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How Interconnects Work:
Crosstalk Anatomy and

;t.s mbeor - [Board Analyzer: XTK-28-ERC]
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Quantification
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A = J10.1-J12.1(0:6)
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Update of this presentation and some solutions are at
https://www.simberian.com/TechnicalPresentations.php
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* [ntroduction

» Basics: Fields and S-parameters

» Crosstalk Anatomy - Qualitative Analysis

» Crosstalk Quantification

» Distant Crosstalk - Sources and Mitigation
» Conclusion
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» Absorption (dispersion) in dielectrics and conductors (app notes #2016 _01, #2021 _10)

» Reflections from impedance mismatches and discontinuities (app notes #2021 11,
#2022 01)

» Leaks or dissipation into other interconnects, common mode, power distribution
networks (PDNs), and free space (radiated) — source of crosstalk and EMC/EMI

» Crosstalk — interference from signals leaked from the other interconnects (app notes
#2023 04, #2024 01)

Crosstalk is unwanted noise from the coupled structures caused by signal leaks that
degrade the useful signal and may reduce the data transmission rate and even

cause complete link failure

App Notes are at https://www.simberian.com/AppNotes.php
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WHERE THE CHIP MEETS THE BOARD

DEsiGNCoNEzm il

N7



Crosstalk problem — solved
before theoretical formulation

Theory: The Telegrapher’s Equations ELECTRICAL PAPERS

(No Model.)
A. G. BELL.
TELEPHONE CIRCUIT.

No. 244,426, Patented July 19,1881,
ELECTROMAGNETIC INDUCTION AND ITS PROPAGATION. 39

XXXV. ELECTROMAGNETIC INDUCTION AND ITS BY
PROPAGATION. (Seconp HALF.) OLIVER HEAVISIDE

[The Electrician, 1886-7. Section XXV., April 23, 1886, p. 469; XXVI., May
14, p. 8 (vol. 17); XXVII., June 11, p. 88; XXVI]IL, June 25, p. 128; XXIX.,
July 23, p. 212; XXX., August 6, p. 252 ; XXXI., August 20, p. 296; XXXII.,
August 27, p. 316 ; XXXIII., November 12, p. 10 (vol. 18) ; XXXIV., December
24, 1886, p. 143; XXXV., January 14, 1887, p. 211; XXXVIL, February 4,
Ei 281 ; XXXVII., March 11, p. 390; XXXVIﬁ., April 1, p. 457; XXXIXa.,

ay 13, p. 5 (vol. 19); XXXIXb., May 27, p. 50; XL., June 3, p. 79; XLI.,

June 17, p. 124; XLIL, July 1, p. 163 ; XLIII., July 15, p. 206 ; XLIV., August

12, p. 295; XLV., August 26, p. 340; XLVI., October 7, p. 459; XLVIL, IN TWO VOLUMES
R December 30, 1887, p. 189 (vol. 20).]
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Now let B, L, S and K be the resistance, inductance, permittance
and leakage-conductance per unit length of a circuit ; and let /" and ¢
be the potential-difference (an awkward term) and current at distance
2. We have the following fundamental equations of connection :—

av ac
_%_(R+I@)C, —E;—(K+Sp)7, ............ (1d)
p standing for d/df. Observe that the space-variation of C is related to New Pork

7 in the same manner (formally) as the space-variation of Vis related MACMILLAN AND CO.

to C, so that we can translate solutions in an obvious manner by ex- AND LONDON

P ilresses Trnverdor:
/6. masson G)%mfmwy&g, changing 7 and C, R and K, L and S, which are reciprocally related, in 1894
(ﬁf £ pll / L/W a manner. — » (AU rights reserved]
Y Y Tt
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= There is always crosstalk in PCB and Packaging interconnects — they are open
waveguiding structures

= Crosstalk interference cannot be corrected at the receiver end in general
= Neglecting crosstalk can result in system failures that are hard to diagnose and fix

= Crosstalk is deterministic, but difficult to predict in many cases — too many variables
and uncertainties — it is bounded uncorrelated noise

= A direct analysis may be not possible or costly and inefficient

= Worst-case analysis may lead to overdesign

Understanding the sources of crosstalk and mitigation techniques is very important!

WHERE THE CHIP MEETS THE BOARD
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* Local coupling:
o Coupling in closely routed signal traces — the most common source of crosstalk
o Local coupling between viaholes and between viaholes and traces due to proximity
o Local couplings of traces through cutouts in reference planes

o Common to differential mode interference and crosstalk due to modal transformations in
differential pairs (bends, asymmetry in routing, fiber weave effect,...)

* Distant coupling and multipath propagation:
o Through parallel planes (PDNs)
o Through split-planes (slots)
o Through surface dielectric layers (surface and leaky waves)
o Through PCB enclosure (box resonances)

JAN. 28-30, 2025 #DesignCon 7 @ informamarkets
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OUTLINE

» Basics: Fields and S-parameters
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Time-Harmonic Vector Fields
F(7,t) = Re [130(1'”) : ei“’t] = Re[Fo, (7) - €'t - % + Re[Fyy, (7) - €'°t] - § + Re[Fy,(F) - e'*t] - Z

Re[Fo, (7) - eit] - y
> ﬁ(,,: t) Instantaneous field or current values:
! amplitude and direction are periodic
functions of time

Re[F,,(7) - ei°t] - Z

r >

Re[Fo, (7) - et] - %

Ny
N
7

<<

N\

Fox, Foy, Fo, are complex numbers

>
X

Peak value: F,oq(7) = F(7, tpear) |I3(f, tpeak)| > |13(7‘~, t)|,0 <t<T

Sources: 1/ I ©=2m f= Z_n
V(t) =V, -sin(wt+¢) . \ V T
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Fields: Equations or Pictures of Fields?

Plane wave solution of <E(7)> _ <E0> e-ikok?  P—FExH

Maxwell’s Equations H(T@)/  \Ho
i — I_C) E
F-B=0  Hy=-20 zo— Bk, =wyEm
ZO &

Stuctured Mesh: X:20,Y:1, 2:1, dX=5, dY'=5 dZmax=23 6057

&

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

Analysis: Multiport
H9 Efield(CutPlane) at 500 GHz: T=2 ps: Inst. at  0.998°T:
Min=3934, Max=3937 [V/m];

— 3937 [W/m)
% 2953
E (T') E]SEQ e\ eﬂg‘h
3843 \,
0.0 W a
#10 Hfield(CutPlane) at 500 GHz; T=2 ps; Inst. at_~ 0.938°T;

Min=10.44, Max=10.45 [4/m)];

(animated)

10,45 [&/m]
- Ezzz:
H(r
- ' \\\'

Which one do you understand?
What is moving here?

More on field visualization in Webinar #7
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Fields, Currents and Power Flow in Stripline

- Strip 1.2 mil thick, 7 mil wide -
” Dk=3.76, LT = 0.006 @ 1 GHz 1V, 50 0hm 50 ohm 50 Ohm
| —- 1
Planes 0.77 mil thick, 17.2 mil apart _@_D ‘ T
IIIIIII @ @
- Vpeak ~ 0.5V

Ipeak ~ 0.01 A

#2016 03: How Interconnects Work™: EM field,
current and power flow in strip line, 10 min
YouTube: https://youtu.be/iys0de3Xa4E

Simbeor Solution: StripLineFields 2016 _03

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

1V, 50 Ohm
o

29.Jul 2017, 07:31:31, Simberian Inc.
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Electric Field at 1 GHz

Electric Field of Quasi-TEM wave (V/m, peak values in dB)

Structured Mesh: =:60, Y82, 219, d<=0.875, dv'=0375 dmax=39.3423
Elements: 85,690; Matrices: Sk; 1,022,280, CM: 2, Final; 2, DD; 0;
Analyziz: Multipart

|| STaT=0

s Lk L 4 4 k4§ [ - | B K XK
] a1 I &+ 1T 1T 811 .. .I : :. L] \ i i I.| |:. l::' I{ l 1I [ i l l 1 |* ] .J!I |I i L] 1 | 1 1T 1 T
Z.-[m”]""\":"li.'ll"l':': I"] i L l.l.!,l 141 ir L Fohor
1412 Efield(CutPlane) a1 GHe; T 1080.5 Pk WA J.Ja tH 1 HitErr Yy
Min=0 Max=B598 [dmls - = s SN SR A R R Y2200 ST PP V I
IR 1 07 777 Noltage
1 J U - - a- o pl = = T ot o o o i o o

4:"%&'1 = e e e S e A - r S ..

130 S — e A A —y / [ — = o - Slg
_-45-----””--"--Hr’---«- s, /ji U.\ e R o
o AN e [ Bdisosy

’ SEPETHE N VA '
VA pr I M [ 14 ] (RN 10 6 ref
R N | 111 ¥ |'|||-..;|i|{-|1l; AEEREEREE. | 1 [ U T A A T A L RN
0 ClEnet RN K ﬁ-* * +-= TEEEEREEEAENNENE ¥ T T o !_ﬂ"lllJ|
: : : : : : ' : : : : : : -
300 -5 <20 18 A0 -5 0 5 10 15 20 25 30 35

10 Dec 2024, 15:50:11, Simbernian Inc.

Will integration path matter? Hint: Faraday prevents it© 74

JAN. 28-30, 2025

30 Wiew Mode [press <E» to Edit).
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Magnetic Field at 1 GHz

Magnetic Field of Quasi-TEM wave at 1 GHz (A/m, peak values in dB)

Structured Mesh; =060, %082, 213, d4=0.875, dv'=0.875 dZmax=23.2423
Elementz: 35,690; Matrices: SM: 1,028,230, CM: 2, Final: 2. DD: 0;
S

Analpziz: Multipart >
Ihh':'-l_____ - _ ______”_,“_,_”_”___,_} I
:Z-' {FF'IIH i e e e e g e e e ol ol ol el e, inr g T~ i T T = T T
11 Hiigld[CutFl 1 H T 'IEIEIEI F' k P S SR, . :
Y ﬂ’;l ;D ;;ﬁ[fla R ,4‘}.,.,,,,,.“-«—4-«*\-"\*{\\\ ‘ | “‘Qoh‘duétlon current
n=l Mag=all salaml o ] __._‘j’,////M N - , Y [
H Pl . U] remomacSy W -'-';G.r;e'f?hﬁrges)
Bttt T _ a% tfw "W SAALESREREES
f'D.:L..:I:" 'I"*:’;.l!f //‘f 117 Frrirand
B0 ol o AN /////"// A AEFFFLS FEFF P -
LU R R R Y w e "\ \\w — ] 3 N
-ED\ YoM et T e . —\ ;l:::W/ v f H M d.l z_-._l'g)_'fjﬂlf),"_,d'.sf-l_lj ]f?"ee * dS
Bt T e T et e e M e e e e B e o o o e R --L e .-‘."r-Sﬂ"f I
0 e ———————— ._.'_“f._____.__.,_*___.___*_.___._._'_._'_____.___-"_-"':'.: —_ "':'f"'“""*',z_ﬁ\r» I_rr;ml
; ; : : : } : } | : : : | Hile-
-3l -2h =20 -15 -10 -5 1] 5 10 15 20 2h a0 a5
10 Dec 2024, 15:54:48, Simberian Inc. 30 Ve Mode [press <E> to Edit).

Displacement current (bound charges)
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Currents in Stripline at 1 GHz

Surface current denSity (A/I | I)
Structured Mesh 55, '02. 2119, d=0 875, dY=0 575 dZmax=39 3428 . A
Elemments: B5 B30: Matrices: SM: 1 028 280, CM: 2. Finak 2: u rre nt e n S It ' I I Stuctaed Mesh .55, 1:82, Z:19, d¢-0.975, dv=0675 Zmax=33.1420

Elements: 85 690; Matrices: SM: 1 028 280, CM: 2, Finak: 2;

Snalysis: Muliport —_
#4 CurrertDensity(CutPlans) at 1 GHz T-1000 ps: Peak: Aralyic: Muliport ] = ] . dh
i, Wax—d 42324007 [Afm 2] HE CunenDensit/tSutace) ot 1 GHz T=1000 ps; Peak Squ fTee

4.4238+007 [Afm 2] Win=1.664e-008, Max=40.72 [A/m];
3317e+007 40.72 [Afm]
2.211e+007 Zggg
1.106e+007 7 s /ﬂ
: A B ol
-

//,Y,v

— . ' /
31Jul 2017, 14:51:28, Simberian Inc. I _]Su’r‘f d l 3D Yiew Mods (press <E (o Edi].
3N S 3D View Mode (press <E> to Edit).

Stuctured Mesh: %55, 7:82, 219, d==0875, dv=0.875 dZmax=39 3428
Elements: 85 630: Matrices: SM: 1028 280, Ch: 2, Final: 2:

Analysis; Mulipart
#24 Hfield(CutPlane) at 1 GHz: T=1000 ps: Peak:

Magnetic field intensity -> [ B
current in circuit theory "

e 4
r',

A

31 Jul 2017, 14:58:48, Simberian Inc. 30 View Mode (press <E> to Edit)
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Power Flow Density (PFD) at 1 GHz

Power flow (Poynting vector) is energy passing through unit area in 1 sec

Stuctured Mesh: X5, 182, 218, dX=0.875, dr=0875 Zmax=33 3428

: ‘ ‘\1:’-‘%?,",:.‘. |Pflowl
Pit L P, =10-1lo
o dB 810 . . .
VP | Prax| Longitudinal component outside
of conductors dominates

=T 576005, Max=5598 V7] T
5598 [Wjm] . 1

- 4198 )

E 2799 . Covasanaat iy
1399 . oo iy

1 . AT
Wg=5ek-E 7

Elements: &
Analysis: Myl
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hat
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Il i
1 T T l’ | B BT ~18. -
31.Jul 2017, 07:39:38, Simberian Inc. 3D View Mode [press <E> to Edit). 1N __
2 - -
A5 - e Tl “ Planal
- - —_ B -
N e, Te : - .
P — E:' X H W/m/\:z N zre, 2 : . - -
flow _ e B O _ ) —
el ., ” . -
- =5 > - T -
— =y - .
el : 5 ? -
uchped Medk 355, 19, 420875, O =075 Zenane39A - = . e, -
Elements: 95 690; Matices: SM: 1028280, CM: 2, Finali 227~ - . £ . .. -
Anlysis: Mullipan o L .
#1k Hiield(CutPlang) &t 1 GHz: T=1000 ps: Peak: - - - .
Min=?.21 2007, Max=30:33 [A/m] g T, T * -
- - - L
nen e L SIS
T T, il T T Signall
1517 . 1 f.,»_,zyv - g - . "o =l
7583 ; L o . - - ..
b L — - — (L T hale N T
! [ P J— X * o - - - .
L _ > e - - -
- average EXH e e A P .
T o . - .
- -
e, T, - -
T, -~ -
- -
""_' - - -

- . L e SV P PP DRt — -
pr= || P-ds "
bl -

Wy =-uH-H
H 2# e ‘&
- PR o v - = A
S s e,
Plane?

D Vi Mok Grass B 1o Ed1)
D View Mode fpress <E> to Edit).

11 Dec 2024, 10:55:01, Simberian Inc. _ . _ Circuit theory
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PFD in Stripline —Signal Space

Structured Mesh: $:55, v 82, 2:19, d<=0.875, dv'=0.875 dZmax=39.3428 1 G H Z
Structured Mesh: =:55, Y82, Z:19, d==0.875, dv'=0.875 dZmax=39.3428 O 1 M H Z Elements: 85.590; Matrices: Sh: 1,028,280, CM: 2, Final: 2. DD: 0;
Elements: 85,630; Matrices: SM: 1,028,280, CH: 2, Final: 2, DD: 0; L] Analysis Multing
Analysiz: Multipo
A .
Z, : Po
#1] Pa m_ P
Min=0, | 5'1 in=0.
10 1 d 014
15 15
a0 30
45 45
&0 &0
Y, [rnil] . [mil]
‘ ‘ ‘ ’ : : : L : : : : : : : ]
-3l =20 -10 0 10 20 30 -a0 =) -10 0 10 20 an
11 Dec 2024, 13:40:13, Simberian Inc. 30 Wiew Mode [press <E» to Edit). 11 Dec 2024, 12:39:17. Simberian Inc. 30 Wiew Mode [press <E» to Edit],

Structured Mesh: $:55, Y82, 219, d+4=0.875, dv'=0875 dZmax=29.3422 1 M H Z Structured Mesh: 355,182, 219, d¥=0.875, dv=0.875 dZmax=39.3428 3 0 G H Z

Elements: 85,690; Matrices: 5M: 1,028,280, CM: 2, Final: 2, DD O Elements: 85,690; Matrices: 5k: 1,028,280, CM: 2, Final: 2, DD: 0;
Analyzis: Multing Analpsiz; Multing

Z Z
#10 Po H3|Powy
Min=0, Min=0,
10 100 10 To[d
15 15
-30 <30
45 43
60 60
. [rnil] . [mil]
: : f : f t : - f } f } f t f -
-30 -20 -10 i] 10 20 30 ] -0 10 1] 10 o0 30
11 Dec 2024, 13:40:53, Simberian |ne. 30 Wiew Mode [press <Ex to Edit). 11 Dec 2024, 134207, Simberian Inc. 30 Views Mode [press <E3 to Edit).
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Signal Space of Asymmetric Striplines at 1 GHz

Structured Mesh: 316, v 104, Z:20, dx=1.35, dv'=0.675 dfmax=1

5 4mil strip in Slgna|3 il:;lryes?st:s:i?éaﬂjMatrices: Sh: 393,360, CM: 2, Final: 2,DD: D; Peak PFD, dB

-8 Project(1)
5-»8& Materials: T=20[*C], ...
3 "Copper", RR=1
B "FR4", Dk=4.2, LT=0.02 @ 1 GHz, PLM=WD, Dk(0)=5.06,
“Air"
-1 StackUp: LU=[mil], NL=6, T=33.08[mil]
mm 1| Signal: "Signal1”, T=1, FI="Air", Cond="Copper"
B 2l Medium: T=4.5, FI="FR4"
mm 3| Plane: "Planel”, Cond="Copper", T=0.77, FI="FR4"
B 4 Medium: T=4.5, FI="FR4"
= 5| Signal: "Signal2", T=0.77, FI="FR4", Cond="Copper"

. 6| Medium: T=10, FI="FR4" M
= 7| Signal: "Signal3", T=0.77, FI="FR4", Cond="Copper"

B 8 Medium: T=4.5, FI="FR4"
mm 9| Plane: "Plane2", Cond="Copper", T=0.77, Fl="FR4" —

. [mil]
JH 10 Medium: T=4.5, FI="FR4" : , , ' : : : , : : : , , , -
mm 11| Signal: "Signal4”, T=1, FI="Air", Cond="Copper" 35 -3 25 -20 15 0 5 0 5 10 15 20 25 i i
13 Dec 2024, 071813, Simberian Inc. 30 Yiew Mode [press <E» to Edit),

Analysis: TLine Analysis: TLine

44

Stiuctured Mesh: 316, 104, 2:20, d=1.35, dv=0.675 dZmax=1 P e a k E d B Structured Mesh: K16, Y. 104, Z20, d¥=1.35, dv'=0 675 Ema=1 P e a k H d B
Elements: 33,280; Matrices: SM: 399,360, CM: 2, Final: 2, DD: 0; ] Elements: 33,280; Matrices: Sh: 399,360, CM: 2, Final: 2, DD: 0: y

BRI I
2. [mil 2t 1t " tite ao .
25 1 22 [l s AN i ARt Fhihtiennisy) S M aPIel 217 e eI Ee Pl -
2 EhisidCutPlans] st 1 BHz; 1100 e P SN b E Rl G, flptrrsears MMt o 2 e A A AL A
e : MR I ez = Mau=42Ba Ao A e
=l Maw=T 444 ft il “‘“&\\tﬂ : ‘4’{'1}';(!’1111 E— 1 GBI |71 P A LR b o R
01dB] e \\‘\\ N ,,,;,;%g,?////z//z”””,,”,,,.... B oo e i,
- RRSSESS AT e - R RN R S Y AP A ]
B SR RN e et e e R Yo
30 5 S F Ao o m m s Ay
(! & 7&5”11::II€|¢JHJllll
& 1 PO LY
- BO P Y
5 VUM ALY
‘ = - = ]
10 S L A S dl O SRR 0
RTINSV SRR AR AR AR AR AR
e §§ AL
20000 /) ) e aau)
‘ , . TEITERRYRTYYY h . . , . ' ! | ! t : i ' ' : ; : . : -
35 30 25 20 15 10 5 i 5 10 15 n =5 Ell B o i 2 o 5 o 5 o 5 o 15 @ e Ky £
S O 2D View Modk [ress <E> o Edi] 13 Dec 20124, 0720404, Simberian Inc 30 Wiew Mods (press <E> to Edi]

Simbeor Solution: TLinePFD AN2023 04
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Signal Space of Diff. Asymmetric Stripline at 1 GHz

4.7mil strips in Signal3
10.5mil separation

@ . Pro;ect(1)
=] Pl-l- Materials: T=20[*C], ...
-.JEA "Copper", RR=1

Air"
(=4 StackUp: LU=[mil], NL=6, T=33.08[mil]
-mmm 1| Signal: "Signal1”, T=1, FI="Air", Cond="Copper"
. 2| Medium: T=4.5, FI="FR4"

3| Plane: "Planel”, Cond="Copper", T=0.77, FI="FR4"
. 4| Medium: T=4.5, FI="FR4"

5| Signal: "Signal2"”, T=0.77, FI="FR4", Cond="Copper"
-] 6| Medium: T=10, FI="FR4"
~mmm 7| Signal: "Signal3", T=0.77, FI="FR4", Cond="Copper"
. 8| Medium: T=4.5, FI="FR4"
..mmm 9| Plane: "Plane2", Cond="Copper", T=0.77, FI="FR4"
. 10| Medium: T=4.5, FI="FR4"
..mm 11| Signal: "Signald”, T=1, FI="Air", Cond="Copper"

FR4", Dk=4.2, LT=0.02 @ 1 GHz, PLM=WD, Dk(0)=5.06,

Structured Mesh #B, Y130 Z:20, d>< 1 1685, u:IY 0.58425 dmax=1

Peak PFD, dB

-35 30 25 -20 15 -0
13 Dec 2024, 13:44:22, Simberian Inc.

] G 10 15 20 258 a0 35

Peak E, dB

30 Wiews Mode [prezs <E» to Edit].

A R i LI 3
Analisis: TLine H..m.mmnn-.n-.mmu tH14 Hrrmn RIS B B e e+
: i‘h' XN .
s LA LT RRRLREAA G AL LIF AR
(il “‘:\‘.\\K\\\\\\‘\‘\‘E}}iij i E]!iii;ﬂ;u;: SN t LRI g0 dd0080 70
LY 3 d5A0 -
§3 OO R
20 R R e e
Min= b e e temmania o
!
1 -G R i A A S R e h .
YV ISPy \‘;'{{:\{‘{‘tt::\\\\\nu“”.
TR, TN . mil
: EELFERFI RN NVI VS Ais S A . ! ”““‘I"“"-";-' = -
35 30 2 20 10 15 20 x5 an i

13 Dec 2024, 13:44:49, Simbenan Ine.

JAN. 28-30, 2025

30 Wiew Mode [press <E> to Edit).
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Line at 1 GHz

8.26mil strip in Signal1

= Project(1)
=-&% Materials: T=20[*C],...
-JBR "Copper", RR=1
"FR4", Dk=4.2, LT=0.02 @ 1 GHz, PLM=WD, Dk(0)=5.06,
i "Ai
-4 StackUp: LU=[mil], NL=6, T=33.08[mil]
1| Signal: “Signal1”, ="Air", Cond="Copper"
2| Medium: T=4.5, FI= 3
3| Plane: "Planel”, Cond="Copper", T=0.77, FI="FR4"
4| Medium: T=4.5, FI="FR4"
5| Signal: "Signal2", T=0.77, FI="FR4", Cond="Copper"
6| Medium: T=10, Fi 3
77, FI="FR4", Cond="Copper"
8| Medium: T=45, R4"
9| Plane: "Plane2", Cond="Copper", T=0.77, FI="FR4"
B 10| Medium: T=4.5, FI="FR4"
-.mmm 11| Signal: "Signal4”, T=1, FI="Air", Cond="Copper"

Peak PFD, dB — color plot
Peak E, dB - arrows

. [rwil]

-40

berian Inc.
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Signal Space of Diff. Microstrip Line at 1 GHz

7.45mil strips in Signal1
10.5mil separation

=N ] Project(1)
557 Materials: T=20[°C], ..
. JB "Copper", RR=1
-.JE "FR4", Dk=4.2, LT=0.02 @ 1 GHz, PLM=WD, Dk(0)=5.06,

StackUp: LU=[mil], NL= 33.08[mil]
i.mmm 1| Signal: "Signal1" FI="Air", Cond="Copper"
L . 2| Medium: T=4.5, FI="FR4"
..mm 3| Plane: "Planel1”, Cond="Copper", T=0.77, FI="FR4"
] 4 Medium: T=4.5, FI="FR4"
5| Signal: "Signal2", "FR4", Cond="Copper"
6| Medium: T=10, F 3
..mmm 7| Signal: "Signal3", "FR4", Cond="Copper"
] 8 Medium: T=4.5, FI="FR4"
mm 9| Plane: "Plane2”, Cond="Copper", T=0.77, FI="FR4"
. 10| Medium: T=4.5, FI="FR4"
...mmm 11| Signal: "Signald”, T=1, FI="Air", Cond="Copper"

Peak PFD, dB — color plot
Peak E, dB - arrows
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Signal Space for Single-Ended Vias

Signal energy goes sideway — not localized! Signal space is localized by reference vias

Structured Mesh: }:48, 141, 2:28, dr=2, dv'=2 dZmax=11.8023 \/

Elements: 76,832; Matices: 5M: 321,984, CM: 28, Final: 2, DD 0; Structured Mesh: $B4, .59, Z:28, d¥=1, dv=1 dZmax=11.8029

A 10+

e A T
e _,‘,,.,//‘,/’, ,’f--“‘:":

Analysisulipor S NN AR VRN L R R R e Pt Elemnernts: 135.072: Matrices: SM: 1520864, CM: 50, Finalk 2, DD: 0;

A Wy s

i e A L A R DR NN ettty

A B i WY :t ﬁf/// i i L . ]

LR Wﬂ‘k\\\o § / :: f‘/ /}';J//J///////’__\ . -
= -, T ™ T | #4 PowerFlow(CutPlane] at 10 GHz; T=100 ps; Peal

