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Foreword

This tutorial explains and compares classical and innovative techniques for controlling crosstalk
and echo in printed circuit assemblies and multi-chip modules.

The first part of the tutorial presents propagation models based on the theory of multiconductor
transmission lines (MTLs). This theoretical part uses matrix algebra, but is not difficult to follow. It is
focused on the following points which are essential for the applications considered in the second part:
concisely presenting the MTL model; identifying a few common misconceptions on modal voltages and
currents; comparing bi-orthonormal eigenvectors with associated eigenvectors; and explaining the total
decoupling of the telegrapher's equations.

In a second part, this theoretical framework is used to describe and analyze most known techniques
for reducing crosstalk and echo in a uniform multiconductor interconnection. Here, the purpose is the
reduction of the number of transmission conductors and their spacing. The effect of discontinuities such
as vias, connectors, etc, 1s not covered. The following schemes are considered: multiple single-ended
links, multiple differential links, links implementing modal transmission schemes and multichannel
pseudo-differential links.

Howard L. Heck
Principal engineer at Intel Corporation

Hillsboro, Oregon
September 2011
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1. Introduction and definitions

[ This tutorial 1s about a physical device called interconnection, which 1s used as a
part of a /ink used for signal transmission. We emphasize the case where the
interconnection is built in a PCB or MCM.

[ We shall use multiconductor transmission line (MTL) theory to explain and
compare classical and innovative techniques for controlling crosstalk and echo.

[ This tutorial 1s derived from a much more comprehensive training seminar of
Excem, the Seminar 33. Many questions could not be included in the present tutorial.

[ In a first part, we present propagation models based on MTL theory. This allows
us to:

€ define and study modal voltages and currents;
€ compare bi-orthonormal eigenvectors with associated eigenvectors;

€ cxplain the total decoupling of the telegrapher’s equations.
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[ In a second part, this background is used to describe and analyze most known
techniques for reducing crosstalk and echo in a uniform multiconductor
interconnection. We will focus on innovative techniques.

[ In circuit theory, interconnections are represented using a 0-D model: the node.

1 The transmission line (TL) model of a two-conductor interconnection may be
regarded as:

€ a simplified 1-D model as regards propagation along the interconnection;

@ a static 2-D model for the computation of the p.u.l. parameters.
[ The MTL model extends the TL model to problems involving multiple conductors.

1 Why are we devoting time to the MTL model when full-wave 3-D software is
available?
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1 Rule A: the more comprehensive the model, the smaller the problems it can
handle.

1 Rule B: optimization 1s useful only when a small number of dominant parameters
has been identified.

[ Rule C: invention occurs only when the inventor has a simple mental image of the
problem and the effect of each main parameter.

1 The best model and problem combination 1s the one that gives the best result for
your objectives, your budget and your deadlines:

@ for exploring innovative solution, analytical formula provide more insight;
@ at the initial design stage, no detailed 3-D configuration is specified;

@ for the analysis of a finalized design, the 3-D data is available (and large).
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1 If we use basic circuit theory, where each interconnection is a node, our model
ignores the actual behavior of interconnections: it is inaccurate at high frequencies.

1 If we use an enhanced circuit theory where some lumped elements (e.g. a stray
capacitance, or a p1 network) are used to model the longer interconnections:

€ our model is more accurate in the lumped-element region [31, ch. 3];

€ an LC pi network nearing resonance indicates that we have left this region.

1 If we use a TL model for the longer interconnections:
€ our model describes propagation and reflections;
@ it allows us to reduce echo and to compensate losses;
@ it ignores the effect of nearby conductors, which cannot be controlled.

[ If we use a MTL model for the longer interconnections:
€ our model accurately describes the interactions between conductors;
@ it allows us to control echo, internal crosstalk and losses.
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1 In this tutorial:

@ interactions between conductors within a multiconductor interconnection are
treated using an MTL model;

@ circuit models are used for other parts of the link, with caution;

€ interactions between conductors belonging to different parallel
interconnections are treated using a single MTL model;

@ other interactions involving conductors are not considered;

€ cmission and immunity, as defined in electromagnetic compatibility (EMC),
are not considered.

1 Uniform means invariant along the interconnection or TL or MTL.

1 Homogeneous means invariant in a cross-section of the interconnection or TL or
MTL.
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2. The 2-conductor transmission line
in the frequency domain

[ We consider an interconnection with 1 transmission conductor (TC) placed close
to a reference conductor (GC) used as a reference for voltage measurements.

1 Important: the GC 1s not necessarily a ground conductor or a combination of
ground conductors.

1 We define:
@ the curvilinear abscissa z, the interconnection extending fromz=0toz = {;
@ the natural current i as the current flowing on the TC, toward z = { ;

€ the natural voltage v as the voltage between the TC and the GC.

i and v are z-dependent.
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1 Except when otherwise stated, we shall consider frequency domain quantities and \f
1s always used to denote the principal root.

1 We assume that the interconnection can be modeled as a TL. The TL model uses:
€ a p.u.l. impedance Z' and a p.u.l. admittance Y’

@ the telegrapher’s equations

D _ g

‘Z (1)
— =—Y"

L dz

1 Z"and Y’ are frequency-dependent. Z' and Y’ must each represent passive linear
systems. Thus, their real part is nonnegative.

[ The TL 1s lossless if and only if Z" = jwlL"and Y' = jowC'where L' and C' are real.
In this case, L'and C' must be frequency independent.
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[ The TL is said to be uniform if Z' and Y’ are independent of z.

1 Assuming a uniform TL, we can derive two second order differential equations

2
4 _yizry=0
1 @
L yZ'i=0
L dz

[ The general solution of (2) can be written

_ -2y zy
v=y,e " +tvy,e
{ ; 3)

. . —zy .

where v,,, v,_, iy, and i,_ are z-independent scalars determined by the boundary
conditions at z = 0 and z = £ and where the propagation constant y is given by:

y =NYZ 4)
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vy, e and iy, e propagate with the propagation constant y toward the far-end;
vy e’ and i,_ e’ propagate with the propagation constant -y toward the near-end.

[ The characteristic impedance Z is defined by

7= % (5)
.

Vor = Zclos

and it 1s such that
{ (6)

Voo ==L

1 We define

@ the voltage traveling toward the far-end, given by v, =v,, e ;

@ the voltage traveling toward the near-end, given by v_=v,_e’";

@ the current traveling toward the far-end, given by i, =iy, e " ;

@ the current traveling toward the near-end, given by i_ =i,_e’".
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[ We have V=V, +V_ v, =Z.1, :
=1, +1i_ V. =—Z,1_ 0
and, consequently
v+ Z.i V—ZL.1
v, = ——— V.= ———— 8
' 5 5 (8)

1 For a lossless TL, Z" =jwlL"and Y’ = jowC' where L' and C’ are real. Thus,

L/
Y=JjO VL'C’ ZC:\/C' 9)

. . L e L
so that ¢ = 1/ VL’C’ is the propagation velocity in the TL. The travel time is T = —.
c
[ For a lossless TL in an homogeneous dielectric, we also have
€ 1
LC =—1t=—
Sl (10)

where ¢, 1s the relative permittivity of the dielectric.
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3 A scattering matrix of the interconnection, denoted by S (/) and defined by

Ve — 24l Ve + 20
( S C.S):S(L)( S C.S) (1)
v, +Z, v, — 2L,
is given by 0 1
S(L)=e" 12
(£) Lo (12)
Proof. This 1s a direct consequence of (3) and (8). ]

A S (L) is the usual scattering matrix of a 2-port only when Z is real.
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3. Problems involving a TL and linear terminations

1 At the near-end, in the configuration shown, we have g TC
{e) /
- Z Vi o 3w
Vg = eg — Ll d v - Y
S Vo=V, +V 13 v !;('3' )
S + — ( ) E,.S" G{j
: vV, —V_
i =
\ ZC
we obtain 7 1-p
C S
vV, =————e +tPp V. =——>e. + P V_ (14)
+ ZS + ZC S pS 2 S pS

where, 1n this configuration, the voltage reflection coefficient is defined by
_ Ze—Zc

= 15
Lo+ Z, (15)

Ps
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1 At the far-end, in the configuration shown, we have

e T III. .
v, =e, +7,i, L )
1-’+ -
SV, =V, V. (16) —— FL[ Zp
vV, —V ¥
=TV §
| Z, GG):\lw °L
we obtain
Z l-p
V—:ZL +CZC e, TPV, = “e, +p,v, (17)
where, in this configuration, the voltage reflection coefficient is defined by
ZL — Zc
=—+—° 18
P Z,+Z, 1)

[ It 1s also possible to define current reflection coefficients.

(1 A termination 1s matched when 1t produces no reflection, 1.e. for Z¢=Z-or Z; =
Z (we are referring to reflectionless matching, as opposed to conjugate matching).
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[ Three possible approaches to find vg and v; in the configuration shown above
® using the boundary conditions to find v, v,_, iy, and i,_ 1n (3)

@ using the scattering matrix defined by (12) and the reflection coefficients
@ using the chain matrix (not studied in this tutorial).

1 Following the second approach, we consider multiple reflections occurring at the
near-end and at the far-end, and multiple propagation through the TL. We get:

( Z - P

v, (0)=e < p,p.e’t

| ( ) S Z + ZCZ z:,( LF's ) o Ve =v+(0)[1+pLe 27/L] 19)
Zoe't P v, =v, (L)[1+

\ML)ZQS Z§+ZC,§)(PLPS6M) c=v(Ei+p]
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Thus, we obtain

(

.

Vg

VL—

_eZ. l+p,e’f
) Zy+Zc 1=p,p; et (20)
e Z.e " 1+p,

Zy+Ze 1=p,ps e

1 An example involving a 20-mm long microstrip built on an enhanced high-speed
multifunctional epoxy material. Taking resistive losses and dielectric losses into

account in (20) yields:

dB

1]

red: near-end voltage
blue: far-end voltage

-4 |

1408

-1IZI1D
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[ Time domain results can also be obtained, @

here for the unipolar non-return-to-zero level (NRZ-L) sequence
0010101000100110001111101111010100110101111001100100101010101011.....:

v nnlaar-endlvnltage
0.8 ’] Ll f.iq
0 J\ \J J }\A—J qu '
and a0 AN Ot Aantaan0r
RV R L AV L RUINACE LR R L'
far-end voltage minus 1 V

Pe
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[ And also eye diagrams

v

0,3
05
04

nz

0 10 20 30 ps

1 All results shown were obtained using a standard numerical computation program.
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4. Telegrapher's equations of a uniform MTL
and modal decomposition

NIT T FIT
—t)

m TC2
-~ 2

TC3
—e)

T T T
1

™ Ge S
¢

1 We consider a link providing m channels comprising;:
€ an interconnection having n TCs and a GC, where n > m;
€ a near-end interface and termination device (NIT);

@ a far-end interface and termination device (FIT).
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1 The GC is used as a reference for voltage measurements.

[ Important: the GC is not necessarily a ground conductor or a combination of
ground conductors.

1 We number the TCs from 1 to n, and we define:

@ the curvilinear abscissa z, the interconnection extending fromz=0toz= L;
@ the natural current /; as the current flowing on the TC j, toward z = L;

¢ the natural voltage v; as the voltage between the TC j and the GC;
@ the column vector i of the natural currents i,..., i,, which depends on z;

® the column vector v of the natural voltages vy,..., v,, which depends on z.

1 Except when otherwise stated, we shall consider frequency domain quantities.
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1 We assume that the interconnection can be modeled as a MTL. The (n + 1)-

conductor MTL model uses [1]:
€ a p.u.l. impedance matrix Z' and a p.u.l. admittance matrix Y';

@ the telegrapher’s equations

v __zi
e 1)
oy

| dz

1 Z'" and Y' are frequency-dependent symmetric matrices of size n x n. Z'and Y’
must each represent a passive linear system. Thus, their real part is positive
semidefinite [8, § 7.1]. We shall assume that Z" and Y' are invertible.

[ The MTL i1s lossless if and only if Z" =jwL'and Y' =jw C'where L' and C’ are
real matrices of size n x n. In this case, L' and C' must be frequency independent.
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o

[ Assuming a uniform MTL, we can derive two second order differential equations

[ The MTL 1s said to be uniform if Z'and Y' are independent of z.

