3 Handouts
Lab 3 (2)
Lecture notes

¢ Vacuum Tubes, BJT or FET?

e Circuit Analysis: Amplifier & Feedback
* Classic BJT Circuits

* Arduino Intro

Acknowledgements:
Yanni Coroneos, Henry Love
Neamen, Donald: Microelectronics Circuit Analysis and Design, 3™ Edition
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Vacuum Tubes

Linear without feedback

Characteristics independent
of temperature

Wider dynamic range

e NY Times

— “Guitar heroes favor vacuum tube amplifiers in
their instruments”

— “Many recording engineers tend to use vacuum-
tube equipment in their studios”

— “Some listeners pay thousands of dollars for high-
end tube-based stereo systems and CD players.”
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BJT or FET

* Depends on application
* Amplifiers
- BJT

¢ are more linear that MOSFET, better fidelity (low harmonic
distortion)

e can drive low impedances at higher power
* lower noise with low source impedance
e Operateat<2V

— MOSFET
* high input impedance
* Voltage controlled device => lower power
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Transistor Configurations

TRANSISTOR AMPLIFIER CONFIGURATIONS

high input impedance, for voltage gain=1; use Ifowllnpl_n |m[éedance
general amplification o +15 in amplifier output orlow impedance
stage sources, for high
frequency response.
BJT R
o
- v
vOuT in
[b] Common Collector [Emitter Follower] Amplifier [c] Common Bas; Amplifier
FET i

Common gate

Common drain [Source follower]

Common source
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Miller Effect* — Common Emitter

Input Impedance and Frequency Response

& log scale
B I C A, (dB)
- A
+ 1)
I, Ve Tn = L aug
= N Em V;T T |
E slope =-6 dB / octave |
J’_ slope =-20 dB / decade |
i I
] |
7 . » log f
v
: : I 2 ta L fy 0’: fa
+ I w4 ! A Vo ) >_<C __JoC _ ; 1 }
I RpS V. Sry Co= ' == Oyl Re Ry TV R+jX. g, 1 joRC+l1 Degrees I
- I | 2 V jaC }
| | om X 1 |
1 1 = |
| | A sRC+1 o PHASE LAG 1
I= ‘
CM :Cﬂ[1+gm(RC||RL)] e . L 45 L
t = 900
igh frequency cutoff f 37RC 90: }
I
|
* Agarwal & Lang Foundations of Analog & Digital Electronics Circuits p 861 t ujf ] » logf
HI -3dB.
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Low Frequency Hybrid-nt Equation Chart Cascode Amplifer
Characteristic | Common CE with Re CC [E. Follower] Common Base . X
Emitter e Two transistor amplifer:
Voltage Gain | 4 =—g R, . R, 4, ~1 - BLR; common emitter (CE)
[if ro >>R(] 7R, T R, +(B, +1)R, with a common base )
’ . ) No Miller effect
_ * Miller effect avoided by
Current Gain Bo Bo Pot1 B, setting gain of CE stage Miller effect
B, +1 low.
Im;r;zlaj:‘lce ¥ 1 Ry [rn +(160 +1)RE}/’/ Ry [rrr +(/3o +1)RE]// Ry " pr— »  CE stage provides high
= ; - ‘6;;1 input impedance .
utput L L /i L
Impedance {w}q : *  Common base (CB)
[if 1o >>R0] [if ro >>R(] B, +1 [if ro >>R(] provides gain without T
Phase Ves Ves No No Miller effect; base is =
Reversal? grounded. (a}
High gain applications Unity gain, low High gain, better high
Moderate input resistance output resistance frequency response
High output resistance High input resist. Low input resistance
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Neamen p445
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Objectives

* Perform an analysis into the behavior of a
complicated circuit using basic properties of
BJT’s (npn, pnp)

