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Outline

e Introduction

e Electromagnetic field visualization basics
 Current crowding, skin-effect, power flow
e Cross-talk microstrips and strips

e Cross-talk in vias

e Conclusion
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PCB/Packaging interconnects:
multiport or black-box description

NS(1).NS(1).TDR:

Compute and measure Megniude(E), (48]

hﬁ) AP }V“\
AV YW

AR L.
h Jl S-parameters

50 “;L
25 5 75 10 125 15 175 20
Z90ul 20017, 11:20:52, Simberian Inc. Fraguency, [GHz]
NSNS TOR;
. Z[0hm]
12517
100 = e, —

Al v

/ TDR/TDT

t t + t t t + } 1] 0.25 0h 075 1 1.25

0 0.25 05 075 1 1.25 1.5 175 25.Jul 2017, 11:21:59, Simberian Inc. Time, [ns]
28.0ul 2017112241, Simberian Ine. Unitinterval, ] Zmm[D1.017; Zmm[D2.02];
Ymm[D2.01]:

_ . L Let’s take closer look at how we usually model it...
https://www.signalintegrityjournal.com
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Analysis — more “black boxes”

Transmission line

NS(1). TLCircuit(1). Simulafianil);

.
Magnitucle (Zmmy. [Ohm] EpsEffective. [] S egl I l e nts ( l I l u Itl po rts%-
100 ’T‘
1 S — — ———
] JE I I
1
A Modal & RIGC 1™
= _1viouail NLNJ o
L
e e
| *UU Dz
1
S0t 3 \ - [mﬂ‘; V@'
M 20 -10 i 10 20 30 40
" B Al t SR P 25Jul 2017, 11:37: 27, Simberian Inc, 30 View Mode (press <E> to Edit
25Jul 2017, 11:34:30, Simberian Inc.
5 0 15 20
26ul 2017, 11:22.55, Simberian Inc Frequency. [GHz]

See more at Y. Shlepnev, “Decompositional Electromagnetic Analysis of Digital Interconnects”, IEEE
Int. Symp. on Electromagnetic Compatibility (EMC2013), Denver, CO, 2013, p.563-568.
https://www.signalintegrityjournal.com

Discontinuities

(multlpr

e

ANS(1) ias(1) Simulation(1);
Magnitude(S), [<B]

] 5 10 15 20
26.Jul 2017, 11:21:10, Simberian Inc. Frequency, [GHz]
——9 ASmm[D1.D1} —— ASmm[D1.02}

—— ASmm[D1,C1]; ——= ASmm[D1,C2}:

3D View Mods (press <E> to Edi]

What is inside of those “black boxes”?
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“Black box” contains fields

— s HiH ‘J_ / / C;;;f’i://
Looking at the S-parameters/TDR/TDT/eye we see just the tip of an ICEBERG!
What we do not usually see contains a lot of information that is almost never
“measured”, but is critical to revealing “How interconnects work”

T

Electric and magnetic fields, current densities, power flow density...

https://www.signalintegrityjournal.com
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Fields are described by Maxwell’s
equations

D-ds = d E - i i
<ﬁ> S q:—j:ﬁpfree V' Gauss’s laws E_ Electric Intensity (V/m)
<ﬁ>|§-d§=0 H - Magnetic Intensity (A/m)
Continuity (I%irchhoff’s current law) D - Electric Flux (Coulomb/mA2)
Cﬁ%]free 'd§=—a<fiﬁpfree -dv B - Magnetic Flux (Tesla or Weber/m#2)

o b e , Pes Free Charge Density (Coulomb/m#3)
9SH -di :EHD'dS +H‘]free -5 Ampere’s law J ... Free Current Density (A/m”2)
qSE-dI_:—gﬂ B-ds Faraday’s law (Kirchhoff’s voltage law)
D=¢E+P P - Polarization (Coulomb/m~”2)
_ o VI - Magnetization (A/m
B=u,(H+M) Fields in materials M © (A/m)
J e =0E Plus material equations and boundary conditions....

Very complicated to say the least ©
Visual Computational Electromagnetics may be helpful tool to understand...

https://www.signalintegrityjournal.com
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Field visualization in 19t" century

Plate 1L Vol. 3. _Exp Rosearches .

Pl Trans. MDCCCLIL FPZate 1X p. 15

Faraday visualized fields with the
iron fillings and almost never
used equations;

He discovered and described
electromagnetic induction
(Faraday’s law) using words only;

That leaded to the discovery of
the Maxwell’s equations...

Michael Faraday, Experimental Researches in Electricity, 1855

https://www.signalintegrityjournal.com 8
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EM fields visualization — 70s & 80s

Use of printers:
Electric Field in rectangular
waveguide T-junction

Print out from VOLNA
software of B.V.
Sestroretzkiy, V.M. Seredoy,
N.A. Sadovnikov, MHUW
(now Corporation Vega)

TEi10 wave

https://www.signalintegrityjournal.com
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EM fields visualization — 70s & 80s

Electric fields in microstrip line on magnetized Ty i b borE B

ferrite substrate computed with Minimal 3 e ! :
Autonomous Blocks (Treftz’s finite elements) . ., *,
_ p - : ' . TTT
R a ' : cpl e e e BRIV AL o] o
i B . _
- _
Sy v . e }{ by .L\‘f s 'x
_ il e I LR TR L
A 7 R e <k R ' ) .
o g x @g& : ... s - ) - : .
_ 6 % SREnRa i o -‘?" o
__ 777 5 45676800 2 U ; | ' +L |‘ :