(42

TV vy =0

<Zj (22)
d—;—Y’Z’iz()

LAz

[ Z'Y' and Y'Z' are similar [8, § 1.3.20]. We shall assume that Z'Y’ is
diagonalizable. In this case, there exists two invertible matrices T and S such that:

T'Y'Z'T=T" ,

Where F = dlagn (}/19°"9Yn) (23)

S7Z'Y'S=T"

is the diagonal matrix of order n of the propagation constants y,, chosen with an
argument y € |-n /2, n /2], so that the y; are principal square roots.
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AT and S define a modal transform for the natural currents and the natural voltages.

We define v;, and i, by
{V =Sv, (24)

i=Ti,
where
€ we use i, to denote the vector of the » modal currents iy, ,..., iy, ;
€ we use v,, to denote the vector of the n modal voltages v, 1,..., Vis,

& we call S the transition matrix from modal voltages to natural voltages,
& we call T the transition matrix from modal currents to natural currents.

[ Using (23) and (24), (22) takes on a form which contains # times (2):

2
dsz_FZVMZO
< dz (25)
d’i,, 5 .
FE -I1"1,, =0
| dz
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[ The general solution of (25) is
(26)

where V.04, Viso-» 1170+ and i,,o_ are z-independent vectors depending on the
boundary conditions atz=0and z = L.

1 For a function f(u) of the variable u€ C and a diagonal matrix diag, (a,..., a,), we
define f(diag,(a,..., a,)) = diag, (f(a,),..., f(a,)). This was used 1n (26).

O Forany a €{1,...,n}, amodal current i,,, and a modal voltage v,,, may propagate
with the propagation constant y toward the far-end, or with the opposite propagation
constant -y, toward the near-end.

[ The column vectors of S (respectively, of T) are defined as linearly independent
eigenvectors of Z'Y ' (respectively, of Y'Z'). Consequently, S and T are not uniquely
defined by (23).
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5. The characteristic impedance matrix

1 For a wave traveling toward the far-end, the column vector of the modal voltages

. ol r ® L] - F [ ]
SV, ,=e " V. and the column vector of the modal currents is i, = e~ i,

[ The modal characteristic impedance matrix Z,,. 1s defined by

Vs =Lycly, (27)
and given by

Z,. =T'S7'ZT=TS7'Y'T=S7'Y ' TI'=S7'Z'TI""' (28)
MC

1 For a wave traveling toward the near-end, the column vector of the modal voltages

. F . . r °
isv,,_=e" Vv, and the column vector of the modal currents isi,,_=e" i,,,_, SO
that

v, =-Z,.i,._ (29)
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[ The modal characteristic impedance matrix depends on the choice of S and T.

3 We can now define the characteristic impedance matrix Z of the multiconductor
transmission line, as:
Z.=S7Z,.T" (30)

1 Using (28), we get
Z,.=ST7'S7'Z=STS7'Y ' =Y 'TIT ' =2"Tr"'1" (31)

1 For a wave traveling toward the far-end, the column vector of the natural voltages

. T C.

isv,=Sv,,, =S e v, and the column vector of the modal currents is i, =
[ - F [

Ti,,=Te iy, . Wefind:

(32)
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1 For a wave traveling toward the near-end, the column vector of the natural
voltagesisv_=Sv,;,_ =S e’ V,r0- and the column vector of the modal currents 1s
i_=Ti, =Te" i, . Wefind:

(33)

3 Since (32) or (33) hold for any value i, each can be used as a definition of Z.
Thus, Z . 1s unique and does not depend on the choice of the matrices S and T.

[ For alossless MTL, real and frequency-independent T and S can be computed [4],

and we have Ir
Vo =" (34)

Ca

where the positive real ¢, is the propagation velocity of the mode a. Thus, Z . 1s real.

L

max(c,)

[ The minimum travel time 1s 7, =
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1 Special case of a lossless MTL where the electric field sees an homogeneous
dielectric:

€ we may consider that we have a lossless MTL having an homogeneous
dielectric of permittivity ¢,, for which it can be shown that [1] [90],

C' =g, L (35)

so that 7Y =Y'7 = _a)zgrgouoln (36)

¢ wecanuse S=T =1 so that

v s oy =

There 1s only one propagation constant: we have a completely degenerate MTL.

37)

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides page 32



6. Biorthonormal eigenvectors
and associated eigenvectors

1 7' and Y’ being symmetric, if a dlagonahza‘uon of the matrlx Y'Z' produces a
matrix T satisfying the first line of (23), 1.e. T 'Y'Z'T =T?, we find that a solution
of the second line of (23),1.. S '72’7Yy'S=r"?

S='T"' (38)
where ‘A is used to denote the transpose of a matrix A.

1 In other words, we can always compute the eigenvectors T; of Y'Z' and the
eigenvectors S, of Z'Y" in such a way that they satisfy the relation

'S, T, =3, (39)

where 9, ; 1s Kronecker’s symbol. This 1s called the biorthonormal property [15].
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[ The possibility of using (38) in (31) shows that Z 1s symmetric.

1 Note that:;

€ biorthonormal eigenvectors can be used with lossy and lossless MTLs;
€ (38) is not a property of (23), it is only a possible choice.

A fa dlagonahzatlon of the matrix Y'Z'produces a matrix T satisfying the first line
of (23) ie. T Y Z'T =T *, we find that a solution of the second line of (23), 1.e.
S'Z'Y'S=T"is

S=jwc, YT (40)

where ¢y 1s an arbitrary scalar different from zero, which may depend on frequency,
and which has the dimensions of p.u.l. capacitance.

[ When S and T are defined by (23) and (40), we say that they are associated, and
that the eigenvectors contained in S and T (i.e. their column vectors) are associated
[10] [12][16] [22] [27] [38] [39].
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o

1 Using (21) and (24), we can write

(dv,, L.
o Lyl 7, =S"Z'T
1 . where ) e, (41)
dlM:—Y’V Y, =T Y'S
M "M
| dz

This defines the modal p.u.l. impedance matrix Z';, and the modal p.u.l. admittance
matrix Y';,. For associated eigenvectors, we find

- 1 r’
', =(jocy Y'T) Z/T=——T'Y'Z'T=— (42)
JOCk JOCk
and
Y, =T'Y (joc, Y'T)= jocd, (43)
Thus, we have shown that, for associated eigenvectors:
# the modal p.u.l. impedance matrix Z,, =S™'Z’ T is diagonal; and
@ the modal p.u.l. admittance matrix Y;, =T 'Y’S is diagonal.
page 35

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides



[ For associated eigenvectors, the modal characteristic impedance matrix is diagonal
and given by 1

L=

. I’ (44)
JO Cg

[ A more general possible choice (generalized associated eigenvectors) is given by
S=jw Y 'Tec, (45)

where ¢, 1s an arbitrary invertible diagonal matrix, possibly frequency-dependent,
and having the dimensions of p.u.l. capacitance.

1 We find that, for generalized associated eigenvectors:
& the modal p.u.l. impedance matrix Z, =S™'Z’ T is diagonal;
@ the modal p.u.l. admittance matrix Y, =T"Y’S is diagonal;
€ the modal characteristic impedance matrix is diagonal and its value is

|
ZMC = C;(I I (46)
ja
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7. The choice of eigenvectors and total decoupling

1 For associated eigenvectors, for a wave propagating in a given direction and for
any o €{1,..., n}, by (27), (29) and (44) we have:

€ :
vMa - o Ya lM(x (47)
JO Cg

where ¢, 1s equal to 1 1f the wave propagates toward the far-end, or to -1 if the wave
propagates toward the near-end.

1 For generalized associated eigenvectors, using (27), (29) and (46), we find:

E .
VMoc — . > ,}/oc lMoc (48)
]CO CKococ

where ¢, » denotes an entry of c.

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides page 37



o

[ According to (26) and to (47) or (48), the propagation of v,, , and i,, , can be
viewed as the propagation on a ficticious 2-conductor transmission line having the
propagation constant y, and the characteristic impedance y,, / jocg or y,, / jocg , -

1 We say that a total decoupling occurs when a particular choice of T and S leads
to (47) or (48) so that an equivalent circuit comprising »n independent 2-conductor
TLs may be defined for the (n + 1) conductor MTL.

1 We see that the diagonalization of Y'Z'and Z"Y " in (23) provides a decoupling in
(26), but 1t need not provide total decoupling.

[ Theorem: Total decoupling means that Z,, 1s diagonal. It only occurs for
generalized associated eigenvectors, 1.€. eigenvectors complying with (45).

Proof. The ¢, , being arbitrary scalars, (48) means that Z,,- 1s diagonal. By (28), we
have S= Y''TT Z}.which complies with (45) for joc,=T1Z,. ]
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1 In the literature, we find that:
@ T and S satisfy S = ‘! [7]1[14,8§ 4.3.2]1[17, § 6.2.6] [81, § 4.4.1];

€ the modes are orthogonal, i.e. the eigen-voltages (the columns of S) or the
eigen-currents (the columns of T) are orthogonal [9] [13, col. 1][19, col. 4] [33]
[34] [81, § 4.4] [86] [88];

& the modal impedance matrix Z’, =S™'Z’T and/or the modal admittance
matrix Y/, =T~'Y’S are diagonal [6][7] [81, § 4.4.1];
@ the 3 assertions above need not be correct [15] [38, § X] [39, § V and § VI].

7 Bi-orthonormal eigenvectors, defined by the relation S="T" are such that total
decoupling need not be present, so that it need not lead us to an equivalent circuit
based on n uncoupled 2-conductor transmission lines.

1 However, when all y, are different from one another, 1.e. when there is no
degenerate propagation constants, any choice of T and S complies with (45), so that
bi-orthonormal eigenvectors provide a total decoupling in this case.

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides page 39



o

1 However, in the case of a lossless MTL, it is possible to compute a matrix T such
that [4] [5] [14, § 4.4.3]
T'='TC"™ (49)

for which bi-orthogonal eigenvectors comply with (45), so that they provide a total
decoupling (at the cost of a complex algorithm).

1 Using (generalized) associated eigenvectors, because of total decoupling:

€ any (n + 1)-conductor MTL has an equivalent circuit comprising voltage-
controlled voltage sources, current-controlled current sources and » uncoupled
2-conductor transmission lines;

€ in general, all electrical parameters of the equivalent circuit are complex and
frequency-dependent;

& if the MTL is lossless, all electrical parameters of the equivalent circuit are
real and frequency-independent. It can be used in SPICE [10] [12] [16].
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1 Example A: This example relates to a multiconductor microstrip interconnection
having 8 TCs, built on a polyimide substrate. We neglect losses.

The worksheet of [Annex A

shows that, in this example:

@ there are no degenerate eigenvalues (see § 2);

€ 7. is real, not diagonal, and may be realized with a network of n (n + 1)/2
resistors, some of which being obviously superfluous (see § 3 and § 4);

@ the eigen-voltages and the eigen-currents are not orthogonal (see § 5);

@ for associated eigenvectors, Z',, and Y',, are diagonal (see § 6);

!

® for our choice of bi-orthonormal eigenvectors, Z,,-, Z',, and Y',, are diagonal

(see § 7 and § 8).

¢’ Why would the computation of T in § 2 be inadequate for degenerate eigenvalues?
Answer: the function eigenvect cannot return independent eigenvectors for a

degenerate eigenvalue.
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1 Example B: This example relates to the multiconductor stripline interconnection
having 8 TCs, built in a polyimide substrate. We neglect losses.

The worksheet of | Annex B

shows that, in this example:

€ we assume an homogeneous dielectric, so that (35) is used to compute C' and
completely degenerate eigenvalues are obtained (see § 1 and § 2);

€ 7. is real, not diagonal, and may be realized with a network of n (n + 1)/2
resistors, many of which being obviously superfluous (see § 3 and § 4);

€ for our choice of associated eigenvectors, the eigen-voltages are not
orthogonal while the eigen-currents are orthogonal (see § 5);

@ for associated eigenvectors, Z',, and Y',, are diagonal (see § 6);

€ for our choice of bi-orthonormal eigenvectors, Z,,, Z',, and Y',, are not
diagonal (see § 7 and § 8).
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8. Propagation in the frequency domain

1 According to (26), v,;, and i,, are given by

VM = VM+ + VM—
[ [ (50)
L, =1,,+1,
— -z _zI
VM+ =€ VM0+ VM— =€ VMO—
where _ . and . . (51)
Ly, =€ Ly Ly =€ 1,

where
® v,,. 1s the column vector of the modal voltages traveling toward the far-end,
® v,,_1s the column vector of the modal voltages traveling toward the near-end,
® i, . is the column vector of the modal currents traveling toward the far-end,
€ i,,_is the column vector of the modal currents traveling toward the near-end,
® V0. Viso-r 1170+ and i - are z-independent column vectors depending on the

boundary conditions atz=0and z = L.
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 Thus, a modal scattering matrix, denoted by §,,(z) and defined by

(0, o 10) -

v, (2) v, (2)
1s given by
O —zI
Su(2) :(ezf eo ) (53)

[ This result is similar to (11), which applies to a TL.