* Calculate gain of the system

¢ Discuss crossover distortion issues in
push-pull amplifiers

¢ Understand feedback

Three Stage — Push Pull Amplifier

-15V
6.101 Spring 2019 Lecture 5 9 6.101 Spring 2019 Lecture 5 10
Three Stage Amplifer — Block Diagram Q3-Q4 Push Pull
A 415y
I 100.:::;;
P A +15v -
fne * T * 1 ¢ Q3: Emitter Follower
a2 - ) mo: (positve cycle)
it — J .
nd ns ﬂ'; A SORT- » Q4: Emitter Follower
] B 5 (negative cycle)
< Ci .
fo = ﬁ—{'? i ’—’/ —f - Vou * Overall gain ~1
= 10k ; T WA
[ 100 vin “ n r = ' e Q3&0Q4V,,are
< _ Q4
, = = ) L S be .
| ‘ S ¥ S - glsgays one diode
Voisv J 1005 P
N i * Crossover distortion
. about zero crossing
Feedback
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Crossover Distortion

__T' M,
: +
Vag

— Viisn
5 i

Ve

VHR

il i
3 -[ sGp |, |
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-

Q2 — High Gain Stage

+15V

L
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cQ ™

¥

of A="570

Lecture 5

Since last stage is an emitter
follower, node n4 should be
biased near zero volts.

Q2 is a common emitter
configuration with a pnp
transistor.

For pnp configuration, reverse
the polarity of the voltages from
anpn.

ﬂOZQmI‘”
leo
=—= V;, =26mv
[ Vi, TH
-B,R
A/ % L__ngL
gm

14

Q1 Analysis

The emitter follows the base by 0.6v,

6.101 Spring 2019

* v, incrementally follows v
‘f:‘
0= y
e The emitter current
né
3 5 + Vout The collector voltage, assuming large B ( ;=1 )
n. A is v =15-1000ic
‘J; 100,77  Then avp ==t av, s Lo
= 10 10 ™
= 10k
n7 Now we have enough information, i.e. equations
= to put everything together.
1oo§
— Voer = —570: Vi +irm_ J
- 10 10
570 11y
Vour| 14 22% ;&70[“ B
o\ 1435 ) 10)
sof 1)
Vour YT
Voo 1,570 .
10
Lecture 5 15
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Biasing — Quiescent Point

* Determine the quiescent point

e For BJT
— assume V= 0.6V
— assume base current neglible

e Apply KVL, KCL

6.101 Spring 2019 Lecture 5 17

30k%

Cin

Vin

6.101 Spring 2019

+@—{ /b 7“““712.4

Biasing — Quiescent Point

+15V
v(n5) =Vout=0

v(nl) -v(n3) =0.6

v(n2) =15-0.6

KCL: i,=0.6 +1i,
v(n3) —(-15) —0.6+ 0-v(n3)

1k 10k

v(n3) =-13 or v(nl) =-12.4v

-15V

v(nl) =-12.3v for30k/3k

Lecture 5 18

Key Observations

* Crossover distortion caused by base
emitter voltage.

* Feedback results in overall gain
independent of

e Biasing not precise, highly dependent
on supply voltage (poor supply
voltage rejection)
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Classic BJT Circuits/components

Darlington Pair
Matched transistors
Short circuit protection
Currrent mirror
Schottky diode

Baker Clamp

V. multiplier

Lecture 5
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MPSA13 Darlington Matched Pair

