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Send Information Between Devices

* All information is encoded using ones and zeroes
(bits)

* How to do we convey ones and zeroes between
entities?
* What things do we vary in existence to achieve this?

Device 1 Yo Device 2

3/12/26 6.9000 Spring 2026



Sending Information

* If you have 1 bit of information to send how do
you do it?

Device 1 Device 2
1 tasty bit
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Sending Information

* |If you have 1000 bits of information to send how
do you do it?

Device 1 Device 2
1000 juicy bits
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In almost all systems

* Bits are conveyed using some mixture of:

* Energy Patterns that exist /n the three
dimensions of space

e Time...the fourth dimension

* Using these four dimensions let’s us convey
iInformation
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Electromagnetic Energy Patterns in
Space

* Applying energy to Electromagnetic phenomena
proved to be the most scalable and workable.
This is why Course 6 won and Course 2 lost

* In order to make electromagnetic energy
patterns in space we need to be able to:

* Put energy in one area
* Not put energy in another area
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Conductors and Insulators

* In the case of “circuits” we use variations in the
complex electric permittivity (&) of different
materials to focus electromagnetic field (with
particular emphasis on the electric field).
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https://www.researchgate.net/figure/Electrostatic-field-simulation-of-the-two-wire-configuration-a-Color-coded-electric-field_fig3_339076022
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Convert one ability into another

* We’re really good at making
patterns of metal and not-
metal...

* Which means we can be really
good at making spatial electric
energy patterns!

 Can do it manually using wires
like a bunch of peasants
(necessary in prototyping so no
sham e) image Credit: Ben Finio, Science Buddies / Science Buddies

https://www.sciencebuddies.org/science-fair-
projects/references/how-to-use-a-breadboard
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In almost all systems

* Bits are conveyed using some mixture of:

* Energy Patterns that exist /n the three
dimensions of space

e Time...the fourth dimension

* Using these four dimensions let’s us convey
iInformation
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Sending Data...Using the dimensions

Parallel Link: Serial Link:
Data Line 0
Data Line 2 Data Line 0
Device 1 Device 2 Device 1 Device 2
10101001100
/ 110[.01010001 message 1
message 0 1.1 110001100 message/O\A /
5 E 1@1@1@@11@
message 1 110p10011001 time
time ’
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What about in Wireless/Radio?

* Any particular challenges applying the ideas so
far to RF waves”?
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Spatial constraint in Wireless

* You can directionally focus beams, but it is very,
very hard to get the spatial resolution that we get
with wires when working in the RF space

e I
Directoinal

Antenna

Omnidirectoinal

Antenna
\ /
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Wavelength of EM phenomena
plays huge part here .

* Wavelength is the spatial length &
of an electromagnetic wave

Speed of light (300,000 km/s

AN

Wavelength
(meters) frequency
(Hz or cycles per second)
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Wavelength vs. spatial features

* When spatial features are much, much smaller
than the wavelength of EM phenomena involved,

It Is very easy to get good spatial resolution of
our electromagnetic fields

* Meaning...
* Wires act like wires
* Insulators act like insulators
* Resistors act like resistors
e Circuit
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Some Wavelengths 1=

*1 Hz signal: 300,000,000m
*1 kHz signal: 300,000m
*1 MHz signal: 300 m

*10 MHz signal: 30 m

* 100 MHz signal: 3 m

*1 GHz signal: 30 cm

*10 GHz signal: 3 cm

* 100 GHz signal: 3 mm/
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In Very High Frequencies...

* |t becomes harder and harder to spatially isolate
EM signals using wires and things because stuff
just doesn’t “behave” anymore.

* The size of physical features ends up being
similar to the size of the EM wavelengths

3/12/26 6.9000 Spring 2026 16



In almost all systems

* Bits are conveyed using some mixture of:

* Energy Patterns that exist /n the three
dimensions of space

e Time...the fourth dimension

* Using these four dimensions let’s us convey
iInformation
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IN RF and High Frequency...

* Energy Patterns that exist /n the three
dimensions of space

e Time...the fourth dimension

* You kinda end up mixing time and space
dimensions a bit more to rely on frequencies of
the sighals themselves to isolate/separate
channels of information.
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Data Transmission with Wires...

Parallel Link using Wires: Serial Link using Wires:
Data Line 0
Data Line 2 Data Line 0
Device 1 Device 2 Device 1 Device 2
10101001100
/ 110[.01010001 message 1
message 0 1.1 110001100 message/O\A /
E E 10101001100
message T 110010011001 time
time "
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Data Transmission without Wires...

Serial Link using
frequency channel:

Data Line 0
Device 1 Device 2

Parallel Link using frequency channels:

Data Line 0
Data Line 1
Data Line 2

Device 1 Device 2
Data L1ne N

0101001100
0101010001 message 1
1 /

110001100 messags 0
: 1o1070011d0
0

—

message 0

| 2

10011001 time

message 1 1

time
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Anyways...

e Let’s talk about Wired Communication Protocols

* But while doing so, keep wireless ideas in the
back of your mind.

* And if we have time, we’ll hit up LoRa

3/12/26 6.9000 Spring 2026 21



Data Transmission with Wires...

Parallel Link using Wires: Serial Link using Wires:
Data Line 0
Data Line 2 Data Line 0
Device 1 Device 2 Device 1 Device 2
10101001100
/ 110[.01010001 message 1
message 0 1.1 110001100 message/O\A /
E E 10101001100
message T 110010011001 time
time "
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Parallel vs. Serial in Wires

PARALLEL PROTOCOLS

* Parallel (not so much on individual small
devices)...mostly memory and things that need to
send data at very high rates such as a camera, high-
speed ADCs, etc...

