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Crosstalk & Parallelism

Rashad.M.Ramzan, Ph.D
FAST-NU, Islamabad

Today's Topics —EE

o Crosstalk and Parallelism
— Overview
— Definition, Sources and Dependence
— Crosstalk Models for simulation
— Near End and Far End Crosstalk
— Crosstalk dependence on termination
— Impedance variation due to crosstalk
— Case Study
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Crosstalk ——E

« Mutual interference between two circuits give rise to the
crosstalk.

 Inductive Crosstalk (proportional to di/dt of the driven line).
» Capacitive Crosstalk (proportional to dv/dt of the driven line).

« Common Path Crosstalk - Resistive Crosstalk proportional to
the current flow.

 Inductive crosstalk > capacitive crosstalk in digital circuits.
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noise propagation

e Crosstalk occurs at

. AGErEssor
- On-Chip —Do—wxff?ﬁﬁ’wxxf/fz{wfﬁW/f/ffm—_._
— On Chip Package Cc v i
— OnPCB \_‘[>" ichm =L

On Connectors CL vincrmscd delay
On Connector Cables

» Crosstalk change and modify the Zo and propagation delay. This effects
system level timing hence Signal Integrity.

» Crosstalk depends upon data pattern, line to line spacing and switching
rates.
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Crosstalk Circuit Model . xe
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Crosstalk: Mutual Capacitance & Inductancgm &

Line 1 {driver)

Mutual Capacitance (Cm or ()

Line 2 (victim)

/
/
IiLmy sear

I, (Cn) Tra(Co)

Crosstalk-induced current rends caused by mutual inductance and mu-
tual capaciance,

* Current induced by capacitive coupling goes to both directions
* Current induced by inductive coupling goes opposite to the drive current

I = ]fLH‘PJ +[Ht’ﬂl"{(:'m/'

near-end

j_fm'-:‘nd =1 :1r'l'(Cm) ! f"r"m'i
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Aggressor

Signal injectad into the inning af the line

Edge of driving signal
(v)w

l fhlu:ar and crossialk pulse ? T
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% Farend

*Near end cross talk will begin at
Signal ated to the end of the line tlme t=0 and will have duration
. ~ t=2Td
- TII'I'IE:E-' A . .
(Vrw *Far end cross talk will begin at time
| ] t=Td and will have duration equal
g ' J—? rreng SiNAl rise or fall time.
Maar and Far and crossaals WE-E{ ¥ h h
: armives at tine=10) *The amount and shape depends
upon the coupling and termination
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. Near-end and far-end crosstalk W%

— (A k k+1 k+2
; — 2

00— 00— A

Ly = p— p— = & Far
© . ow T6u L TD7 B

G0 — > 000 —— 000

__~_ ' Negative forward coupli
Positive reverse coupling from transformer k e
from transformer k

High Speed PCB Design: Lecture-6 © Rashad.M.Ramzan 2010-11 11

FLE

Inductive Coupling (Forward & Reverse):& "

Forward and reverse mutual inductance coupling:

: 1 1 .

| . .
Positive bli @ | Detivative of
arrive at dilferent | . inputsignal
times, @D\_A)a—L_ Areas are the same

"

2T,

» The negative blip size at the far end is proportional to the
total mutual inductance.

» Lengthening the line increases the size of blip at D.
» Height of the positive reverse coupling peak length of line.
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! Positive blips all
| ! arrive at
e farend
| Tt ..
Reverse blips | q—Penva’Eweaf
arrive at different | input signal
times m Areas are the same
! 2T, !

» The two forward effects cancel at D.

« Striplines are well balanced between inductive and capacitive
coupling.

» Microstrip electric field lines travel through air (cap coupling
smaller)yielding small negative forward coupling coefficient.
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Combining Mutual Inductive and Capacitive Coupling:

« Amplitude of the crosstalk waves may be approximated by

v :;{LM B CM}TPvd

2lL cT
1L C
V. =M 4 M (forT < 2T
b 4{'. C}d( r P)

« Forward crosstalk could be made zero by a proper line
arrangement
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How Near-End Crosstalk becomes a Far-End Problem