Puc. 4.22. PasbmeHne NOOEpeTHOTO CEeYeHHS IIPH noc*rpoenx}r_n CTPYE-

Typul nene: ¢ = 3,5 MM, d = 1 MM, by == 0,5 MM, b =15 MM, & = FLTw |_'r.,_r _'l(!|_| [ |JL||.|1.i'J NN
. _ = 0,15 MM, _ B Y _
- Ty
_ ol e Ly Blely Iy Ll AR -]
From B.B. Hukonsckul, T.N. HuKonsckas, By - g r-,} i | l L 1'1
JleKoMno3uyuoHHbIU MoOxXo0 K 3a0a4am ' 7 ' ' :

Pre. 427, CECreMa BaOpaBIeHHEX OTPESROE, - X4DARTeDEIYIOMEY 110-

Oepeunoe SMeHTPAIECKOe noie Ha BeeX MAB momepewmoro cewemss -

Upemded N0JI0CKOBOH NHHAH (HOPMaleHO HaMarHETeHHa# (HeppHTO-
o BH TOEIOMERS). ' '

3neKmpoouHamuKu, Hayka, 1983, c. 176-181.

https://www.signalintegrityjournal.com 10
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EM fields visualization — 70s & 80s

COMPUTER GRAPHICS APPLICATIONS IN ELECTROMAGNETIC
COMPUTER MODELING*

E. K. Miller, J. A. Landt,** F, J, Deadrick and G. J. Burke

Lawrence Livermore Laboratory,
Livermore, California

** os Alamos Scientific Laboratory,
Los Alamos, New Mexico

IEEE Antennas and Propagation Society
International Symposium, 1981, p. 634-637.

r, =ct

Far-field space-time contour plot for a Gaussian-
pulse excitation of a center-fed dipole, 1981

Mostly use of plotters and printers until 90s ...

https://www.signalintegrityjournal.com 11



Signal Intedrity

Signal Integrity - Power Integrity EMC/EMIJ l

90s and 2000s - gaming changed
everything...

Personal computers and console video games took a great graphical leap forward in the 2000s, becoming able to
display graphics in real time computing that had previously only been possible pre-rendered and/or on business-level
hardware (https://en.wikipedia.org/wiki/Computer_graphics).

uctured Mesh: 4 o e S T “ "/’ " o
e I S VA

Analyzis: Muliport
#3 CunentD ensity[Surface] at 25 3

Min=8.702e-005, Max=40.66 [4/m

0[dB] *
e e

-15
n - TeRRAWR T

o — ? ) \\\\\
€0 5 e x
#4 Efield[CutPlane] at 25 GHz; T=40 ps; [nst. at.d " h

Min=3.1652-019, Mar=3388 [/
3388 M/

A

- 10:44:07, Simberja 8 " (PR s Edil!

Surface current density and electric field in strip lines computed and visualized in Simbeor software

https://www.signalintegrityjournal.com 12
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Time and Frequency Domains

Signal -> Harmonics R_esponse —_> superposit?on of
- distorted signal harmonics
o 02
| o 107 102
VUL VY =t a-t= nnn v
Ty
t

Signal degradation in interconnects are caused by dielectric and conductor loss and dispersion, high-
frequency non-TEM wave dispersion, effect of discontinuities (ISl or multiple reflection) and radiation;
The best way to model those effect is in the FREQUENCY DOMAIN (our focus);

All fields, currents and power are real

Re[lf F .eia)t:| Re[* F _eiza)t]
parts of time-harmonic complex vectors 0 ( ) 0 ( )

Excitation — single frequency sinusoidal 27
voltage sources V =Vp-sinfwt+¢)  w=27-f= -

/\\/\ frequency veriod

10

https://www.signalintegrityjournal.com 13
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Time-harmonic vector fields

Re| Ry, (T)-€“ |-y —

F (T,t) Instantaneous field value:
Re[ Ry, (T)-e" ]2 amplitude and direction are
5 periodic functions of time
4 y —_ Re[ Fy, (7)-¢]-x
/ r
— 5 Fox: oy Fy, @re complex numbers
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;
Average value (for power flow): P () = %J. P(T,t)-dt
0

https://www.signalintegrityjournal.com 14
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Equations or Pictures

Plane wave solution E(T) [ 5 e T Feq
H (T) H, : p
Structured Mesh: %:20, 71, Z:1, <=5, dv=5 dZmax=23 6057 E' EO = 0, k X EO k

Elements: 20; Matrices: St: 240, CM: 2, Final: 2;

Analpziz: Multiport
#9 Efield[CutPlane] at 500 GHz: T=2 ps; Inst. at  0.998°T:
Min=3934, Mau=3837 [/m]; — —
- 3937 [ém] kO w V EIU ! Z
E ( r ) 2953 ‘(\
1969 X
9843 \ e\eﬂ%
00 ) ‘ <
#10 Hfield[CutPlane) at 500 GHz: T=2 ps; Inst. at ~ 0.998°T: f - ) (anlm atEd)
Min=110.44, Max=10.45 [&/m]:
o |

il
&
J

b S Se

1

Richard Feynman: Dirac said that to understand a physical problem means to be able to see the answer without
solving equations. Maybe he exaggerated; maybe solving equations is experience you need to gain understanding.
But until you do understand, you're just solving equations. - 1979

