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ABSTRACT

LOW POWER SMART WIRELESS MOBILE
ELECTRONIC CONTROL SYSTEM

Microsystems which can be placed on the patient with micro size and very low power
consumption and will be able to work continuously to monitor the course of the disease are
needed in biomedical area. Complementary Metal Oxide Semiconductor (CMOS)
technology is preferred for most of biomedical systems due its common usage, design

conveniences and low cost.

The design and results of oscillator based capacitive and resistive sensing circuits with low
supply voltage and low power consumption are presented for an optically powered
biomedical microsystem. The oscillator based sensing circuits are designed and simulated
using 180 nm United Microelectronics Corporation (UMC) CMOS technology. Also, the
theoretical relationships between the output frequency and sensor resistance/capacitance are
derived. For optical microsystem, communication protocols which are pulse width
modulation (PWM) and pulse amplitude modulation (PAM) are presented to transmit the
data. Arduino Uno is used to represent the microsystem. Raspberry Pi 3B is used as a
transmitter. Mutual data transmission is carried out by means of Infrared Radiation (IR)
Light Emitting Diode (LED) which is transmitter and phototransistor which is receiver.
Thanks to infrared beam, the power consumption of designed circuit is very low. A
Graphical User Interface (GUI) is designed on the Raspberry Pi. The Raspberry Pi serves as

a control panel and so different data is sent to the receiver.



OZET

DUSUK GUC TUKETIMLI AKILLI
KABLOSUZ MOBIL ELEKTRONIK
KONTROL SISTEMIi

Biyomedikal alanda, hastalik seyrinin izlenebilmesi adina siirekli ¢calisacak ve hasta lizerine
yerlesimi miimkiin olan mikro boyutlu ve ¢ok diisiik gii¢ tiikketimli mikro sistemlere ihtiyag
duyulmaktadir. Timler Metal Oksit Yariiletken (CMOS) teknolojisinin, yaygmligi ve
tasarim1 agisindan getirdigi kolayliklar ve diisiik maliyeti diisiiniilerek amaglanan

biyomedikal mikro sistemin kullanimi agisindan tercih edilmektedir.

Optik olarak ¢alisan bir biyomedikal mikro sistem i¢in diisiik besleme gerilimi ve diisiik gii¢
tilketimi ile osilatdr bazli kapasitif ve direngli algilama devrelerinin tasarimi ve sonuglari
sunulmaktadir. Salingag temelli algilama devreleri 180 nm Birlesik Mikroelektronik Sirketi
(UMC) CMOS teknolojisi kullanilarak tasarlanmis ve benzetimleri gergeklestirilmistir.
Ayrica ¢ikis frekansi ile algilayici direng/siga degeri arasindaki teorik esitlikleri tiiretilmistir.
Optik mikrosistemde, veri iletimi i¢in darbe genislik modiilasyonu (PWM) ve darbe genlik
modiilasyonu (PAM) iletisim protokolleri sunulmaktadir. Arduino Uno, mikro sistemi temsil
etmek icin kullanilmustir. Raspberry Pi 3B verici olarak kullanilmistir. Uzerinde bulunan
verici kisim olan IR LED ve alici kisim olan fototransistor sayesinde karsilikli veri
gonderimi gerceklesmektedir. Kizilotesi 1s1n sayesinde, tasarlanan devrenin gii¢ tiiketimi
cok diistiktiir. Raspberry Pi'de bir Grafiksel Kullanici Arayiizii (GUI) tasarlanmistir.

Raspberry Pi bir kontrol paneli olarak gorev yapar ve boylece alictya farkl veriler gonderilir.
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1. INTRODUCTION

Electronic devices play important role in our lives. These devices provide convenience in all
areas. In recent years, much studies have been done in the biomedical area especially. The
electronic devices are used for the health applications in biomedical area. Recent researches
have shown that wireless biomedical microsystem designs with low power consumption and

small footprint will be used to record health data of patients.

Microsystems which can be placed on the patient with micro size and very low power
consumption are needed in biomedical area. These microsystems should work continuously
to monitor the course of disease [1-2]. These systems must have various sensor units to
monitor the course of the disease. These sensor structures are capacitive, inductive and
resistive [3-5]. Capacitive sensors are commonly used to detect values such as pressure
changes and humidity values in biomedical systems and implant systems [4-5]. Depending
on the changing pressure value on the capacitive sensors, the capacitance is also changed.
Pressure sensing is carried out by changing the pressure dependent capacitance value to an
electrical value such as voltage, current or frequency. This type of sensors shows its usability
in measuring parietal pressure or blood pressure [4] [6]. Capacitive sensors can also be used
for humidity and temperature measurements to improve the success of dental implant

operations and orthopedic operations [7-8].

The block diagram of an all-optical biomedical system is shown in Figure 1.1. Power and
data values are transmitted optically to this system. Power is transmitted with a laser of 40
mW or more for this type of microsystems to operate consistently. This is why, so that a
kind of micro system which functions by this type of optical power works in an efficient
way, it should consume low supply voltage and also low power [9]. In addition, the micro
size of the presented system is critical for placement and portability. Therefore, it is foreseen
that the all system must be implemented by using the same technology. CMOS technology
is preferred for most of biomedical systems due its common usage, design conveniences and

low cost.
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Figure 1.1 The block diagram of the all-optical biomedical system

In this study, low power consuming sensor structures which operate with low voltage for all-
optical biomedical system are investigated and these structures are compared. Three
structures including LC CMOS cross coupled, relaxation and ring oscillator are investigated.
These designs are compared by considering power consumption, supply voltage and output
frequency values. Oscillator based sensing circuits are designed and simulated by using 180
nm UMC CMOS technology. Also, the theoretical equations of output frequency depending

on the resistance and capacitance value are derived.

The all-optical microsystem incorporates an integrated CMOS phototransistor integrated
into analog and digital circuits. Thanks to this receiver, data which comes from the
transmitter is detected. The microsystem that operates with optical power and its

programming operation carried out optically has been designed.

Moreover, communication protocols which are PWM and PAM are presented to transmit the
data with single channel in this study. Thanks to designed circuit, the power consumption is
reduced. Arduino Uno is used to represent the microsystem. Raspberry Pi 3B is used as a
transmitter. Mutual data transmission is carried out by means of IR LED which is transmitter
and phototransistor which is receiver. The different data is sent to the receiver via GUI which

is designed on the Raspberry Pi.



