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Datasheets

= A datasheet is a technical document that provides detailed
information about an electronic component, device, or
system. It is published by the manufacturer and serves as

an official reference manual for engineers, designers, and

developers.

6.1 Absolute M

6.5 Electrical Characteristics, LM741'"

. " S -
LM741 Operational Amplifier over operating free-air range (unless otherwise noted) @@ TEST MIN  TYP  MAX| UNIT
1 Features 3 Description . AT Input offset voltage Re 10 k0 } I‘ = 25—: o i 2 '“:
+ Overload Protection on the Input and Output The]l&ru‘l'h ser:it;s ;'sm general-gurpose operational Supply voltage ILM741.CLM741A 222 - e ~ vy S Ta £ Taauax m
= amplifiers which feature improve over LM741 +18 voltax Th=25°C, Ve = 420V 115 mv
:o Lal:;;Up When the Common-Mode Range is industry standards fike the LM709. They are direct, Power dissipation @ 500 gy adjustment range A s
4000 plug-in replacements for the 709C, LM201, MC1439, Ta=25°C 20 200
and 748 in most applications. Differential input votage 30 L IFGUE et et TaumsTas T, 85 s ™
2 Applications ] e
PP The amplifiers offer many features which make their Input voliage 418 v Ta=25°C 80 500 nA
* Comparators application nearly foolproof: overload ion on Output short circuit duration Conti Input bias current T SToST 15| A
aans S Ta S T -
* Multivibrators the input and output, no latch-up when the common- LM741, LM741A -50 125 S — -
. DC Amplifers mode range is exceeded, as well as freedom from Operating temperature TS o = c Inpurt resistancs Ta=25°C, Vs =420V o3 L Ma
s A oscillations. Input voltage range Tasns 5 Ta 5 Tannx 12 113 v
+  Summing Amplifiers i LM741, LM741A 150 - - — 257
+ Integrator o Differentiators The LM741C is identical to the LM741 and LM741A Junction T 6 c Large sgnalvatagegain | V3= H15 Y/ Vo = #10 V. Ruz2 Taz25°C S0 200 Vimy
except that the LM741C has their performance - Tonani = Ta S Taaax 25
* Active Filters ensured over a 0°C to +70°C temperature range, o . PDIP package (10 seconds) 260 c Ouput Vo =8V Ry = 10 k() £12 £14 v
i 55" o lering information utput voitage swing =
instead of ~55°C to +125°C. 9 CDIP or T0-99 package (10 seconds) 00 [ : R z2k0 $10 213
Device (1) Storage 1. o -85 150 °c Output short circuit current Ta=25°C 25 mA
MBER Common-mode rejection ratio | Re £ 100, Vors = £12 V. Tausm S Ta 5T, 80 95 o8
PART I | _Packace | sooy size ow) | (1) Stresses beyond those listed under Absolute Maximum Ratings may cause permanent damage to the device. These are stress ratings et ks mectnratn [V 5 20V B VeE BV R DO Tok T ey % % =
102919). 19.08 am % §.08 only, which do not imply functional operation of the device at these or any other conditions beyond those indicated u upply voktage rejection reflo | V5= Lt Rt » T = T = Tasanse
LM741 COIP (8) 10.16 mm x 6.502 mm Operating Conditions. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability. Transient Rsotme | ... 03 us
POIP (8) 9.81 mm % 6.35 mm (2) For military specifications see RETS741X for LM741 and RETS741AX for LM741A. response Overshoot | 14~ 25 O- unity gain 5%
- (3) If Military/Aerospace specified devices are required, please contact the TI Sales Office/Distributors for availability and - -
(1) For all available packages, see the orderable addendum at (4) For operation at elevated temperatures, these devices must be derated based on thermal resistance, and T) max. (listed under “Absolute Slew rate Ta = 25°C, unity gain 0.5 Vius
the end of the data sheet. Maximum Ratings”). T, = Ty + (8 Po). Supply current Ta=25°C 17 28] mA
(5) For supply voltages less than £15 V, the absolute maximum input voltage is equal to the supply voltage. = - =
Typical Application AZ
6.2 ESD Ratings Power consumption Vg =415V Ta™ Taum 60 100| mw
Ta=T, 45 75
R2 [ vawe | unm | A~ Taax
AMN [Vieso, discharge | Human body model (HBM), per ANSVESDA/JEDEC JS-001(") 2400 T R By ooyl et e ekl b piipotaatial i
3 ca 45 +70°C.
(1) Level listed above is the passing level per ANSI, ESDA, and JEDEC JS-001. JEDEC document JEP155 states that 500-V HBM allows
+V, safe manufacturing with a standard ESD control process. 6.6 Electrical Char istics, LM741A"
supply . ETER TEST MIN mAxX | uNIT
6.3 Operating C [Tu=25C 0.8 3| mv
R1 over operating free-air temperature range (unless otherwise noted) Input affset voltage Rs=500Q | Tasans = Ta s Tauaax 3 mv
\ V4 MIN NOM MAX| UNIT Average input ofiset voltage 16| pvrc
Sy P LM741, LM741A +10 15 2| drif
= upply voitage (VDD- T Input offset vollage =28, Ve =
LM741 Output LM741C 10 15 +18 Input et ooy T = 25°C, Vg = 420 V 10 my
LM741, LM741A -55 125 =
Vi V- Temperature c gt Ta=25'C 3 30 "
input =— 4~ LM741C 0 70 BT T o
. Average input offset 05| nArc
6.4 Thermal Information drift il
Ta=26'C 30 80| nA
'Vsupplv LM741 Input bias current A "
THERMAL METRIC(") LMC (T0-99) NAB (CDIP) P (PDIP) UNIT Tanant < Ta < Tanax 021] pA
Ta=25'C, Vs =420V 1 6
8 PINS 8 PINS 8PINS Input resistance A T a 3 — Mo
Raua Junction-to-ambient thermal resistance 170 100 100 oW Topan S Ta € Tantarx, Vs = £20 V 05
Raucep) _ Junction-to-case (top) thermal resistance 25 = — “cw V=420V, Vo= 415V, R 22 |Ta=25°C .
Large signal voltage gain L Toatiny 5 Ta 5 Tasaax 32 Vimv

Ws=45V,Vo =42V, R 2 2 k), Tanam 5 Ta 5 Tansax




Datasheets

= Electrical Characteristics

— Voltage and current limits (e.g., operating voltage, max input/output
current)

— Power consumption
* Pin Configuration and Functionality

— Pin layout, type (analog, digital, I/O), and descriptions

— Essential for correct wiring, PCB design, and firmware development
= Functional Description

— Explanation of internal operation and block diagrams

— Helps understand how the sensor or device works, needed for writing
drivers or control software



Datasheets

= Communication Protocols

— Details about I12C, SPI, UART, or other protocols used Includes timing
diagrams, register maps, and command sets

— Setup/hold times, latency, sampling rate, etc.
— Crucial for real-time system performance and synchronization

= Calibration and Accuracy Data
— Sensors: includes accuracy, resolution, response time, and linearity
— Used for error handling, data correction, and sensor fusion

 Recommended Operating Conditions
— Temperature range, humidity, vibration, etc.
— Ensures reliability in the intended application environment



Datasheets

= Photodiode for an example ’(:
= First, we need to know how photodiodes work-:- D} o +
— When light reaches the device, free charge carriers are created ‘E

— Reverse bias electric field sweeps the electrons and holes in opposite directions.
— This movement of charge creates a photocurrent proportional to the light intensity
— The stronger the light, the more current is aenerated.

I(mA) I(mA)
S - :«1. ‘ “l;..\ '('—":”""" e B (TR
L ogs Ay ) qurs Myt | S MY 25 WY gy uy
(Breakdown) | (Reverse Biase) (Horward Biase) (Breakdown) | (Reverse Biase)
ls
l V(m\ V(mV)




Datasheets

 What are the things to look for?

Specification

Responsivity (A/W)

What It Means

Current generated per watt of incident light (varies by
wavelength)

Why It’s Important

Higher responsivity = better sensitivity

Spectral Response

Wavelength range where the photodiode is sensitive
(e.g., 400—1100 nm for silicon)

Must match your light source (e.g., IR, visible,
uv)

Dark Current (nA or pA)

Leakage current in darkness (reverse bias)

Lower is better, reduces noise and increases
accuracy

Capacitance (pF)

Junction capacitance under reverse bias

Lower capacitance = faster response (important
for high-speed signals)

Rise/Fall Time (ns)

Time to respond to a change in light

Crucial for high-speed or pulsed light applications

Reverse Breakdown Voltage (V)

Max voltage the photodiode can withstand in reverse
bias

Exceeding this can damage the diode

Active Area (mm?)

Size of the light-sensitive region

Affects how much light it can collect (and
therefore output current)

Noise Equivalent Power (NEP)

Minimum optical power detectable above noise level

Lower NEP = better sensitivity to low light levels

Shunt Resistance (MQ or GQ)

Resistance across the diode in the dark
(like a reverse resistance)

High shunt resistance = lower leakage, better for
low-light detection

Temperature Coefficient

How parameters vary with temperature

Important for environments with variable
temperatures

Package Type

Physical size, mounting style (SMD, through-hole), and
window material

Affects integration into your circuit or PCB design




Datasheets

= For optical communication: prioritize fast rise/fall times
and low capacitance.