)
/lp\i* s

Which one do you understand?
Which one will you remember?

https://www.signalintegrityjournal.com 15



Signal Intecrity

Signal Integrity - Power Integrity EMC/EMIJ l

Field modeling technique:
Trefftz Finite Elements

Element interior fields (exact solution of Maxwell’s equations):

E(F) _Ni”t + E0m ikokm*T | A E0m —ikokm T |
(H” <r>szl{’*“' (5, eerom &) e rem,

k
M0k =awnJEu, Zy=+lu/e

mX
ZO

Ky+Egn =0, Hyp =

om

Projection on boundaries

bel = [Sel ] . gel S-parameters of Trefftz element

b — [S ] -a S-parameters of structure

1. VIV. Nikol’skii, T.I. Lavrova, “The method of minimum autonomous blocks and its application to waveguide diffraction
problems,” Radio Engineering & Electronic Physics, vol. 23, no. 2, p.1-10, 1978.

2. VWV, Nikol’skii, T.I. Nikol’skaia, Decompositional approach to electromagnetic problems. Moscow: Nauka, 1983 (in Russian).

3. Y.0. Shlepnev, Trefftz finite elements for electromagnetics. - IEEE Trans. on Microwave Theory and Techniques, vol. MTT-50,
pp. 1328-1339, May, 2002.

https://www.signalintegrityjournal.com 16
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Fields and currents in strip line

Strip 1.2 mil thick, 7 mil wide L.

Dk=3.76, LT =0.006 @ 1 GHz
— @ wwwwww 1 V, 50 Ohm ~50 Ohm 50 Ohm
Planes 0.77 mil thick, 17.2 mil apart —@_E o — ]
- —
Vpeak ~ 0.5V

Ipeak ~ 0.01 A

Modal and RLGC(f) parameters are
extracted from the analysis of small
segment in Simbeor for analysis of
traces with arbitrary length

23 Jul 2017, 07:31:31, Simberian |ne. = 3D View Mode [press <E> to Edit).

Example from demo-video #2016 _03: How Interconnects

Work™: EM field, current and power flow in strip line
https://www.signalintegrityjournal.com 17
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Electric Field at 1 GHz

e e an s aomenesss - Electric Field (V/m, peak values)

Ana\‘lisls Mu"IPEI[[

HHEfieitieuPlare)at Gz F-1000 s Pek: T
Iin=1.867e-006, Fax=5088 [v/m] - oo T t LI L R R B -
_ 5596 [v/r] . I A A B A A AR
E ::’:g e j i .f A ref
1398 N tHEry f/f,-- ce e VI V = Edl 0.5V
iy oltage ~
e - L A Y | I AT e e e e
A 5, S J IR I sig
- + + T

RAR o ~ Willintegration path matter?
1: Lo $E-dT=—iwu[[Ads
o -

R AR A I A A S B AR S A A SR AR IR TR R
- II|II'I|' !

LIS NS SR SN SN S B N S |
LRI

Transverse components B

Is it transverse (TEM) wave?

3 Jul 2017, 0F:39.36, Simberian Inc. 30 View Mode [press <E > to Edit).

Structur dM hX55YBZZTSdXUB75dYUB75dZ =39.3428

o B Longitudinal component (small)

#2,2‘5 \dFC tPlane) af HGHI T=1000 ps; P K -""*:-,,,‘g
Hin=3 644e-008 e 598 Vi) - %—.
X Ds;:;i
UT =
T
e Hint: No longitudinal components only
ey without losses in conductor and dielectric
""" i 4_,{_%;% N _9m
31 Jul 2017, 11:01:25, Simberian Inc. v o : - N 3D View Mode (press <E> to Edit),

https://www.signalintegrityjournal.com 18
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Magnetic Field at 1 GHz

Magnetic Field (A/m, peak values)

Stychured Mesk: 55, 82 Z:
Elernents: 85 E30; Matices: SW: 1 028280, CM: 2, F'inal' 2 T T T T oo mm—bemeeese - -

Analysiz: Multiport -
%Hfleld CutPIane) at1 GHz; T=1000 ps Peak

Currents

S e e gt e . e en o cm e e -

Min=7.216-007. Max=3033[Afm]. - B
I_—I 30.33 [4ym] L - — — —
29 75 R T B _- o —_
1517 _ N N @ H dl _Ia)J‘J.D'dS +J‘J“]free 'dS
7563 o -, . o .
i N . 1: .. L S S

R -Displacement current

T e e '('bound charges)
R . Conduction current
REEEESSE: S | (free charges)

Y PSP A SN PP U SO

Transverse components

0 e Mode [press <Ex to Edit)

Al 2007, 115248 Simbenan lhe.

- ~

Lo ngitu d i na I CO m po n e nt (sma I | ) Structured Mesh: %55, 82, Z:19, dx=0.875, dv=0.87. dZmax=33.3428

e

Stuctured Mesh: %55, 'V:62, 2:19, dx=0875, dv=0 875 dZmax=39 3428 Eleme N
E Anlysi lipart . . .
#24 Hfield{CutFlane) at1 GHz: T=1000 ps; Peak: F I e I n S I e CO n u Cto r

Elements: 85 630; Matiices: SM: 1 028 280, CM: 2-¥hal 2
Min=7 218-007, Meoc=48.55 [A/m].