[ By (27) and (29), we have

+Z,,1 —Z,, i
VM+=VM 2MC1M VM_=VM 2MC1M (54)
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 Using (50), (51), v=Sv,,andi=T i,, we find that v and i are given by

V=V, +V_ 5
i=1i, +i (55)
v,=Se " STy, v_.=Se" Sy,
where . e and 4 (56)
i, =Te " T 1, i =Te T i
where

€ v_ is the column vector of the natural voltages traveling toward the far-end,
@ v_ is the column vector of the natural voltages traveling toward the near-end,
@ i is the column vector of the natural currents traveling toward the far-end,
@ i_ is the column vector of the natural currents traveling toward the near-end,
® v, Vy, iy and i,_ are z-independent column vectors depending on the

boundary conditions atz=0and z = L.

[Av,, v_,i,andi_ are independent of the choice of eigenvectors.
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A Thus, a scattering matrix, denoted by S(z) and defined by

o)l o) o

1s given by
s() 0  Se”'s” 0 e 55
Z — — —
Se—zFS—l O e—zm O
[ By (32) and (33), we have
V+:V—I—ch V_:V—ch (59)
2 2

A S (L) is the usual scattering matrix of a 2n-port only when Z,- is real and diagonal.
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9. Matched termination circuit
and pseudo-matched terminations

TC1
1 We consider, at the near-end, a passive linear (n + 1)- — &
terminal circuit of impedance matrix Zg and open-circuit Vs TC2
voltage e. We find: <
1 s TC3
V,=Z(Zs+Z.) e, +Pgv_ Ol
1-p, 60) ™ I

e, +tP,v_ Zg, €g

GC
-
where 1, is the identity matrix of size n x n and where P 1s the matrix of the voltage
reflection coefficients for this configuration, given by

P=Z.(2,+2.) (Zs—2 )2 =(Zs—Z.)(Zs+Z.)" (61)
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r——
v,  For the corresponding case at the far-end, we find:
— -1
i v =Z.Z,+Z.) e, +P, v,
— _ 62
i =Tl +P, v, ©2
- W 7 ?
“" Where P ; 1s the matrix of the voltage reflection coefficients
}_':':": for this configuration, given by
-1 _ -1
P,=2.Z,+Z.) (Z,-2.)L. =(Z,-Z1.)(Z, +Z,) (63)

[ A matched termination circuit produces no reflection:

® at the far-end, if Z; = Z or equivalently P, =0, ;
® at the near-end, if Z¢ = Z or equivalently P¢=0,

1 Note that we are again referring to reflectionless matching, as opposed to
hermitian matching which provides maximum power transfer [3].
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[ For an interconnection in which TC-to-TC coupling is not negligible, a matched
termination circuit has a non-diagonal impedance matrix (with respect to the GC).

1 A termination circuit made of n impedors each connected between a TC and the
GC has a diagonal impedance matrix (with respect to the GC). The impedance of an
impedor intended to minimize the detrimental effects of reflections is referred to as

pseudo-matched-impedance [36] [38] [39].

[ Pseudo-matched impedances may be chosen as the diagonal elements of Z, [10]
[12]. This 1s an arbitrary definition.

[ A second choice of pseudo-matched impedances requires that the diagonal
elements of P; or P¢are equal to zero. This is referred to as diagonal matching [20].

[ In diagonal matching, if the incident wave exists on a single TC, there is no
reflected wave on this TC. Consequently, the termination circuit produces crosstalk,
but no echo (however, it may indirectly contribute to echo).
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[ A third choice of pseudo-matched impedances requires that the maximum
(absolute) column sum norm |[|[P[[[, of P = Pgor P = P; be minimized. If P = [p,, 4],

this matrix norm [8, § 5.6.4] [21, p. 1148] 1s defined by

|||P|||1=m?XZ‘PU‘ (64)
i=1

(3 |||*]||; 1s the matrix norm induced by the L,-norm for vectors, defined by

n

HVH1 = Z Vi (65)
i=1
Thus, for a non-zero incident wave v
Pv P x
H Hl < max H Hl =|||P|||1 (66)
T i
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[ A fourth choice of pseudo-matched impedances requires that the maximum
(absolute) row sum norm |[||P[||, of P = Pgor P =P, be minimized. If P = [p, ;], this
matrix norm 1is defined by

1P = max 3o, (67)
j=1
7 |||*|||, 1s the matrix norm induced by the L_-norm for vectors, defined by
[v]l. = max v (68)
Thus, for a non-zero incident wave v
Pyl Pxl g
< max = =[P (69)
VIl e I

[ In the special case where losses are neglected, Z, 1s real and frequency-
independent, so that the proposed pseudo-matched impedances are resistances.
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10. Problems involving an MTL and linear terminations

TC1
& ——
m Vi TC2 Vi m
. : 3 —
In this configuration, e and e; are _ _ s
L 1y T3 1
the vectors of the open-circuit & —
voltages at the near-end and at the mr Ve Vi B
. - Y_ - W
far-end, respectively. 7. €5 7. ¢,

e

[ Three possible approaches to find v¢ and v; in the configuration shown above:
® using the boundary conditions to obtain v, V3,0-, 1370+ and iy, o_ in (24)
and (26);

@ using the scattering matrix defined by (58) and the reflection coefficients;
€ using the chain matrix (not studied in this tutorial).
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1 Following the second approach, we consider multiple reflections occurring at the
ends and multiple propagation through the MTL. For case e # 0 and e; =0, we get:

v+(o)={i P, HEY p, Y )p}zc(zs +Z.) e,
) = (70)
v (L) =YY (P Y P, Y )p}zc(zs +Z.) e,
\ (P=0
and
Vg = [ln +e VY P, e_L*/W]V+(O) (71)

v,=[1,+P,]v.()
Using [8, § 5.6.16], we obtain

v, :(1n feHEY p B )(1 _P e HEY P Y )_IZC(ZS +Z,.) e o)
< _
v, =(1,+P,)e Y (1, P e Y P, Y Z(Zo+Z.) e,
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1 Example: a 300-mm long multiconductor microstrip built on a general-purpose
FR-4 material, having 4 TCs, used for single-ended transmission with pseudo-
matched terminations such that |||P|||., =|/|P; ||l = 0.130 and |||P¢l||; = |||P, |||, = 0.138.

VN1
VF1
>—se 9) ) <
VN2 VF2
R1 > ) ) < SRs
60.65 X1 MS13D 60.65
HVNB p N VFS/
1« R2 > ) ) < R6
54.38 54.38
VN4 VF4
+
V1 R3 > ) ) +—< SrR7
AC C) 54.38 54.38
R4 R8
60.65 )] 60.65
T
W W
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Simulation using a circuit simulation program (based on Berkeley
SPICE 3F.2) and a lossless MTL model generated by SpiceLine [10] [12] [16] [22].

., | near-end voltages | far-end voltages
7
80OM 800M /
400M !::I::::::::::!:::!::::::!:::I:::!:::!::::::::::: 4000 bttt :::::::::::::::::::::::::::::::::::::::
0 o, 0
-400M -400M
1.00N 3.00N 5.00N 7.00N 9.00N 1.00N 3.00N 5.00N 7.00N 9.00N

Voltages in mV versus time in ns. TC1: blue curves. TC2: red curves. TC3: green
curves. TC4: black curves.
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In the frequency domain, some near-end voltages obtained with a standard numerical
computation program, resistive and dielectric losses being taken into account

0

dB

aFnty

I:2Fr122 i

QFMZIi'

l:2Fr121 i

QFNZ3 i

QFM3Ii
an24,i

aFnly
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Some voltages at the far-end, computed with the same tool, resistive and dielectric
losses being taken into account.

1n
dB
0
-y
‘\..::I\‘ ~
10 P . ;‘\f
X P
- £
# ‘=j a
Ry i - Ca A
— 2287 L N
aFf2 # Ir
2.0 -5 * " :I
— -, L 1
QFﬂzli'aD /?r -_==: ] | I.|
—_— f/ e - F) ' b
i 48 - il
Py, ._40 L ] I l_." ]
. 7o ’ i
— r. - .
Ffi., . F - - [ ]
+] 3,|_SIJ :;::'f HJ$=’ F ‘| ] i
—— ) S i
aFf2, | /, . T "
- | H
- Frl ="
QFF, AIPrE e
4,i-60
J— - s _.‘ |t
5" N
- "
_ﬂ
-0 &
.J
_SD 7
-
k"
g £
1.10° 1407 1.10® 1107 11010 1ot
Hz
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Time domain results using the same tool,
resistive and dielectric losses being taken into account.

1.2
v

1
0.5
QTrH1Ik 0.6
LR
L Py

GThi

4k 0
-n.2

=04

0.3

IQTH1 k0B

LN P

43k 02

GTH

4k 0

-0z

-0.4

=06

near-end voltages

/

far-end voltages

1]

310

-4

440

-4

XCE
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11. The degradation of transmitted signals

1 The degradation of signals transmitted through a linear multichannel link is the
result of five phenomena related to the properties of the interconnection:

® attenuation of the wanted signal;

® ccho, the detrimental phenomenon by which a signal sent or received at an end
of the link, in one of the channels, 1s followed by the reception of a delayed noise
on the same channel, at the same end of the link;

® internal crosstalk, the detrimental phenomenon by which a signal sent in one
of the channels produces noise in another channel;

® other linear distortions, of the wanted signal, which may be due to the
variation of the propagation velocity with frequency (dispersion) or other causes;

@ thermal noise.

[ We have not included the propagation delay in this list, but this phenomenon
might also be a problem.
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1 In the case of a signal applied at the near-end,
® near-end crosstalk (NEXT) is the internal crosstalk occurring at the near-end;

® far-end crosstalk (FEXT) 1s the internal crosstalk occurring at the far-end.

1 Reflection 1s the phenomenon by which a wave propagating in a given direction,
involving one or more TCs, produces a wave propagating in the opposite direction.

[ Reflections may be responsible for echo and/or internal crosstalk.

[ If the interconnection is uniform, reflection can only be caused by the items
connected at its ends.

A TC-to-TC coupling collectively designates p.u.l. mutual capacitance between the
TCs and p.u.l. mutual impedance between loops comprising the TCs and the GC.

[ TC-to-TC coupling may be responsible for internal crosstalk.
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[ Detrimental interactions between the link and other circuits of the chip, MCM, SiP
or PCB 1n which the link is built are referred to as external crosstalk.

[ External crosstalk 1s often associated with a current i~ flowing in the GC because

of such other circuit, causing a voltage drop v along the GC, often referred to as
ground shift or noisy ground.

TC1

)
‘”51[ Zg TC2 Z
é ) :
‘l" -
ek 'g;ﬂ' 2 EI. :ﬁ

Y

[ This concept 1s valid at dc and very low frequencies, but it is not compatible with
the MTL model.

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides page 61



[ This 1s not a deficiency of the MTL model:

€ at high frequencies, the voltages between the conductors are defined
unambiguously only in a cross-section of the interconnection;

€ 2 TC must be added to allow i to flow, and included in the MTL model.

1 Possible causes of external crosstalk degrading transmission in a given link:
€ a conductor parallel to the interconnection, excited at the near-end;
€ a conductor parallel to the interconnection, excited at the far-end;
€ a conductor crossing the interconnection (below or above the TCs);
€ common-mode coupling at the near-end (sending end);

€ common-mode coupling at the far-end (receiving end).

[ The mitigation techniques for internal crosstalk apply to the first two cases.
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[ Crossing at a right angle produces a local coupling, which can often be modeled
with a circuit model only comprising stray capacitances.

[ Common-mode coupling at the near-end or at the far-end typically happens in the
line drivers or line receivers of an IC, because of currents produced by other circuits
of the IC, flowing in a common impedance across which unwanted voltages referred
to as bounces appear (e.g. the so-called ground bounce and power bounce).

