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Abstract— This paper presents a wireless apnoea detector1

using a passive breathing sensor. The device is based on the2

measurement of the airflow temperature changes that are pro-3

duced during breathing. The sensor is a negative temperature4

coefficient resistor, which is to be placed close to the nose. The5

functional principle is based on the change of resistance, since6

the body increases the temperature of the airflow, which the7

device receives during breathing. The wireless communication is8

performed using the backscattered field technique, and is based9

on the modulation of the response from a transponder. This10

backscattering technique saves a lot of energy in comparison to11

its alternatives and guarantees a long lifetime for the device.12

The transponder is composed of an array of dipoles, loaded with13

varactor diodes, which implement a frequency selective surface.14

NTC measured temperature controls the oscillation frequency15

of a low-frequency, two-inverter oscillator. The output of the16

latter modulates the varactor diodes which, in turn, modulate the17

backscattered response of the transponder. An algorithm, which18

is based on the detection of the peaks on the breathing signal19

in order to calculate real-time respiration and apnoea intervals,20

has been implemented. The reader used is also presented and21

experimental results are shown. The sensor can be used to22

perform continuous real-time measurements for long period on23

time due to its low-power consumption.24

Index Terms— Breathing sensor, frequency selective surface,25

wireless body area networks, wearable sensors, radio frequency26

identification, backscattering.27

I. INTRODUCTION28

A. Background and Related Work29

BREATHING is one part of physiological respiration that30

is required to sustain life. Unconscious breathing is con-31

trolled by specialized centers in the brain, which automatically32

regulate the rate and depth of breathing depending on the body33

need [1], [2]. The apnoea is a term for suspension of the34

breath. The sleep apnoea is a common respiratory disorder35

that occurs during sleep, which is characterized by cessations36

of airflow to the lungs [2], [3]. Apnoea is basically divided37

into two types: central and obstructive. Central apnoea is due38

to some deficiency on the respiratory system development,39
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Fig. 1. Airway open during normal breathing (left) and closed airflow in an
apnoea event (right).

whereas the obstructive apnoea is due some type of obstruction 40

in the airflow as shown in figure 1. This episode can occur 41

many times during the sleep and this pathology is known 42

as sleep-disorder breathing (SDB). The SDB is known as a 43

relatively common condition, which can affect 24% and 9% 44

of middle-aged men and women, respectively [1]. Apnoea 45

events can occur 5 to 30 times an hour. Many studies have 46

indicated that SDB is highly related to various cardiovascular 47

diseases in forms of hypertension and stroke [2], [3]. It has 48

also been linked to other conditions, such as: type 2 dia- 49

betes, obesity, and hypertension. The Central apnoea can’t be 50

detected by acoustic methods because it is more complicated 51

than obstructive apnoea (OSA). In the clinical setting, the 52

exact diagnosis is made by polysomnography (PSG) [4]. PSG 53

measures a large number of parameters and it is made off 54

different parts: an electroencephalogram, which records the 55

sleep stages, a single-lead electrocardiogram, which monitors 56

the heart rate, an electromyogram which records the leg 57

movements, a thermal sensor and a nasal pressure transducer 58

both of which measure the breathing rate, including airflow at 59

the nose and at the mouth. Therefore, the PSG test is highly 60

invasive, labor intensive,-requires expensive instruments, is a 61

time consuming process and hence is impractical to perform 62

apart from a general population check-up. Consequently, many 63

people with SDB, perhaps up to 93% of the population, remain 64

undiagnosed [5]. An effective screening in the primary core 65

setting could increase the number of patients identified. Thus, 66

a new generation of technological tools is under development. 67

The remote health monitoring can be acceptable in the case 68

where the device fulfills all of the following requirements: 69

comfortable, easy to use, and low cost. In order to detect apnea 70

and calculate the respiration rate, there are many sensors that 71

are commercial available. Various portable monitor devices, 72
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like sleep-stripes, already exist in the market. It is an at-home73