 For ambient light sensing: focus on wide spectral range
and high responsivity.

 For biomedical sensing (e.g. heart rate): low dark current
and good responsivity.
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Photodiode example #1

—_—
VISHAY.

TEMD7000ITX01

www.vishay.com

Vishay Semiconductors

Silicon PIN Photodiode

DESCRIPTION

TEMD7000ITX01 is a high speed and high sensitive PIN
photodiode. It is a miniature surface mount device (SMD)
including the chip with a 0.23 mm? sensitive area detecting

FEATURES
* Package type: surface mount

* Package form: 0805

¢ Dimensions (L x W x H in mm): 2 x 1.25 x 0.85
 Radiant sensitive area (in mm?): 0.23
* Enhanced operating temperature

.
AUTOMOTIVE
GRADE

Poiree

range:

Top =-40°C to +110°C RoHS
* High radiant sensitivity COMPLIANT
. o . . HALOGEN

* Suitable for visible and near infrared radiation FREE

* Fast response times

* Angle of half sensitivity: ¢ = + 60°
= Floor e: 72 h, MGL 4, according 10 J-81D-020
* Lead (Pb)-free reflow soldering

* AEC-Q101 qualified

* Material categorization: for definitions of compliance

Y
VISHAY.

TEMD7000ITX01

www.vishay.com

Vishay Semiconductors

BASIC CHARACTERISTICS (T, = 25 °C, unless otherwise specified)

PARAMETER TEST CONDITION SYMBOL MIN. TYP. MAX. UNIT
Forward voltage Ir =50 mA Ve 1 \4
Breakdown voltage Ir=100pA E=0 Ver) 60 Vv
Reverse dark current Vg=10V,E=0 lro 1 3 nA
Diode capacitance Va=0V.f=1MHz,E=0 Co 4 pF
VrR=5V,f=1MHz,E=0 Cp 1.3 pF
Open circuit voltage Ee = 1 mW/cm2, ). = 950 nm Vo 350 mV
Temperature coefficient of V, Es = 1 mW/cm2, & = 950 nm TKve -26 mV/K
Short circuit current E, = 1 mW/cm2, A = 950 nm i 3 HA
Temperature coefficient of Iy E, = 1 mW/cm?, A =950 nm TKi 0.1 %/K
Reverse light current Eo=1mW/cm2, =950 nm, Vg =5V lra 2.4 3 3.6 HA
Angle of half sensitivity P + 60 deg
Wavelength of peak sensitivity Ao 900 nm
Range of spectral bandwidth o1 350to 1120 nm
Rise time Vr=10V,R.=1kQ, A =820 nm t 100 ns
Fall time Vr=10V,R.=1kQ, A =820 nm t 100 ns

BASIC CHARACTERISTICS (Tamb = 25 °C, unless otherwise specified)

visible and near infrared radiation. please see www.vishay.com/doc?99912 1000
- 4 -
APPLICATIONS ) v EY
H £
* High speed photo detector g 10 g
a 7 o
™ £
@ -]
I PRODUCT SUMMARY 2 2
2
COMPONENT [ Ira (HA) [ ¢ (deg) | o (M) § 10 :
| TEMD7000ITX01 | 3 + 60 \ 350 to 1120 & V4 v, =10v]—] <
ot L /. H -
et “ i ictina” i /
¢ Test conditions see table “Basic Characteristics . P 50 50 100
94427 T, - Ambient Temperature (°C) 21535 E, - Irradiance (mW/cm? )
ORDERING INFORMATION
ORDERING CODE | PACKAGING | REMARKS ‘ PACKAGE FORM Fig. 1 - Reverse Dark Current vs. Ambient Temperature Fig. 3 - Reverse Light Current vs. Irradiance
TEMD7000ITX01 | Tape and reel | MoQ: 3000 pes, 3000 pesireel | 0805
Note L4 100
* MOQ: minimum order quantity § | l ! i
5 2
; 12 a=5V 5
= = ° 3=850m g
ABSOLUTE MAXIMUM RATINGS (T, = 25 °C, unless otherwise specified) = 3 L oa0
PARAMETER TEST CONDITION SYMBOL VALUE UNIT g 10 ] £ 10 |
Reverse voltage VR 60 \ % I I I O I I O O E i
Power dissipation Tamb < 25 °C Py 215 mw £ v g 7 mwrem:
Junction temperature T 110 °C g & L
Operating temperature range Tamb -40to +110 °C ? _'g —TT]
B B ~ os
Storagf; temperature range __ Tstg 40 to +110 C s 2 o P ™ 00 10 o ; o o 0
Soldering temperature Acc. reflow solder profile fig. 8 Ted 260 C sa8ats T, - Ambient Temperature (-C) 17026 V, - Reverse Voltage
Thermal resistance junction / ambient Acc. J-STD-051 Rihsa 270 KW N

Fig. 2 - Relative Reverse Light Current vs. Ambient Temperature Fig. 4 - Reverse Light Gurrent vs. Reverse Voltage



Datas

= Photodiode example #1

\ 4
VISHAY. ___ TEMD7000ITX01
e Vishay Semiconductors

REFLOW SOLDER PROFILE

300
e max. 260 °C|
[y Pl e S— g ARPYPOS
s -240 °C 3 H
o B * \
< E=0 S a0 27 el
3 f=1MHz 5
g ° max. 3
§ 4 g
o I~ g w0
2 8
~N
g N 5 100
T2 ] L= max. ramp down 6 °C/s
& N
50 [/max. ramp up 3 °C/s
0 [
. 1

01 10 100 0 50 100 150 200 250 300

94 8430 V.- Reverse Voltage (V)

19841 Time (s)

Flg.i5:%Dlode Gapiacitancevs, ReveresiVoltage Fig. 8 - Lead (Pb)-free Reflow Solder Profile acc. J-STD-020

DRYPACK
> 10 7~ A ) . )
5 o9 A1 Devices are packed in moisture barrier bags (MBB) to
B 08 d prevent the products from moisture absorption during
‘% 0'7 / \ transportation and storage. Each bag contains a desiccant.
% o \\ FLOOR LIFE
é 05 . \ Floor life (time between soldering and removing from MBB)
g o4 \ must not exceed the time indicated on MBB label:
5 o3 Floor life: 72 h
& zf s Conditions: Tamp < 30 °C, RH < 60 %
’gf . Moisture sensitivity level 4, according to J-STD-020.
2]

o
400 500 600 700 800 900 1000 1100

- Wavelenath DRYING
= Wiavelengthi(nrm) In case of moisture absorption devices should be baked
Fig. 6 - Relative Spectral Sensitivity vs. Wavelength beft?re soldering. Ccndltlon§ see J-STD-020 or I'a?bel.
Devices taped on reel dry using recommended conditions
192hat40°C (+ 5 °C), RH <5 %.
2
2 5
2 §
g 3
< <
g g
& a
E z
] )
£ £
IE e

s 204 11

Fig. 7 - Relative Radiant Sensitivity vs. Angular Di it
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= Photodiode example #2

BPW 34 FAS

BPW 34 FAS

DIL SMT
Silicon PIN Photodiode with Daylight Filter; in SMT

Maximum Ratings

T,=25°C
Parameter Symbol Values
E Operating Temperature Top min. -40°C
max. 100 °C
Storage temperature Tee min. -40°C
Applications max. 100 °C
— Rain Sensors Reverse voltage Ve max. 16V
Reverse voltage Ve max. 32V
< in: = ©
Features: iemm 0 &
o PG AN SR Total power dissipation Pt max. 150 mW
ESD withstand voltage Ve max. 2kV

— Qualifications: The product qualification test plan is based on the guidelines of AEC-Q101-REV-C,
Stress Test Qualification for Automotive Grade Discrete Semiconductors.
— ESD: 2 kV acc. to ANSI/ESDA/JEDEC JS-001 (HBM, Class 2)

acc. to ANSI/ESDA/JEDEC JS-001 (HBM, Class 2)

= Especially suitable for applications from 730 nm to 1100 nm 3 . g P

= Short switching time (typ. 20 ns) Dimensional Drawmg )

= DIL plastic package with high packing density _ _ Chip position

— Suitable for reflow soldering 'g = g 1.1 (0.043)

S S S
. . e =2 0.9 (0.035;
Ordering Information N=se| 2 / (055)
Type Photocurrent ” Photocurrent Ordering Code = « Y —t
- f 67024 | 2SS
E,=1mW/cm? A =870nnm; V=5V E_=1mW/cm? A=870 nm; V, =5V, o Sl ol
| | 6.2 (0.244) NS
£ E 45(0177)__

BPW 34 FAS 240 pA 50 A Q65110A3121 43(0.169) 1,8 (0.071):02 (0.008)
8|8 8 siS
ale SlS sis
>~ <l T
=3 15 | I A

