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09:00 - 09:15 | Recap | Questions?
Review of Key Takeaways from Yesterday

09:15 – 09:30| Module Overview
Overview and Introduction to Today’s Module

09:30 - 10:45 | Expert Talk
Dr.-Ing Volker Muehlhaus: Python Interfacing with OpenEMS using IHP Stackup

12:00 - 13:00 | Lunch Brake | Catching Up

13:00 - 15:00 | Design of 50 GHz MPA
Build a simple schematic and set up the RF design flow, including S-parameter and 

nonlinear analysis. (Starting EM simulations)

15:30 - 17:00 | EM Simulations
Perform EM simulation of schematic components and analyze their impact on circuit 

behavior

15:00 – 15:30 | Coffee Break | Caching Up

Agenda For today

10:45 - 12:00 | Introduction | Hands  On
Introduction To QUCS-S / Starting the MPA design
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Key Takeaways from Yesterday

Insights on models within the IHP Open PDK

Building the testbench for two stage OTA

Building the testbench for the BGR

Exploring mismatch simulations

Beginning the layout of two stage OTA

Questions?

Was something from yesterday unclear?

Are we going to fast?

Do you need more time for the small exercise?
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Overview Of Todays Plan

Exploring QUCS-S: Small introduction to Qucs-s

MPA Schematic: Biasing and Initial matching

Compression Point: Non-Linear analysis using xyce to determine compression point

OpenEMS: EM Simulation using OpenEMS

Misc: Continue OTA layout or perform EM simulations for the remaining MPA components.
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Single Stage 50 GHz MPA
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OpenEMS
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Post Processing
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Small Disclaimer

RF Workflow in OS is challenging !

Harmonic Balancing in Xyce is challenging… Why? (sweeps, equations etc.)

This workflow propose a procedure to extract results and metrices in a semi automated way

RF workflow is based on repetition so be patient ☺

Good News?

The OS echo system is pushing for a lot of development in this area

EM simulation with python interfacing is convenient and performs well!

For HB simulations Ngspice developers are currently implementing this



Expert Talk
Dr.-Ing Volker Muehlhaus

Python Interfacing with OpenEMS using IHP Stackup



EM Simulation with openEMS for SG13G2 
(new workflow)

Volker Muehlhaus

05 May 2025



Overview

Why use EM simulation?

openEMS and FDTD method basics 

What is different between standard openEMS and new Python workflow?

Examples transmission line and PA core

Simulation mesh
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Using S-Parameter results, optional lumped model extraction

Summary

1.

2.

3.

4.

5.

6.

7.



Why use EM simulation?

Interconnect layout adds series R,L and shunt C

No electrical model of layout/interconnect in the PDK

No parasitic extraction available in openPDK flow

EM simulation can capture ALL layout effects, 
valid up to highest frequencies, 
but requires more complex analysis

For IHP Open PDK, we can use EM solver openEMS
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https://www.mwrf.com/technologies/embedded/software/article/21846943/em-simulation-technologies-support-rfic-development

Parasitic Extraction
not available in openPDK



EM simulation use cases

Interconnect parasitics

Layout components:
Inductors, Baluns

MIM

Transmission lines
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Using S-Parameter results, optional lumped model extraction
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FDTD Method used in openEMS: Mesh

Simulation method is Finite Difference in Time Domain

Simulation domain is divided into many small boxes

Calculates all E, H value for each box at one timestep, then next timestep, next timestep…

Simulation boundary can be perfect electric conductor, perfect magnetic conductor or absorbing
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Von FDominec - Eigenes Werk, CC BY-SA 4.0, 
https://commons.wikimedia.org/w/index.php?curid=37637085



FDTD Method used in openEMS: Time Domain

Port excitation with gaussian pulse creates wideband continuous spectrum

FDTD calculates E and H in time domain, step by step, until energy in model is (near) zero

Wideband S-Parameter obtained by Fourier transform of time signals at port(s)

We get one column of S-matrix (wideband) per port excitation

Repeat for all ports to get full [S] matrix
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Basis of this work: openEMS
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Basis of this work: openEMS
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Model based on code (Python or Matlab)

3D model viewer for visual check



Initial openEMS workflow in SG13G2 on github

Initial version used standard openEMS code for modelling, proof of concept to verify accuracy

This is NOT the new workflow discussed here!
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Make openEMS easier to use for RFIC work

New workflow based on openEMS with Python API  

Additional software layer that specifically targets RFIC EM use cases

Modular code, keep the main model simple & clean, easy to re-use

Read geometries directly from GDSII layout files (no prior conversion needed)

Read technology stackup from XML file

Automatic meshing

Idea: for new model, find the closest match from existing models and change only a few code lines
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New workflow minimum example
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Layout file to simulate

Simulation model script

Technology stackup file

Utility function modules



Ports in openEMS

Ports define the input/output interfaces to simulated layout

Attention ADS Momentum users: ports require signal and reference terminal

Rule: current only flows in closed loops!