&.\'arionn! Semiconductor Dot tany
ELECTR! (Ta = 25°C urless othenwise noted) LM3045/LM3046/LM3086 Transistor Arrays
iy [ [ symoot [ win [ max [ umn | General Description Features .
" o o it L0t DR s ot f e Tt s * Close electrical and
¥ gasaesl putposa ansaa o & o e
CoBoctor - Emitter Breakdown Voltage Viesmces ] - Ve ke, oy o e Suriokos. o9 It oftpet cument 2 ok max s = | mA
(g = 100 wAde, Ig = 0) comnacted 18 torm 4 par The e Fhs panansl pumoss mancithe: ransaioe thermal
[ e T ey = 00 prvm o e 1 DL Pt W righ. Thiy Ty 04 1 e syt ot g
(Vea= 30 Ve, lg=0) e s 3 15 o™ M characteristics
Emitior Cutoff Current [ - 100 nAdc e T o v s ey . Tomparahrs g (LAY} -5 + 15T
voss Ven= 10 Ve, I = 0) Applications
Az Patrs range The LMIOSE sl LMIOM v slectrosly
i ON CHARAC {Motn 1) 1 LA tut o ek 0 Vit ks @ Ganarl e 1 pen o syl frocemne apses
1 ' DC Curmort Gain hee - :mmmwlmummmm.m ety noynteni ¥ b gy mmoc.n.
P T Tlc = 10 mAde, Vg = 5.0 Vide) MPSA13 5,000 - - eppe—— A Supermatched
Pty i MPSA14 10,000 o B Torporsten comperaste! arpiter ! .
(e = 100 mAde. Ve = 5.0 V) ursA13 o | = St Covain e pairs also available
Colloctor -Emater Saturaton [ - 15 Ve
i = 100 mAdc, Iy = 0.1 mAdc) Dot s P
- On Voltage Vi - 20 Ve T . .
ic = 100 mAdc. Ve = 5.0 Vc) - b [y e Used in differental
SMALL- SIGNAL CHARAC
Corert-Gin - Barebwidih Produst ! " | | | = | = g amplifiers and
(ic = 10 mAdc, vag-sovgcruoom] 125 =
1. Pulse Test: Pulse Width = 300 ps; Duty Cyde = 2.0%.
2 7= Pl ot " . u measurement
equipment
o II '»! O g o Ir
Top View e
mnm’:::u:-wnl&mu«mu
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Super Matched Pair

LM194/LM394 Supermatch Pair

General Description

The LM194 and LMO%4 are junction isclated ultra well-
makhed monclithic NFN transstor pairs with an ﬂl’ﬁsf of

matched Iransstor par. In many cases, imming can be
sliminated entrely, mproving relistdty and decreasing

in matching over
sistor pairs. This was accomplished by amameahmar nm-
cessing and & uniaue new device sTucture.
Electical characterstics of these devices such as drilt wer-
s inifial offset voltage, noise, and the exponental miation-
ship of base-amitter voltage to collecior current closely ag-
proach those of a theoretical Wansston Extinsic emitter
and base resistances are much kwer than prosently avail-
abile: pairs, either monalithic or deceln, giving exdremedy low
noise and theoretical OPEration Over & wide cumment range.
Most parameters sre guarantsed over a cument range of
1 pA o 1 mA and OV up to S0V ocollocior-base witage,
ensuring superior performance in neary 8l applications
To guarantee long term stabeity ol malchang parametens,
intemal clamp dicdes have been added across the emitier-
base junction of ach transistor, These prevent degradation
due © reverse biased emiter current—the most commen
cause of liekd failires in matched cevices. The parasitc so-
lation junchon lormed by the dodes also damps the sub-
strate: region 1o the most negative emitter 1o ensure com-
plote isolation between devioes.,
Thiz LI 84 anad LM38S will provide a considerable improve-
meend in peroemanae in most applications reguiing o dosely

6.101 Spring 2019

costs, he low noia and high gan make this
device atractive even where matching is not critical,

The LM184 and LM3%4/LM3948,/LMIB4C are avalable
an wolated header Gdead TO-5 metal can package. The
LM304/L M348/ MIBSC are available in an B-pin plastic
dual-inline package. The LM164 is identical 1o the LMIS4
excepl lor tighter elecical specilicalions and weder temper-
ature: rangs

Features

m Emiter-base woltage maiched 1o 50 uV

® Offisot voltge drift less than 0.1 gV AG

& Curent gain (hpg) matched to 2%

B Common-mode rejecion ralio greater than 120 dB

W Parameters guarantesd over 1 pA 1 1 mA collecior
current

B Extremely low nose

B Superor logging charactenstics compared 1o
conventional pairs.

B Flugin raplacement for presently svailable devices

Lecture 5

Metal Can Package

L]
(1) ()
§ o
Q) ()

¢ Characteristics approach
theoretical transistor

* V. matched to 50 pv

* hg matched to 2%
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7805 Regulator
Short Circuit Protection

* When voltage across
R16 exceeds ~0.6 volt,
Q14 diverts away base
drive to Q15.