SERIAL PROTOCOLS

 UART “Serial” very common

 SPI (Serial Peripheral Interface) very common

* |2C (Inter-Integrated Circuit Communication) very
common



When Choose Parallel?

* When you need to transfer large amounts of data
over short distances, parallel is a better choice.

* Data Transfer Rate will scale ~linearly with number
of wires

* But Have to be careful of wiring length:
* Ensure bits arrive same time

* Uses lots of space!!!

0000000000 00000000

[e]
o
o
o
o
o
o
o
(o)
o
o
o
o
o
o
o
o
a

https://docs.toradex.com/102492-layout-design-guide.pdf
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Communications Trends

* Serial: good for long distance (save on cable, pin
and connector cost, easy synchronization).
Requires “serializer” at sender, “deserializer” at
receiver

* Parallel: issues with clock skew, crosstalk,
Interconnect density, pin count. Used to dominate
for short-distances (eg, between chips).

* BUT for high data movement, modern
preference is for parallel, but independent serial
links (eg, PCIl-Express x1,x2,x4,x8,x16) as a
hedge against link failures. Ethernet, USB, etc...
these all follow that same pattern
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Multiple Serial Links in Parallel

Serial Link: * Multiple separate serial

channels coexist.
Data Line O

* Generally data sent on
Device 1 - Device 2 each channelisn’t
Data Line 1 Intricately tied together

(maybe separate

etc. .. packets/message)...n

/ message2 gplitting bits across
multiple wires

message/o\ ' .
/\1‘@10)11@@115@/ message
message 1 '

10101001100

time
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Serial Standards

e A zillion Serial standards

* Asynchronous (no explicit clock) vs. Synchronous
(CLK line in addition to DATA line).

* Recent trend to reduce signaling voltages: save
power, reduce transition times

e Control/low-bandwidth Interfaces: SPI, I12C, 1-Wire,
PS/2, AC97, CAN, I2S,

* Networking: RS232, Ethernet, T1, Sonet

 Computer Peripherals: USB, FireWire, Fiber Channel,
Infiniband, SATA, Serial Attached SCSI

* Graphics: DVI, HDMI, DisplayPort

3/12/26 6.9000 Spring 2026 27



Common Chip-Chip Communication
Protocols

* Parallel (not super common, but exists in high speed
situations).

* UART (Universal Asynchronous Receive Transmit)
“serial” very common

* SPI (Serial Peripheral Interface) very common

* |2C (Inter-Integrated Circuit Communication) very
common
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UART aka “Serial” [™, e

RX >

e Stands for Universal Asynchronous Receiver Transmitter

* Requires aﬁreem_ent ahead-of-time between devices
regarding things like clock rate (BAUD), etc...

* Two wire communication for bi-directional (or one if you
only want to talk and not listen like a bad relationship
partner)

e Cannot really share

* (every pair of devices needs own pair of lines so wires scales as
n where n is the number of devices)

* Data rate generally < 1Mbps (though can maybe push a
little bit)

* Data sent least significant bit (lsb) first
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The Naming on UART Is Perpetually a
Mess with the TX/RX confusion

* When working with UART take care to pay
attention to the TX and RX pins.

* They are complementary...one device’s TX talks
to another devices RX.

 But boards and datasheets will sometimes label
things backwards
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UART

* Line High at rest (“high” an “low” depend on system
specs...5V/0V...3.3V/0V, -12V/+12V...)

* Drops Low to indicate start

* 8 (or 9 bits follows) sent least significant bit first

* Goes high (stop bit)

* Can have optional parity bit for simple error correction

From To
TX: 21 % RX:
5 T30 1 1 00 1 0 %

_ J
Y

0x8d of ’M’ in ASCII
sent lsb first!
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In UART, messages must be short
(one byte)

* Both parties must agree ahead of time to a bit rate.
* A bit rate is bits per second

* Does everyone know what a second is?

* Does everyone actually know what a second is?

* What is a second?

* What is life?

* What are we even doing here?

* What are the implications of imperfect
synchronization?
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Timing Differences

« Atomic Clocks can range from $1500 to
$200,000 depending on how good you want
them.

* If we want commodity electronics to be cheap,
$200,000 makes that relatively hard to do.

* We must use “good-enough” local clocks and we
build up communication protocols to
accommodate for that.

* You must Synchronize your data transmission
and reception
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Synchronization

TX timing:
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RX timing:

Receiver sees the high signa
and waits for it to fall.

From that edge it starts its
timing
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\ 4

Even if the timing of the RX and TX sides
differ slightly, by keeping the messages
short, the chance of getting too far out of
sync is very, very low.

Every new byte forces a resynchronization
so errors never get a chance to
accumulate too far!
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UART and RX/TX and RTS/CTS

* UART will also sometimes come with

* “Ready to Send” signals (RTS)
* “Clearto Send” signals (CTS)

* These are Flow-Control Signals that allow the two
parties to tell each other if they have data to send if
they are ready to receive data

Device 1 Device 2
RTS/CTS
RTS CTS

X RX

RX X

CTS/RTS
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UART Transmission

* RTS and CTS sit high. Each device in charge of
setting the RTS and listening to the CTS

* Device pulls RTS low. Other device sees that and
then pulls its CTS low in response

“l have data to give”

RTS
From TX: To RX:

Transmitting Device

- Receiving Device

Data will not start until “handshake” has happened
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UART Thoughts? Goods? Bads?

* Everything contained within one wire for the
most part?

