6.5965
Digital Systems Laboratory |l

Lecture 1:
Introduction
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Course Overview

* Instructor: Joe Steinmeyer (jodalyst)

* TA: Oliver Trevor (olt)

* Prerequisites: 6.205

* Units: 2-8-2

* Lecture 3:30-5:00(ish)**** MW in 36-112

* Labisrolling (similar to 6.205).

e Site: https://rfsoc.mit.edu/6S965/F25

* Calendar on front of site

* Grad Course which «satisfies: II, DLAB, 6-2 PLAB, AAGS; EE Track:

Architecture, Hardware Design, Embedded systems; Concentration subject in
either Circuits or Computer Systems
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Course Calendar

* When Oliver and | are in lab will show up on
calendar.

* Also due dates, etc...

6.5965 E—

Digital Systems Laboratory II

MIT Fall 2025

This is the homepage for Digital Systems Laboratory II. Below are some important Links:

< > Aug-Sep2025 - o oA ( wek <)

SuN MON TUE weD THY FRI saT

3 1 2 @ 5 6

apm

6.5965 Calendar Fall 2025
Events shown in time zone: (GMT-04:00) Eastern Time - New York Google Calendar
Add to Google Calendar

LECTURES: Lectures and supporting material appear here.

WEEKLY ASSIGNMENTS: All the work in the class is found here.

SYLLABUS: Course information
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Course Content

* Keep Studying FPGAs and associated
technologies including:
* Systems on Chips (SoCs, RFSoCs)
* Common Peripherals (DRAM, ADCs, DACs)

* Study some signal processing concepts and RF-
related stuff

* Investigate and study modern verification
techniques:
e Cocotb with more rigor
* Talk about verification as a field

* Books: We’ll use several:
» Software Defined Radio with Zynq Ultrascale+ RFSoC (linked on site)

* Few others as needed.
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https://rfsoc.mit.edu/6S965/_static/F24/textbooks/RFSoC_SDR_book.pdf
https://rfsoc.mit.edu/6S965/_static/F24/textbooks/RFSoC_SDR_book.pdf

Schedule

* Sept 3to Oct 24: Weekly assignments and
lecture/recitations
* Lectures Monday/Wednesday 3:30-5:00*
* Weekly assignments: Friday-to-Friday release-due

cycle
* Oct 24 to Dec 10: Final Project (ideally in teams):

* No real fixed schedule. I’ll meet with you and your
team periodically to check in

* I’ll want a written up report and video demonstration
(live demonstration would be even better)
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Weekly Assignments

« Some Lab Work, likely and largely using Zyng 7000
and Ultrascale+ SoCs and RFSoCs

* Some Modeling/Simulation/Verification exercises

* Assignments will come out on Fridays and be due

the following Fridays. (First one on Sept 5 and due on
Sept 12)

* These are not “catsoop” questions. These will be
some guided labs/things to design, write, and code
up. When done you will submit them on the site via

upload (code, mini/writeup, jupyter notebook,
maybe video) and | will grade.
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Lab

* We don’t have enough boards for everyone to
have one. They stay in lab and you come in and
use them. The lab machines also have the
special licenses for

 The back area of the 6t floor | have made into
the 6.5965 cocoon, though 6.205 may also sit

there

* If you want to set up Vivado (2025.1) on your own

laptop, that’s fine, and | can even give you a
Enterprise-level license if you want, but you’re

not obligated
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Grading

* 50% Weekly Assignments from first half
* 50% Final Project

* This is a grad class. The work will be less than
6.205. | will expect you to need less guidance,
though too.

* Do the work, be an active learner, try things,
pursue a cool project, and your grade will be fine.
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Final Projects

* Use any FPGA or SoC resources that you’d like

* We have some nice RFSoCs (15 of them), but it
does not mean you need to use them if your

project doesn’t call for it.