1 The common impedance is often caused by mutual inductance in the reference or
power supply conductors within the IC package, or the corresponding leads.

[ The currents having the worst effects are often caused by multiple switching in the
IC, producing the so-called simultaneous switching output (SSO) noise.

[ Once the common impedance has been reduced to the smaller practical value, a
crosstalk cancellation scheme must be used to reduce external noise in the channel.
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12. Single-ended parallel links

1 Single-ended transmission: any transmission scheme in which a single TC 1is
allocated to each channel, and in which a global net such as GND or VCC, referred
to as the GC, 1s used as a voltage reference for receiving signals.

1 A single-ended link uses single-ended transmission. It must be such that
€ TC-to-TC coupling is small;

® the near-end interface and termination device (NIT) and the far-end interface
and termination device (FIT) do not introduce any significant couplings between
the voltages and currents in the TCs.

[ Thus, for small signals, in any state, the impedance matrices of the NIT and FIT
with respect to ground may be regarded as diagonal (or almost diagonal) matrices.
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1 A single-ended link may use:
€ voltage-mode signaling (low impedance NIT, high impedance FIT);
€ current-mode signaling (high impedance NIT, low impedance FIT);
€ pscudo-matched impedances at the NIT and/or at the FIT.

[ Voltage-mode and current mode circuits can be used in the line drivers and line
receivers of different types of single-ended links. For instance:

€ a voltage-mode line driver fitted with a series resistor (series termination) can
provide a suitable pseudo-matched impedance;

® a current-mode line driver or a voltage-mode line receiver fitted with a parallel
termination can provide a suitable pseudo-matched impedance.

1 A single-ended link can be point-to-point or multidrop.
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[ Each TC of a single-ended point-to-point link can be used for unidirectional
(simplex) transmission, alternate bidirectional (half duplex) transmission or
simultaneous bidirectional (full duplex) transmission.

[ Each TC of a single-ended multidrop link can be used for unidirectional
transmission or as a bus.

1 The interconnection model underlying the concept of single-ended links excludes
TC-to-TC coupling. Thus, possible models for preliminary link design are:

€ one ideal node for each TC, in the case of a short interconnection;

€ a lumped elements model for each TC, for longer but electrically short
Interconnections;

€ a TL model for each TC;

@ a uniform TL model for each TC if the interconnection is uniform.
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[ Since the underlying interconnection model does not include TC-to-TC coupling,
actual non-zero TC-to-TC coupling is likely to produce crosstalk.

[ In the case n > 2, 1t is advisable to take TC-to-TC coupling into account at the
analysis stage. It 1s possible to use:

€ a lumped element model for an electrically short interconnection;
€ the weak coupling approximation applied to a lossless MTL model;
€ an exact solution of a lossless MTL model;

€ an exact solution of a MTL model taking losses into account.

1 The weak coupling approximation provides closed-form solutions which reveal the
underlying physics and can be used for comparing design options.

[ We can use a first order perturbation theory where the undisturbed solution
corresponds to uncoupled TLs.
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3]
1

[ For the single-ended link shown, let us assume a uniform and lossless
interconnection such that

, . LI,I Ll,2 , . CI,I C1,2
7'=jo| , , and Y=jo| , , (73)
L, Ly, C, C
1 Let us define
L L 1
1/1 > Z02 = % , G = ’ 2 and €2 = el (74)
Cll 22 Lllcll L22 22

which would be characteristic impedances and propagation velocities if coupling was
not present.
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1 Let us define the capacitive coupling coefficient ¢, and the relative magnetic
coupling coefficient &, as:

E =— Ch and _ L1,2C1,1
2

’ 2 ’ ’
C22 LZZ Cl 2

[1]

(75)

OForZg =72, =2y, L = Z;, = Zyy and c| = ¢, = ¢, we get the result of Jarvis [2]:

e, 2L
Vg, = S82(:2+1)(1—e ¢ ] (76)
o el, -j2L
v =—j— 225, - 1)le (77)
c 4
3 We can check that the maximum value of |v¢,/v; | 1S 52—2(52 +1), first achieved at

TTc
® =77 . This maximum is independent of L.
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1 In the time domain, in the same case, the Jarvis formulas are:

. L
vl =522, 41 ()= 1- 22 7%
and L de, [
v, (t)= —i—c(:z - I)Lg(f —;) (79)

[ This approximation predicts that:
@® v¢,(?) is proportional to eg(f) - eq(t -2 L /c) and otherwise independent of L ;
@ the form of (76) or (78) shows that a reflection takes place at the far end;
@ v, ,(¢) is proportional to £ and to the time derivative of eg(t - L /c);
® v, ,(¢) vanishes for 5, =1 ;
® thus, for 2, = 1, we have a directional coupling.

(1 In a multiconductor stripline structure, we have =, = 1. In a multiconductor
microstrip structure, we have =, > 1.
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[ Z,, and Z, are not characteristic impedances but pseudo-matched impedances.

3 An example of NEXT loss |v;,/vg,| and FEXT loss |v;,/v;,| in a 300-mm long
multiconductor microstrip built on FR-4, having 2 TCs, according to the weak
coupling approximation.

(IESD ',.ﬂ'“'—"-dpr
T
—20 = el #;-1. ot F.\
e _,_..-"""'r \ Wk
near-end crosstalk loss o P
-ﬂ’"‘fﬂ“’i:-ﬂ"‘-ﬂ"‘
” P ' 1k
/r”# _,...--"'""H" far-end crosstalk loss
-50 zaut e
ﬂ"“"'d" -'*_,,J-"FF
| __,..--""'"
-30 ﬂ/----""'- ~
o

=100

1407 1.40% 1407 1.40% 1.40% Hz 14010
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In the time domain, for the step having 0%-100% rise time of 1 ns,
we obtain the classical waveforms of this approximation:

near-end signal voltage v, (200 mV/div)

near-end crosstalk voltage v, (40 mV/div)

[ far-end crosstalk voltage v; , (40 mV/div)

=
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[ If we do not assume Zg, = Z; | = Z,,, 1t 1s useful to define the parameters

Lo —7 AR YA
Py = ZS] Zm and p, = ZLI Zm (80)
s1 T4 11 T4y
p
and o 2 jcﬂL 1
—_— 1 J—
Ky = 2 PsiP € = Ny, (81)
p=0 c
l-pgpe °
O If we do not assume Zg, = Z;, = Zy,, 1t 1s useful to define the parameters
Lo —7 AR
Py, = Zsz Zoz and p,, = L2 02 (82)
s2 T4 L, +2y,
and o \P
e 2L 1
Ky = Z(pS2PL2e ’ ] = 20, (83)
p=0
l-pg,p,e °
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1 If we only assume negligible losses, weak coupling and ¢, = ¢, = ¢, we get:

((1+ PP ezj?L)Eﬁl[l—ezj?LT
eS(l_pSl)(1+pS2)KMR1KMR2§2 ) He 2

Vgr = A >
i ,_ 22
~(P . +pL2)]7(‘:2 ~1)Le g
(34)
and
((p +pgy) H(l—e”f‘] |
Ll 2
b= eS(l_pSl)(1+pL2)KMR1KMR2€2< 2 >e—j%L
2= 1 0 e
_(H'pupsze K ]]C(E‘z -1)L
| s9)
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3 In the case where [ is not electrically short, a practical link is such that, for

reducing echo, the NIT and/or the FIT must provide a low reflection coefficient at
at least one end of each TC. Thus, we can assume that K5, = 1 and K;p, = 1.

1 The internal crosstalk mitigation approaches taught by (84) and (85) are:

® increasing the distance between the TCs relative to the distance between a TC
and the GC, to obtain a decrease of &}, ;

€ making =, close to 1;

€ making Z;, close to Z,, reduces the absolute value of 2 terms in (84) and 2
terms in (85);

€ making Z;, close to Z,, reduces the absolute value of 2 terms 1n (84);
€ making Z, close to Z, reduces the absolute value of 2 terms in (85);
€ decreasing as much as possible the bandwidth of the line receivers;

€ decreasing as much as possible the bandwidth of the line drivers.
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1 Eq. (72) shows that, for a lossless MTL, atatime r <2t

in [TOM an excitation, vg
is only determined by Z (Z¢ + ZC)_1 e¢. This exact result is compatible with (78)

and (84): L plays no role and w plays no role except, possibly, in Zg.

[ Using (72), it can be shown that, for a completely degenerate MTL seeing pseudo-
matched impedances at the ends of each TC, there 1s no FEXT to the first order in the
weak coupling approximation. This result is compatible with (79).

[ Thus, 1n a long single-ended link terminated with pseudo-matched impedances,
@ the cause of NEXT is the lack of matching at the near-end; and
@ the cause of FEXT is the propagation of modes at unequal velocities.

1 It 1s often difficult to use low-swing transmission in the single-ended links of a
digital IC due to common-mode coupling at the near-end or at the far-end.

[ A compensation or equalization scheme used to flatten the channel gain in the
bandwidth used for transmission unfortunately increases the FEXT.
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13. Multichannel differential links

[ A balanced pair comprises 2 TCs having the same averaged p.u.l. impedance and
p.u.l. admittance with respect to the GC.

1 In a link using a 2-TC interconnection, a NIT or FIT 1is balanced 1f the signal
terminals present the same admittance with respect to the GC.

[ Using a balanced pair and balanced NIT and FIT, it seems that a differential-mode
source and a common-mode source produce opposite and equal voltages with respect
to the GC, respectively, at each z.

TC1
@
” / — /
For instance, for L 1= Ly FSIT — AR
and C';; = C'y,, 1n the link T )
shown, by symmetry we have z[] 2z ‘v'szT Zi| | ez
- sz — vSl and - VLZ — le' + + hil
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1 A single-channel differential link uses this configuration with:

€ a transmitting circuit using a differential-mode source for signaling
(differential line driver); and

€ areceiving circuit sensitive to differential mode signals and insensitive to the
common-mode voltages (differential line receiver).

[ This crosstalk cancellation scheme may effectively reduce the effect of 3 causes
of external crosstalk:

€ a conductor crossing the interconnection;
€ common-mode coupling at the near-end;
€ common-mode coupling at the far-end.

1 However, this is only true if other parallel conductors do not disturb the symmetry
of the TCs. For instance, the following geometry may cause problems:

TC1
TC2
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1 A perfectly balanced pair comprises 2 TCs such that [50]:

@ the TCs have the same averaged p.u.l. impedance and p.u.l. admittance with
respect to the GC;

@ the excitation of the pair in differential mode induces no voltage and injects
no current in any other conductor.

[ Reciprocity entails that a voltage appearing on or a current flowing in such other
conductor produces no differential mode excitation in the perfectly balanced pair.

1 A single-channel differential link using a perfectly balanced pair implements a
crosstalk cancellation scheme which reduces all causes of external crosstalk.

[ The second condition for a perfectly balanced pair may be satisfied using a
sufficient distance from other parallel conductors, or using a frequent twisting [30]:

R j— e e e e amm—
TC2
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[ The twisted pair behaves as a uniform interconnection only if the length of a twist
1s much smaller than the wavelength, hence the used of averaged in the definitions.