The port resistor physically closes the loop
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Ports: in-place or vertical between layers

In-plane ports between metals on same layer

Vertical ports between metals of different layers

Rule: current only flows in closed loops!
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FDTD Method used in openEMS: Ports

Ports can be in-plane or vertical

Port is one line of code … but let‘s look at port internals here
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Port resistor

Current measurement

Voltage measurement

Current source



Port configuration in new workflow

Port shape defined in GDSII on special layer (recommended 201 and above)

Separate layer per port

PDK pins from GDSII not used
because they have wrong shape
and position
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Why do we discuss ports in such detail?

The EM simulator will always give you a result, even if your model setup is not what you
intended to model

Ports are one of the major error sources in EM simulation

For accurate results, proper port setup is most important

In openEMS and other 3D EM, keep ports small (compared to wavelength and other geometry)
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valid invalid large port
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Using S-Parameter results, optional lumped model extraction
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Simple straight line: run_line_viaport.py
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GDSII file

GDSII file has rectangles for TM2 transmission line and Metal1 ground return

Ground polygon must be drawn for this simulation, only then we can include it in model

Input port drawn as small box on layer 201

Output port drawn as small box on layer 202
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Code from run_line_viaport.py
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Run model

Set model directory as current directory

From command line: python3  run_line_viaport.py
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FDTD Simulation (running)

To actually start simulation of this model, code must be preview_only = False

Then, simulation starts after closing the 3D model viewer

To exit without starting FDTD simulation, press Ctrl-C while 3D viewer is still open
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FDTD Simulation (finished)

Simulation of this port excitation is finished when residual energy is below limit defined in code
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Data plot
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write S2P file S2P file

S11 plot

S11 plot

fake symmetry



Port excitations (again)

Remember that one port excitation does not give us the full [S] matrix

For symmetric DUT we can assume S11=S22 and S12=S21

For general case, our model code can run multiple port excitations, one after another
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Model data structure in file system
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Each excitation creates a separate directory to store data

Combined S-parameter file stored one level above



Example model PA core

PA core is layout with transistor feed + via stack, transistor itself is modelled by ports

Transistor has center „strip“ as common terminal for Emitter

Port 3 (Base) and Port 4 (Collector) use that shared ground reference

Note the closed loops for currents
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PA core port definitions
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Using S-Parameter results, optional lumped model extraction
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Simulation Mesh

Creating the simulation mesh is a major difficulty in standard openEMS

In this new workflow for IHP SG13G2, mesh is built automatrically based on geometry

One user input to set required minimum mesh size (required detail resolution)
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To see the xy mesh, switch to 2D view
and show the xy plane.
Set the z position slider to maximum, 
to place mesh lines at the very top.



Why not always use very fine mesh?

Using small cell size has two effects:
Minimum mesh size gets smaller => simulation time step gets smaller => more time steps needed

More mesh cells required for simulation volume

These two effects combined: solve many more cells for many more timesteps => longer simul. time
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Simulation time with different mesh size

refined_cellsize = 1:  min=0.40, 327 kcells, 37240 timesteps, 1min:14s

refined_cellsize = 0.5: min=0.40, 582 kcells, 61957 timesteps, 2min:35s

refined_cellsize = 0.2: min=0.14, 1439 kcells, 212408 timesteps, 29min:41s

When Metal1 with thickness 0.4 µm is minimum mesh dimension, we simply see the difference
in total mesh count, the FDTD timestep is unchanged

When refined_cellsite creates mesh cell smaller than that, we have the combined effect of more
mesh cells and smaller mesh cell => smaller time step, so total simulation time is much longer
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Simulation Mesh and Skin Effect

Conductors modelled as solid volumes with conductivity

Must mesh into skin depth to include skin effect in results

Images below from another EM solver, only to show effect

Skin depth for Aluminium: 
0.58µm @ 20 GHz

0.37µm @ 50 GHz

0.26 µm @ 100 GHz

Set refined_cellsize with skin effect in mind, if loss matters to your model
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Simple square loop at different mesh size
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Mesh resolution summary