* | have a couple thousand dollars to spend on equipment for final
projects to supplement the things if you go that route so if you
need a better antenna, satellite dish, etc... we can make it

happen

* I’d like us to put more effort put into verifying
designs than in 6.205/111

* My hope is to then use final projects for better
labs for next year. Wash/rinse/repeat
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Motivation for Course

* In 1969, MIT had approximately one Digital
Electronics Class (and occasionally a special subject
in advanced topics like CMQOS)

* The field has expanded
immensely. Areas of work
which were once a single
unit in a class are now full
career/research fields.
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2025 State of Courses
(iIncomplete)

* 6.191: Computation Structures

6.192: Constructive Computer Architecture
6.590: Computer System Architecture
6.593: Hardware for Deep Learning

6.594: TinyML

6.595: Secure Hardware Design

6.205: Digital Systems Laboratory |

6.206: Microcontrollers

6.601: Analysis and Design of Digital Integrated Circuits
6.5965: Digital Systems ||

6.5894: Accelerated Computing

* Etc...
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It is an Exciting Time

* A lot of really cool ideas Software engineers: it's just too

Showing up in the expenstive to_ﬁpz)tirr]:izet our code, also
computers will be faster anyway in a
hardware space now. fow years

Hardware engineers:

* Lots of cool tools, new
designs, lots of money
being spent, lots of
impact.
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Gaps

* The MIT course offering as it stands has some gaps:

* There are more and more heterogenous computing
platforms getting developed:
* GPUs
* Accelerators
* S0Cs
* Al-type engine/flavors

* Designs are getting so complex that new ways to test
and verify them are getting developed and used
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6.205/6.111

* Much of digital design ”in the lab”
was concerned with wiring things

up
* The proliferation of CPLDs and Lab kit 1990 aka “digital death”
FPGAs throughout the 90’s early

2000’s automated much of the
assembly portion

* The proliferation of HDLs and
complicated build toolchains
automated much of the algebraic
factoring/design and reduction
aspects of the field

First FPGA Labkit at MIT ~2003
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6.205 FPGA

» Spartan 7 (xc7s50csga324-ish): “E i O =
e 2.7 Mb of BRAM 8 ﬂg IR

* 120 DSP slices
* 52K logic cells™

* Dev Board also has 1024 Gb (128 MB) of DRAM
At commercial price is about 200 USD

* The 1969 Apollo Guidance computer had about:
* Equivalent of about 1000 logic cells
* 32 Kb of RAM
* Costabout 1.5 million 2024 USD a piece.

*”logic cell” is a vague term used to compare Xilinx/AMD FPGAs to other vendors. There actually is no such thing as

a “logic” cell in Xilinx architecture
https://docs.amd.com/v/u/en-US/ds180_7Series_Overview
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The Appearance of Systems on
Chips (SoCs) 1

* The last ~10 years have seen A e
the proliferation of Systems N s, 2
on Chipsis a whole new
epoch

* Many complicated and
different types of digital (and
now analog) fabrics are all
on one single chip
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6.205 FPGA

* Spartan 7 (xc7s50csga324-ish):.

e 2.7 Mb of BRAM
e 120 DSP slices

* 52K logic cells™

* Dev Board also has 128 MB of
DRAM

*”logic cell” is a vague term used to compare Xilinx/AMD FPGAs to other vendors. There actually is no such thing as

a “logic” cell in Xilinx architecture
https://docs.amd.com/v/u/en-US/ds180_7Series_Overview
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6.S965 Zyng 7000

* Series 7000 XC72020:
e 5.04 Mb of BRAM
e 220 DSP slices
e 85K logic cells

* Two 650 MHz A9 ARM processors

* High-speed interconnects between
two resources

e Board has 512 MB of DDR3

https://www.amd.com/en/products/adaptive-socs-and-fpgas/soc/zyng-7000.html
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6.5965 RFSoC

* UltraScale+ ZU48DR:

38 Mb of BRAM

+22Mb of UltraRAM

4272 DSP slices

930,000 Logic Cells

Four 5-Gsps 14 bit ADCs
Two 10-Gsps 14 bit DACs

Four 1.3 GHz ARM 53
Processors

* Two Real-time 533 MHz ARM
Processors
* Board has 4GB of DDR4 for FPGA portion (’PL”) and 4 GB
of DDR4 for processors (“PS”)

https://www.amd.com/en/products/adaptive-socs-and-fpgas/soc/zyng-
ultrascale-plus-rfsoc.html#tabs-b3ecea84f1-item-e96607e53b-tab
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Simulation Side of Things

* The capabilities of new digital new systems are
so great that the size of the teams working on any
one given project has ballooned.