* Not super fast

3/12/26 6.9000 Spring 2026

37



Data Synchronization

* In UART, small data bursts with periodic
resynchronizations are needed to make sure
both parties produce and read data at the same
time.

e How else to do this?

3/12/26 6.9000 Spring 2026
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Common Chip-Chip Communication
Protocols

* Parallel (not super common, but exists in high speed
situations).

* UART (Universal Asynchronous Receive Transmit)
“serial” very common

* SPI (Serial Peripheral Interface) very common

* |2C (Inter-Integrated Circuit Communication) very
common
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Note on Terminology

* Master/Slave terminology is heavily used in SPl and
|12C...Master controls a bus, Slave listens.

* Acknowledge the issues with it, but also because
many datasheets/vendors still use it, it is hard for us
to separate from it completely.

* Changing slowly

* Maybe use "Main”/”Secondary” to keep the letters the
same or "Controller” and “Peripheral”

* Also seeing SDO/SDI for “Serial Data Out/In” with
respect to controlling device more recently
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MOSI/ also = SDO “serial data out”
S P I Controller Peripheral] MISO also SDI “serial data in”

Device Device

Also seeing now:
COPI = Controller Out Peripheral In
CIPO = Controller In Peripheral Out

e Stands for Serial-Peripheral Interface

e Four Wires:

* COPI: Controller-Out-Peripheral-In...
* CIPO: Controller-In-Peripheral-Out...
* SCK: Serial Clock

* CE/CS (Chip Enable or Chip Select)

* SCKremoves need to agree ahead of time on data rate
(from UART)...makes data interpretation much easier!

* High Data Rates: (1TMHz up to ~70 MHz clock (bits))
* Data msb or Isb first...up to devices
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Controller

SP| Expansion

e Can share COPI/CIPO Bus so the wire
requirement scales as 3 + nwheren
Is the number of devices

* Addition of multiple secondaries
requires additional select wires

* Hardware/firmware for SPI is pretty
easy to implement:
* Wires are uni-directional

* Classic “duh” sort of approach to digital
communication, but very robust.

3/12/26 6.9000 Spring 2026

CE1/CS1

Device 2
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SPI| Example

MCP3008 is a 8-channel 10 bit Analog

to Digital Converter from Microchip
Semithat communicates over SPI

ESP32C3

MCP3008

CS
A

From MCP3008 Datasheet

teve

SGL/
DIFF

HI-Z

Din ser| | D2]D1]D

[=]
e/
S
=_
[e]
o
!
H
O
N

Dout

a high-impedance node.

tconv | k.
tsampLE tpaTa

* After completing the data transfer, if further clocks are applied with CS low, the A/D converter will output LSB
first data, then followed with zeros indefinitely. See Figure 5-2 below.

**tpaTa: during this time, the bias current and the comparator powers down while the reference input becomes

Here | am talking to a MCP3008 10 bit ADC

—

COPI/MOSI

XX1T100I1IXXXXXXXXXXXXX

\ [\

CIPO/MISO

XXXXXXXX00001011011

| U A A /
SCK

EAYAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV A

3/12/26
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Sends its data msb first

Not all devices do this
(must check datasheet)
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S PI Exa m p le Come from datasheet

d

CS

/-

XX XX

COPI/MOSI

XX11001XXXXXXX
-\ [\

CIPO/MISO

XXXXXXXX00001011011
U A W -/

SCK
EAYAYAYAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV AN,

- (Controller/Main Device) Dialog

X means don’t care as in
- MCP3008 (Peripheral/Secondary Device) Dialog

couldbe 1o0r0
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SPI In Real Life

same chip | was

daydreaming about talking
to on the previous slide.

(o je;éjf.".‘."'."_"'.

[ Jm ;
Ililllf‘l"lh"ﬂlll"“w“l‘lﬂhj o il lu||u|n|u|w|ﬂmwn||ln»lunuuum.nu||| il |un1

cop 11001000001011011

e Dreams do come true

* I’'m saying, “give me your cHit*8
measurement on Channel ESEEENIETY
1,”and it is responding
with “10°’b0001011011”
mapped to 3.3V or 0.293 V
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REMINDER: Digital In Analog Life
vs Digital in Digital Life

* What noise? | don’t care about noise (within reason)

WIMPGEINIE0S CURSOR

o i

|||| b 1l| : '
] i mlmmlw snwuu ‘lwwlw \Mmpq b |i| il |! ud il uuuu[ i

Logic Analyzer Capture of SPI
transaction

3/12/26
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CHT® rlrJa'Bu lll ||||i|| MSUDns .
5 B00VEY  CHA B0y

Oscilloscope Analog Capture of
different SP| transaction
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SPI| Variations "ff—
oo

. S|X W| res: Device CEQ/CSO Device
: : o
* COPI: Controller-Out-Peripheral-In T Rres

* CIPO: Controller-In-Peripheral-Out
* SCK: Clock

 CE/CS (Chip Enable or Chip Select) LCD Display:
* RES: Reset Device e —

 D/C: Data/Command (often seen in devices
where you need to write tons of data (i.e. a
display)

* Three/Two Wires:
* If a device has nothing to say, drop CIPO:

* |[f you assume only one device on bus drop
CE/CS, so only have SCK and COPI,
sometimes just called “DO” (for data out) in
this situation
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Other SPI Variations

Controller
Device

* QSPI: “Quad SPI”

* This is basically SPI...

