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RFIC EM Simulation Challenges

Combination of layered 2D design and 3D elements

Layout complexity — many objects

Flipchip/  mems wLp
Discrete .

.

eWLB
Package



file:///D:/Empire_Projects/Demo/IHP/dipole_package_lens/dipole_package_lens.gym

Why use Empire XPU?

Efficient modelling: User interface with 2D and 3D editor mode
ideal for layered structures with additional 3D elements

Objects grouped by "layers"
that provide z-position, materials, priorities, layer-specific mesh settings and much
more.

XPU FDTD solver can handle very large, complex models
Much faster than other time domain solvers by using XPU technology

High simulation speed enables more detailed, more accurate models



Edit your model in 2D and 3D

v 2D Design mode, optimized for multi-layered circuits and components,
with full-featured 2D import & export capabilities

AN

3D Design mode for general 3D structures with snap on grid and object surfaces
v" Easily switch between 2D editor and 3D editor at any time
v Import existing models from CST & HFSS

Stretch (/)




Build your model faster with Templates

v' Templates for IHP technologies + layout from GDSII
v" Templates can also preset mesh settings and loss model per layer

B
’—Act\on

New Project | Open Project | Open Selection | Quit |Help

General Settings

General——————————— rFrequency ——m
Drawing Unit——+—————— End Frequency-
’7 1um ’7 20 GHz

Background Material———— Target Frequency————— Conduct
Vacuum ’V 10 GHz

lossless

Selection

[=] Templat Template: THP SG13
& Wave Gui
on Lines

tennas
A.r\ tenna; Air layer above p
ilters
Thermal .

Environments
X Switches

' _| Add micrestri
[*#] Examples _| Use ground pl |
Tutorial guides



../../../Desktop/EMPIRE XPU 7.61.lnk

Layers: Much more than just layers

= v" Layer from template can provide:

EEk
=~ Metal5_SG13_67

1 » default z-position and thickness

g5fed
— TopMetall_SG13_126

» material properties

g5fed

— TopMetal2_SG13_134 > priority
(I Fa-=cvs.. 50 > layer-specific mesh control

B & 8/ conductor TopMetalz_SG13
B & B8/ meshhint

o [-T-] E|1 .
TopVia2_SG13_133 v' Layer values are default for objects on

= . .

2 ropvial_SC13_195 that layer. You can override values if

needed.

Ey

Via4_SG13_66

v’ Priority defines which object "wins"
for overlapping geometries.
Example: LBE hole in substrate


file:///D:/Empire_Projects/Demo/IHP/IHP_dual_dipole_245GHz_LBE_noSpace/dual_dipole.gym

240 GHz Antenna in SG13S with Backside Etching

v Original design by IHP authors: K. Schmalz, W. Ruoyu, J. Borngrdber, W. Debski, W.
Winkler , and C.Meliani, “245 GHz SiGe transmitter with integrated antenna and
external PLL,” in IEEE IMS, 2013, pp. 1-3.

¢

Gain
245.000 Gz
+6.30 dBi

B +3.30 dBi
m +0.30 dBi

-2.70 dBi

~5.70 dBi
B -8.70 dBi
N -11.70 dBi
N -14.70 dBi
N -17.70 dBi
Bl -20.70 dBi
N -23.70 dBi

http://muehlhaus.com/support/empire-appnotes/empire-on-chip-antenna-240ghz
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240 GHz Antenna

Ei Sirnulation Setup x
EM Options | Thermal |

General Fregquency Boundary Conditions
Drawing Unit Start Frequency e

dun * 200 GHz > Absorbing 6 (= 40 dB,add space) ¥

Solvers End Frequency Xmax

300 Gz + W[ ~bsorbing 6 (> 40 dB,add space) s

Structure Type Target Frequency ymin

Antenna hd 245 GHz Y Absorbing 6 (> 40 dB,add space) >

Mesh Resolution ymax

Medium (15/4) L e Absorbing 6 (> 40 dB,add space) v

Background Material : zZmin

Conductors Electric v
i ¥ Zmax
Port Setup wide band lossy ¥

Absorbing 6 (= 40 dB,add space) 2

Simulation Mode

Sequential Excitation 2

Close |Help




240 GHz Antenna - Mesh

(#

127.153 MBytes

Simulation finished Thu Apr 19 14:88:39 2018

I *  Geometry: 192x182x59
I * Size : 208x184x68 = 2.208 MCells
E *  Number of Objects: 187
kL
| *  Memory Estimation
= Main Field 50.537 MBytes
* Overhead 41.851 MBytes
£
* Boundaries 12.393 MBytes
= nf2ff  Storage 13.873 MBytes
* pga Storage 9.299 MBytes (during setup)
kL
kL
kL
£
£
£
£