Analysis: Muliport
#24 Hfield(CutPlane) ot 1 GHz T=1000 ps; PEaK - . 4555 (A
Min=7 415014, Max=0.007887 [Adm]: e - - 3492 [/:']
0.007887 [Am] e, - 2328 od
0005915 (:4' - 164
0.003943 e, & - ’ oo ; =
0001972 - 5 i
%—"‘,. vy .
. 7 . - i
. "ﬁﬁ s 4 I

-
31.Jul 2017, 11:38:56, Simberian Inc. 3D View Mode [press <E> to Edit)
31Jul 2017, 11:37:37, Simberian Inc. 3D View Mode [press <E> to Edit

https://www.signalintegrityjournal.com 19
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Currents in Ampere’s law

¢H-dl =io[[D-ds+[[ T, ds
L S S

Displacement in vacuum and polarization currents Conduction current (A/m”2)
D=¢E+P P=f(EHTF.) Jiw=f(ET,..) _
E electric field
— electric field
— invacuum + V
P polarization O
E  smaller electric - \l/ J free
dia field in dielectric current
Polarization [Coulomb/mA2] is displacement of charges T.ranslatior?al motion of free charges in electric
bound to atoms, molecules, lattices, boundaries, ... field described by the Ohm’s law (LTI):
described by material (constitutive) equations (LTI): —
‘J free — G(a)) E
D=¢E+P=¢ge(w)E O - bulk conductivity, Siemens/m

See more in the “Material World...” tutorial, DesignCon 2016 at www.simberian.com

https://www.signalintegrityjournal.com 20
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Current density in strip line:
=]V 8 current crowding

Almost uniform distribution through thickness, both in planes and strip

#2 CurrentDensity(CutPlane) at 0.0001 GHz; T=1e+007 ps; Peak;
Min=0, Max=1.851e+006 [A/m"2];

0[dB] g =ntDensity(CutPlane) at 0.0 \G:Hz: T=1e+007 ps; Peak:
J =20 e+006 [A/m"2]:
-40
dB

e f=0.1 MHz [s=0.01 A

sd=8.2 mil Ir=-0.005 A

t/sd=0.146

#1 CurrentDensity(CutPlane) at 0.001 GHz; T=1e+006 ps; Peak;
Min=0, Max=1.902e+006 [A/m"2];

0[dB]
-20 ensity(CutPlane) at 0.001 GHz; T=1e+006 ps; Peak:
e ~o1.
J -40
d B -60

-80 f=1 MHz
sd=2.59 mil

t/sd=0.46

J .
J . =20-log,, | | [dB] Concentratlop of cu.rrent
J below the strip at higher

frequency

Strip width 7 mil, t=1.2 mil, planes 0.77 mil;
| max| Peak values are shown; sd is skin depth;

https://www.signalintegrityjournal.com 21
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Current density in strip line:
=[5 transition to skin-effect

Non-uniform current distribution - onset of the skin-effect in strip

#3 CurrentDensity(CutPlane) at 0.01 GHz; T=100000 ps; Peak:
Min=0, Max=3.78e+006 [A/m"2]:
J OZEJdB] ensity(CutPlane) at 0.01 GHz,."=100000 ps; Peak:
dB 0 — B D X

-60

f=10 MHz

sd=0.82 mil

t/sd=1.46

e ———————
#4 CurrentDensity(CutPlane) at 1 GHz; T=1000 ps; Peak;
Min=0, Max=4.423e+007 [A/m"2]:

0[dB]
J -20 ensity(CutPlane) at 1 GHz; T=1000 ps; Peak:
-40
dB

07 [A/m"2];
-60

40 f=1 GHz
sd=0.082 mil

t/sd=14.6

Strip width 7 mil, t=1.2 mil, planes 0.77 mil;
. . . Peak values are shown; sd is skin depth;
Current flow in thin layer at 1 GHz (typical PCB)

https://www.signalintegrityjournal.com 22
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Current density in strip line:

=l \well-developed skin-effect

Current flow in very thin layer of conductor, higher currents at the edges

#5 CurrentDensity(CutPlane) at 10 GHz; T=100 ps; Peak;
Min=0, Max=1.44e+008 [A/m"2];

0[dB] ensity(CutPlane) at 10 GHz; T=100 ps: Peak:
J -20 8 [Afm"2]:
dB

Il =10 GHz
sd=0.026 mil
t/sd=46.15

#6 CurrentDensity(CutPlane) at 30 GHz; T=33.3333 ps; Peak
Min=0, Max=2.776e+008 [A/m"2];

ensity(CutPlane) at 30 GHz: T=33.3333 ps: Peak:
08 [AVm 2}

0[]
sl
i =30GHz o001
sd=0.015 mil Ir=-0.005 A

t/sd=80

Strip width 7 mil, t=1.2 mil, planes 0.77 mil;

Maximal currents are at the edges — the edge Peak values are shown; sd is skin depth;

singularity at high frequencies

https://www.signalintegrityjournal.com 23
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Skin depth and reversal of current

Current density in strip at 10 MHz (sd = 0.82 mil)

Structured Mesh: 3:55, .82, 219, dX=0.875, dv'=0.875 dZmax=39.3428
Elements: 85 630; Matrices: SM: 1 028 280, CM: 2, Final: 2;

Analysiz: Multipot
#3 CurrentDensity(CutFlane) at 0.01 GREasi=sEHoH

Min=0, bax=378e+008 [4/m 2]

st at  0.0106%T;

Plane-wave solution et
i I 1.89e+006
inside conductor sst

b —(1+1)
= :Esurf exXp Ty

X
S

z R cE
X X
31 Jul 2017, 13:171:08, Simberian Inc. 30 View Maode [press <E> to Edi).