1 Let us study the propagation in an 1solated pair which need not be balanced.
& We write:

Z’ Z’ Yl Yl
7 = 1,1 1,2 and Y = ( 1,1 1,2) (86)
Ziy Lo Y, b

— Z\+ 20T, ZGY) + 20 Y
ZOW+ 20X, ZLY, + 25,1

so that

(87)

€ We find that the propagation constants are the solutions of the equation
ZNW +2Z0 Y + 25,7

2

y:

1
5 V4 r v\ ’ v ’ v ’ oy’ 'y’ (88)
i\/(ZHYu _Zzzyzz) +4(Z\ Y5+ ZLY )(Z”YIZ +ZIZY“)
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2
® For (Z\X\-ZpnY,) +4(Z\Y,+ 205 ) (23,7, + Z,Y)=0, we have
degenerate eigenvalues. Assuming that Z' Y’ is diagonalizable, we reach the
conclusion that Z' Y' 1s diagonal.
Thus, S can be any invertible matrix. Any non-trivial linear combination of
natural voltages 1s a modal voltage. Same thing for the currents. We find:

Z.=T"7"=—— ,2 — ,[Zfl Zl?] (89)
ZnY11+2Z12le+Zzzyzz Zl2 Zzz

2
® For (Z\X\—-ZnY,) +4(Z\Y, + Z),Y),) 23, + Z1, Y ) # 0, we have two
distinct eigenvalues, denoted by y, and y,. We find that we can use
_Zl,lYl,z _ Zl,z Yz,z _Zl,lyl,z o Zl,z Yz,z
S =
le

(90)
Yll +ZIZ 12 )/1 ZIIYII +ZIZ 12 J/Z

There 1s no simple result for Z-= S r's'z.
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1 For a perfectly balanced pair, we have 2’|, = Z'y, and Z'|| = Z'5,
so that (88) and (90) lead us to:

v, =2+ LY - 2L - 208 = (2 - 25 ) (% - )

< 1
V=AW A Z A 2+ 20 = (2 + 20) (6 + )

1 Here, we can use the traditional biorthonormal eigenvectors defined by

(Y21 e (12
s_(_l/z 1) and T='S _(_1 1/2j (92)

for which
® v, is the differential-mode voltage Vo =V1~ V2
® i), is the differential-mode current ipy = (I — i))/2;
® v,,, 1s the common-mode voltage Ve = (v Tvy)/2
® i,,, is the common-mode current iy =i T 1.
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1 For the 1solated balanced pair, we obtain

Ly = diagy(Zpyy, Zcyy) (93)
where
VARV 1 |Z,+Z]
Z,, = J "% g oz, =1 J Sl (94)
Yu B le 2 Yu + le

Zpy and Z,, are traditionally referred to as the differential-mode characteristic
impedance and the common-mode characteristic impedance, respectively.

[ For an 1solated balanced pair, the characteristic impedance matrix is given by:

( 1 1
ZCM + ZZDM ZCM _ ZZDM
L= 1 1 (95)
ZC T ZZDM ZCM + ZZDM)
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1 Many link designs use terminations only intended to provide a suitable Z,,,.

[ A perfectly balanced interconnection comprises p pairs such that [50]:

@ the TCs of the same pair have the same averaged p.u.l. impedance and p.u.l.
admittance with respect to the GC;

€ the excitation of any pair in differential mode induces no voltage and injects
no current in any other conductor.

[ The second condition for a perfectly balanced pair may be satisfied using a
sufficient distance from other parallel conductors and/or using a frequent
transposition of the TCs of each pair.

[ In transposition, the TCs of each pair exchange position at intervals along the line
so as to balance out, as exactly as possible, unwanted voltages and currents induced
by adjacent circuits, while complying with the first condition.
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NIT 1 FIT

—te) —

TC2 pair 1
21 e - L

TC3

—e) =
TC4 pair 2

—e) —

™ Ge T

1 Differential transmission: any transmission scheme in which two TCs (a pair), a
differential line driver and a differential line receiver are allocated to each channel.

A A multichannel differential link uses differential transmission. It must be such that:
@ the interconnection nearly behaves as a perfectly balanced interconnection;

€ cach pair of signal terminals of the NIT or of the FIT, intended to be
connected to an end of a single pair, 1s nearly balanced.
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1 Note that TC-to-TC coupling is not a problem:
€ between the TCs of the same pair;
@ if it occurs between the TCs of different pairs, if it is balanced out.

[ A multichannel differential link using a perfectly balanced interconnection
implements a crosstalk cancellation scheme which:

@ reduces internal crosstalk;
@ rcduces the effect of all causes of external crosstalk.

1 A differential link can be point-to-point or multidrop.

1 Each pair of a differential point-to-point link can be used for unidirectional
(simplex) transmission, alternate bidirectional (half duplex) transmission or
simultaneous bidirectional (full duplex) transmission.

1 Each pair of a differential multidrop link can be used for unidirectional
transmission or as a bus.
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1 For p pairs, for a €{1,..., p}, we can define
® p differential-mode voltages Vorra = V2a-1" Vou s
® p differential-mode currents Ipmfo = oy -1~ Tg)2;
@ p pair common-mode voltages vy, = Vo, -1 T V2,)/2 ;

€ p pair common-mode currents iy, =iy, -1 T 1oy, -
1 We do not imply that these variables are propagation modes of the interconnection.

[ It can be shown that, for a perfectly balanced interconnection [50]:

€ the differential-mode voltages and the differential-mode currents are
propagation modes of the interconnection;

@ thus, there 1s no coupling between the differential-mode variables of a pair and
the differential-mode or pair common-mode variables of another pair;

€ thus, in the case of an ideal NIT and of an ideal FIT, there 1s no internal
crosstalk.
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[ In a densely wired PCB or MCM, the interconnection 1s often far from being
perfectly balanced.

[ The interconnection model underlying the concept of differential links excludes
any coupling between the differential-mode variables of a pair and currents or
voltages on other conductors. Thus, possible models are:

€ one 1deal node for each TC, in the case of a short interconnection;

€ a lumped elements model for each pair, in the case of a longer but electrically
short interconnections;

€ a 3-conductor MTL model for each pair;

€ a uniform 3-conductor MTL model for each pair, if the interconnection is
uniform;

€ a TL model for the differential-mode variable of each pair;

€ a uniform TL model for the differential-mode variable of each pair, if the
interconnection 1s uniform.
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1 Since the underlying interconnection model excludes the couplings between the
differential-mode variables on a pair and the differential-mode or pair common-mode
variables relating to another pair, actual non-zero values of these couplings are likely
to produce internal crosstalk.

[ In the case n > 2, 1t is advisable to take TC-to-TC coupling into account at the
analysis stage. It 1s possible to use:

€ a lumped element model for an electrically short interconnection;
€ an exact solution of a lossless MTL model using natural variables;

€ an exact solution of a lossless MTL model using the differential-mode and
common-mode variables;

€ an exact solution of a MTL model taking losses into account;

€ an cxact solution of a MTL model using the differential-mode and common-
mode variables and taking losses into account.
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1 In the usual case where transposition is not used, a discussion of the design options
for a multichannel differential link must take into account the length £ and :

€ the types of pairs (microstrip, edge-coupled stripline, broadside-coupled
stripline, ...) and the tightness of the coupling between the TCs of each pair;

@ the relative position of the pairs;

@ the type of termination for each pair (unterminated, terminated at one or both
ends, using pseudo-matched or floating impedors, or  or Y terminations);

€ the type of differential line driver and differential line receivers (voltage-
mode, current mode [52] [82] [89]).

1 A differential link of a digital IC can use low-swing transmission if it is
sufficiently immune to common-mode coupling at the near-end and at the far-end.

1 A wide-band differential link can use a compensation or equalization schemes to
flatten the channel gain, if the high-frequency crosstalk 1s sufficiently low [81].
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14. Modal signaling

1 Up to now, we have considered the modal decomposition as a step in the MTL
theory used for computing voltages and currents in a uniform multiconductor
interconnection having n TCs.

[ 1In § 4, we used
VM

I
QN
<

<

=
_|_
Q
<

S

(26)

1, = € 1M0++€ 10—

tail lteration of =7l = 7l i, =7 d
entails an alteration of v;,, = e~ V05, Viy. = € Vi dpe =€ dp04 an

. zI

i,,_=e  1,.,_, butno interference between the entries of each of these vectors.

where v, 04, Vis0-, 1170+ and 1,,4_ are z-independent vectors. We see that ]%ropagation

[ This suggests amodal signaling method for removing crosstalk in a m-channel link
using a uniform multiconductor interconnection having n > m TCs.
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NIT 1 FIT
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TCn
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o e

I= 7 .

[ In modal signaling:

& for each of the m transmission channels, we use a modal electrical variable
(modal voltage or modal current), instead of a natural electrical variable (natural
voltage or natural current) in single-ended signaling;

€ the modal electrical variables used for transmission are all modal voltages or
all modal currents;

€ the NIT and the FIT must perform the necessary conversions, which are
defined by a transition matrix from modal electrical variables to natural electrical
variables, 1.e., S or T.
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A differential link implements modal signaling, for m = 1 and n = 2. In this case,
S and T are determined by the symmetry of the interconnection so that:

® they are frequency-independent, according to (92);

® v,,and i), are easily defined in the time and frequency domains.

[ In most multiconductor interconnections such that » > 3, S and T are not fully
determined by the symmetries and are frequency dependent complex matrices.

[ A simplified definition of the general ZXtalk method reads as follows:

@ for each of the m transmission channels, we use a modal voltage or a modal
current (modal signaling);

€ the interconnection has n TCs, with n > m, and 1t is terminated with at least
one matched or almost matched termination, 1.e. a (n + 1)-terminal linear
termination circuit having an impedance matrix approximating Z.
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1 According to this simplified definition of the general ZXtalk method, no internal
crosstalk and no echo occurs in the transmission channels since:

€ the total decoupling provides an independent propagation of each eigen-
voltage with the associated eigen-current;

€ the termination circuits absorb incident waves so that they do not create
couplings between the modes.

1 According to this simplified definition, at each frequency used for transmission,

€ a transmitting circuit (TX circuit) must combine the input signals according
to linear combinations defined by S or T;

@ a receiving circuit (RX circuit) must combine the signals present on the TCs
according to linear combinations defined by S or T™'.

1 Unfortunately, it 1s difficult to perform the modal variable to natural variable
conversion when S and T are frequency dependent complex matrices.
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3 In the RC region [31, ch. 3], we may consider that Z'’ =R’ and Y’ = jow C’
where R’ and C' are frequency-independent matrices. Thus,

| i
® 7 1s in the form 7 = —]AC (96)

V20

where A 1s a real and frequency-independent matrix;

@ this Z . cannot be realized accurately over a wide relative bandwidth, using a
lumped termination circuit;

€ thus, we are in trouble to implement the simplified definition of the general
Z Xtalk method at low frequencies.

1 However,
€ a reduction of crosstalk or echo is not needed at low frequencies;

€ the simplified definition of the general ZXtalk method is easy to implement
at high frequencies such that Z' = jowL', where Z. 1s real and frequency-
independent, and where S and T may be chosen real and frequency-independent.

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides page 95



1 According to a more general definition

[27] [28], the general ZXtalk method Source User
relates to an m-channel link such that: TX RX
: : , circuit circuit
@ the interconnection has n TCs, with
n > m, and may be modeled as a O ) s
uniform (n + 1)-conductor MTL, with O ) T=
a sufficient accuracy, in a known —O ) g%
frequency band; —O ) 2
€ the interconnection is connected at NE“@ 3&“
T T T

at least one end to a termination circuit
having, in the known frequency band,
an impedance matrix near Z ;

€ a TX circuit delivers modal electrical variables defined by S or T, each modal
electrical variable being mainly determined by one and only one input signal;

€ a RX circuit delivers output signals, each of the output signals being mainly
determined by one and only one of said modal electrical variables.
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[ The “known frequency band” may correspond to high frequencies such that Z' =
jowL' Thus, for the synthesis of the link, we can use a lossless MTL model.

[ Consequently, we can use:

€ a termination circuit made of n (n + 1) /2
resistors, as shown here for n = 4;

€ TX circuits and RX circuits performing
real and frequency-independent linear
combinations.

TCI
TC2
TC3
TC4

VAA
R14

R24

YV V V V

R34 R23 R12
R4 R3 R2 Rl

[ Outside the known frequency band, the MTL model used for the synthesis of the
link 1s not required to be an accurate model of the actual interconnection.

[ Of course, for the analysis of the link, we should use an MTL model providing
accurate predictions in the whole frequency band used for transmission. This accurate
model could include losses and departures from the assumption of uniformity.
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Termination
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Termination
circuit

NA
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b

1 A link implementing the ZXtalk method can be point-to-point or multidrop.
Above: a bus using parallel connection for the TX circuits and RX circuits.

B
ol
=
o
2
g_

RS

1 Each mode of a point-to-point link implementing the ZXtalk method can be used
for simplex, half duplex or full duplex transmission.

1 Each mode of a multidrop link implementing the ZXtalk method can be used for
simplex transmission or as a bus.
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[ There are 8 possible designs, corresponding to the following equations:

Interface

Connection

Design using modal voltages
(voltage-mode signaling)

Design using modal currents
(current-mode signaling)

series
(low impedance)

v, =*aSdiag,(o,,...,x, )X,

v,=aZ Tdiag,(A,,...,1,)x,

TX circuit o]
aralle : i 1 , ,
(highpimpedance) i, =aZ/Sdiag,(c,,...,,)X, i, =taTdiag,(4,,....4,) X,
series : lry : y
(low impedance) | X0 = +diag,(B,,...,8,)S ' Z. i, X, =diag,(t,.... 10, )T iy
RX circuit

parallel
(high impedance)

x, =diag,(B,,....B,)S v,

X, = tdiag, (U,,....1, )T Z v,

97)

where X;, v, and i are the column vectors of the input signals, output voltages and
output currents of the TX circuit, respectively, a 1s the number of termination
circuits; vp, i p and X, are the column vectors of the input voltages, input currents and
output signals of the RX circuit, respectively; the a , 4, f;, and the u ; are arbitrary
nonzero constants.