: Reverse coupling
reflecting from a
v low impedance
[ driver
)‘}—‘ Y o
Termination to
\ D Reduce Crosstalk
\Y%
V
A
B Reverse coupling
if termination is Zo
C f appearing at C
Tp Signal at D due to
reverse coupling
| | | | getting reflected at D
0 Tp 2Tp 3Tp
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Near, Far end Crosstalk & Terminationba. "%
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Digital crosstalk noise as a function of victim termination.
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Odd and Even Mode Fields G
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Magnetic field: Odd mode Magnetic field: Even mode

Odd- and even-mode electric and magnetic field patterns for a simple
two-conductor system.
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Impedance variation and Crosstalk | B ey
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__ Crosstalk: Switching Pattern Dependenge: "

a: Aggressors Swirching in Same Divecrion b Adigcenr Tmterconnect Grounded

These are simlaied eve diagrams for
pargsiiies extracted for o (W05 microm
rechnology with an imer-laver dielecivic
thiickness af 0.2 miceony

22 i

o Aggressors Swirching in Random Fashion

Fig, 20 Eyve Dhagrams for SO0 Mz Signcling Cver 1.5 mm Meial § fnierconnect for
! 5 . I { .
parasitics extracted for a 003 micron technelogy with minimwn spaced wire geemelry.
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Crosstalk: Switching Pattern Dependence: "

2.5

Input Waveform (True) Even Mode

Ceven =Cu —Cpy
Leven = Lis + L
Coaa =Cii +Cy,
Logs = Lis — Lo

Volis

Time, ns Z LeVen _ Lll + L12
; even C - C. _C
Effect of switching patterns on a three-conductor system. even 1 12
Z — Lodd — Lll L12
“ \Cu V\Cu+C
odd u Tl
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. Noise-on-Delay Effect: Crosstalk
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Example e EE

L
Rise time
Tems = 5 ns
Logic
package /
CM = 4 pF

Cross-talk=R,Cy/T10.90, =
4pF*37.5Q/5ns=0.03(3%)
still OK.

But when T;.9o=1 ns,
cross-talk=15% !!

A

75-n

V
# e Long transmission
2 line
7/
Zy = O n

typical for TTL system

termination

Effective impedance

of pin 2 is the

parallel combination of

a 75—n transmission line R
and a 75-n terminator
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. Cro:~::~:-talk:CMR(inloutR of sk tims
receiver) / Tr [igic L ey
It is still OK, if the input P“ﬁl

C =4 pF
has a parallel small R of e b
75Q). Cross-talk=3%. finck | s /
. e R

If R2 = 10K (ie Open b i {06E o 3 10
Collector), il ST—* ?
crosstalk=800%. RTL i :

« Rule: Add capacitors Ot
ConneCted to Iarge pUII' .\\\%?II v 0‘?1’;\ Add these capacitors
up resistors for reducing A bibwaon e loele
CrOSS'taIk and inputs R and S
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Crosstalk vs. Geometry of Traces L-#%"

The induced voltages are proportional to the derivative of the driving sig-
nal, e.g., faster rise times produce a more significant effect.

Signal traces
H
o e
—» D

Ratio of measured
noiaevollngeanddﬂvingstepsize

\ttmnlk : whmmmﬂmﬂseﬁm
wm,ﬂf and of interfering traces (<1).
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Crosstalk in Solid GND Plane e

Experiment to test the D/ dependency in this equation.

10ns/div plane DH1 2 5 10
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Crosstalk in Slotted GND Plane  lwree®

Victim =

Slotted GND planes are a big mistake:

You may be tempted to do this when you run cut of room on the regular
routing layers and eram a trace in on the GND plane.

The effective inductance in series with A-B is approximated by:
53 D = perpendicular extent of current diversion
L 'anIn[H J away from signal trace, in.
W = trace width, in.
Inductance is almost completely independent of slot width.
High Speed PCB Design: Lecture-6 © Rashad.M.Ramzan 2010-11 27
Aggressor

==

. Crosstalk in Slotted GND Plane | )

a6
Victim =

The worse case is a long line with the apparent src resistance on either side of
the inductance is Z,.

