AT
SLIENCE
’L'IDIESHGINI

Lecture 11 - DIGITAL COMMS

Communication is key!

gital Communication | pcb.mit.edu | yaypcbs@mit.edu @M/f


http://pcb.mit.edu
mailto:yaypcbs@mit.edu

AT
SLIENCE
’L'IDIESHGINI

But first...

Course Review (System Design)
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System Design ;,é,fﬁ’&“

IAP 2026
Printed Circuit Boards are medium for fabricating electronic devices

PCB Design

You just did this!
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System Design

Defining System Parameters

After devising a solution (our electronic system), we need metrics to

Electrical Performance

design/measure it by

Form Factor

Manufacturability

How well the device operates

» Speed/clock rate
Output power
Latency

Resolution
Accuracy

Power consumption

Defined by the problem-to-
be-solved

How the user interacts with
the device

» Size

* Weight

» Control interfaces

* Training requirement

Defined by the end-user

How the device is built

» Cost

* Procurement speed

» Fabrication constraints
» Assembly constraints
 COTS or custom

» Export restrictions

Defined by PCB fab/assembly
capabilities

Lecture 11 - Digital Communication | pcb.mit.edu | yaypcbs@mit.edu

COTS — Commercial Off The Shelf
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System Design
Modelling the System

2-words, 3-syllables: Block Diagrams!

Abstract the electrical system into lumped
components and use circuit interconnections to
show the flow of information/power/electrons
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AN~

MP3
Recorder

L]
O

VCO

PA

LT

Af

IF

)

LO

RE

LNA

T t1 At=t1+t2
t Q

. Target

- |
RF—-
Al PA Antenn
S S IF enna
< <
Ald
L
-0 v 50 Qi LO .
<}_
(c)
Breakdown the system into (d)

individual components
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System Design SUERCE
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MOde"ing the System Block diagrams help explain
system functionality at a high level TRP 2026

Tx Subsection 2!’10:239;3 ' Transmlt \ Recelve
p- —— y

S ; S~ S X
S1=CW: 1200 MHzal-znogécne‘@—L/ﬂ { 1 S : |_| ;
\_ﬂ AntPath_1

Gain_Block_Tx Power_Amp LPF_Tx
G=31dB10 G=20dB10 Fpass=1300 MHz —
G1=5dB10
G2=5dB10
Frequency Doubler LNA
G=42dB10
Upconverter
ConvGain=-6 dB Doancanv;r;A;
LO=13 dBm OnviSain
Y \ o LO=13 dBm
[[ : W & : LPF_IF
= h - 5=20
. 3 BPF_Doubler Gain_| Block Doubler 55=200 MHz out
Splitter Flo=2300 MHz G=14 dB10 Voo == 70500
Fhi=2500 MHz NF=1.1 dB10

PORT=2
Rx Subsection

Using our block diagrams we can perform
simulations at various levels:

1. System level

2. Circuit level 2> We did this using SPICE!
3. Component level

@ M7
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Schematic SN
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Block Diagram
g IAP 2026
Ant Interfaces
: ; RF Amp
i R?dlo Microcontroller Display
Receiver
Power
Regulators
Audio Amp Speaker
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Basic PCB Layout SN
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Design Flow AP 2026

Weig

8l Verification

¢ DRC Report
e Simulation

Placement Routing

] » Rooms/Blocks
¢ Keep-out zones

¢ Individual
component
arrangement

¢ Board shape

¢ Mechanical
Features

e Stackup

¢ Trace routing
e Copper pours

J

Repeat as needed
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System Design

Course Project

Identify Problem | @

Devise Solution V

Identify System V

Parameters

Create/Model
System

=l

FM radio receiver

4

Course Project!
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SCIENCE
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Design PCB! |

> Fabrication

> Test/Debug
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System Design

Or your...
« UROP
Class project

Now you’re all set to design...