Simulation time 82:42

n= 54
z: min = 0.400
max = 53.580|




240 GHz antenna — Simulation Results

I
— dB{sub-1\s1_1)

— dB(.\HP_dual_dipole_245GHz_LBE noSpace\sub-1\s1_1)

Scattering Parameters in dB

_2300 220 240 260 280 300
Frequency in GHz

Simulation with 200um substrate = 220um total chip thickness

gQ° URTRT T 270°

db{sub-1\Gain_Farfield_1_f2.30000e+11_p0.000e+00_eabs)
—  dB(sub-1\Gain_Farfield_1_f2.30000e+11_p9.000e+01_eabs)
| — dBisub-1\Gain_Farfield_1_f2.50000e+11_p0.000e+00_eabs)
— dBisub-1\Gain_Farfield_1_f2 50000e+11_p9.000e+01_eabs}

225°
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180°




Go to larger models without hitting RAM limits

v" FDTD method has less memory requirement than FEM or MoM when creating
electrically large models

v" Required RAM scales linear with number of mesh cells, enabling large models

3.6 MCells 15.5 MCells

11A in air @ 250GHz
38\ in Silicon

* Geometry: 232x938x68

* Size : 240x939x69 = 15.550 MCells
* Number of Objects: 427

* Memory Estimation

* Main Field 355.908 MBytes

* Overhead 54.695 MBytes

*

* Boundaries 57.708 MBytes

* nf2ff Storage 72.143 MBytes

* pga Storage 72.493 MBytes (during setup)
*

* =========

*

612.947 MBytes 12



Large Model: All Vial ... TopVia2 without merging




Large Model: All Vial ... TopVia2 without merging
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Large Model: All Vial ... TopVia2 without merging

2 Ports

95479 polygons, 51 million cells

3h:15min simulation time per port on Core i9-7940X

Required memory: 2.5GB

Simulation Starting Thu Apr 26 18:28:23 2818
Using AVX+FMA3 vectorisation Extension in 1 cpu groups, 14 cores alltogether

Geometry w/o abc: 609x1204x67

Geometry: 611x12086x68

Size : 616x1288x69 = 51.345 MCells
Humber of Objects: 895479

Objects out of Area: e
Parts out of Area: 8

Memory Estimation

Main Field 1175.198 MBytes

Overhead 1168.852 MBytes

pga Storage 288.820 MBytes (during setup)
2.571 GBytes

Simulation finished Thu Apr 26 21:41:19 2818
Simulation time 83:12:55%

15



Large Model: Crosstalk Analysis

Using AVX+FMA3 vectorisation Extension in 1 cpu groups, 14 cores alltogether

Simulation finished Tue Jun 05 20:43:16 2018

16

885.142 MBytes Simulation time 26:21

x*

*

x*

* Geometry w/o abc: 480x446x88

*  Geometry: 482x448x89 - STEP 265064, 5.62E-03 SECONDS EACH, 3418.566 MCELLS/
* Sjize : 488x450x90 = 19.764 MCells * ENERGY ESTIMATE E 1.181369106373321E-01, H 1.1813
* Number of Objects: 51202 v

* Objects out of Area: [} k3 energy decrement E 51.21 dB, H 51.21 dB.

* Parts out of Area: © ¥

x* x

* Memory Estimation * Collecting Data Tue Jun 05 20:43:16 2018

* Main  Field 452.362 MBytes *

* Overhead 321.691 MBytes * Data Collect finished Tue Jun 05 20:43:16 2018

x* x

* pga Storage 111.088 MBytes (during setup) *

b *

*x* *

* *x

x *



Complex Model: Influence of Filler Metal

f
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111

Influence of Filler Metal

FHE

LI B I R I B ]

*

Size : 536x639x64 = 21.920 MCells

Mumber of Objects: 185289

Memory Estimation

Main Field 581.715 MBytes

Overhead 813.754 MBytes
Boundaries 3.141 MBytes
pga Storage 122.583 MBytes (during setup)

1441.112 MBytes

Simulation finis @2 13:08:87 2018
18
Simulation time ©1:11:55

e —




Simulation Speed (MCells/s)

Empire Speed (FDTD Cells per Second)

Simulation speed using EMPIRE XPU

15000 -

5000 +

Competators on GPU : 2
Nv1d|a 3Te5|a P100 oAccelware Ltd vll 1

Dual Xeon Platmum 8168, 192 GB

32GB.

B Ryzen 9 3950 ..

Quad Xeon E7-8867v3 256 GB

RyzenThreadr1pper3960X,64GB ,,,,, ....... . o

wmn7wwx3zGBf

R zen; Threadnpperi
3 70)( 64 GB P

10

100 1000
Simulation Size (MCells)

10000

19



Why is Empire so fast?