}

Photosensitive area thode lead
2,65 (0.104) x 2.65 (0.104) 12

GEOY6863



Datasheets

= Photodiode example #2

BPW 34 FAS BPW 34 FAS

Characteristics Photocurrent/Open-Circuit Voltage 2-® Dark Current 23
T,=25°C I, (Ve=5V)/V,=f(E) l,=f(V);E=0
A
Parameter Symbol Values 19\ 3 4000 o
W
)/ 1
Wavelength of max sensitivity J— typ. 880 nm i 1“ PA /
Spectral range of sensitivity Nigx typ. 730 ... 1100 102 3000 ,/
nm /
Radiant sensitive area A typ. 7.02 mm?
Dimensions of active chip area LxW typ. 2.65x 2.65 10! 2000
mm X mm|
Half angle [0) typ. 60 ° /
Dark current I typ. 2 nA 10° 1000
V=10V max. 30 nA /
Spectral sensitivity of the chip S, typ. 0.65A/W
A =870 nm 10" 0
10° 10! 102 pwiem? 104 0 5 10 15 V 20
Quantum yield of the chip n typ. 0.93 Electrons —FE, ——
A =870 nm / Photon
Open-circuit voltage Vo min. 250 mV|
E_=0.5 mW/cm? A = 870 nm typ. 320 mV| -
Short-circuit t | t 23 A Gapacitange 2
ort-circuit curren ¢ yp. [V ) ) ) .
E, = 0.5 mW/cm= A = 870 nm - =Rl B =0T,y = 20
Rise time t typ. 0.02 us 100 — T T T
V.=5V;R =50Q;A=2850 nm c pF HHHHE R L
Fall time t; typ. 0.02 s 1 Y
V.=5V;R =50Q;A=2850 nm
7o NG UL LU 1 1L
Forward voltage V. typ. 13V
I.=100mA;E=0 60 TN T T
Capacitance C, typ. 72 pF 50 17 —5; il il
Vo=0V;f=1MHz;E=0 g0 L LN LU L
Temperature coefficient of voltage TC, typ. -2.6 mV/K] a0 |-LL! L] < L]
Temperature coefficient of short-circuit current TC, typ. 0.03% /K Py uilifimu LN L
A =870 nm
- ] L] N
Noise equivalent power NEP typ. 0.039 pW / 1t
= A= 12| o L L 111 L1 L1
Vg, =10V; A =870 nm Hz 897 107 100 0TV 102
Detection limit D* typ. 6.8e12 cm x —V 13
Vo =5V;A=870 nm Hz'2 | W
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= MCU(Microcontroller Unlt)

. SHOLC| 2 <8 QHOj| EH2
. MXH Z2| | (Brain) &

=]
St
=

fjo =|I: FI

YX| Mool E=tEl HRE
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Apple AirTag
S E==F

- nRF52832 IC Al =

Apple AirPods 2
- S 0HE 0|0 =
- STM32 7| MCU

Fitbit
LAY LY e

- STM MCU 2} BLE nRF IC A& =

Oura Ring

- ZHCESE M AIS L EE
» nRF 2} Infineon MCU A2 =

Logitech G305 O A
- =2l pCHt DR A Z

» nRF52832 IC Al =

ks

7|71
g
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MCUZS| LA

= CPU (BY Xz| &XK|)
- HHOE SfjMotn A
Ao 2 X|H "Eh|" At
- 8H|E, 16H|E | 32H|E S 77t S (22 328 E 7} CHA)

= Hre|
- Z2{A|(Flash): T2 AC XME (HMY0| HHE {X|)
- SRAM: Ol|O| & A| M7 (TRO[ THX|H A2, =L}
- EEPROM: 25 MCUO| A 2784 MEELE X=
= U= ZE (1/0)
- LED, HE, 2H & Q|F TX[et tl= Fage B}
« GPIO(General Purpose I/0)2t1 £ &

= FHXX|(Peripherals)
- ADC (O}22 1 C|X| Y Heh
- UART, SPI, 12C (&4 QIEH0|A)
- PWM (2H/LED MO & EA A D)
- EfO|, PIHEE HEE

= ZE5(Clock)
- MCU &2| 7| &0| &l = FIt=+ 4=
- L2/ QA2 0|HE 53 17



L4 Memory is arranged as a series of “locations”

Each location has a unique “address”
Each location holds a byte (byte-addressable)

e.g. the memory location at address 0x080001B0
contains the byte value 0x70, i.e., 112

L4 The number of locations in memory is limited

e.g. 4 GB of RAM
1Gigabyte (GB) = 230 bytes
232 locations = 4,294 967,296 locations!

L4 Values stored at each location can represent
either program data or program instructions

e.g. the value 0x70 might be the code used to tell
the processor to add two values together

Data

8 bits _

Address

32 bits

88

81

A0

06

F4

N}

»

OXFFFFFFFF

0x080001B0
Ox0O80001AF

Ox080001AE
0x080001AD

0x080001AC

0x00000000

18



Computer Architecture

Von-Neumann

Instructions and data are
stored in the same memory

Harvard

Data and instructions are stored

into separate memories.

Central
Processing Instruction
Unit (CPU) and Data
Memory
. Instruction
Control Unit |- » Data
- Address
Opcode Status
Arithmetic & Address
Logic Unit
(ALV) 110
Result/ Peripherals
Operands —p Address
. Data
Registers |- » Data

Central
Processing Instruction
Unit (CPU) Memory
Instruction
| Data
Control Unit
» Address
Instruction
Opcode Status | Memory
- 1 Address
Arithmetic & SETYY] ‘IIO
Logic Unit Agda emory Peripherals
(ALV) [ese »| Address
Result/ » Data
Operands
Data
Registers |« Data
Memory
- Address
" | Data

19



Computer Architecture

Von-Neumann Harvard
Instructions and data are Data and instructions are stored
stored in the same memory into separate memories.
- early MCUs - modern MCUs
- X86 processors - DSPs
= = ; ARM 3 = ARM :
ARM | ARM E | Cortex-M3 3 S Cortex-M4 j
ARMvE-M ARMvE-M R\( ZeN
ARM o ARM P g ARM : H ARM -
o cortex-mi [ o cortex-m23 | ﬁ Cortex-M7 H Cortex-M33 j
Ao ARMVIEM i

20



= Nordic Semiconductor2| Bluetooth Low Energy(BLE) - SoC(System on
Chip)

= ARM Cortex-M4 7|8t 32H|E MCU + BLE &M 3| 27} stLto| o E3
« 2016 EA| 0| O{™S| O 2| A0l BLE &8 M

s NS2832

+ CIAARBO
® 1626AB

https://docs.nordicsemi.com/bundle/ps _nrf52832/page/nrf52832_ ps.html
21



nRF52 DK £ &
Development Kit for nRF52832 with BLE radio
4 User-programmable buttons, LEDs

Reset button

Segger J-Link OB debugger — plug via USB

- 32.768 kHz, 32 MHz Crystals

nRF52-DK

2 = = B R 8 S 8
[ 299 990900 .
TEEEE E G I colico0 0000 00Ga
5000 Kl G "o 0 0000000

TI ‘9999009

NORDIC

SEMICONDUCTOR

Smarter Things



nRF52832°| &+

t4 CPU 2 FHHEXKX| (Peripheral)
- ARM Cortex-M4F (ES24H™ HA QU LIE)  ° SPI, 12C (TWI), UART
» 64MHz &% - PWM
= 32H[E Of?lEﬂﬂ » 12H| E ADC
- PDM (CIX| 2 00| 2/2)
2 Hee| - GPIO 3271 (CtYSH T 7|5 Of " 7ts)

o : C C|AG ALK
- 512 kB Flash (ZE2 12 X&) QDEC (# = L2, 1)

- 64 kB RAM (H|O| Ef &%)

- 02 M=, Deep sleep Z=0f| A pA tH

4 BLE - SAME: TX ZEO|AM 2 5.3 mA @0 dBm

= Bluetooth 5.0
- 20712| AZ SA| X[ & (SoftDevice S132)

o 7| x|
LT AT =1= 2 .
S, =71, Peripheral, Central - QFN48, WLCSP S 4.8 1} 7| X|
- loT, floj= =0 XA

F, Hro| 2M 2 E0| 2R 210] 0] & SILIE BLE 7|5 + 0 Z2|#| 0]
MIALE 5 9l 7155CH= BEO| /AUS.