2. LOW POWER CMOS OSCILLATOR DESIGNS

Capacitive sensors are commonly used to detect values such as pressure changes and
humidity values in biomedical and implant systems. The capacitance is changed when the
pressure value on the capacitive sensor changes. The operation of capacitive sensor is based
on conversion of measured physical parameter (pressure etc.) into capacitance. Many

devices have been developed to convert it to measurable electronic signal.

Capacitance read out circuits are used to measure the capacitance changes. Especially,
capacitance to frequency converter acts important role. In this way, capacitance change is
translated to frequency value. CMOS oscillator is one of the techniques of capacitance to

frequency converter.

Oscillator is an electronic circuit which produces a periodic and vibrating electronic signal.
It consists of active and passive circuit element to produce repetitive signal at the output
without external input signal. It produces a continuous and repeated waveform. Therefore,

each different frequency value from oscillator is corresponds to different capacitance value.

In this study, the design and results of oscillator based capacitive and resistive sensing
circuits with low supply voltage and low power consumption for an optically powered
biomedical microsystem are presented. Three structures including LC CMOS cross coupled,
relaxation and ring oscillator have been examined and compared in terms of their suitability
for the optical system completely. The oscillator based sensing circuits are designed and
simulated using 180 nm UMC CMOS Technology. In addition, the theoretical relationships
of output frequency depending on sensor resistance and capacitance are derived. Moreover,
it is also shown that the designed ring oscillator can work at 0.5 V supply voltage and it can
be operated with a single integrated CMOS phototransistor without utilizing a voltage

doubler circuit.



2.1. LC CMOS Cross Coupled Oscillator

LC CMOS cross coupled oscillator operates based on negative resistance. The MOSFET

cross coupled pair generate a negative resistance.
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Figure 2.1 (@) MOSFET cross coupled pair, (b) Equivalent circuit of the cross coupled pair [10]

For the circuit which is in the Figure 2.1,

_ X _Tem 2.1
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The LC CMOS cross coupled oscillator behaves as an electrical resonator, storing energy
oscillating at the circuit’s resonant frequency. The obtained angular oscillation frequency
value is dependent on the inductance (L) and the capacitance (C) values with VLC equation.
The capacitance or inductance value can be found by measuring the output frequency. The

circuit diagram of the designed LC CMOS cross coupled oscillator is shown in Figure 2.2.
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Figure 2.2 The circuit diagram of the designed LC CMOS cross coupled oscillator

The LC CMOS cross coupled oscillator simulations are performed in Advanced Design
System (ADS) simulation program. Simulation drawing of the designed oscillator is shown
in Figure 2.3. The parameter values of the designed circuit are given in Table 2.1. The

capacitor called Cs represents the capacitive sensor. The Cqq value with the transistor

parasitic capacitance is calculated as 7.09 pF in Equation 2.3.

Table 2.1 The parameter values of the designed LC CMOS cross coupled oscillator

Parameter Value
PMOS (W) 190 pm
PMOS (L) 0.18 um
NMOS (W) 96 um
NMOS (L) | 0.18 pm
Inductor 4 nH

Capacitor 4 pF
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Figure 2.3 The circuit diagram of the designed LC CMOS cross coupled oscillator in ADS simulation

program

Since the voltage value from the optical power unit can be in the 0.4 V-2 V range, various
supply voltages which are in this range have been applied to the oscillator during the
simulation. When 1.2 V voltage is applied to the LC CMOS cross coupled oscillator, the
output frequency ofthe oscillator is 936 MHz, the average current is 1.643 mA and the power
consumption is 1.972 mW. When 1 V voltage is applied to the LC CMOS cross coupled
oscillator, the output frequency of the oscillator is 950.785 MHz, the average current is 649.9
pA and the power consumption is 649.9 pW. Simulation results of the designed LC CMOS
cross coupled oscillator for 1 V is shown in Figure 2.4 and Figure 2.5. LC CMOS cross

coupled oscillator has not oscillation under 1 V.



BN e

0.6} .

/| B

204 204 204 2041 20141 20.41
time (us)

vo(V)

Figure 2.4 Simulation result of the designed LC CMOQOS cross coupled oscillator, VDD = 1 V
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Figure 2.5 Power dissipation vs supply voltage graph of the designed LC CMOS cross coupled oscillator,
VDD=1V

An equation showing the relationship between frequency and capacitance is derived. The
analytic equation of the oscillation frequency of the designed LC CMOS cross coupled

oscillator is defined in Equation 2.3.

1

f=——F—— 2.3
21,/ LeqCeq



When the capacitive sensor is used instead of the conjugate capacitance, the capacitance-
frequency equation of the designed LC CMOS cross coupled oscillator can be expressed as

in Equation 2.4.

1075197

(0433 24

The convergence parameters for the simulation results are calculated as R? = 0.9946, aR? =
0.9928, P = 1.577x107, SE = 759.2, F = 552.3.

2.2. Relaxation Oscillator

Relaxation oscillator is a nonlinear oscillator circuit which produces a triangle wave or
square wave. The circuit can consist of comparator, op amp or negative resistance device.
The period of the relaxation oscillator depends on the time constant of the capacitor circuit.
The active device regulates between charging and discharging modes. In other words, this
oscillator alternates between two states at with a period that depends on the charging of a
capacitor and so the oscillator creates discontinuously changing repetitive waveform. The
capacitor voltage may change when charged or discharged from a constant voltage or current

source.

A relaxation oscillator can be built with a 555 timer integrated circuit. The 555 timer is an
integrated circuit which be used in oscillator applications. When a chosen capacitor is
charged to a value, comparators that are in the 555 timer flip a transistor switch that
discharges that capacitor through a RC time constant to ground. When the capacitor falls to

low value, the switch flips to let the capacitor charge up again.

The relaxation oscillator with the 555 timer is designed. This oscillator consists of two
comparators, SR latch and a current source. The capacitor is charged with the 100 nA current
source. When the voltage on the capacitor reaches the upper threshold, detected by the
comparator H, RB goes low and resets the SR latch. Then, the capacitor is discharged. The
discharging continues until the voltage on the capacitor reaches the lower threshold, detected
by the comparator L. SB goes low and sets the SR latch. This begins again and so an
oscillation occurs. The circuit diagram of the designed relaxation oscillator is shown in

Figure 2.6.



