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Why this talk? Some motivation 
• Disclaimer: this talk is nevertheless largely “AI off topic”

• EE / “Maker” focus

• Reengineering of a historical educational 4bit microcomputer 

• Not entirely off topic: e.g., AI SBCs (Single Board Computers) like NVIDIA Jetson, …

• We also had seminars about coffee and chocolate, so why not about Arduino tinkering? 

• Also, Karen encouraged this presentation 

• Why might you find it interesting, & what could you get out of this talk? 
• Historical context / window to the past  

• Retro Computing: how was home computing in the late 70s / early 80s  

• To understand how we got where we are, to learn from the past  

• We are at a place where Computing History matters! 

• Personal road to computing 

• Motivation and pointers for your own Arduino tinkering ambitions 
• Pointers to different Arduinos & modules, EDA, KiCad, PCB services, … 

• Maybe I can infect you with the Arduino / tinkering virus - Arduino is fun! 



Reengineering target:
My first computer - 1983
More soon

Box shows
a prototype board!



And this… 



I started with an Arduino in 2016
like this… (BMOW = Big Mess of Wires)



In 2019 I got “a team”! 

This version was largely inspired 
by a team-designed version
(on display). I’ll discuss the 
team-designed as well. 

I submitted this to the Hackaday 
“Reinvented Retro Contest”
in 2021 and won a prize. 

I accepted the prize for the
team and shared it with them.



My final “solo” 
version – basically,
back to the roots 
(LED 7segment display)
but no more modules. 
SMD PCB. 

A self-contained 
ATmega 328-based 
Single Board  Computer. 



Outline
• A “Show & Tell” Presentation

• MANY pictures ☺

• The Whys – Motivation 
• Why this talk 
• Why did I do this 

(actually, 10, not 7 times)

• The Whats
• Some historical context
• Microcontrollers
• Homebrew computers 
• The Busch 2090 Microtronic 

• The Hows
• My “Arduino” journey 
• The 10 iterations in detail 
• From “Big Mess of Wires” (BMOW)

to SMD (Surface Mount Device) 
PCBs (Printed Circuit Boards) 

-> A self-contained, module-less 
ATmega 328-based SBC 
(Single Board Computer) 

• Conclusion & Takeaways 



The Whys



Personal anecdote – How I got hooked by electronics

• Like Intel, TI got into the Microcontroller 
/ CPU business over the calculator route 

• As a kid, to the frustration of my parents, 
I used to take devices apart to learn 
what makes them tick

• Usually, I was able to learn something 
from that

• When I was 11, I opened the family TI-30 
(1976) calculator

• I was shocked to find a single chip
inside! How could a single chip be doing 
all that magic? 

• What did I learn? Nothing! 

• I felt betrayed - like opening a birthday 
present just to find a locked box inside a 
box! 

• But it was also a magical moment – like 
finding an alien artifact that was beyond 
my comprehension

• I knew that I needed to learn more 
about this kind of magic 



Why did I do this? 
10 times… 
• Nostalgia

• Educational aspects & self-improvement 
• Doing Arduinos with the kids 

• Learning Physical Computing (Arduinos, MCUs, EE, EDA, FPGAs, …) 
• You need a non-trivial project as a driver 

• Ten versions
• The Arduino Platform & Environment offers a large design space

• Different design iterations / versions that explore different aspects in the design space 

• Always one more idea to try, one more feature to add, one more thing to improve … 

• Fun
• Designing, tinkering, prototyping, building are very creative activities 
• Exploring different design options and modules is highly addictive - like a kid in a candy store 

• Exploring the “what ifs” - what if the machine had… 
• … a real time clock, SDCard program storage, more memory, was faster 

• … speech or sound output, alphanumeric or graphical output 

• … could be used as a MIDI instrument  
-> How to realize these features in the “historical” architecture? 



Why would your parents have bought this in the early 80s? 

• Affordable
• DM 398 in November 1981, DM 299 in late 1983 
• Average family income in Germany at that time: 32,198 DM 

• 398 = ~ 1/80th

• TRS 80 Model 1 Level 2 16 KB: 1995 DM = ~ 1/16th

• VIC 20: ~ 798 DM

• Atari 400: ~ 1298 DM 

• Average family income in the US at that time: $ 23,430 
• TRS 80 Model 1 Level 2 16 KB: $ 988 = ~ 1/27th

• Prices dropped significantly in 1983 
• Home computer price war / total market crash in December 1983  

• Educational & age appropriate 
• Computers were the future! 
• Excellent age-appropriate manuals 

• Focus on physical computing; natural step-up from electronics (Science Fair) kits 

• No TV required, no video games (no “bad influences”)
• Build for physical computing & experimentation; less danger in doing damage to the ports etc. 