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides page 99



[ Between a TX circuit and a RX circuit connected to the interconnection atz =z
and z = z,,, respectively, we have, in the known frequency band:

_ Vil Zrx =71 _ Vil Zre =71x|
Xop =0, P, ey, or xp =AM e T Ty, (98)

according to the case.

1 It can be shown that voltage-mode signaling and current mode signaling are
equivalent when generalized associated eigenvectors are used.

[ The general ZXtalk method reduces echo and internal crosstalk, but it does not
reduce external crosstalk

1 For n > 3, a termination circuit can often use less than n (n + 1) /2 resistors, for
instance only 2 n — 1 resistors.

1 However, the general ZXtalk method 1s mostly appropriate for small values of 7,
because the complexity of the TX and RX circuits increases as n°.
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GC

1 The ZXtalk method can easily be
applied to a differential pair [38], to the
4-TC configuration shown [83] and to
two differential pairs [87] [91].

A1t is possible to extend the general ZXtalk method to some interconnections which
cannot be modeled with a uniform MTL. This extension 1s useful when one wishes
to consider an interconnection spanning several substrates, such as shown below.

T circuit

{

R¥ circuit Termination
8 { circuit
—=—m

uuuuuuuuuuuuuuuuuuuuuuuuu
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o

€ we assume that the interconnection can be modeled as a non-uniform MTL,
so that, at each point z we can formally define S, T and Z using (23) and (31);

[ The basic ideas of this extension are the following [77]:

€ we can require that S and Z . are independent of z, a result which can easily be
obtained in several important types of interconnections;

€ we can then define v,, and i,, with (24), and show that they satisfy

d2V2M Iy, :d_r - dv,,

< dz dz dz (99)
diy o _dU i diy

| dz° M dz dz

€ [ and d I'/dz being diagonal matrices, these equations are decoupled, so that
we have achieved a modal decomposition applicable to the non-uniform MTL.

1 Suggested reading relating or relevant to modal signaling [9] [13] [19] [27] [28]
[36] [37] [38] [39] [43] [55] [56] [67][77] [80] [83] [85] [87] [91] [92].
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o

1 By definition, a completely degenerate interconnection (CDI) 1s such that y,..., y,
may be regarded as equal, in a given frequency band. This for instance occurs when
losses are negligible and the propagation medium is homogeneous, but we won’t
need these assumptions [11].

15. Modal signaling in a decoupled interconnection

1 In the given frequency band, (23) defining T and S becomes
T'YZ'T=y’1,
{sl ZY'S=y°1,
where y 1s the common value of the propagation constants. In (100) the eigenvalues
are completely degenerate. We have :

(100)

YZ =ZY=y1, (101)
Thus, S and/or T may be chosen equal to 1,, so that
ZC:lZ':y Y (102)
4
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1 This choice clearly simplifies the ZXtalk method, since linear combinations are
no longer needed in the TX circuits and RX circuits.

1 A special ZXtalk method for CDI was defined, in which 1t was required that, in the
known frequency band, the propagation constants of the different propagation modes
may be considered as substantially equal [44] [73] [29].

1 However, this definition is too restrictive since the desired effect of being able to
choose S and/or T equal to 1, is obtained if and only if Z'Y' 1s diagonal (or,
equivalently Y'Z'1s diagonal).

[ This circumstance can be referred to as a decoupled interconnection.
1 We therefore propose the following definition of a special ZXtalk method in which

it 1s required that, in the known frequency band, the interconnection may be
considered as decoupled.
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1 According to a general definition, the special ZXtalk method relates to an m-
channel link such that:

€ the interconnection has n TCs, with n > m, and may be modeled, with a
sufficient accuracy, in a known frequency band, as a uniform (n + 1)-conductor
MTL such that the transition matrix from modal electrical variables to natural
electrical variables may be considered as substantially equal to 1, ;

€ the interconnection is connected at at least one end to a termination circuit
having, 1n the known frequency band, an impedance matrix near Z. ;

€ a TX circuit delivers natural electrical variables, each natural electrical
variable being mainly determined by one and only one input signal;

€ a RX circuit delivers output signals, each of the output signals being mainly
determined by one and only one of said natural electrical variables.

1 The special ZXtalk method corresponds to a particular implementation of the
general ZXtalk method, in which S or T are chosen equal to 1,.
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[ There are 8 possible designs, corresponding to the following equations:

Interface Connection Design using modal voltages Design using modal currents
(voltage-mode signaling) (current-mode signaling)
series : :
(low impedance) v, =tadiag,(a,,...,0,)X, v,=aZ.diag, (4,,....,4,)X,
TX circuit e
aralle . 1 g ) ,
(highpimpedance) i, =aZ; diag,(c,,...,c,)X, i, = tadiag, (1,,....,4,) x,
series : . : .
(low impedance) | X0 = tdiag,(B,,....B8,)Z. i X, =diag, (U,,..., 1, )i,
RX circuit o]
aralle : : _
(highpimpedance) X, =diag,(B;,-...B,) Vs X, = tdiag, (M, 1, )LV
(103)

where X;, v, and i are the column vectors of the input signals, output voltages and
output currents of the TX circuit, respectively, a 1s the number of termination
circuits; vp, i p and X, are the column vectors of the input voltages, input currents and
output signals of the RX circuit, respectively; the a , 4, f;, and the u ; are arbitrary
nonzero constants.
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1 Two designs do not require linear combinations:

| Sourcel|| User |

Source \_‘Hgﬁr_[

RX
circuit

el TITT

TX. RX.

circuit | | circuit
S Q
g3 -
E-% 9
e S)
)
Il b

| Sourcel|| User |

TX. RX.
circuit || circuit
D o
D )
D D)
D )
)
gt IR

N

Source \_‘Hgﬁr_[

Rl

2

ermination
circuit

RX
circuit

4 [T

_

el TITT
TIX. || RX
circuit | | circuit
S Q
£3 Q
gg D)
2 S)

2—
2

TX. RX,
circuit | | circuit
) &)
D Q
D, O)
) Q)

e

3
4

N

NR\@

Rl

ermination
circuit

4 [T
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[ In the designs shown above, the
remaining difficulty i1s the floating TX
circuits or RX circuits, connected 1n series
with the interconnection.

1 This difficulty 1s circumvented using a
MIMO series-series feedback amplifier
(MIMO-SSFA) that can be used to perform
all linear combinations containing ZC_1 in
the previous table, in a wide bandwidth.

Structure of a simple 4-channel MIMO-
SSFA using bipolar transistors =»

A\

X4

K

| —

—T

1

|

I |

a&

1

1

| S

FEEDBACK NETWORK

FAN

Cy
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| Source]| User | Source|| User W
Yoy Té’)f(T

X, RX, TX. RX. RX.
circult || circuit circuit | | circuit circuit
S S) D) O ) S
o5 Q ) O ) T
3= o) p ) ) €8
=0 =0
2 S) ) Q ) =
) ) mjm

[ A design using a MIMO-SSFA in each TX circuit may have the TX circuits and
RX circuits connected in parallel with the interconnection.

[ It 1s often possible to design such a link so that the number of circuit elements in
the termination circuits and TX circuits 1s proportional to » when 7 is large [44].

[ Thus, this method is appropriate for reducing echo and internal crosstalk in the
widest bandwidth, and it is applicable to massively parallel interconnections.
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[ We have seen that the FEXT 1s small, to the first order in the weak coupling
approximation, in a single-ended link using a CDI and pseudo-matched impedances
at the ends of each TC. Thus, the special ZXtalk method 1s mostly of interest in cases
where:

@ there 1s a strong coupling between the TCs; and/or

€ the interconnection 1s used for bidirectional transmission.

1 Like the general ZXtalk method, the special ZXtalk method can be extended to
some interconnections which cannot be modeled with a uniform MTL.

[ Suggested reading relating or relevant to the special ZXtalk method [29][33] [34]
[35] [38] [39] [41] [43] [44] [51] [53][73][76][77] [83] [86] [88].
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16. Pseudo-differential links

o

1 A single-ended link is subject to TX cirout o _ —T
external crosstalk with other circuits N “ R
on the same chip, MCM or PCB. >l e LA
A2
7 A simple pseudo-differential link %w
(PDL) 1s protected against crosstalk o] reference gy
using little additional hardware. NEAR-END € > FAREND
[ A PDL providing m channels uses T cireut intorconnection [RX oirou
only m + 1 conductors to reduce RI “ anmission | [k
external crosstalk in m channels. Bl TV
C—— " L~"A2
[ There are four possible PDL " rommon s RO
architectures. — _iSfeenee
NEAR-END m'v_vn )w;\'w FAR-END
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[ First architecture: a unidirectional PDL with voltage-driven common conductor
(VDCC). The common conductor (CC) may be used as a return conductor (RC).

RX.
circult
interconnection | |
TC1
)] )
TC2 , \ | | ”
<) Y '
|| TC3 4 | ]
] e <N
<) D, l-
1
‘ \‘ I A |
l common conductor
IX. or return conductor “!W
circult
reference
~ conductor
NEAR-END “\IY_Y‘G) )‘;\IW FAR-END

€ The termination circuit may or may not be present.
€ The TX circuit may be a conventional line driver (but this 1s not necessary).
€ This VDCC architecture cannot be used in a bidirectional PDL.
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[ Second architecture: a bidirectional PDL may be built using common terminal
switching circuits (SW circuits).

RX, RX.
circuit circult
| interconnection |
5 3 TC1
T e 1]
§ = s [T §
i li e i li
: CE——
T | | T
: bl LOIHIHOI] conductor b :
i I Ci_ll‘—(.:‘tllt or return conductor citT'gflit I i

SW reference SW

circult ~ardiietor circuit
NEAR-END ~ conductor b ENp

o — T -

€ One or more of the termination circuits may or may not be present.

€ The TX circuits may be conventional 3-state line drivers.

€ This SW circuit architecture cannot be used for full duplex operation.
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IN1

A"

N

ST2
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Veo

N

M3

Mgl

i

ST1

N

ST2

ST3

CT

N

N

M5

Mﬁ;‘al—

_|

mal—

[ PDLs may also use TX circuits producing a
constant (or zero) common-mode current, such as the
two 3-channels TX circuits shown here. The STn
output terminal is coupled to the TCn. The CT output
terminal 1s coupled to the RC.
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(3 Let us use i, to denote the current flowing from ST to the TC j, and i to denote
the current flowing from CT to the RC. In the TX-circuits shown above, a balancing
circuit controls i~ in such a way that the TX circuit does not cause any significant
variation of the common-mode current i; +...+ 7, +i,.

[ Using such TX circuits, we can introduce constant common-mode current
(CCMC) architectures

RX .
circult
interconnection |
TC1 “
L) 7
R 4 |11
= all
= ]
M |
D ‘
i D
return conductor
TIX.
circult
reference
~ conductor
NEAR-END “\I‘_“e) )‘;\Iw FAR-END
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RX, RX,
clrcuit circuit

| interconnection |

TCl1
)]
|l |
|l |
|

| TC2

D]

TC3

TR Y.,

|I o |I

- |
D

LN |

return conductor

TIX, TX .

circult circuit
~ conductor

NEAR-END “\I‘;ﬂ )‘;\Iw FAR-END

€ A least one floating termination circuit is needed.

@ The bidirectional CCMC architecture is compatible with full duplex signaling.

1 At this stage, we have identified four PDL architectures: PDL with VDCC, PDL
using SW circuits, unidirectional PDL operating at CCMC and bidirectional PDL
operating at CCMC.
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1 We can define four types of termination circuit.

[ Type 0: no termination.

TCIl >
TC2 >

[ Type 1: termination circuit typically made — 13>
of impedors connected to the GC or to a ™~

power supply node. ce
Rp R4 §R3 § R2 § R1

€ Operates as intended only if the electric and magnetic fields of the signals are
mainly located between the TCs and the GC.