* Validating and/or verifying a digital design used
to be something that everyone would do as they
designed.

* Now there are whole teams and branches of
large companies that exist solely to verify
designs before they are finalized.
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Before spending 100 million
dollars...

* How do you verify a design will work?
e Consider a device that adds two 32 bit numbers.

32

a
/ /33
+ 7 C

* There are 1.84%10'° input possibilities, each with a
correct output.

* If you verified 1 billion input/output combinations
per second it would take ~600 years to fully verify the
design

* And this is just a simple adder...
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Conclusion

* There’s a lot of stuff we can’t cover in 6.205 so
this is an attempt to do that.

* To be truthful | don’t think even one class can do
it...

* So what we’ll figure out this semester, is what
can we do in one more class.

* It’ll probably still be a mess, but I’m hoping less
so than last year

September 3, 2025 6.S965 Fall 2025
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Concepts and
Techniques

Things we’ll be doing...
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Zynq

* For SoCs, we’ll
be using the Processing System
Zynq platforms —
by Xilinx/AMD

* FPGAs
; : D | S—
i FoCcessors I CAN I oy Engi W Logic:

Cortex-A9 MPCore™ System Gates,

e other stuff = .L. 273 I 32/32K8 1/D Caches DSP. RAM

I 2xSDIO I

with DMA

AMDI
XILINX

Multi Standards 10s (3.3V & High Speed 1.8V)

2x USB
with DMA

2x GigkE
with DMA

SysMon/ADC

Multi Standards 10s (3.3V & High Speed 1.8V)
September 3, 2025 I
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/yng on RFSoC

* That "other stuff” can include lots of things:

* ADCs
* DACS Processing System

Application Processing Unit < . o High-Speed
* Hard d Mi G [ iy Connectivty
a r e n e S ARM® [ NEON™ r Control
= T s O DisplayPort
. Cortex™-A53 || Fioating Point Unit | DDR4/3/3L, LPDDR4/3 ‘ | e |
° S ecur |t 0K | K8 | Memoy | Embedded | | EeG oot DMA, Timers, WOT, [ Useso0
I-Cache D-Cache || Management Trace 5 > Resets, Clocking, SATA 3.0
w/Parity w/ECC Unit Macrocell |1 45 3 Debug =
31, 256 KB OCM ‘
with ECC l PCle Gen2
° E rror COUSMMU| 1B 2 wECG | .
LN ]
t t Real-Time Processing Unit General Connectivity
® D i Gige
Vector Floating
e e C 0 rS ARM | Point Unit ‘ Config, AES Decryption, CAN
Cortex™-R5 lrifMéh{é’r\} p}é{ec’ﬁ‘on—‘l Authentication,
Unit Secure Boot UART
e C =
OrreCtO rS ’ 128 KB ‘r 32KB |r 32KB ‘ . SPI
TCM w/ECC |-Cache w/ECC D-Cache w/ECC n TrustZone 1 l Quad SPI NOR ! ‘
o Voltage/Temp 1 ‘ Management NAND
e Monitor SD/eMMC

Programmable Logic

RF Signal Chain ’ General-purpose 1/0 I Storage & Signal Processing i High-Speed Connectivity N

4GSPS RF-ADCs High-Performance HPIO Block RAM & UltraRAM 100G EMAC
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Xilinx/AMD Vivado...

* We’re going to have to work more with Vivado
including going into their GUI

* The Zyng frameworks are a bit more vendor-
locked because of all the interconnects

e So we need to mess with Vivado a lot more and
other frameworks

September 3, 2025 6.S965 Fall 2025
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Vivado Block Design