* But there will be four data transfer pins instead
of one

* See in a lot of flash memory chips

* This really isn’t “Serial” in the way God meant it
though...the bits are usually sampled together so
It is a parallel data transfer just poorly named
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Other SPI Variations

Controller
Device

* 8SPI: “Octal SPI”

* This is basically SPI...

* But there will be eight data transfer pins instead of
one

* See in a lot of weird hybrid RAM chips

* Again if this isn’t parallel data transmission, | don’t
know what is...butitis called SPI
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SPI Conclusions

* Itis avery simple and very robust "idea” of a
protocol.

* The simplicity comes at the expense of many
wires

* And often...some of the complexity is
deferred...There are many variations and dialects
of it, so you should always always always read
the datasheet for these things.
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Be careful! Read Datasheets

* Abig screw-up
point is mixing up
clock
polarity...sometim
es datais
sampled onrising
edge...others on
falling edge

Table 1. SPI Modes with CPOL and CPHA

SPI Mode

0 0
1 0
2 1
3 1

Logic low

Logic low

Logic high

Logic high

e Clock level atidle can also matter sometimes

3/12/26

6.9000 Spring 2026

Data sampled on
rising edge and
shifted out on the
falling edge

Data sampled on
the falling edge and
shifted out on the
rising edge

Data sampled on
the falling edge and
shifted out on the
rising edge

Data sampled on
the rising edge and
shifted out on the
falling edge
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SP| Upsides?

* Simple to Implement

* Capable of Very High Speeds (50 MHz is not rare
for some displays)

3/12/26 6.9000 Spring 2026
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SPI Downsides?

* A lot of wires...which might seem like N.B.D., but
In reality pin count is a huge cost factor in chip
manufacture...tons of economic pressure to
minimize this....you’re likely feeling this right
now!

* At very high speeds it actually gets really noisy
especially QSPI or OSPI
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Common Chip-Chip Communication
Protocols

* Parallel (not super common, but exists in high speed
situations).

* UART (Universal Asynchronous Receive Transmit) very
common

* SPI (Serial Peripheral Interface) very common

* 12C (Inter-Integrated Circuit Communication) very

common
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12C

* Stands for Inter-Integrated Circuit
communication

* Invented in 1980s

 Two Wire, One for Clock, one for data...Both
wires are technically bidirectional, meaning each
side can use them

* Usually 100kHz or 400 kHz clock (newer versions
go to 3.4 MHz)

Peripheral

Controller ;
Device

Device
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On i2C Multiple Devices Require
Same # of Wires

* Devices come with their own ID
numbers (originally a 7 bit value
but more modern ones have 10
bits)...allows potentially up to 2’
devices or 2'° on a bus
(theoretically anyways) Peripheral

Device 2

SDA
Peripheral
DI N 4
SCL

* [ID’s are specified at the factory?*,
usually several to choose from
when you implement and you
select them by pulling external
pins HI or LOW

*sometimes programmable
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12C

* Only two wires...one used for synchronizing data
and one used for conveying data in both
directions:

» Controller = Peripheral
» Peripheral 2 Controller
* And also you need to let

multiple devices possibly SDA

speak and listen... Cheice 1. L | eriehera
SC

e There’s a lot here... )

* |t needs more complicated:
* Hardware

Peripheral

* Communication Protocols Device 2
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Bi-Directional Communication

Peripheral

Controller 5
Device

Device

* Hey those arrows are going both ways...how
does that work?

3/12/26 6.9000 Spring 2026
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How Do Digital Electronics Set Voltages on
a Line?

* We use CMOS Logic PEET

* A pair of
complementary
transistors that can
alternately connect
and isolate from VDD
and Ground 7

VOUT
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Put 1 on output?

* Low input

conducts

* PMOS conducts

« NMOS no conduct 9

3/12/26 6.9000 Spring 2026
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Put O on output?
* High input
* PMOS no conducts

* NMOS conduct

3/12/26

doesn’t

conducts

6.9000 Spring 2026
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How Do Digital Electronics Listen
to Voltages on a Line?

e Some sort of buffer

* [ts input takes very little
power/current from the

line

* A quiet, ideal observer
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So in Unidirectional
Communication Schemes...

Vbp | Set the voltages
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A buffer is itself usually CMOS, but its
Input is at the Gate-side of the FETs

Vpp | Set the voltages Vpp
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What about If two or more devices want to
share one common wire to communicate?

e Sounds like socialism...can’t have that...it’ll be
a mess and none of the transistors will ever
want to work...

* Jkjk

* But seriously electrically you have a problem...
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What about if two or more devices want to
use one common wire to communicate?

And | Set the
* Electrically you have a problem... e
Vpp | Set the voltage to 1 Vbp
PFET-. £ /e PFET
ON R JEnSt OFF
VIN VIN
SHORT
CIRCUIT
CURRENT
NOT GOOD V..
NFET =" - - T NFET
FF ON
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What Do You Do in Times of Conflict?

* You dig your heels in and waste tons of energy.
Screw the other transistor. The correct answer is
1, not 0...everyone on r/1 agrees with me 1News
Comment section backs me up.

* Jkjk

* You come up with some compromises...everyone
gives a little bit...everyone gets a little bit

* Each side gives up a transistor
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Before We Had This...

3/12/26

Vbp
PFET ...
Vin Vour
NFET - =

6.9000 Spring 2026

68



Now We Have This...

utis either Low

3/12/26

VOUT

6.9000 Spring 2026
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Now We Have This...

ouT

Z stands for “impedance”

* 0 (when transistor conducts) -
—

 “HiZ”...basically electrically undefined (when transistor does
not conduct)
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Now Connect up two of these circuits...