:fmmua‘m&\ Aty Y LE27 //'/////J//J/JJ—-,J—__: . " L

R PYF R, "X i M ottt e ) W=D, M ae=50950 [/ /"2,

A e T e Y 47 e e |0 [dB] o

. et NN 127 el Bt oy,

o T T T T T I T T R ! ' 117 o P o o ol 125

M e e R B B o -

B S  E E a . 25

B A e i R e e 3TE

~LEE AR O e B R R R R R RN T F T T it pe

- /,\_,..-.-.‘\M\‘\/’,/‘,/’ o e : : : q : 9 : : : : . r‘v‘—m_y\\u‘\\‘\///.-fw-‘\\.. - i

AN R R

s

TN N

~H A e Pl =y e e
RS AL AT RN —ae
_A.J,..rr/,—/,//,r‘ Y " * T AN
e AN X R e
. P . 04+
P R E Y S
__“Mn-,-.mat‘-‘i\\‘ ireed - Seses: . N, ;‘;':;,—/.-.,.._,_._._._ﬁ
O T . 2000000000 dReRRs s - ¢ LA A o e,
._-.m-._-..—.v-..:\\\\\'\\ % Ly appee sswe:+ Pl f/‘f////::f.-w.--.-_.
_}gx,.._.-..\.\.\\'\\\\ \ s U = arxdl) /ff’/f'//,.-._.—zuu
e \\Q i e xR I ISP S e T
>3

T o A
% o T T

-

f .
* T R R e i S L
T e et s i g o o " P RYY N A e e e S e T
e e a e a i TEAN \\‘\""\"ﬁ‘“‘\“‘."\"\"‘\“ﬂ‘s‘\"-‘-“‘;’ -
Ittt o ) {yy DA Rl e At
A L N T
*39—:—.»,,».».4«///////:;7 A AN Q“Qx\&x\m\x‘-\w‘aﬁ-ﬁ.—.uaa 20T
T s o g, ', / \ \ e T e L L
e s ,r/ 5, \\‘\\ e
T e A 490 RN A e S S e e
N i i i s o oy NI N N R S e
ST s ot P oy RN e S e e e
N —,_,,—.».»f//f//f/fi,f"" 2047 N \kb\\\\\x\\\\\\n-ﬁ\— ’
s P N S @y i
e Eaan S e HrTl]~ — .
RO AAT A TA R Y u L EREE 2§ 4 EENNNNNNNNNENNSE : ' ; —

‘
40 30 20 0 ] 10 20 an 40 50 =0 20 E el
02 Jan 2025, 14:01.25, Simberian Inc. 30 View Mode [press <E> o Edi) U2 Jan 2025, 14:02:34, Simberian Inc. 3D View Mode [press <E> to Edil)

Single-ended via through two parallel planes: Peak PFD at 10 GHz (example from “Distant Crosstalk”)
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Signal Space for Diff. Vias (Diff. Mode)

Signal energy spreads, though it does not Signal space of diff. mode is well localized
go sideway (diff. mode is localized) by reference vias — spreading is reduced

Structured Mesh: #.50,7:33, £:28, dX=2, dv'=2 dZmax=11.8029

Elements: BR.504; Mabices. Shi. 35,008, EM88-Finat~d 0D« O ~ - I ik TSNP O A
Analysis: MUBRO + o o g e SRR NN s L ;,—/,-/////1//\\\\\\ \ Shuctured Mesh: 3050, 40, 2:28, dw=2. dv'=2 dZmax=11.8023
Cag g """"""*’f’('iﬁ'i‘i\\“\\\\ P ”””i‘?‘?‘)‘}‘\\\\\\\“:\ Elsmel_wls.?T,_852,Matrices.SM.S35,424,CM.E4,FinaI.4,DD 0:
A NN AR AR LSRR SRS D F S S SN SRR R NS e
J e R e . -
ﬂ”uwaﬁlgw¢uflgneja1Gz\T%‘IWp&H&ﬁIlff!l!;;......\\\\\\\|fffl}fi)\\\\\\\f\ ,,,,,,,,,
LN L O T BT B I BN I O I I R O YL T UL O TN O O B I R R ] .
Miri=| D'Max:ﬁ%ﬁﬁlﬂw@f]:\\ . ‘ NAAY P PP P P o mm R Y T Y I A : : : :: “‘ . 4 PowerFlow(CutPlane] at 10 GHz; T=100 ps; Peak; ~ * *
DIdED,,,,,,._\-.\\\\.a_vf:‘f.:f.‘.,. N L R R L RN R NN Mir=0, Mas=B6370 [wi/m"2): .
IR | e Y L L B A s R R RGP PP I PR e L 0[dB]
,730,____,_____‘___.,..-;',.'.}'-....,.. ..,.;A..,‘;f“«‘,‘.-.-..____....h.\,,f 15
pr e AR E I RN I e C
g RIS S 7 # 2 88 e e e n - 0 o
NNy S Yy o baaad e Bl S N N O 45 Dl
10?/1!-\{}!(/(-’-“‘:: . . e ¢ ¢ &0 C e
Tt 1 fdderes FEERNN Ly e o
T ryav L jddaed 332 R RN R
[T RN S O SN R by ‘e
EEIRT T SR e L
B et P L R .
o+- - - et B = = - . = — -
P ] R .
B R N -
Y A B I R AN R R N s
IR N R E T, EEEEEEE B SO e
RIS SRR U O B T S s mamp PPt s B
B I T SR T L T G T eI N N = oo
PR T T O L N S AP I P R 000
B R s T S e 5 T I P A R A ct T
R el R P — e I A c
B e R I O R P W A
U e N e
[ P R L W ""‘.‘\\._.,_.\.‘f—f—/’—r.
I P LR T - - .
. SRR RN R NN . LA A .. - .
-SU":““\\\:I{"J,‘ \; l'\'“\\\:flff)tr:,_ L.
B NN A AL AL A D D b0 0 Aan geo oo a0o0g g0
1. - .-
B AR T LA A o :‘l*‘\“))rff.rffl.f, b 0
N T E A DP \‘fs'i'}'»f/f/ffffffa, (0]
il
”\‘\\\\A\\\‘,{(_,// | \\\\\\\//;/f/fri?[rwl; z
N I T e M A N EEEREEREEE R -
a0 -40 30 -0 i) a0 40 a0
02 Jan 2028, 14:18:52, Simberian Inc. 30 View Mods [press <E» to Edit). 02 Jan 2025, 14:23:42, Simbetian Ino. 20 Views Mode fpress <E to Edi).

Differential vias through two parallel planes: Peak PFD at 10 GHz (example from “Distant Crosstalk™)
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Multiports and S-parameters: From |l &Vtoa &b

V=yVs....Vn)" - vector of port voltages [ =Y -V -admittance matrix
[=(y1,,...,Iy)t - vector of port currents 7=7.] -impedance matrix
% aﬁl A Iy, @1 %
— - in — . .
| b Vlf TVNHbNH | Zy = diag{Z;,i =1,...,N} € C"*" 1ormalization impedances
Z, 4 % ] % Z
o 4 I, Iy, Iyea 0 1 _ _ _ . .
: 0—>— Y : : a= EZO 1/z (V+2,- 1) - vector of incoming waves
b2 VZ - _VN+2 bN+2
S I ' b= 12‘1/2 J— 7. . ] - vector of outgoing waves
L . = E 0 ) (V — 4o )
Z : : : .
0 by L) Ly S % Scattering matrix (exists always):
&~ 5 I
bN VN VZN bzzv = - b
%—e e—% b=S-a  SecN*, Si'j=a—l
MNag=0k=j

More at P. J. Pupalaikis, S-parameters for Signal Integrity, Cambridge University Press, 2020.
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Waves and Power

Port 1 Port 2
0 % 11 —_— 12 0
b4 S11 S12| [aq < 5 7] DR
= . A [S] ‘y, b,
b, S21 S22| 2 o— %—%
reflection — transmission
parameter S by S . = b, parameter
+ = — 21—
Vi =+ ARKE voltage of incident 11 ail, o a1 a,=0
wave 42=
v; = /ZO - b; voltage of reflected Pt = (g2 _ _
wave i = la;| power of incoming wave
_ 7+ -
Vi=v; +v; total voltage P = |b;|* power of outgoing wave
1
I; = — (v’ — v ) total current _ _
L 7 ( l l) |S |2_|b1|2_P1 |S |2_|b2|2_P2
1,1 - - 2,1 — -
2 2 lai? A la;12 Pt
|Si.j| = Re(si,j) + Im(Si.j) magnitude Magnitude is limited by 1 for passive systems!
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S-parameters: dB and Voltages

— s 1
|Si'j|dB = 20 - log(|Si,j|) magnitude in dB V, = \/Z'(ai +b) I, =——(a; —b;)
1Siil4p \/Z
|Si;| = 10720 A Z , Z,
aj = 1WWt Vg =1V (@_D:b_g_lp o
1 V; b2
|Si’f|dB |b;|, VWt Vi, V %_e [S] RE
0dB 1.0 0.5 V, =/Z;(ay + by)
-3dB 0.708 0.354 V. Vo =22 by =4/Z3 - |S21lay
-6dB 0.5 0.25 nToJz > . /
-20dB 0.1 0.05 Vy = 7.2 15211
40dB 0.01 0.005 =2
-60dB 0.001 0.0005 Vs _ Vs [S21lap
Va == 1521 =V =510 20
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S-parameters of Transmission Line Segment

« 2
@EZO i _ L &DZO C F=\/Z-Y=a+iTn
ebl Vvl-f ZeT TV2 ?2 Si'j :% /.= z A = ¢
% < > % M ap=0kj ¢ Y N s

. o Z2-73 2-Z.-Zy-csh(T-1
Solution is superposition of two M ¢ =0 D)
waves propagating from port 1 to port S(f,D = 5.7 .7 l-)csh(l“ " (22 l_) 22)
2 and back c 70 AR PA

D D

For N+1 conductor lines the solution D=Z7Z%2+23+2-Z.-Zy-cth(T-1)

is superposition of N waves
propagating in opposite directions

_ 0 exp(—T-1)
Ze =1y Q SULD = [exp(—[‘ 1) 0

More on S-parameters in Technical Presentation #2010 _01... and on t-lines in App Note #2021_11
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Even-Odd Mode Decomposition for
Symmetrlic 2+1-Condictor T-Line Segment

1 - " 3 SEY 4+ S8 S 4+ SP¢ SeY — 5ol ey — 504

e G Llst sy stesyt sy -sidosty - spf
— =

2 4 2|Sgy —spt Sgy — 598 SEY 458 S+ P8

d d d d
u I . Y Yll YlZ] 7 [211 le] Sleg - S](.JZ Sff - Sjc_)l 5165 + S](_JZ Sff + Sfl
P.U.IL.: =y, 1,

B le le
(22,-23) 2 Zyy - Zy - csh(Tyy - 1) (234 -23) 2 Zoq Zo - csh(Toq - 1)
gev — Dey Dey god — Dog Doq
2 ZoyZy - csh(Tyy, - 1) (25, - 73) 2-Zoy-Zy - csh(Tpg - 1) (234 —28)
Dey D,y Doq Doq

_ 72 2
Dev — ng + Zg + 2. Zev . ZO . Cth(rev . l) Dod = ZOd + ZO + 2 Zod . ZO . Cth(rod . l)

Z11 + 2y T,=4+(Z1 —2Z,)(Yy; =Y, Zoa = |3 v
Ty = v (Z11 + Z12) (Y11 + Y12) Zey = ’m oa = (Z11 = Z12) (Y11 ~ V1) Y11 =Y

Even-odd decomposition in FD: R. Mongia, I. Bahl, P. Bhartia, RF and Microwave Coupled-Line Circuits, 1999.
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= Energy travels in the spaces, not on the traces (*)

» Signal energy is distributed in space between traces and reference conductors -
anything that gets into that space is coupled and may have xtalk

» Interconnects are multiports — not circuits!

» S-parameters in frequency domain is the most fundamental way to characterize
multiports — learn it!

More on energy concept — (*) R. Morrison, Fast Circuit Boards: Energy Management, 2018

WHERE THE CHIP MEETS THE BOARD

DEsiGNCoNEzm il
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» Crosstalk Anatomy - Qualitative Analysis (almost)

DEsiGNCoNEzm il

7 JAN. 28-30, 2025 #DesignCon 29 @ informamarkets
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XTalk in Striplines (Same Layer) - --

8 mil traces (about 50 Ohm) "“’ - eeeees P2500hm
coupled over 0.5 inch with 8 mil ~ S=usiensse szt a smeme  Peak PFD at 16GHz — volumetric
separation Anlysis Mulpor (arrows) and right below traces

(color plot)

=-f8 Project(1)

558 Materials: T=20[°Cl,.. #1 PowerFlow(CutPlane) at 16 GHz; T=62.5 ps; Peak;
P "Copper”, RR=1 #4 PawerFlowVolume) at 16 GHz: T=E2.5 ps: Peak:
B "FR4_1", Dk=3.2, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=3.27, | #5 PowerFlow{CutPlane) at 16 GHz; T=62.5 ps; Peak: s : .

" " " - 2 o . ~m. A

& "Fryi_z , Dk=3.8, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=3.88, | bin=0, Max=142300 [wém"2]; P4 , FEXT -27dB
€ "Air 0[dB] -~
& "SM", Dk=4, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=4.08, Dk(ir a0

- M StackUp: LU=[mil], NL=5, T=37.14[mil] a0 T

== 1| Signal: "“TOP", T=1.2, FI="Air", Cond="Copper"
-30

B 2/ Medium: T=8, FI="FR4_1"
mm 3| Plane: "Planel”, Cond="Copper", T=0.77, FI="FR4_1" -40 ,__,--"
B 4 Medium: T=8, FI="FR4 2" )
== 5| Signal: "Signal1”, T=12, FI="FR4_1", Cond="Copper" NEXT — Near End XTalk
B 6| Medium: T=8, FI="FR4_1"
== 7| Plane: "Plane2”, Cond="Copper", T=0.77, Fl="FR4_1" FEXT — Far End XTalk
B 8 Medium: T=8, FI="FR4_1" Y
== 9| Signal: "BOTTOM", T=1.2, FI="Air", Cond="Copper" N
N
P1,1V - L .
. . aggressor s “
Simbeor Solution: \ “'P3, NEXT -22dB .
XTalk FEXT NEXT SL 2019 03a ‘\TZ/' - .
- - - - - Y o W T A it -
; -100 50 0 50 100 150 200 250 300 30 400 450 500 550 ETIU
11 Dee 2024, 16:00:57, Simberian Inc. 3D Wiew Mode (press <E> to Edi)

15 Dec 2024, 13:05:00, Simberian [ne. 30 View Mode [press <E» to Edit).

#2019 03: How Interconnects Work™: Crosstalk in striplines and how to reduce it - visualization of coupling with power
flow density, electric and magnetic fields and current density, 17 min; YouTube: https://youtu.be/OVEFmMVp8LbTQ
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XTalk in Striplines — How to Reduce IT?

Stuctured Mesh: %318, 1:78, 27, =2, dY=2 Eman-42153 . [ ko
Efg;r:sh}jﬁpizﬂe Matices: Sh: 2,083,535, CM. 32, Final: 4, DD: 0 t a) I n Crease Se pa ratl O n ? atl

Signall — —

b) Reduce coupling length?

|Prans2

c) Use via fence? o o

2 2 2 10 0 10 « 2 w0
BT i) 20Diec 2024, 07:35:44, Simberian nc, 3D View Mode press <E> to Edi)
- .
50 a 50 100 180 200 250 300 350 400 450 500 550 600 d l | S e u a rd I n tra Ce ?
12 Dec 2024, 12:46:56. Simberian Inc. 30 View Mode [press <E» to Edit] -
s . il

e) Use guarding trace with via fence?

b) f)  Use coplanar strips with via fence?

100 | e — p—
Lt
50 0 50 100 150 20 IS0 W0 30 400 450 S0 S0 B0
12 Dec 2024, 14.17:14, Simbetian Inc. 3D View Mode (press <E» o Edil H
o L7 mil

o | A
1] 102" port 2 7 mi]
9 2 0 00 000000 Q0L 000000000 C0

= ) 0 102"
100 02 e o8 et Vit -
o o M
e
50 0 50 100 150 200 250 300 350 400 450 500 550 600
12 Dec 2024, 14:12.55, Simberian Inc: 3D Vien Mode fpress <E> to Edi) 100 o5 pent o oot il s
' , : \ ; ; ; ; \ -
50 A 50 0 50 100 180 200 250 Elll 50 400 450 500 550
v il M 12 Dec 2024, 14:15:24, Sinaberian Inc: 3D View Mode (press <E> to Edi].
|
- P
0 102
@ 6 0 0 6 6 0 0 6 6 6 6 0 6 0 0 6 8 0 6 S 6 00
0 1oz
* o o @ ® o o 0 0 ® o 0 0 0 0 0 0 @
50 | | | |
L] e o o e & 0 & o 0 =
50 f . .
. .
oo e o
X [mil] A4 ® X mi
+ + + + + + + + + + + - -
0 50 100 150 200 250 k] 360 400 450 500 5501 50 50 ol
12 Dec 2024, 14:14:12, Simberian Inc. 3D View Mode [press <E> to Edit] 12 Dec 2024, 14:18:37, Simberian Inc. 30 Yiew Mode (press <E5 to Edit).
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Stripline — XTalk Reduction by Distance

A:Project1).zeq_0p5Sin_8_8.Simulation(1]; B:Project1).2eq_0p5in_5 12 Simulation(1); C:Praject1).2eq_0p5in_ 816 Simulatian(1);

8 mil traces (about 50 Ohm) DBMagritude(s], [dB]

coupled over 0.5 inch with 8, 12

and 16 mil separations

Straight segments - No Bends! .- |
=-f Project(1)

£g . .
E-pi. Materials: T=20[*C],...
2 "Copper", RR=1 o5 4 ,/

& "FR4_1", Dk=3.2, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=3.27, |
€ "FR4_2", Dk=3.8, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=3.88, a
& A
11 "SM", Dk=4,LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=4.08, Dklir - e | al ‘S{ ‘;“{ /)@—- ™
- . v
== 1| Signal: “TOP", T=1.2, FI="Air", Cond="Copper"
S

NEX

N/

N
ul
3
"

N T ri A =
_,x-A 4

2
v

VLD,

N
S

M, / \
(-4 StackUp: LU=[mil], NL=5, T=37.14[mil]
|
B 2/ Medium: T=8, FI="FR4_1" [
mm 3| Plane: "Planel”, Cond="Copper", T=0.77, FI="FR4_1" £
B 4 Medium: T=8, FI="FR4 2"

d
mm 5| Signal: "Signal1”, T=1.2, FI="FR4_1", Cond="Copper"
B 6| Medium: T=8, FI="FR4_1" ‘_,,..-»-"

’(

mm 7| Plane: "Plane2”, Cond="Copper", T=0.77, FI="FR4_1" 625 4
B 8 Medium: T=8, FI="FR4_1" :

= 9| Signal: "BOTTOM", T=1.2, FI="Air", Cond="Copper"

=XT 8mil —|*

//

Ao p 103 P '?5 T
(
ACTLYT

L1 o r' .
] - /* 12 mill— o
”‘“"‘m f g 4 104 . -B7.5 1 */ 1' F m !! = X
a 28 5 7h 10 125 15 175 20 2248 25 275 a0 3258 35 a7h a0
15 Dec 2024, 13:25:59, Simbenan Inc. Frequency, [GHz]

—k AS[.2] ——F AS[4],—2 BEM.2——= BS54 —— C50.2L —— L5041
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NEXT Modal Decomposition for Symmetric Strips

1 3
""" u i 1+2n)-c Z%, — 7§ Zog—Z§
2 4 Eof = Epg = € = (— = S = 20log | 2 —
L o Fot B e 2 T O Bl = 20000\ o e T 22w 2
Modal decomposition: odd (+-) and even PeNeauckOL 1B f \ ,/
A0+

(++) modes — exact solution:

2 2
Zoy — 2 20+ ===

\ /
Sfi’=zgv+zg+2-zev-zo-cth(rev-l) N \/\ /P\ /\ '/\’\ /1‘\ /
woe s NN
P ﬂ
)

ﬁ \‘

B0+

Exact equation for NEXT: NEXT in 8 mil traces, 8mil

B0 - :
gev_co d ! \ /I | | sepalrat/on, <I.oupledI over 0'=5 inch |
S — 211 11 0 V 5 10 15 20 % 30 ] 40
N 2 . Frequency, [GHz]
f o n n= O 1 —k A5[1.2]:
min — ) -
21 Eef

Even-odd decomposition in FD: R. Mongia, I. Bahl, P. Bhartia, RF and Microwave Coupled-Line Circuits, 1999.
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15 0
30 Wiew Mode [pressz <E> to Edit].

1o

.!.\\\\H,\»,.V\\.________ Fik

- sosac oo
rrrrrr R AR LN F Y FFF .
L VAL B L
| NS L i L
PURBIRERR SN VLl SR o rrrimmne .
PR RS S g
2l e \“\l 1
HHHHWW% L
e I N ey [l o P N,
R =l
B L s
1 2 B e S aainy
c T N
FE A NN
A= 4 ----Z
|
— ||\ e
=g
+ =3
| ] o
wed N e rmassnem— I -
S de CE s A TR
O m .....I..h&w\.\\ ,_q \ i 1
O 2 I N
w o Ay ‘__u. ff R
M B TmeResg e
N B e TN N N R N RER AR
c
o
=
) 5
>
_ ] _ 5
w

Structured Mesh: 216,88, 234, dx

Ana_lysis: '_I'Line

TSN L A prr e

THAN RN AR

TSN e | L

TN

in Symmetr

e

-
5

2

+
w O
1.4. n
! = o .
50 reeeeegeagesess Il ~~amsn
) V2 Ty || e
o) B3 T RRRansaee——T
=5 TRy, | R 1
(@) P s 7 R RN
B T P T Y T
e o I Bragsti AR
wm.,.m \\\\\ .c.m\.N?: fffffff
— o - v L R
3 E .MH ,,,,,,
© =R T ELE..
B2 g S FES
ERE. =352
© o $i7 C3cHEEE .
Mm.m 2%.&.?53.10.
W S5 —
2T 2 =
[T :

15 -0

-20
22 Dec 2024, 10:31:20, Simberian Inc.

20
30 View Mode [press <E> to Edit).

15

A0

156

-20
22 Dec 2024, 10:30:42, Simberian Inc.

PEC is ideal conductor)

Which one has lower impedance? (Hint

W 7 (I NEIEIES

34
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Modal Impedance and NEXT Minimization

L 72, — Zg ng — Zg A:Project(1].st_8_8.5F5:
ISy lmax = 5= >~ =3 > Magritude[Zal, [Ohm]
Z ev T Z 0 Z od +7Z 0 '-‘r'
F5 -+
l 53105 < Zev
F =1 - — - o
211 = 212 am [ - - - - i
Zod B2.5 T
Yi, — Y,
Z0
Zand Y are p.u.l. 2x2 impedance and 0T 1 .
admittance matrices il
4?5 T D7 | gignant — —
NEXT is zero if Zev=20d (| | | | _
How to achieve that? T . . .8 mil traces 8 mil separation
5T 95 < Z.0d T I T R
: ' E D 20Dec 2024, 07:36:44, S\mh% \ric I EED iew Mode [Dvlexx <E> to Edit) [']
T 10 15 20 el 3 5 40
19 Dec 2024, 13:51:09, Simberian Inc. Frequency, [GHz]

——+F] &:Mode[1], Pattern[+]; ——F1  A:Mode(2), Pattern[++] ;

#2007 01:Y. Shlepnev, Broadband transmission line models for analysis of serial data channel interconnects, PCB Design Conference
East, Durham NC, October 23, 2007.
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NEXT in Time Domaln

8 mil traces (about 50 Ohm) coupled over 0.5 3

At what length NEXT is reduced?

inch with 8, 12 and 16 mil separations 2 4
. . . A:Project(1).seq_OpSin_2_8.Simulation(1]; B:Project(1).seq_0p5in_2_12 Simulation[1); C:Project1].zeq_0pSin_8_15.Simulation(1];
1V in series with 50 Ohm — V1=0.5V V.1
20ps (10-90%) Gaussian step response ! Zop — Zog
) 0025 + i 00238 V2=V1 -
{8 Project(1) L ZZ Z
-5 Materials: T=20[°C],... : s T 7 4+7 .+ evZod
B2 "Copper’, RR=1 : ’/{ \\ ev od Z,
& "FR4_1", Dk=3.2, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=3.27, | o X
€ "FR4_2", Dk=3.8, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=3.88, | : .
p : NEXT is positive Zev>Zo, Zod<Zo
€ "SM", Dk=4, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=4.08, Dk(it | L .
.88 StackUp: LU=[mil], NL=5, T=37.14[mil] 1 i NEXT is negatlve Zev<Zo, Zod>Zo
== 1| Signal: "“TOP", T=1.2, FI="Air", Cond="Copper" oms ]
B 2 Medium: T=8, FI="FR4_1" 1 .
mm 3| Plane: "Planel”, Cond="Copper", T=0.77, FI="FR4_1" 1 ¥
I 4 Medium: T=8, FI="FR4_2" ! Poeat S
== 5| Signal: "Signal1”, T=12, FI="FR4_1", Cond="Copper" oot !
B 6| Medium: T=8, FI="FR4_1" : x 8mil — *
== 7| Plane: "Plane2", Cond="Copper", T=0.77, FI="FR4_1" | 000538 <
B 2 Medium: T=2, FI="FR4_1" i f . SN —r . 12 mil—o
== 9| Signal: "BOTTOM", T=1.2, FI="Air", Cond="Copper" 0.005 1 D673 ' ‘\ B
1 [ 16 mil — x
1 [
o s 103 I " . " . " - s
o i_, Ju . 0 pE— P Td - & Py
'Y »
& ° ] S X I I
1029% 5 P, 104 s
. L ) T pate! 0025 005 0075 01 0125 015 017 02 0226 025 05 i 0325 03 035
- 19 Dec 2024, 15:06:47, Simberian Inc. Time, [rs]
* Av[1.2]; 2 B2 + oy

Even-odd decomposition in TD: B. Young, Digital Signal Integrity — Modeling and Simulation with Interconnects and Packages, 2000
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Will This Work?

¥ il s
50 b
0 02" pon
k)
100 103" pot 2 MOAEESIE b
N %, o]
‘ } , ‘ ‘ } -
50 0 50 =m0 B 40 40 S0 s 6m0

23 Dec 2024, 15:12:20, Simberian [

c) Just stitching vias?