sleep test diagnostic device. This device has to be worn for a74

minimum of five hours during sleep. The device is placed on75

the individual’s face where the two flow sensors (oral and nasal76

thermistors) are placed just below the nose and above the upper77

lip, in order to capture the patient’s breath more effectively.78

Most of them are based on sound recording techniques [6]79

or on microcontrollers which are integrated inside a belt [7].80

Unfortunately, however, these devices are noisy and often,81

neither easy to calibrate, nor suitable for long-term monitoring.82

B. Contribution and Paper Organization83

In order to match the properties of comfortability, flexibility,84

and a long lifetime for the battery, a wireless breathing85

sensor that is based on a frequency selective surface (FSS)86

is proposed. Frequency Selective Surfaces (FSS) are periodic87

structures that have already been used for various applica-88

tions on microwaves, optical frequency filters, radar absorbing89

materials (RAMs) and antenna reflectors [8]. Electronic Band90

Gaps (EBG) and Artificial Magnetic Conductors (AMCs),91

which are inspired by an FSS have often been used to reduce92

the size of the antennas and to mitigate the influence of the93

body in wearable applications [9], [10]. The viability of FSS94

to transmit information from the on body sensors has been95

shown in a recent work [11], [12]. The novelty of this work96

is the application of these devices as a wireless interface of97

the breathing sensors.98

This paper is structured as follows: the sensing principle and99

the fundamental theory are presented in section II. Section III100

presents the processing of the signal that is used to estimate101

both the breathing rates estimation and the apnea detection.102

Section IV shows measurements from the prototypes. Finally,103

section IV draws the conclusions.104

II. SENSOR DESIGN BASED ON FSS105

A. Sensing Principle106

The breathing sensor is based on a thermistor, which is107

placed at a certain distance from the nasal cavities and con-108

nected to an oscillator, which modulates the FSSs’ response.109

As core body temperature is usually higher than environ-110

mental temperature, respiratory airflow increases the tem-111

perature, detected by the sensor, producing a variation of112

its resistance [11]. A negative temperature coefficient resis-113

tance (NTC) has been adopted as the temperature sensor. NTC114

is a low-priced sensor with high sensitivity in the range of the115

body temperature (35-41°C). A drawback of the NTC is that its116

resistance does not change linearly for the entire range of the117

measurement However, for this application, the temperature118

range is relatively narrow and hence a linearization can be119

performed. In order to avoid the usage of complex electronic120

circuits such as analog-to-digital converters (ADC) and micro-121

controllers, as well as to reduce the power consumption, an122

analog approach is proposed.123

The oscillator is composed of two inverters based on low-124

voltage NANDs (SN74AUP1G00) and an RC network (see125

Fig.2). The resistance changes produce a frequency variation126

Fig. 2. Schema of a FSS loaded with varactors connected to the two-inverter
oscillator controlled by the NTC resistance (R).

Fig. 3. Block diagram of the system, including the reader and the transponder.

at the oscillator’s output that modulates the reverse-biased var- 127

actors of the FSS, which, in turn, modulates its backscattered 128

field. The diodes are therefore switched between -3V when 129

the output of the oscillator is in high state (3V), and 0V 130

when the output of the oscillator is in low state (0V). The 131

oscillation frequency can be estimated using the following 132

expression [13]: 133

fm = 1

2 ln(3)RC
= 0.455

RC
(1) 134

where, R is the resistance of the NTC (AVX 135

NB20R00105JBA) connected according to the schema 136

in Fig. 2. The NTC is soldered to a thin strip of flexible PCB 137

made with Ultralam 3850 substrate (from Rogers Corp.) and 138

it located below the nose to detect the air flow temperature 139

(see schema in Fig.3). The oscillation frequency depends on 140

both the capacitance and the resistance values that are chosen 141

in relation to the environmental temperature. In addition, 142

these values must be adjusted taking into account both the 143

desired frequency range allowed by the analog-to-digital 144

converter of the reader and the Nyquist criterion to avoid 145

aliasing. Here C = 330 pF produces a modulating frequency 146

range between 2 kHz and 3 kHz around the body temperature. 147

The Steinhart–Hart equation [14] is widely used to model 148

the NTC resistance. The thermistor manufacturer uses the 149

first-order approximation: 150

1

T
≈ 1

T0
+ 1

β
ln

R

R0
(2) 151

where T is the temperature in K, R0 = 1 M� is the nominal 152

resistance at T0 = 298 K, and β = 4400 K is the Steinhart– 153

Hart parameter that is taken from the thermistor datasheet. 154

The resolution in the temperature measurement is limited by 155

the frequency resolution. Combining (1) and (2) and deriving 156
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it as a function of the temperature, the frequency shift (� fm)157

