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En el siguiente articulo se realiza el desarrollo y evaluacién de un dispositivo capaz de
identificar el estado de suefio de una persona a partir de la medicién de la frecuencia
respiratoria, integrandolo a un sistema tipo Z-Wave para realizar control domético
espacial. Se evidencid, por medio del analisis de pruebas de consumo eléctrico, cémo la
implementacién del sistema genera un ahorro significativo del 38% con respecto al
consumo promedio mensual en una vivienda, y cémo su aplicacién contribuye con un
entorno propicio para dormir al disminuir el ruido que generan los equipos multimedia
en la habitacién -apagados inmediatamente después de una deteccién-. Se observa un
correcto funcionamiento del sensor por las caracteristicas de las mediciones de los
pardmetros de calidad de servicio (QoS): Delay, Throughput y Jitter, garantizandose
que la pérdida de informacién es nula y que el sistema implementado es viable.

ABSTRACT:

In the following paper, perform the development and evaluation of a device capable of
identifying the sleep state of a person from the measurement of the respiratory
frequency, integrating it into a Z-Wave system to perform spatial domotic control. It
was evidenced, by means of the analysis of electrical consumption tests, how the
implementation of the system generates a significant saving of 38% with respect to
the average monthly consumption in a house, and how its application contributes to an
environment conducive to sleep by reducing noise that generate the multimedia
equipment in the room -off immediately after a detection-. The correct functioning of
the sensor is observed due to the characteristics of the measurements of quality of
service (QoS) parameters: Delay, Throughput and Jitter, guaranteeing that the loss of
information is null and that the system implemented is viable.
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1 Introduction

In recent years there has been a demographic growth
associated with the increase in the quality of life and a
progressive industrialization, which is proportional to
the increase in electricity consumption that generates
higher greenhouse emissions with negative
repercussions for the environment [17[2] . For this
reason, it is necessary to opt for clean energy, boost
savings and energy efficiency.

In the previous perspective, one of the mechanisms to
reduce electricity consumption is to analyze the time
lapses in which people waste energy, since a
considerable expense is found in the hours of sleep
where no electrical or electronic device should work,
unlessit's vital.

In particular, systems dedicated to energy efficiency in
the home have been designed taking advantage of
technological advances and different communication
technologies for domotic control. Within these are the
protocols used for residential wireless automation.
Specifically, one is designed by the company Zensys -
based on interoperable communications technology,
wireless, radio frequency- designed for control
applications, monitoring and reading of residential
environments known as Z-wave, 37

This low power radio frequency communications
technology supports full mesh networks without the
need of a coordinating node; it operates in the sub-
1GHz band, being impervious to Wi-Ii interference
and other wireless technologies in the 2.4 GHz range
(Bluetooth, ZigBee, etc.). The protocol is designed for
control and status applications with data speeds of up to
100 kbps, encryption AES128, IPV6 and multi-channel
operation. The Z-Wave physical access and media layers
(PHY / MAC) have been ratified by the International
Telecommunication Union (ITU) as the international
standard (G.9959),—. In addition, it allows total
interoperability through layer 6 with compatibility for
all versions,[ 37].

Regarding the use of the Z-wave protocol in
applications related to domotic control, there are
intelligent control systems with wireless transmission
with mobile devices for electronic block control ;
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remote control of devices within a wireless LAN
network [67; biological signal monitoring systems such
asrespiration and the vital signs,[87.

On the other hand, concerning to the monitoring and
detection of sleep states, different technologies and
alternatives may be available. Among these are the
provision of biological sensors in sleep monitoring
applications; as well as the analysis of incident factors in
the measurement environment and the applications of
systems with wireless communication protocol. It is
also used in the detection of movement by precision of
sound using sound waves with automatic system based
on a sensor of ZigBee technology, [97; including the
provision of mattresses for the non-invasive detection
and without restrictions of bio-signals,[107].

On the other hand, Electrocardiographic telemetry
systems (T-ECG) based on Z-Wave and heart rate
measurement have been developed,[[117][127].

Likewise, and through infrared depth sensors, RGB
cameras and microphones, the distinction of alterations
in sleep has been achieved, [187. In this same way,
sleep detectors have been designed taking into account
electrooculography and electroencephalography ; an
individual's sleep cycle detectors, and environmental
temperature adequacy to maximize sleep efficiency
using the fast Fourier transform applied to heart rate
signals,[[157].