Numerical techniques:

v

Specific C- & assembler-code created "on-the-fly" for each simulation
to fit CPU architecture and simulation model

Individual code adaptation for latest CPU’s (AVX, AVX2,...)
Efficient caching & compression of FDTD coefficients

Speed not limited by RAM access time due to efficient last level cache usage
(multiple time step principle)

e XPU-technique calculates the updates for the E- and H-fields combined

* multiple time steps of the fields calculated in the cache memory of every core
of the CPU

No Simulation speed limitation due to RAM data transfer

Efficient multi core usage possible

20



FDTD Method

v" Time domain method, excitation with gaussian pulse
v" Wideband S-Parameter obtained by Fourier transform of time signals at port(s)
v" We get one column of S-matrix (wideband) per port excitation

General

Frequency Domain

«— 2
25_ T T T !
— sub-i\utl .
i i i | — sub2wtr| I
Time Domain, one step 1s 157.109 as | — sub-3wtl :
1 [ — sub-dwt1 —
A _ S W s S | S, S, S,
0.8 [ — - :
0.7 [ — c :
0.6~ ] % S U S S, 4 S21 S22 Szl
0.3 0= T ] :
0.4 . 3 :
o - = :
- ] USROS SURNHIIIN ORI RSN SO ] Sy Sn Sy
U-é ! 10 20 30 40 _ 50 &0 70 &0 ; S41 S42 S43
t in ksteps - —

Info

0 10 20 30 40 50 60
Timestep dt i as Time in ps
Sample Factor

—_
N

Y

=

L U”n

~



Use time domain results instead of S-params

v Direct evaluation of time domain pulses (TDR) is easily possible,
to localize discontinuities and help optimizing the signal path

v" Appnote: muehlhaus.com/support/empire-appnotes/rfic-pcb-tdr

30.. ....................... ......................... ................
20 [f--ooeeesssfeeesnenenss ----------------
% seriesL
%’, 10 N ,,,,,,,,,,,,,,,,
AL A palT N
Y too much shunt C
5 : |
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SIMULATION ACCURACY



Accuracy: Wideband Loss Modelling

v’ Testcase: RFIC inductor with pads in IHP SG13S technology
v" Dielectric model: wideband lossy

v" Metal model: wideband lossy

v" Mesh: 8.7MCells, TopMetal2 mesh hint: max 5um

/

Differential series resistance

7 Measured by IHP
Empire simulation

Rdiff(Smeas)
Rdiff{Ssim)
Il

Detail view:

1E8 1E8 1E10 2E10

freq, Hz

24


file:///D:/Empire_Projects/Demo/IHP/Spulen/L_2n0_SG13_GSGSG_pads/L2n0_GSGSG.gym

Accuracy: Transmission Line Loss

v’ Testcase: 1080um transmission line, 15um wide TM2 over Metall,
IHP measurement de-embedded

v Better agreement to measurement than other widely used EM solvers

0.2 : : : : — dB(v_measuredisl_2}
— : : : : —  dB(sub-1\s2_1}

— dB(v_measured\s2_1)