* Yeah...what does this give us?
* Each side can make a 0 by activating its transistor
° l ?

Can each side make a 1% NO

VOUT
V|N 4 F V|N
NFET - = " NFET
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Bring in an Ombuds Component

* Each side can make a 0 by activating its transistor

* We use a neutral third-party component, trained in
conflict mediation to give us 1.

VDD

VOUT
V|N 4 F V|N
NFET - = " NFET

3/12/26 6.9000 Spring 2026 72



3/12/26

&\ Ombuds

- o

1/ Office

Supporting the MIT community since 1980

WhatWeDo » + FAQsandResources »~v WhoWeAre T

6.9000 Spring 2026

MIT Ombuds Office

The Ombuds Office is a confidential and
independent resource for all members of the MIT
community, including students, faculty,
employees, alumni, and employees of Lincoln
Lab, to constructively manage concerns and
conflicts related to your experience at MIT.

We support your success in work and studies by
helping you to analyze concerns, clarify policies
and procedures, and identify options to
constructively manage conflicts. We also provide
systemic feedback to strengthen MIT and
promote a fair and respectful culture.
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Common Pull-Up Resistor

* Prevents the Possibility of Short Circuits Always must go
through this resistor (choose size to limit current)

* End up choosing several Kilo Ohms usually to keep
current below TmA

VDD

Rpy

VOUT
V|N 4 F V|N
NFET - = " NFET
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Result each side has this:

Measure
Buffer

* [f you want to say ”0”, you activate your transistor

* If you want to say ”1”, you inactivate your transistor and let
resistor pull you up

* If you also want to listen you inactivate your transistor and
monitor the line voltage
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As a result:

vdd

Controller Peripheral

| Mode | Controller | __Peripheral

Controller Transmit HiZ (HI) or LOW HiZ (listening)
Peripheral Transmit HiZ (listening) HiZ (HI) or LOW
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So in Deployment...

* i2C uses an open drain

* Meaning both Controller and Peripheral Device are
either:
« LOW

* “High-Impedance”

* Need external pull-up resistors on both parts of |12C
to make it work

T .
hese Fesistors gre large reason
why data rate is so low!

3.3y 3-3V

P—

Controller
Device
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Common Pull-Up Resistor

* We choose the pull up resistors to be in the K range
usually to keep current/power down.

* This has the downside that parasitic capacitances lead
to relatively large time constants in charging/discharging
the line Vor

Rpy approx few KOhms

Cp

C, represents the
parasitic capacitance

NFET - - = " NFET

Vi 4|

. 'v
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So in Deployment...

* So with all this together...we can see that there needs
to be a lot more order in how to use the |12C
wires...things pull double-duty depending on context.

T .
hese resistors gre large reason
why data rate is so low!

3.3y 3.3V

P
4.7kQ

SDA
Controller - Peripheral
Device .

Device
SCL

Nobody ever seems to remember this or thinks I’'m making this
up. This isn’t like seatbelts or vaccines which
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1I2C Operation

* Data is conveyed on SDA (Either from Main or
Secondary depending on point during
communication)

* SCLis a 50% duty cycle clock

* SDA generally changes on falling edge of SCL
(isn’t required, but is a convenient marker for
targeting transitions)

* SDA sampled at rising edge of SCL

* Main is in charge of setting SCL frequency and
driving it

» Data is sent msb first oW ™ epl
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Meanings I: (Start, Stop, Sampling)

Controller Releases Bus (STOP)

Controller Claims Bus (START) By pulling SDA Hl while SCLis HI

dle State By pulling SDA LOW while SCL is HI

SDA and SCL sit HI

SDA: .
[ ]
[ ]
: OO0 00000000 000O0COCGEOGEOSEOSOSOSONO
.
[ ]
[ ]
. Data/State on SDA transitions co oo
HI ‘
SCL: @ falling edge of SCL

LO

Data from SDA sampled @ posedge of SCL
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Meanings || Address

* First thing sent by Controlleris 7 bit address (10
bitin more modern i2C...don’t worry about that)

* |f a device on the bus possesses that address, it
acknowledges (ACK=0/NACK=1) and it becomes
the secondary for the time being.

* All other devices (other than
Controller/Peripheral Devices) will ignore until
STOP signal appears later on.

3/12/26 6.9000 Spring 2026
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Meanings lll (Read/Write Bit)

* After sending address, a Read/Write Bitis
specified by Controller on SDA:

* |[f Write (0) is specified, the next byte will be a register to
write to, and following bytes will be information to write
into that register

* |f Read (1) is specified, the Peripheral Device will start
sending data out, with the Controller Device
acknowledging after every byte (until it wants data to
not be sent anymore)
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Meanings IV (ACK/NACK)

* After every 8 bits, itist
acknowledge or not ac

ne listener’s job to
Kknowledge the data

just sent (called an ACK/NACK)

* Transmitter pulls SDA HI and listens for next

reading the next time SCL transitions high:
* If LOW, then receiver acknowledges data
* |[f remains HI, no acknowledgement

* Transmitter/Receiver act accordingly
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Meanings V (omg it keeps going)

* For Controller Device to write to Peripheral Device:

START

Send Device Address (with Write bit)

Send register you want to write to

Send data...until you’re satisfied, doing ACK/NACKSs along the way
STOP

* For Controller Device to read from Peripheral Device a common (though not universal
procedure) is:

START

Send Device Address (with Write bit)

Send register you want to read from (think of this like setting a cursor in the register map)
ReSTART communication

Send Device Address (With Read bit)

Read the bits (it’ll start from where the cursor was left pointing at)

After every 8 bits, it is Controller’s job to ACK/NACK Peripheral...continued
acknowledgement leads to continued data out by Peripheral.

