50 GHz Medium Power Amplifier:
b Exploring Qucs-s & OpenEMS

7

Phillip Ferreira Baade—Pedersen (Design Engineer)
Dr. Ing. Christian Wittke (Scientist)
Frankfurt (Oder), IHP - 21/05/2025

L

Projects: BMBF -> FMD-QNC (16 ME0831)

Tl
J
|



Agenda For today -

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

09:15 - 0930' Module Overview Leibniz Institute

. o ’ for high
Overview and Introduction to Today’s Module performance

microelectronics

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

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

N

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)

nnon 0/—0

O

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

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

. L]




Key Takeaways from Yesterday

-0 Insights on models within the IHP Open PDK
-0 Building the testbench for two stage OTA

-0 Building the testbench for the BGR

-0 Exploring mismatch simulations

-0 Beginning the layout of two stage OTA
Questions?

-0 Was something from yesterday unclear?
-0 Are we going to fast?

-0 Do you need more time for the small exercise?
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Overview Of Todays Plan

2

-0 Exploring QUCS-S: Small introduction to Qucs-s

-0 MPA Schematic: Biasing and Initial matching

-0 Compression Point: Non-Linear analysis using xyce to determine compression point
-0 OpenEMS: EM Simulation using OpenEMS

-0 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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Post Processing

Av vs IP at 50.0 GHz
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Small Disclaimer

RF Workflow in OS is challenging !

-0 Harmonic Balancing in Xyce is challenging... Why? (sweeps, equations etc.)

-0 This workflow propose a procedure to extract results and metrices in a semi automated way
-0 RF workflow is based on repetition so be patient ©

Good News?

-0 The OS echo system is pushing for a lot of development in this area

-0 EM simulation with python interfacing is convenient and performs well!

-0 For HB simulations Ngspice developers are currently implementing this
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AST R

N



EM Simulation with openEMS for SG13G2
(new workflow)
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Overview

1. | Why use EM simulation?

2. openEMS and FDTD method basics

3. | What is different between standard openEMS and new Python workflow?

4. | Examples transmission line and PA core

5. | Simulation mesh

6. | Using S-Parameter results, optional lumped model extraction

/. | Summary
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Why use EM simulation?

-0 Interconnect layout adds series R,L and shunt C
—0 No electrical model of layout/interconnect in the PDK
-0 No parasitic extraction available in openPDK flow

-0 EM simulation can capture ALL layout effects,
valid up to highest frequencies,
but requires more complex analysis

—O For IHP Open PDK, we can use EM solver openEMS

40

: : : : e

Voltage in V

Parasitic Extraction
not available in openPDK

L=2.0534e-003
R=0.16667
C=2.0948c-004
C=2.0948c-004
R=18550
C=2.6186c-006
R=18550
C=2.6186c-006
R=5.0403
R=107.2
ExtractedNetlist

NoOULwaOOO &N W

https://www.mwrf.com/technologies/embedded/software/article/21846943/em-simulation-technologies-support-rfic-development

~205 10 2:0 30 o 4:0 50 5;0 70
Time in ps
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EM simulation use cases

—O Interconnect parasitics

—O Layout components:
—O Inductors, Baluns
-0 MIM
—O Transmission lines
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FDTD Method used in openEMS: Mesh

-0 Simulation method is Finite Difference in Time Domain
-0 Simulation domain is divided into many small boxes
-0 Calculates all E, H value for each box at one timestep, then next timestep, next timestep...

-0 Simulation boundary can be perfect electric conductor, perfect magnetic conductor or absorbing

a) TE b) T™M

oH. {E; °F. {H,
x Ey x H,
l—y LY

Von FDominec - Eigenes Werk, CC BY-SA 4.0,
https://commons.wikimedia.org/w/index.php?curid=37637085
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FDTD Method used in openEMS: Time Domain

—O Port excitation with gaussian pulse creates wideband continuous spectrum

—O FDTD calculates E and H in time domain, step by step, until energy in model is (near) zero
-0 Wideband S-Parameter obtained by Fourier transform of time signals at port(s)

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

—O Repeat for all ports to get full [S] matrix

20| ~ b N -
—  sub-3wt H
JL — 1 3 5 o S11§ Sl2 S13 Sl4
15}
DUT ‘ S21§ Sy Sy Sy
g 10 FFT S, S, S, S
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5_.
;§4.1..5 S42 S43 S44_
0
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Time in ps
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Basis of this work: openEMS

QO 4 https://www.openems.de

opén)
- EM
openEMS is a free and open

electromagnetic field solver using the
FDTD method.

Documentation
Legacy Wiki
Gihub Discussions
Imprint

Welcome! openEMS is a free and open electromagnetic field solver
using the FDTD method. Matlab or Octave and Python are used as an
easy and flexible scripting interface.

Install
Latest Windows Build

Linux Build instructions

News and Anouncements

01.01.2023: Since the forum is still down, I have activated a github
discussion to ask your question about the usage of openEMS or just give
some feedback. Github Discussions

07.12.2022: New temporary openEMS.de website since the University DUE
hosting is currently offline!

14.05.2025
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Basis of this work: openEMS

—0 Model based on code (Python or Matlab)

-0 3D model viewer for visual check

O B https;//docs.openems.de/python/openEMS/openEMS_APIhtml

# openEMS

@ / Python Interface / openEMS Python Interface

Search docs

openEMS Python Interface

Introduction
Install * openkEMS
Tutorials O openEMs

3J Python Interface
B openEMS.AddEdges2Grid()

ezl = openteMs.AddLumpedPort()
CSXCAD Python Interface = openEMs.AddMSLPort ()
B openEMS Python Interface " openEMS.AddRectWaveGuidePort ()
openEMS ¥ openEMS.AddWaveGuidePort()
Ports " openEMs.CreateNF2FFBox()
NF2FF " OpenEMS.GetCSX()

Octave/Matlab Interface " [opent#s. Run()

B openEMS.SetAbort()
Learn More
= openkEMs.SetBoundaryCond()

Publications

B openEMS.SetCSX()

B openEMS.SetCellConstantMaterial()
= opentMs.setCoordsystem()

= openEMS.SetCylindercCoords()

B openEMS.SetDiracExcite()

B openEMs.SetEndCriteria()

= openkEMs.SetGaussexcite()

14.05.2025
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1 AppCSXCAD - o X

Eile Info

© @ CollapseAll ExpandAll ¥ ¥ Box MultiBox Sphere Cylinder Polygon User Defined Material Metal Excitation ProbeBox ResBox DumpBox yz zx xy 2D 3D PP

homo inhomo increase detect

Disc Disc  Disc edges
Properties and Structures -]
Properties / Primitives Vis

Material::Metal1 ¥ |
Material::Metal2
Material::Metal3
Material::Metald
Material::Metal5
Material:: TopMetal1
Material:: TopMetal2
v Material::TopVia2
LinPoly - 1D: 804
LinPoly - ID: 805
LinPoly - ID: 806
LinPoly - ID: 807

refined_cellsize

fstart = @

fstop 30e9

numfreq = 401
Rectilinear Grid

energy limit

Boundaries

eps_max = 11.9

z 0 599.88 87

1lim = exp(energy_limit/1e * 1jNEuneImisChEStas

FDTD = openEMS(EndCriteria=1ij ey | |

FDTD.SetGaussExcite( (fstart+

FDTD. SetBoundaryCond( Bounda i
yz plane: [l

wavelength_air = (3e8/unit)/f|

max_cellsize = wavelength_air oo

xy plane: | |

Parameter

CSX = ContinuousStructure()
FDTD.SetCSX(CSX)

mesh = CSX.GetGrid()
mesh.SetDeltaUnit(unit)

New | \\\ \\\\\\\‘\\’\\\‘
Sub = CSX.AddMaterial('Sub', epsilon=11.9, kappa=2) ) e
Sub_thick = 280
Sub_zmin = @

Sub_zmax = Sub_zmin + Sub_thick
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Initial openEMS workflow in SG13G2 on github

-0 Initial version used standard openEMS code for modelling, proof of concept to verify accuracy
-0 This is NOT the new workflow discussed here!

« C O B8 =2 https//github.com/IHP-GmbH/IHP-Open-PDK/tree/main/ihp-sg13g2/libs.tech/openems E R @ 8§ # & =

= O IHP-GmbH / IHP-Open-PDK Q Type (7] to search 8 ~ +. O n A8

<> Code @ Issues 115  I% Pullrequests 17 O Discussions @ Actions [ Projects [0 wiki © Security |22 Insights

(D Files IHP-Open-PDK / ihp-sg13g2 / libs.tech / openems / (3 Add file ~
¥ main - + Q DanielGerlicher Fix typo in gds2poly @@ 0b6e39d - last year & History
Q Go to file t
Name Last commit message Last commit date
> @ github
v @ ihp-sg13g2 ~
> [l libs.doc B import_GDSII Fix typo in gds2poly last year
> M libsqa B testcase OpenEMS: multiport simulation examples 2 years ago
> I libs.ref
¥ READMEmd OpenEMS: multiport simulation examples 2 years ago
v @ libstech
B3 digital =
: README.md 7 =
> [ klayout
> I magic
> B netgen openEMS for IHP SG13G2 technology
> [ ngspice
openEMS is a free and open electromagnetic field solver using the FDTD method. https://www.openems.de/
v @ openems
> W@ import GDSIl The files provided here are examples how to use openEMS for simulation of on-chip structures in IHP SG13G2 technology. All models for

i openEMS are code-based, using either Matlab or Python environment. Instead of using Matlab, you can also use the free Octave
¥ festonse environment, which is compatible with the Matlab code provided here.
> [ 5G13_Octagon_L2n0
The model code includes geometry setup (here an inductor with one differential port) and technology stackup definition for SG13G2, plus
> B8 5613.Hne some model setup.
[ README.md
Please refer to the PDF documents in the Matlab and Python model directories for detailed instructions.
> W openroad

> @ ques GDS” import

> W verilog-a
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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

b bbb b

Automatic meshing

Idea: for new model, find the closest match from existing models and change only a few code lines

6
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New workflow minimum example

© O
G
This XML fi

<Stackup ¢
<Materia
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
<Mater
</Materi
<ELayers
<Diele
<Die
<Die
<Die
<Die
<Die
</Diel
<Layer
<Sub
<Lay
<Lay
<Lay:
<Lay:
<Lay
<Lay
<Lay

bounding box

margin

| margin

margin

b

e

margin

>

<Layer Name="TopMetal2" Type="conductor" Zmin="11.23@3" Zmax="14.23@3" Material="TopMetal2" Layer="134"/>
<Laver Name="TopVia2" Type="via" Zmin="8.4303" Zmax="11.2303" Material="TopVia2" Laver="133"/>

S ) Utility function modules
« Technology stackup file
.,
"
unit
margin
fstart e
"y fstop = 308e9

numfreq = 481

> refined_cellsize = 1.0

Boundaries = ['PEC', 'PEC', 'PEC', 'PEC', 'PEC', 'PEC']

cells_per_wavelength = 20
energy_limit = -5@




Ports in openEMS

—0 Ports define the input/output interfaces to simulated layout
-0 Attention ADS Momentum users: ports require signal and reference terminal
-0 Rule: current only flows in closed loops!

