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The Design Process

e Definition of function - what you want.
e Block diagram - translate into circuit functions.
e First Design Review.

e Circuit design - the details of how functions are

accomplished.

— Component selection

— Schematic

— Simulation

— Prototyping of critical sections

e Second Design Review.

e Fabrication and Testing.
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Analog Versus Digital...

Analog, or “continuous time” signals are the actual physical
signals (voltages, currents, etc.) that exist in nature.

These signals are theoretically “pure” and can be amplified and
“zoomed in on” until the limits of noise in the system are reached
— analog signals are “floating point” representations of reality.

Digital signals are integer approximations of actual analog signals.
By definition, they are “lower fidelity.”

If the resolution is so high that the smallest representable signal
is less than the inherent noise, it really does not matter if you go
analog or digital.

Computation can be done in either domain or both.
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Analog to Digital Conversion

e Today, digital processing of signals is ubiquitous.
Biomedical instrumentation is no exception.

e EE122A/B will rely on data acquisition (digitization) and
digital processing for some labs and projects.
e A short introduction is given here.
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Continuous Time Discrete Samples *
(AKA “Analog”)

Graphics: Laurent Giovangrandi
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Digitization — Time/Frequency

400
Sampling in time domain
X () = x(¥) E (5(t — kTs) results in periodic spectra.
fk=—o0

? X)) / Xt
—> "

, | HM,

t Sample period: T, = 27t/ w, t
/“/ Fourier Transform Fourler Transform
X() 4 X() 4
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ll > 1
wmax -f max

Multiplication in time domain is convolution in frequency domaln.

EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs Graphics: Laurent Giovangrandi g




Nyquist Sampling

X(w)
el
U4
/4
[
]
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wmax ws 'f
X(w)
el
U4
/4
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1
'l
1 : >
wmax ws -f

Reconstruction filter (low-pass filter)

If o, 2 2m,,, (Nyquist
frequency), the signal
can be reconstructed
accurately.

If o, < 2w,,,,, the signal
is irreversibly corrupted.

This is called aliasing
because a high
frequency signal can
look like a lower
frequency.

Graphics: Laurent Giovangrandi
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Aliasing - Demonstration
ine wave (Nyquist frequency = 2 kHz) sampled at 4 kHz, 1.8 kHz, and 1.25 kHz
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Example System: Biomedical Instrument

7’
0' t f o e e 0 . . H
¢ ntererence Sensor Signal Digitization Isolation  Analysis &

[ \/\'ﬁ Interface Conditioning (ADC) Display
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Sensor: electrodes, pressure sensor,... Digitization: analog-digital converter (ADC)
Sensor interface: pre-amplifier, bias Isolation: optocoupler, inductive, et al.
circuit, etc. Analysis: data processing (off- or on-line)

Signal conditioning: filter, amplifier, etc.
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ADC Characteristics

* There are many types (Integrating, SAR, Flash, Sigma-Delta,...)
e Resolution (e.g., 16-bit = 216 = 65536 levels)

— 16-bit resolution may not give 16 bits of accuracy!

— ENOB (equivalent number of bits) is the important specification — the effective
resolution you actually get.

e Dynamic range (e.g., t5V)
— Along with resolution, this defines voltage resolution.

e Linearity (e.g., 0.01%)
e Sampling rate (e.g., 2000 samples/second)

— Along with resolution, set requirements on anti-aliasing filter for a given accuracy.

e Sequential vs. Simultaneous (multichannel)
— Settling time consideration (multiplexed ADC)
— Crosstalk
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Resolution Example
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e Here we see 16-bit input (C1), with superimposed 6-, 4-
and 2-bit quantization. This is from Lab 1.
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The Mixed Signal Continuum

So, there is a continuum between analog (infinitely fine resolution
against noise provide by nature) and digital (quantized information,
represented by ones and zeroes — finite resolution but easy
computation).

How accurate the digital representation of a real world signal (analog)
is depends upon the number of bits we are willing to use. It’s roughly
6 dB of dynamic range per bit.