Not-Acknowledge says “no more data from Peripheral”
STOP leads to Controller ceasing all communication
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Board: $5.00 from Ebay

MPU-925Q S

* 3-axis Accelerometer (16-bit readings)
* 3-axis Gyroscope (16-bit readings) A

« 3-axis Magnetic Hall Effect Sensor (Compass) (16 bit reaings)
* SPIl or 12C communication (!)...no analog out

* On-chip Filters (programmable)

* On-chip programmable offsets

* On-chip programmable scale!

* On-chip sensor fusion possible (with quaternion output)!

* Interrupt-out (for low-power applications!)

* On-chip sensor fusion and other calculations (can do orientation
math on-chip or pedometry even)

* So cheap they usually aren’t even counterfeited! ©
e Communicates using eithei ;g or SPI
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Implementing i2C on ESP32 with

MPU9250:

* Made Controller i2C module ESP32
* Used MPU9250 Data sheet: 42 pages (basic

functionality, timing requirements, etc...)

* MPU9250 Register Map: 55 pages || & |

3/12/26 6.9000 Spring 2026
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Communication Part

@ INT #on

W NCS "'
T)FSYNC

SDA MPU9250

101101000000011101101001101000100110111080
\/ / \ [ -/ | N A VY A W A [\ / \/ | W

SDA 01010101010101010101010101010101010101110101010101010101010101010101010101010  °°*°
EAYAVAVAVAVAVAVAVAVAVAVAVAYAY AV AVAVAVAY AR VAV AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAR

SCL
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Comunication Part

wncs L
)FSYNC '

ACTI1
A lab late at night, right before @ final project is due.

FPGA: 10. 1101000. 0.

MPU9250: 0.
FPGA: 0111011

101 MPU9250: 0.
—\_/—1\_6/—1\@000@@@1 FPGA: 1.
SDA 010 ) (MPU9250 lo;)kéA taken aback by the sudden change in

10101010101 conversation. F appears not 10 notice.)
EAYAVAVAVAVAVAVAVAVAVAVAVAW,
010101019 ZPGA: 10, 1101000....1-

SCL MPU9250: 0.

(MPU925 0’s concemn transforms into a knowing smile).
MPU9250: 01 101110.
FPGA: 0.
(The two talk deep into the night as the curtain falls)
3/12/26 End of Act1

69000 Spring 2026

89



Communication Part

O INT

e
_!
|
!1

::thsL*o
SDA MPU9250

Q

o

£
Nexys4 Acknowledge=0 ReStart MPU9250 0/6

Write=0 Read=1 Acknowledge=0 7(%
Start Device Address Ox68 evice Register (0x3 Device Address Ox68)‘ J Data Read In

1@1101@@@@@@@111@11@1@@1101@0@ 011011100
SDA/_ /™ "\ [\ / (- \_

01010101010101010101010101010101010101110101010101010101010101010101010101010
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Communication Part

T)FSYNC

SDA MPU9250

“Hey, 0x68...”
“Hey, 0x68...” "ACK...
“Look at your “Different thought” “Read to me More, please”
. ' ' , I wanna te y 0x6B register” from, where. )
| claim this bus you somet you’re looking

10110100000001110110100110100010011011100
SDA™T _/—\ I UV VY A VY A W A [ | —

01010101010101010101010101010101010101110101010101010101010101010101010101010

ESP32 (Controller Device) Dialog I MPU9250 (Peripheral Device) Dialog
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Communication in Real-Life:

3/12/26

Data being sent to MPU9250 Data being sent from MPU9250

I ‘ﬁinll m-m ‘ MPos 1054ms CURSOR ‘
SRS Ay ; Type '
SOUICP ’

“”WWWRMWWHHMHJ Wﬁlﬂﬂ HHWJUHWJM’MJW WL

U

T

Triggered on leaving IDLE state

6.9000 Spring 2026
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Running and reading X acceleration:

——

HOOKUP

Horizontal:

Vertical:

16°’hFD88 =16’b1111_1101_1000_1000 (2’s complement)16’h4088 = 16’b0100_0000_1000_1000 (2’s complement)
Flip bits to get magnitude: 16’b0000_0010_0111_0111

Leave bits to get magnitude: 16’b0100_0000_1000_1000
=-315 =+16520
Full-scale (default +/- 2g)

Full-scale (default +/- 2g)
-315/(2**15)*2g = -0.02g © makes sense -16520/(2**15)*2 = +1.01g © makes sense!
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Clock-Stretching (Cool part of 12C!!!)

* Normally Controller drives SCL, but since Controller
drives SCL high by going hiZ, it leaves the option
open for Peripheral to step in and prevent SCL from
going high by pulling SCL LOW

Main wanted to pull SCL HI but
Secondary prevents by pull LOW

‘ (red never happens)

SCL: ' \ ’ \ ' \ l ' \ ’ \
[ N [ N
‘ Once Secondary goes HiZ again,

Main picks back up on SCL

* Allows Peripheral a way to buy time/slow down things (if it
requires multiple clock cycles to process incoming data and/or
generate output)
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|2C Can Also Be a “Multi-Controller” Bus

* In SPI, there is a pre-determined device in
charge of the system. 12C is potentially much
more egalltarlan Controller Releases Bus (STOP)

Controller Claims Bus (START) By pulling SDA Hl while SCLis HI

By pulling SDA LOW while SCL is HI

Idle State
SDA and SCL sit HI
o0 000
SDA: HI

LO 00 00 0000000000000 0000

* Devices can be design to yield based on who claims a bus
first...but you have to be careful...what if two devices claim a bus
at the same time...potential problems? Can get bus contention

so need to be careful
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Compare and Contrast?