-0 The port resistor physically closes the loop

V.
GND j/ ! Vzl 4
e /- — - — - Ob(hy(i?
— - —
11 ”2
v Ve
/!
g_*_____________/

—_—
e
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Ports: in-place or vertical between layers

-0 In-plane ports between metals on same layer
-0 Vertical ports between metals of different layers

-0 Rule: current only flows in closed loops!

> Material::TopVia1 ?
> Material::Viad e
> Material::Via3 e
> Materlal Via2 e
> Materlal Via1 e
> Material: AIR Q
> Material::Pas: Q
> Mat aI"SiOZ e
> Material::EPI e
> Material::Substrate e
> LumpedElement::port_resist_ 1 @
> [Excitation::port_excite_1 2
> ProbeBox::port_ut_1 2
> ProbeBox::port_it_1 )
> LumpedElement::port_resist_2
> ProbeBox::port_ut_2 2
> ProbeBox::port_it_2 Q
> LumpedElement::port_resist_ 3

Rectilinear Grid » X
=
Min Max Lines
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FDTD Method used in openEMS: Ports

> Mater!aIEETciJ;Vim g
-0 Ports can be in-plane or vertical

> Material::Via1 @
-0 Port is one line of code ... but let’s look at port internals here v ease

> Material::EPI

> Material::Substrate

> LumpedElement::port_resist_1
> [Excitation::port_excite_1

> ProbeBox::port_ut_1

> ProbeBox::port_it_1

> LumpedElement::port_resist_2
,:b— .BL A > ProbeBox::port_ut_2
Ck > ProbeBox::port_it_2
\F 2 > LumpedElement::port_resist_3 ”
f——"J O/‘ )

- Rectilinear Grid

Port resisto

Q) f Q@) D J D D D

Min Max Lines

> Material:: TopVia2 2
> Material:: TopVial e
> Material::Viad e
V. J > Material::Via3 o]
1 > Material::Via2 e
> Material::Via1 °)
> Material:AIR Q
> Material::Passive Q
> Material::SiO2 e
> Material::EPI e VOltage measurement
> Material::Substrate s
. > LumpedElement::port_resist_1 <
lo > Excitation::port_excite_1 e
> ProbeBox::port_ut_1 I’
BLAC‘/( > ProbeBox::port_it_1 e
R > LumpedElement;:port_resist_2 <
\?O > ProbeBox::port_ut_2 2
/‘ > ProbeBox::port_it_2
> LumpedElement::port_resist_3 0

'PoH Pm‘f tectilinear Grid

Min Max Lines
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Port configuration in new workflow

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

—O Separate layer per port T
: Metal4:drawn
-0 PDK pins from GDSII not used | : Metaltpin
: : Metal4:filler
because they have wrong shape metaldres

iti : . TEXT:drawn
and pOSItlon Viad:drawn
. : Metal5:drawn
Metal5:pin
Metal5:res
TopVial:drawn

TopMetal1:drawn

TopVia2:drawn

TopMetal2:drawn
TopMetal2:drawn
EM_port1 201/0
EM_port2 202/0
EM_port3 203/0
EM_port4 204/0

AR LBE 157/0

simulation_ports = simulation_setup.all_simulation_ports()

simulation_ports.add_port(simulation_setup.simulation_port(portnumber=1, voltage=1, port_Z@=50, source_layernum=201,
target_layername='TopMetall', direction="x"))




Why do we discuss ports in such detail?

-0 The EM simulator will always give you a result, even if your model setup is not what you
intended to model

—0O Ports are one of the major error sources in EM simulation
—O For accurate results, proper port setup is most important

—0 In openEMS and other 3D EM, keep ports small (compared to wavelength and other geometry)

invalid large port

valid

no_—
w2

/‘ZZI = “ “"’.‘77

[

N

_— -
s e = = =
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Overview

1. | Why use EM simulation?

2. openEMS and FDTD method basics

3. | What is different between standard openEMS and new Python workflow?

4. | Examples transmission line and PA core

5. | Simulation mesh

6. | Using S-Parameter results, optional lumped model extraction
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Simple straight line: run_line_viaport.py

m

oo

homo inhomo increase detect
Disc Disc Disc edges

Properties and Structures

CollapseAll ExpandAll @ &

Box MultiBox Sphere Cylinder Polygon User Defined

Properties / Primitives Vi
Material::Metal1
Material:: TopMe... ©
Material::AIR
Material::Passive
Material:: SiO2 e
LumpedElement... ©
Excitation::port_... ¥
ProbeBox::port...

ProbeBox::port...
I

@

! Back Forward Select Move Ruler (Default)
H Cells g X line_simple_viaport.gds [t
t1
1
Levels 0 =2 - 1 =
Libraries T X
ARC
CIRCLE
DONUT

F° C\Windows\System32\cmd.e X +

rt.py

S lation data directory: d:\perforce\volker_omenl5_7389\vo
n_ihp\output\run_line_viaport_data

Reading XML stackup file: SG13G2_nosub.xml

Reading GDSII input file: line_simple_viaport.gds

cells by axis (total 327 kcells):
109
79
38
Smallest cell size:
dx 1.0000
dy = 1.0000

Starting AppCSXCAD 3D viewer with fil
d:\perforce\volker_omenl5_7389\volke
rt_data\sub-1\run_line_viaport.xml

Close AppCSXCAD to continue or press <Ctrl>-C to abort

_omen15_7389\openems_py

Rectilinear Grid
Min Max
-283 777 109

Y -160 160 79
z 0 318.13 37
Drawing unit [m]: 1e-06
Grid opacity .

Rectilinear Grid - Plane Position

yz plane: .
X plane: .

Xy plane: .

Parameter

Edit

Edit

Edit

Material Metal Excitation ProbeBo:

>

Nuhel




GDSII file

-0 GDSII file has rectangles for TM2 transmission line and Metall ground return
-0 Ground polygon must be drawn for this simulation, only then we can include it in model

=0 Input port drawn as small box on layer 201

& Klayout 0.29.4 - line_simple_viaport.gds [t1] = o X W

-0 Output port drawn as small box on layer 202 o e e e
@D RNPesd. @ .

Back Forward  Select Move Ruler (Default)

| cells & X line_simple_viaport.gds [t1] Layers 8 x

b /) Metal1:drawn

;\ ‘ TopMetal2:drawn
EM _port1 201/0
EM_port2 202/0

Levels 0

, Libraries g X
ARC
CIRCLE Ve
DONUT Layer Toolbox g X
ELLIPSE
RIE RIS
ROUND_PATH S
ROUND_POLYGON / / Animation
STROKED_BOX / Style
STROKED POLYGON /// Visibility

T (Dgfault) G selected: box(-193,-7 -192,8) on EM _port1 201/0 in t1@1 Xy -179.35330 935328
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Code from run_line_viaport.py

preview _only =
postprocess_only =

gds_filename =
XML_filename

unit le-6
margin = 50

fstart = @e9
fstop = 118e9
numfreq = 461

refined_cellsize = 1

Boundaries =

cells per_wave
energy_limit

simulation_ports = simulation_setup.all_simulation_ports()

simulation_ports.add_port(simulation_setup.simulation_port(portnumber=1, voltage=1, port_Ze=50,
source_layernum=201,
from_layername='Metall', to_layername='TopMetal2®,
direction="z"))

simulation_ports.add_port(simulation_setup.simulation_port(portnumber=2, voltage=1, port_Ze=50,
source_layernum=202,
from_layername='Metall', to_layername='TopMetal2®,
direction="z"))




Run model

-0 Set model directory as current directory

-0 From command line: python3 run_line_viaport.py |

| € & CollapseAll ExpandAll W %' Box MultiBox Sphere Cylinder Polygon User Defined Material Metal Excitation ProbeB

homo inhomo increase detect
Disc Disc Disc edges

D:\perforce\volker_OMEN15_7389\volker_OMEN15_7389\0penEMS_Python_OPDK\Rele

+ py Properti.es and.St-rL.lctures . ]
Simulation data directory: d:\perforce\volker_omen15_7389\volker_omen15_7Pmaj;zﬂEEZf vis |
_ihp\output\run_line_viaport_data Material TopMe... ¢

Reading XML stackup file: SG13G2_nosub.xml Material” AIR

Reading GDSII input file: line_simple_viaport.gds zoonzlic d

Min Max Lines

X -283 777 109 1 Edit
Mesh cells by axis (total 327 kcells):
x = 109

z 0 318.13 37 /) Edit
y =79

¥ -160 160 79 /) Edit

z = 38 Drawing unit [m]: 19—:6
i Grid opaci
Smallest cell size: rid opacity

1.0000 Rectilinear Grid - Plane Position &

vz plane: . X = -283
¢ plane: . y =-160
Xy plane: . z=0

Parameter (]

Starting AppCSXCAD 3D viewer with file:
d:\perforce\volker_omenl5_7389\volker_omenl5_7389\openems_python_opdk\rel
t_data\sub-1\run_line_viaport.xml

Close AppCSXCAD to continue or press <Ctrl>-C to abort

Y

¥

New




FDTD Simulation (running)

-0 To actually start simulation of this model, code must be
-0 Then, simulation starts after closing the 3D model viewer

-0 To exit without starting FDTD simulation, press Ctrl-C while 3D viewer is still open

F=] C:\Windows\System32\cmd.e X + v

Used external libraries:
CSXCAD -- Version: v0.6.2-123-gc29742b
hdf5 -- Version: 1.12.0
compiled against: HDF5 library version: 1.12.0
tinyxml -- compiled against: 2.6.2
fparser
boost -- compiled against: 1_72
vtk —- Version: 8.2.0
compiled against: 8.2.0

Create FDTD operator (compressed SSE + multi-threading)

FDTD simulation size: 109x79x37 —-> 318607 FDTD cells

FDTD timestep is: 1.707dde-15 s; Nyquist rate: 2662 timesteps @1.10006e+11 Hz
openEMS: : SetupFDTD: Warning, the timestep seems to be very small --> long simulation. Check your mesh!?
Excitation signal length is: 30506 timesteps (5.20873e-11s)

Max. number of timesteps: 1000000000 ( --> 32780.4 * Excitation signal length)
Create FDTD engine (compressed SSE + multi-threading)

Running FDTD engine... this may take a while... grab a cup coffee?!?