23



IDE (Integrated Development Environment)

 nRF5 SDK (Software Development Kit)
— MCUZ Z=1:e{Y 57| et AT EQ0 S =2 AM CHot 7224 0| e
nRF5 7Y 2 E 0| A = SEGGER Embedded Studio (SES) & A& &
— SESt& & HMZ=AFQl NordicO|M #&E = 4 IDEE, F2& AREO
(HIGe| 5H0|| otsiA)

— SEGGER Embedded Studio EH| 0| X|2| Ct2 2 E0|A AFEX}L| PC A0 &=
H7&Z 2 MX|

[

‘tsgt

b/m

Embedded Studio for and RISC-V

24



SDK (Software Development Kit)

= SDK
- Nordic SDK= nRF & 0| M O Z2[#|0| M-S 7HESH7| flet AZEQ0 =+ 2F
- Nordic Semiconductor 24| 0|X|| M CIR 2 E 7t&
-Ad e
— CE2}0|H (Drivers): GPIO, UART, SPI, 12C, ElO|0{ & FHZX| Mo ZE
— BLE 28 OfX|: BLE W|2|H &, ME ™ Beacon, HID, DFU(E R0 212{0|E) &
- 2io|E 22 HE N o, T e, 24 5 REElE 7|5
— O ZE: CtYot 7|5 7+ O A (LED Z%O|7| 2 BLE &4I77HA])
— 2C X|¥ ot (BSP): nRF52 DKt 2 7 EEE 2[5t 7|2 87

nRF5 SDK Ghangeley;

versions RF5 SDK A
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SoftDevice

» SoftDevice
SoftDevice'.: NordicO| X1|—T'—6}'— BLEZZEEZ A
EQ 2= ZIANHE E|{ U] 7L X HE

B2 HiO|LH 2| HE E KNSt &
& =71
- SoftDewceE._*?

—

-

— Nordic2| MCUE StLIS| RO 24 SAI(BLE &) + OfZ2[H 0|8 SZ2 &4 +=H
— O|E ol FM B4l HE|E Seste S A2 HY 02l SoftDeviceE Ml&
— SoftDevices SEHAHOZ MME|H, AFHEXI O E2|AH 0| M1 "CHE =l CIE I O| A (AP & &6l &
o=
=2 E%
— HAIZ2E

— MZ=AOA X[EH 2 22|51 AEldE =2

— S112, 8113, S132, S140 50| CHE A 2| BLE SoftDevice
S112: 2% BLE Peripheral &
S132: BLE Peripheral + Central, Z|Cl{f 2071 &2
S140: BLE 5.0 X| &l (Long Range, 2M PHY &)

ARF5 SDK Ehemgeleg;

versions




API (Application Programming Interface)

= API
- SDKOj| =&t |0{ U= 20| 2 e{e| 2 Ciot g,
Nordic Semiconductor SI{| O] X| 0f| A| C}
- HIZ=AO A ALEXL| O EdE R &8 7| +=d &2 0|2 #As2A
- 0
nrf_drv_timer_init(...) ottt
nrf_gpio_pin_set(...) s o bt
ble_nus_data_send(...) ?? S

Function for sending a data to the peer.

e
>
in
o
m
-
e
o|n
°
é
OH
nin

Ho
!
My
~
olr

Function Documentation

This function sends the input string as an RX characteristic notification to the peer.

Parameters
[in] p_nus Pointer to the Nordic UART Service structure.
[in] p_data String to be sent.
11 E = -6-|- AL = (@] P —l o I o Al Lo O-I O LI [in,out] p_length Pointer Length of the string. Amount of sent bytes.
L B0 I = E -I— Y — I L— HA— [in] conn_handle Connection Handle of the destination client.
C CCL b = = S0l 1
ql I-" 5— — I I rary |_I A = %!- |_I o x ! Return values

NRF_SUCCESS If the string was sent successfully. Otherwise, an error code is returned.

uint32_t ble_nus_init ( ble_nus_t * p_nus,
ble_nus_init_t const *  p_nus_init

)

https://docs.nordicsemi.com/
https://docs.nordicsemi.com/bundle/sdk nrf5 v17.0.2/page/modules.html
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IDE (Integrated Development Environment

* Nano 33 BLE Arduino IDE

— Nano 33 BLE= nRF52840 &AlZ2 7|gto 2 ZHE MM E EXlo EEZ A
Arduino IDE 0] 22t0| £| =& A A =,
Arduino IDE= SDK, Softdevice S O| CHEE ZIEHSHA =7}7} 78t

nano33_ei_accel_forwarder | Arduino IDE 2.0.4
File Edit Sketch Tools Help

- e @ Arduino Nano 33 BLE

BOARDS MANAGER

nano33_ei_accel_forwarder | Arduino IDE 2.0.4
e
1 File Edit Sketchj Tools fHelp
g Type: Al v

3 Auto Format Ctrl+T
sril.li(rjm' Mbed OS Nano Boards Archive Sketch
y Arduino BOARDS
Version 4.6.0 E= Manage Libraries... Ctrl+Shift+
Boards included in this package: nano 3: Serial Monitor Ctrl+Shift+M ("anomaly score: ")); Serial.println(result.anomaly, 2);
Arduino Nano RP2040 Connect,
Arduino Nano 33 BLE ID Type: Serial Plotter
More info |
450 v INSTALL C;dAu,—lg: WiFi101 / WiFiNINA Firmware Updater ( "RESULT: ™))
 — i
Version. 4 Upload SSL Root Certificates THRESHOLD) { Serial.print(best_1); }
Arduino SAMD Boards (32.-bils Boards i - }
ARM Cortex-M0+) by Arduino Arduino Board: "Arduino Nano 33 BLE" > Boards Manager... Ctrl+Shift+B Serial.print(F("%)"));
Boards included in this package: Arduino - ° 2
; f Port >
?rdu\rf;\/IKR KYE!REOC:DOO ’AX%“'HD Nano 33 More infi Arduino Mbed OS Nano Boards > ArdLino Nano RP2040 Connect
€ero, Arduino , Arduino Get Board Info
MKR Zero, Arduino MKR FOX 450 5 Teensy (for Arduino IDE 2.0.4 or later) » | v Arduino Nano 33 BLE I
1200, Arduino MKR WAN 1300, BLE E | d
Arduino MKR WAN 1310, Arduino | e - Programmer 0N 6
MKR GSM 1400, Arduino MKR I Arduind
NB 1500, Arduino MKR Vidor gx ARM Co. B“": f:’c’ﬂ“de' -
4000, Arduino Nano 33 loT, . L
Arduino MO Pro, Arduino MO, Boards included in this package: 126 bool hit = (best_v >= THRESHOLD) &% (strcmp(best_1, TRIGGER_LABEL) == @);
Arduino Tian, Adafrut Gircuit Q;‘:;"”Aormﬁ V'\X;EF'J%& ’X%“L'l"‘;’o 127 digitalWrite(LED_BUILTIN, hit ? HIGH : LOW);
P\ayg_round Express MKF\‘Y Z Ardui MKR’FOX 128 }
More info ero, Arduino
1200, Arduino MKR WAN 1300, 129
18.14 v INSTALL Arduino MKR WAN 1310, Arduino p—
MKR GSM 1400, Arduino MKR utpu

Arduino Zephyr Boards (BETA)
by Arduino

Boards included in this package:
Arduino Giga R1, Arduino Nano
33 BLE, Arduino Nano Matter, 28
Arduino Nicla Sense ME, Arduino




Differences in SDK Versions

I DON'T SEE THIS READ THE RELEASE

FEATURE AFTER AN
UPDATE TO FWI18... NOTES!




Error and Debugging

- Compile 0f|2{?
0| AEE slolsto}
O O |7p > API Wi 2| g2} argument |2

—_I_|=|

- Link O E1 Ol7t? > API LY O| Z2HMEOf L[ RU=7}? sdk_config?
> O E 22| compile 0| 2]= O EX| XA SHE 7=

. QEX S RHEZX of3 WA
-0|z{2E =Q10] 7t

O 217F O C|Of| A &

4= LH_I_O“ |Og§
.Debugger le=

_'_X.IIE HAA= 7|'I_k|0| ﬂEH QnA % I'-g-'ﬂ'l:l-!“

https://forum.arduino.cc/
https://devzone.nordicsemi.com/ 30
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PPl (Programmable Peripheral Interconnect)

= PPI
- Peripheral 72| event 2t taskE CPUS| 1Y QI0| HZAA|AFTE 7|s
-CPU ZHRIO[ 7| =0 &, 2 S S2| X2 2 ALE.

- PPIC| &H
- XX TH : CPU 7t sleep ZEO|A = peripheralol S& =W TS
- E2X KA . SA| 7| s=HO| THE A|ZEX[AHO| Gl=

- PPIALE ¥H
- Event : peripheral 0| A O|HIEZ 2 (timer2| comparator, ADC2| ready,
GPIO &)

- Task : peripheral2 S5l =8 7}5%t S2f (pin toggle, ADC HE &)

X Event®} TaskE @IA|ZSEM ALEE
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Serial Communication

= Serial Communication vs Parallel Communication

& (Parallel) X3 (Serial)
() o
ouTo \be/ »| INO
ouT1 @ »| IN1
. -~ - ouT (ofoofodosfosfor)  IN
N\ -
ouT3 () »| 3 clk Uy
() o
ouT4 \"4J >l IN4
(o) .
OuUT5 \bsj »| IN5
() o
ouT6 \b6/ »| IN6
() .
ouT?7 \b7/ »| IN7
CLK 1 CLK
8/l Mo = 8H|EE A0 NS 17 M2 gHIES =MUIZ2 M& (+23))
. J L J
4 \
HE S - M BEE - 2AH2[(E WR/H 2A/HBM) AE UM HF - *AHE| - UART-SPI12C
| J
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Serial Communication

 Why serial communication?

