Dr. Mihlhaus Consulting & Software GmbH

EM Analysis of High Frequency
Printed Circuit Boards

Dr.-Ing. Volker Muhlhaus
volker@muehlhaus.com



Agenda

 EM tools overview

 When to use EM analysis

* Application examples: Filters

e The importance of meshing

 Including discrete components in the EM model

* Output from EM analysis: S-params and extracted models
 More application examples

e Framework integration
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What can we do with
High Frequency Electromagnetic Software?

« Analyze and optimize critical layouts
 Virtual prototyping, fast and cost efficient

e More accurate and more flexible than traditional
circuit simulator models

« "See" the high frequency currents & fields

e Simulate layouts that are difficult to measure,
with any number of ports

 What-if studies for geometries & materials
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EM Analysis Approaches

2D Cross Section EM 3D Planar EM 3D Arbitrary Analysis
sometimes called "2.5D" sometimes called "Full 3D"
Very fast. Complete EM solution, Very general EM solution for
Easy to use. specialized for planar models. arbitrary geometries.
Easy to automate. Very accurate method. Nice 3D editors, but user interface
Constant cross section only. Accurate wideband loss models. not optimized for planar work.
Medium complexity, easy to learn. Solver method and ports not
User interface optimized for optimized for planar work.
planar work (PCB, RFIC). Much experience needed to get
Very good integration into highly accuracy results.
design frameworks. Very limited integration into

design frameworks
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Typical EM Application:
Dense layouts, parasitic coupling
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Typical EM Application:
No simple models available
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The Sonnet Analysis Topology

e Arbitrary, predominantly planar
circuit in a metal box

e Metal box walls provide good
ground reference for accurate de-
embedding

e Circuit is embedded in layered
(planar) dielectric materials

e 3D current is allowed (vias
between layers and to ground)

e Box cover (or floor) may be
removed to allow radiation

All electromagnetic effects are included — parasitics,
cross-coupling, package resonances, etc.

ELECTROMAGNETICS
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Metal for Sonnet Analysis Box

Free Space = Free Space =

absorbing boundary  absorbing boundary

l l

T

Use bottom for T

microstrip ground
P9 Free Space =

absorbing boundary
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Top and bottom material can be
set by user, default is Lossless

Can change to any metal that we
have defined

Efficient; use bottom of box for
backside metalization

If circuit radiates:

use Free Space boundary,

which means absorbing boundary
(377 Q/0O0)

Air layer required between circuit
and Free Space

We can also have Free Space
above and below if needed
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Packaged Filter

sweep d_air

Cartesian Plot
Z0 = 50.0 0
Left Axis _
d_air=2mm M 10
DB[521] o 8 9
d_air=4mm g
DB[S21] | n 30
d_air=6mm i 40 /
Study influence of P e i
package on filter DBIS21] 4
Right Axis e
[empty] -70
(dB) 80
-30
8 10 11 12 13 14 15
Sonnet Software Inc. Frequency {GHZ)
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UWB Filter with Vias

 Accurate 3D modelling of the
via is required here

« Simple sheet via or wire models
are not approriate

i Cartesian Plot
Z0 =50.0
Left Axis
|uwh_microwavemagazine_ M
DB[S11] -o—| 8
DB[S21] -] 9
n
Right Axis .
Based on: fempy ;
IEEE Microwave Magazine, u
d
June2010, page 59 e
(dB)
-80
0 2 4 6 8 10 12 14 16
Sonnet Software Inc. Frequency (G HZ)
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Coupled Line Filter

 Fine mesh with accurate
representation of the edge
coupling is required

* Itis not sufficient to sample

the exact gap size, we also

need fine mesh at the gap

ELECTROMAGNETICS
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Meshing

Why we do we care?

ELECTROMAGNETICS
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The Mesh Matters!

Most accurate (Sonnet default)

Coarse, no edge mesh

Current and E

charge at the edge

detail because of the .

has not enough
coarse mesh
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The Mesh Matters!

Cartesian Plot
Z0 =50.0

Left Axis
|Defau|t mesh ) |

DB[S11]
DB[S21]
Coarse [no edgmesh] O
DB[S11]
DB[S21]
Medium [with edge mesh] <
DB[S11]
DB[S21] —~—

v 9

T oc +~—30CQ 0

Hight Axis
[empty] -50
(dB)
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Global Mesh Density

7
|87 Analysis speed/memory control-BPF_alumina_§-12._... m

Most accurate (Sonnet default) e N

More Memory

4 3
Mesh: FinefEdge Mee

Memory: Estimate...