€ The GC belongs to the signal path: this is a problem.

€ Not compatible with the CCMC architecture.
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[ Example of 2 interconnection-ground structures compatible with type 1
termination circuits:

TC1 TC2 cC TC3 TC4
%
N
reference
conductor

top reference
conductor

bottom reference
conductor
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TCl >
TC2 >

1 Type 2: floating termination circuit Eif

made of impedors connected between a

TC and the RC. R4 R3§ R2 g R1 2
RC

v
[ |

o)
2y
L .

€ Operates as intended only i1f the electric and magnetic fields of the signals are
mainly located between the TCs and the RC.

€ Docs not degrade the reduction of external crosstalk.

€ Compatible with the CCMC architecture.
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1 Type 3: floating termination circuit E

comprising impedors connected between TC3
a TC and the RC and impedors connected TC4
between two TCs.

V VWV V vV

RC

Y

€ Operates as intended only if the requirement for the second type is met and a
variation of the ZXtalk method is used to reduce internal crosstalk.

€ External crosstalk and internal crosstalk can be effectively reduced.

€ Compatible with the CCMC architecture.
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1 Example of 4 interconnection-ground structures compatible with floating (i.e. type
2 or type 3) termination circuits:

TC1 TC2 TC3 TC4
| | | |
RC RC TC1 RC TC2 RC TC3 RC TC4 RC
\
reference
conductor
,
reference
conductor
reference reference
conductor conductor

/ RC TCl1 RC TCz RC TC3 RC TC4 RC \

®

reference
conductor
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[ An interconnection comprising » TCs and a CC or RC may be modeled as a
(n + 2)-conductor MTL, this MTL using natural voltages referenced to ground and
natural currents as variables.

[ For such a model, we use, at a given abscissa z along the interconnection:
® for any integer a such that 1 < a < n, the natural current i ;
® the current flowing in the RC, denoted by 7, , ; ;

€ for any integer a such that 1 < a < n, the voltage between the TC number a
and the GC, denoted by v, ;

® the voltage between the RC and the GC, denoted by v, ; ;.

1 Later, we will also need:
@ the common-mode current iy, =i; + ... +i,,;

€ for any integer o such that 1 < a < n, the voltage between the TC number a
and the RC, denoted by v, , and givenby vy ,=vs, — Vg, 1-
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[ For the (n + 2)-conductor MTL model, the telegrapher’s equations are:

Vg =-Z;i,
) d‘i’z (104)
l I4
\ dZG =~ YoV

where
Vv 1s the column vector of the natural voltages referenced to ground, the

entries of which are v (,..., Vg, 41
i; 1s the column vector of the natural currents, the entries of which are

iGl,...., iGn_l_l ; . . .
7' 1s the p.u.l. impedance matrix with respect to ground;

Y ' 1s the p.u.l. admittance matrix with respect to ground.

A Z'; and Y’ are symmetric matrices of size (n + 1) x (n + 1).
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[ The interconnection can also be described by an equivalent set of equations [79]:

(dv,
dz
di,
L dz

where

_ ’ e . ’

— V4 _ /’
==Yy V=V, Yz

and

dv
= tZ:E i, —iyeZpp
- (105)
e =—"Y[ V=V Vi
. dz

vy 1s the column vector of the natural voltages referenced to the RC, the

entries of which are vy (,..., Vp . ;
i 1s the column vector of the natural currents i,..., i
'» 1 the p.u.l. impedance matrix with respect to the RC, of size n X n ;

n o

'» 1s the p.u.l. admittance matrix with respect to the RC, of size n X n ;

'z 1s the p.u.l. transfer impedance vector, of size n X 1 ;

'z 1s the p.u.l. transfer admittance vector, of size n X 1 ;

'rr 18 the p.u.l. external circuit impedance; and

Y’ 1s the p.u.l. external circuit admittance.
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[ If the RC behaves as a good electromagnetic screen, norms of Z'; and Y’y are
small, so that we may use the following approximation

and

dv,

~—71
RYR
< dz
di
K z_Yz,e \D
L dz
dvG}’H-l - j Z,
=~ tmc “EE
dz
MN — vV Y’
- Gn+1 1EE
dz

(106)

(107)

1 By (106), the propagation of signals in the interconnection may be modeled as a
propagation in a (n + 1)-conductor MTL.
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[ The ZXnoise method 1s the combination of a floating termination circuit (type 2 or

type 3 termination circuit) and an appropriate interconnection-ground structure [49]
[62] [63] [78].

[ The interconnection is proportioned such that all conductors other than the n TCs
and the RC may be neglected when one models propagation in the interconnection,
at the design stage.

[ More precisely, the design stage involves the assumption that the interconnection
may be modeled with a sufficient accuracy as a (n + 1)-conductor MTL.

[ This assumption leads to a floating termination circuit.
[ A more accurate analysis of course requires a (n + 2)-conductor MTL model.

1 If a type 3 termination circuit 1s used, the designer combines the ZXnoise and
Z Xtalk methods.
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1 Example 1: a compact 4-channel 0.03-m long PDL using single-ended
line drivers, a RC grounded at the near-end (VDCC) and type 2 termination circuits.

The TCs are very close to each other, so that internal crosstalk is relatively high.
However, echo 1s low and a good rejection of external crosstalk 1s obtained.

Attenuation of transmitted signal
when TC1 1s excited: curve A. NEXT
loss on TC2 when TCI1 1s excited:
curve B. FEXT loss on TC2 when
TC1 1s excited: curve C. Far-end
external crosstalk loss on TC1 for
ground bounce in the TX circuit:
curve D. Note that the far-end
external crosstalk loss would be
0 dB for a single-ended link !

20

40

!

al

A

-

-

C

%

/"

1 MHz

100 MH=

10 GHz
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1 Example 2: Two compact 4-channel 0.3-m long PDLs using the same
interconnection-ground structure, single-ended line drivers and VDCC.

The First PDL uses a type 2 termination circuit (ZXnoise method). The Second PLD
is a ZXnoise + ZXtalk design (using a type 3 termination circuit).

When a type 3 termination circuit is
used, in channel 2: attenuation of
transmitted signal (curve A), lowest T
FEXT loss when channel 3 or 4 are m T

excited (curve B), attenuation of
ground bounce (curve C). When a

F
type 2 termination circuit is used, in /—/‘/J\
TC2: attenuation of transmitted signal 60 /
(curve D), lowest FEXT loss (curve a
E), attenuation of ground bounce .0 / /\/\/\r
(curve F). |

1 MH= 100 MH=z 10 GH=

40
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. . . First FDIL | stimulus on conductor 2, near-end, 400 m¥V fdiw
Time domain voltages in the PDL,
measured on conductor 2 in the case First PDL | stimulus on conductor 1, neat-end, 400 m¥ idiv
of a type 2 termination circuit (First
PDL) Oor on Channel 2 in the case Of a First PDL |, stitnvlus on conductor 2, far-end, 400 mV fdiv
type 3 termination circuit (Second First PDL , stimulus on conductor 1, far-end 400 mV /div
PDL), the stimulus being a 1V step e
having a 100 ps rise time. In the first
PDL, conductor 1 1s the one that Second PDL | stimulus on charmel 2, near- end, 400 mV /div
prOduceS the hlgheSt peak CrOSStalk Second PDL |, stirwlus on chatmel 4, neat-end, 2 mW /div
voltage on conductor 2. In the second T
PDL, channel 4 1s the one that Second PDL | stimulus on channel 2, far-end, 400 m¥V /div
prOduceS the hlgheSt peak CrOSStalk Second PDL |, stimdus on charnel 4, farend, 2 mVidiv
voltage on channel 2.

U horizontal: 1 nsfdiv
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1 From the presentation of pseudo-differential signaling, we see that:

® pseudo-differential signaling effectively reduces external crosstalk using m + 1

conductors instead of 2m conductors for m differential links;

€ the ZXnoise method effectively reduces external crosstalk and echo;

@ the ZXnoise + ZXtalk combination also effectively reduces internal crosstalk.

1 There are 12 pseudo-differential transmission schemes corresponding to the
compatible combinations of an architecture and a type of termination circuit.

Tt e Architecture of the PDL
circuit VDCC (unidirectional) | SW circuit (bidirectional) | Unidirectional CCMC Bidirectional CCMC
Type 0 Prior Art New ;
Type 1 Prior Art New
Type 2 (ZXnoise) New New New New
Type 3 (ZXnoise) New New New New
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o

[ Several authors have introduced other multichannel transmission schemes, 1n
which one or more of the output signals of the RX circuit are mainly determined by

the voltages between two TCs, sometimes with the addition of a code maintaining
a constant current [25] [45] [68] [69] [72] [74].

1 Even though some such transmission schemes are sometimes referred to as
pseudo-differential, they have not been considered in this presentation.

[ Suggested reading on pseudo-differential signaling [18] [23] [24] [26] [32] [40]
[42][46][47] [48] [49] [54] [57][58][59][60][61][62][63][64][65][66][70][71]
[73][75][78] [79] [84].
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Appendix:
Inventions of Excem quoted in this tutorial

[ Cross-reference:

Internal No. | Reference (|| Internal No. | Reference ||| Internal No. | Reference [f Internal No. | Reference
P26 [27] P36 [47] P41 [59] P46 [71]
P27 [28] P37 [48] P42 [60] P47 [77]
P28 [29] P38 [49] P43 [62] P48 [78]
P30 [41] P39 [57] P44 [63] P49 [82]
P35 [46] P40 [58] P45 [70]

1 Inventions on the ZXtalk method (essential inventions in red):

Link
ZXtalk method . ) _ ) .
Not pseudo-differential Pseudo-differential (ZXnoise + ZXtalk)
General P26, P27, P47, P39, P40, P42 P39, P40, P43, P48, P42, P45, P46
Soocial P28, P47 P39, P40, P44, P48
peeta P30, P33, P36, P39, P40, P41, P42 P30, P33, P36, P41, P42, P45, P46
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1 Inventions on pseudo-differential signaling (essential inventions in red):

o Architecture of the PDL
Termination — — —
T VDCC SW circuit Unidirectional Bidirectional
(unidirectional) (bidirectional) CCMC CCMC
T 0 Prior Art P37
ype P39, P46 P39, P46
Tvpe 1 Prior Art P37
yP P39, P46 P39, P46
Type 2 P35, P38, P48 P35, P37, P38, P48 P35, P36, P38, P48
(ZXnoise) P39, P41, P46 P39, P41, P46 P39, P41, P42, P46
Type 3 P39, P40, P43, P44, P48 | P39, P40, P43, P44, P45 | P36, P39, P40, P42, P43, P44, P48
(ZXnoise+ZXtalk) P30, P33, P41, P46 P48, P30, P33, P41, P46 P30, P33, P41, P46

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides page 133



Bibliography

L.A. Pipes, “Steady-State Analysis of Multiconductor Transmission Lines”, Journal of Applied Physics, vol. 12, pp. 782-799,
Nov. 1941.

D.B. Jarvis, “The Effect of Interconnections on High-Speed Logic Circuits”, IEEE Transactions on Electronic Computers,
pp- 476-487, Oct. 1963.

C.A. Desoer, “The Maximum Power Transfer Theorem for n-Ports”, IEEE Trans. Circuit Theory, vol. 20, No. 3, pp. 328-330,
May 1973.

K.D. Marx, “Propagation Modes, Equivalent Circuits, and Characteristic Terminations for Multiconductor Transmission
Lines with Inhomogeneous Dielectrics”, IEEE Trans. on Microwave Theory Tech., vol. MTT-21, No. 7, pp. 450-457, July
1973.

C. R. Paul, “Efficient Numerical Computation of the Frequency Response of Cables Illuminated by an Electromagnetic
Field”, IEEE Trans. on Microwave Theory Tech, vol.. MTT-22, No. 4, pp. 454-457, April 1974.

J. Chilo, T. Arnaud, “Coupling Effects in the Time Domain for an Interconnecting Bus in High-Speed GaAs Logic Circuits”,
IEEE Trans. Electron Devices, vol. ED-31, No. 3, pp. 347-352, March 1984.

V. K. Tripathi, J.B. Rettig, “A SPICE Model for Multiple Coupled Microstrips and Other Transmission Lines”, IEEE Trans.
on Microwave Theory Tech., vol. MTT-33, No. 12, pp. 1513-1518, Dec. 1985.

R.A. Horn, C.R. Johnson, Matrix analysis, Cambridge: Cambridge University Press, 1985.