due to the change in the temperature �T is obtained:158

� fm

fm
≈ β

T
· �T

T
(3)159

It should be noted that the factor β/T is very large in (3) ,160

therefore the sensitivity in the measurement of the temperature161

is very high. Using signal processing techniques, a frequency162

resolution (� fm) better than 1 Hz can be achieved, as pre-163

sented in the next section. Therefore, assuming a temperature164

value of T that is close to T0, an oscillation frequency of165

2 kHz, and a Steinhart–Hart parameter from the datasheet,166

the temperature resolution from the equation (3) is calculated,167

which is at an order of 0.01 K. For that reason this sensor can168

be used in several medical applications.169

B. Wireless Measurement170

Commercial breathing sensors [15] often use data loggers171

in order to store measurements, which can be processed after172

downloading their data onto a computer. As an alternative to173

those sensors, in this work, real-time wireless measurements174

can be performed developed. The real-time capability allows175

continuous monitoring of critical patients in hospitals, for176

which an alarm can be activated when the patient stops breath-177

ing. Since the communication is performed by a backscatter-178

ing method, the transponder does not need any transmitter179

(e.g. Bluetooth). Furthermore, the integrated circuitry in the180

transponder draws low power consumption, since no ADC or181

microcontroller are required. Consequently, a large reduction182

in terms of power consumption is obtained, considering that183

the battery only feeds the oscillator. As a result, the battery184

lifetime is high even if the communication system works in185

continuous measurement mode. The continuous monitoring186

is usually performed in the case of apnoea diagnosis, where187

several days of analysis are required. The oscillator, based188

on the two-inverter that is introduced here, draws 40 μA at189

3V; this leads to more than one year in the lifetime of a190

typical 330 mAh coin-battery. In addition, this solution allows191

a miniaturization of the device, as the number of parts in the192

system is decreased193

The wireless measurement is carried out using a customized194

reader (details of the reader are provided below). The reader195

illuminates the sensor with a tone in the 2.45 GHz ISM196

band ( fc). The transponder backscatters the electromagnetic197

signal and modulates the incoming signal at the frequency of198

the oscillator (see fig.3), which depends on temperature.199

The backscattered field (Es) at the FSS can be expressed as200

a sum of two terms [11], [12], [16]: a load-independent term201

(structural mode) Eest , and a load-dependent term (antenna202

mode), Em�.203

Es = Eest + Em� (4)204

where � is the complex power reflection coefficient of the205

diodes that load the dipoles of the FSS, which is modulated206

by switching the diodes using a low-frequency oscillator (with207

oscillation frequency fm). Then � changes between �ON and208

�OFF when the diodes are in the ON state (V=0) and OFF209

Fig. 4. Measurement of the spectrum at 2.45 GHz (at 1.6 m solid line and
4.8 m dotted line) [12].