Comparator H SR Latch

M32 M33
100nA
M34
¢— Output
im

[iss

VDD

100nA
M3 M37

Comparator L

Figure 2.6 The circuit diagram of the designed relaxation oscillator

The relaxation oscillator simulations are performed in ADS simulation program. Simulation
drawing of the designed oscillator is shown in Figure 2.7. The parameter values of the
designed circuit are given in Table 2.2. The capacitor called C: represents the capacitive

sensor.

Table 2.2 The parameter values of the designed relaxation oscillator

Parameter Value
PMOS (W) I pm
PMOS (L) 0.24 pm
NMOS (W) I pm

NMOS (L) 0.24 pm
Current Source 100 nA

Capacitor 10 pF
VG 0.9V
VG2 0.2V
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Figure 2.7 The circuit diagram of the designed relaxation oscillator in ADS simulation program
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1.2 V and 1 V supply voltages are given to the relaxation oscillator for simulations. When
1.2 V voltage is applied to the relaxation oscillator, the output frequency of the oscillator is
93.220 kHz, the average current is 13.22 pA and the power consumption is 15.864 pW.
When 1V voltage is applied to the relaxation oscillator, the output frequency of the oscillator
is 90.222 kHz, the average current is 6.172 pA and the power consumption is 6.172 pW.
Simulation results of the designed relaxation oscillator for 1 V is shown in Figure 2.8 and
Figure 2.9. Relaxation oscillator has not oscillation under 1 V.

(] 0.2 0.4 0.6 0.8 | 1.2
Voo (V)

Figure 2.8 Simulation result of the designed relaxation oscillator, VDD =1V
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Figure 2.9 Power dissipation vs supply voltage graph of the designed relaxation oscillator, VDD=1V



12

An equation showing the relationship between frequency and capacitance is derived. The
analytic equation of the oscillation frequency of the designed relaxation oscillator is defined
in Equation 2.5. Current coefficient is calculated as o = 10.23 x 1072,

_ al
~ C(VG1— VG2)

f 2.5

2.3. Ring Oscillator

Ring oscillator is an electronic device which consists of an odd number of NOT gates in a
close loop chain which provides an unstable negative feedback circuit. The NOT gates or
inverters are arranged in a chain. The output of the last inverter is feedback into the first
inverter. The output of the ring oscillator oscillates two voltage levels. These voltage levels
are the voltage value and zero. The ring oscillator must have odd number of inverters because
if this oscillator consists of even number of inverters, the last output is same as the input.
The natural oscillation frequency of this structure varies with the additional resistance and
capacitance values to be added. Thanks to this feature, ring oscillators can be used to
determine capacitance and resistance values. The circuit diagram of the designed ring

oscillator is shown in Figure 2.10.

-1 VDD
. 4
Cy RS Sy B
Output —@ *r—9r—
C1
~ ~

Figure 2.10 The circuit diagram of the designed ring oscillator
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The ring oscillator simulations are performed in ADS simulation program. Simulation
drawing of the designed oscillator is shown in Figure 2.11. The parameter values of the
designed circuit are given in Table 2.3. In order to adjust the oscillation frequency, two
resistors which are 100 kQ values are added to the circuit. As the oscillation frequency is
intended to be less than 1 MHz, a capacitor which is 10 pF value are added to represent the

capacitive sensor.

Table 2.3 The parameter values of the designed ring oscillator

Parameter Value
PMOS (W) 1 pm
PMOS (L) | 0.24 pm
NMOS (W) 1 um
NMOS (L) | 0.24 pm
Resistor 100 kQ
Capacitor 10 pF
(IR
F—|
v_DC |_Probe
SRC1 ]9 I_Probet
Vde=1V ]_
s
. - -
I
MOSFET_PMOS MOSFET_PMOS
MOSFET PMPDS MOSFET1# MOSFET1
MOSFET15 Model=p_Iy_T8_mm Model=p_I}y_18_mm
Youtvodel=p_Iv_18_mm Length=0.24 um Length=0.24 um
Length=0.24 Um c2 Width=1 u Width=1 un
Width=1um — T C=10pF R R
T P W R1 R2
| % R=100 kOhm ; R=100 kOhm

|:j MOSFET_NMOS
—KOSFETS

MOSFET_NMOS
MOSFET16

“Model=n_lv_18 mm

MOSFET_NMOS
—MOSFET17

Model=pIv 18 mm

Model=n_Iv_18_mm
Length=0.24 um
Width=1 um

Length=0.24 um
Width=1 um

Length=0.24 um
Width=1 um

Figure 2.11 The circuit diagram of the designed ring oscillator in ADS simulation program
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1.2V, 1V,0.8Vand 0.5V supply voltages are given to the ring oscillator for simulations.
When 1.2 V voltage is applied to the ring oscillator, the output frequency of the oscillator is
452.514 kHz, the average current is 32.35 pA and the power consumption is 38.82 pW.
When 1 V voltage is applied to the ring oscillator, the output frequency of the oscillator is
444 873 kHz, the average current is 20.75 pA and the power consumption is 20.75 pW.
When 0.8 V voltage is applied to the ring oscillator, the output frequency of the oscillator is
437.698 kHz, the average current is 12.08 pA and the power consumption is 9.664 pW.

In the next step, Metal Oxide Semiconductor Field Effect Transistor (MOSFET) models with
low threshold voltage are used to reduce the power consumption of the ring oscillator. 0.5 V
are applied to the ring oscillator. The output frequency is measured as 428.295 kHz. The
average current output is 4.382 pA while the power consumption is 2.191 uW. Simulation
results of the designed ring oscillator using MOSFET models with low threshold voltage is

shown in Figure 2.12 and Figure 2.13.
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Figure 2.12 Simulation result of the designed ring oscillator, VDD = 0.5 V
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Figure 2.13 Power dissipation vs supply voltage graph of the designed ring oscillator VDD=0.5 V

An equation showing the relationship between frequency and capacitance is derived. The
analytic equation of the oscillation frequency of the designed ring oscillator is defined in

Equation 2.6.