Continuum? Yes. It depends on the number of digital bits representing
the information — the resolution or information entropy. Infinite bits =
analog. Few bits = crap.

Mixed signal represents the concept that we can move between both
extremes intelligently and build systems that harness the best aspects
of both.
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DSP

e Digital signal processing (DSP) is the use of digital
techniques (adds, multiplies, XOR’s, etc) to modify or
analyze signals that start and/or finish as analog quantities
such as sounds.

e Where we draw the line between analog and digital
circuitry is not obvious, and is determined by factors such
as power, cost, programmability, etc.

e In EE122A, we will explore the trade-space and consider
the pros and cons of each option.

e The truth is that the designer (you) gets to decide.

e QOur goal is to illuminate the choices.

~j) EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs
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Break for Discussion
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Arduino!

e The Arduino is a globally successful
microcontroller family that allows anyone
with a basic intellectual skill set to write
simple programs that interact with the
world (blink LED’s, make video, make TEEN TS B TR Ulek
sounds, etc.). T e

W e e "W,

e Arduino includes a 10-bit ADC (1024
possible levels between 0 and 5V).

e Everything is open source, meaning we

share it and build on each others’ work. It's . = 7 rrrrrnraiC
UNO e =
awesome! % oot diconcs cc o« € 'I
*ARDUINQ "*'I"H e oo
e The basic Arduino is cheap ($30). pRilSSiST il o - -

e The programming environment is
approachable, cross-platform (Windows,
Mac, Linux) and free.

http://www.arduino.cc
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Arduino Programming Environment

Simple structure...

Code has setup and loop
sections, loop gets done
forever.

Download programming
environment, set it up,
plug Arduino into USB, go!

Look at the examples
included under File,
Examples.

@ Arduino JIZY Edit Sketch Tools
0 00 New 8N
Open... #0
Sketchbook >
Examples

#include <machinesc ~ ClOSe@ #W
#include <twi_maste  Save S

#include <twim_io.h Save As... 08S
Upload to I/O Board $U

void setup(void)

network_control  Page Setup 8P

iomod_set_time( :
iomod_set_dated, Print P

a

EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs

e OO0 Blink | Arduino 1.0

Blink

Blink

This example code is in the public domain.
¥/

void Setup() {
/7 initialize the digital pin as an output.
/7 Pin 13 has an LED connected on most Arduino boards:
pinMode{13, OUTPUT);

b

WDid lDDp() {
digitalWrite{13, HIGH);
delay (1608);
digitalWrite{13, LOW);
de Loy (1088 ;

/7 set the LED on
' it for a second
/ set the LED off
'/ wait for a second

Arduino Uno on /dev/tty.usbmodem621

Turns on an LED on for one second, then off for one second, repeatedly.
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Quick Arduino Demo

EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs
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Stanford/Texas Instruments Shields

Co-developed by
Stanford and Texas
Instruments (TI).

Stanford lead = Bill
Esposito (your TA).

Analog Shield allows
Arduino to access and
produce precision analog
signals.

DSP shield allows for full
digital signal processing
power to be added.

ﬂddressing the Online Learning Gap \

Development of novel, Arduino-based hardware and software solutions
to provide tools for remote hands-on learning of analog & digital
electronics, and signal processing concepts.

platform — includes ADC, DAC,

Analog shield for the Arduino
power supplies

8o DSP shield — C5000-based DSP
shield for the Arduino platform,
with audio ADC/DAC

Arduino-style programming interface for
the DSP shield. The goal is to make
signal processing concepts as accessible
as embedded systems are today.

4 5535 €20SP on /dev/tty.vart-D2T4Z6CS00F3645 In coIIabora tion % TE
with INSTRUMENTS
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Test Equipment

Your Eyes and Ears In EE122A/B.

2020 note — the specific instruments shown here
are now obsolete, but on the other hand, these
are the types easily available on the used market
for home labs, so no updates to cover 10X more
expensive newer ones for now. The internet is at
your disposal.

~j) EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs

18



Basic Equipment
Multimeter.
Power supply (battery, bench unit, etc.).
Signal generator.
Oscilloscope (bench, USB, etc.).
Soldering iron. And of course...
Miscellaneous hand tools.
Microcontroller (for controlling circuits).

