortness of breath, limited 

respiratory function, and in some cases severe pneumonia 

[11]. One of the first signs of this condition can be traced in 

the accurate monitoring of an increasing resting breath rate 

[12]. If detected in time, this sign could lead to the 

identification of the disease in an early phase and therefore 

enable the possibility for the patient to get treatment in time 

before being forced to hospitalization. 

When monitoring human vital signs such as breathing 

and heartbeat [13], the displacement to be detected is below 

centimeter level. For instance, considering the application 

of breath monitoring in adults, the peak-to-peak chest 

motion due to respiration, ranges from 4 to 12 mm [14], 

whereas normal breath rate ranges from 0.1 to 0.8 Hz. 

In recent times, several works presented smart devices 

exploiting various radar approaches to detect the movement 

of the body under the effect of breath, by making use of 

frequency modulated continuous wave (FMCW) [15], 

ultrawideband (UWB) [16], and self-injection locked (SIL) 

[17]-[22] radar technique. The latter has been proved to be 

a good candidate, especially for breath rate detection, due to 

its high signal-to-noise ratio (SNR), high immunity to 

interferences, and low energy consumption. However, these 

devices are not stand-alone sensors because they require 

devoted external instrumentation, which can be in some 
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Fig. 1. An envisioned scenario of the wearable sensor for breath rate 

detection working at 5.8 GHz, able to detect human breath rate and to 

harvest energy for feeding a commercial SoC. 

cases heavy, expensive, and not available to everyone, 

differently from a smartphone or a laptop. For these 

reasons, this work describes the design and the validation 

measurements of a fully wearable 5.8 GHz self-injection 

locked oscillator (SILO) sensor, in order to achieve a 

solution for human breath monitoring, by implementing and 

blending the ideas presented in [23] and [24].  

Moreover, a smart solution for the receiving sub-system 

is proposed, exploiting a quarter-wavelength microstrip 

coupler linked with the SILO output port and connected to a 

passive demodulator/rectifying circuit. In this way, signal 

processing can be carried out in real-time and on-board. As 

an additional novelty, this subsystem is also able to provide 

the overall energy requirements of a system-on-a-chip 

(SoC) embedding microcontroller unit (MCU) and 

transceiver; the aim is to send breath rate data to the 

surrounding devices, as represented in the envisioned 

scenario of Fig. 1.  

II. DESIGN METHOD 

A. Self-Injection Locked Oscillator at 5.8 GHz 

The radiating element of the 5.8 GHz sensor is a dual-

port, dual-polarized, aperture-coupled patch antenna 

connected to the input and output ports of the SILO circuit 

(Fig. 2 (a)): the dielectric substrate for the patch antenna is 

Neltec NY9208, which is a typical substrate for antennas 

selected for its dielectric constant (εr=2.08), thickness 

(1.524 mm), and low losses (tan(δ)=0.0011). 

The ground plane is interposed between the antenna 

dielectric substrate and the Taconic RF60-A (εr=6.15, 

thickness: 0.635 mm), i.e., the substrate of the feeding 

circuitry placed in the bottom layer. This substrate has been 

chosen in order to minimize the width (0.9 mm) of the 50-Ω 

feeding microstrip lines. 

Moreover, the ground plane presents two orthogonal non-

resonating slots allowing the electromagnetic (EM) 

coupling between the microstrip lines and the dual-

polarized patch and, consequently, the feeding of the 

antenna itself. The microstrip feeding lines and the slots are 

positioned in such a way that the sensor can ensure two 

orthogonal linear polarizations at the input and output 

oscillator ports, as required by the SILO operating 

principles: through the output port (horizontally polarized), 

the RF signal at 5.8 GHz is transmitted in the direction of  

   

                            (a)                                                         (b) 

Fig. 2. (a) Front and (b) bottom view of the self-injection-locked 

oscillator, also with the quarter-wavelength microstrip coupler to be 

connected to the sensor receiving part. The slots etched in the ground plane 

for coupling IN and OUT microstrip lines with the patch are dashed for 

both sides. [24] © IEEE 2020 

the chest of the subject under test, whereas through the 

input port (vertically polarized), the oscillator gets into a 

SIL state by receiving the signal reflected by the user’s 

body, which is amplitude, phase, and frequency-modulated.  

The holes in the patch metallization (see Fig. 2 (a)) 

guarantee isolation around 20 dB between the two ports. 

This was done to decouple the signal coming from the 

oscillator and the one backscattered by the subject’s chest. 

It has been also verified that the power of the latter is higher 

for the vertical polarization (input) than the horizontal one 

(output), meaning that the reflection causes a change in the 

polarization of the signal [25].  