Poynting’ t
B OO Current density in strip at 1 GHz (sd = 0.082 mil)

~ y Structured Mesh: <55, 782, 2:19, dx=0.875, dv=0.875 dZman=39.3428
Elements: 85 BI0; Matrices: SM: 1 028 280, CM: 2, Final: 2;

Analysiz: Multiport
1 #4 CurrentDensit(CutPlane) at 1 GHz; stoat  0.0305°T:
tin=0, Max=4.423e+007 [A/ ;
e

=—= Skin depth 4.4232+007 [Ajm"2] Ca?
e

-
= ﬂ;‘,

o, =
\ /7[ f HO 3.317e+007 -
2.211e+007 il
1.10Be+007 /t o

0.0

(animated)

3 Jul 2017, 13:52:35, Simberian [ne. 3D View Mode (press <E> to Edit). 24
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Surface current density

Surface current density (A/m)

Current density (A/m”2)

Stuctured Mesh: X565, 782, 2:19, d<=0875, dv=0 875 dZmax=39 3428
Elements: 85 B90; Matrices: SM: 1028 280, CM: 2, Final: 2;
Analysis Muliport
Fr i neniDensity(CutPlane) at 1 GHz; T=1000 ps; Peak:
Min=0, Max=4.423+007 [A/m"2]:

4,423 +007 [Aim"2]
331764007

22114007

110824007

i ez,

31 Ju2mz. 14

Struchued Mesh: 355, V.82, 219, d=0.875, dv=0.875 dZmax=393428
Elements: 85 630; Matrices: SM: 1028 280, CM: 2, Final: 2;

Analysis: Mullipart
FE CurrenDensity(Surface] at 1 GHz; T=1000 ps; Peak:
Min=1.664e-008, Mex=40.72 [Afm];

Tt = | T -0
h

I""’/J
=7
~

|

\

4
4
di

1= T,
L

3D View Mods (press <E> to Edil)

31 Jul 2017, 14:51:26. Simberian Inc.

Stuctured Mesh: )55, Y82, 219, d¥=0 875, dv=0875 Zmax=39.3428
Elements: 55 630; Malrices: SM: 1 028 260, CM: 2, Final: 2;
Analysis: Muliport

#24 Hfield[CutPlans) at 1 GHz; T=1000 ps; Peak;

Ming7 21e-007 jax=46 55 [Ajm]:
46.55 [Afm]
3492
23.28
1164
0o i

Magnetic field intensity ->
current in circuit theory

3D View Mode [press <E> to Edi.

25

31 Jul 2017, 14:56:48, Simberian Inc.
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Power flow density at 1 GHz

Poynting vector is energy passing through unit area in 1 sec

Structured Mesk: X85, /82, 2:18, dX=0.875, dv=0 875 dZmax=33 3428
Elemens: 85 630; Matives: SM: 1028 280, CM; 2. Finat 2;
Anlysis: Muliport

Wiin=T 967016, Max=5508 [rm];
5598 [W/m]

4198
E 2799
1399

00

Longitudinal
component outside of
conductors dominates

P ow
P, =10-log,, —|P" | [dB]

Structured Mesh: =:565,%,52, d==0.875, dv'=0.975 dZmax=39.2422
Elements: 85 £90; Matrices: SI
Analysis: Multipat e I

#14 PowerFlow(CutPlane) &t T GHe: T=1000 ps; Paai -~

tin=4.998e-013. Max=226700 [W/m"2];

31 Jul 2017, 07:39:36, Simberian Inc. D View Mode (press 0[d8] . ’-'""-‘-0.-,. - ?
-128 -
P -26 Tl
— — — =375 W
=ExH W/m~n2 BT
flow S

Elements: 85 30; Malrices: SM: 1028 260, CM: 2, Final 227~
Analysi: Mulipart
Hehi

fielcCutPlans) at 1 GHz; T=1000 ps; Peak, | I
Min=7.21-007, Max=30:33-[A/m]; T U . b,
30.33 [Avim] . o
b I A A R o o VN

g

WH

31 Jul 207, 15:11:11, Simberian Inc.

w

11Ul 2017, 11:52:48, Sirnb: D0 Ve Mode | Es toEdi)

P —lﬁx q* P; =V-1 -circuit theory

average 2

https://www.signalintegrityjournal.com 26
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Power flow in strip line
Peak vaIue of power row den5|ty [W/m~2] Conductor interior

#12 PowerFlow{Cutlane)

I:)dB
. ~ i
DRI U VL LEEE
S FIPRRR S
ciZEZa A VARRRRT

More power flows along the line closer to
strip edges at higher frequency

LR R R IR IR R

* o 0

* * * * * . * * * * * * * ] * . * * . *
* * - * * L * * * * * * * * * * * * * * * *

* *
#3 PowerFlow(CutPlans) a 0.01 GHz - . h\ \ & y/[;";
Min=3.1946-007, Max=1412 . ._.:;\ 1 g Sl
BRI

-125

P 25 =1 MV 7 AN
dB _375 * * * * * * * - * * * * * *
0 . . . . . * . . .

https://www.signalintegrityjournal.com 27
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Power flow in strip line

Peak value of power flow density [W/m”2]

Conductor interior absorbs more

#3 PowerFlow(CutPlane) at 1 GHz: T=1000 gd: Be =i

T power (30 GHz), scaled arrows in dB
Pie Bzzss =16
'5” it ™ ™ ® ® ° . . ° .

