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What is an FPGA?







Why?

- Acquire an understanding of low-level FPGA hardware

- Teach people about FPGAs

- It is fun (?)



https://hackaday.com/tag/redstone/ 

https://hackaday.com/tag/redstone/


https://www.youtube.com/watch?v=HyznrdDSSGM 

8-bit CPU
by Ben Eater

https://www.youtube.com/watch?v=HyznrdDSSGM


https://hackaday.com/2012/11/01/discrete-fpga-will-probably-win-the-7400-logic-competition 

https://hackaday.com/2012/11/01/discrete-fpga-will-probably-win-the-7400-logic-competition


Why do you need an FPGA?



Performance, Power Efficiency, Development Cost

Flexibility, Ease of Use

CPU ASICFPGAGPU

general purpose 
computing

hardware 
acceleration

reconfigurable 
hardware

application 
specific



https://docs.xilinx.com/v/u/en-US/ultrascale-plus-fpga-product-selection-guide
https://docs.xilinx.com/v/u/en-US/zynq-ultrascale-plus-product-selection-guide

https://docs.xilinx.com/v/u/en-US/ultrascale-plus-fpga-product-selection-guide
https://docs.xilinx.com/v/u/en-US/zynq-ultrascale-plus-product-selection-guide


https://www.xilinx.com/products/boards-and-kits/zcu111.html 

https://www.xilinx.com/products/boards-and-kits/zcu111.html


What is an FPGA?



How can we build any digital circuit?



Step 1



Step 2



…



Step 4

profit?



Problems of a breadboard?

- BIG!

- you need wires (and hands)

- chaotic



too big? 
→ shrink it



Wires? 
→ make them programmable



chaotic? 
→ define an interconnect

architecture for wires

https://www.researchgate.net/publication/331800773_Reconfigurable_hardware_acceleration_of_CNNs_on_FPGA-based_smart_cameras/figures 

https://www.researchgate.net/publication/331800773_Reconfigurable_hardware_acceleration_of_CNNs_on_FPGA-based_smart_cameras/figures


https://semiwiki.com/fpga/290990-reverse-engineering-the-first-fpga-chip-xilinx-xc2064/ 

this is 
an FPGA

https://semiwiki.com/fpga/290990-reverse-engineering-the-first-fpga-chip-xilinx-xc2064/


How do you build an FPGA?



V-Model

https://builtin.com/software-engineering-perspectives/v-model 

https://builtin.com/software-engineering-perspectives/v-model
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compiler design
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PCB design

simulation in VHDL

generate 
test cases

integration
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Which applications can I run on my FPGA?

- 4-bit counter → Yes

- 4-bit adder → Yes

- BCD to 7-segment decoder → Yes

- clock-domain crossing → maybe

- digital “random” number generator (Game die) → maybe

- 8-bit CPU → NO!

use-case gathering



V-Model
architecture level 

design

use-case gathering

simulation model

compiler design

final assembly

PCB assembly 
& test

PCB design

simulation in VHDL

generate 
test cases

integration



V-Model
architecture level 

design

use-case gathering

simulation model

compiler design

final assembly

PCB assembly 
& test

PCB design

simulation in VHDL

generate 
test cases

integration



Research Architectures

architecture level 
design



https://www.latticesemi.com/en/What-is-an-FPGA 

architecture level 
design

https://www.latticesemi.com/en/What-is-an-FPGA


https://www.researchgate.net/publication/282769665_Adapting_Hardware_Systems_by_Means_of_Multi-Objective_Evolution/figures 

architecture level 
design

https://www.researchgate.net/publication/282769665_Adapting_Hardware_Systems_by_Means_of_Multi-Objective_Evolution/figures


The Configurable Logic Block (CLB)

architecture level 
design



Altera Flex 8000: https://flex.phys.tohoku.ac.jp/riron/vhdl/up1/altera/ds/dsf8k.pdf 

architecture level 
design

https://flex.phys.tohoku.ac.jp/riron/vhdl/up1/altera/ds/dsf8k.pdf


architecture level 
design



Carry chain

architecture level 
design
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5

18



Vivado

architecture level 
design

 https://support.xilinx.com/s/article/54683



Vivado

architecture level 
design

 https://support.xilinx.com/s/article/67384 



The Interconnect

architecture level 
design



The Interconnect

architecture level 
design



modular FPGA

architecture level 
design



Can I place and route my 

desired applications?

architecture level 
design



Flexibility vs. Complexity

… the greatest challenge of this project

architecture level 
design



Routing

architecture level 
design



Routing

architecture level 
design



Routing

architecture level 
design



Routing

architecture level 
design



Routing

architecture level 
design

4 x 4 signals x 6 switches = 96

→ 96 ICs to layout on a PCB

→ 96 ICs to buy

→ 96 ICs to solder

→ 96 bits to manage in the bitstream



Switch Box

architecture level 
design
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LUT4

PCB design



CARRY

PCB design



REGISTER

PCB design



KiCad



Final PCB

PCB design
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VHDL Model

of every 7400 IC on the PCB



Transistor Level

d1 d2

en

simulation model

with VHDL (!)
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What is a Bitstream?

compiler design



compiler design



Shift Register

compiler design



Documentation

compiler design
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simulation in VHDL



Regular FPGA workflow

generate 
test cases

https://digitalsystemdesign.in/fpga-implementation-step-by-step

…
describe 

behavior in a 
HDL

simulate
synthesize & 

implement
program device



Synthesis & Implementation

generate 
test cases

https://digitalsystemdesign.in/fpga-implementation-step-by-step



“compiler” 

generate 
test cases
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simulation in VHDL



simulation in VHDL
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“don’t try this at home”

PCB assembly 
& test



Testbench

PCB assembly 
& test



PCB assembly 
& test



oops…

PCB assembly 
& test



PCB assembly 
& test



PCB assembly 
& test

mod wires
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Hardware Instantiation in C

compiler design

- “know what you   infer     instantiate”
- kinda like assembly for FPGA

https://docs.amd.com/r/en-US/ug949-vivado-design-methodology/Know-What-You-Infer 

https://docs.amd.com/r/en-US/ug949-vivado-design-methodology/Know-What-You-Infer


Same Code - Different Targets

compiler design



TODO

compiler design



Truth Table to HEX

compiler design



compiler design



compiler design



We have a 4-bit counter

YAY!



à propos “8 bit CPU”...



What about the 8-bit CPU?

Banana for scale



f-Max

13.9 MHz Ring oscillator

(inverter loop without register)



Next Steps





A few ideas…



IO Banks
+
PLL (clocking)

https://onlinedocs.microchip.com/pr/GUID-53092BEF-DCEB-4741-9EFC-5843AA55C657-en-US-1/index.html 

https://onlinedocs.microchip.com/pr/GUID-53092BEF-DCEB-4741-9EFC-5843AA55C657-en-US-1/index.html


DSP
+
Block RAM

https://www.mdpi.com/2079-9292/12/17/3585 

https://www.mdpi.com/2079-9292/12/17/3585


Audio DSP
- Can it act as a waveform generator

- user input → frequency tuning

- DDS with BRAM sine wave lookup

- Can it perform audio DSP?
- 8 bit quantization

- ~ 40 kHz sample rate

- time domain multiplex on single DSP slice

- 10 Tap FIR filter → 400 kHz FPGA clock



Further reading

github.com/mnemocron/my-discrete-fpga

mnemocron.github.io/tags/#diy-fpga

http://github.com/mnemocron/my-discrete-fpga
http://mnemocron.github.io/tags/#diy-fpga