» Very difficult to design and manufacture ASIC.
= Multiple ICs in a system is an easy solution

= |C-IC communication usually does not require high-speed
data rate

» STMicroelectronics STM32F439Z1 180
MHz, 32 bit ARM Cortex-M4 CPU
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Serial Communication

= Serial Communication : UART, SPI, 12C, etc.

= Synchronous vs Asynchronous

Sender provides clock signal

to receivers :

SPI, 12C

Device 1

Sender provides no clock signal to
receivers : UART

Clock signal

X

UART
Inteface

GND

Device 2

e

X
UART
RX |nteface

GND

011010010101 110100

Data signal

35



UART Communication

UART (universal asynchronous receiver/transmitter)

One Frame (1 start bit, 8 data bits, 1 parity bit, 1 stop bit)
A

Sender_(:\smm/( b0 X b1 X b2 X b3 X b4 X b4 X b6 X b7 X P )/STOP\B;V
0 AN N N NS R I S S A A

b0 b1 b2 b3 b4 b5 b6 b7 P time

time instants of sampling

Tolerate 10% clock shift during transmission

Data frame
- One logic-low start bit
- Data (LSB first or MSB first, and size of 7, 8, 9 bits)
- One optional parity bit
- One or two logic-high stop bit

36



UART Communication

UART (universal asynchronous receiver/transmitter)

One Frame (1 start bit, 8 data bits, 1 parity bit, 1 stop bit)
A

3.3V

Sender_(:\START/( b0 X b1 X b2 X b3 X b4 X b4 X b6 X b7 X P ySTOP\ N
A A R SR A N S A B

b0 b1 b2 b3 b4 b5 b6 b7 P time

time instants of sampling

Tolerate 10% clock shift during transmission

Receiver must know the transmission rate

Receiver uses a timer to time when it should sample

To tolerate clock shift, receiver only samples at the middle of each bit
The start bit inform receiver to reset its timer

Receiver is only synchronized with the sender on every start bit.

- Only needs to be accurate enough to read up to 9 bits
37



UART Communication

 UART (universal asynchronous receiver/transmitter)

One Frame (1 start bit, 8 data bits, 1 parity bit, 1 stop bit)
A

3.3V

Sender_(:\START/( b0 X b1 X b2 X b3 X b4 X b4 X b6 X b7 X P ySTOP\ N
A A R SR A N S A B

b0 b1 b2 b3 b4 b5 b6 b7 P time

time instants of sampling

Tolerate 10% clock shift during transmission

= Receiver reports “frame error” if the stop bit is not detected
= Another start bit can appear immediately after stop bit
- Receiver then resynchronizes with sender on the new start bit

38



UART Communication

= Baud Rate

= Historically used in telecommunication to represent the
number of pulses physically transferred per second

» In digital communication, baud rate is the number of bits
physically transferred per second

= Example:
- Baud rate is 9600
- each frame: a start bit, 8 data bits, a stop bit, and no parity bit.
- Transmission rate of actual data
9600/8-=1200 bytes/second
9600/(1 + 8 + 1) = 960 bytes/second
- The start and stop bits are the protocol overhead

39



UART Communication

= Parity bit : error detection

= Even Parity: total number of “17 bits in data and parity is even

= Odd Parity: total number of “1” bits in data and parity is odd

= Example: Data=10101011 (five “1” bits)
- The parity bit should be 0 for odd parity and 1 for even parity
- This can detect single-bit data corruption

40



UART Communication

* Transmitting 0x32 and 0x3C

[ Data (LSB first) Data (LSB first)
34V |— :

' Start Stop Start Stop

: Bt 0 1 0 0 1 1 0 0fgy Gl 0 1 1 1 1 0 0 5

= V=ai s = ~ ~ =
24V (—
14V [
04V [

7] S CSNEE R | W L,_.- WSO § S——
-O.GV:lllljlllL|lllllllll‘lllllllll111L11111111111111llll

E -25ms -21: -1.5ms “1ms -0.5ms 0ms

oroms 110417 x 1073
9600

= 1 start bit, 1 stop bit, 8 data bits, LSB first, no parity, baud rate = 9600
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SPI (Serial Peripheral Interface Bus)

Devices work as Master - Slave
- SCLK : Serial clock (Master provides)
- MOSI : Master-out-slave-in

- MISO : Master-in-slave-out
- SS(CS) : Slave (chip)-select

*"—>

Full-Duplex communication
Supports multiple slave devices
Simple HW interface

42
Source : Nordic Semiconductor



= SPI (Serial Peripheral Interface Bus)

 SPI modes CPOL (clock polarity) — CPHA (clock phase)
- CPOL=0 : clock signal starts at logic low / CPOL=1 : logic high
- CPHA=0 : data is sampled at high-to-low / CPHA=1 : low-to-high

Start data transmission

43
Source : Nordic Semiconductor



TWI/12C

 TWI (Two Wire Interface)

- Protocol developed by Atmel

= |12C (Inter-Integrated Circuit)
- Protocol developed by Philips

« TWI and 12C is compatible = Identical bus (SCL, SDA)
- SCL : Clock / SDA : Data

NORDIC’ SCL

SDA
(12C Controller) ’ | ’

Device | Device 2 Device N
(12C Target) (12C Target) (12C Target)
Address: Oxla 0x2b 0x3c

44
Source : Nordic Semiconductor



TWI/12C

= Pull-up resistors required to keep logic high

10k
PULLUP M3

<
N\~

SCL

SDA[ SDA

= 12C Transmission T

- Two lines remain HIGH

- SDA (Data) LOW transition (Falling Edge) triggers transmission START
- SCL (Clock) falls LOW and starts clock generation

- SDA data is read when clock is HIGH

| r— e
| _——— |
I \d / X XXX\ /XXX X
| | acknowledgment acknowledgment | Sr |
| | signal from target signal from receiver | |
sC |SorSr| 1 ax. ___ 7 8 9 1 2 3to8 9 |Sr0rP|
L—— ACK ACK L——
START or ) STOP or
repeated START byte complete, clock line held LOW repeated START
condition interrupt within target while interrupts are serviced condition
002aac861
Figure 6. Data transfer on the 1’C-bus
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TWI/12C

= Master writes to slave

Write ACK ACK

Bit Bit Bit
START STOP
| (Master) 1 (Slave) 1 (Slave) 1

SDA — —
Slave &£ Data (Master)

SRR O A
1

12 3 45 6 78 91 2 3 456 7 829

- The data is generated by the master and sent one byte at a time. After the
start bit, a 7-bit slave address appears. The next bit indicates 0 for write, or 1
for read.

Immediately following that bit, the addressed slave sends an ACK bit (LOW) —
this means it has received and recognized the address.

- Then data is exchanged, with the master sending one byte of data until the
stop condition. After each byte, the slave sends an ACK (Acknowledge) to
indicate it has received the data.

- To terminate the communication, the clock signal (SCL) returns to a HIGH

state, and the SDA line also returns to a HIGH state.
46



TWI/12C

= Master reads from slave

Read ACK NACK

Bit Bit Bit
STOP
ST’[\RT (Master) 1 (Slave) (Master)

SDA —

Slave & Data (Slave)

SRR S 11
|

12 3 45 6 7 891 2 3 456 7 89

- The data is generated by the master and sent one byte at a time. After the
start bit, a 7-bit slave address appears. The next bit indicates 0 for write, or 1
for read.

Immediately following that bit, the addressed slave sends an ACK bit (LOW) —
meaning it has recognized the address.

- Then data is exchanged, with the slave sending one byte of data until the stop
condition. After the final byte, the master sends a NACK (Not Acknowledge) to
indicate it has received the data and wishes to end communication.

- To terminate the communication, the clock signal (SCL) returns to a HIGH

state, and the SDA line also returns to a HIGH state.
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Digital Signal Processing

= Aliasing :
- Reconstructed signal from samples of the original signal contains low
frequency components that are not present in the original one

- Data corruption due to aliasing occurs when original signal contains
frequency component larger than Nyquist frequency (%)

fs : sampling frequency

Red line : Original signal
Black dot : reconstructed signal after sampling

49



Digital Signal Processing

« Anti-Aliasing Filter (AAF):
- Simply using a low-pass filter before the sampling can prevent aliasing.

- This is critical when the signal contains considerable power above the
Nyquist frequency.

l'u | j
L ’h

|'|I|““

50



Digital Signal Processing

= Spectral analysis in continuous signal

N\

yp(t) = sin(2 - 27t)

y(t) = sin(2 - 27t) + 0.2sin(50 - 27t)

600

- 2Hz M M ='
100
| ~~.A} =300
DFT = 50 Hz A2
100 j 1/

—“](Mi -5l 0 50 100

yl(t) Hill(2 » .277/) t 0.2s1n(50 - 27t w (cycles/s) 51



Digital Signal Processing

= Transfer function for a 1st order LPF

wo: cutoff frequency in radians/second

H(S):S:-JOWO .
27 -5 =
)= S+2m-5
X X
Cutoff TL}+7} 5 Hz O|B & 2Hz A3 = S1fstn _
50Hz ME = AMEBHOZ o atets 91,
Input Output Input Output
1
m/\ HE) = s W MJWM Il ”M M M HJ S
I l Il Nh i
50 Hz

2 Hz



Digital Signal Processing

= How about in discrete signal?