state (V= −Vcc), respectively. The reflection coefficient can 210

be approximated by a square waveform with amplitude �� = 211

�ON − �OFF, frequency fm and duty cycle δ. This reflection 212

coefficient is a periodic function that can be decomposed in a 213

Fourier series [16]: 214

�( f ) =
+∞∑

n=−∞
cnδ( f − ( fc + n fm)) (5) 215

where cn are the Fourier coefficients. For a square waveform, 216

the backscattered field can be written using (4)-(5) as [16]: 217

Es = (
Eest + Em�avg

)
δ( f − fc) 218

+ Em

∑

n �=0

��δ

(
sin nπδ

nπδ

)
δ [ f − ( fc + n fm )] (6) 219

where �avg = (�ON + �OFF)/2 are the average and difference 220

in the power reflection coefficient between ON and OFF states, 221

respectively. 222

Fig.4 shows an example of measurement of reflected power 223

by a FSS modulated with fm = 5 KHz at fc = 2.45 GHz. 224

The measurements have been done using a spectrum analyzer 225

at two distances (1.6 m and 4.8 m). The signal received at 226

the reader (see central peak in Fig.4) has a strong component 227

at the center frequency ( fc) due to the structural mode of 228

the FSS plus a constant term (see the first term in (6)) and 229

the crosstalk between the transmitter and the receiver antennas 230

(that doe not depends on the distance between reader and tag). 231

The amplitude at the sidebands at fc ± fm (and higher-order 232

harmonics that often fall below the noise floor of the receiver) 233

depends on the antenna mode and decreases with the distance 234

to the reader. Fig.4 shows that these sidebands peaks can be 235

detected at a distance of 4.6 m. Therefore, read ranges of more 236

than 3 m can be achieved. The FSS placed directly onto the 237

body can achieve a large bandwidth, and the effect of losses 238

in terms of performance, introduced by the body presence, 239

can be compensated by increasing the number of radiating 240

elements. The large bandwidth provides robustness to the sys- 241

tem in front of the variation of permittivity between different 242

bodies or the different FSS positions, considering the same 243

body. Read ranges of around 3 m have been experimentally 244

achieved [11], [12]. 245
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The varactor-loaded FSS is integrated in a headband along246