DSP (hardware or software).

Computer
— Simulation software
— Spreadsheet
— Word processor
— Web browser (for data sheets)

Reference books (yes, we still use books).

EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs
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Digilent Analog Discovery™ System

e Two-channel oscilloscope (100 MHz,
14 bit, differential channels).

e Two-channel waveform generator

e 16-channel logic analyzer

e 16-channel digital pattern generator
e 15 VDC supplies (50 mA each)

e Spectrum analyzer

e Network analyzer

e Voltmeter

e Digital I/O

e Supported by Matlab

e Discount for students

http://www.digilentinc.com/Products/Detail.cfm?NavPath=2,1040,1043&Prod=ANALOG-DISCOVERY
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Digilent Electronics Explorer™ System

e Four-channel oscilloscope (40MHz,
10 bit).

DIGITAL 4 DIGITAL 3 , DIGITAL 2 f DIGITAL 1

e Two-channel waveform generator,
up to 4 MHz.

@

e 32-channel logic analyzer

& XILINX.
INSTRUMENTS

TEXAS

e 32-channel digital pattern
generator

e 19 VDC programmable power
supplies, up to 1.5A

e Spectrum analyzer

e Network analyzer

lllllll NICS

e Four voltmeters T | R EXBLORER"
e Digital 1/O

Vrer \TVEE V'.:YR VPt \WP-=Vee
ANALOG POWER

* Prototyping area Windows only... ®

e Supported by Matlab

http://www.digilentinc.com/Products/Detail.cfm?NavPath=2,842,883&Prod=EEBOARD
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WaveForms™ Tools
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Agilent 34401A Digital Multimeter

Agilent r.' ‘;'\' e N4W Sense/
: L LPpis SaNNeoe Ratio Ref

Input
VI

Function Math
p DC 1 4W - d8 dB8m
ower ~ ~
ncv] Acvj nzwj ] | Cont »ﬂ rnu) r“'“:j

Range

4 Digit 5 Dight & Digit
T @0 @@ @ @@
On/ON Aecall Entor
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Agilent E3648A Power Supply

e Two separate outputs.
e Range 1: 0 to 8 V, 5A max
e Range 2: 0to 20V, 2.5A max

EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs
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Agilent 33250A
80 MHz Function Generator

('80.000 000 §MHz [\~

-/ EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs
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Agilent DSO6054A Oscilloscope

2® B
288 - 2
: DRVS 99D 4 channels
: o
o ,)..," ..)., e 500 MHz / 4 GS/s
A 4 S

8 Mpts deep memory

XVGA display
LAN and USB I/O

¥ ek es %

( ) = f{ﬁ (Q:J{Q; {Q USB memory stick strongly

recommended for data
transfer.

www.agilent.com
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Don’t Forget Manuals

e Tons and tons of vital information about instruments is in
the operation manuals.

e Manuals for most instruments used in EE122A/B are kept
in the lab.

e Please refer to them (although few do ©).

e Many can be downloaded, and for newer instruments it
is assumed that you will do this if needed.

~j) EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs
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Circuit Simulation
and
Printed-Circuit Layout Software

Mantra: “If it takes longer to simulate than to
build a circuit, build it!”

EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs
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CIRCUIT SIMULATION

SCHEMATIC SIMULATION

e Very powerful way to simulate circuits without having to physically
build them.

e With care, simulations can be very accurate.

e Kovacs' Rule of Thumb: “If it takes longer to simulate than build the
circuit, build it!!!”

e Not all simulation tools are intuitive nor have a fast learning curve.
Also, they often give you BS results unless you make funky
assumptions or tweak them to work. Think. Think. Think.

EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs
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TINA Design Suite (Example)

I RLC_SV - Schematic Editor - [5] x|
Fle Edr Irsent Yiew Anahsiz T&M Tgol: Help

elal=® ‘I‘Id|ﬁ|+.|'r|%||ﬂ|r'|+l.lo‘":m% '||5'°°"° -
M= = o] [ =] e e e ]~ 3 [

\Basief\Meters / Sources 4 Semconductors 4Gates AFipflops AMixed mode ALogic ICs Aénaleg Contrel /

I

£ R - |
! T Out =
Source | ; [ Transfer function diagram |
” | C
a e
M_] ‘F Frocnercy fea)
AC transfer function: -
[Time response diagaram |
= 2 ;. /\
1+C-Rs+C.L.g P o \/
Time response: e \/ \/
. ‘- o
L vih=(1+1-¢ """ ".cos(10°+-183 *))£(t) - o
} w o= om [E50) l_':---a A o
- (e [I] - http://www dlgllentmc com/Products/Detall cfm'-’NavPath 2,842,1070&Prod=DESIGNSOFT-TINA
[aTe] [on] [e[2] (23] @1 e 1 - . \  — s

Schematic capture,
simulation, printed
circuit board
layout...

i E}-D
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What You Will Do In Lab 1

Learn how to use the Digilent Electronics Explorer™ USB-
connected analog/digital I/O system and its associated
software.

Begin to explore the basic traditional instruments
(oscilloscope, multimeter, power supply, etc.).

Familiarize yourself with how to hook up simple circuits
using the prototyping tools provided.

Revisit Fourier (harmonic series) and look at a basic (RC)
filter, measuring its transfer function (compare to Bode).

Use the Arduino and Analog Shield to explore digitization
and sample rate effects when taking signals from analog
to digital.

EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs
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What You Will Do In Tutorial 1

Learn the basics of the Arduino programming
environment (after installing on your laptop).

Understand the Arduino hardware (and its
limitations).

Learn the basics of Arduino programming,
including:
— Loops
— Timing control
— Digital 1/0
— Analog 1/0 (including how to use pulse-width modulation or
PWM)

Understand what the Analog Shield can do and
how to use it.

EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs
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Design Note: Hacking Toys...
e Toys are an excellent, low-cost source of
components for projects.

e Many are built to produce sounds - they
can be wired into your designs.

e Others contain interesting motors and
other actuators.

e Last year stoys are often very
inexpensive and a great source of
inspiration.
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Reference Materials

e This section contains slides describing the operation of

many of the basic bench instruments present in the
EE122A/B lab.

e |t is meant as a resource. Please review these charts.

EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs
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Practical Aspects of Digital Meters

1) They affect the circuit
you are measuring! 10MQ "IDEAL" METER

- : ‘
—— 1.00V 10 MQ % 100pF % @

‘ Scale ‘ DVM
Selected Display
200V 00.1V
o0V 0.11V 2) They must be properly
operated to give the most
2V 0.106 V accurate readings! Luckily,
200mV | 1064 mV most modern DMM '’ s are

Autoranging.
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Power Supplies

m.n nmm

% ..“.-... v P
"'5.' ﬂﬁﬂ ® ™

e HP6253A Dual 0-20V,0-3A
e HP6236B Triple 0-6V, 0-2.5A,0+/-20V,0-0.5A

e Current limit settings can be confusing at first.

E EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs
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HP33120A 15 MHz Function Generator

IDDHDUCLU KHze

! PUNOTION F MODULA
1)
Vv | (& ) ' o

A
| | L
*—“"—ﬂ
D ('-“1 i ~ Dwy e el
|

LR b
. 11

——— Y
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HP33120A 15 MHz Function Generator
SRR T T R

v

y

.50 W/ R ™ A n A VA VoV,

- T
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Oscilloscope Basics

INPUT SIGNAL TO
DISPLAY

Electron
Beam
Source

HOREZ
AMP

This is a block diagram
of an ANALOG oscilloscope...