Now, with regard to the detection of sleep positioning,
it is found that by exploring the use of wireless
measurements with Intensity of the received signal
(RSS), a person can be detected as well as their location
in the home[167; likewise, discrete approaches for the
detection of states and positions of sleep have been
documented [17] and indoor location methods using
Zigbee [187.
analysis have been developed
quantification of it by means of signal

Finally, algorithms for real-time sleep
and studies for the

measurement,[207].

According to the analysis of the aforementioned, the
present investigation intends to design a device capable
of detecting the sleep state of a person and integrate it
into a domotic system of Z-wave technology that
guarantees energy efficiency. To identify the sleep state,
the sleep characteristics mentioned in the Harvard
medical school are taken into account, where it is
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indicated how the breathing patterns change during
sleep, as well as the respiratory frequency decreases
slightly becoming regularized, "217].

The article is structured in the following way: Initially a
contextualization is made about Z-wave and the
technologies that have been used for the measurement
of sleep status; Subsequently, aspects related to the
materials and the methodology used in the development
of the prototype are addressed; followed by this the

TECHNICAL
EVALUATION:

best efficiency for the project.

IMPLEMENTATION:

implemented.

viability of the system.

process of performance testing and quality of service is
described. In the next section, the results are analyzed;
and finally, conclusions and future works of the
research carried out are provided.

2. Materials and methods
Based on the previous text and the review of the project

background, the methodology is proposed for the
development of this project shown in Figure 1.

+A compilation of information on similar projects and bibliogra phicl sources will be made to
estimate the most effective solution alternative.

«With the collected information, an evaluation of the physical and technological
requirements of each one of the electronic prototype stages can be made,
determining the physical possibilities ar limitations.

sAfter having the technical evaluation, it is possible to define the best way of
realizing the prototype by choosing the electronic devices that will achieve the

*From the interconnection of all the blocks that make up the system will proceed to
do the necessary tests that indicate how efficient is the electronic prototype

sMeasurements of functionality and Qo5 will be carried out to guarantee the

Figure 1. Methodology. Source: own.

The process of design and implementation of the
system that will allow the detection of sleep without
breaking into the ergonomics and comfort of each
person, is proposed as a non-invasive type that uses the
sound of breathing to identify the dream state. The
system is integrated into a Domotic system with Z-
wave technology to be used as a sensor with which
different devices connected to the network can be
controlled. These, at time, must be dedicated to
generating energy savings. To do this, the prototype is
designed shown in Figure 2.

e

[
MaCToswiteh:

Figure 2. Experimental prototype. Source: own.

It is defined that the sleep sensor is installed under the
pillow as support, taking measurements of the
respiratory frequency of a person until detecting a
regular breathing achieved when entering a state of
sleep. The electronic construction of the sleep sensor is
shown in the steps of the block diagram of Figure 3 and
are explained below:

-
e
[Coupling

e
' "
Power supply Microcontroller Coupling | Sensor
J N S

Figure 3. Block diagram. Source: own.
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The sensor consists of two stages: one designed to
detect the user's position, and the other to detect the
sleep state by user’s breathing.

For positioning, the system has a microswitch installed
in the base of the device shown in Figure 2, which
makes the user detection function in the system,
determining whether or not lying down. This pulse is
used toinitialize the detection stage.

The detection of sleep by means of regular breathing is
sensed by FC-04 cards. They detect the respiratory rate
by capturing the amount of exhalations per minute
through high sensitivity microphones. These signals
are processed by a microcontroller that compares the
time intervals of each exhalation until finding a pattern
where breathing becomes regular; it is at this moment
when the system detects that the user is asleep,
generating a pulse that is transmitted by means of a
coupling circuit to the Z-Wave transmission module
and at time to the main controller, with which the
activation of the devices coupled to the domotic
network.

For the start-up of the system a power supply of 5V -
200mA is dimensioned, this arrangement being
necessary taking into account the purpose of achieving
efficiency in the energy consumption of the design.
Figures 4 and 5 show the final implementation of the
prototype of the device.

Figure 4 . Physical implementation of the prototype.
Source: own.

C—

Figure 5. Top view of the prototype with pillow.
Source: own.
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3. Tests and results

To verify the functioning of the system, a test was
carried out with a person of 23 years, sensing their
breathing at bedtime. For this, the respiratory
frequency was measured with an audio recorder in
parallel with the proposed sensor, the signal obtained
was processed in the software "Free Audio Editor 2017"
toanalyzeits behavior, Figure 6.

o [ e L I o B S e S O S S R bbb feded b dep |

Figure 6. Respiratory frequency at activation time,
Software: Free Audio Editor. Source: own.

