Tinkering With CMOS Circuits at the Lunch Table With MOSbius

Experimental validation is a criti-
cal step in any engineering disci-
pline and doing lab experiments is
an essential part of the formation
of an engineer. Creating relevant
experiments to train integrated-
circuit designers has become difficult
due to the lack of appropriate compo-
nents. We designed the MOSbius chip
and adapter PCB so learners can per-
form circuit labs with MOS transistor
topologies that are relevant to mod-
ern transistor-level IC design. With
MOSbius, students can experiment
with customized CMOS circuits early
on — without the challenges, delays,
and cost of designing a custom inte-
grated circuit. Yet, MOSbius serves
as a great steppingstone towards
full custom IC design courses.

Motivation

Many of today’s students are primar-
ily exposed to transistor-level cir-
cuits through computer simulations.
Few have experience with tinkering
with transistors as it often comes
with logistical or financial challenges
of obtaining components or access-
ing test equipment. Attention spans
also have reduced, so it is paramount
that students see things happen in
their circuit right away. For micro-
controllers, the Arduino platform [1]
has significantly lowered the thresh-
old for building microcontroller-
based experiments, even for students
or hobbyists with limited training.
They obtain results quickly with pre-
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made examples. This spikes the stu-
dent’s interest to dig deeper and start
experimenting on their own. Simi-
larly, FPGAs offer an accessible way
to learn digital system design using
hardware description languages and
verify the design in hardware. The
goal of the MOSbius project is to
enable a similar experience for MOS
transistor circuits.

Design and Analysis < Simulation <
Measurement

A seasoned IC designer is well versed
in theory, uses simulation to verify
their designs, and proves correct func-
tionality and performance using mea-
surements (see Figure 1). Any student
with an Internet connection can access
an extensive set of (open) teaching
materials to learn theory. Powerful
open-source or free simulation tools
[2] are available and can be run on
affordable laptops. But, until recently,
doing electronic lab experiments was
largely limited to university or indus-
try laboratories. The availability of
low-cost, all-in-one USB instruments
(e.g., [3] and [4]) now bring lab experi-
ments to any lunch table.

The key missing component at
this point is access to adequate MOS
devices to build IC-relevant CMOS test
circuits so that students can learn
how to use theory and simulation to
design and verify custom MOS transistor-
level circuits. The CD4007 [5] and
ALDI1107/8 chips [6] offer MOS signal
transistors, but the available device
sizes are limited and the number of
transistors per package is small so that
building, e.g., a Miller-compensated

IEEE SOLID-STATE CIRCUITS MAGAZINE

OTA requires many chips, leading to
an overly complex breadboard.

MOSbius Platform

The MOSbius platform allows students
to perform MOS circuit labs at the
lunch table (Figure 2). The kit is robust
and easy to use. Premade examples
(Figure 3) freely available at [7] ensure
that stimulating results are obtained
quickly. The MOSbius chip (Figure 4)
is a custom IC that contains MOS
circuit blocks like common-source
amplifiers, current mirrors, differen-
tial pairs, one-stage OTAs, and inverter
stages. The chip is mounted on an
adapter-PCB that plugs into a solder-
less breadboard. The PCB has some
bias and protection circuits. The stu-
dents add external components like
resistors, capacitors, diodes, or sen-
sors on the breadboard. Connections
can also be made on the breadboard,
or students can use the on-chip
programmable switch matrix to wire
up their circuit from a spice schematic
or a connections file. The chip can be
programmed with a microcontroller
(Figure 3) or digital pattern generator.

Design and
Analysis
-

MOSbius offers easy access to
interesting measurements on MOS transistor-
level circuits so students can practice the
“Design and Analysis < Simulation ©
Measurement” validation loop.
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An overview of the MOSbius platform. Students design and realize transistor-level MOS circuits using on-chip-style topologies and

evaluate them experimentally.

This setup makes internal nodes
of the MOS circuit accessible for
measurements. Measurements can
be conducted with affordable, yet
powerful, all-in-one USB instruments
[3], [4] that have power supplies,
oscilloscopes, waveform generators,
and digital input-output and logic
analysis. The whole experimental
setup with a laptop fits easily on the
lunch table. The setup is portable
so that experiments can easily be
done, even outside of a formal elec-
tronics lab.

The MOSbius website [7], https://
mosbius.org, has extensive documen-
tation and tutorials, and the project
has a public discussion board.