Structured Mesh =318, V78, 227 dx=2, dv'=2 dZmax=42 153
Elements: 173,628; Matices: SM: 2,083,536, CM: 32, Final: 4, DD: 0; ks
Analpziz Multiport

i
', [mil]
il
o o 0 0 e 0 0 O o 0 0 0000 00000000
-0
-0 IQ,dil:hﬁU” 4
t t t t t + + + t t t t =
A0 1] 50 100 150 200 250 300 350 400 450 500

23 Dec 2024, 15:08:12, Simberian Inc. 3D View Mode [press <E> to Edit).

3D Yiew Mode [press <E> to Edit),

d) Guard trace with just 2 stitching vias?

Structured Mesh: X318, V' 78, 27, dx=2, dv'=2 dZmax=42.153

Elements: 173,628; Matrices: SM: 20823536, CM: 32, Final: 4, DD 0; ki
Analyziz: Multiport

50

v, [fl]
1] I 102" part 2
a Ty

a0

100 103" pork 3 e par A S ignal
. [mil]
} } + + } + } + } } + } } -
-0 ] 50 100 150 200 280 300 360 400 450 500 560 E00

23 Dec 2024, 15:07:11. Simberian Inc

30 View Mode [press <Ex to Edit)

Will it reduce coupling, comparing to the separation? — Hint: NOPE

JAN. 28-30, 2025
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Striplines XTalk Reduction with Proper Guarding

P1 P2 P1

9 S0 N T 6 N © NN 6 N @ NN & N & NI & NI 9 N © 2 NN ¢ N 6 NN © N 6 NN @ NN 6 NN 9 N 9 2]
P4 I
ImaP o;} 3 104 penly P3 P4
102 port 3 104" st dg

Peak PFD at 16 GHz right below traces

P2

Structured Mesh: 318,78, 27, d¥=2, dv'=2 &Zmax=42153

Structured Mesh: X318, Y78, 2.7, dX=2, dY=2 Pmas=42.163 P4, FEXT Signall Elements: 173,626; Matrices: SM: 2,083 536, CM: 32, Final 4, DD: 0
Elements: 173.628; Matrices: SM: 2,083,536, CM: 32, Final: 4, DD: 0; 41 dB Analysiz: Multiport P4, FEXT
Analyzis: Multiport - -
nalyziz: Multipor P2, -54d B P2’

50 O h m #1 PawerFlow(CutPlane] 2t 16 GHz; T=E25 ps: Peak:
02 et 2 Min=0, Max=133000 [w!/m"2];
0/[dE]

500hm

#1 PowerFlaw[CutPlane) at 16 GHz; T=E2.5 ps; Peak; Urs %F@

Mir=0), Maw=137700 [wW/m"2]:

0] 125

125

25 -25

75 376

50 -0
P3, NEXT

-35dB P3, NEXT -62dB

P1, 1V How to explain this? \ >
P1, 1V

23 Dec 2024, 14:37:20, Simberian [ne. 3D Wiew Mode [press <E> to Edit). 23 Dec 2024, 1 4:33:4?1 Simberian Inc. 3D View Mode [press <E> to Edit).
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XTalk in Broadside Coupled Striplines

Structured Mesh: 3280, %160, 212, d¢=278, dv=2 75 dZmar=42.153 Peak PFD at 16GHZ - VOIumetriC ) P2, 500hm

1:1 ml/ traces (abOUt 50 Ohm) n ilﬂe:;r:isdjﬁpﬂﬁ? Matrices: SH: 2,160,000, Ch: 32, Final: 4, DD: 0; (arrows) and right beIOW bottom 0z D;erminator

Signall and Signal2 coupled over trace (color plot) art2 {

0. 5 in Ch With 1 1 miI Edge tO edge #1 PowerFlow[CutPlane] at 16 GHz: T=62.5 ps; Peak: Figgrﬂ;
H #2 PowerFlow[CutPlane) at 16 GHz; T=62.5 ps; Peak; ROM = BOTTOM

Separatlon #5 PowerFlow[CutPlane] at 16 GHz; T=62.5 ES; Peak.; 04;9554 .

=| Project(1)
8 Pro Min=0, Mawx=111900 [w//m"2];

=B Materials: T=20[*C],... -
2 "Copper", RR=1 01dB] —
& "FR4", Dk=3.4, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=3.47, 125 P _/-"P4, FEXT -27dB
Pl Air 5 -
€ "SM", Dk=4, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=4.08, DI 75 -

- M8 StackUp: LU=[mil], NL=6, T=46.34[mil]

== 1| Signal: "“TOP", T=1.2, FI="Air", Cond="Copper"

B 2 Medium: T=8, FI="FR4"

mm 3| Plane: "Planel”, Cond="Copper", T=0.77, FI="FR4"

B 4 Medium: T=8, FI="FR4"

== 5|Signal: “Signal1®, T=1.2, FI="FR4", Cond="Copper"

B 6 Medium: T=8, FI="FR4" [
mm 7| Signal: "Signal2"”, T=1.2, FI="FR4", Cond="Copper"

il

B 8l Medium: T=8, FI="FR4" |
mm 9| Plane: "Plane2”, Cond="Copper", T=0.77, FI="FR4" I'l, K
Il 10 Medium: T=8, FI="FR4" P1. 1 v “
=m 11| Signal: "BOTTOM", T=1.2, FI="Air", Cond="Copper" ’ ~ . - e [ A
agg reSSOr - - 50 0 50 100 150 200 250 200 =1l 400 450 500 550 500 >
"‘\‘\\ / 12 Dec 2024, 15.26:57, Simbeian Inc. 30 View Mode [press <E> to Edit]
—
P3, NEXT -22.7dB oo ;
\ T g ’ ' m: Junm Im = T EIEM:: il ‘ i
Simbeor Solution: M‘Z)' “ ” o
XTalk FEXT NEXT BSC 2019 05 ST T O
12 Dec 2024, 15:24:37. Simberian Inc. 30 View Mode [press <E» to Edit).

#2019 05: How Interconnects Work™: Crosstalk in adjacent striplines and how to reduce it - visualization with power
flow density, 14 min; YouTube: https://youtu.be/7t5WYyf8tss
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Broadside Coupled Traces - XTalk Reduction

Peak PFD at 16GHz — volumetric (arrows) and right below bottom trace (color plots)

11 mil traces in Signall a'_"d _ 11 mil traces in Signall and Signal2 coupled over 0.5
Signal2 coupled over 0.5 inch with inch with 22 mil edge to edge separation and two
33 mil edge to edge separation guard traces with via fence

Structured Mesh: X272, 160, 212, d==2.75, dv'=2.75 dZmax=42.153
Elements: 195,840; Matrices: Sh: 2,350,080, CM: 32, Final: 4, DD: 0;
Analysis: Multiport

Structured Mesh: 3250, v:60, 2:12, de=2 75, dv'=2.75 dfman=42.153
Elsments: 180,000; Matrices: SM: 2,160,000, CM: 32, Finat 4, DD: 0:
Analysis: Multiport

1 PowerFlow[CutPlane) at 16 GHz: T=62 5 ps; Peak;

H2 PowerFlow(CutPlane) at 16 GHz; T=E25 ps; Peak

Min=0, Max=111900 [/ fm"2];
0[dE]

A28
25
arh
A

#1 PowerFlow[CutPlane] at 16 GHz; T=£2.5 ps; Peak;
ot 4 #2 PowerFlow(CutFlane) at 16 GHz; T=62 5 ps;: Peak,
Min=0, Max=111200 [w//m"2];

"P4, FEXT -48.5dB n'®
E - » P4, FEXT -63dB

28
478
<60

o
03 port 3

¥ P3, NEXT -86dB

-

15 Dec 2024, 14:27.56, Simberian Inc. 30 View Mode [press <E» to Edit]

15 Dec 2024, 14:23:16, Simberian Inc. 30 View Mode [press <> to Edit].
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Orthogonal Routing — Does It Reduce XTalk?

Peak PFD at 16GHz — volumetric (arrows) and

Tow orthogonal 11 mil traces right below bottom trace (color plots)

(about 50 Ohm) in Signall and

H Structured Mesh: =088, WIB8, 212, d=2.70, dv=2.70 dZmar=42.153
Slgnalz Elements: 55.488; Matrices: SM: 665,856, CM: 32, Final 4, DD: 0; [
Analyziz: Multiport
| P4, -20dB
=8 Project(1) P2 500hm

2§ Materials: T=20[*C],... f :
P2 "Copper", RR=1 #1 PowerFlow(CutPlane] at 16 GHz; T=62.% ps; Peak; term | nator
3 "FR4", Dk=3.4, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=3.47, #2 PowerFlow[CutPlane) at 16 GHz; T=62.5 ps; Peak.; "ot 2
£ gls Min=0, Max=111500 [w//m"2];
& "SM", Dk=4, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=4.08, DI 0[dB] \ ;thf%

(=48 StackUp: LU=[mil], NL=6, T=46.34[mil] 425 I} .
== 1| Signal: "TOP", T=1.2, FI="Air", Cond="Copper" 25

B 2| Medium: T=8, FI="FR4"
..mmm 3| Plane: "Planel”, Cond="Copper", T=0.77, FI="FR4"
. 4| Medium: T=8, FI="FR4"
mm 5| Signal: "Signall”, T=1.2, FI="FR4", Cond="Copper"
B 6| Medium: =8, FI="FR4" 3 ;
-.mmm 7| Signal: "Signal2", T=1.2, FI="FR4", Cond="Copper" \\\
8| Medium: T=8, FI="FR4" \ 8
! 9| Plane: "Plane2”, Cond="Copper", T=0.77, FI="FR4" P1 ’ 1 v \-\\

I 10 Medium: T=8, FI="FR4" aggresscir\

= 11| Signal: "BOTTOM", T=1.2, FI="Air", Cond="Copper"

378
0 I."f )
{Signall
[Signalz
I-"IF'Iane2
eoTTOM

113" port 3../"’.
-

Simbeor Solution: ~— P3,-20dB

XTalk_FEXT _NEXT BSC_2019 05
b Do not do it!

15 Dec 2024, 14:33:13, Simberian Inc. A0 Wiew Mode [pressz <E> to Edit).
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Stuctured Mesh: #0318, 738, 2:8, de<=4. dv'=4 &Zmax=251125
Elements: 111,618; Matrices: SM: 1,339,416, CM: 16, Fi
Analyziz: Multiport

P2, 500hm

port 2

by

XTalk in Microstrip Lines (Surface Layers)

#1 PowerFlow[CutPlane) at 16 GHz; T=62.5 ps; Peak;
#2 PowerFlowlolurme] at 16 GHz: T=62.5 pz; Peak; [
#3 PowerFlow[CutPlane] at 16 GHz; T=E25 pz; Peak;
Min=0, Max=91550 [w'/m"2];

0[dE]

-10

T port 4

P4, FEXT -7.5dB

=-f88 Project(1)
=B Materials: T=20[*C],...
3 "Copper", RR=1
"FR4", Dk=3.9, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=3.98, [
“Air"
£ "SM", Dk=4, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=4.08, Dk
=48 StackUp: LU=[mil], NL=5, T=33.14[mil]
= 1| Signal: "TOP", T=1.2, FI="Air", Cond="Copper"
. 2| Medium: T=8, FI="FR4"
..mmm 3| Plane: "Planel”, Cond="Copper", T=0.77, FI="FR4"

Peak PFD at 16GHz — volumetric
(arrows) and right below tra
(color plot)

16 mil traces in TOP layer M 4 Medium: T=8, FI="FR4"
(about 50 Ohm) coupled over 1 = ot g cona= Copeer
. inCh Wlth 16 m[l Separation mm 7| Plane: "Plane2", Cond="Copper", T=0.77, FI="FR4"
03" port 3 . 8| Medium: T=4, FI="FR4"
P1 1 V \ SlmbeOI’ SOIUt|On mm 9| Signal: "BOTTOM", T=1.2, FI="Air", Cond="Copper"
’ P3, NEXT -26.6dB XTalk_FEXT_NEXT_MSL_2019 11
‘QTZ/’ #2019 11: How Interconnects Work™: Crosstalk in microstrip lines and how to reduce it, 12 min
*YouTube: https://youtu.be/OQx3habvfgM

23Dec 2024, 12:15:23, Simberian Inc. 30 View Mode [press <E» to Edit).

|
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Leak and XTalk in 1-inch MSL - “Suck-out”

A:Project1].zegm_Tin_16_16_30ML. Simulation(1): A:Project(1]).zegm_Tin_16_TE_30ML. Simulation(1];
DEMagnitude(S], [dB] DEMagnitude(S]. [dB]
| T— ! . es
1L PP | ” e Suck-out!
FEXT | — / —
. 17 Insertion Loss (IL) BN n
- 3 o
be Leaks v Pe
, NEXT

20+ L 204

Z7< AAA Y Return Loss (RL)

WA AANN \ )
S30 T ¥ AV 3 a4+ g f\fA\{\\* My
AR AAEEA! AR NN
olb I | | oLl N\, /]
. | I | 40 \ lJ ¥
| * | — — L. v Straight 1-inch segment \ %{
504 : a0l
_ Straight 1-inch segment . K H H

0 5 10 19 2 ® 3”M35 0 e 50 55& M:U 0 : 10 15 2 . 2 » 0 5 . % .

16 Dec 2024.14:22:43, Simberian Inc. Frequency. [GHz] 16 Dec 2024, 14:23:15, Simberian Inc. Frequency, [GH]
*As[.2) ST L EARIE * A3

Peak PFD at 47GHz
16 mil traces in TOP layer (about

50 Ohm) coupled over 1 inch with P1-1V E> T ‘ E} P2
16 mil separation F \'—l T :

NEXT FEXT
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Leak and XTalk in 5-inch MSL [} F »—.0 =

16 mil traces in TOP layer (about 50 Ohm) separated by 16 C e F oo .{
mil and coupled over straight 5-inch segment : T ST
A:Project(1).segm_Sin_16_16_3DML. Simulation(1); A:Project1) zegm_bin_16_1E_30ML. Simulation(1);

DEMagnitude(S). [dB] DBtagnitude(S]. [dB]

g

0L [ YY1
9CO

LA A ISP
/ FEXT ﬁ{ \ / NEEX}'\J /

201 a0+

a0+ a0t

A0 T i HU I A0+ ':h

B0+ 504
»
Leaks or XTalk
g.:I + } + + + t ! I I | ! ! !
0 oo a N 40 50 &0 0 10 20 30 40 50 60
16 Dec 2024, 15:10:08, Simberian [nc. Frequency, [GHz] 16 Diec 2024, 15:10:56, Simberian Inc. Frequency, [GHz]

—& A5 —— AS[4]: o mSA]—— A5
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FEXT Modal Decomposition for Symmetric Strips
,__1__m_3____ AH - T 16 mil traces in TOP layer (about 50 Ohm) coupled

2 4 o o _ — over 5 inch with 16 mil separation (straight segment —
) l . 200ec 212810412, S - ! - et s no ben dS )
< > DB agnitude[S). [dB]
Modal decomposition: odd (+-) and even o ' '
(++) modes — exact solution: f J} @
gev — 2 ZeyZo- CSh(Fev 1) 104 /9\\
2 T 72 L7842 Zyy Zg - cth(Tyy - 1) { ”\ /' f\/!{ \ﬂ?
god _ 2ZoqZo-csh(Tpq - 1) 20+
W22 422+ 2 2oy - Zy - cth(Tyg - 1) . + o .
What defines minima and maxima?
0T
Exact equation for FEXT: l
ev_cod
Sp = S12 ;512 401
IEI 1IIZI 2IEI ?:EI 4IEI E:EI E:EI
20 Dec 2024, 09:19:30, Simbernian [he. Frequency, [GHz]

) A:5[1.4];
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o — —

FEXT Minima and Maxima

a
v

FEXT in case of no reflections (no NEXT):

ev od
_ S12 — 512 e Tev_e=Tod
— 5 ~ >
FEXT in case of no losses:

SF

Sp & —i-sin(nfl(\JEer—Eoq)/c)-e ™ {WEev=yEoa)/

i2nf./€
[ep = \/(211 + Z12)(Y11 + Y12) = %

i27rfw/€ d
[oa = \/(211 —Z12)(Y11 —Y12) = fo

Z and Y are 2x2 p.u.l. impedance
and admittance matrices

JAN. 28-30, 2025

(1+2n)-c
fmax = ,n=20,1..
2-1- |,/eev — ,/80d|
DEMagritudel(5), [48] P
07 e \i
A0+
204
304
AD+
:\ : | ' : ' '
] 10 20 a0 40 a0 =]
20 Dec 2024, 0919 308Gimberian [ Frequency, [GHz]
AS[1.4]:
n-c
fmin = 0,1..

Jn:
L |VEew — vEod|
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Waves or Modes in Symmetric MSL

—1
OddMode (7 5 EvenMode (= =

V2 V2

1 1
Stiuctured Mesh: =16, 70154, 262, dx=1.8615, dv'=0.7446 dZmax=1 . . . 1 e Structured Mesh: X018, w154, 262, d@=1.8615, dr=0.7446 &Zmaw=1 . . . 1 e . P
Elements: 152,768; Matrices: SM: 1,833,216, CM: 4, Final 4, DD: 0; . T Elements: 152, 760; Matrices: Sh: 1,833,216, CMi 4, Final 4, 00:0:0 . - o o0 o0 o0y et BT
Bnalpsis; Tline, . L. et i e e e [ N Analsiz TLine . L o ! e o
1 1
. : F P e [ Feaas s
BRSO AR A, SRR ! o
P e (AR IE D R T R B A A mEfreId[th'\ane]atTGH}T‘IUUDp& Pahk‘ 1 frnas g
J.rfzr.-,,-J.,,..,\\\\\\\,,I,;,,,,;/; ..... '—DMaxSUU]NHm]\\‘\\\\\ 1 [
;z/;;;;,ﬁﬁl-—-\a\\\\\\‘,H,g,,,,, ,,,,, e N ! : LIS IV IR
I e N R S S NI B I I R BOOTRVmL | L L ww v nnn | [
fjf”"""'l’“"'““‘*‘h\\\\\\l;]J',r{ff""”"’ . [ e T \ T
ff////a_-.-.r._.._._,_.‘\\\\\\"l JHiipeeer e .___“-‘x\.\\\\ | Pl A s .
ff/ //.._..___;H,__,_“ i e Ce ,,,,L‘._m.v-.\\\'\ 1 PO e
SNV Y | ./
——— e LY ) [ T SR
. S EH e N .
--4--w-—-—I-'-—-----------al._\\i i et P il . S O
___,_.,.T_.M. T ///f/“_w\ﬂf,f,*‘_“\\\\\\

T e IEARER] e |l /o =
! }\‘:\\:\ el fﬁyh H NG f RRmme s e
wf’?“m, 2, Wl,,,,:r TG 'jjjj""/}fﬁﬁ;'1wwwﬁ“?:\u”':hfif/ \\;;;::iiii
H \‘.'I'UfEEV‘Vg 1‘ : v, mil] JJ#J!"\?I;E\H.HMJ\“’![ ‘t,‘l | ‘;;‘ " . [mil]
‘ . : } i : . } i } : } i - } —
-20 -15 -0 -5 Iﬂ 5 10 15 20 -20 15 -10 il Iﬂ 5 10 15 20 o
22 Dec 2024, 10:11:35, Simberian Inc. 1 3D Wiews Mode [press <E> to Edit). 22 Dec 2024, 10:09.08, Simberian Inc 1 30 Wiew Mode [press <E» to Edit).

PEC PMC

Which one is faster or have lower Egrf 7 Hint: Look at the energy...
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FEXT Modal Decomposition and Minimization

X
1 +1 _ 121f \[€ey
=) err 7"
: ’ i21mf\/€0a
! foa > =

A
N

Sp & —isin(rfl(Veer—yEoa)/c)-e ™ VEerFod)/€
l_'_l

FEXT is zero if phase delay or velocity
of even and odd modes are equal

€ev = €od

How to achieve that?

JAN. 28-30, 2025

&:Project(1).mal_16_1E.30ML;

EpsEffective, []
16 mil traces in TOP layer with e-T T
n . . - +
[ 16 mil separation P che!
| -
I ge 1% e - 135
1 312015 e
- ¥ _ = — -
5.07 4 a1
of - o
Signalt - 3
o ,.-'3'— 3]
? 20Dec 2024, 10041 ZD,S\mheuaﬁgn s ’ ® 2 3DV\EWMDZ&5[DIESS<E>lDEd\l] - S T 29
- "e I
l < -
I —-—
\ 27523 od _ - 128
} E-OE } } } } } }
0 10 20 a0 40 50 B0

20 Dec 2024, 10:34:58, Simbernian Inc.

Frequency, [GHz]

A:Mode[1]. Pattern[+] O— — —; &:Mode[2], Pattern[++] O— — —;
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FEXT in Time Domain

16 mil traces in TOP layer (about 50 #:Praject1).seam_1in_16_16_30ML_Modal Simulation(1]; B: Praiect(1]. seam_1in_16_15_30ML.Simulation(1];

Ohm) coupled over 1 inch with 16 V. V]

mil separation o5 t—+F o ' S =

1V in series with 50 Ohm — V1=0.5V il T7 /£§ TDT: sum of odd and even
20ps (10-90%) Gaussian step 044 —F

I
|
- I
5 . ' . > 1
re Spon se 20000 2020 10412, St N ! - 7 D Viowtods e 6> 8L . /
|
—-f88 Project(1) ER |

0.3 X
Eﬁ_ Materials: T=20[*C]....
P2 "Copper", RR=1
&3 'FR4", Dk=3.9, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=3.98, [ ()d d mOd ‘3 - fEISte r \ /:(/ /_

€ "Air 0z +

& "SM", Dk=4, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=4.08, Dk |
- -8 StackUp: LU=[mil], NL=5, T=33.14[mil] !
|

AN
=
N—"
Il
/\
N[k
N——

+1
—Toq1x 2 —Top X
e od +(+1) e ev
7/

mm 1| Signal: "“TOP", T=1.2, FI="Air", Cond="Copper"
B 2| Medium: T=8, FI="FR4" 01+
mm 3| Plane: "Planel”, Cond="Copper", T=0.77, FI="FR4"
B 4 Medium: T=8, FI="FR4" 1
mm 5| Signal: "Signal1”, T=1.2, FI="FR4", Cond="Copper" 1
I 6| Medium: T=8, FI="FR4" o+ }
mm 7| Plane: "Plane2”, Cond="Copper", T=0.77, FI="FR4" 1

I

1

1

N
N

B 8 Medium: T=4, FI="FR4"
== 9| Signal: "BOTTOM", T=1.2, FI="Air", Cond="Copper"

/(FEXT: difference|of odd and even modesd

01 T

FEXT is negative if odd mode is 01125 0125 01375 015 01625 0175 01875 02 02125 0225 0237 025 02625 0275 02875 03
faster (usual Case) Eod < Eev 20 Dec 2024, 1314:04. Simberian Inc. Time, [n]
slower god > Eev

More in B. Young, Digital Signal Integrity — Modeling and Simulation with Interconnects and Packages, 2000
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XTalk in Microstrips: How to Reduce IT?

Frisl — — TZ et v
<7y
22222222 | 0

5555555 ?
pppppp | a
0 -00
75 50 25 0 5 50 75

I pod 3 104" portd il sl

a) Increase separation — how much ?

¢
Ima“ port 3 Iiua" port 4 ‘ B

c) Use guarding trace with via fence?

b) Reduce coupling length?

d) Use tabbed traces? 9 prm———————

e) Use embedded microstrips (overlay)? v

f) SWltCh to Striplines? -—mrrrrrrrrmmrm—u"w

What else? . m—
e)l .
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MSL XTalk Reduction by Separation

16 mil traces in TOP layer (about 50
Ohm) coupled over 1 inch with 16,
32, 48 and 64 mil separation

Z {ril]
TOF

Planel

Signall

o1 lsorromn
. {mil]
-

L

50 éﬁ ‘EI 2'5 E‘EI kil
20 Dec 2024, 10:41:20, Simberian Inc. 3D View Mode (press <E> to Edit]
-8 Project(1)
E-Ff Materials: T=20["C],...
P2 "Copper", RR=1
&3 'FR4", Dk=3.9, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=3.98, [
€ "Air"
€ "SM", Dk=4, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=4.08, Dk
(-4 StackUp: LU=[mil], NL=5, T=33.14[mil]
== 1| Signal: "“TOP", T=1.2, FI="Air", Cond="Copper"
B 2| Medium: T=8, FI="FR4"
mm 3| Plane: "Planel”, Cond="Copper", T=0.77, FI="FR4"
B 4 Medium: T=8, FI="FR4"
== 5| Signal: "Signal1", T=1.2, FI="FR4", Cond="Copper"
. 6| Medium: T=8, FI="FR4"
mm 7| Plane: "Plane2", Cond="Copper", T=0.77, FI="FR4"
. 8| Medium: T=4, FI="FR4"
= 9| Signal: "BOTTOM", T=1.2, FI="Air", Cond="Copper"

Very difficult to achieve
high isolation!

JAN. 28-30, 2025

N I g i
| o o B e s i
S SATS T LT
AAVNVIIRVAPAY-V
AN AOE N WY
W
I

A:Project1].2egrm_Tin_16_16_3DML.Sirulation(1]; B:Project1].zegm_Tin_16_32_30ML Simulation(1]; C:Project{1].segm_Tin_1E_48_30ML. Simulation(1]:
D:Project1].seqrm_Tin_16_B4_30ML.Simulation(1];
DEMagnitude(S], [dE]

32 mil -]
48 mil — +
|| v 64 mil — <>

% ! 16 mil—o
|
R

i 25 5 75 10 125 15 17.5 20 225 25 275 30 325 35 375 40
20 Dec 2024, 15:08:08, Simberian Inc. Frequency, [GHz]
—t &5[1.2];, — A5 4], —F B5[.2]; —F8 B:5[1.4]; —+ C5[1.2], ——+ C50.4], — D502
— [:5[1.4];
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MSL Guard Traces with Via Fence (Coplanar)

--------------------------

P1

P2 P1

l'ln’]'-_ nogk 3 I'lnll"- ok 4
> pone L

P3 P4

B

Structured Mesh 0318, 143, 219, d¥=4, dv'=4 dZmar=28.102

Elements: 123 06E; Matrices: SM: 1,476,792, CW: 16, Final: 4, DD: 0;
Analyziz: Multiport P4, FEXT '23dB

Structured Mesh: 3318, %043, 229, dx=4, dv'=4 dZmax=28.102
Elements: 123,0BE; Matrices: SM: 1,476,792, CM: 1€, Final: 4, DD: 0; P4, F EXT '1 8d B

Analpsiz; Multiport

#1 PowerFlaw[CutPlane] at 16 GHz: T=62.5 ps: Peak;

Min=0, Maw=31640 [/ /m"2]; Min=0, Maw=31580 [\w//m"2];
0[dE] 01[de]
-10 -10
30 30
-40

-40
P3, NEXT -38dB P3, NEXT -42.5dB

......