The results 10-30% rise time of the L/R filter (weighted in with the natural sig-
nal rise time) is:
T aay bk N 2 .
10-90 L'R h__?f'f,;, Jrcmnpw‘ilu— N/I ! [0-90 L ]J-'.j (I ||,'u_t,u}.w'i_gn'.1|'l
For a short line driving a heavy capacitive load C, the 10-90% rise time
(assuming critical damping) is: I g~ 344IC

The cress coupling voltage is derived by the mutual inductance and the time

mteuf E in inﬂ'lﬂdﬂ?ﬂ rrklﬂ*ﬁl]”\ lll'j“|r Jr'-”
o 10-00
For a long line, the AIls the drive voltage/characteristic impedance,
AV

V rosstalk ~ 7L
|\_|I‘l:‘\.'\l.n'|||'\ !l“_l.:h'.l‘,{” Jlf
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Crosstalk In Crosshatched GND Planér““f“

If you are forced to use a twio layer boand:

First estimate the self-Inductance:
-DAass Caps
s T S ¢\ X=hatch width, in.
allr— (! || o L=5VIn( 3 ] W= trce widh, in
[ \,"‘_‘——h. r
o " B = Eetﬂr”]ﬂgi urrent tE‘U]lﬂw
! i = stay close to cutgoing signal
-}&"" 'L;K Pﬂ.ﬁ‘-, ]
= -"FJ"ﬁ-'. il I [ — Al — [
GHD DD crosstalk III.‘J-‘I'UXII M

Note that signals are interleaved with the power and GND routing.
This layout increases mutual inductance.
Appropriate for low-speed CMOS and TTL design — not high-speed logic.
Current returns equally well through the GND and power wires.
SYIni X/

If two traces are separated by a larger distance D L, T D/
+q A
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Crosstalk with PWR and GND Fingers &

Return current ||/ —— E |: + +
forced to ﬂnwnf“‘*n R .
arourd ed# 1 ammg
board i — o+ +| | the power
i and GND
|I trace widths
BADDESIGN || == T = | help not

Both power and GND are routed on the same layer.

The diversion of the current introduces a huge amount of self and mutual

I X = board width!
L=35Y ln[ T J W = trace width
Y = trace length
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__Guard Rings: Reduce the Crosstalk &=
Theae are used a lot in analog design:

i trace

However, for digital, solid GND planes provide most of the benefits of guard
traces (guard traces add very little).

As a mule of thumb, coupling between microstrip. signal lines is cut in half by.
inserting a third line (GNDed at both ends) between them.
Coupling is halved yet again if the third line is freguently tied (through
vias) to the GND plane.

In digital with a solid GND plane, the reducticon in crosstalk is not significant
even if it’s possible to insert a guard trace between two traces.
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How much Crosstalk? —ET

How much crosstalk is too much?
» Crosstalk level of 1-3% between adjacent wires is fine

e Assumes that there exists solid ground plane
» Each wire interacts only with its nearest neighbours

* Cross-coupling from other more remote wires Is
negligible
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Rule to Minimize Crosstalk s

M1 (Signal laver)

M2 (Ground plane)
M3 (Signal layer)

W4 (Sigual layen
M3 (DC Power plane)

Kb (Signal layer;

L]

Widen spacing S between the lines as much as routing restrictions will allow
Minimize H while achieving the target impedance of the design

Use differential routing techniques for critical nets, such as system clock if allowed
Routing adjacent metal layers orthogonal if there is significant inter-layer coupling
If possible. routing the signals on a strip layer or as an embedded microstrip to
climinate velocity varnation.

Minimize parallel run lengths between signals, routing with short parallel sections
and mimimize long coupled sections between nets.

If possible, use slow edge rates (with extreme caution on timing uncertainty)
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Case Study: False Triggering b=

W=5.00mils
-ﬁ=:|t:.[rmmﬁ el M1 (Signal laye)
panent Component H=3.2 mils FR4 Diclectric (£}
':ﬂﬂ'll.“ U2 M2 (Ground plane)
M3 (Power planer)
|| M4 (Signal kayer)

Problem:

8 Bit wide Bus, Four Layer board
Driving Buffer Rs =30 Q

Swing = 2V, Length of trace=5 in
Center-Center Spacing =15 Mil,
Zo(with Out Cross talk) =50 Q

Goals is to Determine:

1. Self inductance and Capacitance.

2. Max impedance variation due to
Crosstalk?

3. Max velocity variation due to

&=40 (FR4) Crosstalk?