[@ U4s] Timestep: 665 || Speed: 51.0 MC/s (6.2u43e-03 s/TS) || Energy:
[@ 10s] Timestep: 1995 || Speed: 62.3 MC/s (5.111e-03 s/TS) || Energy:
[@ 15s] Timestep: 3325 || Speed: 92.0 MC/s (3.461e-03 s/TS) || Energy:
[@ 20s] Timestep: 5320 || Speed: 120.1 MC/s (2.653e-03 s/TS) || Energy:
[@ 25s] Timestep: 7315 || Speed: 139.5 MC/s (2.285e-03 s/TS) || Energy:
[@ 30s] Timestep: 9975 || Speed: 161.0 MC/s (1.979e-03 s/TS) || Energy:
I 177.5 MC/s (1.795e-03 s/TS) || Energy:

clcloNoloNoNoNol

[@ 35s] Timestep: 12635




FDTD Simulation (finished)

-0 Simulation of this port excitation is finished when residual energy is below limit defined in code

fstart 2e9
fstop 11@e9

" cawi e X -
C:\Windows\System32\cmd.e + numfreq = 401

Create FDTD operator (compressed SSE + multi-threading)

FDTD simulation size: 109x79x37 -—> 318607 FDTD cells refined_cellsize = 1

FDTD timestep is: 1.7074de-15 s; Nyquist rate: 2662 timesteps @1.10006e+1l Hz

openEMS: :SetupFDTD: Warning, the timestep seems to be very small --> long simulation. Ch

Excitation signal length is: 30506 timesteps (5.20873e-1ls)

Max. number of timesteps: 1000000000 ( --> 32780.4 * Excitation signal length)

Create FDTD engine (compressed SSE + multi-threading)

Running FDTD engine... this may take a while... grab a cup of coffee?!?

[@ 4s] Timestep: 665 || Speed: MC/s (6.2U43e-03 s/TS) Energy:

[@ 10s] Timestep: 1995 || Speed: MC/s (5.111e-03 s/TS) Energy: =~ ) , L .. O L. L. ,
fe 15s] Timestep: 3325 || Speed: MC/s (3.461e-83 s/TS) || Energy: ~| Boundaries = ['PEC’, "PEC", 'PEC’, 'PEC’, 'PEC’, 'PEC’]
[@ 20s] Timestep: 5320 || Speed: MC/s (2.653e-03 s/TS) Energy:

[@ 25s] Timestep: 7315 || Speed: MC/s (2.285e-03 s/TS) Energy: cells_per_wavelength = 20
[@ 30s] Timestep: 9975 || Speed: MC/s (1.979e-03 s/TS) Energy: energy limit = -40

[@ 35s] Timestep: 12635 || Speed: MC/s (1.795e-03 s/TS) Energy:

[@ 39s] Timestep: 15253 || Speed: MC/s (1.697e-03 s/TS) Energy: .19e-18 (- 0.00dB)

[@ Uus] Timestep: 17955 || Speed: 190.9 MC/s (1.669e-03 s/TS) Energy: .23e-18 (- 0.00dB)

[@ Uu8s] Timestep: 20615 || Speed: 202.4 MC/s (1.57u4e-03 s/TS) Energy: .62e-19 (- 6.8udB)

[@ 52s] Timestep: 23275 || Speed: 20u4.6 MC/s (1.557e-03 s/TS) Energy: .69e-19 (- 9.19dB)

[@ 57s] Timestep: 25935 || Speed: 169.4 MC/s (1.880e-03 s/TS) Energy: .15e-21 (-27.30dB)
Multithreaded Engine: Best performance found using 11 threads.

[@ 1m@ls] Timestep: 28595 || Speed: 198.4 MC/s (1.606e-03 s/TS) Energy: .0ue-21 (-33.33dB)

[@ 1mB6s] Timestep: 31255 || Speed: 199.8 MC/s (1.595e-03 s/TS) Energy: .70e-22 (-37.81dB)

[@ 1ml0s] Timestep: 33915 || Speed: 208.5 MC/s (1.528e-03 s/TS) Energy: .73e-22 (-39.12dB)

[@ Imlds] Timestep: 37240 || Speed: 232.0 MC/s (1.373e-03 s/TS) Energy: .94e-22 (-U40.61dB)

Time for 37240 iterations with 318607.00 cells : 74.87 sec

Speed: 158.U46 MCells/s

FDTD simulation completed successfully for excitation [1]

Creating S-parameter file

FoFOJuouRrRroOowoe




Data plot

Return Loss

subl_data_path = simulation_setup.runSimulation (excite_ports, FDTD, sim_path, model_basename,

if preview_only==

dB(value):
return 20.@*np.logl@(np.abs(value))

phase(value):
return np.angle(value, deg=

np.linspace(fstart,fstop,numfreq)

utilities.calculate_Sij (1, 1, f, sim_path, simulation_ports)
utilities.calculate Sij (2, 1, f, sim path, simulation_ports)

s2p_name = os.path.join(sim_path, model_basename + '.s2p')
utilities.write_snp (np.array([[s11, s21],[s12,s22]]),f, s2p_name)

fig, axis = plt.subplots(num='Return Loss", tight_layout= )
axis.plot(f/1e9, dB(sl1l), ' , linewidth=2, label='S11 (dB)")
axis.grid()

axis.set_xmargin(@)

axis.set_xlabel('Frequency (GHz)')

axis.set_title('Return Loss')

axis.legend()

251 S11 plot

—47.5 A

—— 511 (dB)

0 20 40 60 80
Frequency (GHz)

Transmission Phase

100

= 521 (dB)
150 o

100

—50 4

—100 A

—150 1

Insertion Loss

—-0.15 A = 521 (dB)

—0.20 4
-0.25 -
-0.30 4
-0.35 4
—0.40 -

—0.45 A

0 20 40 60 80 100
Frequency (GHz)

o~ Lt A e— N

dython_IHP > output > run_line_viaport_data > run_line_viaport_data durchsuchen
en v = Anzeigen - aee @1
Name Anderungsdatum Typ Gr
|51 run_line_viaport.s2p S2P-Datei
sub-1 Dateiordner

S2P file

0 20 40 60 80
Frequency (GHz)

aé2r Q=B

100




Port excitations (again)

-0 Remember that one port excitation does not give us the full [S] matrix

e 3 . S0 Sa Su Su
o DUT FFT S21 Sy Sy Sy
«— 2 4 —, S31 S32 S33 S24

—O For symmetric DUT we can assume S11=522 and S12=S21

-0 For general case, our model code can run multiple port excitations, one after another

excite_ports_list = [[1],[2],[3]1,[4]]
for excite_ports in excite_ports_list:

FDTD = openEMS(EndCriteria=exp(energy_limit/10 * log(1@)))

FDTD.SetGaussExcite( (fstart+fstop)/2, (fstop-fstart)/2 )

FDTD.SetBoundaryCond( Boundaries )

FDTD = simulation_setup.setupSimulation (excite_ports, simulation_ports, FDTD, materials_list, dielect]
simulation_setup.runSimulation (excite_ ports, FDTD, sim_path, model basename, preview_only, postproced




Model data structure in file system

-0 Each excitation creates a separate directory to store data

output > run_core_50ghz_mpa_data > sub-1 sub-1
p 1 = Anzeigen ~ eee
A~
A AAAE 4D . N And dat
sub-1 .03.2025 16:18 Dateiordner ame reerngsaatm
- ) . [0 et 11.03.2025 18:56
sub-2 11.03.2025 16:45 Dateiordner
[ ht 11.03.2025 18:56
Sub‘?) 11.03.2025 17:16 DatE‘iC'l'd ner D port_it_1 11.03.2025 19:26
sub-4 11.03.2025 20:29 Dateiordner 19 port it 2 11.03.2025 19:26
) [ portit 3 11.03.2025 19:26
=| run_core_50ghz_mpa.s4p 11.03.2025 20:58 S4P-Datei
[ port.it 4 11.03.2025 19:26
P
[ port_ut_1 11.03.2025 19:26
[ port_ut2 11.03.2025 19:26
s11l = utilities.calculate_Sij (1, 1, f, sim_path, simulation_ports) -
s21 = utilities.calculate_Sij (2, 1, f, sim_path, simulation_ports) [ port ut 3 .03.2025 19:26
s31 = utilities.calculate_Sij (3, 1, f, sim_path, simulation_ports) [ port_ut 4 11.03.2025 19:26
s4l = utilities.calculate_Sij (4, 1, f, sim_path, simulation_ports)
s12 = utilities.calculate_Sij (1, 2, f, sim_path, simulation_ports) & run_core_50ghz_mpa.xml 11.03.2025 18:55
s22 = utilities.calculate_Sij (2, 2, f, sim_path, simulation_ports)
s32 = utilities.calculate_Sij (3, 2, f, sim_path, simulation_ports)
s42 = utilities.calculate_Sij (4, 2, f, sim_path, simulation_ports)
s13 = utilities.calculate_Sij (1, 3, f, sim_path, simulation_ports)
s23 = utilities.calculate_Sij (2, 3, f, sim_path, simulation_ports)
s33 = utilities.calculate_Sij (3, 3, f, sim_path, simulation_ports)
s43 = utilities.calculate_Sij (4, 3, f, sim_path, simulation_ports)
s14 = utilities.calculate_Sij (1, 4, f, sim_path, simulation_ports)
s24 = utilities.calculate_Sij (2, 4, f, sim_path, simulation_ports)
s34 = utilities.calculate_Sij (3, 4, f, sim_path, simulation_ports)
s44 = utilities.calculate_Sij (4, 4, f, sim_path, simulation_ports)
s4p_name = os.path.join(sim_path, model_basename + '.s4p') (:)

utilities.write_snp (np.array([[sl11,s21,s31,s41], [s12,s22,s32,s42], [s13,s23,s33,s43], [sl4,s24,s34,s44]]),f, sd4p_name)




Example model PA core

-0 PA core is layout with transistor feed + via stack, transistor itself is modelled by ports
-0 Transistor has center ,strip”“ as common terminal for Emitter
-0 Port 3 (Base) and Port 4 (Collector) use that shared ground reference

—O Note the closed loops for currents

T A N

&
&
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PA core port definitions

simulation_ports = simulation_setup.all simulation_ports()

simulation_ports.add_port(simulation_setup.simulation_port(portnumber=1, voltage=1, port_Z@=5@, source_layernum=201,
from_layername="Metal3', to_layername='TopMetal2', direction='z"))
simulation_ports.add_port(simulation_setup.simulation_port(portnumber=2, voltage=1, port_Ze=50, source_layernum=202,
from_layername="'Metal3', to_layername='TopMetal2', direction='z"))
simulation_ports.add_port(simulation_setup.simulation_port(portnumber=3, voltage=1, port_Z0=50, sourceslayernum=203,
target_layername="Metal2', direction="-x"))
simulation_ports.add_port(simulation_setup.simulation_port(portnumber=4, voltage=1, port_Z@=5@, sourcz_layernum=204,
target_layername="Metal2', direction="x"))




Overview

1. | Why use EM simulation?

2. openEMS and FDTD method basics

3. | What is different between standard openEMS and new Python workflow?

4. | Examples transmission line and PA core

5. Simulation mesh — simulation time

6. | Using S-Parameter results, optional lumped model extraction

/. | Summary
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Simulation Mesh

-0 Creating the simulation mesh is a major difficulty in standard openEMS

-0 In this new workflow for IHP SG13G2, mesh is built automatrically based on geometry

-0 One user input to set required minimum mesh size (required detail resolution)

unit le-6 B AppCSXCAD
margin = 50 File Info
homo inhomo increase detect

Disc Disc Disc  edges
fstart Pe9 _ g
Properties and Structures

* |© CollapseAll ExpandAll W

'F Stop 110e9 Properties / Primitives ~ Vis

num-Freq = 401 Material::Metall @
Material::TopMe... ¢

Material::AIR

Box MultiBox Sphere Cylinder Polygon User Defined Material Metal Excitation ProbeBox ResBox DumpBox L YZ X 3D PP
8

refined_cellsize = 1 Rectilinear Grid 8
Min Max Lines
-283 777 109 | Edit

Y -160 160 79 Edit
z 0 318.13 37 1 Edit
Drawing unit [m]: 1e-06
Grid opacity .