P1, 1V

23 Dec 2024, 14:09:11, Simberian Inc. 30 View Mode [press <E» to Edit). 23 Dec 2024, 14:12:30, Simberian |ne. 30 View Mode [press <E» to Edit).

Why no dramatic xtalk reduction as in case of stripline?
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Why NO Dramatic XTalk Reduction...?

Structured Mesh: $318, 743, 2.9, dx=4, dv=4 dZmax=28102
Elements: 122,06E; Matrices: SM: 1.476.792, CM: 16, Final 4.DD: 0;
Analysis: Multiport

#1 PowerFlow(CutPlane] at 16 GHz; T=62 6 ps; Inst. at ~ 0.745°T
Min=0, Max=31880 [ /m"2):
0[dE]
10
20
-0
-40

-42.5dB

23 Dec 2024, 15:38:36, Simberian Inc.

Structured Mesh: #0318, Y143, 229, d¥=4, dv=4 dZmax=23.102
Elements: 123,066; Matrices: SM: 1,476,792, CM: 16, Final: 4, DD: O;
Analyziz: Multiport

L.

', [rnil]

102" port 2

100 I l
03 ot 2 104" gt 4 TOP

2, [mil]

-200 -100 1] 100 200 300 400 500
23 Dec 2024, 1593352, Simberian Inc.

P4, FEXT
-23dB

Instantaneous PFD at 16GHz right
below traces (in substrate dielectric)

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

JAN. 28-30, 2025

=] Foo 800 500 1000 1100 1200
30 View Mode [press <E» to Edit].

Stuctured Mesh: X318, Y43, 229, dé=4, dv'=4 Zmaw=28.102
Elements: 123,066; Matrices: SM: 1,476,732, CH: 16, Final: 4, DD: 0
Analysis: Multiport

#1 PowerFlow[CutPlane] at 16 GHz: T=62.5 ps: Inst. &t 0BBET:
H2 PowerFlow(CutPlane] at 16 GHz: T=62 5 ps; Inst. st 0LBBE"T:
Min=0, Max=31880 [w//m"2];
0[de]
-0
20
Rel)
-40

P4, FEXT
-23dB

Instantaneous PFD at 16GHz right

P3, NEXT above the traces (in the air)

-42.5dB

23 Dec 2024, 15:33.08, Simberian Inc. 30 View Mode [press <Ex to Edit)

W 7 (I NEIEIES
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MSL vs Guarded MSL: Peak PFD at 5 GHz

Structured Mesh: K15, 15104, 213, de=d, div=2 Zman=236.057 I {eg u I a r Od d G u a rd ed Od d
Elements: 21 B32; Matices: SM: 259,584, CM: 4, Final 4, DD: 0;

Not localized

Analysis: Tline Structured Mesh: )16, 120, Z:14, d)=4, dv'=2 dZmau=236 067
Elements: 26 880; Matrices: SM: 322 560, CM: 4, Finat 4, DD: 0;

875 ) Analysis: TLine

. il
+ t t t t t t + t t * + t t + t t - t + t t + t t t t t t t + t t + t + -
100 878 R 25 50 375 25 125 o 125 & ErA:) 50 E25 79 875 1o nzs 128 00 -87.5 75 625 50 375 25 125 0 128 25 378 a0 625 75 a7.5 1 125
24 Dec 2024, 06:44.18, Simberian Inc. 30 View Mode [press <E> to Edit) 24 Diec 2024, DBAB:56. Simberian Inc. 30 Yiew Mode (press <E> to Edi].

Stuctured Mesh 316,70 104. 2113, dw=4. dv'=2 dZmax=236.057 G u a rd ed Eve l I
Elements: 21.632; Matrices: SM: 259,584, CM: 4, Final: 4, DD: 0; Structured Mesh )16, 2120, Z:14, dv'=2 dZman=236.057

Analpsis: TLine Elements: 26,880; Matrices: Sh: 322560, CM: 4, Final: 4, DD: 0:
875 ‘ Analysis: TLine

#2F
Ly

Eil
375
X . il -
t t + t t t + t + t t t t - Mz§5 100 675 95 625 S0 975 28 2§ 0 125 Ed w5 50 625 5 875 100 112§
10 875 78 625 60 375 25 125 0 125 25 376 &0 625 75 8756 100 1125 24 Dec 2024, 06:47:24, Simbetian Inc. 30 View Mode [press <E> to Exdit]
24 Dec 2024, 064549, Simberian Inc. 3D View Mode [press <E> to Edit).
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MSL with Tabbed Traces

A A
S Tabbed: 8 mil traces, :

24 mil apart, 8.5 by
7.5 mil tabs (40 mil

P2

- . - - . - . - - —
200 300 400 500 500 700 £00 a00 1000 1100

1 &
. 10 g 10
tota | WI d th ) 23Dec 2024, 15 50@5@enan Ine. 30 View Mode [mespzfdul

Structured Mesh: 5477, Y258, 2.9, d¥=2 BBEET, dv'=2.5898E dZmax=28.102

P4. FEXT Elements: 248.994; Matrices; SH. 2,987,928, CM. 24, Final, 4. DD: 0
y Analysis: Mulipon

#1 PowerFlow(CutPlane] at 16 GHz; T=B25 ps; Inst. at 0.284'T;

‘. 102" port ¢ #2 PowerFlow(CutPlane) at 16 GHz; T=62.5 ps; Inst. ot 0.284°T;
Min=0, Max=126000 [w/m"2);

#1 PowerFlow(CutPlane) st 16 GHz; T=62 8 ps: Inst. at - 0.410°T;

Min=0, Max=126000 [/ /m"2];
0[de]

10
20
0
-40

P3, NEXT

-26dB
Instantaneous PFD at 16GHz right

above the traces (in the air)
P3, NEXT

3D View Mods [press <E> to Edit] 24 Dec 2024, 10:14:38, Simhena2r6d B 3D View Mode [press <E» to Edit]

Instantaneous PFD at 16GHz right
below traces (in substrate dielectric)

24 Dec 2024, 10:13:56, Simberian Inc.

Is this reliable solution? (Hint: plating and solder mask uncertainties)
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Tabbed: 8 mil traces,
24 mil apart, 8.5 by
= 7.5 mil tabs (40 mil

MSL XTalk Reduction with Periodic Tabs

&:Project1].MoT abbes_TL. Simulation[1]; B:Project(1].T abbed_TL. Simulation(1];
DEMagnitude(S), [dB]
- total width) Regular, 16mil, 8 mil
"7 separation, tinchfong
A:Proie\c\t[‘l JTL S:é’;Tabbed_TL.BDML; B:Project[1).TL_16_3_MoT abe 3DML;
EpsEffective, ] A0+

T T4
|
i Tabbed
|

"]

/E/EI
*,##Z::-""'— 375 “ / ZI”_/_EHF ] __‘EH
- et / T
. =T | a0t la
Even
ﬂ: V

ne Innn\ /Zr
A\ BB AV | |3
315

504 [
Odd Regular 16mil,
¥
l

4—"_‘-"-"-(> -4I:I_
P S .
_____ o=

T Straight segments (no bends)
. . _ED =
8 mil separation {25
i el etk ——.___@T___’.__O_d-.-“""’(.>

5 10 15 20 25 el 35 40 ' ; ' ' ' ' ' ' ;
21 Dec 2024, 06 23 45, Simberian Inc. Frequency, [GHz] g ] o 10 13 20 25 Elll
A:Mode[1], Patter{+] +— — — : AModse[2], Patterrf++] +— — — : B:Mode{1], Pattem[+] <— — — 20 Dec 2024, 16:00:44, Simberian Inc.
B:Mode[2], Pattem[++] ¢— — —:

35 40
—— A58 ——F] B:5[1.4];
JAN. 28-30, 2025

Frequency, [GHz]
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MSL with Overlay (Superstrate or Embedded)

-l Overlay 2. [mi]
=B Materials: T=20[*C],... s
B2 “Copper’, RR=1 Top — —
Dk=3.9, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=3.98 . P 1 K T R P2
Planel
& "M, Dk=10, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=10., —_
=88 StackUp: LU=[mil], NL=5, T=35.14[mil] 128
B 1| Medium: T=2, Fi="sM" Flane? 102" part 2 104" popd |
mm 2| Signal: "TOP", T=1.2, FI="SM", Cond="Copper" 04 [EOTTOM i
3| Medium: T=8, FI="FR4" .
mm 4| Plane: "Planel”, Cond="Copper", T=0.77, FI="FR4" 625 50 375 25 125 o 125 2% 375 El B25 P 3 P4
. SI Medium: T:B, Fl="FR4" 24 Dec 2024, 10:48:25. Simberian Inc. 30 View Mode [press <E> to Edit]
= 6 Signal: "Signal1”, T=1.2, FI="FR4", Cond="Copper"
. 7| Medium: T=8, FI="FR4"
mm 8| Plane: "Plane2”, Cond="Copper", T=0.77, FI="FR4"
. 9| Medium: T=4, FI="FR4"
== 10| Signal: "BOTTOM", T=1.2, Fl="Air", Cond="Copper"
Structured Mesh: X:318, 33, Z:10, d<d, dv=4 Zrman-28102 P4. FEXT e e L
Elements: 124,020; Matrices: SM: 1,488,240, CM: 16, Final: 4, DD: 0; ments: 124,020 Malrices: Shi: 1,485,240, EM: 18, Final: 4, DD: 0;

Analyziz: Multiport

Analysiz: Multiport '30dB

#1 PowerFlow[CutPlane) at 16 GHz; T=E25 ps; Inst. &t 0EF4T;
Min=01, M ax=31750 [/m"2]:

#2 PowerFlow[CutPlane] at 16 GHz; T=62.5 pz; Inst. at 020777
in=0, M ax=14970 [w'/m" 2]

0 148] 0[] P4, FEXT
o 0 -30dB

20 -20

a0 -30

A0 -40

P3, NEXT
-30dB

Instantaneous PFD at 16 GHz right

Instantaneous PFD at 16GHz right above the traces (in the air)

below traces (in substrate dielectric)

24 Dec 2024, 10:55703, Simberian Inc. 30 View Mode [press <E» to Edit). 24 Dec 2024, 10:56:30, Simberian Inc.

30 Yiew Mode [press <Ex to Edit).
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MSL XTalk Reduction with Overlay

5 @8 Overlay

Overlayed: 10 mi This is the second-best way to reduce XTalk in MSL

2 “Copper’, RR=1

traces, 22 mil apart ?:;R‘:",Dk=3.9,LT=O‘002@1GHz,PLM:WD,Dk(O):B.%
(32 m|| total Wldth) € "SM", Dk=10, LT=0.002 @ 1 GHz, PLM=WD, Dk(0)=102, . . . . o . . . }
- 98 StackUp: LU=[mil], NL=5, T=35.14[mil] AcProject(1].segrm_lin_TE_T6_3DTF Sirulation(1]); B:Overlay. Seg_Tin_TL.Simulation(1];
s ! . i 2 o gy DBMagritude(3). [d8]
55 ! :: ’l;l:::::vsl;[::‘i :‘zn:’?:"ccpper”, T=0.77, FI="FR4"

Plane1
e B 5| Medium: T=8, FI="FR4"

B e e o e Regular, 16mil, 16 mil

Plane2 mm 8| Plane: "Plane2”, Cond="Copper", T=0.77, FI="FR4" D T R R
oL orean — B 5| Medium: T=4, FI="FR4" t 1 h | scammn
- == 10| Signal: "BOTTOM", T=1.2, FI="Air", Cond="Copper" separation y inc on Lo
£25 50 s 25 1285 o 125 ) ErA) 50 B25 *—---—-
24 Dec 2024, 10:48:26, Simberian Inc, 3D Wiew Mode (press <E> to Edit].

AProject(1].ms_16_16.30ML; B:Overay. TL_10_22.3DML; A0 1 \
EpsEffective. [] -?ff_

i Overlayed T 201
% = == =====@:======-=—'@ ----- 0__4 /
3|:| 4
Even 1375 \/ M_Ef—»-_f'ﬁ-—-" ~—ft— ""EI‘_'&__E
i s (. | ’
T35 A \ I
Odd ? [\a/ Overlayed, fI inch long
7 ————1la 50+
. e__._-—-@--"“"o- 325
—_—— e —— = .
Regular 16mil, 16 |,
) . E0T
? mil separation L Straight segments (no bends)
‘_e‘.‘_—_e__‘_ _-O_'_-F__O____ -_2.?5 JI 1 1 1 1 1 1 1 1
0 5 w1 aw  x W > F 10 N 0 5 10 15 20 25 30 * 40
.i:‘lMDoedZ[??,ﬁ;tl;r?:isginbzla:l,'nc;:Mode[2], Pattern[++] O =— = B:Mode[1]. Pattern[+-[]eq<ie—ncy—'[— ;2] 24 Dec 2D24-' 110?00-’ Simberian Ine. FIEIZ]LIEI"IC_','_. [GHZI
B:tode[2], Pattern[++] &= =— — D —— ,6,5[1 '4]; — ES['I _,4]_;
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Traces in BGA Area —

Peak PFD right above the
victim traces at 16GHz

555 5525 55 5475 545 5425 54 5375 535 5325 53 5275 525 5225
27 Nov 2024, 141053, Simbstian Inc. 3D View Mods (press <E> to Edit]

Simbeor Solution:
Xtalk_BGA ViaField 2019 09

XTalk Through Antipads

Peak PFD at 16 GHz - volume
and at the ends

Structured Mesh: 30230, .52, 217, d¢=0.0347167, dv'=0.0347167 dZmax=0.936051
Elements: 203,320; Matrices: SM: 2,439,840, CM: 48, Final 8, DD: 0;
Linalysiz Muliipart

P4 FEXT
-54dB

#1 PoweerFlow(Volume) at 16 GHz: T=62.5 ps: Peak:

#3 PawerFlow(CutPlane] at 16 GHz; T=62.5 ps; Peak;

#9 PowerFlow(CutPlane] at 16 GHz: T=62.5 ps; Peak;

btin=0, Max=E43400 [w/m"2);
0[de]

" P3 NEXT
-61dB

P2 (-1.7dB)

Two symmetric 100 mil long 90 Ohm

b i differential traces (stripline) in BGA
912 v field (1mm pitch);

24 Dec 2024, 14:12:28, Simberian Inc. 30 View Mode [press <E> to Edit).

#2019 09: How Interconnects Work™: Where crosstalk may come from - case of stripline coupling through antipads in BGA breakout areas, 12 min —

YouTube: https://youtu.be/gTivG3sUzl4

JAN. 28-30, 2025
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ipads

XTalk Trough Anti

in BGA Area —

Peak PFD right above the
victim traces at 16 GHz

Traces

P4 FEXT
-34dB j

Peak PFD at 16 GHz — volume and at

the ends

625 ps; Peak;

#1 PowerFlow(volume) at 16 GHz: T

£2.5 ps; Peak;

#9 PowerFlow[CutPlane] at 16 GHz; T

E2.5 pz; Peak;

#10 PawerFlow[CutPlane) at 16 GHz: T

BE2700 [w/m”2];

5dB)

-1

2(

P3 NEXT
-40dB

in=0. b aw

§

/f/////////////r/////./
avaa: o N
R N R
B A
RN
Y

Elements: 203,320; b alice

Analysis: Wit

Two offset 100 mil long 90 Ohm
differential traces (stripline) in

BGA field (1mm pitch);

'

ww/ﬂﬂﬂhﬁu

5425 54 5275 535 5325 53 5275 525 5225 52 5175 515 51.25
30 View Mode (press <E> to Edi).

545

27 Nov 2024, 14:23:05, Simbeian Inc.

Asymmetry causes transformation

to common mode!

e

Simbeor Solution:

P11V

-

ade [press <E> to Edit).

2" thin =

Y

2

case of stripline coupling through antipads in BGA breakout areaé

Z
24 Dec 2024, 14:18:05, Simberian Inc.

#2019 09: How Interconnects Work™: Where crosstalk may come from

YouTube: https://youtu.be/gTivG3sUzI4

Xtalk_BGA_ViaField_2019_09

W 3 (I NEIEIES
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Trace to Via XTalk Close To Via Pads

Peak PFD at 16 GHz (volume & cut planes)
P2 100 Ohm

Stuctured Mesh: X:75, Y162, Z:60, dX=0.0287833, dv'=0.0347167 dZmax=0.936851
Elements: 279,000; Matrices: SM: 3,348,000, CM: 8, Final: 8, DD: 0;
Analysis: Multiport

#1 PowerFlow[Volume) at 16 GHz; T=62.5 ps; Pe.
Min=0, Max=537200 [W/m"2]:
0[dB]

#1 Power ie) at 16 GHz; T=6§

15 #4 P:zZ:H:z:c:tplz:Z: :: :2 E:i L
B i: P 1 ( 1 V . M\n?éjrgiwsanuo W/m"2);
£0 agg ressor) B) Ef—,
50 50
i P3 (-48dB p
P ( ) Simbeor Solution:
28 Nov 2024, 06:41:24, Simberian Inc. Xta I k_Stri p_TO_Vi as_20 1 9_1 0

#2019 10: How Interconnects Work™ : \Where crosstalk may come from - case of coupling between differential striplines
and vias, 8 min - https://youtu.be/zKXTUVP8Wnc
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XTalk in Trace Over Via Antipads

Flment 20530, Mot M. 345A00, CV: 6 Ft 0.0, . Peak PFD at 16GHz (volume & cut planes)

Analysis: Multiport

#1 PowerFlow[Volume) at 16 G . T=625
Min=0, Max=629100 [W/m"2];

aggresso

P3 (-40dB)!

A/h

28 Nov 2024, 07:01:35, Simberian Inc.

#2019 10: How Interconnects Work™ : \Where crosstalk may come from - case of coupling between differential striplines
and vias, 8 min - https://youtu.be/zKXTUVP8Wnc

Simbeor Solution:
Xtalk_Strip_To_Vias_2019_10
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XTalk Through Meshed Planes (Flex Interconnects)

#2018 06: Y. Shlepnev, Design insights from electromagnetic analysis: Effects of meshed reference planes on interconnects, July 20, 2018.

AProject(2) MeshedSingle100mm Simulation(1); B:Project(2) MeshedSingle100mm(1).Simulation(1);
Magnitude(S). [dB)

Cut outs may cause
significant cross-talk as ~ « [/ | -
well as EMI/EMC issues. AN AN A~ AN

vuy

-30 1 UATAY

-40

Simbeor Solution:

AProject(2) MeshedSingle100mm.Simulation(1); B:Project(2) MeshedSingle100mm(1).Simulation(1);
Magnitude(S), [dB]

Insertion Loss

-20

301

40+

FlexMeshedPlane_2017_02 03

0 5 10 15 20 25 30
18 Jul 2018, 14:50:06, Simberian Inc.
AS[1.2)

* AS[1.4] © B:S[1.2) —< BS[1.4]

Frequency. [GHz]  19Jul 2018, 14:52.15, Simberian Inc.

0 5 10 15 20 25 30

Frequency, [GHz]
—* AS[1.3]

B:S[1.3)

Fig. 8. Near-end (NEXT) and far-end (FEXT) crosstalk (left) and corresponding insertion loss (right) for 10 cm traces
over meshed plane for traces over the cutouts and mostly over conductor.

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

YouTube https://youtu.be/6q8FP1fPyOQ
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Differential XTalk in Flex Interconnects

= - o ‘. “Suck-out” in interconnects with high losses
I AProject(2) MeshedDiffPair200mm Simulation(1);
wowasnzsmanne T s e DEMagnitude(S), [dE]

0.25 T

=Bl Materials: T=20[*C]....
2 "Copper’, RR=1 I L
B "Flex", Dk=3.9, LT=0.035 @ 1 GHz, PLM=WD, Dk(0)= 20 § Q t
e S~ c¢cm Segmen
-4 StackUp: LU=[um], NL=3, T=170[um] 1 .
== 1| Signal: "Signal1", T=30, FI="Air", Cond="Copper"
B 2| Medium: T=40, FI="Flex" 025 S
bo——
mm 3| Plane: "Planel”, Cond="Copper", T=30, FI="Flex" /4"‘* ——
. 4| Medium: T=40, FI="Flex" / \‘\ ""“-q..__* F E: XT
mm 5| Signal: "Signal2", T=30, FI="Air", Cond="Copper" 1 o0 4 \% N
05 ¥, [mm \*
%nz
] 0.28 05 0.78 1 \ \*K
24 Dec 2024, 131208, Simbatian Inc 30 Yiew Mode [press <E> to Edil,

F

Simbeor Solution: | NEXT ' A
FlexMeshedPlane 2017 02 03 NfEQPe@dl . iu;/ | w:e
1 i 7

-40 i I;'l;‘-l ¥ 4
Look at the surface currents... -
50
i } + } + } + } } } } } }
#2017 03: How Interconnects Work ™: Differential microstrip 25 5 75 10 125 15 175 20 225 25 275 30
over meshed reference plane in flex interconnects, 15 min — 24 Diec 2024, 13:23:38, Simberian nc. Frequency. [GHe]

YouTube https://youtu.be/zyx1mhOw0t8 —% ASmm[D1.02], —* ASmm[D1.03]; —* ASmm[D1.04]:
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XTalk Across M1/M3 Layers in HBM2

Y. Shlepnev, V. Hevfitch, Tutorial — Design Insights from Electromagnetic Analysis & Measurements of

PCB & Packaging Interconnects Operating at 6- to 112-Gbps & Beyond, DesignCon 2020

M3/M1 through M2 mesh is < -40dB @1GHz

A

AINFO_base.InFO_base_7M1_7M3_EOFit_pBC
i [dB]

3dti(1)_s28p.Sim(1); B:InFO_base.LinCir_3x16-mpt_7M1_7M3.Sim(1);

M2
M1

FEXT across M2 GND.

For port4 (in M3), ports 8-14 W
are NEXT and ports 22-28 are |

Within M3 is < -21dB @1GHz

AInFO_base InFO_base_7M1_7M3_EOFit_pBC_3dtf(1)_s28p.Sim(1); B:InFO_base.LinCir_3x16-mpt_7M1_7M3.Sim(1);

[dB]

For port4 (in M3), ports 1-7 are
NEXT and ports 15-21 are

FEXT within M2 GND.

01 1

mber Frequency, [GHz]
—— AS[48]; AS[4.9]; > A:S[4,10]; === AIS[A, 1], i AS[4,12]; =i AS[4,18]; =it A:S[4,14];
© AS[22]; > AS[423]; AS[424]; AS[425] OASH26]  OASM27L O AS[428]
—— B:S[48]; BiS[4,9]; === B:S[4,10]; === B:S[4,11]; ==X BiS[4,12]; === B:S[4,13]; === B:S[4,14];
X BiS[422]; < B:S[4,23; B:S[424]; B:S[4.25; <BiSM26L  XBiSM27E X BiSM28L

01
46, Sinboran e
[4.1], = A'S[42]; —— AS[43];
===0 A:SHAT]; AS[4,19]; =m0 A:S[4,20];
BIS[45], —— BIS[46];, = B:S[4.7];
B:S[4,19]; mm=X B:S[420, X B:S421];

Frequency, [GHz]

AS[A5]; = AS[A6]; = A'S[AT]; AS[4,15];

© AS[421]; — BiS[A.1], ——(B:S[42];
BIS[A,15]; === BIS[4,16]; === B:S[A17];

Analysis of crosstalk is relatively easy — accurate analysis of losses is more challenging...
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Microstrips Crossing Split-Panes or Slot

3 8-mil microstrips at 20 mil (case 1)
and 40 mil (case 2) distances — all
terminated with 50 Ohm

B. Project1
=8 Eﬁ_ Materials: T=20[*C], ...
-JFl| "Copper", RR=1
& "FR4", Dk=4.1, LT=0.02, PLM=WD, Dk{0)=+
. 2& "Vacuum"
& "prepreg”, Dk=4.2, LT=0.02, PLM=WD, Dki
(-4 StackUp: LU=[mil], NL=4, T=31.94[mil]
mm 1| Signal: "Signall”, T=1.2, Ins="Vacuum"

10 mil slot in the reference
-l 2 Medium: T=4, Ins="prepreg" )

-.mmm 3| Plane: "Planel”, Cond="Copper", T=0.1 plane
- 4 Medium: T=20, Ins="FR4" 1V. 50 O hm
mm 5| Plane: "Plane2", Cond="Copper", T=0.7 ’

. 6| Medium: T=4, Ins="prepreg"
..o 7| Signal: "Signal2”, T=1.2, Ins="Vacuum"

Solution

XTalk_MSL_OverSlotsIinRefPlane_2017_07_08 Solid plane at 20

mil (case 1) and
3 mil (case 2)

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

#2017 08: How Interconnects Work™: Crosstalk in microstrip traces
split planes, 10 min — YouTube https://youtu.be/M5mngJ4ntNQ
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MSLs Crossing Split-Planes or Slot

BB, d=1 Zrai-295071 Peak PFD at 10 GHz
EA258A0. Ch: 12, Final: &, DD: O; 8m|| ’[I’aceS, 10m|| SIOt,
po  20mil to solid plane

MSL crossing split in reference plane is
coupled to slotline and to parallel planes

Energy propagates along the slot and between Figlum
the planes and may be coupled to: 4 o B
*  Other traces crossing the same split (major)
* Vias going through parallel planes (minor) o P11V

ot B
" port 2
- port 4

P4 -15.5dB

Requires system-level analysis with PDN 40
structures

AVOID IT!