1

R1 2.6

f:
2R1C (0.405
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The theoretical capacitance value-frequency change equation given in Equation 2.6 and the
simulation results are shown on the same graph in Figure 2.14. It is understood that the
equation obtained by theoretical equates with the simulation result. By using this equation,
it is possible to calculate the capacitive sensor value and thus reach the humidity, temperature

or pressure values expressed by the sensor.

150 T :
—e— simalation

= theoretical

100

BT

300

200 | |
10 12 14 16 15 20

C (pF)

Figure 2.14 Comparison of the theoretical and the simulation results for the designed ring oscillator in terms

of oscillation frequency value

2.4. Comparison of The Designed Low Power CMOS Oscillator

The designed oscillators need between 0.5 and 0.7 V due to the circuit which is used. The
LC CMOS cross coupled and the relaxation oscillator have not oscillation under 1 V. Hence,
following results are obtained by providing 1 V with the LC CMOS cross coupled oscillator
and the relaxation oscillator and also 0.5 V with the ring oscillator in the Table 2.4. These

results are calculated as the best result for each oscillator.
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Table 2.4 Comparison of the designed low power CMOS oscillator

LC CMOS _ ]
Relaxation Ring
Cross Coupled _ )
) Oscillator Oscillator
Oscillator
The Output 950.785 MHz 90.222 kHz 428.295 kHz
Frequency
The Current 649.9 pA 6.172 pA 4.382 pA
Consumption
The Power 649.9 uW 6.172 uW 2.191 uyW

Consumption

Minimum power consumption and minimum supply voltage conditions have been taken into
consideration due to the system to be used in the designed oscillators. According to the
results, the LC CMOS cross coupled oscillator has both high output frequency and high
power consumption. The relaxation oscillator has no oscillations for desired voltage range
were found in the system. When all these conditions are taken into consideration, the ring
oscillator is suitable for this system. Also, the ring oscillator requires fewer transistor, so it
is also advantageous in terms of the need for less circuit area requirements. Considering that
the frequency value of the capacitance will be measured, setting the frequency value in the
desired range is also expected from the sensor circuits. Since the LC CMOS cross coupled
oscillator is oscillated depending on the L and C values, the frequency range can be
determined by appropriate selection of these values. On the other hand, a high level of silicon
is needed to increase the inductance value and it is practically impossible to obtain an
integrated inductance value higher than nH [11]. Therefore, for sensor capacitance values in
the pF range, the LC CMOS cross coupled oscillator output frequency values are in the 500
MHz-1 GHz range and also the power consumption is high. Since the oscillation frequency
of the relaxation oscillator is related to the applied voltage values and the current source
value, the oscillation frequency is easier to control. However, the studies show that the
relaxation oscillator structure does not give a result at a level of 0.5 V - 0.7 V which is a
single photodiode voltage. On the other hand, the ring oscillator works with a supply voltage
of 0.5 V without the need for any voltage amplifying structure, so that the ring oscillator

based sensing circuit can be operated with a single integrated photodiode.



18

According to the results in Table 2.4, it is considered appropriate to use ring oscillator as a
sensing circuit in the designed CMOS chip. The sensing circuit has a ring oscillator structure
with 3 inverters. On the other hand, it has a feedback system including capacitance and
resistance values. According to these impedance values, the frequency of the ring oscillator
has changed. The general structure of the sensing circuit is shown in Figure 2.15. The ring
oscillator has met the requirement of low power consumption and small footprint for the

microsystem.

Figure 2.15 The layout of the sensing circuit
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3. WIRELESS OPTICAL EMBEDDED SYSTEM REALIZATION

This chapter discusses wireless optical data transfer used within embedded systems.

Nowadays, many of the various embedded systems are required to use a kind of
communication interface to data exchange with the environment or each other. In recent
years, wireless technologies have become widespread due to their ease of use. Although
wireless technologies dominate radio frequency devices, such as network or Bluetooth, some

applications are taken advantage of an optical data connectivity.

A new serial communication protocol must be introduced for data transmission. Thus, the
system should be arranged according to this protocol. There are some serial communication
protocols such as RS-232, RS-485, 1C, SPI etc. and these techniques are widely used. In
addition, power and data transmission in different channels have been realized in these
protocols. In addition, these protocols result in high power consumption when the
requirements of biomedical applications are considered. Therefore, instead of the existing
protocols, a new serial communication protocol has been created which provides simplicity

for low energy consumption.

Today, optical communication has been possible with the development of light emitting
diodes having very low switching times and thus providing a way for high-speed data
transmission. Optical communication uses LEDs to transmit pattern of data which is then
received and decided by a receiver. The wavelengths of light sources used are generally

around 900 nm.

The use of wireless communication in biomedical systems is provided. The aim is to provide
this with wireless optical communication. Thus, low power consumption and small footprint
designs required for biomedical systems can be provided. These designs can be
microsystems produced with CMQOS technology as described in the previous section. Since
the microsystem is optically programmable, this feature of the project makes it different

from the other applications.
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In this project, a control panel is designed to control the biomedical system. Wireless optical

embedded system realization is shown in Figure 3.1.

Raspberry Pi is used as control panel. Arduino Uno represents CMOS chip. Optical data
transmission between the Raspberry Pi and the Arduino Uno is achieved thanks to optical

communication protocol.

OFTICAL - - -
I I I ER UN SENSORS
CENTRAL SIGNAL POWER UNIT
PROCESSING
UNIT LIGHT DATA
EXTRACTION
CIRCUIT DIGITAL
OPTICAL — LOGIC
TRANSMISSION OF TSR CIRCUIT
DATA&POWER&TIME CIRCUIT
ALL OPTICAL BIOMEDICAL SYSTEM

/ v R\
- N2 [ SN \
8 |4 9O o
Raspberry PislM~. ~ 1 | | r _i' 1 Arduino Uno

Transmitter | N l— 1| | Receiver

o~ T RN
Phototransistor IR Led

Figure 3.1 Wireless optical embedded system realization

3.1. Transmitter Design

The design is based on the Raspberry Pi single board computer.

The transmitter side is shown in Figure 3.2 and consists of the following parts:
e Raspberry Pi 3B
e Raspberry Pi 3B DAC board
e |IRLED
e 100 Q resistor
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Figure 3.2 (a) The block diagram of the system, (b) Designed transmitter circuit, (c) IR LED

The parts are described in detail in the following sections.