with the oscillator and the battery, as shown in Fig. 5. The247

NTC is connected with thin flexible wires to the oscillator to248

reduce the interaction with the skin, which would be more249

comfortable for the patient. Low-cost silicon varactors from250

Skyworks SMV1247-079LF are used as switching diodes. The251

FSS is manufactured over a 100 μm-thick Ultralam®3850252

substrate. Two 10 k� 0605 SMD resistors are connected at253

the end of the arms of each dipole to feed the diodes and254

to prevent the undesired flow of the RF signal on the feed255

line. The dimensions of the FSS are provided in Fig.2. The256

headband is a FSS composed by four groups of 5 loaded257

dipoles each as shown in Fig.5. To ensure the ability to read258

the backscattering signal, the FSS is designed to surround the259

entire head and then a reading of 360° is allowed. The dipoles260

are also orientated in a different manner to permit the reading261

independently of the rotation movement of the head.262

The scheme of the reader prototype is shown in Fig.6a.263

It has been designed using a custom software defined264

radio (SDR) module. The transmitter is composed by a265

frequency synthesizer (Minicircuits KSN-2450A-119+) that266

generates a signal, a Minicircuits GAL84+ to amplify it, and267

a linearly polarized antenna. The output power is 18 dBm.268

The interrogating frequency is programmed with a micro-269

controller (Arduino UNO board). The local oscillator for the270

mixer (Minicircuits LRMS-30J) that down converts the signal271

detected from the receiver is obtained using a coupler. The272

intermediate frequency (IF) signal at the mixer’s output is273

amplified using two operational amplifiers with an overall274

gain of 50 dB and an analog filter with a cut-off frequency275

of 20 kHz connected in cascade. The output is sampled276

using the analog-to-digital converter (ADC) integrated in the277

soundcard of the PC. Fig. 6b shows a photograph of the278

prototype.279

The sensor temperature can be determined from the mod-280

ulation frequency ( fm) using (1). The modulation frequency281

can be obtained from the spectrum of the base band signal282

at the output of the mixer. The chirp Z-transform (CZT)283

algorithm [17], and a Hamming window is used to achieve284

the appropriated frequency resolution. This transform can be285

efficiently implemented using Fast Fourier Transforms (FFT)286

and makes the frequency resolution independent from the287

number of samples. The modulation frequency fm is estimated288

from the peak of CZT using 1000 samples taken with the ADC289

at 44000 Hz. This procedure (sampling plus CZT and Peak290

detection) needs approximately 63 milliseconds. As a result,291

the modulation frequency that is function of the breathing is292

sampled at approximately 15 Hz. This sampling frequency is293

enough, because a normal breathing rate is around 0.3 Hz.294

Fig. 7 shows a sample of 20 seconds of normal respiration,295

taken at 1 meter of distance between the head and the reader.296

The samples at the output of the ADC, along with the baseband297

spectrum from 1.5 KHz and 3 KHz that is computed with the298

CZT, are shown on Fig.7.a and Fig.7.b, respectively. A clear299

peak corresponding to the first side-band of the modulated300

signal can be observed. The modulating frequency fm can be301

easily obtained from the peak of the spectrum. In this case,302

the signal-to-noise ratio is more than 20 dB.303

Fig. 5. Photograph of the headband with the FSS and the NTC sensor and
the oscillator.

Fig. 6. Customized reader at 2.45 GHz ISM. (a) Electric scheme and
photograph (b).

Fig.8 shows a histogram of the modulated frequency (sensor 304

oscillator frequency) obtained from 5000 wireless measure- 305

ments taken at room temperature (which is assumed to be 306

constant). The measurements have been fitted using a Gaussian 307

distribution. Fig.8 depicts the Gaussian probability distribution 308

density overlapped to the histogram with a good agreement. 309

The standard deviation is 1.7 Hz, which using the equation (3) 310

corresponds to the standard temperature variation of 0.019°C. 311

This small error due to random measurement noise does not 312

affect this particular application. 313

III. SIGNAL PROCESSING 314

The block diagram in Fig.9 describes the algorithm imple- 315

mented to calculate breathing rate and apnoea time. As a 316

first step the modulating frequency fm obtained from the 317

spectrum of the signal, just at the output of the receiver mixer, 318

considering it as a function of time is measured. This signal 319

is referred to as the breathing signal. 320
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Fig. 7. Example of measurement at 1 m of distance. (a) Baseband signal in
time domain. (b) Spectrum computed using CZT.

Fig. 8. Histogram and fitted Gaussian distribution of the measured modula-
tion frequency.

Fig. 9. Block diagram of the algorithm for breathing rate and apnoea
detection.

Fig.10a shows an example of normal breathing just after321

installing the sensor close to the nose. It is possible to322

estimate the change of temperature, �T , in the thermistor323

using equation (3) from the modulated frequency shift. During324

the respiration cycle, the temperature variation is about 2325

Kelvin when the NTC is in the vicinity of the nose. Fig.10b326

shows the estimated temperature change as a function of time.327

It can be observed that the sensor is gradually warming due328

to the proximity of the body, while the ripple depends on329

the breathing. An increase in temperature is observed during330

the exhalation time, and a decrease during inhalation. The331

amplitude of the temperature ripple depends on the relative332

Fig. 10. Example of measurement for a person with normal breathing:
(a) measured modulation frequency, (b) temperature change and (c) breathing
rate in bpm as function of the time.

Fig. 11. Strategy to find the local maximum and minimum of the data.

distance between the sensor and the nasal cavity. A real- 333

time peak detection algorithm has been developed to obtain 334

the peaks and troughs of the breathing signal. Then the 335

breathing rate, usually expressed in breaths per minute (bpm) 336

is estimated from the inverse of the interval between two 337

consecutive peaks, 1/�t (fig.10c). 338

The algorithms to detect the local maximum (or minimum) 339

usually present some problems in case of noisy data such as 340

breathing data or ECG data. The well-known zero-derivative 341

method often fails when the zero crossing of the first derivate 342

occurs, due to noise. A typical solution consists of smoothing 343

the curve by using different low-pass filters [18]. In this work, 344

a robust peak detection algorithm is presented. The algorithm 345

assumes that a peak occurs at its highest point between troughs 346

and that there are lower points around it. The strategy is to 347

look for the highest point and around it there are lower points 348

shown by a � on both sides (see Fig.11). The algorithm only 349

needs the current sample and the last detected maximum (or 350

minimum). Thus, it can be efficiently implemented on quasi- 351

real-time for continuous breathing monitoring. The pseudo 352

code is shown in Fig.12. 353
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Fig. 12. Pseudocode of the peak detection algorithm.