Mesh resolution must resolve small geometry detail

Mesh resolution matters to get correct skin effect loss

Set mesh resolution as small as necessary, but not smaller ;-)

Learn from running a few test cases (convergence study)
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Using results

S-parameter output can be used in circuit simulation

No noise simulation in ngspice with S-parameter data -> workaround is lumped circuit model
extraction

Lumped model extraction also useful for transmission line models

Lumped model ensure we have no leakage currents from small numerical errors

Downloads: https://github.com/VolkerMuehlhaus/lumpedmodel
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https://github.com/VolkerMuehlhaus/lumpedmodel
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Summary

openEMS is time domain EM simulation, results are the usual *.snp Touchstone files

New workflow takes GDSII input files, plus some simulation settings, in one Python model file

Simulation ports must be added to GDSII file on extra layers (recommended 201 and above)

Port direction is set in Python model file, pay attention to port polarity (otherwise 180° phase
shift at DC)

Simulation mesh requires one user input, to set mesh resolution (as fine as necessary)

Multiple ports require excitation from one port after another, all controlled from a single
Python model file
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References

openEMS:
https://www.openems.de/

New IHP workflow for GDSII files
https://github.com/VolkerMuehlhaus/openems_ihp_sg13g2

Lumped model extraction:
https://github.com/VolkerMuehlhaus/lumpedmodel

Detailed manual for new workflow: 
https://github.com/VolkerMuehlhaus/openems_ihp_sg13g2/blob/main/doc/Using_OpenEMS
_Python_with_IHP_SG13G2_v2.pdf
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https://www.openems.de/
https://github.com/VolkerMuehlhaus/openems_ihp_sg13g2
https://github.com/VolkerMuehlhaus/lumpedmodel
https://github.com/VolkerMuehlhaus/openems_ihp_sg13g2/blob/main/doc/Using_OpenEMS_Python_with_IHP_SG13G2_v2.pdf


Thank you for your attention! 
IHP GmbH – Innovations for High Performance Microelectronics

Im Technologiepark 25

15236 Frankfurt (Oder)

Tel.: +49 (0) 335 5625

E-Mail: volker@muehlhaus.com
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Setting Up Qucs-s

Navigate to the following directory: IHP-Open-PDK/ihp-sg13g2/libs.tech/qucs

Run the following: python3 install.py

Launch Qucs by writing the following in the command line: qucs-s

Navigate to the following location in Qucs: file -> Application settings -> Locations tab
Change to your own path!

Press “Ctrl+H” to show hidden folders
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Simple Navigation in QUCS-S

To launch without specific file reference: qucs-s

Opening a specific file: qucs-s –i path/to/file.sch

Qucs Shortcuts: https://qucs-help.readthedocs.io/en/0.0.18/short.html
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Simple Navigation in QUCS-S

Running An Example
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Simple Navigation in QUCS-S

Main Dock

Components: Stores standard libs and 
simulation blocks etc..

The library panes stores the Open PDK 
components with the symbol passives 
(simple drag and drop)
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Simple Navigation in QUCS-S

Mark components and 
activate/deactivate 

Simulator selection

Simulate!
Tuner

Graph marker

Display data/schematic
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Simple Navigation in QUCS-S
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Simple Navigation in QUCS-S



Catching Up / Lunch Time !

Next session:
Biasing



Part 1

Biasing
Reference:  modules/module_2_50GHz_MPA/part_1_biasing 
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Building The Schematic

wire: Ctrl+W



14.05.2025 www.ihp-microelectronics.com | © IHP all rights reserved | Frankfurt (Oder) 2025 63

Building The Schematic
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Check Component Parameters

You have to set different parameters that aren’t necessarily shown!

Example:

Double Click

!!!

Same for Port 2
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Running The Simulation
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Viewing The First Results

Start by switching to data display

Select the Smith Chart

Double click the S11 and S22
View the data and insert markers with
Use arrow keys to move the marker
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Inserting Equation

Stability / K-Factor

k=(1 - abs(s_1_1)^2 - abs(s_2_2)^2 + abs(s_1_1 * s_2_2 - s_1_2 * s_2_1)^2) / (2 * abs(s_1_2 * s_2_1))
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Viewing The K-Factor

Select the Cartesian plot

Select the K-factor Clearly not stable!
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Viewing Data From Table

Select tabular

Select the collector voltage and current

Checking some bias points
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Tuning Components

Introducing Stability Comps 

We want to tune the resistance of the 
base resistor!