Scattering Parameters in dB

0 20 40 60 80 100
Frequency in GHz

120

25



APPLICATION EXAMPLE:
SATCOM / 5G Digital

Beamforming frontend module

Metal antenna
aperture
Metal backplate

DC and SPI
connection

RF Input

Cooling fan

-

Electric field at chip feed network and antenna feed

60 4
w—measurement RHCP
50 4 —measurement LHCP
~~~~~~ simulation RHCP
L IS S — A . O A R Y i VO (— simulation LHCP Antennq
Frequency: 20 - 35 GHz T, F_arfulalil_ pattern
: ST g | ol AN (Y L YR N A simulation
Size: 600 Million cells 2 I s
B '
Memory usage: 16 GB ° measurement

Simulation time: < 2 h 0]
Dual Xeon workstation

angle/[deg]

26



Ka Band Tx Antenna 32x32 Elements

Kasanova Antenna TX 32x32 at 29.75 GHz

50 T T

— MeasurementL
— Empire

Gain (dB)

-50 -30 -10 10 30 50
© (degree)

EMPIRE simulation model
32X32 Tx-Antenna Electronical fine

steering < 1°

Frequency: 30 GHz
Size: 87 Million cells
Memory: ~ 3.6 GB
Simulation time: 8 min

Mechanical
coarse steering > 1°




Gain[dBi]

15
10

-10
-15
-20
-25
-30
-35
-40

24 GHz radar antenna (TX)

4 x 12 element array

Backside microstrip feed network with

Wilkinson dividers

Accurate 3D EM simulation
of antenna, feed network
and backside casing

L B B
TN —24,2GHz —

\ —24,1GHz —
\

—Simulation |

/
/
/
[

—=
D

%I/ w e

T
-90-80-70-60-50-40-30-20-10 0 10 20 30 40 50 60 70 80 90
Elevation angle [deg]

Gain[dBi]

-15
-20
-25
-30

—24,2 GHz

/ —24,1 GHz

’ —Simulation W
.

-90 -80-70-60-50-40-30-20-10 0 10 20 30 40 50 60 70 80 %0

Azimuth angle [deg]

Exyz
Gain

Port

24.100 GHz

.26 dBi
.26 dBi
.26 dBi
.26 dBi
.26 dBi
.74 dBi
.74 dBi
.74 dBi
.74 dBi
.74 dBi
.74 dBi




24 GHz Automative Radar Antenna

. afiedDrecthiy Pisbop Backside feed network with housing

25 B I —— EMPIRE SIMULATION
SN — MEASUREMENT

dB
_—
e

N I

%70 w0 =0 40 a0 20 -0 0 10 20 30 40 50 60 70 80
theta (deg)

FarField Directivity Phi=90 etheta
T T T T

! ! ! ! !
|— EMPIRE SIMULATION
|~ MEASUREMENT 7

Nearfield — comparison simulation/measurement
simulation measurement

""""" AN

a0 i i i i i i i i
80 0 60 50 40 a0 20 -0 0 0 20 80 40 50 60 70 &0
theta (deg)
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Layouts from GDSII or ADS

v Empire can import GDSII, but does not evaluate the purpose

v You need to use a layer mapping for Cadence export that only exports the actual
metal. Do not export fillers, nofill, noDRC or similar purpose!

v For layout export from Momentum, you can use EM preprocessing to simplify the
layout, do via merging and remove purpose like nofill. This creates another
(preprocessed) layout view that you can use for GDSII export to Empire.

Release_B11HFC_Generic_lib:TrafoInterleaved 3n0_N2 w6 _s3_d97:emSetup * (EM Setup ... ~ — Od X

FEET TPyl kY |

W [E] Mom RF Simulation Options

Layout

o eset: | <none> v | savess.
@ Partitioning
i Substrate Description  PhysicalModel ~ Preprocessor  Mesh  Solver  Expert
A ports
Frequency plan
[ Output plan Unrelated metal il
8= Options

Global: Al Shapes ~ Global: Patterns  Layer Specific

2 Resources
Model
B Notes

implific
Merge standard oa via arrays
Merge rectangular via shaps

Type: (®) Local viaamay () Stacked Conductor
Method: keep boundary
MaxSpace: 3 | vasdes ~

Max Array Dim: [0

Generate: Preprocessed geometry ¥ Go




Stackup/Substrate/Technology

v Empire stackups (empty projects) available for IHP technologies and IFX B11HFC

v For other technologies, we have an Empire Script that reads Momentum substrate
file and creates an Empire project with all these layer definitions

v" Please contact volker@muehlhaus.com

31
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Empire XPU Summary

XPU FDTD solver can handle very large, complex models
Much faster than other time domain solvers by using XPU technology
User interface designed for combined planar + 3D layouts:

v' Easily import & edit layer-based planar layout in 2D editor
v" Switch between 2D editor and full-featured 3D editor at any time

Efficient modelling using technology template and "layers" that provide
z-position, materials, priorities, layer-specific mesh settings and much more.

Empire Templates for SG13, SG25H and SGB25 available from IHP DK server
High simulation speed enables more detailed, more accurate models

Biggest speed advantage seen for electrically large models with few ports

32



App Notes

v" Understand and control the mesh:
https://muehlhaus.com/support/empire-appnotes/empire-mesh

v |HP SG13 Template:
https://muehlhaus.com/support/empire-appnotes/empire-sg13-template

v 165 GHz Antenna in SG13S:
https://muehlhaus.com/support/empire-appnotes/empire-on-chip-antenna-

240ghz

v Time domain for chip-package transition:
https://muehlhaus.com/support/empire-appnotes/rfic-pcb-tdr

v" Choosing computer hardware for Empire XPU:
https://muehlhaus.com/support/empire-appnotes/hardware

Most of these appnotes are written for the old Empire 7 user interface,
but the settings can also be found in Empire 8

33
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* includes GDSIl import/export



Empire XPU is a product of

Contact for Empire @ RFIC:

About Empire XPU

IMST GmbH
founded 1992
engineering staff: 180 employees, 130 engineers / PhD

Volker Muhlhaus
Dr. Mihlhaus Consulting & Software GmbH

volker@muehlhaus.com
www.muehlhaus.com

https://muehlhaus.com/products/empire-3d-em

https://muehlhaus.com/support/empire-appnotes

35


http://muehlhaus.com/products/empire-3d-em
https://muehlhaus.com/support/empire-appnotes