IV. EXPERIMENTAL RESULTS354

The prototype has been integrated into a flexible headband355

(see Fig.13a) in order to test the algorithm, measure the356

reading distance, and assess the power consumption in a357

real situation. The headband is placed around the head of a358

volunteer and the sensor is placed under the nose, as shown in359

Fig. 13b. The reading distance is taken standing up, in front of360

the reader for a period of time of 100 seconds. The maximum361

reading distance measured is up to 3 meters (Fig.14).362

The respiration rate is calculated at the same time. Figure 15363

shows the respiration fluctuation at a certain distance from the364

reader. Three apneas are shown with different time duration365

(12.4 s, 8.1 s, 9.7 s, respectively). During these time intervals,366

no ripple in the breathing signal is observed and the temper-367

ature decreases, gradually return to the ambient temperature.368

The apnea interval can be measured between a maximum and369

minimum when the interval (�t) is larger than a threshold370

time. This threshold time is typically given as 10 seconds371

in the literature and it is considered as a dangerous apnoea372

[5]. A variation in terms of angular rotation has also been373

performed. The rotation of the head changes the backscattering374

power of the signal. Some diverse positions were considered375

in order to check the robustness of the system. Fig.16 shows376

Fig. 13. Breathing sensor prototype for the measurements.

Fig. 14. Reading distance for the FSS placed on body.

the measured breathing signal for frontal and lateral head 377

orientations. Fig.17 shows the measured breathing signal as 378

function of the head inclination. A rotation of 90° or change in 379

the head inclination (see Fig.17) does not affect the result, and 380

it is correctly processed (Fig.16.c and Fig.17.c, respectively). 381

The amplitude of the sampled signal at the output of the 382

A/D depends on the distance to the reader (see Fig.16.a and 383

Fig.17.a). However, the amplitude of the signal breathing 384

(modulation frequency detected after the CZT,) depends on the 385

frequency shift due to temperature change that is a function of 386

the distance between the sensor, nose and the airflow velocity; 387

to avoid this effect, a distance between the nose and the sensor 388

is fixed. Therefore, the normalized amplitude of the signal 389

breathing (see Fig.16.b and Fig.17.b) remains approximately 390

constant. 391
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Fig. 15. Example of measurement for a person with apnoeas: (a) measured
modulation frequency, (b) temperature change and (c) breathing rate in bpm
as function of the time.

Fig. 16. Sampled signal at the output of the A/D (a), normalized breathing
signal (b) and breathing rate (c) as function of time for different head rotation.

Fig. 17. Breathing sampled signal at the output of the A/D (a), normalized
breathing signal (b) and breathing rate (c) for different head inclination.

V. CONCLUSIONS392

This paper has presented a system for wireless breath393

monitoring and apnoea detection that uses transponders based394

on frequency selective surfaces (FSS). The communication395

between the transponder and the reader has been performed 396

by the backscattering technique. The radar cross section of the 397

FSS-based transponder is modulated using low-cost reverse- 398

biased varactors. The power consumption of the semi-passive 399

FSS is therefore very low compared to other alternatives. 400

The varactors are driven by an oscillator and the frequency 401

is controlled by a thermistor placed close to the nose cav- 402

ities. The temperature at the sensor depends on the airflow 403

during respiration. The transponder contains several FSS’s 404

with different directions and is located around the head. This 405

topology shows high robustness in front of fadings due to non- 406

line-of-sight (NLOS) situations, which might be caused when 407

the path is partially blocked, either by objects or the body. 408

A custom reader has also been developed using commercial 409

components. Read ranges up to 3 m are typically obtained 410

with the proof-of-concept prototype. A real time algorithm that 411

consists of determining the respiration peak and the measured 412

modulated frequency is used to measure the breathing rate 413

and detect the apnoea intervals. The low power consumption 414

enables long-term sessions of apnoea monitoring for screening 415

applications at home. These results open the door to more 416

complex sensors based on FSS on-body applications, which 417

integrate microcontrollers and more sophisticated sensors for 418

other applications. 419
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