—

Medium, with edge mesh

ﬁ

. Coarse, no edge mesh
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Mesh Density per Polygon

Metal - The Speed/Memory setting is global for
Fill Type  [Staircase =] the complete model.
cubeecicaine e

If needed, we can also set the mesh density
individually in the polygon properties.

X Min |1 . . Y Min 1
< ¥ Max |1au Y Max |1uu
Mesh Type

\wh:m -]
L Standard

- Conformal Mesh Subsectioning Controls
I Maximum Length I i

1 polygen selected

[ok | mepty | cancel| hen |

Confarmal
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Sonnet Mesh Summary

 The mesh is extremely important to get accurate results

o Sonnet meshing default puts fine mesh at edges and
discontinuities, and bigger subsections inside

e User can switch to reduced mesh density if needed.

* For maximum flexibility, mesh can also be set
individually per polygon

e This can be useful for ground planes or
layout areas known as not important

ELECTROMAGNETICS
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Discrete Components in Sonnet
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Mixed Design: Layout and SMD

SMD: SMD-1
C=6cB pF C=1d pF
4L 41
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Current density with
components included

This requires components
included in the EM model
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Mixed Design: Layout and SMD

| e ) L | %
- E 1 o) [ 2
=12 pF /
e
C=5 pF

L2
C=55 pF
Cartesian Plot
Z0 =50.0 10
Lied:;xti;mponents 8] M 0 e o
DB[S11] | @ -10
DB[S21] -0 9 5g
[s2p touchstonefiles O || N
_ DB[ST1] | j 30
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. Right Axis -50
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-90
0 0.5 1 15 2 25 3
Sonnet Software Inc. Frequency (GHz)
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Amplifier with Components
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Amplifier with Components

measured data
in Touchstone *.s2p
format

© 2011 Dr. Muhlhaus Consulting & Software GmbH

8 ' Component Properties-2X0907F.5 i

General lﬂeference F'Ianes] Physical Size]

Component Type

Label

|Data File

£

- 8.Y.Z Parameter File

|SMD—9

Terminal Width

|| _» |P:‘|.Sunnetw1 1_files\mgf0907.s2p

Browse...

Ground Node Connection

|Feedline Width -

Sonnet Box

‘:"&

Sonnet Box

Apply

Cancel | Help |

22

ELECTROMAGNETICS



Ports with Global or Local Ground

ideal series elements

4

SOURCE

3
) DRAIN

2 | SOURCE

e

1 .
GATE :

=

w

m
—rAp

FET pins are all connected to
polygons (“floating source®),
there is no direct path to

global ground. These ports can have global or local ground reference.

ELECTROMAGNETICS
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Components with Local Ground Node

thin film
“~ resistor

COMP1
Ref

FET pins which are all connected
to polygons (“floating source®),
there is no direct path to global

ground.
To insert a *-32p data block, the 2 |souRce
ground pins are explicitely
] «
connected to the polygons. P ( - ) . thin film
@iE N\ "/ o resistor
2 | SOURCE

ELECTROMAGNETICS
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Co-calibrated™ Internal Ports

< S « All ports introduce

discontinuities

é \“C E—— e De-embedding removes port

o-Cal Internal FOrts 1or . . .

Transistor or other d_lscont!numes from our
Womponem Connections simulation models (and

F NS S measurements!)

» Internal ports have traditionally
been difficult to de-embed with
high dynamic range

 New Co-Calibrated Internal
Port technology introduces
>100 dB of dynamic range for
internal ports—an industry first

e Multiple Co-Calibrated Ports
may be placed very close
together and port cross-
coupling is removed

e Theory is fully published

Y
T

De-Embedding the Effect of a Local Ground
Plane in Electromagnetic Analysis

James C. Rautio, Fellow, IEEE

Abstract—In  electromagnetic analysis of complex planar
circults, it may be necessary to use internal ports, for example, in
locatlons where surface mount devices might later be attached.
These Internal ports require a local ground plane for ground
reference when access to the global ground reference Is
unavailable. Even If perfectly conducting, use of such a ground
plane still Introduces excess phase in the local ground currents.
This paper describes how to remove the effect of a lossy or lossless
local ground, even including multiple closely spaced ports.

Index  Terms. de-embed
analysis, lmperfect gro rld Iuw temperature co-| nred ceramic,
LTCC, planar circult, surface mount device, SMD, surface mount
technology, SMT.