* Note Darlington pair
Q15, Q16

24




356 Op-Amp

Short Circuit Protection Current Mirror

Kou
3 2
nou-mmmm al @ :ﬂmc s i:,(
b VWA
" H mg—q
e 1 45K
H " a3 30pF RE & R
o4 75K S
@ AN
1 [
f=~ w o s —— {-outeuT
T ow® }\ﬂ S R0
I: >
My a7 7
a6 a1o
[ an aza Knm
m }
- 'r S e OFFSET NULL — E] :;‘LSL"
H Yo g
MOSR SR R4 Sriz S RN
! 1Kk 250K 31K 5K sk
aussesta
*C = 3pF in LF257 series : : 4 v
TL M3 -1
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k
* Diod Baker* Clamps
Schottky* Diode p

Reduces turn off time

by limiting saturation

¢ Schottky diode formed with
metal-semiconductor junction vs
pn junction Baker Camp with

diodes

¢ Lower forward voltage drop: 0.15-0.45
vs 0.6-0.7 for pn junction

¢ Almost zero reverse recovery times.

Baker clamp with
Schottky diode

e Used in 74LS series logic Low-power
Schottky

* Walter Schottky *named by Richard Baker (1956); drawings from http:/en.wikipedia.org/wiki/Baker_clamp
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Ve Multipler

— (Rl + RZ)V

2

BE

Arduino, Teensyduino

e Low cost open source microcontroller and development system

* Many variants: Uno, Nano, Pro, Teensy ....

e Arduino Nano
— 16MHz ATmega328, 32KB flash, 1KB EEPROM, 2KB SRAM
— 221/0 ports: analog/digital
— 5V (19ma) operation

¢ Teensy 3.2
— 72Mhz MK20DX256, 256KB flash, 2KB EEPROM, 16KB SRAM
— 341/0 ports, 21 analog input (2 16bit ADC), 1 12bit DAC

e Ideal for prototyping, process controller or state machines

¢ Maybe useful for final project but only in a secondary manner:
— data display, control logic

e QOriginals vs clones
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Teensy 3.2 - Nano Arduino Nano
SPI: +5, GND,
MISO, MOSI, SCK J2—pinl i
Teensy 3.2 Nano pinl. J2—pin4
- 7-12VDCin  5vin or out
Processor: MK20DX256 ATmega328
Clock Speed: 72 MHz 16 Mhz
reset
Flash Memory: 256 KB 1KB ATMEGA 328P CPU
RAM: 64 KB 2KB 12— pin 14
3.3V @201
Operating Voltage 33V 33V R
GPIO 34 14 J1-pinl
Analog Inputs 21 8 ;
e MiniUSB:
— ! 0 LEDs: programming & +5V
PWM 12 6 Power, LED, Rx, Tx power
UART 3 external
6.101 Spring 2019 Lecture 5 31 6.101 Spring 2019 Lecture 5 32




Arduino Nano

Jl-pinl

Nano Multifunction I/O Pins
Partial List

S T T e

<+ 08 — digital 1/0 SCK (SPI) Built-in LED
:_ —] D12 digital I/O MISO
chato D11 digital 1/0 MOsSI
FTDI Clone — Py
3.3V regulator D3,5,6,9,10,11 digital 1/0 PWM
D3 digital I/0 Interrupt 1
2_pin1 / LS D2 digital I/0 Interrupt O
i D1 digital I/O Tx
[ mEse ! ) DO digital I/O Rx
1 A0-A7 10-bit analog D3, D5, D6, D9, D10, and D11 provide
— - inputs referenced to 5V 8-bit PWM output with analogWrite() A5 analog in SCL
- or AREF using the
analogReference() D10 (SS), D11 (MOSI), D12 (MISO), Al analog in SDA
s ¥ function; D13 (SCK) same as SPI header
= A4 (SDA) and
A5 (SCL) support 12C
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Serial Interface Teensy 3.2 )
Vin (93.7-5.5) ground ~IIFF- AGND
. X X Keep analog and digital
* Arduino Nano clone uses CH340G; need to install serial port _ AGND grounds separate
Micro USB: 3.3V 100ma
driver. programming & +5V pin 23
power LP38691
* Drivers on http://web.mit.edu/6.101/www/s2019/drivers/ \ TILDOS3V  Ka0DX25s
13
have been tested. -
— CH341SER_MAC: 0OSX Mojave /
serial port: cu.wchusbserial1410 MKLO2Z32VEGA .
. . . Kinetis L Periphera!!C
— CH34x_Install_Windows_v3_4.zip: Windows DAC, ADC
serial port: COMS3... COMXx
— CH340_LINUX.zip: Ubuntu 14.04 1 driver install P
serial port: /dev/ttyUSBO make ground
sudo make load
pin 0
6.101 Spring 2019 Lecture 5 35 6.101 Spring 2019 pin 12
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Teensy 3.2 Top