Power flow concentration near the strip
edges continues as frequency rises

#10 PowerFlow(CutPlane) 5t 30 GH2T=8& ¢ f)e;Pt:'ik HH
Min=0, Max=190200 (W/m"2]: i

=375
-50°

Energy passing through conductor
boundary is absorbed by the
conductor

P,=cE-E

Cj}ﬁlow.d§+%‘[\ﬂ(WE +W,, ) av+ [[[ P, dv=0

https://www.signalintegrityjournal.com 28
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Cross-talk in microstrips

2B Project(1)

B 25 Ml T2CL. 0k 12-mil strips, 12 mil apart
"10Z_COPPER", RR=1, MadifiedHammaerstad: SR1=0.4 [um], RF1=2; < fmi
"PLATED_10Z_COPPER", RR=1, ModifiedHarnmerstad: SR1=0.4 [um], RF1=3.5; =
E YA —
"Solder_Mask", Dk=3.85, LT=0.02, PLM=WD, Dk(0)=4.64, Dk(inf)=3.4 o
"FR408HR_5L", Dk=3.815, LT=0.0117, PLM=WD, Dki{l}=4.27, Dk(inf}=3.35
"FR408HR_MS5", Dk=3.813, LT=0.0117, PLM=WD, Dk(0)=4.27, Dk(inf)=3.35 =
StackUp: LU=[mil], ML=8, T=92.03[mil]
_mm 1| Signal: "TOP", T=0.7, Ins="Air", Cond="PLATED_10Z_COPPER" = vl
. 2| Medium: T:?.Si |r'|5="FR4Q3HR_MS", DIE_003 30 25 20 A5 A0 5 1] 5 10 15 20 5 30’
... - 3| Plane: "PLAMNE_2", Cond="10Z_COPPER", T=1.3, Ins="FR408HR_SL", Rough 02 Aug 2017, 08:32.52, Simberian [ne. 30 View Mode [press <E> to Edit)

50 Ohm, NEX;?Y,[

. ><,[mi|]_:50 Ohm, Through

a0 T
-500 -450 -400 <380 -300 -250 -200 -150 -100 -50 1] 50 100 180 200 280 300 350 400 450 500 5a0
02 Aug 2017, 08:02:01, Simberian Inc. 30 Wiew Mode [press <E> to Edit).

58&Ohm, FEXT

102" port 4
2" port 3

1V, 50 Ohm

NEXT: Near-End Crosstalk FEXT: Far-End Crosstalk

https://www.signalintegrityjournal.com 29
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Power flow density in microstrips

Structured Mesh: <:200, v:88, 2211, dx=5, dv'=1.5 &Zmax=23.6057
Elements: 193 600; Matrices: SM: 2 323 200, CM: 32, Final: 4;

iz Mulipart

‘owerFlow[Volume] at 5 GHz; T=200 ps; Inst. st 0.0BB0°T;

5 GHz, wavelength ~1.5 in

By

Min=5. 02012, Max=161500 [w/m"2];

aran

Small FEXT

dB ll 225
R ] . [mil]
I I I I I I I I I 1 I I I I I I I I I =.
-450 -400 <350 <300 -250 -200 150 -100 a0 0 50 100 180 200 280 300 380 400 450
02 Aug 2017, 08:57:41, Simberian Inc.

Structured Mesh: 2200, V:88, 211, d+=5, dv=1.5 dZmax=23.6057
Elements: 193 B00; Matrices: SM: 2 323 200, CM: 32, Final: 4;
AndglyEiE FATTpo

e PowerFlow(Volume] at 25 GHz; T=40 ps; Inst. 2t 0.0BE0°T

25 GHz, wavelength ~0.3 in

30 View Mode [press <E> to Edit).

IHalf of power

M =2 2545020, Max=157500 [w/m"2]

coran

EHbH

.. | 22
-30

o Ul

B

-400 350 -a00 -250

-450

-200

150 a0 -0 0 i

goes into FEXT

. [mil]

02 Aug 2017, 09:08:31, Simberian Inc.

Structured Mesh: <:200, v:88, Z:11, dx=5. dv'=1.5 &Zmar=23 6057
Elernents: 193 B00; Matrices: SM: 2 323 200, CM: 32, Final: 4;
Analyziz FHultipor

e PowerFlow(Volume) at 50 GHz: T=20 ps; Inst. &t 0.0707°T:

250

50 GHz, wavelength ~0.15

a0 150 200

300 350 400 450 o
30 View Mode [press <E» to Edit).