L INTRODUCTION
M(:S’I high frequency and microwave circuit analysis
i

ELECTFICIMAGNETICS
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Co-calibrated Internal Ports

Multiple Perfectly Calibrated
Internal Ports make it possible to
simulate everything but the
transistor, capturing all passive
circuit cross-coupling and other
physical effects

ELECTROMAGNETICS
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Co-Calibrated Internal Ports

Co-Calibrated Internal Ports

1 ¢hrw)

ik e E,a, SRR ife={P:SonnenSURPORTIPh
AN R
[ ﬁ o
Feedlines de-embedded from result [ v S R
|—|Term
Terma”
Murm=3
Z=50 Ohm
30 N | |+
307 0.87 | I|| | ‘\N\;I
-60 0.6 0 Term
] ] e
'goi QQ047, VT 2 =
5;‘;?;-:':120, ;0::_0_2, .. Z=80Chm .
<t M ~— -
san 1907 29 0.0
0w um
D23 -1804 88 02
22 0.4
-0.6+
: -0.84
300+ A0
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
freq, GHz freq, GHz

De-embedding error in |[S11| and cross-terms for each line lower than < -200 dB
ELECTROMAGNETICS
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Output from EM

S-Params and extracted models

ELECTROMAGNETICS
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Example:Interdigital Capacitor

415

=0.1

0.3

T.
—

i

o
S}

This is a "capacitor” used in the lowpass example shown before.
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S-Parameter Export

L% emgraph 12.01
File Edit View | Qutput Graph Curve Equation Project Window Help

, Z-Pyameter
PI-Model h

M-Coupled Line Model File. ..
| Broadband Model File...
Cartesian F Output S,Y,Z Parameters-icap_outputfiles ol x|
All Curves to Spreadsheet. .. =t
Z0 =50.0 Format Data Type Parameter Complex
_ 0 ———
R (CTETSOM -  [Dctmbeaded x| [SPoam <] [Maghugie ]
|Icap_uutpuﬂlles o | -5 v Include Comments ¥ Include Adaptive Data " High Precision
DBI[S11] -l M
! Sonnet Data File =
DB[S21 - -104 :l
[ ] a 10 ! From: emgraph Version : 12.01
m - " ! From Emgraph Data: icap outputfiles
Right Axis g ! Data File Written: 10/02/2008 14:32:14
[empty] =15 !< HDATE 10/02/2008 14:17:3%
n '< MDATE 10/02/2008 14:17:33
i # GHZ 5 MA R 50.00000
-20_ 0.05000000 0.995592 -0.846 0.008%09 BT7.755 0.00850% B87.755 0.99585592 -0.845
t '« P1 F=0.05 Eeff=(3.266559475 -0.1607417) Z0=(125.09134 0.05564599) R=1517.70376 C
'< P2 F=0.05 Eeff=(3.16133279 -0.1562978) Z0=(127.163744 0.07133568) R=1422.18407
u -25_ 0.06000000 ©,9958501 -1.015 0.010691 E7.587 0.010691 B7.587 0.9959502 -1.014
0.07000000 ©0.995407 -1.184 0.012472 E7.418 0.012472 B87.418 0.999408 -1,183
d 0.08000000 0.9959310 -1.353 0.014253 E7.249 0.014253 B87.249 0.995%310 -1.351
e -30_ 0.0%000000 0.885210 -1.522 0.016034 EBT.0B0 0.016034 B87.080 0.%85%8210 -1.520
0.10000000 0.9959106 -1.6591 0.017815 B6.911 0.017815 B86.911 0.959%9106 -1.689
0.11000000 0.998555 -1.860 0.0195%96 B6.742 0.01595%96 86.742 0.958555 -1.858
-35_ 0.12000000 ©0.998885 -2.02% 0.021377 B6.572 0.021377 B86.572 0.959888B9 -2.027
(dB) 0.13000000 0.998776 -2.1598 0.023157 B6.403 0.023157 B86.403 0.998776 —-2.196 j
40 4 [ >
[~ Remember settings Print | Save... | Close Help
'45 T
Sonnet Software Inc. Frequency (GHZ)
|E:ﬁ::k mouse to readout data values |Poﬁﬂ$er |

ELECTROMAGNETICS
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Pi Model Export

@ I O * _Sp! ce Data
* Limts: C0.01pF L<100.0nH R<1000. OChns

K>0. 01
* Anal ysis frequencies: 50.0, 60.0 M1z
.Subckt SONA_0 1 2 G\D
- CCl 1 G\D 0. 186163pf
T ST C C2 1 2 0.283703pf
C C3 2 G\D 0. 18565pf
.ends SON4_0