The designed sensor takes the signal of the respiratory
frequency and converts it into logical pulses where the
exhalations are represented as shown in Figure 7.

AN N

Figure 7 . Respiratory frequency in logical pulses.
Source: own.

The Figure 7 shows the behavior of the exhalations,
during three minutes, in the moment of activation where
the equality of the number of logical pulses in minutes
two and three is clearly seen. This equality is processed by
the microcontroller which generates an activation signal
that tells the home automation controller that the user
entered a dream state to execute the programmed
functions. Once the system is activated, the sensor will not
take into account the number of pulses in the subsequent
minutes while the user is lying down.

To guarantee that the system has an energy efficiency,
consumptions have been studied that are generally not
taken into account and present a significant energy
spending; these consumptions correspond to a state of
electronic devices when they are connected, but at rest
mode and waiting to receive orders, called Standby.
Considering this, they were made measurements of night
consumption in a single-family house, to determine how
much they correspond, approximately, the expenses in
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Standby and the energy consumption of 1 and 4 TV sets
on, because this is the most used electronic device before
sleeping. Additionally, the percentage of savings

represented by the implementation of the system in this
house is calculated. The results of the measurements are
shown in Table 1.

Description of | Voltage | Current | Power | kwh / kWh / | kWh/ % Acn:slifl
Consumption | (Vac) (A) (W) day month year | savings (US $)

Standby 114 0,44 | 50,16 0,40 12,04 | 144,46 8% 22,60
?fl?{l,dgz + 114 0,71| 80,94 0,65 19,43| 233,11 13% 36,46
Z?{lrd(l)?; + 114 2,1| 239,40 1,92 57,46| 689,47 38%| 107,84

Table 1 . Table of night consumption. Source: ewn.

Taking into account the key parameters that affect the user, and that are mentioned in the recommendation of ITU-T

G.1010, tests were done using the Wireshark network traftic analyzer software to guarantee the correct functionality of

the transmission and communication between the different stages of the prototype. Condensing the results of the

implemented system, measurements of quality of service parameters are taken (QoS) related to Throughput, Delay and

Jitter.

For that, 8 measurements are made for the activation state and 5 for the deactivation state, taking each sample in an

interval of 300 seconds, and activating the TCP capture filter to achieve a selective capture of packages of this nature.

The values measured by each of the parameters are listed below.
For the calculation of Delay the following formula is available (1),[227:
n

Delay = Z Ri —Si D
i=0

Where:

Ri it is the time of package reception
Si it is the package sending time

nis the number of packages

Figures 8 and 9 show the calculated delay results presented by the device in each of the samples taken. It
is observed that the maximum delay is 15.19 ms for its activation, and 13.73 ms for its deactivation.

Calculated Delay [ms]

1515327585

7S
/ B
/N
4

2 i o ..
12,675 258:‘-5..52 \ 12 44512281 12 57142857
L fuy E—

SRR | e 117 e o
. ’__f_-' i -—
>
1 2 3 4 3 ] 7 8
sample Number

Figure 8. Calculated in activation state. Source: own

4 The saving is calculated according to an average monthly consumption of 150 Kwh/month
5 The annual cost is calculated according to the average cost of Kwh / month of 0.16 US$ for social strata 3
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Calculated Delay [ms]

13, 73076523

13,13703704 1316851852 13,14814815 131962963
™ _%_H___'_'"“_“'--—c 8

1 2 3 a 3

Sample Number

Figure 9. Delay calculated in deactivation state. Source: own.

When a packet delay varies unpredictably with its position in the queues along the path between the
transmitter and the destination, the so-called Jitter is generated. The variation of delays is usually
included as a performance parameter, since it is important, in the transport layer of the packed data

systems, measure the inherent variability of the arrival times of the packages. We then proceed to find the
parameter using the formula (2),[227:

~o(Ri — Ri_
Jitter = M )
Where:
Ri is the reception time of the current package
Ri-1 it is the reception time of the previous package

nis the number of packages

Figures 10 and 11 show the results of Jitter.

Calculated Jitter [ms]

-0,00001936

-0,000430173

1 2 3 d 5 6 7 8

Sample Number

Figure 10. Jitter calculated in activation state. Source: own.
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Calculated Jitter [ms]

-0,000252918
0,00031672 -0,00028238
-0,000402216 —e
-0,000564
1 2 3 4 5

Sample Number

Figure 11. Jitter calculated in deactivation state. Source: own.