MOSbius Chip

The MOSbius chip was designed with
a 65-nm CMOS foundry process using
2.5-V thick-oxide devices and is pack-
aged in a 68pin plastic leaded chip
carrier package. Students are encour-
aged to use a (gm/I)-based design
methodology. The W/Ls of the unit
(1x) nMOS and pMOS transistors have
been chosen so that the devices oper-

ate with a Voy of ~200 mV and a (gm/I)
of ~ 8/V when biased with 100 pA.
All other devices are sized relative to
the 1x transistor. The typical exter-
nal resistor values are 10’s KQs. With
external capacitors in the order of
nFs, unity-gain bandwidths of tens to
hundreds of kilohertz are achievable.
This keeps the effect of breadboard
parasitics (typically a few picofarads)
negligible so that good correspon-
dence is achieved among measure-
ments, simulations, and calculations.

Simulations

A custom LTspice [8] library (see Fig-
ure 5) is available for users to draw
circuits and simulate them. Openly
available model cards for 0.25-um
CMOS transistors give good results
for simulation explorations.

Programming the On-Chip

Switch Matrix

The registers that are used to pro-
gram the switches in the switch
matrix are arranged in a 650-stage
shift register that is easily pro-
grammed using a clock (CLK) and
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data (DATA) signal. The enable (EN)
signal is pulled low by default on the
chip to disconnect the switch matrix
if users do not want to use it, and to
program the registers; after program-
ming, when the EN is pulled high, the
on-chip switches close to make the
connections between the pins.

The student can describe their cir-
cuit connections using a simple JavaS-
cript Object Notation (JSON) file or can
use Python scripts (Figure 6) to extract
the connections from their circuit
spice netlist. The connections JSON

Physical setup of the “Blinky”
experiment with the MOSbius chip and
adapter board on top, the USB instrument
plugged into a breadboard adapter in the
lower left corner, and a microcontroller in
the lower right corner.
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file can be uploaded to the microcon-
troller (e.g., a Raspberry Pi PICO [9])
running microPython, or converted to
comma-separated value files to drive a
digital pattern generator.

Using MOSbius From “Introduction
to Electrical Engineering” to
Graduate “IC Design” Courses

We now illustrate how MOSbius can be
incorporated into electrical engineer-
ing curricula at all levels, from the
undergraduate to the graduate level.

Introduction to Electrical
Engineering and Electronics |
From “Blinky’-style experiments to
single-stage transistor amplifiers,
differential pairs, current mirrors,
or transistor-level digital circuits
like latches, flip-flops, and basic
logic gates, many experiments can
be devised to complement entry-
level circuit classes.

Students progress from building-
block-level thinking to transistor-level
realization (Figure 7) and can verify

68 67 66 6564 6362 6160 5958 57565554 53 52

1 1 2 4 8| 16 1 1 4 4 P
Voo - 16| 16™ (7

1 o 2 e 51

2 —= EN g 16 50

2 —[>CLK } § § e 165 x 10 Switch Matrix " 49
o 48

s DA JOo s [ Bus<i:10> P £

6 2 4 46

MOS
8 MOS i 44
9 p

DNW pe
=
4 41

[89-6 ‘LIsuid
e
o]

[ Gy
Nooh~hwWN=O

1_BIAS_2000

;m@wmf

8| 16 3‘21
Ves [

18 19 20 21 22 23 24 25 26 27282930313233 34

(a)

FIGURE 4: (a) A conceptual schematic and (b) microphotograph of the MOSbius chip.
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their understanding through simula-
tions and measurements (Figure 8).
They can practice reconciling design
calculations, circuit simulations, and
measurements (Figure 2) consider-
ing component variations, simulation
modeling limitations, and measure-
ment inaccuracies.

Device Courses

[-V characteristics can easily be mea-
sured, even with basic USB instru-
mentation, to learn about devices
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FIGURE 5: A screenshot of the custom LTspice library to draw MOSbius circuits. After making connections, a circuit can easily be simulated
before building it on the breadboard.
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(see Figure 9). It’s one thing to see I-V
characteristics in a book or in simula-
tion, it’s a whole different experience
seeing the characteristics drawn out
in front of your eyes. The differential
nature of the USB oscilloscope chan-
nels makes current measurements
quite easy with a resistor. The mea-
sured data can further be exported
to extract custom models or to make
comparisons to simulations.