Fun fact:
RCA / SRI Princeton supplied the silver monitor (RCA B&W TV) and
thereby determined the whole design for the 1977 TRS-80 Model 1!

My TRS-80 Computers



The Whats



Time to open the box…
Let’s have a look at the board



Microtronic user experience & example program
• Monitor program allows to 

• Enter / inspect / edit programs (NEXT, C/CE) 

• RUN and HALT programs

• Inspect and modify registers (REG) 

• Set Breakpoints (BKP) 

• Single Stepping (STEP) 

• Some ROM programs 
(PGM – Load & Save, Nim Game, Clock, …)

1 Byte
Address

12 Bit
Instr. Word

CARRY

ZERO





Is it a toy? 

• Yes and no… 
• Clever, not toy-like instruction set 

• More details later 

• Look at the programs that are possible 
• Almost everything that was achievable with 

a more powerful trainer 
(e.g., the Z80-based Microprofessor) 
is possible with the Microtronic as well

• Largely due to a clever instruction set 
• “Standard programs” for SBCs of that time

• NIM game

• Biorhythms

• Prime numbers (!) 
• Trigonometric calculations 

• Lunar Lander

• Tic Tac Toe
• Timers & clocks 

• Electronics experiments (e.g., sound generator, …) 



Lunar Lander Program

Kid-friendly illustrations



Recreate Doc Brown’s automatic
dog feeder?



Microtronic got you covered!
(It even had a built-in clock)



Busch offered a very nice experimentation
platform. Even a synthesizer module was offered.
This is a recreation of the synth module by Frank de Jaeger.



2016 - Exploring Arduinos 

• Arduino is the Microtronic of today
• Mostly programmed in C / C++ instead of Machine Language 
• Other languages available as well 

• Started with the kids as a STEM activity, got hooked

• Created my first Microtronic hardware extensions: 

• Speech Synthesizer using  the Emic 2: 

A speech synthesizer was announced for the Microtronic in 1981. 
But it was never released 

With Arduinos I could built my own! 

• SDcard-based “mass storage” for programs instead of a tape recorder:

Possible to use a text editor on your PC to write and transfer programs. 



Emic 2 & Arduino Uno R3-based
Speech Synthesizer



SDcard-based
Program Storage



Early homebrew computers
• Common hobby in the late 70s/early 80s

• And still is a popular hobby nowadays (Hackaday)
• It was never very difficult to build 

your own computer 
• BUT it was STILL expensive and 

not everybody had the tools 
and skills

• Some CPUs were only 10 $ (6502) 
• RAM was very expensive  
• There were some more affordable kits 

• SLAC Homebrew Computer Club
• Apple 1, Apple ][ 
• TRS-80 Model 1

• Home Computer Revolution
“Trinity” of 1977 
• Apple II
• TRS-80 Model 1 
• Commodore PET



I built my own computer –
but what does that mean?  

• Nowadays, hobbyists have many more options, and things got MUCH more affordable

• Question: on what level did you do that? 
• “I built my own PC from off-the-shelf parts vs. I built my own computer with a custom CPU” 
• Hmm… 

• Retro Computers
• Classic Standard CPU

• Z80, 6502, … like back in the day – but use modern components as well  (e.g., for video, RAM, storage, …) 

• Building your own retro SBC running CP/M, BASIC, … is a very popular hobby!

• Contemporary versions of these CPUs are still made

• Custom CPU 
• Maybe even from discrete TTL chips or transistors (!)  

• Software / Hardware Emulators
• Pure software that runs on a PC / Mac (easy, but to achieve high fidelity might be tricky) 

• Embedded software – runs on a custom piece of hardware using a Microcontroller or FPGA 

• High-fidelity hardware emulation on the chip level (FPGAs, CPLDs, …) is trickier 
(i.e., SRI’s Microcircuit Emulation Center) 



The Hows



How to implement an educational computer 
in 1981? 
• Design objectives

• Cost  
• Keep it simple - “kid friendly” yet powerful machine language

• Answer: Microcontrollers – back in the day and today

• MUCH reduced circuit complexity and cost

• No extra RAM, ROM, IO circuitry required

• The Busch 2090 Microtronic 
• TMS1600 @ 500 kHz (bigger version in the TMS1000 family) 

• Firmware: Emulated Virtual CPU & Monitor Program 
• Harvard architecture

• 256 x 12bit words in program RAM 

• two sets of 16 4bit registers are the only program writable memory 

• only immediate and register direct addressing 

• Concise and powerful custom Machine Language (ML)  
• MULT, DIV, CLOCK, RND, INPUT & OUTPUT -> concise programs 

• Single invocation subroutines (no Stack!) 