Rectilinear Grid - Plane Position =]
yz plane: . x = -240.258
7x plane: . y = -160

| xy plane: | EEEICRE |
Parameter &

To see the xy mesh, switch to 2D view

~and show the xy plane.
 Setthez position slider to maximum,
' to place mesh lines at the very top.



Why not always use very fine mesh?

-0 Using small cell size has two effects:
-0 Minimum mesh size gets smaller => simulation time step gets smaller => more time steps needed
-0 More mesh cells required for simulation volume
-0 These two effects combined: solve many more cells for many more timesteps => longer simul. time

z u 318.13 3/ £art

numfreq = 401
Drawing unit [m]: 1e-06
refined cellsize = 1 Grid opacity B

F C:\Windows\System32\cmd.e X + v Rectilinear Grid - Plane Position -]

Microsoft Windows [Version 10.0.26100.3915] vzplane: [l R 2l
(c) Microsoft Corporation. Alle Rechte vorbehalten. 2cplane: [l y = -160
Xy plane: . 7z =318.13
D:\perforce\volker_OMEN15_7389\volker_OMEN15_7389\0pen

Simulation data directory: d:\perforce\volker_omenl5_JcEuSas

e_viaport_data

Reading XML stackup file: SG13G2_nosub.xml
Reading GDSII input file: line_simple_viaport.gds

&

cells by axis [(total 327 kcells)f
109
79
38
Smallest cell size:
1.0000
1.0000

Starting AppCSXCAD 3D viewer with file:




Simulation time with different mesh size

b b 4

-0 When Metall with thickness 0.4 um is minimum mesh dimension, we simply see the difference
in total mesh count, the FDTD timestep is unchanged

-0 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

cells by axis (total 1460 kcells):
163
128
70

Smallest cell size:
dx = ©.2000
dy = ©.1796
dz = 9.1400

Create FDTD operator (compressed SSE + multi-threading)

FDTD simulation size: 163x128x69 -->|1.43962e+06 FDTD cells

FDTD timestep is: 2.9952e-16 s;| Nyquist rate: 15175 timesteps @1.10006e+11 Hz

openEMS: :SetupFDTD: Warning, the timestep seems to be very small --> long simulation. Check your mesh!?
Excitation signal length is: 173902 timesteps (5.20872e-11s)

Max. number of timesteps: 1000000000 ( --> 5750.37 * Excitation signal length)

Create FDTD engine (compressed SSE + multi-threading)

Running FDTD engine... this may take a while... grab a cup of coffee?!?




Simulation Mesh and Skin Effect

-0 Conductors modelled as solid volumes with conductivity
-0 Must mesh into skin depth to include skin effect in results
-0 Images below from another EM solver, only to show effect

-0 Skin depth for Aluminium:
0.58um @ 20 GHz
0.37um @ 50 GHz
0.26 um @ 100 GHz

-0 Set refined_cellsize with skin effect in mind, if loss matters to your model

D
) —
\/ﬂfﬂﬂrﬁio

14.05.2025 www.ihp-microelectronics.com | © IHP all rights reserved | openPDK Analog Workshop 44




Simple square loop at different mesh size

Cartesian Plot
Z0=50.0
0.8
Left Axis
Inductancel (nH) None
OpenEMS Spm — 0.7
OpenEMS 2pum —_—
OpenEMS Tum — 0.6
OpenEMS variable mesh | Cartesian Plot
Right Axis Z0=50.0 8
em,
[empty] Left Axis
Resistancel {Ohms) None 7
OpenEMS 5um
OpenEMS 2um — 6
OpenEMS 1um Cart _PI :
OpenEMS variable my artesian Flo
Z0=50.0
Right Axis _
[empty] Left Axis
@ Factor None
OpenEMS Sum —
OpenEMS 2pum —_—
OpenEMS 1pm —
OpenEMS variable mesh —
Right Axis Q
[empty]
0 20 40 60 80 100
Sonnet Software Inc. Frequency (GHZ)
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Mesh resolution summary

-0 Mesh resolution must resolve small geometry detail
-0 Mesh resolution matters to get correct skin effect loss
-0 Set mesh resolution as small as necessary, but not smaller ;-)

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

-0 S-parameter output can be used in circuit simulation

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

-0 Lumped model extraction also useful for transmission line models

-0 Lumped model ensure we have no leakage currents from small numerical errors

-0 Downloads: https://github.com/VolkerMuehlhaus/lumpedmodel

Lseries Rseries

- T o o d .
P1 \]’/ — VWV \I/ ‘52 Cmim Lseries Rseries
[ 1 ! ' ' ’
o> ’ ) I + oV ,v\/\l S R L R L [{ L
Cshunt1 Cshunt2 P1 l \L P2
G ( G ( G C'
Cshunt1 Cshunt2 —|— —|_ T
Rshunt1 Rshunt2 o © o o
| by
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https://github.com/VolkerMuehlhaus/lumpedmodel
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4. | Examples transmission line and PA core

5. Simulation mesh — simulation time

6. | Using S-Parameter results, optional lumped model extraction

/. | Summary
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Summary

-0 openEMS is time domain EM simulation, results are the usual *.snp Touchstone files
-0 New workflow takes GDSII input files, plus some simulation settings, in one Python model file
-0 Simulation ports must be added to GDSII file on extra layers (recommended 201 and above)

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

-0 Simulation mesh requires one user input, to set mesh resolution (as fine as necessary)

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




References

—O openEMS:
https://www.openems.de/

-0 New IHP workflow for GDSII files
https://github.com/VolkerMuehlhaus/openems ihp sgl13g2

-0 Lumped model extraction:
https://github.com/VolkerMuehlhaus/lumpedmodel

—0O Detailed manual for new workflow:
https://github.com/VolkerMuehlhaus/openems ihp sg13g2/blob/main/doc/Using OpenEMS
Python with IHP SG13G2 v2.pdf

14.05.2025 www.ihp-microelectronics.com | © IHP all rights reserved | openPDK Analog Workshop 51 O



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

-0 Navigate to the following directory: IHP-Open-PDK/ihp-sg13g2/libs.tech/qucs

-0 Run the following: python3 install.py

-0 Launch Qucs by writing the following in the command line: qucs-s

-0 Navigate to the following location in Qucs: file -> Application settings -> Locations tab

Change to your own path! P —

Settings =~ Appearance purce Code Editor | File Types | Locations

Edit the standard paths and gxternal applications

Qucs Home: /home/pedersen/.qucs Browse

Admsxml Path: |/usr/bin Browse

ASCO Path: Browse

Octave Path:  |octave Browse

OpenVAF Path: Browse

Press “Ctrl+H” to show hidden folders RF Layout Pt qucsifoyout
Subcircuit Search Path List Add Path

»  /home/pedersen/.qucs/user_lib Add Path With SubFolders

OK Apply Cancel Default Values
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Simple Navigation in QUCS-S

-0 To launch without specific file reference: qucs-s

File Edit Po: Insert Py T S View H
23 PHHH Or’g‘ PAS xR N SN IR NN !’D’ﬂ?’ bW L R L oo [xyee - TS wm\

Capacitor w...
[
: }{
utualindu...

Qucs Shortcuts: https://qucs—help.rggdthedocs.io/en/o.o.18/short.htm|
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Simple Navigation in QUCS-S

-0 Running An Example

e o LHE 92 A% LA NEHEAGCY &L O L oo [nspice < | » dc_lv_nmos.sch
k a8 : dec_lv_pmos.sch
3 ac mwm*am@pxmbﬂmdp onsch @ = "

11 Content of IHP-Open-PDK-SG13G2-Examples  N¢ [ - 4+ - = = resistors.sc

& Datasets symbols.sch

£ DataDisplays bol

verilog Ssymbols

SPICE

o verilog-A
2 VHDL
5 » Others

Octave
~ Schematics
de_diode_op.sch
de_hbt_13g2.5ch
de_hv_nmos.sch
de_hv_pmos.sch
de_tv_nmas.sch
dc_lv_pmas.sch
resistors.sch
symbols.sch
Symbols
SPICE
+ Others

Libraries

Libraries Cnmpnn:nl

1 4

i 10 warnings

no warnings 0:0

ques-s 24.4.1 B 0§
File Edit Positioning Insert Project Tools Simulation View Help
PP EE %2 A% AANANANA REEALCE 4L PE L oo nspice - [T »
Main Dock BB [ nticied @
2 s e Project: IHP-Open-PDK-SG13G2-Examples (/home/pedersen/.qucs) - qucs-s 24.4.1 B O &
2 New Open Delete .
qa P-Open PDICSG13G2-Examples,prj TR E NS B R R R EE I BT S R I File Edit Positioning Insert Project Tools Simulation View Help
¥ | rropenrox 009 Qo - Y ’ s " & —
5 | et ] op oy H H oy % L xR [SRSEAN VA Q - o/o =2 I:I £ oo |Ngspice o 2
- o B9 | 2c mim copsch ©
§ 1 |Content of IHP-Open-PDK-5G13G2-Examples  N¢ =
E o
: '%‘ ba tase.ts " ncLuoe sceet
z Data Displays CNCLSCRY |
E . . SpiceCpde= . P
;: Verilog B coenerRES fib res_typ
=1 ” Verilog-A LIB coenerCAP b cap_typ
g VHDL
§ Octave
~ Schematics
-
E dc_diode_op.sch
= dc_hbt_13g2.sch
i v g dc_hv_nmos.sch
no wamings 6:93 S dc_hv_pmos.sch
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Simple Navigation in QUCS-S

Main Dock @E  Main Dock B®

lumped components [|5ea'ch Lib Components Clear

Projects

Main Dock

-0 Components: Stores standard libs and
simulation blocks etc..

Libraries

._E [_. —AAN— » MESFETs
MOSFETs

MixerlC

Resistor Resistor US NMOSFETs

o i

Capacitor Inductor

L TS

Inductor wit... Capacitorw...

-0 The library panes stores the Open PDK
components with the symbol passives == ]
(simple drag and drop) . ??

} XyceDigital
3 Mutual In... N MutualIn... Xyce_Digital_TTL_Technology

Z-Diodes
) s Lbraris
v IHP_PDK_basic_components

v IHP_PDK_nonlinear_components

Contenkt

»
»

12

» OpAmps

+ Optocoupler

+ PIN_Diodes

' PMOSFETs

+ PhotovoltaicRelay
+ Regulators

» SPICE_TLine

} SpiceOpamp

»+ Thermistor

v Thyristor
»
»
13
13
»
»
13
»
»
13
13
»

Components

Transformers
Transistors

Tubes

Varactor
Varactor_RF
Varistors
VoltageComparators
VoltageReferences
VoltageRegulators

Libraries | Components | Content Pl\

Libraries

R Resistor C Capacitor + |HP_PDK_stdcells
Project Libraries _

°€ ‘_) Show model

L Inductor K coupling
— m

Ground Subcircuit P...