Solution
XTalk_MSL_OverSlotsinRefPlane_2017_07_08

(o .
DNt s ~|

25 Dec 2024, 13:15:59, Simbenan Inc. 30 Yiew Mode [press <E> to Edit].

#2017 08: How Interconnects Work™: Crosstalk in microstrip traces crossing split planes, 10 min —
YouTube https://youtu.be/M5mngJ4ntNQ
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MSL Crossing Slot or Spllt Planes

= 5 . Materials: T=20[*C],...
ﬂ "Copper”, RR=1
& "FR4", Dk=4.1, LT=0.02 @ 1 GHz, PLM=WD, Dk(0)=4.%
& "Vacuum"
€ "prepreg”, Dk=4.2, LT=0.02 @ 1 GHz, PLM=WD, Dk(0)-
-4 StackUp: LU=[mil], NL=4, T=31.94[mil]
mm 1| Signal: "Signall”, T=1.2, FI="Vacuum"
. 2| Medium: T=4, FI="prepreg"
mm 3| Plane: "Planel”, Cond="Copper", T=0.77, FI="FR4"
B 4 Medium: T=20, FI="FR4"
mm 5| Plane: "Plane2”, Cond="Copper", T=0.77, FI="FR4"
. 6| Medium: T=4, FI="prepreg"
mm 7| Signal: "Signal2”, T=1.2, FI="Vacuum"

How to reduce the coupling?

a) Increase trace separation?
b) Make slot narrower?
c) “Stitch” planes with AC caps?
d) Place solid plane closer?
)

e) Switch to differential lines?

Instantaneous PFD at 40 GHz
8mil traces, 20mil separation, 10mil
slot, 20mil to solid plane (Plane2)

Slot waves
P11V

P3-13dB

Waves in PPW O

4~

25 Dec 2024, 13:28:54, Simberian Inc

Everything is reciprocall

L 30 View Made [press <E> to Edit]
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XTalk in MSL Over Slot - How to Reduce It?

A:Project] M5LO0werSlot_10mil_ABC[2) 3D TF_Fields; B:Project] b SLOwerSlot_10mil_&BC[3) 3D TF_Fields;
C:Project2 MSLOverSlot_10mil_ABC[2]. 30 TF_Fields; :Projectl MSLOwerSlot_AC_Caps_10mil_4BC(4). 30 TF_Fields;
E:Project] DiftdSLOverSlot_10mil_ABC. 30D TF_Fields; F:Project] MSLOwverSlat_Smil A&BC[2) 3D TF_Fields;

) A5[31]: — #5[41]: —# B:5[31]: —# B:5[4.1]:
- — [5[31] — C5[41] —t] 5[3.1]: —t] :5[41]:
I t t ) ——+ E:Smm[D3.01]; ——+ E:Smm[04,02]; —= F:5[3.1]; — F5[4,2:

a) Increase trace separation? — . oueies m

. Nope \ /:___x_______.___g&

| b) Make slot narrower? — Nope —
—_— M _
c) “Stitch” planes with AC caps? C:—;’ﬁ "

o
I

30+

— Maybe /
d) Place solid plane closer? = 40 :{y \-

=  Yes

e) Switch to differential lines? —
Yes \\

5 10 15 20 25 a0 4] 40
2hDec 2024, 14:28:46, Simbernian Inc. Frequency, [GHz]

A0

f) Keep plane solid — The Best!
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Stripline Crossing Split-Planes or Slot -

1 1 i 150+
Keeping one solid reference plane — could it help?
o8 P2P_20[1] mj!z,[mill / SOI Id t 100
= Eﬁ Materials: T=20[*C],... [1]
B} "Copper", RR=1[1] =7 “Inputd” port B gl port
"FR4", Dk=4.1, LT=0.02 @ 1 GHz, PLM=WD, Dk(0)=4.94 50T
"Vacuum" [1] * Inpuid"” part § lngutg” port P5
"prepreg”, Dk=3.2, LT=0.02 @ 1 GHz, PLM=WD, Dk(0)= s
-1 StackUp: LU=[mil], NL=5, T=36.71[mil] [1] / P4
mm 1| Plane: "TOP", Cond="Copper", T=0.77, Fl="FR4" [1] mt
- 2 Medium: T=4, FI="prepreg" Slot P3

= 3| Signal: "Signal1”, T=1.2, FI="prepreg"
. 4| Medium: T=4, Fl="prepreg"
..mmm 5| Plane: "Planel”, Cond="Copper", T=0.77, FI="FR4"
B 6| Medium: T=20, FI="FR4" ‘ . ‘ ‘ ‘ ‘
-.mmm 7| Plane: "Plane2", Cond="Copper", T=0.77, FI="FR4" b s w x a0 5 i
B 8| Medium: T=4, FI="prepreg" P2 dan RSB Simboront
.mm 9| Signal: "Signal2", T=1.2, FI="Vacuum"

B0+

-100

180 +

Solution
XTalk_StripsOverSlotsInRefPlane 2020 18 19

#2020 18: How Interconnects Work™: Crosstalk in Single-Ended Striplines Over Split Plane, 5 min — 012 J an 2020 YiEGEMBBipbesimnlocto E il
YouTube: https://youtu.be/zdzetSQ2dMk

#2020 19: How Interconnects Work™: Crosstalk in Multiple Striplines Over Split Plane With Closely Spaced Third Solid Plane, 13
min — YouTube: https://youtu.be/p6Y-JhLG3wA

L. Simonovich, What Happens When Stripline Signals Cross Split Power Planes, S| Journal, June 16, 2020.
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Stripline Crossing Split-Planes or Slot .

Elements: 112,000; Matrices: SM: 1,344000, Ch: 24, Final: &, DD: 0;

Stripline crossing split in Al Muliport -3
reference plane is coupled to /

: =
slotline and to parallel planes -

Stiuctured Mesh: 40,5200, 214, d<=2, dv'=2 dZma==29.5071 B_

Requires system-level
analysis with PDN structures

AVOID IT! P4 -26dB

Solution
XTalk_StripsOverSlotsinRefPlane_2020 18 19

Peak PFD at 20 GHz (volume —

J‘Z/w arrows, above slot — color plot);
b 4mil traces, 10mil slot, 24mil

separation (6w), 20mil to solid plane

02 Jan 20256, 11:31:32, Simbernan Inc. 30 Wiew Mode [press <E» to Edit).
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Stripline Crossing Split-Planes or Slot

Energy propagates along the slot and between the
planes and may be coupled to:
» Other traces crossing the same split (major)

« Vias going through parallel planes (minor) Instantaneous PFD at 20 GHz

below slot

Structured teshe 240,200, Z:14, d<=2, dv'=2 dZmar=23 G071

E\emsﬁl.s. 112.,UUU, Matrices: SM: 1,344,000, CM: 24, Final: 6. DD: 0: Structured Mash: %40, 'Y 200, 7-14, d¥=2, d=2 dZmar=29 5071
Anslysis: Multpert Elements: 112.000: Matrices: 5M: 1.344.000, CM: 24, Final 6, DD: (;
Analysiz; Multipart

#8 PowerFlow(CutPlane] at 20 GHz: T=50 ps; Inst. at
'InputEE”: port & Min=0, Mar=1751 [w//m"2];
I

e Doy P4 -26dB o1d]
L2 .' 14" port 4 B'w

07347

utd": port 4 -20
-30
-40

-40
P11V
P3 -26dB
Instantaneous PFD at 20 GHz /ﬂ& .
below strip and below slot
02 Jan 2025, 13:23:50, Simberian Ine: 3D View Mode [press <E> to Edit) 02 Jan 2025, 13:29:05. Simberian Inc. 3D View Mode [press <E> to Edit]
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XTalk in Stripline Over Slot - How to Reduce It?

AFAP20.Stnip0verSalid_10mil ABCI3130TF; B:P2P_20.5tip0wverSlot_10mil ABC[3 30 TF; C:P2P_3.StnpOwerSiot_10mil ABC[3L3DTF; :P2P_20. StnpOwerSlat_10mil_&B C[3diff]. 30TF;
— AS[1.3]: — 2051 4] —F1 B:5[1.3]: — B:5[1.4]; —k [C:5[3.1]; —a C:5[4.1]:
=% [Smm[D1,03] ;=% D:Smm[D1.04]:

DBk agnitude(S], [dE]

a) Place solid plane 20mil to solid plane a) 3(n|I to solid plane _ —d
closer? — Marginal ﬁfg______&——r = = jil —
| e
S f 504 | I/\\
b) Switch to differential T .
) e T ' b) Differential
lines? — Yes e
- D\
. e i
c) Keep planes solid — |}/ .~
The Best Way! /X"’ \ c) Solid planes
125 T (
150 T
IIJ 2? 5 I5 ?I.S 1IE| 1 é 5 1=5 1 FI’.E 2IIZ| 22I.5 2=5 2?5'.5 E:EI 3;.5 3:5 3.'1'.5 4IEI
02 Jan 2025, 11:39:31, Simbenan Inc. Frequency, [GHz]
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Vias — Coupling and XTalk

Packaging interconnects — evaluation of xtalk in vias
. . . . . Vias in a row 7
» Vias are not transmission lines in general (can be P— configuration 2 (worst)
designed as waveguiding structures) o iy P e /
. Magritude(S), (68 Viaxtalk2.DifviaRow3.Simulation1, S[1.,3] =
= Vias are coupled to parallel planes (PDNs) — the effect LB, e
is similar to trace crossing split-plane /
= Microstrip to via transition are coupled to surface ok Ly TT L LT |
waves and external space - radiation ol || T || . \( \
5482 ¢ Oi:iginalfidle';li\i/’-m .
= Local coupling or xtalk between vias can be i y \ e
evaluated with analysis in isolation T 1T T
= Via coupling through PDN depends on via localization R
(amount of energy that goes sideway or comes from S R A R B GRS
PDN) — covered in “Distant Crosstalk”...
#2007 _01: Analysis of via-hole cross-talk and
#2018 03:Y. Shlepney, Life beyond 10 Gbps: Localize or Faill, reflection loss for a BGA break-out.
April 13, 2018.

DESIGNCON EZS
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Local Coupling of Differential Vias

Two coupled differential vias in a 120 x 120 mil area caged with PEC wall
Vias are 30 mil apart, antipad 25x55 mil, traces 8 mil MSL, 8 mil separation
The first cage resonance is at about 12 GHz (half wavelength in dielectric)
Stackup from CMP-28 board, Wild River Technology http://wildrivertech.com

NEXT - S[D1,D3]
7. [m il]: :! 0. Y: Imill [ 5. [mill
P 1 815 rorport P 3 37.5
LANE _2 ’
o 25
SIGNAL_3
625 12.5
LANE_M1
50 0
40 mil = 40 mil + 5 vias
PLAME_M2 2
25 BIGNALA 515
P 2 125 LANE_5 50
o it} 2.5
-75 -625 -50 -375 -25 -125 0 125 25 375 50 625 N
02 0ct 2013, 08:56:17. Simbesian Inc. 3D View Mo [press <F> g0 Edit] S [mil]

50 875 25 125 0 125 25 375 50 625
113, 08:40:17, Simberian Inc. 3D View Mode [press ¢E to Edit,
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PFD in Differential Vias [re—

10mil diff. vias (30 mil via-to-via), 40mil between diff. pairs (solution XTalk_Vias  CPM28 FRSI)
5 GHz 30 GHz

Stuctured Mesh: X.B0, Y161, Z:48, dX=2, dv'=2 d&Zmax=39.3428 Stuctured Mesh: %:60, Y-61, Z:48, d¥=2, dv=2 &Zmax=39.3428 !

Elements: 175,680; Matrices: SM: 2,108,160, CM: 8, Final: 8, DD: 0; Elements: 175,680: Matrices: SM: 2,108,160, CM: 8, Final: 8, DD: 0: g [mil]
s . B B 50 375 25 -125 0 125 25 375 50 625

Analpsis: Multipayt ;4 TR Analysis: Mulionrt /00 e —— 2002010 000 o 0ok s > £

PdB P_dB
P3 -36.4dB P3 -23.4dB
(animated)
tx & P4 -16.7dB
<Y
P4 -38.6dB

Differential excitation, half of the structure is shown
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PFD in Differential Vias with Stitching :

10mil diff. vias (30 mil via-to-via), 40mil between diff. pairs (solution XTalk_Vias_CPM28 FRSI)
5 GHz 30 GHz

Structured Mesh: X:60,:61, Z:48, dX=2, dv'=2 dZma
Elements: 175,680; Matrices: S

Stiuctured Mesh: X80, Y:61, Z:48, dX=2, dv=2 d&Zmax=33.3428 625
Elements: 175,680; Matrices: SM: 2,108,160, CM: 8, Final: 8, DD: 0;

¥ ity
Analysis: Multiport - ‘/u
-Madadidd

50 375 25 125 0 125 25 375 50 625
2042013, 034017, Sinberior . 3D View Hoce fress < o £l

Py

#3 inerFlnw[.\t‘R e

OF P3 _44dB HE PowerFlow|
i APLANE 2 I
PLANE_?
» ! P3 -34.4dB
45 PLANE_M1 0
" e M1
50
PLANE_M2 M2
NAL 4 .
PLANE_5 (anlmated)
B E0TTOM
v‘fji)‘ P4 -50.5dB YTZ)‘ P4 -27.9dB
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» PCB/Packaging interconnects are open waveguiding structures

o Energy is distributed in space between traces and reference conductors - anything that
gets into that space is coupled

o Getting out of this space and maintaining reference integrity is a universal way to reduce
xtalk

o Proper guarding and stitching is the future of interconnects

» Modal decomposition is a useful tool to understand and reduce FEXT and
NEXT in parallel interconnects

» Only local xtalk in vias can be evaluated in isolation — more on vias in the
“Distant Crosstalk” section

WHERE THE CHIP MEETS THE BOARD

DEsiGNCoNEzm il
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OUTLINE

= Crosstalk Quantification

DEsiGNCoNEzm il

7 JAN. 28-30, 2025 #DesignCon 79 @ informamarkets
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XTalk in Balance of Power

Pout — Pin _ Preflected _ Pdissipated _ Pleaked + Pcoupled

Pin = la1|* [Wt], a;=0

Pour = |52,1|2 Pip
2
Preflected = |Sl,1| Pip

Pdissipated = (1 - Zlek,1|2) Pin

Preakea = (Zkil,Z'Sk,llz) P,

XTalk E5) Peoupted = Z |SZ,k|2Pink

k#1,2

Zy a
01 %1 ]
’{)‘E =
b V. I
Y
12 &
=
b, Vz_ I,
oy
’{)‘E =
by Vy I,

Port 1

LINK

Port 2

5]

Coupled
links & PDN

1

Port N

1 _ )
a=5251/2-(v+zo-1)
- 1 _1/2 - -
b=52, (V=12y-1)

abech*t
Zy = diag{Zy;} € RN*N

Scattering parameters:

b=S-a SechVxN
b;
Si,j =a—j
ap=0k#j

XTalk quantification is the evaluation of P ;.4 - it requires signals from other links P,

DESIGNCON'EZS

JAN. 28-30, 2025
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1. Coupling Coefficients (CC): analysis of transmission line cross-sections at one
frequency point and use of approximate equations for backward and forward coupling

(Kb and Kf)

2. Frequency Domain (FD): extraction of S-parameters with coupling in frequency
domain and use of crosstalk metrics PSXT, ICR, ICN,...

3. Time Domain (TD): simulation in time domain with step, pulse or PRBS excitation
signals (peak voltages or eye distortion)

4. Probabilistic Domain (PD): statistical evaluation of crosstalk impact on channel
operating margin (COM) and on bit error rate (BER)

JAN. 28-30, 2025 #DesignCon 81 @ informamarkets
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XTALK-28/32 Validation Platform
from Wild River Technology
https://wildrivertech.com/

Prototype of this platform (CMP-08) was used in the extensive
analysis to measurement validation project:

#2011 _02: J. Bell, S. McMorrow, M. Miller, A. P. Neves, Y. Shlepnev,
Unified Methodology of 3D-EM/Channel Simulation/Robust Jitter
Decomposition, DesignCon 2011.
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e Simulate a cross-section of coupled traces with a field solver at one frequency point
* Use approximate equations for evaluation of forward and backward coupling

Kp = T, + ) ( - €2C21) -min(1, ) C,1, L1 - mutual capacitance (Maxwell) and inductance
1 2 ¢1 T . .
T;, T, - flight times
P l (L21 1 o,c ) (1, (; - impedances of coupled traces or diff. pairs
T 2emax(IT - Tl )\ G T

1V step response with rise time tr and no reflections and no losses at near end (Kb) and far end(Kf);
For single segment Kb is NEXT and Kf is FEXT;

Can be used as an estimate of the maximal possible step cross-talk in pre- and post-layout analysis;
Under-estimate peak-to-peak xtalk up to 2 times (6dB);

J. E. Bracken, Improved Formulas for Crosstalk Coefficients, DesignCon 2016.
D. B. Jarvis, The Effect of Interconnections on High-Speed Logic Circuits, IEEE Trans. On Electronic Computers, vol. EC-
12, 1963, N. 5, pp. 476-487.

DEsiGNCoNEzm il
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Examples of Xtalk Planning — Pre-Layout

Coupled Differential Striplines Coupled Differential Microstrip Lines

-8 XTalkEvaluatorExample =-f88 XTalk_McM_Sweeps_MSL
2B Materials: T=20[*C],... =50 Materials: T=20[*C],...
"Copper”, RR=1 F3 "Copper", RR=1
B A B ‘A
€ "FR4", Dk=4.04, LT=0.021 @ 2 GHz, PLM=WD, Dk(0)=4.95, Dk(inf)=3.7 & "prepreg”, Dk=3.4, LT=0.01 @ 1 GHz, PLM=WD, Dk(0)=3.8, Dk(inf)=3.2
=8 StackUp: LU=[mil], NL=3, T=10.5[mil] ' € "SM", Dk=4.2, LT=0.01 @ 1 GHz, PLM=WD, Dk(0)=4.69, Dk(inf)=3.95
= 1] Plane: "TOP", Cond="Copper", T=0.7, Ins="Air" .18 StackUp: LU=[mil], NL=2, T=7.4[mil], TOP/BOT CSM=("SM", 0.5/1[mil])
. 2| Medium: T=4.9, Ins="FR4 mm 1| Signal: "Signall1”, T=1.2, FI="Air", Cond="Copper"
mm 3| Signal: "Signal1”, T=0.7, Ins="FR4", Cond="Copper" . 2| Medium: T=5, FI="prepreg"
Bl 4 Medium: 7335, Ins="FRA" == 3] Plane: "BOTTOM", Cond="Copper", T=1.2, Fi="Air"
mm 5| Plane: "BOTTOM", Cond="Copper", T=0.7, Ins="Air"
A : o
A N 2. [mil] | Diff Pair Pitch | E
2 [mil 10 + ;
o i | |
k vy
w0t [OF R R "
| Diff Pair Pitch | 51 - )
| | Trace Pitch Trace Pitch
5T lsignat j— j— — 0
. ) v, il
Trace Pitch Trace Pitch e
v [mil 17Jan2624,1d:4%{53,Slmbév}anlnc. - - 7 : 7 7 7 7 7 - - 3D iliewMode’[rpveswE)ioEdil].

>
o

15 5 C 5 10

0 ) 5 0
03 0ct 2021, 12:26:37, Simbetian Inc. 3D View Mode (press <E> to Edit)

Analysis with Simbeor SFS solver at 1 GHz
Examples from Simbeor SDK AdvXTalkKit:

How to Build Advanced Crosstalk Models for PCB & PKG
Traces with Simbeor SDK, Simbeor SDK, 2021.

Inspired by: S. McMorrow, Trace Design For Crosstalk
Reduction, Samtek, gEEk spEEk, 2020.
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Stripline XTalk Analysis with CC

Kb vs Diff Pair Pitch and Trace Pitch

0 DIFF PAIR Kb VS PITCH -30
Kb vs. Diff. Pair Pitch | E:gg i:tzmg
-10 -40
== == :Txto Tx and Rx to Rx limit
== == Txto Rx limit
20 - - - -50 |
-30
> 0 -60 -
E ©
5 40 S
< oL N
-50
-80
-60
-70 ] -90 -
— NEXT in mV NEXT in dB
-80 L 1 L 1 ! -100 | 1 | 1 | I | I I 1
15 20 25 30 35 40 20 22 24 26 28 30 32 34 36 38 40
DiffPairPitch, mil Diff. Pair Pitch, mil

80 Ohm differential striplines (auto-adjusted trace width), 1 inch, 20ps rise time
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Microstrip XTalk Analysis with CC

MSL Kf vs. Diff Pair Pitch, Rise Time and Length o MSL Kb vs. Diff Pair Pitch, Rise Time and Length

Len=50mil; RiseTime=8ps;

=—©— Len=50mil; RiseTime=8ps;

-10 - e Rl Time=3%s: NEXT —+— Len=50mil; RiseTime=36ps;
F EXT LZE;2502:Ii R:::T:EZSZSQ _ 20 - Len=250mil; RiseTime=8ps;
20 F ' ps; —— Len=250mil; RiseTime=36ps;

= == +Tx to Tx and Rx to Rx limit
= = Tx to Rx limit

= = Txto Tx and Rx to Rx limit
= == Tx to Rx limit

-30 C

-40
m m
S S saturated
'k— o]
X 50t
-60
'80 Diff Pair Pitch
: rPich t.
i -70 +
_90 [ Trace Pitch Trace Pitch T T T e T -
100 . e . | i | 50 | . . . . : .
15 20 25 30 35 40 45 50 15 20 25 30 35 40 45 50
Diff. Pair Pitch, mil Diff. Pair Pitch, mil

100 Ohm differential microstrips (auto-adjusted trace width), 50mil and 250mil segments, 8ps
and 36ps rise time;
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Post-Layout Analysis with CC

ance [Ohm) @14 GHz

XTALK-28/32 platform
from Wild River
Technology s=1w

HTE: BA72my

2 inch coupling segments,

surface traces w=13.5mil,
separation between diff.
pairs from 1w to 5w

Rise time 25ps (10-90%)

s=3w

KR 2381 my

Impedance of coupled
segments is changed

JAN. 28-30,

S=2wW

HTE: 42 3dmv

S=5w

HTE: 8.29mV

s=4w

HTK: 13.69miy =) -

#TE: 54.60my
s=1w, 1 inch

s=1w
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* Digital signal is a sequence of bits transmitted through PCB or packaging

interconnects as sequence of pulses modulated by amplitude (signal)

« Signal degradation in interconnects are caused by absorption, dispersion, reflections,
coupling and radiation (dissipation)

 The best way to model those effect is in FREQUENCY DOMAIN

» In frequency domain all fields, voltages, currents and power are real parts of time-
harmonic complex vectors 21

Re [ﬁo(f) - ei“)t] Re [130(7") : eizm] w=2m-f= =

* What is the bandwidth of the signal in the frequency domain and over what
bandwidth we have to model or measure it?

JAN. 28-30, 2025 #DesignCon 88 @ informamarkets
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Signal Bandwidth: Power Spectral Density

Example: 112Gbps PAM4, 4ps rise time fn=28GHz frq, Hz
10-inch strip line, W=12mil, H=20mil °3
Meg7 — Wideband Debye: Dk=3.17, LT=0.0011 @ 1 GHz
Copper: RR=1.4, Roughness — Huray- Bracken Model:
SR=0.14 um, RF=8.7

1E+11 2E4 3E+11 4E+11 SE+11

|1ZOGH

-20

Stimulus PSD
Response PSD

Bandwidth for IL and FEXT depends on link length — the
longer the link, the smaller bandwidth may be used

Only 2-3 Nyquist may be required for accurate analysis
Formal pulse analysis can be used for better estimate (*)

-60

Bandwidth for NEXT (crosstalk in vias) is practically the
same as the stimulus ® - maximal possible bandwidth i
should be used

100 | |,
(*) Y. Shlepnev, How Interconnects Work: Bandwidth for U N .M
Modeling and Measurements, Signal Integrity Journal, April 12, | | I ,|| Mll ‘ i
2022 o .. | L _ il
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Bandwidth for Common Signaling Standards

Ethernet, OIF, PCle 5 and 6, GDDR 5 and 6,...