: of' n d: — 1 * Analysis frequencies: 60.0, 70.0 M1z
Equivalent circuit of a two-port structure using the Pl Model. Mutual inductances also
e21’5t between alllnducturs.pbut are not shuwn? Any component whose value is outside . SUbC kt SO\M‘_]- 1 2 G\ID
of the open circuit limits are not printed in the SPICE output file. C Cl 1 G\ID O 186164pf
CC2 1 2 0.283734pf

C C3 2 G\D 0. 185652pf

.ends SON4_1

*  Anal ysis frequencies: 70.0, 80.0 MHz
.Subckt SON4_2 1 2 G\D
CCl 1 G\D 0.18617pf
CC2 1 2 0.28377pf
C C3 2 G\D 0. 18566pf
.ends SON4_2

ELECTROMAGNETICS
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Equations in Data Display

© 2011 Dr. Muhlhaus Consulting & Software GmbH

Cartesian Plot
Z0 =50.0
Left Axi.s 0.49 |
Capacitance2 [pF] ] . “ .
leap_outputiles O~ 0a7{ ,,Capacitance 2 equation:
m1: 0.05 GHz
C w4 Equivalent series C between
Right Axis a
[empty] p 044 portland?2
a
o 041 20
i 039 ~Equation
t : Equation Details... |
a 0374
n Series capacitance [in pF] between any pair of ports assuming a Pl-model
0.35
c Arguments S Edit.. |
€ 033
o j
_ 1:0.05 GH
(oF) 0.31 " 0.2838 ’ . i'ﬂ
P 0.294 -
Equation Body
m1
0.27 4 1.0E12 1 [TWO_PI * FREQ * imag( 1/ arg1 ] ) E3
0.25 T T T
0 0.5 1 15
x|
Al 2
Sonnet Software Inc. Frequency ((
Axis & Left Curve Label |icap_outputli|es_2
" Right
Cancel | Help I
32 ELECTROMAGNETICS




N-Coupled Lines RLGC Model

* R is series R
+ |- is series L
+Cgis shunt C
* Gg s shunt G

* R, and L, are mutual R and L;
they are not drawn.

= G, is "‘mutual® C

* G, 08 ‘mutual’ G

FORMAT Frag: L1:1 Lz:1
R1:1 Rzl
g1zl [+ |
G1:1 G2zl

La:
R
C2s:
G2

- T )

Matrix wvolues extrocted from structurs of length 1.258-4 metera.

20 Matrix Figenvectors:

T ——

0.70709973181 1.0L2046532-7
£.7071138304% 0, 00000000000

0.707109756084 0. 00000000000
-0.7071038115 —4,3771946=-8

Modal Excitation Vector
From Z, Matrix (Odd Mode)

20 Matrixz Eigenvaluss:

Maodal Excitation Vector
From Z, Matrix (Even Made)

[72.7927707171 -0, 10796821490 ]16.5623742513 -0.1588181L627|

Z,. (Even Mode)

Gamma Matrix Eigenvectors:

2y, (Odd Mode)

0.70708735571 2.:436871317=-7
0. 70711620654 0.00000000000

Modal Excitation Vector
From y Matrix {Odd Mode)

D.70712512656 0.00000000000

—0,7070844351 -5.7766430e-7

r'y

Gamma Matrix Eigenvaluss:

Modal Excitation Vector
From v Matrix (Even Mode)

0.2810151 0468 18%.350366251

0.5%7687215574 102.080263771

Y. (Even Mode)

¥, (0dd Mode)

20000000040.0

6.15674302a-7
36.0622B03867
3.4873268e-140
1.33833230e-6

£.8115%6085a-7
4.238R4026037
-1.4173382-10
-4.3751531La-7

B.15695041a-7
36. 0646940705
3.487326%e-14
1.33785617e-§

RLGC Data

33
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Broad Band SPICE Extraction

o Useful for very wideband model
extraction of arbitrary structures

e Creates ,black box"* model for
SPICE

» Arbitrary topology, not limited in
complexity

» License required for this feature

© 2011 Dr. Muhlhaus Consulting & Software GmbH

. SUBCKT icap_outputfiles 1 2 3

ERINil1 1 1 cl 1.0000000000000000000000
GRIP il clilcl 0.0100000000000000000000

ER2ZN i2 2 2 c2 1.0000000000000000000000
GR2P i2 c2 i2 c2 0.0100000000000000000000

* Coefficient set (1, 1) 3 Coefficients

G c1P npcl01 3 i1 3 1.0000000000000000000000
G c1IN nncl101 3 i1 3 1.0000000000000000000000
E cl1P acl100 cl1 npcl01l 3