N X

&I?nost all power

M =0, hag=150900 [/ /mi°2];

oo
ot

-400 -350 -300 -260

-450

-200

goes into FEXT

-150 o0 50 0 50 100

. [mwil]

02 Aug 2017, 09:13:57. Simberian Inc.

https://www.signalintegrityjournal.com

150 200 2580

300

What if segment length is 5 inch?

350 400 450
3D Wiew Mode [press <E> to Edit).

(animated)

30
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Power flow density in micros

25 GHz, wavelength ~0.3 in
Instantaneous at 20 ps

Shuctured Mesh: ¥:200,:88, 217, <=5, dr=1.5 dZmax=23 6057
Elements: 193 600; Matrices: SM: 2 323 200, CM: 32, Final 4

Analysis: Multiport
#2 PowerFlow(Yolume] at 25 GHz; T=40 ps; Inst. at 20 ps;

Min=2 26ide-020, Mar=157600 [w/m"2],
01[dB)

Pe |

225
<30

Il

. [mill
-

e 25 20 16 -0 5
02 Aug 2017, 08:32:52, Simberian Inc.

https://www.signalintegrityjournal.com

10

-
AL R
3D View Mode [press <E> to Edi
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Surface current density in microstrip

25 GHZ, wavelength ~0.3 in ) Almost identical currents
in opposite directions

Instantaneous at 20 ps ¥ ¥
e

Structured Mesh: 1200, ¥:88, 217, d¥=5, dv=1.5 dZmanr=23 6057
Elements: 193 B00; Matrices: SM: 2 323 200, CM: 32, Final 4;

Analysis: Multiport
#5 CunentDensity(Suface] at 26 GHz; T=40ps; Inst. at ~ 0.518°T.

Min=0 06631, Max=45 61 [A/m];

— 0[de]
‘]surf ’dB i_jﬂ

B0

80 . [mil]
-

A

Current is mostly on .
-30 25 20 18 -0 5 0 5 10 15 a0 28 30
3D View Mode (press <E> to Edit.

02 Aug 2017, 08:32:52, Simberian Inc.

the aggressor line

Crosstalk power flow in microstrip lines

See more at demo-video #2016_11: How Interconnects Work™:

https://www.signalintegrityjournal.com 32
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Power flow density at strip lines

25 GHz, wavelength ~0.3 in, Instantaneous atOps ~ 12-mil strips, 12 mil apart,

ey

Structured Mesh: X:200, 288, 2.8, d<=5, dv=1.5 dZmar=23 B057 m
Elements: 140 800; Matrices: SM: 1 B89 00, CM: B4, Finak: 4: Ve ry S
Analysis: Multipart
H2 PowerFlow(Yolume) at 26 GHz; T=40 ps; Inst. at 0 ps;
Min=D, Maw=1510 Pwhr™2]

|3d . i Looks like nothing going
on the victim trace?

D View Mode [press <E> ta Edit]

Very small NEXT ; 1V, 50 Ohm

See more at demo-video #2016 _11: How Interconnects Work™: Crosstalk power flow in microstrip lines

https://www.signalintegrityjournal.com 33
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Surface current density in strip lines

25 GHz, wavelength ~0.3 in, Instantaneous at 0 ps

", : .— ' e
s n NN £ £/

-1V, 500hm Hint: superposition of even and odd modes

See more at demo-video #2016_11: How Interconnects Work™: Crosstalk power flow in microstrip lines

https://www.signalintegrityjournal.com 34
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Cross-talk in differential vias

Two coupled differential vias in a 120 x 120 mil area caged pl 875
with PEC wall 75
Vias are 30 mil apart, antipad 25x55 mil, traces 8 mil MSL,

8 mil separation; o2&
The first cage resonance is at about 12 GHz (half 50
wavelength in dielectric) 375
Stackup from CMP-28 board, Wild River Technology
http://wildrivertech.com »
See more at App Note #2013_06 at 125
http://www.simberian.com/AppNotes.php p2 o

50

375

25

125

0

-125

-25

375

-50

-62.5

-5

-50
012 (16t 2013, 08 39:21. Simberian Ini

https://www.signaIinte§£ﬂo§££g47

Three cases:

Y, [mil]

375 25 125 0 125 25 375 50 625

e (press <E> to Edit

50

375

25

125

-125

-25

-375

-50

-625

-5

:> NEXT — S[D1,D3]
100“1’ (mil] ﬁ_v.

*"03

LANE_2

IGHAL_3

LANE 1

LAME_h2

IGHAL_4

Y, [mil]

[mil]

-25

375

-50

-62.5

-5

75 625 50 375 25 125 0O 125 25 37 5 ?, 62 5
02 Oct 2013, 08:56:17, i (press <E> to Edit)
{Lﬁ FEXT — S[D1,D4]

Y, [mil]

mil + 5 vias

8 mil]

375 25 125 0 125 25 375 50 625

50
02 Oct 2013, 08:35:40, Simberian Inc. D View Mode (press <E> to Edit)

375 25 -125 0 125 25 375 50 625

-50
02 Dct 2013, 084017, Simberian Inc. e (press <E> to Edit).