B E ]

Search Components Clear
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Simple Navigation in QUCS-S

i |
Mark components and Simulate! Graph mark\
activate/deactivate

Display data/schematic
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Simple Navigation in QUCS-S

++

141
1.21

H

200m

requency: 50.000G
ias 1 fingers:

ac.k: 0.38

frequency: 50.000G

200G

0-_
i i i i I |r L L r
0 206 40G 660G  80G 100G 120G 140G 160G 180G
frequency
number | bias_1_fingers:v(vb) | bias_1_fingers:v(vcc)

7

bias_1_fingers:i{pr1)

1

1.65

0.0034

bias_1_fingers:ac.v(s_1_1): 0.846-j0.332
Z{ngspice/bias 1 fingers:ac.v(s 1 1)): 64.8-j248

frequency: 50.000G
bias_1_fingers:ac.v(s_2_2): 0.942-j0.163
Z(ngspice/bias_1_fingers:ac.v(s_2_2)): 144-j543]

frequency
frequency

14.05.2025
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Simple Navigation in QUCS-S

T

o Simulate
1 ¥ Tune
% View Data Display/Schematic

Show Last Messages
Show Last Netlist

Save netlist

Simulators Settings...

F2
F3
F4

F5
F&

Gew e

Wk Simulate
7] Tune
% View Data Display/Schematic
Calculate DC bias
Show Last Messages
Show Last Netlist
save netlist

Simulators Settings...

F2
F3
F4
F8
F5
F6

Ngspice started...
Using SPARSE 1.3 as Direct Linear Solver
Using SPARSE 1.3 as Direct Linear Solver

Note: No compatibility mode selected!

Circuit: * qucs 24.4.1 /home/pedersen/projects/ihp-analogacademy/modules/module 2 58ghz_mpa/part_l biasing/schematic/bias_1 fingers/bias_1 fingers.sch

Doing analysis at TEMP = 27.000000 and TNOM = 27.000000

Mo. of Data Rows : 200
binary raw file "spicedqucs.spl.plot"
Reset re-loads circuit * qucs 24.4.1 /home/pedersen/projects/ihp-analogacademy/modules/module 2 50ghz mpa/part 1 biasing/schematic/bias 1 fingers/bias 1 fingers.sch

Circuit: * qucs 24.4.1 /home/pedersen/projects/ihp-analogacademy/modules/module 2 58ghz_mpa/part_l biasing/schematic/bias_1 fingers/bias_1_fingers.sch

Doing analysis at TEMP = 27.000000 and TNOM = 27.000000

Mo. of Data Rows : 1
Reset re-loads circuit * qucs 24.4.1 /home/pedersen/projects/ihp-analogacademy/modules/module 2 50ghz mpa/part 1 biasing/schematic/bias 1 fingers/bias 1 fingers.sch

Circuit: * qucs 24.4.1 /home/pedersen/projects/ihp-analogacademy/modules/module 2 58ghz_mpa/part_1_biasing/schematic/bias_1 fingers/bias_1_fingers.sch

ngspice-43 done

* Qucs 24.4.1 /home/pedersen/projects/IHP-AnalogAcademy/modules/module 2 50GHz_MPA/part 1 biasing/schematic/bias 1 fingers/bias 1 fingers.sch
.INCLUDE "/usr/local/share/qucs-s/xspice_cmlib/include/ngspice mathfunc.inc"

.SUBCKT IHP_PDK nonlinear components npnl3G2 gnd c b e bn Nx=1
X1 ¢ b e bn npnI362 Nx={Nx}
.ENDS

.LIB cornerHBT.lib hbt_typ

VP3 net® 0 dc © ac ©.632456 SIN(O 0.632456 1MEG) portnum 1 z6 50
C11 net® netl 1U

L5 net2 netl 1U

L8 net3 Vcc 1U

VPrl net3 Collector voltage DC ©

V3 net2 6 DC 6.97

C12 net3 _netd4 1U

VP4 net4 0 dc 0 ac 0.632456 SIN(© 0.632456 1MEG) portnum 2 z0 50
V1 Vcc 6 DC 1.65

Xnpn1363 0 Collector voltage netl © gnd IHP_PDK nonlinear components npnl3G2 Nx=10
.control

SP LIN 200 1G 2006
let k = (1 - abs(s_1 1)*2 - abs(s_2.2)*2 + abs(s_1.1%*s22-512%*s21)*2)/ (2*abs(s_12*s.21))

write spicedqucs.spl.plot S11Y11211512Y12212S21Y21221522Y22222%k
destroy all
reset

op

print v(Collector voltage) i(VPrl) v(Vcc) > spicedqucs.dcl.ngspice.dc.print
destroy all

reset

exit
.endc
.END
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Building The Schematic

a8

Main Dock (=]
Main Dock ex ‘;‘Z RF components -
8 | simulations - g - a
. P o e 50 o oo oo o oo oooos . —_ri _"_
o N
& | . L e e e e e e e JE‘
DC poocacooocaacoacanoaoa % Inductor wit... Capacitor w...
= y [=]
< il S
[T . . . . -
E dc simulation  Transientsi... _ |2 paran ”ldc simulation _HE_ _@_
z ’ simulation. [ .- ; 2
B U | S L o
AC SP CUSPY o S dcBlock dc Feed
E Type=lin £
} } Start=1GHz - - - - - - - S
§- ac simulation  S-paramete... Stop=200GHz. . . . . . . . p4 2o U 'E"
Points=200 Num=2.
) 7250 Ohin 3 e
Main Dock (]3] o -
o o INCLSCR2- oLl
g pEm o Spn:eCode— LIB cornerHBT.lib hbt - typ R R . Main Dock @
& | GLO "":::::J SRR N 8 (sources .
(/I skl | I eiied | I | | " (. - - - - - - ccccooooofpqfFgocnoonnaanccacaanannnan|daoa: Sl 2
= — — =) -
£ PARAMSec.. GloBALP.. | 4 oo R ll : -é- £ _L
& | ............. T‘
m -.|C | .............
% — el npn1363 dcVoltage ... dcCurrents...
S  OPTIONSS.. .Csection | o  C[UP3C oo | Nx=10
al AN & Al Num=1- - - T + A
g ...................
o leta=| & =TT W VA —_— 3 Z
LW L S
L nNopesers.. nutmegeq.. || T 5 oltage S... ac Currents...
_E ........................................... E + —
= .pa[ T . . e o
l!a: e e — i o
| Func L lGD
— I S oLl 2 [,
.MODEL Sec.. B e s .5 Power Source an‘d_tage i
Ngspice M5 ¥ A
Xyce __?__

SpiceOpus

Qucsator

wire: Ctrl+W
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Building The Schematic

Main Dock B
ﬁ Search Lib Components Clear
E Libraries =
» PWM_Controller
st PhotovoltaicRelay USEer LIDraries
gl |’ SPICE Tune » IHP_PDK_basic_components
c |+ SpiceOpamp — — —
S |+ Thermistor * IHP_PDK_nonlinear_components
v Thyristor dantenna
w |+ Transformers dpantenna
= .
3 : ?anmstors sg13_lv_nmos
= ubes
& + Varactor sg13_hv_nmos
E + varactor RF sg13_lv_pmaos
Y |+ varistors sg13_hv_pmos 1
o | b VoltageComparators npni13G2 I S
@ |+ VoltageReferences l —
@ * VoltageRegulators npn13G2 SR L
_-E 3 Xana[ogue npn1 IG2v .
» Z-Diodes » IHP_PDK_ stdcells
ShSerE SNuaies Project Libraries
» IHP_PDK_basic_components
= IHP_PDK_nonlinear_components
dantenna
dpantenna
sg13_lv_nmos
sg13_hv_nmos
sg13_lv_pmos
sg13_hv_pmos
npn13G2
npn13Gz2l
npn13G2v
» IHP_PDK_ stdcells
Praject Libraries 3
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Check Component Parameters

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

Edit Component Properties

Example: ac power source
Name: P3 ¥ display in schematic
Properties
MName Value =:i|5plé|3,.r Description Num
P3- - 50 Ohm yes port impedance
Num=1- - ] ' P 0dBm no (available) ac power in Watts ) ) .
'5':! Dhm_ _ v display in schematic
- F 50 GHz no frequency in Herkz
Double Click Te 26.85 no simulation temperature in degree Celsius
nableTran true no enable transient model as sine source [true,false]
I
oK Apply Cancel
Same for Port 2
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Running The Simulation

Simulate with external simulator

Simulation console

Ngspice started...

Using SPARSE 1.3 as Direct Linear Solver

Using SPARSE 1.3 as Direct Linear Solver

Note: No compatibility mode selected!

Circuit: * qucs 24.4.1 /home/pedersen/projects/ihp-analogacademy/modules/module_2 5@ghz_mpa/part_1 biasing/schematic/bias_1_fingers/

bias_1 fingers.sch

Doing analysis at TEMP = 27.000080 and TNOM = 27.000000

No. of Data Rows : 200

F ﬂ': binary raw file "spicedqucs.spl.plot”

nes Reset re-loads circuit * qucs 24.4.1 /home/pedersen/projects/ihp-analogacademy/modules/module 2_5@ghz_mpa/part_1_biasing/schematic/bias_1 fingers/

bias 1 fingers.sch

Circuit: * qucs 24.4.1 /home/pedersen/projects/ihp-analogacademy/modules/module_2 5@ghz_mpa/part_1_biasing/schematic/bias_1_fingers/
bias 1 fingers.sch

Doing analysis at TEMP = 27.000080 and TNOM = 27.000000

o Simulation started on: Fri Apr 25 10:22:34 2025
+ simulation successful. Now place diagram on schematic to plot the result.