DN R R R 67— bit time for NRZ
mﬂ 100 50 5 20 ST — symbol time for PAM4
22? ?2 184 2421 RT — rise/fall time (0-100%)
s 31.25 16 16 61 Fn — Nyquist frequency
3315_'275 12 1@ 2‘1‘ BW — bandwidth estimate is based on -25 dB

17.8571 10 32 101 vy :
— o 108 spectrum drop-off (-20dB for 224 and higher)

8.92857 8 64 120

4.46429 4 112 239

Bandwidth for the analysis may be further reduced by attenuation of high-
frequency harmonics

It may be not applicable to near-end crosstalk...
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XTALK-28/32 — FEXT

S-parameters is the foundation for
all other xtalk metrics

. 28-30, 2025

30+
_40. 1
501 ik /A 1 1

/ TALK-28/32
-60 T4 < + + = ! ! }

| entation provided by Sdd[1.4] (FEXT
7078 ‘ Al Red =2W Separation
0 Ver Technqlogy Blue = 3W Separation |

Green = 4W Separation

20 May 2016, 16:16:35, Simberian Inc.

A:Project_XTALK_VNA_50GHz_deembedded.Circuit_XTALK_MS3pair_2wW_Agg2Termed.Simulation(1);
B:Project_XTALK_VNA_S50GHz_deembedded.J25J26J27J28J29J30J31J32J33J34J35J36_MS3Pair_3W_12port_deembed.MFP;
C:Project_XTALK_VNA_S50GHz_deembedded.J37J38J39J40J41J42J43144J45146J47)48_MS3Pair_4Ww_12port_deembed.MFP;

Magnitude(S), [dB]
20T +

0 25 5 75 10 125 15 175 20 225 25 275 30 325 35 375 40
Frequency, [GHz]

=k A:'SmM[D3,D2]; === B:Smm[D3,D2]; === C:Smm[D3,D2]

A:FSI[1).DP04.D P05 DPOE Sirulatior(1]; B:FS1(2).DP07.DPOZ.DPO Simulation(1); C:FSI(2.DP10.DP11 D12 Simulation(1):

DB agnitude(5). [dB]

20+

0T

40T

A0

B0+

F0+

B0+

30 Dec 2024, 13:55:29, Simberian [

— e
A —— T
Simbeor 2024.02 result with
ata from ODB++ (no cross-
| sectioning)
Q + Q!n + + + + + +

Frequency, [GHz]
——# ASmm[DE01]; ——= B:Smm[D5.01]: —— C:Smm[05.01]:
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XTALK-28/32 — NEXT (no cross-sectioning)

&:F51[1).0P04.0PO5.0DPOE. Simulation(1]; B:FSI[2).0P07.DPOS.DPOS. Simulation(1); C:FSIEL0PT0.0PT1.0F1 2. Simulation]1];
DB agnitudelS). [dB]

an + £ el onoa rJ ﬂ fil ‘ ‘ ‘
50+ %
601 ¥ 4 ¥ L.
AProject_XTALK_VNA_50GHz_deembedded.Circuit_XTALK_MS3pair_2W_Agg2Termed.Simulation(1); 04 ¥ i
B:Project_XTALK_VNA_S50GHz_deembedded.J25J26J27J28J29J30J31J32J33J34J35J36_MS3Pair_3w_12port_deembed MFP; * . I
C:Project_XTALK_VNA_50GHz_deembedded./37)38J3940J41.42)43)44)45)4647J48_MS3Pair_4w_12port_deembed.MFP: Q b N 2 2 4 ‘D 2
Magnitude(S), [dB] \)I I I l ‘JO . eS u
B0+ .
NRANAA - ARAA W ATNAT | th data from ODB
40+ ~
Vf y / wi a ro ++
AV, . SN : : : ,
' ‘ 15 2 25 2

0l 0 5 9 0 0 ® 0
] 30 Dec 2024, 13:51:47_ Simbenan Inc. Frequency, [GHz]
! ——# A:Smm[D5.06]; ——' B:Smm[D5.06]; —— C:Smm[D5.06];

601 )

w4 saparNexTy 4 i ,

t | Red=2W Separation | f é From XTALK-28/32 documentation
/ ¢ || Blue=3W Separation : . . .

| retn = 4W Separation provided by Wild River Technology

25 5 75 10 125 15 175 20 225 25 275 30 325 35 375 40
20 May 2016, 16:13:51, Simberian Inc. Frequency, [GHz]
——— ASMM[D3,D1];, =6 B:Smm[D3,D1]; ——X C.Smm(D3,D1]
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= S-parameters of coupled links can be directly used to simulate the effect of coupling in time
domain or evaluate the probability density function of crosstalk

= Preliminary evaluation of xtalk can be done with Power Sum Crosstalk (PSXT) (OIF-CEl and IEEE
802.3 standards):

2
PSXT; =10 - 10g (e, |S:j17) [dB] - total PSXT (MDXT)
PSNEXT; =10 - 10g (% jeaygxr|Si;] ) [dB] - Near-End PSXT (MDNEXT)

PSFEXT; = 10 - log (ZJE-QFEXT| gi,j|2) (dB] - Far-End PSXT (MDFEXT)

= PSXT is a sum of squares of S-matrix elements from all possible aggressors at a victim
receiver port expressed in dB

WHERE THE CHIP MEETS THE BOARD

DEsiGNCoNEzm il
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PSXT of Stripline Segment

#DesignCon

A ) ‘ l-\-i * ‘.‘\'— ="
L. L — -,
Diff Pair Pitch F EXT
e NEXT .
Trace Pitch Trace Pitch t ] { '
- Eoal I =
- » -/- . J — -/- & S E
v, |-\_.‘ : ] EF‘# ¥, » é}—(} [
=8 | XTaIkEvalgatorExample . . SF3 \ . . R .
i PSXT in 1 inch segment of coupled differential striplines
o "air .
€ "?RA", Dk=4.04, LT=0.021 @ 2 GHz, PLM=WD, Dk(0)=4.95, Dk(inf)=3.7 (Same as COrrespondlng S-parameterS)
—-#8 StackUp: LU=[mil], NL=3, T=10.5[mil]
= 1|§ang: "TOP", Cond="Copper’, T=0.7, Ins="Air" -17dB PSNEXT:AdvXTalk_McM\DIFF2DIFF_15 10:A1 -33dB PSNEXT:AdvXTalk_McM\DIFF2DIFF_20 10:A1
B 2 Medium: T=4.9, Ins="FR4" 20 i y i L ; f \ I \ [
== 3| Signal: "Signall”, T=0.7, Ins="FR4", Cond="Copper" -40 7
B 4 Medium: T=3.5, Ins="FR4" @' -30 @
mm 5| Plane: "BOTTOM", Cond="Copper", T=0.7, Ins="Air" = =
5l PSNEXT- Diff. Pair Pitch 15 mil Seof  PSNEXT- Diff. Pair Pitch 20 mil 1
50 o
% 0s ; 15 > 25 3 35 s 45 1(;5 % 05 1 i5 ? 25 3 35 s 45 5
frq. [Hz] %10 frq. [Hz] %1010
0 PSFEXT:AdvXTalk_McM\DIFF2DIFF_15 10:B1 . PSFEXT:AdvXTalk_McM\DIFF2DIFF_20 10:B1
@_40 5 (\/\/\/\/\/\NVM
Examples from Simbeor & PSFEXT- Diff. Pair Pitch 15 mil  @|  PSFEXT- Diff. Pair Pitch 20 mil 1
. 60} [
SDK AdvXTalkKit e 8
0 s 15 2 25 3 35 4 45 5 9% 05 1 15 2 25 3 25 s 45 5
frq. [Hz] %1010 frq. [Hz] %1010

W 7 (I NEIEIES




XTALK-28/32: PSXT S=1w

PSXT is a superposition of
the aggressor’s signals that
does not account for the
phases of signal harmonics

PSFEXT dominates here
PSNEXT contributes too

Trace width is 13.5mil and
differential trace pitch is

37mil , diff. pair separation
1w, 2-inch coupling length

|3, [dB] PSXT at J6.1-J8.1(D:5)

O X

1 ~19dB (112mV)
304

|| PsxTatRx2

e |

A
A}

=

RX2

014121 204

TX3

AV

J9.1J11.1

#DesignCon

IS), [dB]

PSNEXT at J6.1-J8.1(D:5) O X

_30._

_35_.

|

Iy

PSNEXT at

0 5 10 15 20 25 30 35 40

[S]. [dB]

14 Frq. [GHz]

PSFEXT at J6.1-J8.1(D:5)

PSFEXT at RX2

3/ 40
Frg. [GHz]

0 5 10 !11'5 20 25 30

W 7 (I NEIEIES



XTALK-28/32: PSXT S=4w

Se pa ration reduces XTalk l|S|, [dB] PSXT at J42.1-J44.1(D:5) O X IS [dB] PSNEXT at J42.1-J44.1(D:5)
.50..
PSNEXT becomes negligible |~ -32dB (25mV) s {M
_BD.
M -50
PSFEXT persists and PSXT at RX2 5]
dominates hl PENEST <
SFEXT BT
70 F-v -801
o51 PSNEXT at RX2
. . . -80 I
Trace width is 13.5mil and ; X R I I S R
differential trace pitch is SRS MG % ) aind! = ACH i
I ' Jo o A PSFEXT at J42.1-J44.1(D:5)
37mil, diff. pair separation ‘ X3

4w, 2-inch coupling length X1
RL // F'HE T
me«/// % ™ PSFEXT at RX2

\ 80

Tx2 RX3 w

0 5 M 15 20 25 30 35 40
14 Frq., [GHz]
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* Same level of PSXT may be acceptable for a link with small losses, but cause failure in a
link with large losses

* Insertion loss to crosstalk ratio or ICR metric can be used to evaluate and quantify the
impact of the crosstalk:

ICRL'J' =ILi,j —PSXTl [dB] ICR at porti
IL; ; = 20 - log(|Si,j(f)|) [dB] insertion loss at port i (negative)
PSXT; =10 - log (ZjenXT|Si,j|2) [dB] power sum crosstalk at port i (negative)

* |ICRis a king of signal to noise ratio: IL is signal at a receiver and PSXT is noise
* The larger values of ICR mean smaller impact of the crosstalk on the signal

WHERE THE CHIP MEETS THE BOARD

DEsiGNCoNEzm il
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XTALK-28/32: ICRs for Long and Shor Links

Same PSXT in both links SL[dB] ICR atJ112.1-J110.1(D:4) from J109.1-J111.1(0:2) O X dB] ICR atJ106.1-J108.1(D:3) from J105.1-J107.10:1) O X
ICR at RX2 1 ICR at RX1
IS, [dB]  PSXT atJ112.1-01101(0:4) O X r (ShOl‘t Link) ] (Long Link) IS}, [dB] PSXT at J106.1-J1081(D:3 X

ol -40

ICR is larger (better) at ol .
high frequencies in short || ' PSXT at RX2}... ‘ PSXT at RX1

. -80
link SR j 3 40
Frq. [GHz] Frq.. [GHz]
IS, [dB] IL atJ112.1-J110.1(D:4) from J109.1-0111.1(D:20 X
U.
Trace width is 13.5mil and |5t zeue IL at RX2
differential trace pitch is N
37mil, diff. pair separation |1 I noiioty RX1
1w, 1-inch coupling e Al
Iength 110911111 RTIN e |51, [dB] IL &t J106.1-J108.1(D:3) from J105.1-J107.10:1)3 X

E 1 %%j 0
] TX&“ M Rrxo o ILatRXd

-40+4

J105.1107.1

60+

30 35 40
Frq.. [GHz]
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Integrated Crosstalk Noise (ICN)

» PSXT and ICR are frequency-dependent metrics — do not account for signal spectrum

= |Integrated crosstalk noise (ICN) metric accounts for the signal spectrum and filtering properties of
a transmitter and a receiver as follows

OXTK = \/ ONgxr + OfexT
2
onext =2 Af X Wae(fi) - NXT(f), NXT(f) =X ey ,erlSijl
2
opexr =2 - Af - X Wee(fie) - FXT(f) . FXT(f) = X e rlSi ]

WyEgxT and Wggyr are computed with the rise and fall time of the near and far

end transmitters (aggressors), baud rate (bit or symbol rate), reference receiver W, (f,) = (42/f )gmcl(‘fn/fb,[ 1 - 1 g
and transmitter bandwidth and amplitudes of the near and far end aggressors - 1+ (f,/fo) “L1+ (/1))
- see definitions in in IEEE Std. 802.3 standard and more in

M. Shimanouchi, H. Wu, M. P. Li, Evolution of Various Crosstalk Metrics and Welfy) = (_{;/fb)smc:t‘f;’/_ fb)[ ! . 1 S]
Evaluation Methods for High-Speed Serial Link and Their Complementary 1+ (/A 1+ (/1)
Characteristics, DesignCon 2019.

DEsiGNCoNEzm il
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XTALK-28/32: ICN vs. IL at Nyquist Frequency

Parameters defining weight W(f)

Masks from /EEE Std. 802.3 ICN et J451-447.1(0:3) O X I N\, no
ICN Computation Parameters

standard: allows larger ’ T Emm

crosstalk in links with smaller £l = R W mn et~ — i

Far end aggressor 20-80% rise/fall time (Tf): 30 [ps]

insertion losses oosst ICN vs. IL at R s8140 1 210441 ot Ko g i i
‘ i Reference reciever -3 dB bandwidth (Fr): 100 [GHz]

00025-- \.21 6mv!-456d8@1 4GHZ il Rise time to -3 dB bandwidth product: 1
RX 1 [ o Cancel

J46.1-J481

IL is the same in all links
RX3 has small NEXT - pass
V. [V] ICN at J42.1-J44.1(D:5) O X

RX1 and RX2 have large FEXT TX 1 // o u1o [ TR TASIEGTAGH:
— do not pass ‘ "~ ICN vs. IL at RXZ

5 75 10 125 15 175 20 225
5], [dB]

RL

J45.1-J47.1

Trace width is 13.5mil and \k\;y“
! i itch i TX2 RX3

differential trace pitch is \ﬁ\

37mil, diff. pair separation

5 75 10 125 15 175 20 225
5], [dB]
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* Measure the crosstalk values directly in time domain as maximal peak to peak
value of a voltage response at a victim 10 with a stimulus attached to the aggressor
transmitter 10

* This type of analysis can be done with realistic models of transmitter and receiver
and accounts for the reflections from non-ideal terminations

e Also, the analysis of a victim link in time domain with one or multiple aggressors is
useful to understand the “evasive” nature of the cross-talk

* Analysis with bitstream signals can be used to understand how crosstalk affect the

eye diagram and bit error rate
* Analysis in time domain is practically always done with S-parameters extracted in frequency
domain — rational compact models of S-parameters are used here

JAN. 28-30, 2025 #DesignCon 101 @ informamarkets
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XTalk from Step and Pulse Response

1 i.nch segm.ent, .trace pitcch.10 | Diff Pair Pitch el el § ) s> -FE);T~ Example from
mil, trace width is 3.8 mil, rise - = = = = NEXT E— Simbeor SDK
. Trace Pitch Trace Pitch Ty =Tk " - i
time 20ps R ; v e wle et N AdvXTalkKit
Step Response (NEXT): Pulse Response (NEXT):
0 210° AdvXTalk_McM\DIFF2DIFF_20 001 AdvXTalk_McM\DIFF2DIFF_20
( 0.005| Peak-to-peak is doubled -
= .| NEXT from Step Response | =
= Diff. Pair Pitch 20 mil =
n . W e NEXT from Pulse Response
ok ) ' Diff. Pair Pitch 20 mil
1 1 1 1 -001 C 1 1 1 1 i
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
time [s] %107 time [s] %107
Step Response (FEXT): Pulse Response (FEXT):
, x10% AdvXTalk_McM\DIFF2DIFF_20 , x10% AdvXTalk_McM\DIFF2DIFF_20
s ° 1 s
c L FEXT from Step Response | c Ll FEXT from Pulse Response |
n Diff. Pair Pitch 20 mil n Diff. Pair Pitch 20 mil
4+ - 41 4
-6 1 1 6 1 1 1 I
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
time [s] %107

time [s] %107
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XTalk from Step Response

1 inch segment, trace pitch is 10 mil, trace width is 3.8 mil, xtalk from step response with 20ps rise time
(stimulus 2V in series with 100 Ohm)
Includes reflections and losses — unlike analysis with coupling coefficients (compare)

20 - DIFF PAIR FEXT VS PITCH 80 DIFF PAIR NEXT VS PITCH
1 FEXT vs. Diff. Pair Pitch | | NEXT vs. Diff. Pair Pitch
18 70
16 1 ] I’Diff Pair Pitch . I L Diff Pair Pitch J
1"|"ace Pitc‘v frace Pitc}\ 60 ’;":race Pitc)’ 'I;race pm;h
14
41 50 B 8
12 - i 12], 81
> > s o, ]
E € 95, ” ./‘
= - - L : 2
& 10 ; 40 s
L L ;
[T ) Z N gy "
30 "N
6
20
4
2 10
0 : : ! 0 ! : : :
25 30 35 40 15 20 25 30 35 40
DiffPairPitch, mil DiffPairPitch, mil

Examples from Simbeor
SDK AdvXTalkKit
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XTALK-28/32: XTalk in TD, S=1w

Comparison of step and pulse : — T O e 0s s e

xtalk responses Step XTK at RX2 | Pulse XTK at RX2
. 103 mv

Stimulus 2V, 100 Ohm L

(effective 1V), 25ps rise time . * * _ iV I\

Vv

StepXTH StepTK

(10-90%), Fast SI Analysis

PUlseXTK PulseXTK

Pulse response may double the B T R N A A %R)ﬁl\ RX2/!
observed xtalk values \>\ BRKiEY Rl U S
2 —]5.1-J7.1(D:2)
NEXT + FEXT ~140mV ‘ /
|ww|7\\ ) V. [nRlseXTK at J2.1-011.1(0:3) fom J5.1-07.1] | v
> ‘\/ EUR W I ||| stepxTK
s . -101 1.1 mv
. . . Lol at RX3
Trace width is 13.5mil and \\k_ m _—/Fm. 51
differential trace pitch is 37mil, ; Pulse XTK | *'1
J5.14J7.1 J9.14J11.1
diff. pair separation 1w, 2-inch . ~atRX3
Coupling |ength TX2 0 025 05 095 1 125 18 Hgs]
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XTALK-28/32: XTalk in TD, S=1w

Eye at J6.1-J8.1(D:5) from J5.1-J71(D:2) O X

XTalk on Eye Diagram

Stimulus 28 Gbps PRBS32, 25ps
rise time (10-90%), 1V, 100 Ohm,
Fast SI Analysis

e Eye at RX2
P RX2/7 with XTalk
Trace width is 13.5mil and 025 05 075 125 15 175 i
differential trace pitch is 37mil,
diff. pair separation 1w, 2-inch TX—“]‘--“‘"@
coupling length Eye at RX2 ‘

without XTalk

51.7
J5.1-7.1 4914111

TX2 RX3

025 05 075 1 125 15 175 2
UL, [UI]
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XTALK-28/32: XTalk in TD, S=4w

StepXTK at J42.1-J44.1(D:5) from: PulseXTK at J42.1-J44.1(D:5) from: O X
Com pa rison Of Step a nd pu |Se \1/2[gn\/J = J37.1-J39.1(D:1) = J46.1-J48.1(D:6) A —J371-J39.1(D:1) = J46.1-J48.1(D:6)
Pulse XTK at RX2
xtalk responses ol Step XTK at RX2
22.2 my
Stimulus 2V, 100 Ohm 751
(effective 1V), 25ps rise time ol e e
Steped StepXTK

(10-90%), Fast SI Analysis | putke PulrT

1 A J38.1-J40.1 ii.xh 1-J44.1

iJ IRX2"
Pulse response may double the Y R TS R R TR y %
observed xtalk values [~ el StepXTK at 45.1-J47.10:3) hom: O X
TX3 , R
TX1 J37.14391 s ' VHMXTK&U%J-M?,‘.Q'_’E.Dm J41.1-J4
Trace width is 13.5mil and et "
differential trace pitch is 37mil, Rl 27 (putk 051
. . . . /
diff. pair separation 4w, 2-inch &\ o1
\H\H/N 1 45,1047 1

05T

coupling length ¥
T™>2 Y RX3
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XTALK-28/32: XTalk in TD, S=4w

XTalk on Eye Diagram

Stimulus 28 Gbps PRBS32, 25ps
rise time (10-90%), 1V, 100 Ohm, =
Fast Sl Analysis V| T i %

wJ42.1444.1

/§ RX'% "t Eye at RX2

Trace width is 13.5mil and R Y with XTalk

differential trace pitch is 37mil,
diff. pair separation 4w, 2-inch
coupling length

!
J46.1J481

Eye at RX2
without XTalk i1 1431 ,” e
Sy

X2 ‘c\\V/

025 05 075 1 125 15 175 2
Ul [un
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Signal and XTalk Superposition

The ultimate metric for a link performance is bit error rate (BER) or eye diagram
height at a specified BER

Statistical methods are usually used to evaluate BER or the eye diagram opening
Statistical approach to requires a statistical model for a crosstalk

The crosstalk is not random and also bounded by our worst-case estimates

Eye with ISI FEXT & NEXT Possible Outcome

51%/[1).0P01 DPO2,DPOZ Simulation(1); S1W/1).DPI.DPOZ.DPAZ Simulation(1):
ARTE-28.5TW_NEXT Simulation(1); B2XTE-28.5TW_FEXT Simulation(1]; W, [¥]

L[]

005

-0.05 “‘

0 ns 1 15 2

] (1A 1 15 2 I .
) ) ) 13 Feb 2024, 10:51:58. Simberian Inc. Urnitirterval. ] . . .
33 03 Feb 2024, 14:32:42, Simb Inc. Uriitliteryal,
08 Feb 2024, 14:33:11, Simberian Inc. Unitinterval, [] D201 BmmD2.D1]: 2 imberian [nc ritlteryval, []
Wmm[D5.02] Wemm[D ]
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Superposition — Jitter or Amplitude Noise?

S1w/1).0PO1.DPOZ,DPO3. Sirulation(1 51%/1) DPO1, DP02.DPO3 Simulation(1);
W, [v] W, W]

|E';itks int3Re;<(11acent coulgl)?g 1l m An ﬂ\ {ﬂ\/\ 5 m k‘m /m A D:
it = AL S
4’ !

TRV VIR
RN A ANLGAAVIAN @R N,

05 1=

0515 : : : : : | : s
1 128 15 178 2 225 25 275 3 0 05 1 15 2
D Feb 2024, 14:22.38, Simberian Inc. Time, Ins] 08 Feb 2024, 14:25:57, Simberian Inc. Unitirterval, [
Wmm[D3.0E] Wmm[D4.071] Wmm[D5.02] Wnrn[D3,06] ; Wrm[D4,01];
Wmm{D5,02]
51'1).DPOT.DPOZ.DPOZ. Simulation(1); S1%(1).DPO DPO2,.DPO3. Simulation(1);
W, V] W W]

NI el ;‘jﬁﬁ
NSRRI |
I I[}T\

NH=
N

vom 1 geenana e mp | [T |
(blue) - FEXT (@j kj v \j J J U ' |

05 T

XTALK 28/32' W_13'5mll and' 1 125 15 1.75 2 225 25 275 3 i 05 1 15 2
pitch 37mi |’ diff. pa ir se pa ration 06 Feb 2024, 14:24:51, Simberian Inc. Time, [ns] 08 Feb 2024, 14:26:45, Simberian Inc. Unitlnterval, []
Wrm[D5,01]; Wm[D5,02]; Wm[D5,0E] Wrm[D5,01] ; Wmm[D5,0 2] ;
Wrm[D5,.0E]

1w, 2-inch coupling length
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Xtalk Probability Density: Normal or Not?

AXTR-28.51w_FEXT. Simulation(1); A TR-28.5TW_NEXT Simulationl1]:

/ﬁ K 28 Gbps PRBS32, rise time 10-90% -
) 20 ps, T=1us, dt=2ps XTALK-28/32: —
s IR 3 w=13.5mil and, pitch 37mil, diff. pair
separation 1w, 2-inch coupling length ..
0,025 | Voltage PDF: XTK-28\S1W FEXT . 5 2107 Voltage PDF: XTK-28\S1W NEXT |
455 NEXT at RX3
002 | FEXT at RX3 |
- 4
3.5
20015 > 3
e =
3 8 25
= [e]
& 001 a o,
1.5
) 0.005 1
Computed with
Simbeor SDK 0%
0 0
006 -0.04  -0.02 \‘; 0.02 004  0.06 -0.025-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025
v

#DesignCon 110 @ informa markets




Xtalk Probabili

Computed with
Simbeor SDK

Probability

05 Jan 2025, 11:36:59, Simberian Inc.

0.03

0.025

0.02

0.015

0.01

0.005

AXTH-28 S4W_FEXT Simulation(1):

025 05 07 1 125 15 175 2

Unitinterval, ]

Amm{D2.01];

Voltage PDF: XTK-28\S4W FEXT

28 Gbps PRBS32, rise time 10-90% -
20 ps, T=1us, dt=2ps XTALK-28/32:
w=13.5mil and, pitch 37mil, diff. pair
separation 4w , 2-inch coupling length

T

-0.01 -0.005 0

FEXT at RX3

0.005 0.01

JAN. 28-30, 2025

0.015

N

Probability
w

x107°

ty Density: Normal or Not?

0005

m

05 Jan 2025, 11:3%.20, Simberian Inc.

Voltage PDF: XTK-28\S4W NEXT

AKTK-25 54w/ _NEXT Simulation( 1],

0 0% 05 07 1 125 15 17 2

Unitlrterval ]

AVmm[D2D1];
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Channel Operating Margin (COM)

S1w(1).DP01.DP02,DP03 Simulation(1):
VK. [V]
05T

0251 AN oise

Ac:
COM = 20 - log (M) >3 dB for pass threshold

ASignal Peak Signal — includes all losses accounted in model, reference package

and equalization
025 T

05T

, n n Apoise Peak SER Noise — includes losses, ISI, crosstalk and random noise with
05 ! s some assumptions and equalization
08 Feb 2024, 14:33:42, Simberian Inc. Unitinterval, (]
YXmm[D5) ;

DIE A
——)

DIE B

Stripline or Microstrip Link
AC Caps

n

n  JAN. 28-30, 2025 #DesignCon 192
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COM Computation

TPa

DIE A Stripline Link DIE B l TPb

Package ) AC Caps €= Package
1) S-parameters computed or measured over A ﬁ
sufficient bandwidth: PCB ®{ TPO RS
a) S-parameters (s4p) of a link from TPO to TP5 ,
. Input randomly chosen from Detect transmitted signal,
b) S.parameters of aggressor links (S4p) L-level alphabet TPO_TP5 compute error ratio
c) Package models — from vendors (defined in Excel [ |Puise ampitude 4,
Spreadsheet) Unit interval 1}’1‘5 ChaRrsllindeieg
;— - _; TPb _; Receiver
2) COM script — Matlab script from IEEE P802.3ck Hielf) —Ls T i i H DD 05— OFE
. 1 1 Y
group and Excel spreadsheet with parameters; " S ok | !
| Path termination : : Device package : {AJitter }_'é
i | | | t
. . | | Crosstalk | | Samplltng time
R. M. Mellitz, A. Ran, M. P. Li, V. Ragavassamy, Channel ' | i i I ﬂ | s
Operating Margin (COM): Evolution of Channel Hrelf) 11 =@—> SO 1 SY g s \EU' Gedindiadindss
Specifications for 256 Gbps and Beyond, DesinCon 2013  Rem— | Lo | spectral denslty, g
H. WU, M ShimanOUChi, M P LI, COM & IBIS-AMI HOW Package-board interface DFE = Decision feedback equalizer
They Relate & Where They Diverge, DesignCon 2019 Figure 93A-1—COM reference model

DESIGNCON EZS
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XTALK-28/32: COM

[4] COM r2.75 results

[4] COM r2.75 results
|

For each crosstalk source COM computes
probability density functions (PDFs) and
convolve them with the bit PDF

The IEEE COM tool is used with default
reference transmitter and receiver /3
parameters T

" s=4w |
DER limit is 1e-4 and the pass value of
COM is 3 dB in this case

, J46.1.J48.1
J37.14331

J41.14431
J45.147.1

J9.1J11.1
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» There are multiple methods to evaluate and model crosstalk — each has its
own metrics that can be used either for preliminary evaluation or for
troubleshooting (post-mortem examination)

= Equation-based estimates have limited accuracy and applicability —
electromagnetic analysis is required for accurate crosstalk modeling

* Frequency domain, S-parameters and multiport theory are the foundation
for time and probabilistic domain models

» Time domain approach has timing uncertainties, depends on rise time,...
» Probabilistic approach is an alternative to the total localization...