We introduce a .Param block:

Also set the parameter in the resistor
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Tuning Components

Instantiate the Cartesian plot inside the schematic and view the K-factor From here open 
the tuning function

Select the Rstab parameter in the 
.param block and start tuning
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Stabilize The Amplifier ☺

Try as best as you can to stabilize the amplifier

You can employ any method you like (emitter degeneration, biasing etc…)

Its not critical to stabilize the amplifier since we only want to create a appropriate flow ☺

If unsure, stabilize the amp by adjusting components for K > 1 at 50 GHz.



Part 2

Matching
Reference:  modules/module_2_50GHz_MPA/part_2_matching_ideal 
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Matching

To move forward we will use the 
schematic seen to the right

This is simply done to keep quite 
consistent with the first iteration of the 
design earlier

You may continue with your own 
schematic to keep better stability factor ☺
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Online Matching Tool

At this point you can navigate to the 
following link to match your input section:

You can do the matching in QUCS-S using 
the matching tool under tools, but not for 
this kind of section that we wish to create

When an appropriate matching have been 
found you can refer to the next slide to 
insert the components and tune the 
parameters

https://www.will-kelsey.com/smith_chart/
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Matching

We will start by inserting “real” capacitor 
and inductor in the input and  (remember 
to set frequency of Q-factor components)

Since we define variables for the 
capacitance and inductance we also need 
to include .param blocks for this

This will be used to tune the input sizes to 
get best input matching 

C and L values are tuned based on 
parameters from the previous slide—
yours may vary ☺
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Matching



Part 3

Matching
Reference:  modules/module_2_50GHz_MPA/part_3_nonlinear_analysis 
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Xyce Setup

Make sure the path to the 
simulator is set correctly!
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Nonlinear Analysis

We switch simulator to Xyce

This imposes some issues!!

Math calculations for plotting is not 
possible!

Sweeping is somehow challenging

Pushing to hard into the Nonlinear 
Domain corrupts the data from xyce

Lets look at the schematic setup on the 
next slide!
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Nonlinear Analysis (Compression Point)

Why??

Why??
Why??

We node we have to include a 
parameter sweep which can be 
found in the main dock under 
simulation

Also for the model inclusion we 
have to go under SPICE netlist 
section in the main dock and 
choose the .Lib directive

Remember to switch the 
simulator to Xyce!

Run the Simulation 
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Visualizing The Results

After setting up the simulation, 
we can run it and check the 
results. Upon completion, the 
first task is to instantiate a 
table to inspect the output data 
and ensure proper formatting. 

To extract the data for post-
processing we need to plot 
data, which we will do with a 
Cartesian plot seen on the 
following slide
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Visualizing The Results

Mark the data on the graphs 
and navigate to the 
following

Once the all the data for the 
parameters have been 
saved, the Jupyter-lab file at 
the following path can be 
opened: module_2_50GHz_MPA/part_3_nonlinear_analysis/python

jupyter lab post_processing.ipynb
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Visualizing The Results

Demonstrates how to plot 
extracted data using Python

Ensure parameter names 
match those specified for 
successful extraction

If schematic labels differ 
from the slides, open the 
CSV files to check and adjust 
the parameter names
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Visualizing The Results
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Load Pull

The goal of the load-pull 
analysis is to optimize the 
output network for maximum 
linearity

Explored a straightforward 
approach for multi-parameter 
sweeps in Xyce, but faced 
challenges due to limited 
documentation and unexpected 
complexities.

Current simple approach: vary 
resistance and evaluate 
performance around 50 Ω.
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Load Pull

The schematic to the right is 
the one we will continue 
with..



Coffee Break!! / Catching Up



Part 4 

OpenEMS
Reference:  modules/module_2_50GHz_MPA/part_4_layout_EMsims
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EM Simulation

At this point we want to include 
the EM simulated components 
into QUCS-S for post 
processing!