100%

[ Save netlist I Exit
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Viewing The First Results

Start by switching to data display s

Edit Diagram Properties

Data | Properties = Limits

= requency: 50.000G
Main Dock (=1 () Graph Input EiasjTFinggrs:ac,v_(s_1_1):—0.694—j0.311 _
- Plot Vs. | default (ngspice/bias_1_fingers:ac.v(s_1_1)): 7.1-j10.5
£ |diagrams =
o &0 —
e Frequency: 50.000G
o Datasey Graph . bias_1_fingers:ac.v(s_2_2):-0.321-j0.282
bias_1_fingers . ngspice/bias_1_fingers:acv(s_1 1) :':' Z(ngspice/bias_1_fingers:ac.v(s_2_2)): 22.4-j15.5
- ngspice/bias_1_fingers:ac.v(s_2_2) U
‘E' Data from simulator: | Ngspice - S
(7] . = —
- Cartesian Polar Hame Type ks
o ack dep frequency
v f i L acv(s_1_1) () dep frequency
N 1 2 4 acv(s_1_2) dep frequency
L 2 3 5 acv(s 2 1) dep frequency =
o] . acv(s 22) @ dep frequency New Grap!
= =
= Tabular Smith Chart ‘ : Deletz Geaph
Select the Smith Chart [ = ; - Cancel
frequency
frequency
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

S R T Ngspice  ~ |0 $ MJ A
l Name: NutmegEq1 v display in schematic
Properties
N U tme _Vﬂlue Simulaticn name RS ::ﬁﬂ::;:zg name
. SP1
' N u t me g Eq 2 ‘ k (1-abs(s_1_1)72-abs(s_2 2)*2+abs(s 1 1%s 2 2-5 1 2%s 2 1)72)/(2*abs(s_1 2*s 2 ... yes

Simulatlon -ALL-

v! display in schematic
Cy=1 l

|Nutrneg

NutmegEq1
Simu{atmn-SP1

k [1 abs{s 1 1)“2 abs{s 2 2}“2+abs[s 1 1*5 2 2 s 1 2*5 2 1}“2};"(2 abs[s 1 2*5 2 1)}

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)72)/(2*abs(s_1_2*s_2_1)) e ]
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Viewing The K-Factor

Edit Diagram Properties

requency: 50.000G

1.4+

Main Dock [ (%] Data | Properties | Limits

- Graph Input 12+

ral| 3 =

E dlagramS ngspice/bias_1_fingers:ack Plot Vs. default M

—_—

= a

Dataset Graph

e n . . 0.8T

= bias_1_fingers -

E Cartesian Po I_a[ Data from simulator: | Ngspice -

c -

E - Name v Type Size :

fiiu cep [rcauency

- 1 2 4 acv(s_1_1) dep frequency 0.4

E 2 3 5‘ acv(s_1_2) dep frequency

@

S Tabular smith Chart acv(s2.1) dep |frequency 200m]

acv(s_2_2) dep frequency New Graph
Select the Cartesian plot < ' pelstnceeh N
OK Apply Cancel 0 20G
Select the K-factor
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Viewing Data From Table

Edit Diagram Properties

Data
Main Dock e .
raph Input
4;: diagramS - Plot Vs. |default -
g
o Dataset Graph
R number | bias 1 Fingers:v{vcc) | bias_1_Ffingers:i(pri1)
B bias 1 fingers L | | ebine- ngersior) 1 1.65 0.0269
Hr Ca rtes.ian Po lar Data from simulator: | Ngspice =
g Name ~  Type Size [~
o f i u ack dep frequency
11214 M ln)  (dep [frequency Checking some bias points
E 2 3 5 acv(s_1_2) dep frequency
2 Tabular Smith Chart s i
o acv(s 2 2) dep frequency New Graph
Select tabular ‘ : pelete Graph
[ OK l Apply Cancel
Select the collector voltage and current
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Tuning Components

Introducing Stability Comps :
-0 We want to tune the resistance of the 5.'?.""2‘“"“‘ @géf‘j;_’_“_“_‘*‘_“_‘_'j“j“__ffffffffffffffffffffffffffffffffffffff“

ColiTypesling Dol

base resistor! R T TS e EEE N EE
£

DIl PoinEs=2000 DTl Il

-0 We introduce a .Param block: e

: | cdccomponenceroperties  x [EERERR O R RS EE] RS RN T RN RSN 5 L RIS
A e -  SpiceCode=LIB comerHBTAGhbL byp: - - oo

.PARAM section

equations "] | vome: sicerr o dspaymschematic 111 |PARAM o eoliecor veltage 1
b WA

Projects

let a= .PAR Name | Value |display| Description Do e s ReRskab) Lo
s e RSN/ SR SR Mt THO B
sk

Nutmeg Eq... .PARAM Sect... e

nkent

v display in schematic

o P3
Add Remove ZZHNuﬁﬁ:ﬁZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZ
Move Up ||Move Down S AH ZE500hm; :;“,:3:::::::::::::::::::::::
° o e T L L L e

oK Apply Cancel O

-0 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 tunmg functlonﬂ :

-|S parameter |dc 5|mulal:|on[ Ve
simulation “

Reset Values SpicePar1:Rstab x
...... L R . . L Updatevalues Max.: 23 k -
Zﬁﬁgr?a.rr?'z'lo%}gH . ZZZZZZZZZZZZZZZZZZZZZZZZZZE]LZZZ I . . [

ZZZ.PD?IE‘IS'.ZDOZ . B T B R . . [ CI.OS'E
;;;rm‘cwoescmp‘r SESEEE IS S SIS HE S H N [RR TR B e RS L R R R R RS

L _INCLSCRZ

Pt RS S  o HRER ORI PRSP EEE I OE : [-]
Collectorvoltage e .

Min.: |17 k -

"f Sanees HEE : val.: |20 k ~
ac.k: 0.362 i
2l : Step 0.3 k -
g - ,
| |Nitmeg e A [ R SO P T
. NutmegEq1 . I B B . e S
Simulatlon-SP

......... Z ""ZUZZZZZZZZSQGZZZZZ'WOG 115.00'111'2000

ST 555555555555555555555555555?55555z 55?55?55????????iiiiiiiizzzz;ffq;”;e"fy; SHIBEHHIHE Select the Rstab parameter in the
.param block and start tuning
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Stabilize The Amplifier ©

-0 Try as best as you can to stabilize the amplifier
-0 You can employ any method you like (emitter degeneration, biasing etc...)
-0 Its not critical to stabilize the amplifier since we only want to create a appropriate flow ©

-0 If unsure, stabilize the amp by adjusting components for K> 1 at 50 GHz.
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Matching

-0 To move forward we will use the
schematic seen to the right

-0 This is simply done to keep quite
consistent with the first iteration of the

e e C e iiz

design earlier

L9

-0 You may continue with your own |
schematic to keep better stability factor © g

C13
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Online Matching Tool -

Below is your system, note impedance is looking towards the BLACK BOX

-0 At this point you can navigate to the x o x
following link to match your input section: BLACK BOX ”
https://www.will-kelsey.com/smith_chart/

-0 You can do the matching in QUCS-S using | | |
the matching tool under tools, but not for o oo (e o e kv
this kind of section that we wish to create SR e O el O B

-0 When an appropriate matching have been
found you can refer to the next slide to
insert the components and tune the b9

parameters
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Matching

-0 We will start by inserting “real” capacitor
and inductor in the input and (remember
to set frequency of Q-factor components)

-0 Since we define variables for the
capacitance and inductance we also need
to include .param blocks for this

get best input matching

-0 C and L values are tuned based on
parameters from the previous slide—
yours may vary ©

. SpicePar2. | SpicePar1 @

=0 This will be used to tune the input sizes to

ZZIPARAM |PARAMZZZZZZZZZ""""

Lin=96pH - Cin=d4SFF -~~~ -

CQ1 :LQ‘IZZZZZZZZZZ
C_,c|n ....L__Lln . - - - -
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Matching

_____________________ Frequency: 50.000G

....................... ac.v(s_1_1):-0.131-j0.834

........................ Z(ngspice/ac.v(s_1_1)): 7.28-j42.3|

frequency: 50.000G
- lac.v(s_1_1): 0.0118+j0.00058

.~ Z(ngspicefac.v(s 1 1)): 51.2+j0.0594|

o freqQUeNCY - e
.................. Fregquency @0 ool STl frequency (o0 D
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Xyce Setup

Setup simulators executable location N =) &
SPICE settings
Ngspice executable location
View Help l;"u5r,a’lccalfbin,-’fngspice| ] [ Select ... I
«© Simulate F2 Ngspice compatibility mode ' Default -
FY Tune F3 Xyce executable location
£ View Data Display/schematic ustflocal/bin/xyce | select.. |
-O M a ke sure t h e pat h to th e calculate DC bias - SpiceOpus executable location
|5picenpu5 | | Seleck ... |
Si m U I atO r iS SEt CO rre Ct Iy ! Show Last Messages F3 Extra simulator parameters
Show Last Netlist F6 | |
Save netlist

Qucsator settings
simulators Settings...

Qucsator executable location

|;’u5rﬂccal,’bin,t’,fqucsatnr_rf | | Seleck ...

\Apply changes || cancel |
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Nonlinear Analysis

-0 We switch simulator to Xyce
-0 This imposes some issues!!

-0 Math calculations for plotting is not
possible!

-0 Sweeping is somehow challenging

-0 Pushing to hard into the Nonlinear
Domain corrupts the data from xyce

-0 Lets look at the schematic setup on the
next slide!
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Nonlinear Analysis (Compression Point)

-0 We node we have to include a |Sp_|ceL|b1
: Flle-!homefpedersenleP Dpen PDKﬂhp sg1 392}l|b5 techfxycefmadelsfcornerHBT hb

parameter sweep which can be Section=hbt_typ

found in the main dock under ggzzfﬂarameter jjfffffff-f?fffffff??????????????i'i5?????????????????????????????????????????

|sweep [l simulz

simulation st e e B R R R e

-0 Also for the model inclusion we Eg?giﬂgg"' o e e T g

have to go under SPICE netI'S'i/vh ??_ Lw...':.':.5555555555555555;;;;;;;;;;;;;; -

e g peeememE T
Sectlon |n the ma|n dock and Spp‘” CURT |

choose the .Lib directive e

"ZZZC13

E ;c_100fF

| --::::fffff npn13G3 L

-0 Remember to switch the
simulator to Xyce!

-0 Run the Simulation
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Visualizing The Results

N I N - - - - - - 4

-0 After setting up the simulation, [[™amms meEn |

| -15e11] 5.53e-214j6.A3e-2] | 2 qBeO8+j6.65e0B . . | .

. 11T 7 | Bedd 7| -1.72e°20% 5005 2 6e-05+).00257

[ [ s ey |
We Can run I an C eC e 1 | se10 o|-1.72e2045e-05 - | 206e-05j00025T7 - - -
- - o te11 .| 9.55e-22-jaeSe2t |-6.3%e-06+48Te0E- - - - -

A1 - | 15e11.] 5.53e-21-j6.83e-21 | 2.4Be-08-j6.6508 . . . ..
o A . . | 2en |&0te21jdadse21 | 254104801010 |

results. Upon completion, the | s e
. ) Qo011 -2.5e11] 4.81e-20-1.12e-20 | -1.168-06+]9.99e-07

-2el1 7| B 7%e-204)1.576-20 |3 a6et06-102-05 T T 7

| -1.5e11] 5.62e-20+|7.82e-20 | 3.1Be-05+jB.59e-05 - - - | -
-1et1 | 265201 44e-20 | --0.0087 560000565

. . o o - e

first task is to instantiate a 1 i P bl
I P L - R 181 0 o0

M |1 0 | 15811 | se2e-2047 82620 |3 TBec05jAS9R0s © -

table to inspect the output data|| |si G esiee |

b 2se1.| 481204102020 | 11600699907 . . . .|

| [ eo021| -25e11] 9-24e-20-j7 63820 | -2.39e-05+j2 22805, . | | .