VERT
AMP

HORIZONTAL S WEEP
SIGNAL

_—]

% CRT Screen

EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs
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Triggering an Oscilloscope

CINPUT SIGNAL
Case B (+ slope) [ |

Case C i- slope)

//\-ﬂf’\\

Y

 CRT SCREEN

CASE A

CASE C
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HP1704A Analog Oscilloscope (100 MHz)

EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs
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Digital Oscilloscopes

1 1
1 1
Inout o ' : |pigitakto-Analog
S'f‘pu | Analog-to-Digital | Memory : Converter
Igna Converter . ' Y-axis
: :
1 1
S - : 4
; : ;
Trigger| | Control Logic : — Xeaxis
Circuit| and/or " Digitak-to-Analog
' . ' Converfter
' Microprocessor :
1 1
1 1
: NUMBERS in here... ' N
Clock Circuit
(sets sample rate)

Voltages are first digitized and then displayed (or printed!) ...
These are not true "real-time" oscilloscopes.

Analysis can be done on the numbers!

One-shot events can be stored for later examination...

VERY slow "sweep" (actually "sample") rates can be used for slow stuff.
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HP3561A Dynamic
Signal Analyzer (100 kHz)

s et G AMMMIGUONY g Sy PR

Co@E 6 |

[\}.[r ,.} ! .::,\ |

' [
A b][ﬂ‘ » -

»

Eooo -

L B e T L I N R 'Y T L ey LN L b
. ] - - - o~y
u: ! © o S
- . |. . .... . st ‘
‘{ , o - . : ::‘ “we @ v
» | 4 l
B = | |
] ! . - . ' )
\ - p . e o b @
— bl e [ DS S— >0y - —_e 7 & -
=TT . e
1 e |

e
—

Cvwiee b
~

' ey —-—

EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs

EC0E e |

B
.

43



Audio Analyzer Software

http://www.spectraplus.com

e Audio analysis using
analog 1/0 on laptop
of desktop
computer.

e Amazing, but
expensive.

e Demo version (30
days) worth a look.

speciralLUs - #1 Spectesd Ana -\ Specty =loix
[ Lo =181
(; EJFX P2 | = s »f 0015 [Lowd Contgursen -]
DWB‘»M’V'ﬂ4 £ A o] [P | e ] 4B frw] [Ef TEPH i Dy 2
BN S0 L e o 1
20 | 3504 A‘-;';m-|
-0 !
- 1 — AT - }!,'\ﬁ.w.
g | \ \
¥ owi |- i h M Wi
g 7] /.11" ) }&ﬂ W \ N |
¢ ol WY XY ]
S NS \MW i Y
mu" ‘\‘,‘ v \! || l"k!“r‘wh\ ||| F= ‘ \A}'h
sl ( |d,' L B | , ,\';,."LQ’,"
1180 . ’ 4 + ‘ il Y
"7 0 0 0 i0e 200 dgc'g!;‘igw 208 oabe Toxi0m
Snppea Recordar 00 2 B woo FT 18384 gts gy

Frequency (Hz)

Blpped

Retorder [44100H  (I6Bt  Mono FFT 4005 pos Harning
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“FastBlink”

Labl_Fast_Blink | Arduino 1.5.2

Labl_Fast_Blink

bz
Blink
Turns on an LED on for one second, then off for one second, repeatedly.

This example code is in the public domain.

* 7

/7 Pin 13 has an LED connected on most Arduino boards.
/7 give it a name:
int led = 13;

the setup routine runs once when vou press reset

vmid EEtUp() {
initialize the digital pin as an output.

pintode(led, OUTPUT);

¥
/7 the loop routine runs over and over again forever:
vmid lDDﬁ() {
digitalWrite{led, HIGH); // turn the LED on (HIGH is the voltage level)
dEle[lDDD}: J/ wait for a second
digitalWrite(led, LOW); /¢ turn the LED off by making the voltage LOW
J7 delay(1668); /4 wait for a second
¥

Binary sketch size: 882 bytes (of a 32,256 byte maximum) - 2% used

Arduino Uno on /dev/tty.usbmodemfd1411

EE122A, Stanford University Copyright © 2020, Prof. Greg Kovacs
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W. DWF 1 - Oscilloscope 1
Fle Edt Control View Settings Window  Help
43 Export | [=] Persistence [Xv]Add XY [ad] Histogram [~/ FFT [E| Data %Meeswe ¥ Current 4§ Audio | 43 Digital | Zoom | 2 Options | @) Help
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