Thesis

Personal pursuit

Radar Education Platform

Driver Assistance

Terminal Missile Defense M/]’
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Outline

Lecture 11 - Digital Communica

tion

® |ntroduction

® UART
* SPI

® |2C

¢ CAN

® Summary

| pcb.mit.edu | yaypcbs@mit.edu
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Schematic

Block Diagram

Ant

: ; RF Amp

Power
Regulators

FM Radio
Receiver

X

Interfaces

Audio Amp
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Microcontroller

Y

Speaker

Display
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Datasheet SO

FM Receiver Chip :z:ﬂ:::;

§ I

- TR EE
FM Receiver Chip Typical FM Receiver Chip Reset
Application Circuit Timing Diagram
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Datasheet
Shift Register

L5z

Saven Segment
Qs g a
—1 SRCLR Qs §
f b
Qe a
SER Qo b ¢
System SRCLK Qe op
Controller RCLK a .
Qe d
d
Qy e DP
OF
In GND Qu ]
_____ V.
| Power-on Reset : ‘f
| Vee ‘Sewen Segment
| im | Qs g a
| 7> SRCLR Qs ¢
T | f b
- | Q a
] SRR Qp b e
SRCLK Qe opP
RCLK Qr c e c
Qs d
d
Qy e DP
OF
I GND Qy -

Shift Register Typical
Application Circuit
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Q¢ ______= fesRnid]

o __ 1 [ Sy
e~ 3 [ 1 PR
e ] [ 1 SR
S I s
o ___ 1 | |
o ]

NOTE: 000000 implies that the output is in 3-State mode.

Shift Register Timing
Diagram
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Communication Protocols 4

DES!IGN
Why do we standardize communication? PCE
IAP 2026
When our microcontroller and our Let’s say we wanted the microcontroller

peripheral communicate, we need to to read the data from peripheral 1.
make sure they’re on the same page.
The microcontroller could read:

01001001 (correct)
01001011 « 00110000 (sampling rate too high)
Peripheral 1 ——»| Microcontroller « 11110000 (wrong peripheral)
10111111 (switches peripherals)
| etc.
11110000...
Peripheral 2
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Communication Protocols SO
How do we standardize communication? :z:”:::s

Peripheral 1

01001011...

Peripheral 2

11110000...

\ 4

Microcontroller

Lecture 11 - Digital Communication | pcb.mit.edu | yaypcbs@mit.edu

What do we want to control?

Transmit and receive rates
Peripheral selection

Data addressing

Device addressing

When to read and write
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Overview AP 2026

If we only had two devices, what’s the
bare minimum we need to ensure that

they successfully communicate with Properties
each other? « Asynchronous
« Data path * Limited to 2 devices

Full-duplex
Simple (only 2 communication lines)

« Shared timing
« Start and end indications

UART (Universal Asynchronous Receiver/Transmitter)

Tx Rx

g

Microcontroller Peripheral Tx: trans_mlt
< Rx: receive

Rx Tx
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Timing Diagram
IAP 2026
Pulls Iine low
\ Start/(bt 1Xblt 2Xblt3Xblt4Xblt 5Xb|t 6X b|t7Xb|t8yStOp
IDLE (logic high) 1 / baud rate Pulls Ilne high

Baud rate

« User-controlled timing parameter

* Correlates with the time required to transmit
1 bit of data

« Common baud rates: 4800, 9600, 19200,
38400, 57600, 115200 bps

@ M7
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Parity Bit TP 2026

How do we check for errors?

An extra bit can be used to match received -
data with a predetermined expectation of EVEN PARITY

o
—
—d
o
—_
o

an even or odd number of 1s. START| 1 PARITY| STOP
If the parity of the incoming data doesn’t Number of 1s = 4 (even)

match the received parity bit, an error is ODD PARITY

raised.

START| 1 [0|1[1(0|1]| 1 |[PARITY|STOP

Systems without parity bits often use two ~
stop bits to prevent mistakes. Number of 1s =5 (odd)
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SPI

Overview

What about if we want to use more
than one device? Or we want to
transmit data faster?