In order to bias the pseudomorphic high electron mobility 

transistor (PHEMT) of the oscillator circuit, a battery and a 

voltage regulator have been used to provide the appropriate 

drain and gate voltages, VD=3.7 V and VG=0.6 V, 

respectively. This choice has been derived by the oscillator 

stability analysis [26] providing a stable build-up of the RF 

oscillation. An RF output power of about 10 dBm is 

achieved at the oscillator output port, with an overall 

PHEMT power consumption of 220 mW. Being the 

transmitted power equal to 10 dBm and the antenna gain to 

6.84 dBi (versus 4.8 dBi in [27]), the corresponding 

effective isotropic radiated power (EIRP) value is equal to 

16.84 dBm (~48 mW) for the present prototype.  

With the aim of evaluating the effects of the SILO 

antenna body proximity, specific absorption rate (SAR) has 

been evaluated, referring to the limits established by the 

corresponding European and American regulatory bodies. 

The SAR value was mediated on a 10-g multi-layered 

volume of biological tissues (skin, fat, and muscle) by 

means of the simulation software CST Microwave Studio. 

The maximum SAR value averaged on a 10-g tissue 

volume was 0.44 W/kg for an antenna-chest distance of 2.5 

cm. Therefore, this value resulted to be below the allowed 

limit of 2.00 W/kg, as established by the International 

Commission on Non-Ionizing Radiation Protection 

(ICNIRP). 



 

 

 

Fig. 3. Circuit schematic of the receiver sub-system coupled with the 

oscillator output (single frequency, frequency-modulated voltage source), 

acting as an FM demodulator and at the same time as an RF-to-DC 

converter for energy harvesting purposes.  

B. Design of the Receiving Sub-System for Demodulation 

and Energy Harvesting 

Once the SILO has transmitted the EM wave, the 

reflected one is phase, frequency, and amplitude-modulated 

by the chest movements; thus, the baseband signal can be 

acquired by frequency or amplitude demodulation 

techniques.  

In [22], a similar system is proposed, where the SILO 

and the frequency demodulation are realized by means of 

integration and derivation sub-circuits. Indeed, the first-

order differentiator straightforwardly allows to derive the 

time variations of the biomedical signal. The differentiator 

output is then connected to an active peak detector and a 

baseband amplifier.  

Conversely, in the design presented in this work, the 

demodulation procedure is carried out by adopting a fully 

passive signal detector, which can at the same time act as a 

RF-to-DC rectifier to harvest part of the incoming power. 

To the authors’ knowledge, this solution has not been 

proposed before, i.e., a unique device able to harvest RF 

energy from the modulated tone at 5.8 GHz, while it is 

down-converted in order to retrieve the respiratory rate of 

the subject from the injected frequency variation. 

In this proof-of-concept prototype, the oscillator is 

connected to the proposed rectifying/demodulator sub-

system by means of a quarter-wavelength microstrip 

coupler, as described after in Section III.C. 

Its circuit schematic is depicted in Fig. 3 and consists of a 

typical architecture of a voltage-doubler rectifier using two 

Schottky diodes (Skyworks SMS7630-079LF), two 10 μF 

Murata RF capacitors, and a resistor (RLOAD=261 Ω), acting 

as the DC-load.  

The capacitors and the load resistance have been 

optimized to simultaneously maximize the circuit 

performance from the point of view of FM-to-AM 

demodulation and RF-to-DC power conversion efficiency 

(PCE). 

The receiver sub-system of Fig. 3 has been analyzed  

over time, using the Keysight ADS transient simulator, 

under the following operating conditions: 

• excitation: frequency-modulated RF sinusoidal voltage 

source. 

• Carrier frequency: 5.8 GHz. 

• Input power (oscillator output power): 10 dBm. 

• Modulating signal frequency (breath rate): 1 Hz. 

 

(a) 

 

(b) 

Fig. 4. Voltage waveforms of (a) the input FM signal with a carrier of 5.8 

GHz and a modulating signal of 1 Hz, and (b) baseband signal at the 

output of the voltage-doubler rectifier. 

• Maximum deviation of the instantaneous frequency: 

10 MHz.  

• Modulation index: h=10˙000˙000. 

• Simulation time duration: 3 s. 

• Maximum time step: 1 μs. 

 

The voltage source VIN is plotted in Fig. 4 (a) versus 

time. It emulates the signal generated by the oscillator, 

backscattered by the chest, and then locking the SILO. The 

peaks at the rectifier output are plotted in Fig. 4 (b): their 

detection occurs every second, corresponding to a 1-Hz 

modulation frequency emulating realistic tachypnea in adult 

subjects (typical values are in the range of 30-60 

breaths/minute). 

III. EXPERIMENTAL RESULTS 

In this section, the experimental validation of the 

proposed system in both a controlled environment and with 

the system installed on-body is presented. 
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Fig. 5. Setup of the validation measurement enabling the frequency-

modulation of the signal with the presence of a reflective object in front of 

the oscillator antenna. 