Thanks to the serial data which sends from the Raspberry Pi, the IR LED blinks. Both analog
signal and digital signal are sent to the IR LED. The Raspberry Pi 3B has not DAC, so the

DAC board is used to obtain analog signal at this point.

The analog signal which is shown in Figure 3.3 has 3 main characteristics:
e Amplitude
e Frequency

e Phase
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Figure 3.3 Analog signal

Thanks to the analog signal sent with different voltage values and different wavelengths,
different data is sent to the receiver via the IR LED. The IR LED emits different level of
lights at these voltage levels and sends different data. Therefore, each voltage level has a
different message. The difference in wavelength causes the frequency change of the signal.

The relationship between wavelength and frequency is given in Equation 3.1.

An interface is designed to send different signals at different frequencies and this part is

described in detail in the following sections.

The short and long pulse are interpreted as 0 and 1 by the receiver, when the data is sent as
digital signal. This situation is shown in Figure 3.4. The duration of the pulse is calculated
by the timers and the receiver detects different message sequences as 0 or 1. Therefore, each

sequence is interpreted as the different message.
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Figure 3.4 Digital signal

3.1.1. Raspberry Pi 3B

The Raspberry Piwhich is credit card sized single board computer is designed by Raspberry
Pi Foundation in England. The purpose of foundation is to teach programming to young
children. It is a talented little device that enables people of all ages to explore computing and

to learn how programming.

The Raspberry Pi is starting with a Secure Digital (SD) card containing operating system.
Raspbian which is based on Debian is free and official operating system for all models of
the Raspberry Pi. The Raspbian operating system is usually used by user, but there are third-
party operating system images like Ubuntu MATE, Windows 10 Internet of Things (l1oT)

Core too.

The Raspberry Pi is widely used in embedded system domain. It is powerful device and it
can be used to make various application like 10T applications, robotics, industrial/home
automation and environmental sensing/monitoring. There are several types such as
Raspberry Pi 1A+, 1B+, 2B, Zero, Zero W, 3B, 3B+ and 3A+. In this study, the Raspberry

Pi 3B which is shown in Figure 3.5. is used.
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Figure 3.5 Raspberry Pi 3B model [12]

The Raspberry Pi is transmitter part for this study. It acts a role as control panel in the
wireless optical embedded system design as described in the Figure 3.1. Different messages
are sent to receiver part via IR LED. The receiver part detects these messages and returns a
different reply to each different message. The Raspberry Pi detects these messages via

phototransistor.

3.1.2. Raspberry Pi 3B DAC board

Digital to analog converter (DAC) is a device which transforms digital signal into an analog
signal. The DAC device converts digital signal like 0 and 1 into various current and voltage

values.

The Raspberry Pi 3B has not DAC, so analog signal output is not taken from the Raspberry
Pi 3B. Hence, DAC is necessary to convert digital signal to analog signal. Raspberry Pi high
precision Analog to Digital / Digital to Analog (AD/DA) expansion board which is shown
in Figure 3.6. is used for this reason. The analog signal is obtained by means of the DAC8532

on the board.
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DAC8532

Figure 3.6 Raspberry Pi high precision AD/DA expansion board [13]

The DAC8532 has dual channel and 16-bit resolution. Thanks to these features, it is possible
to get analog signal from 2 different channels for voltage values between 0 VV and 5V up to
216 digits. According to Equation 3.2, each digit corresponds to 0.0000763 V / digit.

.V 5V 3.2
Each Digit (Digit) T 0.0000763 :

Sinusoidal and triangle signal are obtained by using the AD/DA board and the DAC8532
library. Software is developed to obtain sinusoidal and triangle signal at different frequency.
Also, GUI is designed to select type of signal and frequency value. Qt Creator Integrated
Development Environment (IDE) is used for the software development and GUI design.
Designed GUI is shown in Figure 3.7. Two buttons as sinusoidal and triangle are added to
select type of signal. Thanks to dial, frequency value is selected. When the frequency value

is changed via dial, it is written on the screen.
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Figure 3.7 Designed GUI for DAC part

3.1.3. IR LED

Infrared is the region of the electromagnetic spectrum between microwaves and visible light.
IR light and visible light have different the frequency and wavelength. IR has a longer

wavelength. Infrared lies outside the range of visible light, so people can’t see it.

IR LED is a solid state lighting device that emits light in the infrared range which is between
700 nm and 1 mm wavelength of the electromagnetic radiation spectrum. Infrared
communication is one of the widely used wireless communication technology because of
common, cheap and easy to use. Also, IR needs low voltage. Because of the low power
requirement of the micro system is taken into consideration, IR range is selected. The

relationship between current and voltage for the LEDs is shown in Figure 3.8.
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Figure 3.8 1 — V curve of LEDs [14]

When voltage is applied, it emits lights and converts the electrical energy into light energy.
The IR LED is a type of diode. Electrical characteristics of the IR LED is like PN junction
diode. The diode allows to flow electric current in one direction. When the current flows,
electrons fall from one part of the diode into holes on another part. In order to fall into these
holes, the electrons must shed energy in the form of photons which produce light. Working

structure of IR LED is shown in Figure 3.9.
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............ : band gap
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Figure 3.9 Working structure of IR LED [15]
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The IR LED which is located on Raspberry Pi 3B and Arduino Uno plays transmitter role.
Thanks to the short and long pulses sent, different messages are sent via the IR LED.

3.2. Receiver Design

The design is based on Arduino Uno microcontroller.

The receiver side is shown in Figure 3.10 and consists of the following parts:
e Arduino Uno
e Phototransistor
o 220 kQ resistor

|
Y/ P N :
i > 00 :
|
Raspberry Pi 3 | | /7 Arduino Uno I
Transmitter §‘l :,‘_ Receiver |
|
- 3

(b)

Figure 3.10 (a) The block diagram of the system, (b) Phototransistor, (c) Designed receiver circuit

The parts are described in detail in the following sections.

The serial data coming from the Raspberry Pi is detected by the phototransistor on the
Arduino Uno. The light emitted from the IR LED falls on the phototransistor. The
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phototransistor reads this light during a certain period of time. This light falling on the
phototransistor is defined as 0 or 1. Hence, the message is detected. As described in the
transmitter part, the data sequence sent as 0 and 1 is detected without any data loss.