* Build designs using many tools including a block
esign editor Lasliiae

File Edit Flow Tools Reports Window Layout View Help

=, B X & & b, B & Z » Default Layout v
~ PROJECT MANAGER fjoeS_ lock in this design shoul e upgraded. Show IP Status Upgrade Later
L4 @ /joe5_0 blockin this d hould b ded. Show IP Stat Ui de Lat
[} £+ Settings
Sources x Design | Signals | Board ? 00 Diagram x Address Editor x 200
Add Sources
. Q = 2 + % |a a i X ¢ Q s + E » C 9 T &
Language Templates
[ J e r I O v [ Design Sources (1)
1P catalog ~ design_1_wrapper (c gn_1_\ v) (1)
~ - design_1_i: design_1 (design_1.bd) (1) foe3.0
. v IP INTEGRATOR 5 @ design_1 (design_1.v) (5)
® Syste mVe rl lo g Create Block Design » = Constraints (1)
. > Simulation Sources (1)
Open Block Design joes_v1.0 (Pre-Production)
k g Hierarchy [P Sources Libraries 4 processing_system7_0 j
[ J OO
v SIMULATION Block Properties ? 00O X FIXED_IO ||| —
+
Run Simulation ¥ joe5.0 - o M_AXIGPOACLK ZYNO‘ M\iiz:'j:;: M H_ rst_ps7_0_100M
- Fax_cko slomest syne_ck i
FOLK_RESETO_N ext_reset_in bus_struct eset
. v RTL ANALYSIS Name: joe5_0 @ aux_reset_in |
coe ZYNQ7 Frocessing System = mib_debug _sys_rst  interconnect aresetn
> Open Elaborated Design Parent name:  design 1 o dem_locked periphe ral_aresetn)
Proce ystem Reset
v SYNTHESIS General FProperties P < 3
P Run Synthesis
> nthe Tcl Console | Messages x Log |Reports | Design Runs -oo
aQa = 2 T, B i /@ Error (7) | @ Critical warning (4) Warning (3) @ Info (26) @ status (26) &
' IMPLEMENTATION = Block Design (4 critical v &
» Run Implementation v s General Messages (4 critical warnings)
> 1 Implemented Design [PSU-1] Parameter : PCW_UIPARAM_DDR_DQS_TO_CLK DELAY_0 has negative value -0.051 . PS DDR interfaces might fail when entering negative DQS skew
values.
[PSU-2] Parameter : PCW_UIPARAM_DDR_DQS_TO_CLK_DELAY_1 has negative value -0.006 . PS DDR interfaces might fail when entering negative DQS skew
v PROGRAM AND DEBUG values.
% Generate Bitstream [PSU-3] Parameter : PCW_UIPARAM_DDR_DQS_TO_CLK DELAY_2 has negative value -0.009 . PS DDR interfaces might fail when entering negative DQS skew
values.
> Open Hardware Manager [PSU-4] Parameter : PCW_UIPARAM_DDR_DQS_TO_CLK DELAY_3 has negative value -0.033 . PS DDR interfaces might fail when entering negative DQS skew
values.
= Svnthesis (7 errors) -
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* Vivado really wants
you to use their block
design workflow for all
Zynq type designs*

* |t sounds good at
first...

*there are laborious workarounds
September 3, 2025 6.S965 Fall 2025 28



Types of Headache

Vivado GUI

4

September 3, 2025 29



Getting to be a good hardware
engineet...

* Means getting to be good, or at least passable,
with bad software.

* Almost every commercial tool in the hardware
space is frustrating to use (some more than

others, of course)
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<« G % pynq.readthedoc

# PYNQ: Python productivity for

Adaptive Computing platforms Docs » PYNQ Libraries » AXiGPIO

© Edit on GitHub

PYNQ:
Python-Zyng

latest

Getting Started

PYNQ Overlays

B PYNQ Libraries
© Supported IP
Audio
© AXIGPIO
Block Diagram
Examples

AxillC

e On the software side...

* We’ll use the Pynq
framework to run

Python on the ARM

cores of the Zynq

Logictools
Video

PYNQ IOPs

PyngMicroBlaze

PS/PL interface

PS control

PL control

Overlay Design Methodology

PYNQ SD Card image
pynq Package
Frequently Asked Questions (FAQs)

& Read the Docs

AxiGPIO

The AxiGPIO class provides methods to read, write, and receive interrupts from external general
purpose peripherals such as LEDs, buttons, switches connected to the PL using AXI GPIO controller
IP. This class is automatically assigned as a driver to IP of the type AXI GPIO

Block Diagram

The AxiGPIO module controls instances of the AXI GPIO controller in the PL. Each AXI GPIO can
have up to two channels each with up to 32 pins.

axi_gpio_0

| 4 s AXi

s_axi_aclk

ario + |||
arioz + |||

s_axi_aresetn

AXI GPIO

The read() and write() methods are used to read and write data on a channel (all of the GPIO).

setdirection() and setlength() can be used to configure the IP. The direction can be ‘in’, ‘out,

and ‘inout’.