6.101 Spring 2019

ol
=
E
=
w
8
o
o
s
=
#

BE g BRER
EE 5. Ez
850883

82 EEER ER wne

Intept cagatilty

& cigrtal puns have
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Cut 1o separate VIN from VUSR, f
using a battery changer of extima
power for USB Device mode.

Teensy 3.2 Bottom

Aod J2TER M Aod 150 oF
Crystal for Read Capacitor for
Tirne Clock USB Mot mode
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:

Teensy 3.2 ,M{

All

A10
AREF

use

Migre-AB
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MK 200XISEAHT
N
7] VREGIN 231 A9
VOUTI3 22/ A8
vDD 1/ AT
VDD 0/ A6
VoD L9 | AS
8/ A4
TI1A3
ADCO_DMO 6/ A2
ADCODPO 5/ AL
VDDA AD
3(LED)
VREFH
VREF_OUT 3
WREFL 0
SA
USB0_DM
UsSEO_DP
PTals
PTALS
NTALIZ GHD
13
EXTALIZ —0 3 IV
VEAT 3
2
1
30
29
8
PTA3 PTCS 7
PTAD PT 26
PTAZ FTB19 (5 =
2 PTAS 24
PTAL
N ADCO_DH 2
RESET @
1AL4

V5SS
V55
Vis

o9

v p normally common

closed

Solder headers to Teensy

Attached spacer to TFT display

Wire circuit

Load sketch & verify display

Circuit will be used in PPG and ECG labs
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Laser Cutting

= (™M

SWU LT GUIL AP SEC @]

Process

» high-power laser beam optically
guided to machine head

* head moves in 2D (x, y)

source: Universal Laser Systems

e beam fired in rapid pulses while
head moves

* material is ablated or vaporized

¢ fumes extracted

source: n-e-r-v-o-u-s.com

Design

e user generates 2D design

* vector vs. bitmap = 7x Magnification

e user sets power, speed for
each color in file
* machine traces vectors
— moves in steady line
— line width < 0.001 inch
— “hairline”

e or rasters bitmaps
— sweeps back and forth to fill in

SWILET VINIC It

UCP (Universal Control Panel)

Selected: Print job Untitied-1 Tue 31 Jan




Laser “Printing”

Imensity Adjustment
- S Raster
Acrylic A @———@
Cast Acrylic Vector Engraving
. Q
Cast Acrylic Deep Engraving Vector Culling
— Continuous Cast Acrylic @— & @
~ Exruded Acrylic
- Perspex™ Lager
-+ Microsurface Plastic | [coznoem <] |
Mylon 6/8
— Polycarbonate v
Click 1o select materfal, double-click 1o edit. Aght-click for other commands.
Mates:
Prlnt Spedal Effects Print Direction Vectnr Perfarmance
Musmal - [d ‘_ ———r—09
Throughpul + 1
™ Frame Rastars R

Material Thickness

e B

¥ Memge Pages (auts-Starty
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Fodure Type
3 -
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Laser Cuting — CorelDraw

far
S

Pl o
P

= C ' [ 6101LAB

(g
EECS

lines are board outline
& Black lines will be rastered

NP rNBEPOL

§B 44 goft b W B[ Pagel <

r *EE
(283, 0.85) ]
Docment ke praties el 4 O L d »

= )
| LS
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Laser Cutting Lab (Optional)

e Mon 2/25 4:15 and 5:15p EDS
e Laser Cut base
* Mount RLC-BJT/MOSFET testor
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