3.2.1. Arduino Uno

The Arduino Uno is a microcontroller board based on the ATmega328. It is programmed
with the Arduino software. The Arduino Uno is widely used in embedded system domain. It
can be used to make various application like 10T applications, robotics, industrial/home
automation and environmental sensing/monitoring. In this study, the Arduino Uno which is

shown in Figure 3.11. is used.

Digital Pins

ATmega328
Microcontroller

Analog Pins

Power / Ground

USB Plug Pins

External Power
Supply

Figure 3.11 Arduino Uno model [16]

The Arduino Uno is receiver part for this study. It acts a role as CMOS chip which has
sensor, sensing circuit and digital logic circuit in the wireless optical embedded system
design as described in Figure 3.1. The designed CMOS chip detects messages from the
transmitter by the photodiode which is on it. These perceived messages are interpreted by
the digital logic circuit on the CMOS chip. Thus, different data is sent according to different

incoming messages. The designed CMOS chip is shown in Figure 3.12.
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Figure 3.12 The layout of the CMOS integrated circuit

Different messages that comes from transmitter part are detected via phototransistor. The
Arduino Uno sends different replies to each different message. The transmitter part detects

these messages via phototransistor.

3.2.2. Phototransistor & Photodiode

Phototransistor is a type of transistor which converts the light energy into an electrical
energy. Light sensitive substances such as Gallium Arsenide is used to increase the light
sensitivity for phototransistors. The phototransistor can sense light levels and change the
current flowing between emitter and collector according to the level of light it receives. The
phototransistor has generally an exposed base that amplifies the light coming in contact with.
Thanks to this base a relatively high current passes through the phototransistor. As the
current spreads from the base to the emitter, the current is concentrated and converted into

voltage. The structure of the phototransistor is shown in Figure 3.13.
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Figure 3.13 Structure of phototransistor [17]

Photodiode is a type of PN junction diode which generates electric current when light its
surface. The working of the photodiode depends on the intensity of light in contact with. The
light incident on the diode reduces the width of their depletion region. Hence, the electrons
and hole start moving across the region. While the electron moves towards the cathode, the
hole moves toward the anode. Therefore, the current is induced in it. The working structure

of the photodiode is shown in Figure 3.14.
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Figure 3.14 Working structure of photodiode [18]

Both the phototransistor and the photodiode can be used to sense light. However, the

phototransistor is more sensitive in view of the gain provided by the transistor. Unlike the
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photodiodes, the phototransistor increases the current produced by light. Hence, the
phototransistor is more suitable in applications.

In this study, the phototransistor is used. The phototransistor which is located on Raspberry
Pi 3B and Arduino Uno plays receiver role. Different messages are detected via the
phototransistor.

3.3. IR Transmission Between Raspberry Pi 3B and Arduino Uno

Infrared transmission refers to energy in the electromagnetic radiation spectrum region at
wavelengths longer than visible light. It is used to send data at high speed. The IR

transmission is a wireless communication which has IR transmitter and receiver.

The Raspberry Pi which is transmitter and the Arduino Uno which is receiver is described
in separate sections. The data is sent via the IR LED and detected by the phototransistor on
the opposite side. Moreover, the IR LED and the phototransistor have been added to both
parts for data exchange. Optical communication protocol is developed to transmit and
receive the data. Thanks to the optical communication protocol, the data is transmitted at

high speed and the system consumes very low power.

Firstly, the data is sent optically from the Raspberry Pi via the IR LED and is detected by
the phototransistor on the Arduino Uno. The Arduino receives the data. Based on detected
data, the phototransistor triggers the IR LED on the Arduino. The data is sent to the
Raspberry Pi via the IR LED again. Finally, the data is detected by the phototransistor and
monitored on the Raspberry Pi. Hence, the message is received. The algorithm of IR

transmission is shown in Figure 3.15.
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Figure 3.15 The algorithm of IR transmission

The sending data is shown in Figure 3.16. Data has been sent and received successfully. The

results of data transmission are described in detail in the following section.

Figure 3.16 The sending data
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3.4. Experimental Results

As shown in Figure 3.17, an experimental setup is established. In this arrangement, Arduino
Uno is used as receiver and Raspberry Pi is used as transmitter. Optical communication is
used to communicate each other. A protocol has been developed to provide this
communication. Both Raspberry Pi and Arduino Uno have IR led, phototransistor and

resistance.

Receiver Transmitter

Phototransistor

Figure 3.17 (a) The experimental setup of IR transmission, (b) Receiver, (c) Transmitter

Thanks to the serial data which sends from the Raspberry Pi, the IR LED blinks. The
phototransistor reads the serial data. Both analog signal and digital signal are sent to the IR
LED.

Thanks to the analog signal sent with different voltage values and different wavelengths,
different data is sent to the receiver via the IR LED. The IR LED emits different level of
lights at these voltage levels and sends different data. Therefore, each voltage level has a

different message. The difference in wavelength causes the frequency change of the signal.

Sinusoidal and triangle signal are obtained by means of developing application. As
mentioned previous section, GUI is developed for this application. Two buttons as sinusoidal
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and triangle are added to select type of signal. Thanks to dial, frequency value is selected.

When the frequency value is changed via dial, it is written on the screen.

Auto £ CHI -4.067 mV

Figure 3.18 Obtained triangle signal

Table 3.1 Comparison of code and measurement value for triangle signal

Code Value Measurement Value
tempFrequency (s) = 10000 T=1s,f=1Hz
5000 T=510ms, f=1.96 Hz
1000 T=111.04 ms, f=9 Hz

In Figure 3.18, the obtained triangular signal and values is shown. Different values are given
and analyzed. The obtained data obtained as a result of the studies carried out by giving
different values are given in Table 3.1. There is a difference of approximately 10000 times
between the frequency given in the code and the measurement taken from the oscilloscope

because of the crystal oscillator found in the Raspberry Pi.
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Auto £ CHI -3.208 mV

Figure 3.19 Obtained sinusoidal signal

Table 3.2 Comparison of code and measurement value for sinusoidal signal

Code Value Measurement Value
tempFrequency (s) = 5000 T=71429ms, f=1.4Hz
1000 T =145.45ms, f=6.87 Hz

In Figure 3.19, the obtained sinusoidal signal and values is shown. Different values are given
and analyzed. The obtained data obtained as a result of the studies carried out by giving
different values are given in Table 3.2. There is a difference of approximately 7 times
between the frequency given in the code and the measurement taken from the oscilloscope

because of the crystal oscillator found in the Raspberry Pi.