DEsIGNCONEzn (i
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» Distant Crosstalk - Sources and Mitigation

DEsiGNCoNEzm il
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Localization and Multipath Propagation

EvR-1 platform: M. Marin, Y. Shlepney,

40 GHz PCB Interconnect Validation: 5 and 10 cm diff. traces in INNER1, L L e U
Expectations vs. Reality, DesignCon2018 INNER2, INNER6 and BOTTOM i

— App. Note #2018 01, Webinar #8

nH/ W5 WK B MH NG WAB A NJ W5 o}/ X WK U5 @/ A4S
07 Jun 2017, 11:56:12. Sinbesian e Frequency, [GHz|
AMegh_ADG_dHF irnan_T0em sdp; B:Hegf_8DG_ai_inner! ficn a4p; CHeaf_406_dilirer2_1 Dom wdp; Dk egf_40G_dif_irner2 10em_Aoked S sdp; e s —— sy ——— CaLa S pana Esita FSI3 —— G ——e Hepa
EMegh_40G_dif_imnei2_10cm_Baked_3d_semess s2p. F-Megh_406_di_nn=2_Sem odp; GMegh_10G_dilt_inner2_Scm_Baked_Sd sdp: HMegb_40G_dff_nneié_10cm odp; 50131
I Megf_405_dil_nnesd_Scmstp;
4 Misgh A6 el e _TDemsdp; B:bogfs dTS_ebit_rmiei]_Sem. 2y € g 405_eb_ners2 10erm 140 D Mengs 406 _el_inrwr? e Bkt 3 14,
Magrindefs], [dB) EMegfs_d5__rer?_Somsdp; F-Megh_ 405 o _mer2 Som Baked 54 sdp: [-Megh_AIT3_df_rmer3_10em slp, HMegh_A05_4f rmerd_Scmusdp

™ | Meg_40G_d_ewet_10cm o4p;
S, Ly g HagrimielS). [8]
5 \‘& 15 *

ml
€25 o P A '\
LX)
T

. %%%%% i \\% @ ;

= 'I¥, T
g ) I e | AR
o E% el [ e A !‘;M‘
%\ ® e ¥ g 5 Yl
: S e e P La.]
at, | l‘\-gﬁ/af**‘f"j A% 4 ) 1»3'

" » . . s ’,\ﬁ

| SE insertion loss % y

- for diff. traces %’3\{; A ]
R }‘ : Iﬂ Al f‘\ |

w o® % @ @ s W w2 @ wm B % ¥ @ & BIEARRIRLY RN S AL

|5}
>

07 Jun 2017. 1200:12, Sinbssion Inc. Fiequencs. [BHz] Nm 25 @B ;m A» 45 BB W WK ;s mp F OWE U5 ®H A D
o ASNZ T ASEAL 2 B2 S OS2 osi3 S D52 9 0sEY D AL 40 Stk Flemieriz: [GHe|
— ESNZ———2 F§[12k - ——% FSRAL -~ — GS[LA-—— GSRAL———* HSN2) HS[34]: —— % 15[.2): T sl Rl T e = D En P8~ GSp Ak —€ H3n 4]

———t 150y ES14]
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EVR-1 — Launch Localization Breakout

Microstrip launch peak power flow density at 33 GHz

0. .45, Z:85, d¥=2 65748, dY=2 66748 dZmar=35.7662
inal 2:

) at 33 GHz: T=30.303

Compression-mount connector
launch from EvVR-1 - demo video:
#2018 01: How Interconnects
Work™: Localization of coaxial
connector launch, 10 min —
YouTube
https://youtu.be/WMfLVJYWNDY ;)J

06 Jun 2017, 064013, Sibeian Inc.

3D View Mods fpress <E> to Edil

08 Jun 2017, D44 42. Simbeian Inc. 30 View Mods [press <E> to Edi)

29 GHz cutoff frequency Instantaneous power flow density at 35 GHz |

433, 1:113,20, 045,
i29; Matices: SM: 587 148, CM: 4, Finat 4
-

Energy leaked from the

I G BBBBBB@BBB@@BGQ@\ launches goes into Substrate

\ B Integrated Waveguide (SIW)
/ g A\ " and appear at the other ports
excitatio .
32 GHZ Cutoﬁ frequency n““,\‘gg‘nl‘32‘3‘['5["'5%;52”22\“ 13000 1400 1500 1600 1700 1800 1300 2000 2100 2200 2300 2400 2500 2600 F][I[I 2800 ZSﬂgDv‘ES[}I;ISdE[w:::ISIDmgi‘[lllﬂ
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Multipath Propagation XTalk

Instantaneous power flow L
density at 45 GHz ll.l“}]ll“l“'“

Average and instantaneous power
flow density at 45 GHz between
plane layers adjacent to meander

3D View Mode (press <E> to Edil]

, [mil]

75 W00 3B/ ) 7S 4000 4125 420 435 4500 4625 4TED 7R BOOD B2 2D 63 660D 5525
NNNNN

s Ws aﬁ@%@a@@w

) 575 om0 s
05 0ot 2017, 03:27:56. Simbian Inc. 3D View Mods (pre: E o Edit)

Average power flow density at 45

5,112, 2.3, dX=2, =2 Pimaw=27.0708 ¥
b 4 253 760, O 2, Finak 2;

See more at M. Marin, Y. Shlepnev, 40 GHz PCB Interconnect
Validation: Expectations vs. Reality, DesignCon2018

EV
1
X
%n
300 300 700 3|0 W00 4000 4100 4200 4300 4400 4500 4600 4700 400 4300 SOO0 SI00 5200 5300 G400 BEOD SO0
05 0ct 2017, 0323 42, Simbrian Inc. 30 View Mods (press <E> to Edit)
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* Vias are coupled to PDNs and surface layers of PCB

* Vias are the source of distant crosstalk and multipath propagation

» Distant crosstalk may require the whole board analysis

" |s it possible to evaluate possible crosstalk with analysis in isolation?
* What include into such simulation?

» \What boundary conditions to use?

Let’s investigate distant coupling and try to derive a metric for the
localization and possible coupling...

DEsIGNCONEzn (i
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XTalk and Dissipation in Balance of Power

Pout — Pin _ Preflected _ Pdissipated _ Pleaked + Pcoupled

_ 2 _ _@_Da—”_o_{l_ )
Pin - |a1| [Wt], a; = 0 ebl v leord a=5251/2~(17+20-1')
. 2 Q< I U .
P gissipatea inCludes energy absorbed Py = |52,1| P, 2 a, %12 LINK b=52"" (V=2 1),
by materials (P psmq:) @and by boundary 2 {)—D—O—“ e oorca abech
iy _ 2 2 _ ) — gi ) NXN
2
Pdissipated = PabsMat + PabsBC PdiSSiPated = (1 o Zkls'k'll ) Pin Coupled Scattering parameters:
Zow a links & PDN b=S5.aS e CNxN
2 RN I ‘
Preakea = (Zk¢1,2|5k,1| ) P; AR sy=2
2 Yo < 4 ag=0k#j
Pcoupled = Zkil,ZlSZ,kl Pink

1. Can P 4,14 be evaluated in isolation with PML boundary conditions (BC)?

2. Can P jjssipatea €Valuated for via isolated with PML BC be used as a metric of via localization and
possible coupling or xtalk?

(*)Y. Shlepnev, How Interconnects Work: Reflections from Discontinuities , Simberian App Note #2022 01, January 10, 2022.
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Two 0.77mil copper planes, separated by dielectric with
Dk=3, LT=0.001

Two signal vias at 220mil (10mil diameter)
Number of stitching vias (Nstv) from 0 to 6 at about 20mil

distance from signal

4-port structure with 500hm terminations

Physics-based model with 2D analysis in Simbeor 3DTF " With PMC (750mil x 750mil Planes)
solver

Solution: VIVI]Eh _TMFI)_I

Coupling_PPW_SE (Infinite Planes)

01 Oct 2024, 11:59:58, Simberian Inc.

WHERE THE CHIP MEETS THE BOARD
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SE Vias Coupling - H=9mil

A:Praoject[1).PPw_PML_LMN. Sirmulation[1]; B:Praoject(1).PPw_PRMC_LMN Simulation[1]; C:Praject1]. PFWw_PML_SEZ]_LN.Simulation(1];
D:Praoject[1).PPw_PMC_SH2] LM Simulation[1]; E:Project{1]1.PPw_PRL_SH[4]_LM Simulation[1]; F:Project[1]. PFWwW_PMC_SE/4] LM Simulation(1];
G:Praject[1).PPw_PML_SHE]_LM. Simulation(1]; H:Project[1].PPw_PC_S8E]_LM.Simulation(1];
DB agnitude(S], [dE]

Coupling is reduced by increase ~ Fref=t

{*\ 1 ] A L 0 _/ \
of Nstv K o NStV=2({<~)
BT /’ e . # *r # # 4 s
Resonances in PPW affect \___,6____—-9-—'
. 50+ T Iril 4 1 ]
coupling ] y
75T
Coupling saturates as frequency

o

-

;
K
'\

increases (remarkable) T " Nstv=4 ([]) ©
| . L Al AL JW#M bm:

125
Two stitching vias is not enough !
A

150 + ¥
. . . : Nstv=6 (+
Analysis c_ompIeX|ty for real-life ar ML - dreen curves (+)
problems is enormous (V PMC — blue, red, black and brown
2200 T =
0 ‘IID 2ID ?:D 4ID EID EID ?:D BID SID 1 IDD 1 ‘II 1] 1 I2D
01 Oct 2024, 12:11:55, Simberan Inc. Fraquency, [GHz]

—% AS[1.3]; —% BS0.3], — 53], —% 5.3, —H E:5[1.3], —8 FR5.3]) —+ G:5[1.3]:
—+ H:S[1.3]:
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(] ] [
—
SE Vias Coupling - H=2mil
A:Praoject0). PFw_PML_LM Simulation(1]; B:Project0] PP _PRC_LMN.Sirmulation[1]; C:Project(0). PPw_PML_SET2] LM Simulation(1];
D:Praject0). PFw_PMC_SE 21 LM Simulation[1]; E:Project[0).PFWw_PML_SH¢[4] LW Simulation(1]; F:Project[0]. PP _PMC_SE4)_LM Simulation(1];
G:Project{0]. PFwW_PrL_SAE]_LM. Simulation(1]; H:Project0]. PPw_PMC_SBAE)]_LM. Simulation1];
DB agnitude(S], [dE]

"TINstv=0 (*)
Coupling decreases with 1] . A\
reduction of plane A / N : ) " . )

i 501 % R ]
separation . - o e ﬁ%@%@gﬁﬂ
1 M mﬂg___&-—-

7'

Istv=2 (<>)

Coupling is reduced by ol
increase of Nstv f«l A
2 or 4 stitching vias may be =+ Ay N
not enough T ; Nstv=6 (+)
.l ack and brown
=D 1=D 2:0 ?:D -'-1ID EID E:D ?ED BiD S:D 1 :DD 1 ‘II a 1 520
01 Oct 2024, 12:08:28, Simberian Inc. Frequency, [GHz]

—% AS[13]; —% B:S.3]; —% 0513, — 05013, —F E:S501.3]; —F&1 F5[1.3], —+ G:5[1.3];
—+ H:5[1.3]:
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SE Vias Coupling - H=20mil

A Project[2) PFW_PML_LM Simulation[1]; B:Project(2]. PPW_PRC_LM. Simulation[1]; C:Project[2). PFwW_PML_SEA2 LM Simulation(1];
D:Project[2]. PFWwW_PMC_SA2]_ LN Simulation|1]; E:Project{2]. PFWw_PML_S041_LN Simulation[1]; F:Project[2]. PFWwW_PMC_S64]_ LN Simulation(1];
G:Project2]. PP _PRL_SEB]_LM. Simulation(1]; H:Project(2). PP _PMC_SEAE]_LM . Sinnulation(1]:

DEBMagnitude(S]. [dB] Nt —N 7*)\
INOLV—=VU \‘,’

a4 . oLV chv=" (<>
. . . 4 INOLV 4 \‘ }
Coupling increases with
increase of plane separation ~ 1 \ ' - F ——
-ED-'a I il
Qoupllng is reduced by | e
increase of Nstv

e Nsty=4 ([

2 or 4 stitchi ias | t .l e s Mr)ﬁif'\ nJ\mAnf‘f
or 4 stitching vias is no MW gl

enough ~ ! ﬂw ,LL J‘V‘ v
S |H T
il JVMDW PML -/ green cunves

PMC — blue, red, black, brown

-200

0 10 20 a0 an a0 B0 70 an a0 100 110 120
01 Oct 2024, 121721, Simbernian Inc. Frequency, [GHz]
—k A5[1.3];, —F BS[.3], —% CS1.3];, — D513, —F ES[1.3]), —F FS[1.3], —+ G:5[1.3];

—_—t HiE[.3:
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PPW Resonances: H=9mil

750mil x 750mil with PMC, Nstv=2
Electric field with 0.5V excitation at corner via

Minima and maxima depends on PDN geometry and“| |

all terminations — difficult to account for

700 + . [mil]

#3 Efield[CutPlane) at 2.434 GHz; T=410.846 ps; Peak;
) M_in__[l Max=102.8 [V/m]:
600 (dB]

15

+30

45

400 450

100 +

o
’31": port 1

DBMagritudelS). [dB]

field(C X
EP\?‘E“«U' Max=4754 [\V/m);
— 0[dB]

15

-+30

45
400 150
300
200 4 Pa
100 '

v
0

+ t + + t + t + + 0 100 200 300
0 100 200 300 400 500 600 700 ac 30 Sep 2024, 12:31:28, Simberian Inc.
30 Sep 2024, 12:30:01, Simberian Inc.

t
400

t
500

t
600

ﬂ':u] E:\I]] 0 100 200 300 400 500 600 700 800
30 Sep 2024, 12:33:19, Simberian Inc.
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Coupling Reduction: H=9mil
750mil x 750mil with PMC, Nstv=6

Electric field with 0.5V excitation at corner via Coupling is not sensitive to distance — defined
No need to simulate the whole board mostly by maxima and minima or PP resonances

Structured Mesh: ><:3DD, YE00, 20, de=2 5, dv=25 .dZma:-:=44. 9034 Structured Mesh: #0300, Y300, 21, d<=2.5, dv'=2.5 dZmax=44.9034 Structured Mesh: 300,300, 21, d<=2.5, dv=25 dZmax=44.9034
Elements: 30.000; Matices: Std: 1.080.000, Ch: 2, Final: 2. DD: 0; Elements: 90,000; Matrices: SM: 1,080,000, CM: 2, Final: 2, DD: 0; Elements: 90.000; Matrices: h4: 1,080,000, CM: 2, Final: 2, DD: 0;
Analysis: Analyzis: i Analyziz: i
A A
00+ o0ty 00Ty,
H#3Efiel #2 Elfiel #1 Efiel
Bgﬁnin__ﬂ, Min=0, Min=0,
i £00 o [d 00 0 [d
15 15 15
F30 i} L30
45 45 45
G0 0 &0
400 + 400 + 400 +
300 + 300 T 300 +
200 + 200 + 200 +
100 100+ non T
[mil] [rnil] [mil]
t t t t t + t t - } t t t t t } t - } } t t t + t t -
1] 100 200 300 400 ] 500 700 200 0 100 200 300 400 500 00 7o 800 ] 100 200 300 400 500 E00 700 800
04 Jan 2025, 13:52:31, Simberian Inc. 30 Wiew Mode [press <Ex to Edi _D4Jan 2025, 13:51:17. Simberian Inc. 30 View Mode [presz <E> to Edit). 04 Jan 2025, 135332, Simberian Inc. 30 Wiews Mode [prezz <E> to Edit).
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Increase of Plane Count from 2 to 6 (H=9mil)

A:Project{1).PPW_PMC_St/(2]_LM.Simulation(1]; B:Project(1].PPw_PMC_SH(2)_LM=5. Simulation(1]; A Project[11.PPW_PMC_SHELLM. Simulation(1]; B:Project(11.PPWwW_PMC_St(E]LLN=5. Simulation(1];
DBMagnitude(S). [dB] DB agritude(S], [4E]

0+ NL= ' 00 +

W l o

(@)

25T

4

Ve vl

50T
wl | NL=6
75T g
a7 NL=2 Nstv=6
A0 4 -

j% —lll
-
pd ii/‘s
=
I ——
N

Ag~ 20 */log 10(Nl!.)

1 Nstv=2 =

0 . 0 e -0 e 0 e 0 oW W W W B W ® W W F 110 E;Su

30 Sep 2024, 135341, Simberian Inc. Frequency, [GHz] 30 Sep 2024, 135218, Simberian Ine. o o requency, [GHz]
¥ AS13——© B2 ——— &5[1.3;—= B:S[1.2):

Multiple planes increase xtak, but stitching vias reduce it...
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Increase of Aggressors Count (H=9mil)

& Project[1].PPw_PRL_SESE]SBA213_LM_PSHT. Simulation(1]: A Project(1).PPw _PML_SEAE]_LM_PSHT. Simulation(1);
PEsT. [dB] DBMagnitude(S). [dB]  PSxT. [dB] DBM agnitude(S]. [dB]
oT T T 0 0T 1 t t t T0
Apsxr~ 10 * loy gr)
Nagr =10
50+ 50 sE0q un ~Nstv=6 + 50
=y ole o
o Victim — = PSXT
00+ .l ———f 100 00+ Istv=6 / + 100
/'_ N | 1 O I b Lv — U 30 Sep 2024, 14:21:47, Simbegian Inc. ’ e
/ agr= PN e
S . Q AT~
1 Aggr. c ¢ Nstv=2 P e N
150 1§ oo — T 150 150 T T T 150
5 Victim . . 1 Agar.
L —0 el . :
Nstv=6
-2DD T 1 1 1 1 1 m:swzuz‘ — SWMEMI"C : : 1 T -2DD -2DD T I-\ 1 1 1 | | | 1 1 1 T -EDD
0 125 25 vh 31] E2h 75 875 100 1125 1] 125 25 rh 50 B25 ] g7.8 100 1125
30 Sep 2024, 14:20:13, Simberian Inc. Frequency, [GHz] 30 Sep 2024, 14:19:44, Simberian [ne. Frequency, [GHz]

— A5[1.1] S A5[1.3] ; — &501.1] ;&:5[1.3]

Multiple disturbers increase xtalk, but stitching vias reduce it...
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Stitching Vias and IL & RL (H=9mil)

A:Project 11 PPW_PML_SB 2 LN Sirnulation(1]; B:Project[1].PPWwW_PMC_SE2_ LN Simulation]1]; A:Praoject1).PPWw_PML_S8(2)_LM. Simulation(1]: B:Project{1).PPw_PRC_SE 2] LM.Sirmulation(1]:
C:Project1].PFw_PML_S8(4]_ LN Simulation(1]): D:Project11.PFwW_PMC_SB/4] LM Simulation[1]: C-Project{1]. PP _PML_S6/4]_ LN Simulation(1): D:Project{11.PFW_PRC_SEA4]_LN Simulation[1]:
E:Project{1].PPW_PML_SEAE_LN Simulation(1]: F:Project1].FPw_PMC_SEAE_LM. Simulation(1]; E:Project{1). PP _PML_SE/E] LM Simulation(1]: FProject1].PPw_PMC_SBEL LM Simulation]1]:
DB agnitude(5], [dB] DB agnitude(S), [dB]
T — StV=6 (¥) o]
] Nstv=2 (<>
e T L e
11 y k"‘+ A0+ AN P A= ettt
\ e r_-l--"""'\
IL \\ RL e )
2 (<>) stv=6 (+)
24 N, Vi 24— N
Ns\t;/=4 (I Nstv=4 ([])
a4 h, a0+
PML -{green cunves w0l PML - green curves
.4 4+
PMC - blue, red, brown \ PMC —blue, red, brown
B0+
°1 1 } } } 1 | | | "M_Q é 1 1 I 1 1 I 1 1 I
125 25 75 50 B2.5 5 875 00 125 125 5 75 50 25 75 875 100 1125 125
30 Sep 2024, 14:34:47. Simberian Inc. Frequency. [GHz] oy 0ot 2024, 05:35:15, Simberian Inc. Frequency. [GHz]
— AS[21) % BS[21]; —H& CS21] —8 D520 — AS01]; — BS[1]—F CS01 —8 DS ———+ ES[L
—+ E:S[21]; ———+ F5[21]: — — —+ FSA];

Coupling to cavities causes resonances in IL and RL, but stitching vias reduce it...
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SE Via Dissipated Power and Stitching (H=9mil)

A:Project1].PPwW_PML_S8[2)_LM. Sirmulation(1); B:Praject(1).PPWwW_PMC_SA2_LM. Sirmulation1]; C:Project(1].PPw_PML_SET4)]LH. Sirmulation(1];
O:Project{1]1PPwW_PMC_St (4] LM Simulation(1]; E:Project[1] PPWw_PL_SEB]_LM. Sinnulation[1]; F:Project[1] PPWw_PRC_SHE]_LM Simulation(1];

2
Pdissipated = (1 —_ Zk'sk,1| ) Pin Dizsipated Power, fw't)

05+
PML —|green curves /
PMC — blue, red, brown /
Stitching vias reduce power ']
dissipation (leaks) /
03T P
Power dissipation for /
sufficiently localized /
structures can be evaluated **| 7
with PML boundaries
(infinite planes) 01
ol
IIZI 1=EI 2=D E:EI 4=IZI EEEI EIIZI ?'ED EEIZI E:D 1 =EIIZI 1; 1] 1 =2IZI
01 Oct 2024, 06:46:18, Simberian Inc. Frequency, [GHz]
— A&5[11]; —% B:S[11]; —+&1 5011 —=& D5 ——— ES[11]; ———+ F5[1.1]:
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SE Via Dissipated Power — 3D EM Model

A 2Planes-20mil. Coaw 3D TF; B:2Planes-20mil Mulivia(2fL 30 TF; C:2Planes-20mil Multivial46). 30 TF: D: 2Flanes-20mil bMulivialBfL 30 TF;
Dizzipated Power, [wt]

2 , , ,
Paigsi =(1-24s P, °7 =4 _
dissipated ( k| k,1| ) in Dvia=8mil, Dst=40mil, wStV 4 brqwn X

oe +--Dap=35mil

3D EM model for estimation of Dk=3, LT=0.001
dissipated power and 05+
comparative analysis
2 Planes, H=20mil T
Excitation: 1 Wt ©3 T
Stitching vias reduce 021
dissipated power and potential —
coupling N
Simbeor 3DTF, PML 0l o
IIZI 1ID 2IIZ| ?:EI 4IE| E:IZI EIEI ?:EI E;D E;EI 1 IIJD 1 ‘l a 1 IED
Solution: 14 Dct 2024, 11:5201, Simberian Inc. Frequency, [GHs]

—F A5 ——= B5] —— G511 —& D0

ViaBasics_ SE_SICW
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ow Density, Nstv=2
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Andysis Moot
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VAOR O RN

7

Sy~ oAty < ¢ 2307 7 2 gtk
14 Oct 2024, 12:14:36, Simberian Inc.

DP=2%

T

I I R NN

DP=22%

berial

DP=64%

Peak PFD, Simbeor 3DTF, PML BC, Dvia=8mil, Dst=40mil, Dap=35mil, Dk=3, LT=0.001
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SE Via Power

10 GHz

Stuctured Mesh: X:40,Y:40, Z:28, dX=2, dY=2 dZmax=11.8029

Elements: 64,512; Matrices: SM: 774,144, CM: 32, Final: 2, DD: 0;

Analysis: Multiport X :
4 :

Y, [mil] &

#1 PowerFlow(CutPlane] at 10 GHz; T#100ps; Peak; . - - ~
S RO TR R ST L e 8
Mir=D.Max=35240Ml!|1f‘2] N SREERE Lt
0[dB] St £ £ G 1K) O E10 2 (3 e g 0
syttt LY
1125 \:“’ ur
25 -
-37.5 .
-50

Flow Density, Nstv=4

50 GHz

“
<
(v}
=4
@
Q.
4
0]
2
#r
S
i
o
=C
B
f=]
M
Lo
£
‘N
<
=
£
E
-
2
=,
-0
-
©0

vty
.FZ,El t2, ‘i;f;‘.",
“3““151:,‘ T
NN RO R b felyiiydd
SRVNANY ) e bt 8 L 7
yﬁn}\.\\\‘l\\\\ \ \555 ':." AErd E X“;;; /
\'.'."n'\\\\\\\\»§,§$$J'}f‘/a‘il_:‘\\\;\:.E by
PO WRURRANR Y FD /e L I NN B
=0 AN - 40 ] » i
M0 e R e
R A :’/;- el .\\\t 4 //:
NS F R 1 N1
e N 4%
hinnsmeh R AN & ¥ R
4 ) ol

.y Structured Mesh: 40, Y240, Z:28 24 dY'=

S Elements: 84512 ialripes: &1:%»7 jﬁaﬁr 2{3

Analysic Bapar, X L XX 1 :
¥
4

Pkl
o 2 - SNNESIRIGRTReReR Lt T e

™
TS

358

"800

P [ TILT:
tr Yy
Uli“ Ly gy
ity yhad
Hu:n;ﬂ:?
4
e
¢ : t 1 tz;é’r
¥ t,nt‘;,u,{;
SEA L ailay
ve Y A
NI
N REEEY
Ny pas
28 Wiaigly
V{4400
L (‘_r;l,'./f
PR IR A o o e e T Sy
Dol
AR A o 2 V.
[ 0 TR e AR
0 ST
. - Apiicicizieritaiutuiy
A A
'Y 3 5 - - em e o

3
i Sl
AN, 22l
(\‘ \_‘\\. //""/
YNNNNG XSS
NANNN LY
NNNN AL 22
DRSNS B A ]
“"“'.“;I|'.'f"“‘
S S EaAE
40 Hi,w,igni,
t t t + t ""{“'1‘:'1,3"':"
ETISE s (26 g
40 20 10 0 i 2 L ] 1 O I [ |

14 Oct 2024, 12.41:56, Simberian Inc.

DP=2.4%

14 Oct 2024, 12:42:59, Simberian Inc.

DP=1.7%

14 Oct 2024, 12:43:32, Simberian Inc.

DP=11.4%

Peak PFD, Simbeor 3DTF, PML BC, Dvia=8mil, Dst=40mil, Dap=35mil, Dk=3, LT=0.001
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10 GHz 50 GHz 100 GHz

Structured Mesh: X:64, Y53, Z:28, dx=1, dv'=1 dZmax=11.8029

Structured Mesh: X:64, .59, Z:28, dx=1, dY'=1 dZmax=11.8023 Structured Mesh: X:64, 59, Z:28, dX=1, dv=1 dZmax=11.8029
Elements: 135,072; Matrices: SM: 1,620,864, CM: 60, Final: 2, DD: 0; Elements: 135,072; Matrices: SM: 1,620,864, CM: 60, Final: 2, DD: 0; Elements: 135,072; Matrices: SM: 1,620,864, CM: 60, Final: 2, DD: 0 .
Analysis: Multiport ) Analysis: Mul!lpon - e ) ) .