Input Buffer capacitance << ignored 4. Input buffer at U2 will switch at 1.0V,
Mutual inductance = 0.54 nH/in if there is possibility of false

Mutual Capacitance = 0.079 pF/in triggering?
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Case Study: False Triggering G5

1. Self Inductance and Capacitance:

&+l & -1
& = +
2 2
&(FR4)=4 W/H=5/32 =F=0

T

JWH

1
{1+ 1€VH } L F-0.217(s, -1)

1

e

¢ 2 2 +/5.0(3.2)
g, =2.84 o 5in .
Velocity(in/ ps) = =0.0070in/ ps
c  3.0x10°m/s o 713ps
= = :178X1O m/S 713pS
\/gT \2.84 TD(per inch) =4/LC = o =142.6ps/in
length 0i :
TD = "9 Ve _ 50'2 (00254my 2150 | Zoz\F=SOQ
c 1.78x10°m/s " 1.0in C
_c.To_ JLC _1426ps _ 2.85pF
z, Juc 50
= L=TDxZ, =+/LC x,/L/C =7.13nH
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Case Study: False Triggering L5

2. Max Velocity variation due to Crosstalk

First, let's evaluate the effects of common-mode propagation (all _I::its switching
in phase). Assume that ling 2 represents a conductor in the middle of the B-bit bus.

I | |
Ground plane

Common-mode switching pattern.

Even-mode capacitance of conductors 2 and 1 = Cas - Cia
Even-mode capacitance of conductors 2 and 3 = Cag - Cas
Equivalent capacitance of conductor 2 = Cas - Cya - Cas
Even-mode inductance of conductors 2 and 1= Laa + L=
Even-mode inductance of conductors 2 and 3 = Las + Las
Equivalent inductance of conductor 2 = Laa + Lya + Las
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Case Study: False Triggering b=

Z :\/L22+L12+L23
2,common

, [ 7.13nH +0.54nH +0.54nH
2eommen ™4/ 5 85 pF —0.079 pF —0.079 pF

=55.26 Q2

TDz,common = \/(Lzz + L12 + Lzs)(czz - C12 - C23)

D, common = \/(7.13nH +0.54nH +0.54nH )(2.85 pF —0.079 pF —0.079 pF)
TD, common = 148.6ps /in
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Case Study: False Triggering e "

A 4 Yy 2 A 2
I ] L
Ground plane

Differential switching patterm.

Odd-mode capacitance of conductors 2 and 1 = Cas + T
Odd-mode capacitance of conductors 2 and 3 = Cas + Cuy
Equivalent capacitance of conductor 2 = Cp + Ty + Cay
Even-mode inductance of conductors 2 and 1 = Las - Lys
Even-mode inductance of conductors 2 and 3 = Lag - Las
Equivalent inductance of conductor 2 = Laa - Lz - Las
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Case Study: False Triggering e e

7. o L22_L12_L23
2,diffrential C22 n C12 n C23

7 [TA30H-054nH-054H _ 0
' 2.85pF +0.079 pF +0.079 pF

TD, gittrential = \/(I—zz — L, —L)(Cy, +Cp, +Cyp)
TD, g = +/(7-130H —0.54nH —0.54nH )(2.85pF +0.079 pF +0.079 pF)
TD, gittreniar =135ps/in

Variation in velocity and impadance
44.8Q < Z, < 55.26Q0
135ps < TD <148.6 ps
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Case Study: False Triggering =

3. If Crosstalk will induce false triggering?

(s

The signal will ring G . P

down to a o By el b
minimum voltage Ve e o oRsZo_30-55_

Of 1.84V. -5""--.__'_.:'_‘-?". ko o Ry+Zo 30+35 i
Since the threshold T =B,

voltage of this =l | D IRF

bUﬁer Was deflned -!_r.'_':'-.- 258y Waorst caze waveform at U2

to be 1.0V, and el

signal does not il 2s] —

ring back down to i il r —

this value. e L s § J

The signal S e
integrity will not P W Eom B & &
cause false p k)
tr|gger|ng. Calculation of the final waveform.
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« There in no velocity variation due to Crosstalk in Striplines but
there is in Microstrip.

» The nearest neighbor has greatest effect.

« Common mode (All bit in phase) and differential (only target
out of phase) mode produce worst velocity and impedance
variation.

» Low impedance line produces less impedance variation.

» The impedance of the trace is effected by the proximity of the
neighbor traces even when they are not driven,

» Mutual parasitic falls off exponentially with trace-to-trace
spacing.
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