The short and long pulse are interpreted as 0 and 1 by the receiver, when the data is sent as
digital signal. The duration of the pulse is calculated by the timers and the receiver detects
different message sequences as 0 or 1. Therefore, each sequence is interpreted as the

different message.

The first stage of communication is the transmission of data from the raspberry via the IR
LED. The oscilloscope view of the sending data is given in Figure 3.20. As shown in Figure
3.20, long pulses are taken as 1, short pulses are taken as 0. The y-axis represents the voltage

value and the x-axis represents the time.
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Figure 3.20 Oscilloscope view of the sending data

As described in the previous section, the sending data is *010110111011110". The sending
data is detected by the phototransistor on the Arduino Uno. The received data is shown in

Figure 3.21. With the value 0 between the data, the information of received data is obtained.

@& COMS3 (Arduino/Genuino Uno) — O >

Gonder

10111011110001011011101111000101101110111100010110111011110001011011101111CG0010L

Figure 3.21 The data detected by the receiver

Finally, when the Arduino receives the data, the phototransistor triggers the IR LED on the
Arduino based on detected data. If the data is long pulse, the IR LED lights. If the data is
short pulse, the IR LED does not light so that the data is sent back to the receiver. The
sending data is detected by the phototransistor and monitored on the Raspberry Pi. The data
detected by the Raspberry Pi is shown in Figure 3.22. Hence, the optical communication has

been completed.
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Figure 3.22 The data detected by the transmitter

According to the results of the experiment, the data is sent and received successfully. There
is no data loss during this communication. This type of wireless infrared communication

systems is useful for systems requiring low cost and low power consumption.
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4, RESULTS & CONCLUSION

The research reported in this thesis consists of the design and comparison of oscillator based
sensing circuits which have low power consumption and communication protocols which
are PWM and PAM to transmit the data for an optically powered biomedical microsystem.

The different data is sent to the receiver via GUI which is designed on the Raspberry Pi.

Three structures including LC CMOS cross coupled, relaxation and ring oscillator are
investigated. In consequence of research and simulations, the ring oscillator is appropriate
for the designed system because the ring oscillator consumes ultra low power than other
designed oscillators. The designed optically powered biomedical microsystem needs
between 0.5 and 0.7 V. The ring oscillator can work with a 0.5 V supply voltage. Also, the
ring oscillator requires fewer transistor, so it needs less circuit area. Because of these reasons,

the layout of the ring oscillator is design for optically powered biomedical microsystem.

The theoretical equations of output frequency depending on the resistance and capacitance
value are derived. In this way, a frequency value can be calculated according to the

capacitance value coming from the capacitive sensor in the microsystem.

Finally, embedded system is designed. The optical communication protocols which PWM
and PAM are developed to transmit the data. Thanks to designed circuit, the power
consumption is reduced. Arduino Uno is used to represent the microsystem. Raspberry Pi
3B is used as a transmitter. Mutual data transmission is carried out by means of the IR LED
which is transmitter and phototransistor which is receiver. Different data is sent to the

receiver and serves as a control panel with the GUI designed on the Raspberry Pi.
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APPENDIX A: RASPBERRY PI 3B DAC CODE

dac8532_test.h

#ifndef DAC8532_TEST_H

#define DAC8532_TEST_H

#include <bcm?2835.h>

#include <stdio.h>

#include <unistd.h>

#include <string.h>

#include <math.h>

#include <errno.h>

#define SPICS RPI_GPIO P1 16 //P4
#define CS_1() bcm2835_gpio_write(SPICS,HIGH)
#define CS_0() bcm2835_gpio_write(SPICS,LOW)
#define uint8_t unsigned char

#define uint16_t unsigned short

#define channel A 0x30

#define channel B 0x34

void callSinFlag();

void callTriangleFlag();

void getFreq(int a);

void bsp_DelayUS(uint64 t micros);

void Write_ DAC8532(uint8_t channel, uint16_t Data);
uint16_t Voltage Convert(float Vref, float voltage);
int test DAC();

#endif

mainwindow.h

#ifndef MAINWINDOW_H
#define MAINWINDOW_H
#include <QMainWindow>

namespace Ui

{
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class MainWindow;

¥
class MainWindow : public QMainWindow

{
Q_OBJECT
public:
explicit MainWindow(QWidget *parent = 0);
~MainWindow();
private slots:
void on_dial_valueChanged(int value);
void on_pushButton_clicked();
void on_pushButton_2_clicked();
private:
Ui::MainWindow *ui;
Y
#endif // MAINWINDOW_H

mythread.h
#ifndef MYTHREAD_H
#define MYTHREAD_H
#include <QObject>
#include <QThread>
class MyThread:public QThread
{
Q_OBJECT
public:
explicit MyThread();
void run();
signals:
public slots:
j
#endif



dac8532_test.cpp
#include "dac8532_test.h"
#include <qdebug.h>
#include <qgthread.h>
#include "mainwindow.h"
int tempFrequency = 0;
int sinFlag = 0;
int triangleFlag = 0;
void callSinFlag()
{
sinFlag = 1;
triangleFlag = 0;
}
void callTriangleFlag()
{
triangleFlag = 1;
sinFlag = 0;
}
void getFreq(int a)
{
tempFrequency = a;
}
void bsp_DelayUS(uint64 _t micros)

{

bcm2835_delayMicroseconds (micros);

}
void Write_ DAC8532(uint8_t channel, uint16_t Data)

{
uint8_t i;
CS_1();
CS_0();
bcm2835_spi_transfer(channel);
bcm2835_spi_transfer((Data>>8));
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bcm?2835_spi_transfer((Data&0xff));

CS_1();
}
uintl6_t Voltage Convert(float Vref, float voltage)
{

uintl6 t D ;