* Generally the fewer the wires the more rigid the
protocol

* SPI can be very flexible and high speed (have
only 10 bits to send? No problem...send
10!...can’tdo that do that with i2C...need to zero-
pad up to the next full byte (16 bits)

* |n terms of implementation, generally with
communication protocols, the more wires, the
easier the protocol/less overhead
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Which to Choose?

* UART is fine but can be weird sometimes.

* SPIl is generally easier and more flexible to
Implement, but only certain devices use it since it
takes up a lot of pins (and pins are expensive/limited)

* ”"Slow” and “Fast” data rates are relative t0o...i2C is
not as much of a compromise now as it was fifteen
years ago, particularly with high-speed i2C (or even
now that 400 kHz rates are common)

* Remember, these are all meant for chip-to-chip
communications!
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What are You Choosing/Using?

* Discuss Amongst Yourselves...

3/12/26 6.9000 Spring 2026
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What About Wireless?

* A lot of the same ideas in wired communication
apply in Wireless/Radio

* Data is conveyed over time and there is a tension
between sending it in parallel vs. serially.

* An added complication is it is very very tough to
spatially isolate one sighal from another like we
can do at low frequencies using wires so instead
obtain signal isolation using filters

* LoRa is an interesting protocol to look at with all
of this in mind.
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Certain Sine waves really can
travel

Visible light Most of the Long-wavelength
isible li : s
; observagle Infrared spectrum Radio waves observable radi?) waves °
Gamma rays, X-rays and ultraviolet absorbed by from Earth
light bl from Earth, ; : blocked.
g ocked by the upper atmosphere ; atmospheric
(best observed from space). with some gases (best
atmospheric e
distortion. from space).
100 %
9
S
>
<x
a8 50%
=X}
g0
<
0%
0.1 nm 1nm 10 nm 100 nm Tpm 10 pm 100 pm 1 mm 1cm 10cm Tm 10m 100 m 1 km
Wavelength
<
frequency

https://en.wikipedia.org/wiki/Radio_window
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Wavelength of EM phenomena
plays huge part here .

* Wavelength is the spatial length &
of an electromagnetic wave

Speed of light (300,000 km/s

AN

Wavelength
(meters) frequency
(Hz or cycles per second)
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Send a Particular Frequency

e Send a sinusoidal wave

\
at a particular
amplitude, frequency g

and phase

* Do the Fourier Transform over a portion of time T
and convert the time-series in that period to
frequency

nlT +T

F(o)= [ f@{t)e " dt
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Sendinga1kHz | A A A

pure Sine Wave J U

A

1Khz Sine Test t=4:57
400 450 500 550  BOC

N
=
=

=

3

e

<

13

o

[
w

frequency

100 150

ttps://github+com/ jdesbonnet/audio-to-waterfall-plot-video

Waterfall Plot of 1kHz sine wave

time
https://www.youtube.com/watch?v=X-z1-1zKH30

3/12/26 6.9000 Spring 2026 103



If you heeded to convey information
on this wave what could you do?

v(t) = Acos(wt + @)

* You could do what?
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If you heeded to convey information
on this wave what could you do?

v(t) = Acos(wt + @)

* You could:
e Vary the amplitude (Amplitude modulation)

v(t) = A(t) cos(wt + @)
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If you heeded to convey information
on this wave what could you do?

v(t) = Acos(wt + @)

* You could:
* Vary the frequency (frequency modulation)

v(t) = Acos(w(t)t + ¢)
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If you heeded to convey information
on this wave what could you do?

v(t) = Acos(wt + @)

* You could:
* Vary the phase (Phase modulation)

v(t) = A Cos(wt + qb(t))
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As soon as you start to change
any of these over time though...

* This opens the door to sending information

(since a receiver could extract these changes
(VERY GOOD!)

* The signal you send is no longer a simple sine
wave and instead starts to take up more space in
the frequency spectrum (PROBLEMATIC)!

* Anything other than a continuous sine wave expands
out in both directions and starts to be comprised of
other frequencies
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nT+T

F(w)= [ f(t)e “dt
This is a Morse Code signal

* Literally just turning on/off a sine wave over time

Most energy still located at the original
sine wave, but, start to see significant
spectral content on both sides bleeding
out A

frequency

time
https://www.onallbands.com/waterfall-displays-what-information-do-they-provide/
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nT+T

F(o)= [ f({t)e dt

More to the Extreme

* Transmitting Human Voice/Music using FM

A

frequency

time
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Conclusion 1:

* Sending Information wirelessly takes up non-
negligible frequency space (spectrum)

* The more information you try to send per unit
time, the more frequency space you take up
(bandwidth)

* Shannon and Hartley showed this. It is the law.
You cannot avoid it. You cannot outsmart it.

* This means if more than one person wants to

send information wirelessly in same
region....they need to avoid each other’s space
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915 MHz ISM Band

* I[Industrial, Scientific, and Medical = ISM

* 26 MHz wide hellscape of region in the RF
spectrum where licensed and unlicensed
equipment live and operate together.

* LoRa operates in that region

]
8
3
H

ISM - 915.0+.13MHz
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Conclusion 1b:

* Sending Information wirelessly takes up non-
negligible frequency space (spectrum)

* The more information you try to send per unit
time, the more frequency space you take up
(bandwidth)

* You have to send multiple frequencies if you
want to send information!
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Wavelength vs. spatial features

* When spatial features are much, much smaller
than the wavelength of EM phenomena involved,
It Is very easy to get good spatial resolution of
our electromagnetic fields (act like light does...)