By default the direction is ‘inout’. Specifying ‘in’ or ‘out’ will only allow read and writes to the IP
respectively, and trying to read an ‘out’ or write an ‘in’ will cause an error.

Tha langth can ha cat to anhowrite 2 cmallar ranga of tha GDIO

PL

Time-sensitive,

computationally
intensive things
done with HDL

September 3, 2025

PS

Slow things and
annoying things to
be done by scripts

in Python
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PYNQ:
Python-Zyng

M 0e B DM

* Run Jupyter notebooks

* Decently documented API calls to using python to plot the resuit of
oridge the software-hardware a FFT built in the FPGA

houndary (which we will explore)
* Actually is stable and has a
developer community v

1501

100 A

50 A
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AMBA/AXI

* We’ll have to go into AMBA and AXI more:

« AMBA: Advanced Microcontroller Bus
Architecture

« AXI is a part of the standard that Xilinx uses in a lot
of their modules.

September 3, 2025 6.S965 Fall 2025
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DRAM

* We’ll need to go into details of DRAM again.
(we’re actually bringing that into 6.205 more

anyways)

* So we’ll spend some time on that and the MIGs
on the devices and DMA

September 3, 2025 6.S965 Fall 2025
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Digital Signal Processing

* We need to spend some time on
signal processing topics. That is
going to require some theory.

A
1st 2nd 3rd 4
quis Nyquist Nyquist Ny«
aliased m
signal & Y [feceie d
‘ lsignal
T T T T T #
0 0.5f, f, 1.5f, 2f, 2.5f, frequency
A
st 2nd 3 4th 5th
yquis Nyquis Nyc Nyquist yquis
Zone Zone Zc Zone 1
aliased v TN
signal received
(corrupted)[ [l signal
T T T T ;
0 0.5f, f, 1.5f, 2f, 2.5f,  frequency

Figure 4.6: Successful and unsuccessful direct downconversion using Nyquist Zones.
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Figure 8.21 Reduced block-based FIR filter
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I\
Universal Verification UVM

Methodology \ -

* As digital designs have gotten more and more
complex the infrastructure around testing them

has grown at a similar fashion.

* The codebases for testing and verifying a design
are often far larger than the design itself

* And testing/verifying designs is annoying and
hard work. Lots of annoying work like:
* making sure inputs and outputs are controlled
properly
* Monitoring results
* Testing sufficient space of possibility
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B\
Universal Verification UVM

Methodology \ -

* UVM is basically an organizational structure that
many modern teams adhere to to ensure all the
testing and verification infrastructure is:

e Scalable
 Portable
e Documented

* It is standardized within the SystemVerilog
language
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UVM

* UVM itself is really a derivation and improvement
on prior frameworks including OVM

* UVM is an agreement by all the industry leaders
on a common set of testing frameworks

* But the core ideas of UVM are extend beyond the
framework. This includes ideas of:
* Drivers
* Monitors
e Scoreboards
* Coverage
* Factories
* Etc...
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UVM TestBench Architecture

Teaching UVM

=. ‘ i DUT
Universal Verification Methodology (UVM) I

* UVM is a framework with a utility that becomes
apparent in large scale projects and designs.

e For smallteams itis a harder sell and that’s
kinda the situation we’re in within this class.

* Also it is standardized to SystemVerilog and not
the parts of SystemVerilog we use in 6.205, but
the really OOPy Java-esque portions of
SystemVerilog

e So...here’s an alternative idea...

https://www.youtube.com/watch?app=desktop&v=JRfmSv5INP8
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‘ocotb

COCOtb Usg cocc?tb to test and verify
chip designs in Python.

Productive, and with a smile.

cocotb is an open source coroutine-based cosimulation testbench
environment for verifying VHDL and SystemVerilog RTL using Python.