- Cutoff frequency at 5 Hz
w, =2nf, =2n X5 =107

- Analog first-order low-pass transfer function

- Apply Bilinear Transform (s domain to z domain)
2 1+2z71

- — . w

CTT 1z by = 75—
) T+wc

) by + bz~
H(z) = - =21 by = oot
2 1—z 1+a,z 2

T T+z1 ' T T @
w_z
a4 ‘ r

53



Digital Signal Processing

= How about in discrete signal?
- We can determine the difference equation as follows.

bO + b]_Z_l
1 + alz_l

H(z) =

y[n] = ayy[n — 1] + byx[n] + byx[n — 1]

- Similarly for a 2" order LPF
wg

H(s) =
() s2 +V2w,s + w?

y[n] = bgx[n] + byx[n — 1] + b,x[n — 2] — a;y[n — 1] — a,y[n — 2]
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Web GUI A

= https://kimsclubs.github.io/keti-platform/

u KETI Lab Console

A g 2
» 8 %

=
g
g

i R Py L T B
2 g g
- e m mek e e o o

ADC Tfzta[e A7

> Firmware Flash

Live Signal

Serial /BLE ready D

mewss  C|HIO|A 2 (UARTE Sl M& = HOolH =2+9))

ADC plot MU plot®H

Y

m IMUID  IMU2D  Gyro3D  Class  PPGHRYV

Plot  Raw » Filtered ©  RAW samples - 0

Raw Filtered Auto scale

HTY 22
ex01_blink_rev2
ex02_periodic_scheduler_rev2
ex03_adc_stream_basic_rev2
ex04 adc_stream_basic_rev2
ex05_ble_adc_notify_rev2_2
ex06_imu_raw_stream_rev2

ex08_motion_classification_rev2

idle  Datasst  Model
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Web GUI A

ADC plot

Live Signal

Plot  Raw + Filtered ~  RAW samples - 0

) ADC E—Ilol E-I plot g' Raw Filtered [ Auto scale
o e T T
Connect and start streaming to view ADC data d
B I ADC ¥2 27| EHE HOo|g £7|
I |
I |
I |
Start I
|
|
|
ADC Channel I
"o -1 ADC =% xigd 43 I
Sample Rate I
" “ 1} ADC sampling rate &7 I
ADC Resolution I
- |1 ADC resolution &7 I
Apply Acquisition 1 I
|
I |
I |
| I S S R ER——S—S—S—S—D————————_—-——————m————,|

RAW

- OFX[Ef2 2 plot?t Raw data

s CIX| S TE Djat0jE Y

Filter Mode Command Target IR Order
1IR high-pass v Auto v o2
Low Cutoff High Cutoff
1 Hz 10 Hz
EMA Alpha MA Window
ol 8 samples
—— 0.200 0.080 .

FILTERED

OFX|2t S 2 plot?t Filtered data

EI — = I:!- T
IR Transfer Function

IR HPF / fs=100.0 Hx / N=2

H_HPF(z) = 0.940883(1 -
H_total(z) = H_HPF(z)"2

24-1) / (1 - ©.940883 24-1)

0.940883 y[n-1] + ©.940883 x[n

HPF cutotf beta
1.000 Hz ©.940883
b0, b1 al

0.940883, -9.940883 ©.940883

Nyquist: 50.0 Hz / max cutoff: 45.0 Hz

VOLTAGE

Frequency Response

ADC H|O[E{o| T grzhit gf
.I_é| E.I _DIQ_JTLl-_Jr_% EI:II- Magnitude
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Web GUI A

IMU plot & Window size &

Live Signal anc m MU Gyro3D @ Input *
125 win - NONE - NON| Raw Filtered Window Samples
— - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L 125
[—x —v —z T e
I I MNone
I HHHHHHHHH
| e .
: 1
| -
I MA Windor
| s
I 4. z
1
I I Low
1 I i ot
I 800
I I Apply Input
e o e e e o m m m Em m Em m Em m Em m Em m Em m mm mm mm mm o mm mm o
e i e R |
acc M
Iu 004 g 0.983 g -0202g |

2t =9| It Data rate

u_v-!-;.n-\_ . I M U 2 D Ebl"l e m“""' |.‘:-.| ’:‘"”:"‘
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Arduino Nano 33 BLE Rev2

OO0l ZE ALY YH

- v v NANO, 33

o (-’)FLE-%EVI

5k gi
e i
| @biox §

» 742t S Arduino IDE EE= Arduino CLI
HE 1§7|X|: Arduino Mbed OS Nano Boards
» 7|2 LED: LED_BUILTIN Oj3 2 At

O}FO0| ZE 7|2 X - 7|22t B

Arduino sketch= setup()= ot ' Al F loop()E A% EH=

1 void setup()
2
3
4 1
5
6 void loop() {
8
a T N N R
- setup(): & EE &%, B 27|01 S o M oH £ XY
= loop() : =& H[0] S EI=5H0} St= XY

B Naro 33 BLE Rev2Z USBR PCof 912 3 HE o1

@ sketch_jul9b | Arduino IDE 2.3.10

of 5 240l

+ Arduino Nano 33 BLE

ex01_blink_rev2.ino

-

B vrosd- s 2Eg BE Yot gl

¥ Arduino Nano 33BLE ~

ex01_blink_rev2.ino

2 EAS W oA x

® Done compiling. (=] I'Eol = El PN

]

® Upload error: Failed uploading: uploading error: exit status 1 Oﬂ E‘I 7|' = P W

COPY ERROR MESSAGES

= O A X
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Practice #1 Blink

At '01|I1|—':H = YHIC|EA|LRI2 C E= C++2 I ES
XEA]

OI'

1)  Arduino IDE &
2) HAFEAE % USB A O| 22 HZ&ot I3 LED 22l (ON)

ARDUINO
NANO 33 BLE

nnnnnn

-----

B4 -
B b

AREF

i ‘
> |2 |=|>|
3|52 ([3|

| |

=)
|
> |>>
ol B |
i 2 IMIRE
pu
)

RESET

=
I!Il
|

Power nalog Pin
B e ["] other Pin Default e S 8 o Cowse T2 60



Practice #1 Blink

| OtF0| H& OfH| #1Blink - 2= MY OF=0| A2 O #1 Blink — S &+ &9
A i evai BUILT_IN LED
ex01_blink_rev2.ino I w“
1
e
- e
3 e
@
4 T
=T
5 e
o]
6 const uintd_t LED_PIN = LED_BUILTIN; Lo ]
- [ _~p3 "]
7 P
g |void setup()|{ R7| SE - LED & AH =
9 PINMGO=(LED_PIN, OUTPUT); ———
10}
11 <Arduino Nano 33 BLE A& L& LED>
12 void loop() I:||_|-§ %ﬂ- — LED EHQ*?:I
13 gigitainrite(LED _PIN, HIGH);
14 delay(508@); LED_BUILTIN
15
16 digitalWrite(LED PIN, LOW);
17 delay(5e@);
18}
» LED BUILTIN2 EE9 L{ZE LED &2 Arduino <Arduino Nano 33 BLE S %t AtZI>
coreZt O &
- = Of LHXt J X ZlAHO MHSI=X| s+0]
- delay(500)2 500 ms S CPUES [ 7|A|7| = 2E Q| Y LED7t0.5% ZHH 2 2 HESH=X| &2
blocking delay . SXSIX| QO MEE BE O TET} Rev2QIX
k=ie]|
=/ =
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| OtFOle H& O X #2 Timer 7|2t AHEE - F7| X Of

OFF0| 1 A& Of| X #2 Timer 7| &t

|>

UHIC| = A AT S H)Z

Kl Blocking(delay &<~

A
StLiol Bl S eets SO

void loop() {

digitalWrite(LED_PIN, HIGH);

delay(588);

o
IHE X[LHH &
void loop() {
const uint32_t nowls = micros();

if ((int32_t)(nowUs - nextTickuUs) »= @)

nextTickUs += TICK_INTERWAL_US;
tickCount++;

if ((tickCount % 5@8) == @) {
ledState = !ledState;

digitalWrite(LED_BUILTIN, ledState ? HIGH :

-

<#2 Timer 7|8t AHZ

=
= delay(500) O] 2l &|= SO
H

I oHofl Xl 77kA| Batet A
A =X

L]

on
kU
[n

const uint32_t SERIAL_BAUD =
const uint32_t TICK_INTERVAL_US

uint32_t nextTickUs = 0;
uint32_t tickCount = 0;
uint32_t lastPrintMs = 0;
bool ledState = false;

# X7|3t - SE F™St= AF™, Lep HEl

void setup() {
Serial.begin(SERIAL_BAUD);

pinMode(LED_BUILTIN, OUTPUT);

nextTickUs = micros();