• ML knowledge not transferable (unlike Z80, …) 

• But very good exposure to the basics of ML  



How to implement an educational computer 
in 1976? 
• A related design from the U.S. 

• TMS-1100 @ 400 kHz
• Tandy Radio Shack 
• 1976 (!) – 2 years after the 

TMS1000 became available
• A single chip design  

• Emulated Virtual CPU & Monitor 
• Completely different from the Microtronic
• 80 addresses for program 
• 16 addresses for data (!) 
• 4 to 12bit words 
• 4bit registers:

A, A’, X, Y, X’, Y’ 
• No sub-routines

• Both the Microtronic and 
the Science Fair have NOTHING
in common with the native TMS 
instruction set 



The Legendary TMS1000 Microcontroller
• TI invented the Microcontroller – patent filed 12/74 

1977 - Gary W. Boone, Michael J. Cochran
https://patents.google.com/patent/US4074351

• Largely forgotten nowadays… hugely enabling back then

• https://spectrum.ieee.org/texas-instruments-calculator

• https://hackaday.com/2020/02/18/the-tms1000-the-first-
commercially-available-microcontroller/

https://spectrum.ieee.org/texas-instruments-calculator
https://hackaday.com/2020/02/18/the-tms1000-the-first-commercially-available-microcontroller/
https://hackaday.com/2020/02/18/the-tms1000-the-first-commercially-available-microcontroller/


Original firmware? Hmm… 
• The TMS1000 uses “mask-programmed” ROMs 

• These cannot be read out, and the masks are
lost to history (I asked TI….) 
• https://seanriddle.com/simon.html

• Decap the chip and decode the Mask ROM matrix -> destructive 

• Firmware of many devices on his site (Merlin, Speak & Spell, Little Professor)

1000110101
1101000011
1001001111
1110010100

TMS1000 
Emulator

https://seanriddle.com/simon.html


Iteration 1 - 2016
• Build a Microtronic emulator from modules

• CPU emulator
• Monitor program
• Hardware drivers for modules  

• Original firmware? No… 
• The TMS1600 ROM cannot be read out! 
• Firmware is not available at all 
• Reengineer from scratch (Arduino C program) 

• Good enough to run original Microtronic programs 
• Writing a software-based CPU emulator is not difficult 
• Doesn’t have to be timing accurate 
• Don’t need to emulate the chip and its signals 

• Off-the-shelf modules and DuPont wires 
• Arduino R3 
• “LED&Key” TM1638 module 
• Matrix-encoded keypad 
• Breadboard for some extra buttons and speed potentiometer



C D E F
8 9 A B
4 5 6 7
0 1 2 3 

Function Keys

Reset
Speed Potentiometer



CPU emulation is simple

Implement Instruction
MOV s -> d

0<source><dest> 

012 = MOV R1 -> R2

Fetch from RAM
using program counter

“Decode” Instruction

MOVI n -> d

1<const><dest> 

112 = MOVI 1 -> R2

RAM: simple byte arrays

Program Counter (PC)

CPU Flags (Carry, Zero) 

Stack
Stack Pointer (SP) 

Registers
Extra Registers 



Some clever
instructions 
leading to 
concise 
programs.

CALL/RET

Digital 
Input & 
Output

Dec -> Hex
Hex -> Dec
Random 
Clock

Multiplication
Division

Z80 ML 
would have 
been MUCH 
less concise –
Limited RAM…



Iteration 2 – 2016 
• LCD Display & SDCard for storage would be nice

• LCD + Keys Shield module - plugs onto the Mega
• Mnemonics display 
• All register at once display 
… but keep the “LED display & hex user experience” 

• SDCard & Ethernet Shield module 
• Save & Load 
• Exchange / edit programs on your PC 
• I used OCR on the listings -> ~40 programs 

• Arduino Uno R3 no longer sufficient 
• FAT library
• Many strings for the LCD-based “user interface”
• Software from ~ 2000 LOC to ~ 4000 LOC 
• Hint: Use the “f” macro!! 
-> switched to Arduino Mega 2560 