2e11 | 3.05e-2042.27e-20 | 4.95e-050.000143

M AT 7 |- se11] 935e-204j2 338-19 | 0.000212+/0.000593 ]
and ensure proper formatting. || | s |
. : © | Getd -] -3.15e:19%0:00105 | 0.000T+0.0544 - - - - - 1

2 | diagrams - Edit Diagram Properties
/\/ @ Data | Properties  Limits o - el o
Graph Input SIS T Sm— Y

-0 To extract the data for post-

o
H E Cartesian Polar - 20t
processing we need to plot § et | | (I GG SE SEEEIE
g %%g @ Color: -Style: arrows ~ | Thickness: 0 |y-Axis: |left Axis ~ = a oo 5 = A1 - . A T
. - - g Tabulor Smith Chart R . R I [ S 3 A I I
data, which we will do witha ¢ e el ek :Mli RITY9
, = hamoslekalmen - ... 200G 100G 0 100G 200G . . -200G 100G 0 100G 200G . . .
4 & admittance ... Polarsmith ... » Data from simulator: | Xyce M » o a EREQ) .ot LD
Cartesian plot seen on the ' e A
f I I ° I ° d smith-Polar ... 3D-Cartesian I(PR1) dep F gz__ IR I S I
I(PR2) dep Fi R I U R T A (R SR IV P
ollowing slide g =
Locus Curve  Timing Diag... Im(I{VPR1)) dep F', bew Graph, . 0“" * . . . . * "’ ]
o 3 ; Delete Graph . -200G -100G O 100G 200G -200G -100G 0 100G 200G
001 L

010 ol ance
Truth Table ERY,
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Visualizing The Results

-0 Mark the data on the graphs 3rn Y D I /\ I O P Mew Project... Ctrl+shift+M
and navigate to the 2m” A Open Project... Ctrl+Shift+0
. [ g R I R e o R Add Files to Project... Ctrl+Shift+a i
fO”OW|ng %'51'n31——3 dee oo Close Project Ctrl+Shift+w |
R B R N E SRR Delete Project... Ctrl+shift+D |
-0 Once the all thedataforthe ~ | || || | createLibrary.. Ctrlsshifesl |
o Ofy 4y : P i A : .
barameters have been B ST ARt cooiocs. culsiic |

L ::::::IDOIS simulation View Help

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

14.05.2025

B Vout.csv
B Vin.csv
B IPR3.csv
B IPR2.csv
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Visualizing The Results

-0 Demonstrates how to plot
extracted data using Python

-0 Ensure parameter names
match those specified for
successful extraction

-0 If schematic labels differ
from the slides, open the
CSV files to check and adjust
the parameter names

[2]:

# Import libraries

impert pandas as pd

pd.set_option('display.float_format', lambda x: '%.22f" % x)

impert numpy as np

impert matplotlib.pyplot as plt

impert os

impert scienceplots

plt.style.use(['science’, 'ieee'])

# creates figs directory

output_dir = 'figs’

if mot os.path.exists{output dir):
os.makedirs(output_dir)

# Read CSV data (change paths accordingly)

Iin csv = pd.read csv('../schematic/compression 1/csv/IPR2.csv', delimiter=';', comment='#')
Iout_csv = pd.read_csv{'../schematic/compression_1/csv/IPR3.csv', delimiter=';', comment='#')
Vin_csv = pd.read_csv('../schematic/compression_l/csv/Vin.csv', delimiter=';', comment='#')
Vout_csv = pd.read_csv('../schematic/compression_1l/csv/Vout.csv', delimiter=';", comment='#'})

# Initialize an empty DataFrame with the correct number of rows based on Iin_csv
power_df = pd.DataFrame({

"Freq': Iin_csv['FREQ'],

'P_in": np.zeros(len(Iin csv)), # Preallocate with zeros

'P_out': np.zeros(len(Iin_csv)) # Preallocate with zeros

1

# Create complex voltage and current arrays
vin complex = []

vout complex
Iout complex []
Iin complex = []

# Populate the complex lists

for i in range(len{vin csvl'r xyce/V(VIN)'1)):
vin_complex.append{complex(Vin_csv['r xyce/VI(VIN)'1[1], Vin_csv['1l xyce/VIVIN)'I[1])])
vout_complex.append({complex(Vout_csv['r xyce/VIVOUT) ' I1[1], Vout_csv('i xyce/V(VOUT)'I[i]}}
Tout_complex.append{complex(Iout_csv['r xyce/I(PR3)"][1], Tout_csv['i xyce/I(PR3)']1[1]}]}
Iin_complex.append({complex(Iin_csv['r xyce/T(PR2]"]1[1], Iin_csv['1 xyce/I(PR2)'][1i]}}

14.05.2025
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Visualizing The Results

Input Power vs Output Power for 50 GHz 150 Av vs IP at 50.0 GHz
. | ! ! ! | ! ! ! ! | ! ! T
- [ —— Guin (max = 1335 dB) | !
s L _' 14.5 [==" PldB =-7.86 dBm : h
e [ ] " [ == Max Gain=1335dB ! ]
[ o I ]
T oL h _ 140} |
— | [aa) - |
S [ =) I ]
z I e 13.5 [ 1 ]
© = =
g 5F - &
B : 13.0 F
= - :
10 ; 12.5 |
—15 /1 R 12.0 : PR S T S ' M BT | ]
—30 —20 —10 —20 —135 —10 -5
Input Power (dBm) Input Power (dBm)
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Load Pull

-0 The goal of the load-pull
analysis is to optimize the
output network for maximum e T L P T

linearity - - Jl T N eteenti oven PO s 153 echcematlomenET

- |Parameter|| . |Harmonic balance]| R
[sweep | = |[simulation |

-0 Explored a straightforward B o® 0 g

s Typeslin:

Param=y

approach for multi-parameter B S TR SR e a-an b EEEE B
sweeps in Xyce, but faced R R R S
challenges due to limited e e

documentation and unexpected ath Bend 0 Gar

complexities.

i

. Lo - Z+ﬁ._ﬁﬁﬁ Lo - R L L
npn13G3

<0 Current simple approach: vary
resistance and evaluate
performance around 50 Q.
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Load Pull

-0 The schematic to the right is
the one we will continue

with..

[Harmonic balance

Parame_l:er

sweep | - |simulation
5W3 ........ P HB.1

Sim=HB1 . n=5’
TyDe.“n:::::'::::::::::
Param=y

Start=0.0001" = - - |.PARAM .
.S.EOF’.‘.O.OO.“.S_ . .. SpicePar1

Points 50 . R

LB -
Z Z Z SplceL|b1 S :
° o Fl{e—jhome/pedersen/IHP Open PDthp sg1392/l|bs tech/xyce/models{cornerHBT llb :

LQ1 SRR o kI
i G0
Q |l

£ B

Flas
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Coffee Break!! / Catching Up

for high
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Reference: modules/module_2 50GHz_MPA/part_4 layout EMsims
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EM Simulation

-0 At this point we want to include
the EM simulated components

into QUCS-S for post
processing!

-0 We will use the approach
proposed by Dr.-Ing Volker
Miihlhaus




EM Simulation

-0 Define Input Ports on following layers

-0 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

P1/201

P2 /202




Post EM-Simulations

-0 Viewing the S-Parameters:
openems/output/run_core _50ghz_mpa_data/run_core_50ghz_mpa_data

openems Joutput/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

S-Parameters Magnitude (dB)
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-40 o
¥ 30 P s s
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H _60 2 .
-0.25 —60 7
0 100 200 300 100 200 300 100 200 300 0 100 200 300
Frequency (GHz) Frequency (GHz) Frequency (GHz) Frequency (GHz)
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@
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Post EM-Simulations

-0 Importing The EM

d | . CS S Main Dock E]ES)
model into QUCS-S: |, .
‘E. file components -
g
o Edit Component Properties
O x 0 s L -0 S parameter file
E Name: X1 v display in schematic
o Subcircuit SPICE librar... _
Properties
S slp
Name Value ¢ File .
o S [ s 1 ..f..;‘openems/output;‘run_core_sOghz_mpa_data,frun_core_SOghz_mpa.s4p name of the s parameter file
E {5 Dat . l [a,’run_core_SOghz_mpa.s4p|]
ata rectangular
w -Edit Browse -
= SPICE netlist  1-port S par... Interpolator linear display in schematic
E‘ 52[} SNp duringDC  open r
o (g Ports 4 r
o 2o N
; ) 3
L
= 2-[]0[":5 par... n—part Spar... q >
5
a o Z Lo o A Lo OK Apply Cancel
SPICE gener... XSPICE gen...
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Post EM-Simulations

|_ Av vs TP at 50.0 GHz

 Toarararacll o [ PARAM "'EHéi‘ﬁibhitfba[aﬁééfifiifffEEEEEEEE:LL"” DSPICALIBT [ il ——— T T T———T—1
Parame':er 2 L‘"""" o simalation T F'{E“fhﬂmefﬂedEEEﬁf'HP‘OﬂEﬂ'F‘D"th591392ﬂ‘b5m€h:’* 15 L | | ' |
|sweep |- 31_:n|1cePar1 R e SostescotnssasaiiiiiiiiRtEs Lo Secdon=hBERp = Gain (mpx = 13.66 dB)
:::59"".3:"::::::::::::::::::::::':=3:::::::::::::::::: LQE R R R S SRR R SRS L —— - )

param:yh—\l ——- MaxGa=n=]3,66dB

N
|

EZZStarl.‘:ZDLUUDSZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZ"""'""""""'"""' >
Stopz.[}[mgll |
o PoInEs=R0 . L .C15. F,‘r3:::::::::::::::::::: T ——

"::::::E ESR b CBOFE -
i IIZZZZIIIZZZZIIII S
R IZF?ITI?‘:.t?r..U?IFéQE.IIIZZZZIIIZZZZIIII§ZR'_.‘5.QQ"?"."ZZIZIIZ
m S S
| RT S | N IS | N SN R SR | 1~ IR A AR | I
il ::R*Sk{)hm: A e
S b
e | B ||
.IZIZC14 IZZZZIIIZC13 .ZZZ
RQ1 b
___C43fF me@_ _.___cmufF__
; ey >

—--L———_———

" Gain (dB)
>
|

[S—
N
]

il
|
..C
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I
Rl R e LI _30 —20 —10 0
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Post EM-Simulations

:Parameter D S
| [ ‘SpicePar1: 111

o sweep

Y
.. Sim= HB1
o Types=l
. Param=y.

- Stop=0.0035 -

©C Start=0.0005°
. Poinks=50 1.

f Harmonic balance i

o b1 :
; smulatlon : F|{e ,f‘homefpedersenﬁHP Open PDK,ﬂhp sg'i

L Sectmn—hbc typ

A R R R

‘|Collecter_voltage - © "

Used to set DC reference for simulator.....




Remaining Agenda for Today

-0 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

-0 Design Competition: Work on your layout for the big design
competition!!

-0 Catch-Up: Work on material from today or the other days to catch up
or clarify points that wasn’t clear

-0 Relax ©
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What Will We Do Tomorrow?

-0 Xschem Practice: Create small building blocks for a larger circuit and perform analyses such
as Monte Carlo simulations based on your prior experience

-0 Verilog: Write and simulate simple Verilog code using open-source tools.

-0 Analog-Mixed-Signal Integration: Learn to integrate digital blocks into analog designs within
Xschem.

-0 8-bit SAR ADC Simulation: Build and simulate a basic 8-bit successive approximation
register (SAR) ADC using the day's designs.