 

  

                                (a)                                                      (b) 

Fig. 6. (a) Locking frequency and (b) power received from the horn 

during displacement measurements of the oscillator antenna from a 

metallic reflector, for distances Δs ranging from 16 to 300 mm. 

A. Measurements of the SIL Radar Performance in the 

Presence of a Metallic Reflector Located at Controlled 

Distances 

First, to obtain a quantitative analysis of the SILO sensor, 

a metallic reflecting object mimicking the human body is 

moved away from the SILO antenna for variable controlled 

displacements up to a maximum distance of 30 cm (see the 

measurement setup of  Fig. 5); with this method, it is 

possible to establish the minimum and maximum injection 

frequency for an engagement interval, with respect to the 

distance of the metallic reflector from the sensor. 

These tests have been carried out several times and 

repeatable results have been collected through a remote 

receiving TDK HRN-0118 horn antenna connected to a 

spectrum analyzer (Fig. 5). Depending on the reflector-

sensor distance (Δs), the following behavior has been 

observed: 

 

1) when the reflector is located in the proximity of the 

SILO (between 0.1 mm and 13 mm), the received 

signal strength varies significantly; moreover, it 

disappears when  Δs=13 mm, approximately  

 

Fig. 7. Photo of the SIL sensor placed at the user’s chest for the first set 

of measurements. 

corresponding to λ/4 at 5.8 GHz. 

2) Increasing Δs, no injection locking takes place up to  

Δs=16 mm, where a 5.868 GHz locking frequency is 

observed again. 

3) The largest locking range (80 MHz) is observed when 

Δs=20 mm. In these optimum conditions, a Δf/Δs 

resolution of about 4 MHz/mm is achieved.  

4) For higher reflector-SILO distances, a gradual 

reduction of the locking range is observed, but even for  

Δs=30 cm a locking range of 10 MHz is guaranteed. 

 

These results are summarized in Figs. 6 where the 

measured locking frequency (Fig. 6 (a)) and the detected 

signal strength (Fig. 6 (b)) are plotted versus the reflector-

sensor distance (Δs).  

B. On-Body Breath Tests  

This measurement campaign has been dedicated to the 

characterization of the SILO in more realistic operating 

conditions; its behavior has been tested on four different 

subjects wearing the sensor enclosed in a plastic case in 

order to ensure a distance of about 2.5 cm between their 

chest and the antenna. The case is hold by a stretch band 

covering the trunk of the subject, as depicted in Fig. 7. 

The locking frequency variations due to breathing 

activity are recorded, while the individuals stand in front of 

the horn antenna connected to a spectrum analyzer (again 

used as the receiving section of the system). A broadband 

antenna (at least 200-MHz-bandwidth, i.e., about 3.5% of 

relative bandwidth) allows complying with significant 

fluctuations of the locking frequency with respect to the 

individual chest’s displacements. Redundant information is 

collected by performing the measurements for three horn-

subjects distances, namely 1, 1.5, and 2 meters. 

Some representative results of these on-body tests are 



 

 

reported in Figs. 8, where the received power is plotted 

versus the SILO locking frequency (“maximum hold” mode  

 

 

(a) 

 

(b) 

Fig. 8. The plots refer to measurements obtained for two subjects: (a) 

male subject with receiver placed at a distance of 1 meter; (b) female 

subject with receiver placed at 1.5 m. The red lines represent normal 

breath, whereas the black ones correspond to deep breath performed for 30 

seconds. 

of the spectrum analyzer has been used), confirming that, 

during respiration, the SILO input signal is frequency-

modulated by the chest displacements. In practice, human 

breath acts as a frequency modulator and generates a 

frequency-shift-keying (FSK) signal whose deviation is 

proportional to the displacement of the chest with respect to 

the sensor’s antenna. The plots are shown for two different 

individuals wearing the same sensor but located at different 

distances from the receiver (this distance only affects the 

signal strength). During inspiration/expiration, it is possible 

to notice an increase/decrease of the oscillator locking 

frequency, with the largest locking frequency 

corresponding to the deepest breaths exercised by the 

subjects under test. Comparing the two plots, it can be 

noticed that, although the locking ranges are well 

distinguishable for normal and deep breaths, the effective 

locking frequency bandwidths and the respective central 

frequencies are individual-dependent.  

 

 

 

 

Fig. 9. Photograph of the breath sensor prototype, showing the connection 

of the oscillator output port to the receiving sub-system by means of a 

microstrip coupled line. 

C. Receiver Demodulating Sub-System for FM-to-AM 

Conversion and Energy Harvesting Operations 

With the aim of simplifying the system exploitation and 

getting rid of a remote receiving system (i.e., the broadband 

antenna connected to the spectrum analyzer), the microstrip 

line at the output port of the SILO has been coupled to the 

on-board FM demodulator presented in Section II.B. 