Analysis: Multiport

1 PowerFlow(CutPlane) at 10 GHz; T=100 ps; Peak; : #2 PonerFlow(CutPlane] at 50.GHz; T=20 ps; Peak;
Fhir=0, Max=50930 [W/m" 2

: Mir=0, Max-45440 IW/rn 2]
0[dB] I, S

il]
#3 F'owerFIow{CulPlane] at 100 GHz T 1Dps Peak
Mir=0, Max-52830 [W.l'rn 2

0[dB} -
125 125
a5 -25
375 375
50

-50

4 ' ' 4
t +

' 4 t + +
. . . g X L +
t + + + t t t

14 Oct 2024, 15:24:02, Simberian Inc.

14 Oct 2024, 15:30:26, Simberian Inc

DP=0.15% DP=0.46%

14 Oct 2024, 15:31:32, Simberian Inc.

DP=0.8%

Peak PFD, Simbeor 3DTF, PML BC, Dvia=8mil. Dst=40mil, Dap=35mil. Dk=3, LT=0.001
DEsiIGNCON'Ezm I
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SE Via Dissipated Power, Nstv=6

A 2Planes-20mil Coax 3D TF; B: 2Planes-20mil Mulivia(6f). 30 TF; C:5Planes-5mil Multiia(Bf). 30 TF: D:4Planes-20mil. MultivialB. 30 TF: 2 p | anes H =2 O m I I
)

H=5mil  pyia=8mil, Dst=40mil,

[

A Nan=ABmil
Ja i
[

Digzipated Power, [wt]

4 plal!'les, Hl%zomil

S planes

5 po

0021+ p=38

Dk=3, LT=0.00/1

00175 T |

oomst |

\ ><'/ \ b\ 7 Y

00125 + — \ X / /

Lot P 2 planes, Coaxial

) [ Fr
000754 o e\—-""',*"'”"f g e B
m— | N

0.005 g ol

. ——

@ﬁ-—""—#
0.0025 T
. Simbeor 3DTF, PML
0 10 20 20 a0 50 &0 70 a0 a0 100 110 120 T ”\\ -
22 Oct 2024, 12:34:06, Simberian Inc. Frequency, [GHz] L \
% AS[1] % B5[11]; ——© 5[] —¢ D511

DP increases with number of layers NL - proportional to NL with the same separation H
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SE Vias Local Coupling — 2 planes, H=20 mil

& 2Planes-20. Multivia(Bf-244001). 30 TF: B: 2Planes-20.Multh/iaEf- 226001 ).30TF: C:2Planes-20.MulkiialBf)-22100(1).30TF;

D LB agnitude(S), [dB]
0 | - - —_n
B2 i M . |D_born|| ‘
e N— D=40mil
¢ 1 11 1 T R ‘
: o mefey \ . P, NEXT FEXT
I o o “[ M; Bl —— ‘ J /
12 UCIZEIZ:,DWMZi?S\mbeHi:\nc " ! " “ « m v 3EDV\EWMU75€[DVESSE<DEMD Edit) . T/’ ‘ J;\ IJ \1’ : j
375‘\ 120612024, 07502, Sinbeion ! o ¥ -'I_'_*—- '
1 75+ R o _._:ggﬁ’ "
) e "
___.-—E'-
100 1 P --‘"?—-‘_______..--E"'
12 g -ﬂ'ﬂ
Dvia=8mil, Dst=40mil,
a4 :
375 25 125 125 25 375 50 E)ap=35mll
120ct2l]24,l]75.5'59,S|mhenanlnc. . E) k=3’ LT=O_OO1
Dvia=8mil, Nstv=6 ol
Dk=3, LT=0.001 L | | | | | | | | , | | |
Dst=40, Dap=35 o 20204 o 1S 0 . 20 0 a0 50 ED 70 a0 20 100 11DF 12{2H |
. ct L b4l 44, simbenan Inc. requency. z
Simbeor 3DTF, PML ————k &5[1.3], ——k AS[1.4]; ———E) B:S[1.3]; ———& BS[1.4]; ——— C:5[1.3] ———F] CS[1.4]:
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SE Vias Local Coupling — 5 planes, H=5mil

A:BPlanes-5.Multhial6f)-2x4001]. 3D TF; B:5Planes-5 MultivialBf-2x6001). 3D TF; C:5Planes-5.MultivialBf)-24100(11.30TF;

D DB agnitude(S], [dE]
o L A D=60mil |
| ST & - D=4omi | D=60mil |
111 a1l b A — -
FEXT
A0+ — L 2y :
- %;ﬁ L T
75+ V ——ea
A0 T
NEXT
154 - - -
375 ) 25 ‘125 0 125 25 375 50 625 75 [)Vla=E;mI|’ D St=40mll,
Simbeor 3DTF, PML ol Dap=35mil
Dvia=8mil, Nstv=6 Jk=s, L1=0001 |
Dk=3 LT=0 001 20 a0 a0 110 120
’ ' 12 Oct 2024, 05:43:29, Simberian Inc. Frequency, [GHz]
Dst=40, Dap=35 ———F AS[13]: ——F AS[ A ——8 B5[1.3]: —© B:S[14] —— CS[1.3]: ——& C5[AL
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SE Vias Local Coupling — 4 planes, H=20mil

sA I} 1" pott ] 3" pott
2" pot2 14" port 4

12 0ct 2024, 08:23:16, Simberian Inc.

A

120ct 2024, 07:5:59, Simberian Inc.

Simbeor 3DTF, PML
Dvia=8mil, Nstv=6
Dk=3, LT=0.001
Dst=40, Dap=35

A:4Planes-20 MulthialBf]-2440[1). 30 TF; B: 4Planes-20.MultivialBf]-2260[1). 30 TF; C: 4Planes- 20 MulthialBf]-241 00(1]. 3D TF;
DBMagnitudelS], [dB]

0T
|

D=40mi

FEXT

AT T/’ : : | A ) qu,ll ; J H#

\ I\

]
/’/’

v 9@-{
=7 f il
A00 + %
a5 4

EXT
Dvia=8mil, Dst=40mil,

Dap=35mil
Dk=3, LT=0.001

150 1 1:7"[/’\‘

D=100mi

0 10 20 30 40 a0 =) 70 20 90 100 110
12 Oct 2024, 0B:44:14, Simberian Inc.
—# AS[13]; ——k AS[14];—2 BE[.3]—= B:S[14], — CS[1.3); —F& C5[1.4):

JAN. 28-30, 2025
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Two 0.77mil copper planes, separated by 9mil dielectric
with Dk=3, LT=0.001

Differential signal vias 20mil distance (10mil diameter),
two pairs at ~220mil

Number of stitching vias (Nstv) from 0 to 8 at about 20mil
distance from signal

8-port structure with 500hm terminations

Physics-based model with 2D analysis in Simbeor 3DTF

solver

With PMC (750mil x 750mil Planes)
Solution: With PML
Coupling_ PPW_DIFF (Infinite Planes)

| I 1l I I I I I
T T T T T T T T

01 Dct 2024, 09:23:19, Simberian Inc.

WHERE THE CHIP MEETS THE BOARD
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Differential Mode Coupling

A:Project1)PPW_PRL_LM Simulation[1]; B:Project{1]. PP _PMC_LM Simulation[1); C:Project1].PPW_PRL_SE2]_LM Simulation]1];
[:Project1). PP _PMC_SE/2) LM Simulstion(1]; E:Project{1).PFw_PML_S8(38)_LM. Simulation(1]; F:Project{1).PFw_PMC_SE2]_LM. Simulation(1];
D BMagritude(S), [dB]

DM coupling is reduced by of . 3
increase of Nstv X Nstv=0 (*) NSP\/:‘- (<>) \
25 4 1.1 / Y * a B 5
Two stitching vias may be ol . H |
not enough for extended v
bandwidth 5T "TE T
il
. ] 00 +— f .-.hLI| [ | I al = il
Common mode coupling is ¥
much worse (similarto SE) =1 e 1 \
In addition, there is ] Nk —0 /1y
substantial common to =T A D INSV=O AL
differential mode conversion s - PML - green curves
PMC — blue, red, brown
Analysis complexity for real- 14" | | | | | | | | | | | |
life problems is enormous 0 10 20 30 40 50 60 70 a0 %0 0 10 12
01 Oct 2024, 10:28:41, Simberian Inc. Frequency, [GHz]

—¥ ASmm[D1.03]; ——% B:Smm[01.03]; ——% C:Smm[D1.03]; = D:Smm[D71.03]; —+1 E:Smm[D1.03]:
——=F1 F:Smm[01.03];
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Common Mode Coupling

A:Project(1).PPw_PRL_LM. Simulation(1]; B:Project(1). PPw_FMC_LM. Simulation(1); C:Project(1).PPw_PML_S82)_LM. Simulation(1];
C:Project(1).PPw_PRMC_SH2)_LN . Simulation(1]; E:Project(1).PPW_PRML_SH8_LM . Sirmulation(1]; F-Praject1].PFWwW_PMC_SB(E_LN. Simulation(1];
DBEMagnitude(S), [dB]

Netv /=0 (*)
INSLV=U )

CM is much larger than DM T
25T LY g_
CM coupling is reduced by i <>
increase of Nstv (similar to =7 T T Nstv=2 (<>)
SE) 254
. . . . 1 El] 1
Two stitching vias is not 1004 - ]
enough - (A A T A
If CM isolation is needed — s :
more stitching vias is required . PML + green curves
A75
i PMC — blue, red, brown
-200 +
1IIZ| 2IIZ| ?:D 4ID E:D EID ?’ID E;D E;D 1IDIZ| 1%[! 1:2IZ|
01 Oct 2024, 10:35:09, Simberian Ine. Frequency, [GHz]

—k ASmm[C1.C3]; =% B:Smm[C1,.C3]; == C:5mm[C1,C3]; =% [:5Smm[C1.C3]; =& E:Smm[C1.C3]:
—F] F:Smm[C1.03);
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Common to Differential Mode Coupling

A:Project(1).PPw_PML_LM. Simulation(1]; B:Project(1).PPwW_PMC_LM. Simulation(1); C:Project(1).PPw_PML_SE2) LM, Simulation(1];
Ci:Project(1). PPw_PMC_S82)_LN. Simulation(1]; E:Project(11.PPw_PML_S881 LN Simulation(1]; F:Praject(1].PFWw_PMC_SE(ELLM. Simulatian(1];
DBEMagnitude(S), [dB]

Modal coupling through 1 Nstv=0 (*)
PDN even in symmetrical =7 %

vias ol ] ; ’ al
Depends on PDN 17 ' h} Nstv=2 (<>)
geometry and resonances w{ 1 . o b bt [
. ) o5+ ] LPI I J & I Ily [
It is reduced by increase of i |
Nstv 1T W[! vt
et A BML - green curves
PMC — blue, red, brown
200 +
IIZI 1ID 2IIZI ?:D 4IIZI E:IZI E:EI ?:D E:IZI E;D 1 IIJIZI 1 ‘Il I 1 I20
01 Oct 2024, 10:37:31, Simberian [he. Frequency, [GHz]

=¥ ASmm[01.C3]; =% B:Smm[D1.C3]; =% C:Smm[[1.C3]; =% D:Smm[01.C3] ;=& E:Smm[D1.C3]:
——+F1 F:Smm[D1.C3];
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750mil x 750mil with PMC
Electric field for 1V differential source at corner vias
Difficult to account in 3D EM analysis on real boards

o - v v v » - -
#1 Efield{CutPlane) at 10.4 GHz; T=96.1538 ps: Peak: 452 Ericid{CulPlane) ot 60 GHz; T=16.6667 ps;Peak: A N R e
Min=0, Max=294.2 [V/m]; Min=0 iax=2485 [Mém]: Mint0, Max=3273 [V/m]:
0 [dB] o 0 [dB]
20 / e N 1 |
L40 S 4 40 . L40 a J
UL} £0 . U 0 ([ 60 %
80 -sn’ . . ° lad
- " o | . D) B | . ~
-
(3 -~ * ’ -
-
. |
f A4 .
XY} 4 he eese ]
o . - 5
. ."
-
B .
e J' A. £ R .
h n e—
01 Oct 2024, 10:24:59, Simberian Inc. 01 Oct 2024. 10:23:58, Simbetian Inc 01 Oct 2024, 10:23:09, Simberian Inc.
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Coupling Reduction with Stitching Vias

750mil x 750mil with PMC, Nstv=8
Electric field for 1V differential source at corner vias
Does not need 3D EM analysis of whole boards

(animated)
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Differential Mode Dissipated Power

Pdissipated = (1 - Zklsk,1|2) P,

Stitching vias reduce power
dissipation (leaks)

Power dissipation for
sufficiently localized
structures can be evaluated
with PML boundaries
(infinite planes)

A Project{1) PPWwW_PC_LM Simulation(1]; B:Project{1].PPWw_PML_LM Simulation(1]; C:Project{1].PPWw_FPRL_S8[2_ LM Simulation(1];
D:Project(1).PPWwW_PRC_SB2)_LM. Simulation(1): E:Project1).PPw_PML_S83)_LN. Simulation(1): F:Project(1). PPW_PMC_S8/23)_LM. Sinulation(1];
Dizzipated Power, [wt]

035 4 /J*
03+ //ﬁ
s+ PML[- green curves /1 o
PMC — blue, red, brown /
02+ /
T Nstv=2 (<>) /
015 ¥ /|
014 4] [EL ; | %
1/
005 T+ | i
a- s —
01 ! SV :(+) S
1ID 2ID S:IZI 1IIZIIZI 1%0 1I2EI
0 Oct 2024, 10:42:57, Simberian Inc. Frequency, [GHz]

=% ASmm[01.01]; =% B:Smm[01.01]; =% C:Swmm(D1.01]; = D:Smm[D1.01]; =+ E:Smm[01.01]:
— — —+ F:Swm[D1.01];
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Differential Vias — Dissipated Power, 3D EM

Pdissipated = (1 - Zk'sk,1|2) Py

Diff. Excitation 1 Wt

Stitching vias reduce
dissipated power and
possible leaks and coupling

Simbeor 3DTF, PML

A:TwoPlanes Mulivial3-DPL3DTF; B: TwoPlanes Mulivia[4f-DF]L.30TF; C: TwoPlanes Multhial2f-DP] 30 TF;
Dizsipated Power, [wt]

f

035 1+

Dvia=8mil, Dvv=2(
Hap=35mil
Dk=3, LT=0.001

03T

0251

02+

015 1

01T

00s

on

m_ 1 1 1 ’;\ 1

10 20 an L] 2] g
22 0ct 2024, 13:25:53, Simberian Inc.
— ASmm[D1.01]; ——= B:Smm[D1.01]; —— C:Smm[D1.01];

i] 20 0 100 110 120
Frequency, [GHz]

W 7 (I NEIEIES
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Differential IL &

A:Project[1].PPwW_PMC_LM.Sirnulation(1]; B:Project(1). PFW_PML_LM. Simulation(1);
C:Project1).PPWwW_PRL_SE2] LM, Simulation[1]; D:Project[1].PPwW_PMC_Ste[2] LM Sirmulation[1];
E:Project(1]. PP _PML_St8]_LM. Simulation(1]; F:Project1).PPWw_PRC_SH3)_LMN. Simulation1];

DEMagnitude(S ], [dB]

A:Project1).PPW_PMC_LM. Simulation(1); B:Project1). PPw_PL_LM. Sirmulation(1];
C:Project(1). PPy _PML_SE 2] LM, Simulation(1]; D:Project(1]. PP _PMC_SE2)_LM. Simulation(1]:
E:Project(1).PPw_PRML_SEAE]_LM. Simulation(1]; F:Project{1].PPWwW_PC_S8E]_LM. Simulation(1];
DB agritude(5], [dE]

Nstv=0 (*) T
20l \
il Nsty=2

- green curves

1 PMGC — blue, red, brown

a2t DA —~
- Ivig =gt

a 125 25 375 50 E25 75 875 100 1125

01 Oct 2024, 11:03:03, Simberian [he.
—¥ ASwm[D1,01]; =% B:Smm[01.01]; = C:Smm[01.D1];

—= [:Smm(01.01];——+ ESmm[D1.01]; — — —+ FSmm[D1.01]:

Frequency, [GHz]

PMC — &

il 125 25 avhe A0 E25 il avhe 100 1125

07 Ot 2024, 11:03:25, Simbenan Ihe. Frequency. [GHz]
—% ASmmD201]; ——¢ B:Smm[D201]; — CSmm[D2.01];

— D:Smm[D2.01]; = E:Smm[D2.01]; ———+ F:Smm{D2.01];

Coupllng to cavities causes resonances in IL and RL, but stitching vias reduce it..
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Common Mode Dissipated Power

A Project{1) PPWwW_PC_LM Simulation(1]; B:Project{1].PPWw_PML_LM Simulation(1]; C:Project{1].PPWw_FPRL_S8[2_ LM Simulation(1];
D:Project(1).PPWwW_PRC_SB2)_LM. Simulation(1): E:Project1).PPw_PML_S83)_LN. Simulation(1): F:Project(1). PPW_PMC_S8/23)_LM. Sinulation(1];
Dizzipated Power, [wt]

) —

Stitching vias ... Nstv VL Ll ! !
reduce leaks of \ Sl | i T
common mode A THA A L WL

03T

Require more
stitching vias for
ideal de-coupling

02T

01+ j I
from PDN ‘ ﬂ green curves
./ PMC - blue, red, brown
1IEI 2ID C-‘:IZI 40 E:IZI E:D o BIIZI E;IZI 1I=ZIIZI 1;IZI 1=2EI
M Oct 2024, 10:55:00, Simberian Inc. Frequency, [GHz]

—3% ASmm[C1.07]; =% B:Smwm[C1.C1]; ——% C:Smm[C1.C1]; = D:Smm[C1.C1]; = E:Smm[C1.C1]:
— — —+ F:Smr[C1.C1]:
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Power Flow Density: Diff. Mode, Nstv=2

10 GHz

Structured Mesh: X:50, :33, Z:28, dX=2, dY=2 dZmax=11.8029
ices. SM: 739,008, CM; 56, Final: 4, DD: 0;
SNANANAN AN SN

e
B NAANRNANNL
S ERRARR Y Y s

N NN I VANNNNS RSy gy YV
. §§§§Q\:\:\<(Q‘4////J/( SLilillE \\\\\\\yyyyy';iﬁ}ﬁ}l
i P b SN e
A L GRS e e

B e N ey - RN

50 -40 -30 -20 -10 10 20 30 40
22 0ct 2024.13:57:41. Simberian Inc.

DP=0.12%

50 GHz

Structured Mesh: X:50, 33, Z:28, dX=2, dY'=2 &Zmaxr=11.8023

Efemey ahipes: Sh 799,008, & e 4.00; 0:
R
XX W e
A DR Sl e s

//}’

-50 -40 -30 -20 -10 0 10

22 Oct 2024.13:58:38. Simberian Inc.

DP=2.9%

7

Na

‘\\

100 GHz

o 27

okt
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jay
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b L i
———ed
e
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e
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AN

Nk
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A L ’ b 3 ut

22 Oct 2024.13:53:27. Simberian Inc.

DP=36%

Simbeor 3DTF, PML BC, Dvia=8mil, Dvv=20mil, Hap=35mil, Dk=3, LT=0.001
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tured, Meshh %4334 37, 2:28, dx<2, d;
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; Final: 4.DD: 0;
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10 GHz 50 GHz 100 GHz

Structured Mesh: X:50, Y:40, Z:28, d¥X=2, dv=2 dZmax=11.8029 Structured Mesh: X:50, Y:40, Z:28, dx=2, dY'=2 d&Zmax=11.8029
Elements: 77,952; Matrices: SM: 935,424, CM: 64, Final: 4, DD: 0;

Elements: 77.952; Matrices: SM: 935,424, CM: 64, Finak: 4, DD: 0; S : Stiuctured Mesh: X:50, ¥:40, 2:28, dX=2, dY=2 dZmax=11.8023
Analysis: Multiport Analysis: Multiport : X X . . . Elements: 77.952; Matrices; SM: 935,424, CM: 64, Final: 4, DD: 0; :
i Y SRS . . _— . c s+ - Analysis: Muluport
(il BV - o ‘ i;?;x?ﬁwilw‘ . &
b b - . N L N N . ~ . ) s ’
95 owerFlow(CutPlane) at 10 GHz; T=100ps; Peak: g? ‘owerlow[CuIF']ane]at 50 §Hz I 20 ns, Pe?lf 20023564 #2 Pavief Fbw[tmanelanuo GHz;T:
Min=0, Max=66370 [W/m"2]: Mine0, Maw=B2770wWim"2): .\ Minkd, ,v,a,,ssgsw,m 2] 5%
0 [dd] {0 [ w;n;;;‘ o)< s
... ; o Jeaie N
) ! . -
30 \ -3
Il -45 - Q45
60 : L |-60
0 . ( :‘ “F-
0 L !
|
.1
)
10 N *
iu fu : # ' : ! I I 'I % 0 40 0 ! : : : " 20 tzoéa‘mzzﬁn‘ Simberian| | | ' | “ "
ol 4 + . . . Cl . .UU, Simbenan Inc.
22 Oct 2024, 14:19:49, Simberian Inc. 22 Dct 2024, 14:2053, Simberian Ine.

DP=0.13% DP=0.45% DP=0.84%

Simbeor 3DTF, PML BC, Dvia=8mil, Dvv=20mil, Hstv=40mil, Hap=35mil, Dk=3, LT=0.001
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Localized vs. Non-Localized

Port1 Ct Ct  pam _SL‘gml \j_l
A Port 1 — Port 2
. Lv } . Rt . Va ' G, Tc. -
2 m m m
poé: I _ - I _gm ) Pof 1 B ~lPonz| - zpp .
, : T = - L . =
Ly Rt — = T g T
Ct Ct e 8 g:s 8 2
1 1 L o 31
= = T Portal "
Fig. 2. Model 1 - RLC n-type circuit model Jl_
— Port 3 _I:C, Te. Port 4
—. L ' / /T T - ! 1Via 2
T I /s .,// / ’,POIT 2 Pon\{ \ Signal Via 2
" T ce _I_ c2 . + /"/ = //" .\ "\\ (a) Ilustration of circuit model
O ‘O. | . A . \ . \ . O
Port1° / Port2" / J  Port3 \, Port2
p _Il_ - b % w / i Cavity Ports 1 \ °
3 r| |—I 4 / / N\ \ .
o con < / / \ \ -
J_ 19 J_ -/ -f \- \ O
o Zox2-o0a O ce ' )
1 SR 1 (a)Illustration of four ports between two parallel plates
Fig. 3. Model 2 - Transmission line model with via-plate capacitance
J. Xu et al., "A survey on modeling strategies for high-speed differential Via ;
between two parallel plates,” 2017 IEEE International Symposium on
Electromagnetic Compatibility & Signal/Power Integrity (EMCSI), Washington, (b) Circuit model
DC, USA, 2017, pp. 5 27-531. Fig 5. Model 4 - Parallel plates Impedance Zpp model
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Takeouts — Localize or Face Uncertainties...

Loc:allzatlonI Frequency Erequency

I
Non-Localized

Predictable with analysis in isolation Requires analysis with PDNs

Localization of any via
breaks as frequency

Any boundary conditions can be Low-impedance ABC are required grow...
used for analysis in isolation for simulation in isolation

Local coupling can be included Hybrid 2D+3D analysis is required

EASY DIFFICULT

Use Dissipated Power as the localization metric

More on waveguiding approach to via design at A. Manukovsky, Y. Shlepnev, J, Nutzati, A. Kuntsevych, |. Peleqg, S.
Mordooch, Via Design for 112 Gbps & Beyond: Theory & Reality, DesignCon 2025, Thursday, January 30, 8:00 AM - 8:45
AM Pacific Time (US & Canada), Ballroom B.
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The Other Ways to Mitigate Crosstalk

= Modal transmission

nnnnnnnnnnn

o F. Broydé and E. Clavelier, "An overview of modal transmission schemes,"

2013 17th IEEE Workshop on Signal and Power Integrity, Paris, France,
2013.

» Ensemble None-Return to Zero (ENRZ)

o S. S. Chen, Z. Xu, A. Tajalli and B. Holden, "Crosstalk Performance
Analysis: ENRZ, NRZ, PAM3, and PAM4," in IEEE Transactions on Signal . |
and Power Integrity, vol. 2, pp. 53-63, 2023. e

Transmitter Channel Receiver

RX Frontend
L[ [ |
Decoder

= Synchronous transmission and equalization

o J. F. Buckwalter and A. Hajimiri, "Cancellation of crosstalk-induced jitter,"

Fig. 1. ENRZ system diagram. b0-b2: bits stream. wO-w3: ENRZ lanes.
in IEEE Journal of Solid-State Circuits, vol. 41, no. 3, pp. 621-632.
o K.-J. Sham, “Crosstalk mitigation techniques in high-speed serial links,” =z 5t NP
Ph.D dissertation, Univ. Minnesota, Minneapolis, MN, USA, 2009. )

= What else?...

JAN. 28-30, 2025 #DesignCon
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» Crosstalk is a complex and persistent phenomenon that is here to stay

* The primary objective of crosstalk evaluation is to ensure that the
design performs at the specified bit error rate

= There is no single universal and accurate method to determine the
impact of crosstalk

» This tutorial covers some fundamental techniques for evaluating
crosstalk

= Approaches to managing crosstalk include either total localization
(overdesign) or system-level analysis (which can be overly complex)

DEsIGNCONEzn (i
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H. Johnson, M. Graham, High-Speed Digital Design — A Handbook of Black Magic, 1993
J.A.B. Faria, Multiconductor Transmission-Line Structures: Modal Analysis Techniques, 1993

C.R. Paul, Analysis of Multiconductor Transmission Lines, 1994

F. Olyslager, Electromagnetic Waves and Transmission Lines, 1999

B. Young, Digital Signal Integrity — Modeling and Simulation with Interconnects and Packages, 2000

S.H., Hall, G.W. Hall, J.A. McCall, High-Speed Digital System Design — A Handbook of Interconnect
Theory and Design Practices, 2000

E. Bogatin, Signal and Power Integrity — Simplified, 2004, 2010
S.H. Hall, Advanced Signal Integrity for High-Speed Digital Designs, 2009
S.C. Thierauf, Understanding Signal Integrity, 2011

F. Broyde & E. Clavelier, Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip
Modules — Lecture Slides, 2012
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Thank you!

QUESTIONS?

Yuriy Shlepnev

President, Simberian Inc.
shlepnev@simberian.com | www.Simberian.com
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