Analog Electronic Circuits Courses
Many undergraduate circuit curri-
cula follow the junior-level Electron-
ics Icourse with a senior-level Analog
Electronic Circuits or Electronics Il
course focused on OTA-based cir-
cuits using feedback, including sta-
bility and frequency compensation,
and on basic transistor-level OTA
design. MOSbius offers great sup-
port for labs to see all the principles
of those circuits in action. Uniquely,
all circuit nodes are available so
that even internal signals can be
probed and studied. All resistors
and capacitors, including load and
compensation capacitors, need to
be added to the breadboard. This
offers the student the opportunity
to change their values and observe
the effect of frequency-domain (Bode
plot) and time-domain (step response)
behaviors.

Figures 10 and 11 show the setup
for a two-stage OTA. Students mea-
sure the response of the individual
stages and then compute the required
components for various compensa-
tion strategies. In Figure 12, the step
response of the OTA in a unity-gain-
follower configuration is measured
with no compensation, dominant-
pole compensation, and Miller com-
pensation. All transistors and their
biasing are identical between the
measurements, clearly demonstrat-
ing the speed advantages of Miller
compensation over dominant-pole
compensation. The USB instrument
software [3], [4] can also measure
Bode plots (Figure 12) and the con-
nections between the frequency-
domain characteristics of the loop
gain and the resulting time-domain
closed-loop response can be explored

and checked against calculations and
simulations.

Graduate Courses: Filters,

ADCs, DAGs, ...

MOSbius can be used in graduate-
level courses as well. For instance,
using the transistors on MOSbius,
several OTAs can be built to make
biquads for continuous-time filter
experiments. Another example is
continuous-time delta-sigma modu-

Schematic

Blinky: Schmitt-Trigger-Based Relaxation Oscillator
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lators (DSMs). Figures 13 and 14
show the implementation of a first-
order DSMusinganactive-RCintegra-
tor, a continuous-time comparator,
and a D-flip-flop. It uses up all the
transistors on the MOSbius chip and
only requires an external CLK and
analog input signal.

This type of circuit exposes stu-
dents to advanced concepts and can
be an opportunity to learn about
more advanced measurements like

connections.json

: [48, 501,
[31, 49, 52, 53, 59],
[28, 30, 51, 58, 60],
[29, 571}
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Python scripts in the ‘MOSbiusTools’ extract the connections realized with the on-
chip switch matrix from the circuit schematic and generate the necessary CLK, DATA, and EN
(not shown) bit streams to program the MOSbius chip.
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.param Cosc = 10uF Rosc = 100K
tran 10 uic.

e v(busO1) = 1.4

Note: the diode models were chosen
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LEDs that you have available.

Note: The numbers on the symbois correspond to the PCB pin numbers.

Inverter-based realization of a Schmitt-Trigger relaxation oscillator (Blinky)
using MOSbius, showing the progression from a building block implementation to a custom

transistor-level realization.
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(a) Students can measure the transient waveforms of the Blinky relaxation oscillator, as well as the (b) Schmitt-Trigger input-output
characteristic (X-Y), to gain insight into the circuit operation and compare it to simulations and calculations.
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The basic setup used to measure I-V characteristics of the 4x nMOS transistor. The gate and drain sweep signals can easily be
generated with a USB waveform generator; thanks to the differential inputs of the USB scope, the drain current and drain voltage can be

accurately measured.
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The single-ended, two stage, Miller-compensated OTA is easily built with the
MOSbius chip; different types of compensation networks can be added externally on the
breadboard.
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SNR, SNDR, or ENOB. The USB instru-
ments include a logic analyzer so
that a digital output can be captured
and digitally postprocessed. Alterna-
tively, the spectra of the signals can
be reviewed using the USB instru-
ment to understand basic opera-
tions, as shown in Figure 15.

Preparation for a VLSI Design Lab
Course With Tape Out

MOSbius is a great tool to prepare
students for IC lab courses, where
they conceive, design, tape out, and
characterize their own full custom
IC [10]. Through MOSbius experi-
ments, they get exposed not only to
transistor-level design techniques
but also gain an appreciation of



This setup for two-stage
OTA experiments relies fully on external
connections and does not need the on-
chip switch matrix; different frequency-
compensation networks and different
feedback configurations can be selected
with the switches.

the measurement techniques (and
challenges) that they will need to
evaluate their own chip. They are
also introduced to basic biasing
techniques or to how to program
the shift-register-based serial-par-
allel interfaces that are ubiquitous
on prototype chips.