LCD+Keys Shield
stacked on top of

SDCard & Ethernet Shield
stacked on top of

Arduino Mega 2560



Iteration 3 – 2016 
• Something more presentable and durable 

• Custom laser-cut front plate 

• Retired the LED&KEY & LCD+Keys shields; I2C LED displays & LCD module instead

• One more telephone keypad for function keys

• Some fixes
• OUTPUT ports had worked before

• But digital INPUT ports (for electronics experiments) were problematic 

• Unconnected Microtronic input pin (and GND) -> LOW, 5V -> HIGH

• Unconnected Arduino input pin -> FLOATING (bad)

• Arduino’s internal pull-up resistors invert logic levels, hence 
unconnected -> 5V = HIGH and GND -> LOW 

• C-code negation such that unconnected -> LOW doesn’t help: 
then 5V = HIGH from external electronics -> LOW (experiments won’t work) 

• Hence, external pull-down resistors were needed

• Added the Emic 2 Speech Synthesizer
• How to drive / program it? No unused op-codes in the Microtronic! 

• But there are semantically “meaningless” op-codes, e.g., MOV x -> x  

• These “vacuous” op-codes are not used in real programs 

-> Extended the CPU emulator with extra-side effects for these (e.g., for speech synth)  







Pull-Down
Restistors

Signal Diodes

Emic 2 
Speech Synth

LCD Display

Display 
Constrast

CPU Speed

GPIOs
Function KeysHex Keys





Fast-forward to 2020 - iterations 4 & 5 
• My “team” found me ☺

• Frank de Jaeger (Belgium) & Manfred Henf (Germany)
• Via GitHub and Hackaday pages 
• Their proposal: integrate into a Busch console, 

a more authentic Microtronic 2nd Generation
• They asked me to adjust the and extent the firmware

• Mostly identical to my Arduino Mega version, 
but: 
• Smaller Arduino board MiniPro 2560 
• No shields for this form factor -> 

SDcard SPI module instead of SDcard shield 
• A display that would fit into the console

Nokia 5110 LCD 
• Major rewrite of the firmware 

• Frank designed a PCB for off-the-shelf modules 

• 3D printed parts from Manfred 

• Even better GPIO ports 
• Frank replicated the original port drivers 

for maximal electrical compatibility 

The display needs
to fit in here…

Spot for the
custom keyboardMiniPro 2560

SDCard Module



2nd Generation Microtronic in an original Busch console.
With 3D-printed keyboard and Nokia 5110 display.

Designed by
Frank & Manfred.

Firmware by myself.



2nd Generation Microtronic CPU Board

Transistor drivers for output ports





My prototype
for firmware
development.



Iterations 6 & 7 – 2021 - A Pocket Microtronic 
• The 2nd Gen Microtronic was a good success

• ~ 10 or so other Busch enthusiasts build their own
• Frank and Manfred supplied DIY kits to the community

• However, I wanted a much simpler, more compact, and portable version
• I had also learned how to design my own PCBs with KiCAD: 

The Next Generation Microtronic 
• Same hardware initially, but switched to a SPI OLED display later 
• Removed transistor drivers and overkill diode-keyboard matrix

• I added 
• A battery backed-up Real Time Clock module (I2C device) 
• Loudspeaker for sound

• Sound op-codes 
• Again, using “vacuous” op-codes for sound 

• Capability to plug into a real Microtronic for SDcard storage 

• Winner of the Reinvented Retro Contest / 2021 Hackaday
• I accepted the prize for the “team” as it was based on the 

2nd Generation Microtronic and shared it with the team 



The Next Generation Microtronic
designed by myself





The Next Generation Microtronic
can plug into a real Microtronic for
SDcard-based  program storage.



… and one more version,
this time with an OLED
SPI display. Brighter, faster.



Iterations 8 & 9 – 2021 

• In January 2021, enthusiast Eileen 
(“Lilly”) picked up the old 
Uno-based version from 2016 

• I wasn’t sure if the old code would 
still compile… but it did!

• Built her own Uno Microtronic 
• found some bugs
• reintegrated some features back from the

newer versions (Single Stepping, Breakpoints)
• wanted to add some new features

-> The 2016 Uno R3-based firmware 
got another round of refactoring 

• I had to rebuild my 2016 version 
to work with her on the firmware

Eileen’s
Uno R3-based
Microtronic



Prototype to
work with Eileen.



Iteration 10 – towards an SBC without modules 

• Using modules feels a bit like cheating… 
• You want to build your own device 

• One more round 
• Maximally authentic user experience 

• KiCAD custom SMD PCB 

• I re-engineered the LED&KEY module 
• Schematics found on the Web 

• TM1638 driver chip only available as SMD 

• “Shrimped” the Arduino (ATmega 328)
• Still programmable via Arduino IDE 

• Needs crystal, power supply, no more USB 

• A 256 Kbit SPI EEPROM instead of the SDcard 
• Good for storing ~ 42 full memory dumps! 