SPI (Serial Peripheral Interface)

SCLK . SCLK:
COPI R COPI
Microcontroller :CIPO - CIPO Peripheral 1
CS1 CS
CS2 i
SCLK
COPI
C|poi Peripheral 2
cs
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Properties

Synchronous

Multiple devices
Full-duplex

4 communication lines

SCLK: clock

COPI: Controller Out Peripheral In
CIPO: Controller In Peripheral Out
CS: Chip Select
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Timing Diagram IAP 2026

- Controller to Peripheral Peripheral to Controlleridcic o
idle next byte

e [UUMNLLE TLAAAMEL

0123458 01234567

—_'—'—

7
mco | | _J
Peripheral-in L) L.

Controller-Out4 4 0 0 1 o 1 0
0x53 = ASCII 'S’

POCI

Peripheral-Out
Controller-In

CS
Chip Select
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SPI

Shift Registers

Data lines are daisy-chained together
such that the Data Out of one device is
the Data In of the next.

A single Chip Select line goes to every
peripheral so that they are all activated
simultaneously.

Peripheral 1 Peripheral 2 Peripheral n

xQ0 Q0 xQ0
oL oL Olon
nasd| |[»nzed] |2z88
Controller t AY t A Y A Y

SCKp» —"J

PICO p» .-

POCI = .-

CS
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12C

Overview

Multiple devices is great...but we need
to use more microcontroller pins every
time we add one.

12C (Inter-Integrated Circuit)

SCLK___ SCLK,
Microcontroller Peripheral 1
SDA | _ SDA
SCLK
>
Peripheral 2
SDA

Lecture 11 - Digital Communication | pcb.mit.edu | yaypcbs@mit.edu

Properties

Synchronous

Multiple devices
Half-duplex

2 communication lines

SCLK: clock
SDA: data
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THEA!Tm
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Timing Diagram PEE™
IAP 2026

7 address bits 8 data bits

2R "#:AGXASXMXMXAZXMxAdXRM\%\'CiE‘,/ \ ~/,'D-7-XD6XD5XD4XD3XDZXD1X.D-O'\@'CK‘/ o
: | B Y L | D § R | CRRSR A Y | U | A A W o .--1 - :

Start condition:
SDA goes low before SCL

1" - Controller is requesting data* ' ACK/NACK: A'1"in this position -~ Stop conditlion:

'0' - Controller is segding d%ta * indicates that the addressed i SDA goes high after SCL
peripheral did not respond or
was unable to process the request.

+ Address frame to select peripheral

« Start bit: Controller pulls SDA low while SCL high

+ Acknowledgement bit (NACK/ACK): Peripheral
pulls SDA low

« Data frames to pass data between controller and
peripheral
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12C

FM Receiver Chip

Otdu :
o
1 I a 3 A B8 5

— |

l — —

loop antenna : T

C1

-------- 4 0.1u

HH
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taur

/

\

/

START

Ba

tem

L

tho:oat supat

<+

leour

STOP

\

START

Figure 2. 2-Wire Control Interface Read and Write Timing Parameters

SCLK

SDIO \

U]
Ealcal

D7-D0

2

\J|

START

ADDRESS RIW

DATA

DATA

]
ACK STOP

Figure 3. 2-Wire Control Interface Read and Write Timing Diagram
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CAN
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Overview
IAP 2026
SPI and 12C devolve across long CAN: Controller Area Network
distances because of * Widely used in automotive and
noise/EMl/increased wire industrial applications
capacitances. * Network split into ECUs (Electronic
Control Networks)
If the reference clock breaks, the * Asynchronous - every ECU on a
transactions become unreliable. CAN network agrees on a bit rate
| “Node #1) | | (Node#2) 1| | (Node#3) | | (Node#n) 1
Solution: Differential pair instead of i DSP or uC i E DSP or pC i i DSP or uC i i DSP or |IC i
single-ended ground reference oot I} {lcomme ! e} [ commme |
E ¢ CAN i E LCAN i i l(.‘.AN E i CAN i
| Transcover | | Transcalvor | | (Transceiver | | Traneceiver |
\\ __CANH
g RL CAN Bus-Line // R,_%
W CANL

Lecture 11 - Digital Communication | pcb.mit.edu | yaypcbs@mit.edu


http://pcb.mit.edu
mailto:yaypcbs@mit.edu

CAN

Communication

Dominant and recessive states used to
communicate priority.

ppesassivey, SN o CAN,..{ Pominant | Becepslve

Rédéiver_ :
Ouj;jput | I

CANH and CANL equal in recessive state
and pulled apart in dominant state.