Other Opportunities

We envision that MOSbius can fur-
ther be used for hackathons, con-
ference design contests or training
sessions, senior projects, and so on
and look forward to the opportunity
to support such events.

Conclusions

MOSbius is a novel platform that
brings MOS circuit experiments to
any lunch table. It aims to broaden
access to experiential learning of
circuit measurements so that stu-
dents can explore the nexus between
design and analysis, simulation, and
experimental results. The project
website [7], https://mosbius.org/,
provides extensive documentation and
ready-made lab experiments so that
instructors can easily adopt the labs
into their curriculum. Chips and ready-
made Kkits can be obtained through
https://mosbius.org/ordering.html/.
We look forward to collaborating with
users to expand the portfolio of lab
experiments.

We further encourage designers to
consider designing their own MOSbius-
like chips. The 2025 IEEE Solid-State
Circuits Society Chipathon has MOSbius
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(a) The step response for the OTA in a unity-gain-follower configuration and (b)
measured Bode plots for the loop gain with no compensation and Miller compensation.

as one of the topic areas to encour-
age designers all over the world to
design open source MOSbius-like
chips to broaden access even further.

Nothing can replace the “aha
moment” when your circuit finally
starts working and you see its oper-
ation before you own eyes. That
experience will stay long after the
equations and analysis are forgotten.

—Peter Kinget

Acknowledgment

Many thanks to the MOSbius crew of
enthusiastic current and former stu-
dents: Longyi Li, Yunfan Gao, Zhuo
Chen, Petar Barac, Ray Xu, Hong-
zhe Jiang, Cade Gleekel, Nico de la
Cruz, Rosnel Alejandro Leyva-Cor-
tes, Yuechen He, Jingde Hu, Qizhe
Wu, Jingrui Li, Xianglin Pu, Yuntao
Guo, and Andrew Chon. Thanks to
Apple, Inc. for fabrication funding
through the Columbia ELEN E6350
VLSI Design Lab course. Thanks to
Yannis Tsividis (Columbia), John Pig-
ott (NXP), Babak Soltanian (Tayen.
Ai), Jianxun Zhu (Analog Devices,

IEEE SOLID-STATE CIRCUITS MAGAZINE

S o
The first-order DSM setup

uses a microcontroller (upper right) to
program the on-chip switch matrix; the USB
waveform generators (lower left) provide
the external CLK and analog input signals,
and the USB scope channels measure the
outputs of various stages.

Inc.), Jared Zerbe (Apple), Eric Smith
(Apple), Doug Mercer (ADI), and
many others for engaging discus-
sions and sharing of ideas.

—Peter Kinget

References

[1] “Arduino- Home.” Arduino. Accessed: Jun.
7, 2025. [Online]. Available: https://www.
arduino.cc/

SUMMER 2025 77


https://mosbius.org/
https://mosbius.org/ordering.html/
https://orcid.org/0000-0002-5707-6394
https://www.arduino.cc/
https://www.arduino.cc/

Block Diagram

Active-RC Implementation

R2

DAC |

Input b Q Input R1
Qb 1-Bit Digital Output 10K
C
I
CLK i
Vpp/2

MOSbius Implementation

1-Bit Digital Output

CLK

Two-Stage OTA With C Feedback as Integrator
Two-Stage Comparator

Clock Buffer

FIGURE 14: Realization of a first-order DSM using MOSbius.

TimeDomain >
PR S SIS T NI NTNT NN N T N T NTNTNT T NT NI NTNTNTNGT Y

Curft= -4000ms  CurVi= -202453mV Perio. 1920 Period: 130560 s
CurT2= -4000ms  Curv2= 2689V Frequency: 7659 kHz
= 0000 av= 2981V Peak-poak: 2606 V
1at = infinity Mean: 1181V
500,000 s/div 8 k Samples at 1 Msps Stop

3 '
!

30 T
‘ 8
, <
1
H
T
!

m5+3.50 ms-3,00 MS-2.50 M5-2.00 MS~1,50 Ms+1.00 ms-0.50 ms 0,005 0,50 ms 1.00 ms 1,50 ms 200 s 2.50 s 3.00 s 3.50ms 4.00 ms

@

(a)

500,000 mVdiv (2.5) 500.000 mV/div (22.5)

dBY  Sample: 4370 % /131072 Average Sample: 14 /25

0.00d8
o Spectrum. of Qutput Waveform..