-0 Post-Processing with Python: Plot and analyze transient simulation results using Python.
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Bonus Material




Port Parasitics
in openEMS Models

Volker Muhlhaus
13-May-2025




Effect of port size

-0 ldeally, we want ports to be small compared to wavelength and DUT
-0 Sometimes this is not possible

-0 Ports then add physical length -> phase to results

100 O




Test: Line 50pum and 100um length

Line length 50um

Line length 100um

® w0

(DEG)

-100

S21 phase

Not the expected double phase

m1: 350.0 GHz
-52.51 (Degree

at double line length!

m2: 350.0 GHz

-90.15 (Degrees)

m1

m2

50

100 150 200 250

300

350
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De-embedding software by Amphenol

https://www.amphenol-cs.com/software

COMMUNICATIONS SOLUTIONS

Amphen0| CONNECTORS CABLES TRANSCEIVERS APPLICATIONS RESOURCES & CART LOGIN REGISTER n

@ HOME | SOFTWARE

ACS DE-EMBEDDING UTILITY

In addition to iTRL, Amphenol is providing de-embedding software that uses 2x-thru and impedance corrected 2x-thru
algorithms. The 2x-thru algorithm is fast, robust, and provides the same accuracy as TRL with only one input standard.
Like iTRL, the impedance corrected 2x-thru algorithm corrects for differences between the test fixture and the 2x-thru to
ensure causal de-embedded S-parameters. However, this utility only needs a 2x-thru instead of three line measurements.
The software can de-embed single-ended and differential test fixtures, and also compares test fixture 2x-thru S-
parameters to the IEEE P370 Fixture Electrical Requirements.

= ACS De-embedding Utility
| (Zipped)

Beta Release - Software and Manual
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De-embedding software by Amphenol

{4 AICC De-Embedding Utility Release 1 — O X

AICC Deembedding

[ Load 2x-Thru ] |run_|ine2x25.32p |
[ Load Fixture-DUT-Fixture ] |run7|ine2x50.52p | P
h
[ Residual Test ] [v] Z-correction a
[ DeembedDUT | s
e
Preview - Side 1 Preview - Side 2 (DEG)
g 6o ‘ g 60 ‘
@ @
Q Q
S 50 S 50
o | o |
< @
o | o |
E 40 |  E40 |
I i i I J I I i I J
-0.5 -0.4 -0.3 -0.2 -0.1 0 -0.5 -0.4 -0.3 -0.2 -0.1 0
time [ns] time [ns]
. Residual Return Loss Residual Insertion Loss
= o
m - 2}
=10 n
8 8 M
= -20 0
: 5 .
S =
2 -30 5, g
o =
=40 * * - - - * ’ - . . : : : - : n
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 i
Frequency [GHz] Frequency [GHz] t
Port Order u
() Odd/Even Bandwidth Limit [GHz] d
@® Sequental Left Pulback [ns] [ o Right Pullback [ns] [ o] ( Reset Al ) €
)

S21 phase
0
-10
m3: 349.1 GHz
-20 De-embedded Amphenol -41.88 (Degrees)
-30
-40
m3
-50
60 m1:350.0 GHz m1
-52.51 (Degrees)
-70
-80
m2: 350.0 GHz
-90 -90.15 (Degrees) 4
m2
-100
0 50 100 150 200 250 300 350
dB(S21)
0 50 100 150 200 250 300 350
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-junction model, this is a small geometry

-0 TM2 over M3

-0 M3 replaced by simulation boundary (lossless) in this model

1000um AIR er=1.00
a
0.4um Passive er=6.60
1
1.5um
4, 5um 5i02 er=4.10
3um TopMetal2 11.0 mChm/sg
2 T T
2.8um | TopVia2 |
4.8um 5i02 er=4.10
2um TopMetall 18.0 mOhm/sq
3
TopVial
) . —
4 u m 0.826um Vmim 5i02 er=4.10
L I
4 MIM 13.3 Ohm/sq
0.024um
0.5143um equivalent_for_MIMer=4.10
0.45um Metal5 88.0 mOhm/sg
5
0.54um Via4
1.03um 5i02 er=4,10
0.45um Metal4 88.0 mOhm/sg
]
—————— Via3
.-—.___-
0.54um 5i02 er=4.10
= = — 104 —0
e

Sy GMND




lewer

lew in openEMS vi

3D model v
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Test for effect of port size

-0 Port length from TM2 down to M3 is significant compared to DUT size
-0 Port modelled as via port here -> change in current direction at feed
-0 Need to check the effect introduced by the ports

—O 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

Cartesian Plot dB(SZl)

Z0 =50.0 0
Left Axis M

run_t_inputl1_thruonly < a -0.02
DB[S21] - g

Momentum [ n -0.04
DB[S21] |1 i

Right Axis t -006
[empty] u

N d 08
e

-0.1
(dB)
-0.12
0 20 100 150 200 250 300 320
Sonnet Software Inc. Frequency {GH?_)
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2-port testcase compared to other EM

Cartesian Plot phase(S21)
Z0=50.0 [y p—
Left Axis
run_t_inputl_thruonly < 5
ANG[S21] - m1: 350.0 GHz
m?: 350.0 GHz p -12.61 (Degrees)
24.11 (Degrees) h _10
Momentum L] 2
ANG[S21] | e m
ale AEN N AL -15
grees) (DEG)
-20
me: 350.0 GHz
-24.11 (Degrees)
-25 m2
0 a0 100 150 200 250 300 350
Sennet Software Inc. Frequency (GHz)
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2-port testcase compared to other EM

Smith Plot
Impedance
Z0=50.0

run_t_inputl_thruonly
[S11] -
m1l: 348.3GHz
Mag=0.11823 Phas
Momentum O]

[S11] {F+

/

m1: 348.3GHz
Mag=0.11823 Phase=65.52395

Additional series

L in g

Close to ideal in oth

er EN

Sonnet Software Inc.

penEMS data
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Conclusion T-junction model t_input_1

-0 Size of ports is here on the order of the small T-junction,
adding inductance

-0 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

Cartesian Plot
Z0=50.0
0
Left Axis
deembed_twoport o
ANG[S21] -
t_input_1_em_thruonly_MomUW_a -5 T
ANG[S21] 0 —F
Right Axis
[empty] L -10
a Reference: other EM
e
(DEG) -15 Ls=0.0
Ls=-1.0e-3
_20 Ls=-2.0e-3
Ls=-3.0e-3
-25
0 50 100 150 200 250 300 350
Sonnet Software Inc. Frequency (GHz)
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dB(S21) after removing 0...4pH per port

Cartesian Plot
Z0=50.0
0
Left Axis
deembed_twoport o
DB[S521] —— 002
t_input_1_em_thruonly_MomUW_a M
DB[S21] i
Right Axis g 004 Reference: other EM
[empty] n
i
t 006
u
d
€ 008
(dB)
-0.1
-0.12
0 50 100 150 200 250 300 350
Sonnet Seftware Inc. Frequency (GHZ)
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S11 after after removing O...4pH per port

Cartesian Plot
Z0=50.0

Left Axis

deembed_twoport o
DB[S11] -

t_input_1_em_thruonly_MomUW_a
DB[S11] -+

Right Axis
[empty]

eference: other EM

DOoOC +~—30Q Q0 =

—
o
»

0 50 100 150 200 250 300 350

Sonnet Seftware Inc. Frequency (GHZ)
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Double check: via of that size in Sonnet EM

-0 Simulate ,via only” in another EM tool with built-in port calibration

-0 Result is ~ 3pH, in agreement with previous findings

Cartesian Plot
ror Z0=50.0 0.004
: e Left Axis -
. Fesse Inductance1 [nH) O g o o o
: Si02_TM2 size =0.25 um {)— u 0.003 o — =
ophetalt i size = Tum -
’ PV‘! \’/ Si02_aby MM iawidth=1 c bz
% 0 oo e Right Axis t
. ' MIM_dielectric, E} o [empty] a oon2
Si02_at_MS n
SJ“—I’“E’ e c 00015
, — Vha}l Si02_at_M4 e
\ / Si02_at_M3 / .1 0.001
. . . 0.0005
Via with same size as (nH)
0
OpenEMS port 0 10 20 30 40 50 50 70 a0 80 100
Sonnet Software Inc. I:l'ec:ll.,lerlt,}ll {GHZ)
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Applied to MIM model




Testcase MIM

-0 U;lrr;g.;ia ports directly at the DUT, we would add too much
parasitic effect, due to port length and coupling port <> LIJ)CUT

T | m— -\‘\~$\\\\\\\\‘“-_
.'llllllﬂﬂllll lllllll\\\\ \\\\\\\\\\ NN
i AR P n\\\\\\\\\\\\\\‘“
N L“\\\\\\\\\\\\\“‘

SNV

llllllmmlllllllllllllmm i
_——
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ldea: add feed line with via ports, de-embed

-0 Simulate DUT with 25um feed line added on each side
-0 Simulate 2 x 25um thru line

-0 De-embeded DUT using thru line data
(Amphenol software)
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Reference simulation in Sonnet EM (MoM)

B8 cinput 1 Mignd.s Lo @2 | g ot

(= @ (=] D) (=@ =]
JLEE& Bt Q@Q‘{Qs@‘ﬁdﬁgz v Rl P w _ JE.D@@Q“{Q\@)‘}<>E’Z fJEO Ny
Stackup Manager

TOP

. Air_above, ‘

Passive ‘
Si02_TM2, ‘
. opuew Si02_TM1

Si02_above_MIM
4
MIM_dielectric
5
Si02_at_M5
6 L_lﬂ
fl Si02_at_M4 E
7 Metald

Via3
Si02_at_M3
GND
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De-embedded,

removing ports + 25um each

Cartesian Plot
Z0=580.0

Left Axis

deembedded_SE_ZC run]
DB[S11] o
DB[S21] -

Right Axis
[empty]

DPoc ~+~—3@Q W =

Sonnet Software Inc.

50 100 150 200 250
Frequency (GHz)

300 350

Data is passive.

Negative series R looks strange, but no issues.

Cartesian Plot
Z0=50.0 5
Left Axis
Resistance2 (Ohms) 1.5
deembedded_SE_ZC
R 1
Right Axis &
[empty] : 0.5
:
a 0
e .05
2
(Ohms) 4
-1.5
-2
0 50 100 150 200 250 300 350
Sonnet Software Inc. Freguency (GHz)
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Series capacitance after de-embedding

Cartesian Plot
Z0=50.0
2
Left Axis
Capacitance? (pF) o 1.8
Sonnet ==
Momentum - a 16
deembedded openEMS -C—| p
raw openEMS - a 1.4
Right Axis °© 4>
[empty] '
t 1
a
" o8
C
€ 06
2
04
(PF) i
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2

Remove feedline, compare to MoM results

openEMS MIM de-embedded Momentum Sonnet

Cseries =171.4 fF Cseries =171.3 fF Cseries = 168.7 fF
Lseries = 13.4 pH Lseries = 6.8 pH Lseries = 8.1 pH
Rseries = 0.69 Ohm Rseries =1.12 Ohm Rseries = 0.81 Ohm
Cshuntl = 3.46 fF (per side) Cshunt =4.92 fF Cshunt = 4.65 fF

Cmim Lseries Rseries

P l ) e AAA

Cshunt1 Cshunt2 T

values extracted at 70 GHz P2
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Summary

2

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

-0 Simply speaking, lumped ports add a few pH of series L
-0 After de-embedding, MIM SREF is still lower than Sonnet and Momentum