Lecture 11 - Digital Communication | pcb.mit.edu | yaypcbs@mit.edu
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Dominant bits overtake recessive bits
during arbltratlon

CAN

2 L ”WWW (bMN ”MUUV WUU
o zmwvww”f“"“)f “

©ACKbit
Node B ;u :If wnm_” w V \AWCK bit - -~
Data -,
‘ ACK bit ‘ Node C wins arbitration
L e N.YW AT i T s PP ‘““'\r
Node C r— n
Data 4

|.|s A
ch3z 5.00v Ch4 5 o0 VvV

Node A sends data to Node B and C. Node
C produces a dominant bit first and sends

data. Then Node B sends data.
@ MIr
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CAN

Solar Electric Vehicle Team

uw
104 ppo (55)
SCk el pBI (SCK) PAD (ADG) -DeuE)
12! pR2 (vOST) PAI (ADI)
—{< PB3 (MISO) PA2 (AD2) ¢L§—
et ppa(0C28) PA3 (AD3) [
L2 pBs (0CTA) PAd (AD4) [l
2ot PB6 (OC1B) PAS (ADS) ¢%
Ll pp7 0C0AOCIC) PAG (ADG) < Direct
—Fb PG3 (TOSC2) PA7 (AD7) iection o
L2 pGa ToSCI) . i DNPRI0.
EAN Driver 25ef ppy (SCL/NTO) Fﬁ?ﬁﬁgﬁ RELS ResEBER802 S.TEJE‘FS?‘T-'.“
10K
ﬁ%ﬁ PDI (SDA/INTI) PC2(AL0) L A7 instead.
PD2 (RXDI/INT2) N T - —_
—Zmu PD3 (TXDI/INT3) PCA (AI2) aé% o
XD =1 PD4 (ICP1) pCs (A13) -
XD 30! PDS (TXCAN/XCK1) PC6(ALY) [T
s Pk png (rRxcanTy) PCT (AIS/CLKO) (<2
BS 3%l pp7(ro)
. PET (ADCT/TDI) |-
MO PEO (RXDO/PDI) PEG (ADC6/TDO) [
PEI (TXDO/PDO) PES (ADCS/TMS) [y
—Z PE2 (XCKO/AINO) PF4 (ADC4/TCK) SB’?; a
—2e{ PE3 (OC3A/AINI) PF3 (ADC3) 93;31:5 = sy
—Ler PE4 (OC3B/INT4) PE2 (ADC2) ot brke
—Les PES (OC3C/INTS) PF1 (ADCI) )
—So! pE6 (T3/NT6) PEO (ADCO) (abl—Fedal
—2c PE7 (ICP3/INT?) o L
3 — 10uH
32 ro o - 587-2045-6-ND
- ol pG2 (ALE) vee
B W AVCC
RESET AREF 0
22K 1/8W —L NC e
2K 2 G20 gy b
24 x1AL2 GND 52 —
L lsf—a XTALL GND =
L ev vop 4 =
2 3 ATO0CANIZS GND
SADRCER L AT90CANI28-16AU-ND
ECS-3951M-160-BN 0.1uF
= XC298DKR-ND =
GND GND

This is an external crystal
oscillator, which provides
the AT9OCAN with a
stable clock signal (to keep
track of time).
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AT90C
every

N controller used in
CU on the car.