* Python library
* Runs right on top of Icarus Verilog of Verilator

 Automates a lot of the annoying portions of
writing a testbenches for your .sv files

* Avoids needing to write any simulation code in
SystemVerilog at all

* Actually decently documented
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Cocotb is actually pretty cool

* [t has been around a while, and has stabilized to
a point that it is worth teaching.

* Itis in Python (which you all should know)

* |t links directly into the Python universe
(numerical packages useful for models for
verification, graphical packages for visualizing
data and results)

* At a minimal level it makes getting basic
testbenches up and running easier
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Cocotb is Updating at Some Point

https://docs.cocotb.org/en/development/upgrade-2.0.html

* Unless we decide otherwise, we’ll just stay at
cocotb 1.9.2 for this fall since I’'m sure 2.0 will
break stuff
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Vivado + Cocotb = Vicoco

) Ki ra n Vu kS a n aj , Wh O = O kiran-vuksanaj / vicoco Q Type (/] to searc|
. <> Code () Issues 19 Pullrequests (® Actions [ Projects () Security [~ Insights

was kinda the half- @ oo

TA fo r th I S C la SS la St ¥ main ~ ¥ 2Branches © 0 Tags Q Go tofile t Add file ~

L] L]
yez l r E l n d I S I AI n g t kiran-vuksanaj ip files, egg info a3b57a6 - 2 days ago Y 2 Commits

. src ip files, egg info 2 days ago
6. 205 th I S fa ll Wrote test ip files, egg info 2 days ago
[ .gitignore fresh repo public facing 2 days ago

h O O kS b etWe e n [ README.md fresh repo public facing 2 days ago
V ° d d C t b 3 setup.py fresh repo public facing 2 days ago
Iva O a n O C O [ tb_environmen t.txt fresh repo public facing 2 days ago

so we should be .
able to actually test Cocoth + Vivado XSim
t d X . l . I P Following closely in the footsteps of themperek's cocotb-vivado
e n C ryp e I I nX Getting things running
o . . . . o . . .
this year with cocotb ol prtns oo oo onit e ity e

https://github.com/kiran-vuksanaj/vicoco
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Cocotb + Other Things

* Using other libraries and code we write, I’d like to
build up many of the concepts of a modern
verification framework

* Along the way, we’ll explore what those are in
UVM and what they mean

* Doing this will also let us avoid having to go
heavy into SystemVerilog
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This is not my idea either

* Others have tried and/or are
trying to bring UVM frameworks
into Cocotb

Python for
RTL Verification

A complete course in
Python, cocotb, and pyuvm

* They’re not there yet and the
docs/tutorials they do have are
all largely concerned with listing & python
off the various types of sub, sub- Bcotd
sub, and sub-sub-subclasses o
rather than actual uses

Ray Salemi
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Final Projects

* I’ll need a final report and video from you and
documented code, but we’re not going to have
CI-M level presentations and pre-reports and
things.

* You can work in teams, but if absolutely
necessary you can work on your own, if
absolutely necessary.

* We’ll have a somewhat limited budget (few
thousand freedom bucks for class in total)
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RFSoC

* Lots of resources if you
want to do anything with RF,
this would be the first
choice board

RFSOC X%k, , e |

e Been around for a lot less
so documentationisn’t as
mature
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Pyng Z2
* Likely good for video

* Video In and Video
Out Ports

* Use up through Week
3 in labs (that’s the
plan right now)

September 3, 2025 6.5965 Fall 2025
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Alchitry FPGA Boards

* Interesting because of price
point

* Very small.

* Also have decent, tested non-
Xilinx MIG for their DDR3

* Also have many, many properly
routed and matched output
traces for external
connections...so if anybody
wants to do an interface with
them for a project/is a possibility
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|deas

* Deep-TEMPEST: Using Deep Learning to
Eavesdrop on HDMI from its Unintended
Electromagnetic Emanations
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So What’s Next?

* First Week’s assignments out on Friday ~12pm

* Few parts:
* Learning/remembering Cocotb
* Do some simple verification on a module

* |Integrate that module into the cheaper Pynqg Zyng-
7000 board to get practice with the whole
software/hardware integration thing.

 Next week we’ll look at Cocotb, simulations,
etc.. iIn more depth as well as the Zyng system
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