200008

300008

400048

500048

600048 '

LY ———

—~— e, e

800008 === -

h . o e
' ST b
<90.00d8 1 i

100,004 .
1000 Hz 100,00 Hz 1,00000 Mz 1000 kHz

“20dB/dec

FIGURE 15: (a) The measured time waveform and (b) spectrum of the analog sinusoidal input
signal and the digital output of the first-order DSM (f, = 139 Hz; f,, = 100 Ksps); for more
accurate measurements the digital output can be processed in the digital domain.

78 SUMMER 2025 IEEE SOLID-STATE CIRCUITS MAGAZINE

DFF Triggered on Negative Edge of CLK (BUS09)

..

CLK CLKB
- v

[}

[2] “List of free electronics circuit simula-
tors.” Wikipedia. Accessed: Jun. 7, 2025.
[Online]. Available: https://en.wikipedia.
org/w/index.php?title=List_of_free
_electronics_circuit_simulators

[3] “ADALM2000 overview.” Wiki [Analog]. Ac-
cessed: May 25, 2025. [Online]. Available:
https://wiki.analog.com/university/
tools/m2k

[4] “Analog discovery 3 specifications.” Digi-
lent. Accessed: May 25, 2025. [Online].
Available: https://digilent.com/reference/
test-and-measurement/analog-discovery-3/
specifications

[5] “Build CMOS logic functions using CD4007
array - ADALM2000.” Wiki [Analog]. Ac-
cessed: Jun. 3, 2025. [Online]. Available:
https://wiki.analog.com/university/
courses/electronics/electronics-lab-28

[6] “Quad/dual N-channel matched pair MOS-
FET array,” Adv. Linear Devices, Sunny-
vale, CA, USA. Accessed: Apr. 18, 2025.
[Online]. Available: https://www.aldinc.
com/pdf/ALD1116.pdf

[7] “Welcome to the MOSbius project.” MOS-
bius. Accessed: May 25, 2025. [Online].
Available: https://mosbius.org/

[8] “LTspice.” Analog Devices. Accessed: May
25, 2025. [Online]. Available: https://www.
analog.com/en/resources/design-tools
-and-calculators/Itspice-simulator.html

[9] “Pico-series microcontrollers.” Raspberry
Pi. Accessed: May 25, 2025. [Online]. Avail-
able: https://www.raspberrypi.com/
documentation/microcontrollers/pico
-series.html

[10] P. Kinget, “Teaching IC design: From con-
cepts to testing a fabricated custom chip
[Society News],” IEEE Solid-State Circuits
Mag., vol. 15, no. 3, pp. 87-93, Summer
2023, doi: 10.1109/MSSC.2023.3283976.

&9


https://en.wikipedia.org/w/index.php?title=List_of_free_electronics_circuit_simulators
https://en.wikipedia.org/w/index.php?title=List_of_free_electronics_circuit_simulators
https://en.wikipedia.org/w/index.php?title=List_of_free_electronics_circuit_simulators
https://wiki.analog.com/university/tools/m2k
https://wiki.analog.com/university/tools/m2k
https://digilent.com/reference/test-and-measurement/analog-discovery-3/specifications
https://digilent.com/reference/test-and-measurement/analog-discovery-3/specifications
https://digilent.com/reference/test-and-measurement/analog-discovery-3/specifications
https://wiki.analog.com/university/courses/electronics/electronics-lab-28
https://wiki.analog.com/university/courses/electronics/electronics-lab-28
https://www.aldinc.com/pdf/ALD1116.pdf
https://www.aldinc.com/pdf/ALD1116.pdf
https://mosbius.org/
https://www.analog.com/en/resources/design-tools-and-calculators/ltspice-simulator.html
https://www.analog.com/en/resources/design-tools-and-calculators/ltspice-simulator.html
https://www.analog.com/en/resources/design-tools-and-calculators/ltspice-simulator.html
https://www.raspberrypi.com/documentation/microcontrollers/pico-series.html
https://www.raspberrypi.com/documentation/microcontrollers/pico-series.html
https://www.raspberrypi.com/documentation/microcontrollers/pico-series.html
http://dx.doi.org/10.1109/MSSC.2023.3283976

	072_17mssc03-educorner-3583537