}

# Zat AZto] SEE F¥s7|=2
void loop() {

const uint32_t nowUs = micros();

if ((int32_t)(nowUs - nextTickUs) >=
nextTickUs += TICK_INTERVAL_US;

tickCount++;

if ((tickCount % 500) == 0) {

ledState = !ledState;

digitalWrite(LED_BUILTIN, ledState ? HIGH :

e

28 AZ(nextTickUs)g XI&E=7t gol + St

M A AlZE =l T nowusOf] HE

/1 =R AMZAS X=X =2l

/7 NISTHE Thg BE AZE B4l
/7 18 & 7t2ES 1 G

LOW) ;
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Practice #2 Timer 7|t} AF| =2

OFF 0| A& O A #2 Timer 7|8t AAHEE - ZE HFH(2) OFF 0| A& O A #2 Timer 7|Bt AHZE Y — S& =0l
# 1A0(CH 3 MM AZEE 0% XK FLYE = £8 MY TuE T Bl LeD7F 2% 7] 05% F7))2 AR HAS e

const uint32_t nowMs = millis();
if (nowMs - lastPrintMs >= 1000) { LED BUILTIN
lastPrintMs = nowMs; 1 .
Serial.print("COUNT,");

Serial.print(nowMs);

Serial.print(",");
Serial.println(tickCount);

) <Arduino Nano 33 BLE SZf AFEI>
¥

=a A2 BELEHY IR E sl7t1X0IC =
Ol'_ll:_ol—LE AIA O:HX'” #2Tlmer7| |E | AlaloE-I El—lE‘I n | I | 'IO" I' |'1 I' |'

A|Zhol X|g=5 M| ZA1t AlZHnowMs)2t
El2 7R ElBt 32 (tickCount)2| X7} A|ZH0| X |42 =7}
>> AI7POI 2 ZotstH QAT e 4 QUCt

counT Jzo0o 2007

et COUWT J30008 =019

con foocfces

ST ko s nOEDtJFT E000) 5039

A 7 L, COUNT, 353000, 357364 % N? EI:II:II:I ED&E

S <Ael2 2LHE S o> COUNT J7000} 7060

counT Jenonlen7z

* 3} AL Tools >> Serial Monitor 2 &! Al CoUNT Jaooo}iansd
A2l 2L 7 3t o2l - <YUZC A AI2|Y 2L EH S3>
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Practice #3 ADC

=1
)

| otFol d& o % #3ADC - AIA M

M|t

OIF0|c A& OM #3 ADC - ZE HEH(1)

» X|ZIHR| S| &A= CIX|E AM=0f CHsi M2 CFHE & (LED ON/OFF, A7t 7HR E)
" SIX|Et HAO| fEEO M E2 HEXQl Ot 2] M= 0|0, 0| X 0of5t7|
23l M= ADC(Analog-to- Dlgltal Converter)7| 2 23}LC}.

Digital
Micre op) one S@MX Si gnnl

2 N o P
.lb}\ A\l\’ﬂ:j A"3|°9 % N

Digital Sy:;xem Signals

Vdac
01001101

OO0l A& oA #3 ADC — &2

" Ol 2 M (R0l A0S Z S0
analogRead() &5 &l A ™ Tl =7t0tCt MY 2 FHMWET)
= SEUS 12H|E S o =At2 HEK At}
v v
1. sampling Ay
/\/ — )\'A Ot 21 Mz &l AlZtotct ME

Analog Signal

2. Quantization

\;.

#gs dA

const uint32_t SERIAL_BAUD = 115200; // Serial &4l &k A7 (UART E4])

Const uint8 t ADC_PIN = AQ; (ADCE g T H7H)
(ADC resolution H7H
Const uint32_t SAMPLE_RATE_HZ = 100; (ADC sampling rate &7d)

1000000UL / SAMPLE_RATE_HZ;

Const uint8_t ADC_BITS = 12;

const uint32_t SAMPLE_INTERVAL_US =

# X7|3 - % WS A™, LD YEf A

]
ot

e, e 4

void setup() {
Serial.begin(SERIAL_BAUD); J/AEH-EE 7t AI2|Y SA AR

//ADC7F & HIE §

analogReadResolution(ADC_BITS); "
//YBE 0| MES

nextSampleUs = micros();
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Practice #3 ADC

OFOl= d& OIM #3ADC - & 2E(2) | o5 0| M OfF| #3ADC - SE 2l
#100Hz 7|2 ool HY MEY B web cul &z
void loop() { Device cmnm 1o @ gt ek
const uint32_t nowUs = micros(); //0 FZOICH Zab AlZp =el . mmmm—
//=RE B WEY AFO| otL2tH ZA| o R Biolg Y r—————
if ((int32_t)(nowUs - nextSampleUs) < @) { BLE Connet |
return;
}
nextSampleUs += SAMPLE_INTERVAL_US; //CtE MEE A2t 2 N
const int raw = analogRead(ADC_PIN); /Y BE = HStEl gf Bt (raw) " —
Serial connect ClHO| A M EH
AMEUS 2 A2IY 2UE £ B cusz
Serial.println(raw); //ADCR &2
}

OFF 0| A& O K| #3 ADC — Fo|Abst

B 9f O F 0|t T HBHO R ML E|E HYZO
YT REO|N SU o0 FYE jor S 2 oNDE [
S sfof sk,
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| otFo| M of X #3ADC _EH=

n St

a) Vi,
b) Vi
) Vin
d) Vin
e) Vi,
f) Via

Toktronix  AFG1022 i~

<EYT FQ 5

» 0| HSOM = a~fIE S Xt 2 OHF0| . 0f R H3H0] ADC F787tE =ttt

= 1.8+ 1.0 x sin(2m X 2Hz X t)

= 1.8+ 1.0 X sin(2m X 10Hz X t)
= 1.8+ 1.0 x sin(2n x 30Hz X t)
= 1.8+ 1.0 X sin(2m X 50Hz X t)
= 1.8+ 1.0 X sin(2m X 100Hz X t)
= 1.8+ 1.0 X sin(2m X 500Hz X t)

3. 2XIE & Cfo|
4.5 HE

| 5. %< &2¥

X oEtoy 238>

L HTI0M L= A2 E ADC 3 T el el M=2tH ADC 5780| 7ts

BNC-2t0{2 8 #[0|&

2 HCH(180 ©)7+ | Of oF &

.........

~NAFA

Ma A 0Ol sine wave

30 Hz 500 Hz
=85l = A= 9| FIH4=2t sampling rate?t X X| % S X aliasingO|
HEARSE A OIC}
=2 O=2 T M
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Practice #4 UART-ADC

OFF 0| A& O X #4 UART-ADC - ZE & H(2)

| ol 0| A& Of X #4 UART-ADC — S 20l

# 7|

i

FENME 100 Hz IHO R samplings ZIMSIHS

rdo

> UARTE E9 web GUIR} command, data® F1HCH

23

St= sampling rate®

e &

A

void setSampleRate(float rateHz) //YEF2 command £ sampling rateZ HEt
H =
=

24
void setAdcChannel(long channel) // & command adc channel 2 HZt

(=}
to
| sy
void setAdcResolutionBits(long bits) // & &8t

E

N

2 command £ resolution 22

Void handleCommand(char *line) //®&&22 command 2| HIO|E parsing

void pollSerialCommands() // command’?} Y El= A ZX|

void loop() {
pollSerialCommands(); € loop&E2| M 0| F0{ command?t E0{2& X| =¢l

Bl Web GUIZ E%ADC parameter #%

Device 0 samples

Ty

BLE Connect

ADC Channel

A0 A

Sample Rate

100 Hz

ADC Resolution

12 bit v

X', sampling rate, resolution &=

s

A8 O M| It ex04 adc_stream basic_rev2.ino




Practice #4 UART-ADC

V, = 1.8+ 1.0 x sin(2m x 100Hz X t)

Sampling rateE 100 A{ 1000 Hz 7} X| H}¥Y 7} Z L& &SI

W& M2 Ol FIt== THH| sampling rate7} ¥ 222 Ld5t= A=214 > Aliasing

amplitude

I L I L L I .
0 0.5 15 2 25 3 35

Nyquist frequency

2 T T T T T T T 2 T T T T T T T
15F E 151 i
1 1 i
L | | | i L | ]
3 08 \ I I I / £ 0'5\ I
§U’ iy T ‘ T T ‘\l T : T T £ 9 T T : T '
f / E
SAVARVERVERY VAR VARG AR Ve
L ] Bl J J
~15 1 15l J
- . . L . . . . ‘ )
0 05 1 15 2 25 a a5 ¥ ! >
time (sec) time (sec)

fmax < 0.5f; frnax > 0.5f; 68
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Practice #5 Digital Filter