* When they are not....they not...they act like
waves

* The patterns of those waves is an extreme
function of frequency!
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Problem...

* Different frequencies may travel and arrive at
different strengths at the receiver.

’é’na [
& 9y
TX ®ney 5 RX

3/12/26 6.9000 Spring 2026
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Bad Modulation Schemes

* Generally map the information they want to send
to particular frequencies.

* Amplitude modulation is one example.

* When you send AM audio, the 440Hz audio tone
gets mapped to a specific frequency. If that
frequency gets messed up relative to other
frequencies (carrying other audio tones), the
result will be distortion.
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Better Modulation Schemes

* Generally try to spread information out
democratically across the frequency so that no
one bit of information gets particularly penalized
over other bits of information.

* FM, PM, QAM, etc...

* And LoRa
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LoRa

* Long-Range (LoRa) sends data using “chirps”

* Asignal sequence that starts at a low frequency
and goes to a high frequency

Signal
Chirp & /\ |\
Up 5
i il

Time
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LoRa Chirps in Frequency Space

Comparison of LoRa Spreading Factors: SF 7 to SF 12

-40
900
800 -60
700
-80 —_
_ I
3:: 600 g
% ol ]
c 500 2
3 I 100 §
g E
L 400 5
300 -120
200
-140
100
0
10 20 30 40 50 60
Time(ms)
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LoRa Chirps with different
Spreading Factors

Comparison of LoRa Spreading Factors: SF 7 to SF 12

-40

900
800 -60

700

(o2}
o
o
'
o]
o

)]
o
o

8
Power/frequency (dB/Hz)

Frequency(kHz)

H
o
o

300 -120

200

-140
100

10 20 30 40 50 60
Time(ms)
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Lora Chirps with different
bandwidths

LoRa Orthogonal Symbols

-40

-60

-80
/ 100
» -120

-140

900

800

700

Frequency (kHz}
w [*)]
o o
o o

5
o
[=]

300

200

100

5 10 15 20
Time (ms)

https://www.mdpi.com/2079-9292/12/13/2952
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On the Receiver (RX) side...

* Agree ahead of time on SF and BW

Unknown
message =3

chirps =
comingin /

on TX R

time
Reference -
chirpson 2
RX
time
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cos 6 cos p = %(cos(@ — ¢) + cos(0 + ‘P))a

What happens when you multiply
two frequencies?

v(t) = A - cos(f,t) - cos(f,-t)

e Becomes...

~

v(t)—— cos((f + fr)t) 5 cos((ﬁ fm)t)
J
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Transmitted symbols

-40
T 100 : l ' ' ’ 60 ¥
x @
- 80 B
e 100 8
& so0 - £
= 120 g
()

o . ' ' 140 &
0 5
5 10 15 20 25 30 35 40 45 50
Time (ms)
De-chirped symbols
= -40
= n
100 :
i 60 I
S 80 =
e g

b g s0 -100 g
= 120 &
:‘:, 140 &

0

5 10 15 20 25 30 35 40 a5 50
Time (ms)
FFT of de-chirped symbols
300 7 T T T T

B 200} ’ '
E' wol | ’ i -
< I ||

ok it w"wl» AAAAMPIMMAAAAAMUMANIMAAASMAAAMASAMMAMA A W

0 50 100 150 200 250 300
FFT bin

LoRa demodulation to FFT bins.

Liando, Jansen & Gamage, Amalinda & Tengourtius, Agustinus & Li, Mo. (2019). Known and Unknown Facts of
LoRa: Experiences from a Large-scale Measurement Study. ACM Transactions on Sensor Networks. 15. 1-35.

10.1145/3293534.
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After Dechirping and Frequency
Extracting

* You get symbols and those symbols have
iInformation associated with them

* Varying the features (SF and BW

Zhang, Chenlu & Dang, Hua & Xiong, Yifeng & Yan, Tiangi. (2019). Spread spectrum algorithm resistance to wideband non-stationary interference. The
Journal of Engineering. 2019. 10.1049/joe.2019.0714.
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Same Chirp Duration, but bigger
BW

LoRa Orthogonal Symbols

900

800 60

A / / )

-140

700

Frequency (kHz)
w [=2]
o o
o o

E3
o
o

300
200

100

5 10 15 20
Time (ms)
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Same Bandwidth, different SF

Comparison of LoRa Spreading Factors: SF 7 to SF 12

* How many
bits of info
encoded e
per chirp oo

)]
o
o

Frequency(kHz)
g

5
o
o

094//1/’///1»—”"””—

300
200

100

10 20 30 40 50 60
Time(ms)
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Dechirping

* Dechirping transforms the symbol that got sent
from a thing that existed on many frequencies
Into a signal that now exists on one single
frequency

Chirp that varies
in start time
encoding
information

De-chirped
constant
frequency symbol
of chirp duration in
time
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nT+T

Below the Noise Floor F@=iswe™d

e Because the information is encoded in the

frequency that should be constant, the final
challenge is to do a Fourier Transform over the
entire symbol duration

3/12/26 6.9000 Spring 2026 130



nT+T

Below the Noise Floor F@=iswe™d

* This actually means that the signal can be below the
noise floor (hidden) and because of the integral
involved in the Fourier Transform, the symbol can get
elevated above the noise floor in process
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Out of time

e Done

* Amazing world of communication!
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