CAN Transceiver Circuit
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296-23668-1-ND

Ul
o
%& TXD CANH < — i.
RXDi 4 pyp caNL ff = s
RS 8, 55 Lria ZRsistor 0805
5V STBESELIT FResistor 0803 [
VCC GND f &0
C5  SN65SHVDI1040DR —_C17 |
| 0.1uF 2200 pF
GND GND  GND =
|| GND
o 20
Ul converts the TXD and RXD signals 502494047
from the AT90CAN into CAN signals —en
which are output to a connector to

connecto to another board. The resistors

i

and capacitor serve both as CAN
termination resistors and low-pass filter.

AT90CAN TX and RX signals
are converted into a CAN_P
and CAN_N differential pair.
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CAN

Solar Electric Vehicle Team (cont.)

J1 - Dashboard

L-J-CI - NV N N

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

i
|

i

1

i

5V
12 LOG
13 Motor
14 Array

EmOff

16 Error
17 FAN_ Motor
18 FanPot
19 PWR
20 CAN P
21 CAN N~~~
22 CameraH
23  Cameral
24  Balance
25  ChargeReset

DB25 RA Female

Dashboard and headboard
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CAN_P and CAN_N are used to communicate between parts of the car.

J2 - Headboard

1
1
L 2],
= 3
GND 4 g
4
2 5]
& g
L 7
+12f 7
. 8
2 g
10 10
1l 11
2,
5V 13 | 13
Motor 14 | 14
Array 15 15
EmOff 16 16
Error 17 | 17
FanPot 18 | 18
PWR 19 19
S~ CAN P 20 | 20
SCAN N 21
—_—1 21
—22_ 5,
—23 5
Balance 24 24
ChargeReset 25 | 25

DB25 RA Female

Cameral
Cameral

FAN_Motor

Low ..
Gnd H‘gh 8

c
Nc¢

Nc

PCAN RA

J8 - Connector
\4,—“'- GND
3V Gnd -2 CAN N

i

| 7 A

B

o CANP

Backup camera signals

3 - Front LightBoard  +]2
I i

4

2

Si
52

SHIELDI
SHIELD2

4 Pos Molex CLIK-Mate =
GND

2

1912V Power Supply j-'
2

PI-002A 1

CP-D02A-ND =
GND

Lights, infotainment, etc.

—~

3 CANNAS

4 - Spare 12

lai =
p2-CAN P =7
Ea

9

S1
52

SHIELD1
SHIELD2

4Pos Molex CLIK-Mate =
GND
6 - Charging

Shcan, =
Ea

P

SHIELD1
SHIELD2

4 Pos Molex CLIK-Mate =
GND

J3 - MotorControllerl +12
N\

J4 - MotorController2 +12
N\

1 1
g 2 CAN P A~ ; 2 CAN P A~
E 3 CAN N~A~ e 3 CAN N~~~
4 4
P £
SHIELD1 gé SHIELD1 gé
SHIELD2 SHIELD2
4 Pos Molex CLlK—Mate__:_ 4 Pos Molex CLIK—Mate_?_

GND GND

Motor controllers

5 - Spare a2 7 - Infotainment 2
e o "':‘zﬂ.
P12 CAN p <= >
P13 CANNAS 3 LOG
4 4
> oIS
SHIELDI (b &
| SHIELDZ = SHIELDI 5L
4 Pos Molex CLIK-Mate = SHIELD? |52
GND - . -
6 Pos Molex CLIK-Mate —
GND
9-Conmolboard  +12
1
2 e &
PLARLES P olik mate connectors to
p.-iAAN.lV comnect CAN Signals to
Lk other boards. Note:
| “Charging" routes to the
SHIELDI 37 CAN Charger.
SHIELD2
4 Pos Molex CLIK-Mate =
GND
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Conclusion

There are many ways for parts of our system to communicate.

Communication protocols vary on:
*  Form of timing

*  Number of devices involved

+ Communication speed

* Addressing mechanism

* Error avoidance mechanisms

*  Number of communication lines

Between our analog design and our digital design, we have
covered all the essentials of our physical system!
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Final Notes

Finish your boards!
« Office hours 1pm-5pm today

No recitation or lecture quiz
Fill out course evaluations by 5pm

Thank you all for a wonderful 1AP!
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