- StMYI2 otH S 2HE0] ADC 7|52 8610 d2f=E Web GUIZ ZHESHCE

a)V, =1.8+1.0xsin(2r X 2Hz X t)
b) V., = 1.8+ 1.0Xsin(2r X 10Hz X t)
c) V,, = 1.8+ 1.0 Xsin(2mr X 30Hz X t)
dV, =1.8+1.0%xsin(2r X 50Hz X t)
e) V,, = 1.8+ 1.0 Xsin(2r X 100Hz X t)
DV, =1.8+1.0Xxsin(2mr X 500Hz X t)

« XY EIEE (Low-pass filter) 2| cut-off It (high cut-off), filter2| orders2
ZHESIH M= 2E

. 19| Ch3t DSP 7|52 BRI WIS BES
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Practice #6 ADC_BLE

| otF0l H& O Xl #5 ADC_BLE OtF0|= & O X #5 ADC_BLE — 2= M (1)
" ADCO| ZHS A|2|Y EAl O OfL|2} EEEA EAMNOR L MA|ZIO R E0IE 4 QIC} » ADCe} #EE ZE= 27| IE0 =78 F A10j| CHSAM B A

#BLE X7|3}
= Arduino Nano 33 BLE Rev20| LHEE SR 5 A 7|52 AHESH| 2l //BLEQ| ®1Z AmjstH LgpS 7ZwolCt,

=] Ol L E [tz Cc g s
2to|=2{2| oL X o A| ArduinoBLES CH2Z & 2HOtof s}, void setup() {
if (!BLE.begin()) {
#include <ArduinoBLE.h> SEREA AIEE 9% 8| Eot

= = Serial.println("ERR,BLE begin failed");
<S|CITF0| g [ St of 2> digitalWrite(LED _BUILTIN, HIGH);
delay(100);
&) ex07_ble_adc_notify_rev2 | Arduino IDE 2.3.10 digitalWrite(LED_BUILTIN, LOW);
File Edit Sketch Tools Help delay(100);
¥ Arduino Nano 33BLE - I }
}
LIBRARY MAMNAGER 2 //BLE 917 A| EA|E|= OF=0|r HE 0|2
arduinoBLE BLE.setLocalName("KETI_ADC_REV2"); // 7|7] O] H¥H
ype: Al v BLE.setDeviceName("KETI_ADC_REV2");
1 topicc Al v

BLE.setAdvertisedService(adcService); // 28522 HZ 77|19 7| EA|

ArduinoBLE by Arduino

adcService.addCharacteristic(adcCharacteristic);
2.1.0 installed

BLE.addService(adcService);
bles Bluetooth®

adcCharacteristic.writevalue((const uint8_t *)"e,0", 3);
BLE.advertise(); // 2F7|7|7} OFFO0|=E A 7hS3HRI= JEN
Serial.println("READY,KETI_ADC_REV2,service=19B10000-E8F2-537E-4F6C-
D104768A1214"); /] 92 45 Al £ 27
¥

<Az 43 Al &M LED ON>
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Practice #6 ADC_BLE

OFFO0| &% O X #4 ADC_BLE - ZE 23H(2) | OtFO| A& Of M| #4 ADC_BLE — 5% 20l

K sLE ¢z

kimsclubs.github.io0ll A H 0] 2&}a] 1 oF

E2EA A7 N off ol
{

void loop()

//OFRHE AZO| OHE|OIUCE BT B g M LA
BLEDevice central = BLE.central();
if (!central) {

digitalWrite(LED_BUILTIN, LOW);
return;
}

/197 83 Al LED AW ||, L7t ABYER Hg
digitalWrite(LED_BUILTIN, HIGH);
Serial.print("CONNECTED,");
Serial.println(central.address());

//9B0| B7|= &7t diY whileE TE

while (central.connected()) {
BLEpoll() <E2EA A MIT Al > <ERFLAHZ BOE A >
-po 5
//g?ei JLJ'S-O'i Xl_l _t_jl_l'(Whlle_E_ HHl'I:I l—l'% QEH) LEDII LT fJ-Hlé}‘ EI_|.O1 %Eﬁd :23:06 << [1 field] BLE_DISCONNECTED
<< stream [ADC sample] BLE_DATA,162976,196
digitalwrite(LED_BUI LTIN, LOW); 22 << stream [ADC sample] BLE_DATA,102939,207

<< stream [ADC sample] BLE_DATA,102908,210
<< stream [ADC sample] BLE_DATA,102876,206
<< stream [ADC sample] BLE DATA,102844,208
<< stream [ADC sample] BLE_DATA,162812,262
} :22:57 << stream [ADC sample] BLE DATA,102781,192
<< stream [ADC sample] BLE_DATA,102749,192
<< stream [ADC sample] BLE DATA,102718,191
<< stream [ADC sample] BLE_DATA,162687,196
<< stream [ADC sample] BLE_DATA,102656,268
6 << stream [ADC sample] BLE_DATA,102625,206
stream [ADC sample] BLE_DATA,102594,206

<< stream [ADC sample] BLE DATA,102563,203

Serial.println("DISCONNECTED");

<A 43 Al GuiAl2[g 2LH>

AHE Of| | mt2: ex05_ble_adc_notify _rev2.ino -
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   1  9600 = 0 . 10417 ×   10  − 3


     f S 2


   f s


  H ( s ) =    𝜔 c  s +  𝜔 c ​ ​ ​  


   𝜔 c ​ = 2 𝜋  f c ​ = 2 𝜋 × 5 = 10 𝜋


  s =  2 T ​ ⋅   1 +  z  − 1  1 −  z  − 1 ​


  H  ( z ) =    𝜔 c   2 T ​ ⋅   1 −  z  − 1  1 +  z  − 1 ​ +  𝜔 c ​ ​ ​ =    b 0 ​ +  b 1 ​  z  − 1  1 +  a 1 ​  z  − 1 ​  


   b 0 ​ =   ​  𝜔 c ​ ​   2 T ​ +  𝜔 c  


   b 1 =    𝜔 c   2 T +  𝜔 c


   a 1 =    𝜔 c −  2 T   2 T +  𝜔 c


  H  ( z ) ​ ​ ​ =    b 0 ​ +  b 1 ​  z  − 1  1 +  a 1 ​  z  − 1 ​  


  y [ n ] =  a 1 ​ y [ n − 1 ] +  b 0 ​ x [ n ] +  b 1 ​ x [ n − 1 ]


  H ( s ) =    𝜔 c 2   s 2 +  2 ​  𝜔 c ​ s +  𝜔 c 2 ​ ​ ​


  y [ n ] =  b 0 ​ x [ n ] +  b 1 ​ x [ n − 1 ] +  b 2 ​ x [ n − 2 ] −  a 1 ​ y [ n − 1 ] −  a 2 ​ y [ n − 2 ]


  V in   =   1 . 8 + 1 . 0 × s i n ⁡ ( 2 𝜋 × 2 H z × t )  


  V in   =   1 . 8 + 1 . 0 × s i n ⁡ ( 2 𝜋 × 10 H z × t )  


  V in   =   1 . 8 + 1 . 0 × s i n ⁡ ( 2 𝜋 × 30 H z × t )


  V in   =   1 . 8 + 1 . 0 × s i n ⁡ ( 2 𝜋 × 50 H z × t )


  V in   =   1 . 8 + 1 . 0 × s i n ⁡ ( 2 𝜋 × 100 H z × t )


  V in   =   1 . 8 + 1 . 0 × s i n ⁡ ( 2 𝜋 × 500 H z × t )


  𝑽 𝐢 𝐧   =   𝟏 . 𝟖 + 𝟏 . 𝟎 × sin ⁡ ( 𝟐 𝝅 × 𝟏 𝟎 𝟎 𝑯 𝒛 × 𝒕 )


   f  max < 0 . 5  f s


   f  max > 0 . 5  f s


  𝑽 𝐢 𝐧   =   𝟏 . 𝟖 + 𝟏 . 𝟎 × sin ⁡ ( 𝟐 𝝅 × 𝟐 𝑯 𝒛 × 𝒕 )  


  𝑽 𝐢 𝐧   =   𝟏 . 𝟖 + 𝟏 . 𝟎 × sin ⁡ ( 𝟐 𝝅 × 𝟏 𝟎 𝑯 𝒛 × 𝒕 )  


  𝑽 𝐢 𝐧   =   𝟏 . 𝟖 + 𝟏 . 𝟎 × sin ⁡ ( 𝟐 𝝅 × 𝟑 𝟎 𝑯 𝒛 × 𝒕 )


  𝑽 𝐢 𝐧   =   𝟏 . 𝟖 + 𝟏 . 𝟎 × sin ⁡ ( 𝟐 𝝅 × 𝟓 𝟎 𝑯 𝒛 × 𝒕 )


  𝑽 𝐢 𝐧   =   𝟏 . 𝟖 + 𝟏 . 𝟎 × sin ⁡ ( 𝟐 𝝅 × 𝟏 𝟎 𝟎 𝑯 𝒛 × 𝒕 )


  𝑽 𝐢 𝐧   =   𝟏 . 𝟖 + 𝟏 . 𝟎 × sin ⁡ ( 𝟐 𝝅 × 𝟓 𝟎 𝟎 𝑯 𝒛 × 𝒕 )