The prototype and the connection of the oscillator to the 

receiving sub-system, realized by a quarter-wavelength 

microstrip coupler, are represented in Fig. 9. The resulting 

system performance is presented in Figs. 10 in terms of 

measured voltage across the demodulator output (RLOAD in 

Fig. 3) versus time: two different respiratory tests have been 

recorded for an individual performing normal breath (Fig. 

10 (a)) and fast breath activity, emulating tachypnea 

condition (Fig. 10 (b)). 

These plots clearly show that the proposed on-board 

passive demodulator is able to fully distinguish the two 

respiratory activities under test: in particular, 15 

breaths/min (respiratory rate: 0.25 Hz) and 42 breaths/min 

(0.7 Hz) are detected, respectively. Indeed, the voltage-

doubler used as an FM-to-AM demodulator allows to 

retrieving minima and maxima DC voltage peaks on RLOAD 

in correspondence of every inspiration and expiration. 

It has to be noticed that the oscillator output signal can 

vary significantly depending on the position of the sensor 

with respect to the user’s chest; however, it can be noticed 

that slighter amplitude variations are detected for fast 

breath, consistently with the fact that this respiratory 

condition implies smaller chest displacements.  

Finally, the energy harvesting performance of the same 

circuit have been predicted, tested, and reported in Fig. 11. 

It is worth noticing that for an input power (PIN) equal to 10 

dBm, the measured voltage-doubler power conversion PCE 
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is about 36%, whereas it results to be 20% with 0 dBm of 

input power. 

 

(a) 

 

(b) 

Fig. 10. Output voltage waveforms of the demodulator circuit, for a 50-

second test  performed with breath rate of (a) 0.25 Hz (15 breaths/min) and 

(b) 0.7 Hz (42 breaths/min).  

The above-mentioned values of PCEs are lower than the 

ones reported in the literature because, in this case, the 

matching network is missing, differently from standard 

energy harvester designs. This is a necessary condition, 

observed during transient analyses, to properly detect the 

peaks in correspondence of every inhalation. Concerning 

the discrepancy between simulated and measured 

efficiencies, the behavior is very similar, although 

measurements overestimate simulations: this may be due to 

the adopted diode model, including the package parasitics 

(capacitance and inductance), that does not perfectly match 

the real-life diode behavior at the frequency of 5.8 GHz.  

Downstream of the rectifier, a MCU can be adopted in 

order to elaborate the incoming data; in particular, it has to 

register the peaks corresponding to a single breathing act 

and calculate the instantaneous respiratory rate. Then, the 

MCU has to be also coupled with a transceiver allowing 

communication through the most common protocols, such 

as LoRa, Bluetooth Low Energy, ZigBee, etc. 

The DC power levels reached at the rectifier output (36 

mW and 200 μW for an input power of 10 dBm and 0 dBm, 

respectively) would both be able to satisfy the energy 

requirements of a low-power commercial board including a 

microcontroller unit and a transceiver to be employed 

without the need of a dedicated battery. In particular, 

accounting for the Semtech SX1280 transceiver adopted for  

 

Fig. 11. Simulated and measured percentage PCEs are shown for the 

voltage-doubler rectifying circuit.  

LoRa applications [28] and the PCE reached in this work, it 

is possible to draw an energy budget estimation for the 

digital circuitry. 

In that sense, considering the incoming power at the 

rectifier equal to 0 dBm and the efficiency of a commercial 

power management unit (PMU) to 50%, only 8.68 seconds 

are necessary to store sufficient energy to sustain the 

processing operations of the MCU (400 samples per 

second) and the transmission of information about 

breathing activity. 

Finally, an evaluation of the trade-off between power 

consumption and data transmission has to be made. The 

instantaneous transmission of breath rate is feasible, but this 

is also the most power-consuming scenario. Instead, the 

selection of two thresholds below and above limit values 

that can be considered risky would be the best solution to 

raise an alarm just in case of the presence of dangerous 

situations. 

IV. CONCLUSION 

In this work, a wearable sensor exploiting SIL radar 

techniques has been developed and tested with the aim of 

remote monitoring normal and deep breath. Validation 

measurements on different subjects have been conducted in 

order to corroborate the operation of the overall system. As 

a further outcome, a receiving sub-circuit has been 

combined with the SILO by means of a microstrip line 

coupled with the oscillator output in a unique sensor, thus 

creating a fully wearable pocket-size device; for the first 

time, breath rate and waveform are directly available on-

board thanks to the design of a circuit composed of a fully 

passive peak detector for the retrieval of the signal and 

energy autonomy purposes. 
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