We will use the approach 
proposed by Dr.-Ing Volker 
Mühlhaus
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EM Simulation

Define Input Ports on following layers

The input ports should be referenced as 
described in the earlier presentation. For a 
detailed walkthrough of the code for this 
specific structure, refer to the following 
markdown file:

module_2_50GHz_MPA/part_4_layout_EMsims/EM_simulation.md
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Post EM-Simulations

Viewing the S-Parameters:

openems/output/run_core_50ghz_mpa_data/run_core_50ghz_mpa_data

openems /output/run_core_50ghz_mpa_data/spar_plot.py  (this can be used for plotting the S-parameters)

python3 spar_plot.py your_spar_file.s4p
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Post EM-Simulations

Importing The EM 
model into QUCS-S:
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Post EM-Simulations
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Post EM-Simulations

Note the ground-layer reference on metal 3

Used to set DC reference for simulator…..
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Remaining Agenda for Today

Make additional components to be EM simulated (inductors, T-
connections etc.): Use this change to work on a machine with the full 
tool flow and get help

Design Competition: Work on your layout for the big design 
competition!!

Catch-Up: Work on material from today or the other days to catch up 
or clarify points that wasn’t clear

Relax ☺
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What Will We Do Tomorrow?

Xschem Practice: Create small building blocks for a larger circuit and perform analyses such 
as Monte Carlo simulations based on your prior experience

Verilog: Write and simulate simple Verilog code using open-source tools.

Analog-Mixed-Signal Integration: Learn to integrate digital blocks into analog designs within 
Xschem.

8-bit SAR ADC Simulation: Build and simulate a basic 8-bit successive approximation 
register (SAR) ADC using the day's designs.

Post-Processing with Python: Plot and analyze transient simulation results using Python.



Bonus Material
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Port Parasitics
in openEMS Models

Volker Mühlhaus

13-May-2025
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Effect of port size

Ideally, we want ports to be small compared to wavelength and DUT

Sometimes this is not possible

Ports then add physical length -> phase to results
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Test: Line 50µm and 100µm length

101

Line length 50µm Line length 100µm

Not the expected double phase
at double line length!



De-embedding software by Amphenol

https://www.amphenol-cs.com/software
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De-embedding software by Amphenol
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T-junction model, this is a small geometry

TM2 over M3

M3 replaced by simulation boundary (lossless) in this model
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3D model view in openEMS viewer
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Test for effect of port size

Port length from TM2 down to M3 is significant compared to DUT size

Port modelled as via port here -> change in current direction at feed

Need to check the effect introduced by the ports

Testcase: reduce to two-port thru, remove port 3 
and check S21 magnitude and phase
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2-port testcase compared to other EM

dB(S21)
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2-port testcase compared to other EM

phase(S21)
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2-port testcase compared to other EM
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Additional series L in openEMS data

Close to ideal in other EM



Conclusion T-junction model t_input_1 

Size of ports is here on the order of the small T-junction,
adding inductance

For such DUT on the order of port size, we try to compensate
the effect of via ports => add negative inductance
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Phase(S21) after removing 0…4pH per port
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Reference: other EM



dB(S21) after removing 0…4pH per port
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Reference: other EM



S11 after after removing 0…4pH per port
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Reference: other EM



Double check: via of that size in Sonnet EM

Simulate „via only“ in another EM tool with built-in port calibration

Result is ~ 3pH, in agreement with previous findings

114

Via with same size as
openEMS port



Applied to MIM model
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Testcase MIM

Using via ports directly at the DUT, we would add too much
parasitic effect, due to port length and coupling port <> DUT
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TopMetal2 feed TopMetal2 feed

MIM



Idea: add feed line with via ports, de-embed

Simulate DUT with 25µm feed line added on each side

Simulate 2 x 25µm thru line

De-embeded DUT using thru line data
(Amphenol software)
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Reference simulation in Sonnet EM (MoM)
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De-embedded, removing ports + 25µm each
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Data is passive.
Negative series R looks strange, but no issues.



Series capacitance after de-embedding
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Remove feedline, compare to MoM results

openEMS MIM de-embedded

Cseries = 171.4 fF

Lseries = 13.4 pH

Rseries = 0.69 Ohm

Cshunt1 = 3.46 fF (per side)

Momentum

Cseries = 171.3 fF

Lseries = 6.8 pH

Rseries = 1.12 Ohm

Cshunt = 4.92 fF
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Sonnet

Cseries = 168.7 fF

Lseries = 8.1 pH

Rseries = 0.81 Ohm

Cshunt = 4.65 fF

values extracted at 70 GHz



Summary

Port de-embedding required for DUT where port size is on the order of DUT size

Simply speaking, lumped ports add a few pH of series L

After de-embedding, MIM SRF is still lower than Sonnet and Momentum
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