_D_ = (uintl6_t)(65536 * voltage / Vref);

return D

}
int test_ DAC()
{
uintlé ti;
uintl6_t tmp;
if ("bcm2835_init())
return 1;
bcm2835_spi_begin();
bcm2835_spi_setBitOrder(BCM2835_SPI1_BIT_ORDER_LSBFIRST );
bcm2835_spi_setDataMode(BCM2835_SPI_MODE1);
bcm2835_spi_setClockDivider(BCM2835_SPI_CLOCK_DIVIDER_1024);
bcm2835_gpio_fsel(SPICS, BCM2835_GPIO_FSEL_OUTP);
bcm2835_gpio_write(SPICS, HIGH);
i=0;
tmp=0;
float pi = 3.14;
while(1)
{
if(sinFlag && !triangleFlag)
{
qDebug()<< "freq value: " << tempFrequency;
Write_DAC8532(0x30, Voltage_Convert(5.0, 2.5 + sin(2 * pi * i / tempFrequency)));
i++;
if(i==tempFrequency)

{



hy

i=0;
}

if(triangleFlag == 1)

{

uintl6 ti;
uintl6_t tmp;
if (!bcm2835_init())
return 1,
bcm?2835_spi_begin();
bcm2835_spi_setBitOrder(BCM2835_SPI_BIT_ORDER_LSBFIRST );
bcm2835_spi_setDataMode(BCM2835_SPI_MODE1);
bcm2835_spi_setClockDivider(BCM2835_SPI_CLOCK _DIVIDER_1024);
bcm2835_gpio_fsel(SPICS, BCM2835 GPIO_FSEL_OUTP);
bcm2835_gpio_write(SPICS, HIGH);
i=0;
tmp=0;
while(triangleFlag && !sinFlag)
{
if(tmp==0)
{
Write_ DAC8532(0x30, Voltage _Convert(5.0,0.00+(float)i/10));
i++;
if(i==50)
{
i=0;
tmp=1,
}
bsp_DelayUS(tempFrequency);
}
else if(tmp==1)

{
Write_ DAC8532(0x30,Voltage Convert(5.0,5.000-(float)i/10));
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i++;
if(i==50)
{
i=0;
tmp=0;
}
bsp_DelayUS(tempFrequency);
}
}
gDebug()<< "time value: " << tempFrequency;

¥

bcm2835_spi_end();
bcm2835_close();

return O;

main.cpp
#include "mainwindow.h"
#include <QApplication>
#include "dac8532_test.h"
#include <QHBoxLayout>
#include <QSlider>
#include <QSpinBox>
int main(int argc, char *argv[])
{
QApplication a(argc, argv);
MainWindow w;
w.show();

return a.exec();
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mainwindow.cpp
#include "ui_mainwindow.h"
#include "dac8532_test.h"
#include "mythread.h"
#include <QDebug>
int frequency = 0;
MainWindow::MainWindow(QWidget *parent) :
QMainWindow(parent),
ui(new Ui::MainWindow)
{
ui->setupUi(this);
MyThread *thread = new MyThread();
thread->start();

}
MainWindow::~MainWindow()

{

delete ui;

¥

void MainWindow::on_dial_valueChanged(int value)
{
gDebug() << "on dial: " << value;
getFreq(value);
frequency = value;
ui->lcdNumber->display(frequency);
qDebug() << “change freq: " << frequency;

}

void MainWindow::on_pushButton_clicked() //sin

{
callSinFlag();

on_dial_valueChanged(frequency);

}
void MainWindow::on_pushButton_2_clicked() //triangle

{



callTriangleFlag();
on_dial_valueChanged(frequency);

¥

mythread.cpp

#include "mythread.h"
#include <QDebug>
#include "dac8532_test.h"
#include "mainwindow.h"
MyThread::MyThread()

{
}
void MyThread::run()
{
while(1)
test. DAC();
}
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APPENDIX B: TRANSMITTER CODE

mainwindow.h

#ifndef MAINWINDOW _H
#define MAINWINDOW _H
#include <QMainWindow>

namespace Ui

{

class MainWindow;

¥
class MainWindow : public QMainWindow

{
Q_OBJECT
public:
explicit MainWindow(QWidget *parent = 0);
~MainWindow();
void sendData();
void receiveData();
private:
Ui::MainWindow *ui;
3
#endif // MAINWINDOW_H

main.cpp
#include "mainwindow.h"
#include <QApplication>
int main(int argc, char *argv[])
{
QApplication a(argc, argv);
MainWindow w;
w.show();

return a.exec();
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mainwindow.cpp

#include "mainwindow.h"

#include "ui_mainwindow.h"

#include <wiringPi.h>

#include <softPwm.h>

#include <stdlib.h>

#include <QDebug>

#define IRLed 25

#define photoTransistor 22

#define PWMRange 100

int read,;

short sendingData[15] ={0,1,0,1,1,0,1,1,1,0,1,1, 1, 1, O};

inti;

MainWindow::MainWindow(QWidget *parent) :
QMainWindow(parent),

ui(new Ui::MainWindow)

ui->setupUi(this);
wiringPiSetup();
pinMode(IRLed, OUTPUT);
pinMode(photoTransistor, INPUT);
while (1)
{

sendData();

receiveData();

}
MainWindow::~MainWindow()

{

delete ui;
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void MainWindow::sendData()
{
for (i=0;i<=15; i++)
{
if(sendingData[i] == 1)
{
digitalWrite(IRLed,HIGH);
delay(8);
digitalwWrite(IRLed,LOW);
delay(2);
}
else
{
digitalWrite(IRLed,HIGH);
delay(2);
digitalWrite(IRLed,LOW);
delay(8);

¥

void MainWindow::receiveData()

{

read = digitalRead(photoTransistor);

qDebug() << "value " << read;
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APPENDIX C: RECEIVER CODE

#include <SoftwareSerial.h>
#define photoTransistor Al
#define IRLed 6

int reading = 0;

unsigned long duration;

void setup()

{
pinMode(photoTransistor,INPUT);
pinMode(IRLed,OUTPUT);
Serial.begin(9600);

}

void loop()

{
duration = pulseln(photoTransistor, LOW);
if (duration > 500)

{

if (duration <= 3000)

{
Serial.print("0");
digitalWrite(IRLed,LOW);

}

else

{
Serial.print("1");
digitalWrite(IRLed,HIGH);

}