© 2016 Simberian Inc.
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(animated)

5 GHz

Structured Mesh: 260, Y61, 248, d¥=2, dv=2 dZmax=33.3428
Elements: 175 680; Matrices: SM: 2108 18

Analpsis: Multiport i
#1 PowerFlow(Volurne] sf

0[dB]
P -10
dB 2

-30
-40

02 Aug 2017, 12:3%:13, Simberian Inc.

https://www.signalintegrityjournal.com

small NEXT BN, i

Differential excitation, half of the structure is shown

differential vias

Structured Mesh: %60, 761,
Elements: 175 680; Matrices:

in=D0. Max=204400

GIGHAL_3

FLAME_M1

FLANE_MZ

EIGRAL_4

02 Aug 2017, 12:42:03, Simberian Ine.

oY il

Power flow density in closely spaced

e

FIGHAL_3

FLAME_M1

FLANE_MZ

EIGRAL_4
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Power flow density in 40-mil separated
(animated) .
differential vias

30 GHz

Structured Mest 260, V61, Z:48; d¥=2,
Elements: 175 BE0; Matrit 108

Analpsis: Multiport
1 PowerFlowl¥olu

Structured Mesh: *:60,7:
Elements: 176 B80; Maly

Analysis: Multiport ™
#3 Powerl Inw(\a‘?l‘

Min=0, hax; ES

— — L
P P -10
dB dB | -0
-30
-0
PLANE_2
SIGNAL_3 SIGNAL_3
PLANE_h1 PLANE_h1
PLANE_M? FLANE_M?
BSIGNAL_4 SIGNAL 4
PLANE_S FLANE_S
BOTTOM : i HOTTOM

A

02 Auig 2017, 13:44:33, Simberian Inc . : 02 Aug 2017, 13:46:33, Simberian Inc.

Differential excitation, half of the structure is shown smaller
FEXT

https://www.signalintegrityjournal.com 37
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Power flow density in differential vias

(animated)

5 GHz

Structured Mesh: %60, 7.6, 248, de=2, dv=2 dZmax=33.3428
Elements: 175 B60; Maliices: SM: 2 160, OM: 8. Final: 8

Analpsis: Multiport
1 PowerFlaw]

02 Aug 2017, 12:48:43, Simberian Inc.

Differential excitation, half of the structure is shown

https://www.signalintegrityjournal.com

Structured Mesh: %60, %61
Elements: 175 B80; Matrices:

Analpsis: Multiport
3 PowierFlaw]

EIGHAL 3

FLANE_M1

PLANE_M?

SIGHAL 4

FPLAMNE_S

BOTTOM

" port B
02 Aug 2017, 1260:02, Simberian Inc. N

Very small

FEXT
38
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Surface current density on planes and vias

Structured Mesh X B0, V:E1, Z:48, dX=2. dv'=2 Zman=33.3428
Elements: 175 680; Maliices: SM: 2108 160, CM: 8, Final 8;

Analysis: Mulipor

Instantaneous current density at 30 GHz, t=2ps e
/

0[dB]
q 15
Stuctured Mesh: }:60. Y61 Z:48, <=2, dv'=2 dZmax=393428 J d B -30
surf 5
-60

Elements: 175 680; Matrices: SM: 2108 160, Ch: 8, Final: &;
Analysis: Multiport

#4 CurrentDensity(Surface) at 30 GHz: T=33.3333psrinst a2 p
Min=0.0007007, Max=61.09 [Afm];
0 [dB]

dB 515

surf ?

02 Aug 2017, 12:67:27. Simberian Inc:

3D View Mode [press <E> to Edi).

03 Aug 2017, 0306:25. Simberian Inc.

39

https://www.signalintegrityjournal.com



Signal Intedrity

Signal Integrity - Power Integrity - EMC/EMI

Journal

More visualization at
www.simberian.com...

e #2017 02: How Interconnects Work™: Microstrip over meshed reference plane in flex interconnects, 16 min

J #2016 13: How Interconnects Work™: Crosstalk power flow in differential vias, 10 min

J #2016 12: How Interconnects Work™: Crosstalk power flow in single-ended vias, 11min

J #2016 11: How Interconnects Work™: Crosstalk power flow in microstrip lines, 12min

J #2016 10: How Interconnects Work™: Coaxial connector launch localization, 10 min

J #2016 09: How Interconnects Work™: Power flow in coaxial connector launch, 16 min

e #2016 08: How Interconnects Work™: EM fields, surface current and power flow in single-ended vias - with and

without stubs, 15 min

o #2016 07: How Interconnects Work™:

Conductor roughness part 2 - modelling with Roughness Correction

Coefficients, 16 min

J #2016 06: How Interconnects Work™: EM fields and power flow in differential vias, 16 min

J #2016 05: How Interconnects Work™: Currents and power flow in differential vias, 10 min

. #2016 04: How Interconnects Work™: Conductor roughness modeling with Effective Roughness Dielectric, 10
min

* #2016 03:

How Interconnects Work™':

EM field, current and power flow in strip line, 10 min

* #2016 02:

How Interconnects Work™':

Skin-effect in microstrip line - current density, 10 min

* #2016 01:

How Interconnects Work™':

Skin-effect in microstrip line - EM fields and current density, 17 min

https://www.signalintegrityjournal.com
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Conclusion

e Usefulness of visualization
— Better understand or electromagnetics
— Better understanding of “How interconnects work”
— Troubleshooting problem setup and software

 Simbeor electromagnetic signal integrity software
(Simbeor THz version 2017.02) is used for all
computations and visualization plots

See more at app notes and demo-videos of “How Interconnects Work” at http://www.simberian.com
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