• LED display 
• First individual 7segments (LOTs of wires…) 

• Then Bubble LED displays like in the original! 

• Removed the Real Time Clock

• Buzzer instead of sound / loudspeaker 

Breadboard prototype
towards a module-less
SBC PCB.



Beautiful NOS
“LED Bubble Displays”
from Jameco!



My SMD PCB.

Technically, this is no
longer an Arduino,
but an ATmega 328-
powered SMD SBC.

The firmware is still
programmed using the
Arduino IDE / software.



The final
“retro-authentic”
Pocket Microtronic
ATmega 328-powered
SMD PCB.



RetroChallenge
2021/10 Edition

MIDI Drum Computer
running on the
Microtronic
(Extended Firmware)

X2 MIDI Sound Module
MIDI = UART



Using the emulator
as a MIDI drum module
for the original Microtronic.











What can be learned from a Microtronic?

• A  lot!

• Hex & Binary

• Basics of programming / machine language / algorithms 

• GPIO / basics of physical computing 

• Basic computer terminology (CPU, RAM, ROM, IO, …)

• However…  



What can not be learned from a Microtronic?
• Advanced addressing modes (indirect, indexed)

• I added program writeable RAM 
• Vacuous op-code extensions for using the extra memory 
• Needed for pattern sequencer in the drum computer 

• Recursion
• Like in the TMS itself, there is no return stack, only a single return register (no CALL-RET nesting) 
• I added a return stack, but still no way to store and restore invocation contexts  

• Well, you can do it ONCE or TWICE using the EXTRA REGISTER sets –
makes a lot of sense given that there are no nested subroutine invocations possible in the original! 

• The designers of the instruction set were very insightful 
• No way to implement a stack in memory with the original 

• Self-modifying programs (Harvard architecture) 

• Not the fastest… 
• The emulator is quite a bit faster than the original
• E.g., 999999 DIV 1 takes ~ 40 seconds with the original! 

• Only 4bit architecture 

• Interrupts, DMA, modern communication protocols (I2C, SPI, UART, …) 

• High-Level Programming Languages 



Conclusion & take away
• Hardware is frequently just software these days, even on low levels 

• And, in many cases, has been since the mid / late 70s 
• Both the original Microtronic and my homebrew versions are just complex firmware running on Microcontrollers 
• The TMS1600 and the AVR / ATmega (328, 2560) 
• Many CPUs are software “IP” (Intellectual Property) Cores these days (Verilog designs etc.) 
• ARM, the world’s dominant CPU architecture, is running an entirely IP-based licensing business 

• Arduino is a great learning platform and steppingstone  
• Variety - quite inexpensive boards and shields / modules (modular electronics)  
• Arduino IDE, drivers, tutorials, community 
• Allows you to step up your game – from BMOWs over bread boards to PCBs via “Shrimping” 

• Electronic Design Automation (EDA)  
• KiCAD, OshPark, PCB Way, Seeed  
• Receiving your first self-designed PCB back from a PCB printing service in the mail is a magical moment! 
• There is always one more feature, one more little fix, one more improvement, one more thing to try, … 

• Hobbyists can now achieve what would have been impossible 10 / 15 years ago 
• I don’t have a formal EE background (CS PhD only); if I succeeded at this, so can you!

• Community
• Share / OpenSource your designs (GitHub, Hackaday, OshPark / Seeed gallery)
• Collaborators can find you, very motivational





Backup slides 

• Other educational computers in Germany









Other well-known single board computers 

• KIM-1 

• SC/MP 

• RCA’s COSMAC 

• HEATHKIT ET-3400 

• Microprofessor MPF-1B / MPF-IP 



1976, KIM-1, 6502, US $245,



1978, SC/MP, £39.95, 



The COSMAC Elf was an RCA 1802 microprocessor-based 
computer described in a series of construction articles in 
Popular Electronics magazine in 1976 and 1977. 

RCA CDP1802

https://en.wikipedia.org/wiki/RCA_1802
https://en.wikipedia.org/wiki/Popular_Electronics
https://en.wikipedia.org/wiki/Magazine
http://www.cosmacelf.com/












Contemporary educational SBCs 

• BBC MicroBit 

• Arduino 

• Raspberry Pi  

• Gaken reimplementation of the Science Fair Trainer 



Japanese
Re-Implementation
Of the 1976 Science Fair!













Note – extra RAM chip!
This is not really an address 
bus. Connected over GPIOs.
Very unusual TMS design.
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