For the Throughput, known as the maximum production rate or the maximum rate at which information can be
processed, we have the following tormula (3):
Package size

Troughput = —— X X (3)

Packet duration time

Figures 12 and 13 show the result of the throughput measurements where it is observed that the maximum
production rate of the system is 0.042 Mbps and the minimum rate 0.0310 Mbps in the activation state; and in state
ot deactivation a stability in the system of 0,037 Mbps is observed. Bearing in mind that the transmitted packets
are control medium data, the efliciency of” the system is sufticient for its correct operation.

Measured Troughput [Mbps]
0,0420
0,03%0 0,0350
0,0370 0,0380 0,0380 0,0380
. i
0310
1 2 3 a 5 6 7 8
Sample Number

Figure 12. Throughput measured in activation state. Source: own.
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Measured Troughput [Mbps]

0.0
0.0870 0,0370 5 T 0.0370 0.0e70
e————__"__————e ]
1 2 3 4 5
Sample Number

Figure 13. Throughput measured in deactivation state. Source: own.

4. Discussion

Of the tests carried out to determine the respiratory
rate, it 1s found that the results obtained are within the
parameters of a normal respiration for an adult person -
that oscillates between 12 and 16 breaths per minute
according to the Medical Center of the University of
Rochester, [237.- This guarantees an optimal
functioning of the sensor to measure the respiratory
rate by means of microphones and to be able to
determine the sleep state of aperson.

According to the survey conducted on 1508 people by
the National Sleep Foundation in 2011 about 60% turn
on the TV one hour before going to sleep, [247]. Taking
this into account and applying the results of Table 1, we
can estimate an approximate decrease in annual energy
consumption per standby of 217846 kWh / year, if the
1508 people implemented the device in their rooms. In
addition, if you take into account the probability that
60% of these people sleep with the TV sets on,
implementing the device in these bedrooms can be
estimated an additional savings in annual consumption
of 80224 kWh / year.

For the parameters of quality of service it was obtained
that the measured delay fulfills with the stipulated
parameters according to the recommendation of I'TU-
T G.1010, where it is mentioned that for applications of
directed way and control, the transmission time must be
less than 250ms, [257]. Regarding the Jitter, figure 8, it

is observed that the variation of the delays is negative
because there is a stability, and in the following samples
it is evidenced how the arrival time of the packages
improves. Also the throughput is enough to guarantee a
correct transmission of the sensor to the domotic
controller.

5. Conclusions

The integration of the sleep state sensor with a Z-Wave
home automation control increases the autonomy of the
system, making it even more efficient, approaching
truly intelligent systems that interact between man and
machine. Although this prototype was designed
primarily to obtain energy savings by disconnecting
from the power supply any household appliance or
device not essential to sleep, as indicated in table 1
where a saving of 388% is calculated when four
televisions are turned on, It can also be used for security
since when detecting a person sleeping the system can
automatically turn on the perimeter sensors, activate an
alarm, automatically close the doors, or turn oft the gas
appliances. All for the benefit of the user.

Additionally, the prototype can be taken as an
instrument that indirectly contributes to improve the
sleep quality and the user’s health since the system
turns oft’ the multimedia equipment in the room after a
detection, thereby reducing noise, providing an
environment conducive to rest taking into account that
a person with poor sleep quality can get to suffer from
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different diseases including a possible brain atrophy, as
mentioned by the study of the University of Oxford in
its study of cortical atrophy, by the poor quality of sleep
in adults,[267].

Finally, it is necessary to mention that from the analysis
of the values obtained in the measurements of the
parameters of quality of service it is observed that in
them the sending and receiving of data are executed
within a not very wide range and that therefore they are
little noticeable to the user, which guarantees that the
loss of information is null and that the implemented
system is viable. In this way, compliance with the
regulations that regulate the installation and operation
of automated systems is met, as well as what is stated in
the recommendation of I'TU-T G.1010.

As future work will be proposed to use sensors that only
detect the changes of respiratory frequency from sleep
state to awake stake so that energy consumption is saved
and at the same time the detection of the dream state is
improved. In addition to this, it is necessary to improve
the structural design of the device with the support of
professionals in the area of industrial design in order to
ensure that it is as ergonomic and comfortable as
possible for the user. It is also necessary to develop
applications that allow the integration of the sleep state
sensor with different platforms dedicated to domotic
control.
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