1. 0000000000000000000000

E c1IN ac100 b102 nncl01 3

1. 0000000000000000000000

* Coefficient: 1 SINGE

R 1 c1 npcl01 npcl02 0.0065844947841434166000
C 1 cl1 npclO0l npcl02 2.7396391981312136000e- 8

* Coefficient: 2 PAIR

Cl 2 cl1 nncl0l nncl02 2.293057120925995600e- 11
R1_ 2 c¢c1 nncl01l nncl02 0.9732049276718901500000
L1 2 c1 nncl0l1l nncl02 3.936264831768772000e- 11
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Via Inductance
Comparison of via geometries



Which via geometry Is best?

1mm cascaded

1mm parallel

—

I

%

1mm single

—

0.5mm parallel

I

[

2mm single

'

i

© 2011 Dr. Muhlhaus Consulting & Software GmbH
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AmpsiMeter
25
1

19

17

14

11

8.3

5.6

2.8

0.0

fi]

il

© 2011 Dr. Muhlhaus Consulting & Software GmbH
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second via
has almost
no current,

useless for RF
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Inductance Comparison

© 2011 Dr. Muhlhaus Consulting & Software GmbH

Cartesian Plot
Z0 = 50.0
0.5
Left Axis
Inductancel [nH] o 0.45 1
via_2mm —— |
via_single_T1mm —o—| N 044 o
via_double_500um - d 0.35 4 — A
via_doublelmm_cascaded u '
via_doublelmm_parallel C 3. o
t
Right Axis
[empty] a 0254
n
c 0.2 -
© 015
1
0.1 4
nH
( ] 0.05
D T T T T T
0 0.4 1 1.5 2 245 3
Sonnet Software Inc. Frequency (GHZ}
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Quad Via

ik oA
Amps{Meter
25 Cartesian Plot
Z0 = 50.0
Left Axis n 0454
20 Inductancel [nH] ] d
via_quad —— 0.47
u
18 4
Right Axis c 0.35
i [empty] t 0.3q9c— =
a 0254
13
N 021
c
10 4
e 0.15
- 1 011
0.054
5.0 (nH) 0
e 0 05 1 15 2 25 3
Sonnet Software Inc. Frequency (GHZ)
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PCB Example

Finding a resonance problem



Data Import from Gerber RS274X File
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2.5GHz VCO on PCB
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Simulation Result

Cartesian Plot
Z0 = 50.0
0
Left Axis o —————————o——0——p (T O
vco_pch o
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Current Density

Amps/Meter
5.30
4.71 .
412

3.h3

2.94

2GHz 2.68 GHz

High current on top side
going down through vias !?
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Ground Problem

Same long ground path

for both outputs causes
inductive coupling between
both signals

Solution:

Provide better ground,

so that each signal has its
own proper ground path

\
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Better Ground
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Better Ground

Cartesian Plot
Z0 = 50.0
Left Axi 0 o = = —Q——’DW“__‘ﬂi'\?_‘
e is = O— O
vco_pcb o ‘j
DB[S21] =1 M
DB[S31] | 4 -5 -
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DB[S21] —{1 g
DB[S31] T
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[empty]
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d but not perfect
e
@B) 0 = o _____
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Resonance ?

R N s f=3.1GHz
| N2 at 3.1GHz A=96mm in air

I=21mm A=43mm in £,=4.9

Not exactly our frequency,

but close. The vias are part of

| the parasitic resonator and

! might shift the resonance down.

Place additional vias at

g% maximum E field to short

resonance condition
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Additional Vias

______________________________________________________________
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Place additional vias at
maximum E field to short
resonance condition
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Success!

Cartesian Plot
Z0 =50.0
0
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[empty] n
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Sonnet Framework Integration
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Sonnet Framework Integration
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Process Stackup and Geometry Options
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Summary

 The devil is in the detail. EM can help to design the little details
properly, before they cause trouble.

 EM can help to identify parasitic coupling, ground path issues,
resonances and radiation.

« Highly accurate FFT based method and flexible meshing in Sonnet
can provide very accurate, consistent, reliable results.

» Accurate port calibration in Sonnet allows to extract small details
with very high precision.

« Accurate port calibration in Sonnet allows to insert components into
the EM model with very high precision.

 Sonnet can be used stand alone, or integrated into popular
RF design frameworks.
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Thank Youl!

For questions:
support@muehlhaus.com
volker@muehlhaus.com
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