T.H. Nguyen, T.R. Scott, “Propagation over Multiple Parallel Transmission Lines Via Modes”, IBM Technical Disclosure
Bulletin, vol. 32, No. 11, pp. 1-6, April 1990.

F. Broyd¢, E. Clavelier, F. Vaillant, S. Bigot, “Crosstalk and Field to Wire Coupling Problems: the SPICE Simulator
Approach”, Proc. 9" Int. Zurich Symposium and Technical Exhibition on Electromagnetic Compatibility, pp. 23-28, 12-14
March, 1991.

J.P.K. Gilb, C.A. Balanis “Asymmetric, multi-conductor low-coupling structures for high-speed, high-density digital
interconnects”, IEEE Trans. on Microwave Theory Tech., vol. 39, No. 12, pp. 2100-2106, Dec. 1991.

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides page 134



[12]
[13]

[14]
[15]

[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]

[26]

F. Broyd¢, E. Clavelier, C. Hymowitz, “Simulating Crosstalk and Field to Wire coupling with a Spice Simulator”, /EEE
Circuits & Devices, Vol. 8, No. 5, pp. 8-16, Sept. 1992.

B.K. Chan, T.R. Scott, Modal propagation of information through a defined transmission medium, United States patent No.
5,412,689 . Filed: 23 Dec. 1992.

C.R. Paul Analysis of Multiconductor Transmission Lines, New York, N.Y.: John Wiley & Sons, 1994.

G.-T. Lei, G.-W. Pan, B.K. Gilbert “Examination, Clarification and Simplification of Modal Decoupling Method for
Multiconductor Transmission Lines”, IEEE Trans. on Microwave Theory Tech., vol. 43, No. 9, pp. 2090-2100, Sept. 1995.
F. Broydé¢, E. Clavelier, L. Hoeft, “Comments on «A SPICE Model for Multiconductor Transmission Lines Excited by an
Incident Electromagnetic Field»”, IEEE Trans. Electromagn. Compat., Vol. 38, No. 1, pp. 104-108, Feb. 1996.

F.M. Tesche, M.V. lanoz, T. Karlsson, EMC Analysis Methods and Computational Models, New York, N.Y.: John Wiley
& Sons, 1997.

T. Frodsham, Multi-agent pseudo-differential signaling scheme, United States patent No. 6,195,395. Filed: March 18, 1998.
D.C. Mansur, Eigen-mode encoding of signals in a data group, United States patent No. 6,226,330. Filed: July 16, 1998.
Y. You, O.A. Palusinski, F. Szidarovszky, “New Matrix Algorithm for Calculating Diagonally Matched Impedance of
Packaging Interconnecting Lines”, IEEE Trans. on Microwave Theory Tech., vol. 47, No. 6, pp. 798-801, June 1999.
E.W. Weisstein, CRC Concise Encyclopedia of Mathematics, CRC Press, 1999.

SPICELINE 2.23 with Telecom Line Predictor — User’s Guide, document Excem 00012107B, March 2000.

S. Sidiropoulos, Y. Li, M.A. Horowitz, Reducing coupled noise in pseudo-differential signaling systems, United States patent
No. 7,099,395. Filed 7 Nov. 2000.

S.Y. Borkar, M.B. Haycock, S.R. Mooney, A.K. Martin, J.T. Kennedy, System for interchip communication, United States
patent No. 6,847,617. Filed: March 26, 2001.

A. Carusone, K. Farzan, D.A. Johns, “Differential signaling with a reduced number of signal paths”, IEEE Trans. Circuits
Syst. Il: Express Briefs, vol. 48, No. 3, pp. 294-300, March 2001.

S. Dabral, S.R. Mooney, T.Z. Schoenborn, S. Calvin, T. Frodsham, Reference voltage distribution for multiload 1/0 systems,
United States patent No. 6,594,769. Filed 29 Apr. 2002.

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides page 135



[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

F. Broyd¢, E. Clavelier, Method and device for transmission with reduced crosstalk, French patent No. 03 00064,
international application No. PCT/EP2003/015036 (WO 2004/062129), United States patents No. 7,167,019 and No.
7,362,130. Excem patent No. P26. First priority filed: 6 Jan. 2003.

F. Broydé¢, E. Clavelier, Digital method and device for transmission with reduced crosstalk, French patent No. 03 02814,
international application No. PCT/EP2004/002382 (WO 2004/079941) and United States patent No. 7,477,069. Excem patent
No. P27. First priority filed: 6 March 2003.

F. Broydé¢, E. Clavelier, Method and device for transmission without crosstalk, French patent No. 03 03087, international
application No. PCT/EP2004/002383 (WO 2004/082168) and United States patent No. 7,408,426. Excem patent No. P28.
First priority filed: 13 March 2003.

D.G. Kam, H. Lee, J. Kim, J. Kim, “A New Twisted Differential Line Structure on High-Speed Printed Circuit Boards to
Enhance Immunity to Crosstalk and External Noise, IEEE Microwave Wireless Compon. Lett., vol. 13, No. 9, pp. 411-413,
Sept. 2003.

H. Johnson and M. Graham, High-Speed Signal Propagation — Advanced Black Magic, Prentice Hall PTR, 2003.

D.M. Dreps, A. Haridass, B.G. Truong, Circuit for generating a tracking reference voltage, United States patent No.
7,208,972. Filed 13 May 2004.

T. Ciamulski, W.K. Gwarek, “On Eliminating Crosstalk within Multiconductor Transmission Lines”, IEEE Microwave
Wireless Compon. Lett., vol. 14, No. 6, pp. 298-300, June 2004.

T. Ciamulski, W.K. Gwarek, “A Study of Feeding Options Aimed at Cancelling Crosstalk in Multiconductor Transmission
Lines”, 2004 IEEE MTT-S International Microwave Symposium Digest, vol. 3, pp. 1631-1634, 6-11 June 2004.

T. Ciamulski, W.K. Gwarek, “On a Possibility of Crosstalk-Free Propagation of Signals in Coupled Transmission Lines”,
EMC 2004 17th International Wroclaw Symposium and Exhibition on Electromagnetic Compatibility, Wroclaw, paper H2,
29 June - 1 July 2004.

F. Broydg¢, E. Clavelier, “A New Interconnection Architecture for the Reduction of Crosstalk and Reflections”, Technical
Conferences Proceedings of the SAME 2004 Microelectronics Forum, Session 5: Analog and electrical design, Oct. 6-7,
2004.

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides page 136



[37]
[38]
[39]
[40]

[41]

[42]
[43]
[44]
[45]

[46]

[47]

F. Broydé¢, “Clear as a Bell - Controlling crosstalk in uniform interconnections”, IEEE Circuits and Devices Magazine, Vol.
20, No. 6, pp. 29-37, Nov./Dec. 2004.

F. Broydé¢, E. Clavelier, “A New Method for the Reduction of Crosstalk and Echo in Multiconductor Interconnections”, IEEE
Trans. Circuits Syst. I, vol. 52, No. 2, pp. 405-416, Feb. 2005.

F. Broyd¢, E. Clavelier, “A Modal Transmission Technique Providing a Large Reduction of Crosstalk and Echo”,
Proceedings of the 16" Int. Zurich Symposium on Electromagnetic Compatibility, pp.341-346, 13-18 Feb. 2005.

D.M. Dreps, A. Haridass, B.G. Truong, J.D. Ziegelbein, Reduced cross-talk signaling circuit and method, United States
patent No. 7,239,213. Filed 23 Aug. 2005.

F. Broydg¢, E. Clavelier, Multiple-input and multiple-output amplifier, French patent No. 06/00388, international application
No. PCT/IB2006/003950 (WO 2007/083191) and United States patent No. 7,642,849. Excem patent No. P30. First priority
filed: 17 Jan. 2006.

K.-I. Park, S.-J. Bae, S.-J. Jang, Reference voltage generators for reducing and/or eliminating termination mismatch, United
States patent No. 7,403,040. First priority filed 10 May 2006.

F. Broyd¢, E. Clavelier, “Corrections to «A New Method for the Reduction of Crosstalk and Echo in Multiconductor
Interconnections»”, IEEE Trans. Circuits Syst. I, vol. 53, No. 8, p. 1851, Aug. 2006.

F. Broydé¢, E. Clavelier, “A Simple Method for Transmission with Reduced Crosstalk and Echo”, Proceedings of the 13th
IEEE International Conference on Electronics, Circuits and Systems, ICECS 2006, pp. 684-687, Dec. 10-13, 2006.

T. Wang, F. Yuan, “A New Current-Mode Incremental Signaling Scheme With Application to Gb/s Parallel Links”, IEEE
Trans. Circuits Syst. I: Regular Papers, Vol. 54, No. 2, pp. 255-267, Feb. 2007.

F. Broydé¢, E. Clavelier, Pseudo-differential interfacing device having a termination circuit, French patent No. 07/04421,
international application No. PCT/IB2008/051826 (WO 2008/155676) and United States patent No. 7,932,741. Excem patent
No. P35. First priority filed: 21 June 2007.

F. Broydé, E. Clavelier, Pseudo-differential interfacing device having a balancing circuit, French patent No. 07/04889,
international application No. PCT/IB2008/051942 (WO 2009/007864) and United States patent No. 7,952,380. Excem patent
No. P36. First priority filed: 06 July 2007.

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides page 137



[48]

[49]

[50]
[51]

[52]
[53]

[54]

[55]
[56]
[57]

[58]

F. Broydé¢, E. Clavelier, Pseudo-differential interfacing device having a switching circuit, French patent No. 07/04949,
international application No. PCT/IB2008/051982 (WO 2009/007866) and United States patent No. 7,834,648. Excem patent
No. P37. First priority filed: 09 July 2007.

F. Broydé, E. Clavelier, Method and device for pseudo-differential transmission, French patent No. 07/05260 and
international application No. PCT/IB2008/052102 (WO 2009/013644). Excem patent No. P38. First priority filed: 20 July
2007.

F. Broydé, E. Clavelier, “Crosstalk in Balanced Interconnections Used for Differential Signal Transmission”, IEEE Trans.
Circuits Syst. 1. Regular Papers, Vol. 54, No. 7, pp. 1562-1572, July 2007.

F. Broydg¢, E. Clavelier, “MIMO Series-Series Feedback Amplifiers”, IEEE Trans. Circuits Syst. II: Express Briefs, Vol. 54,
No. 12, pp. 1037-1041, Dec. 2007.

F. Yuan, CMOS current-mode circuits for data communications, Springer, 2007.

T. Ciamulski, W.K. Gwarek, “Coupling Compensation Concept Applied to Crosstalk Cancelling in Multiconductor
Transmission Lines”, IEEE Trans. Electromagn Compat., vol. 50, No. 2, pp. 437-441, May 2008.

F. Broydé¢, E. Clavelier, “A new pseudo-differential transmission scheme for on-chip and on-board interconnections”, Proc.
of the CEM 08 Int. Symp. on Electromagnetic Compatibility (14éme colloque international sur la compatibilité
¢lectromagnétique - CEM 08), Paris, session C7, May 2008.

Y. Choi, H. Braunisch, K. Aygiin, P.D. Franzon, “Analysis of inter-bundle crosstalk in multimode signaling for high-density
interconnects”, Proc 58" IEEE Electronic Components and Technology Conference (ECTC), pp. 664-668, May 27-30, 2008.
H. Braunisch, K. Aygiin, Multimode signaling on decoupled input/output and power channels, United States patent No.
7,816,779. Filed 2 July 2008.

F. Broydé, E. Clavelier, Pseudo-differential receiving circuit, French patent No. 08/03830 and international application No.
PCT/IB2009/051053 (WO 2010/004442). Excem patent No. P39. First priority filed: 7 July 2008.

F.Broydé, E. Clavelier, Multichannel interfacing device having a termination circuit, French patent application No. 08/03876
and international application No. PCT/IB2009/051182 (WO 2010/004444). Excem patent No. P40. First priority filed: 8 July
2008.

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides page 138



[59]

[60]

[61]

[62]

[63]

[64]
[65]
[66]
[67]

[68]

F. Broydé, E. Clavelier, Multiple-input and multiple-output amplifier having pseudo-differential inputs, French patent
application No. 08/03982, international application No. PCT/IB2009/051358 (WO 2010/004445) and United States patent
No. 7,952,429. Excem patent No. P41. First priority filed: 11 July 2008.

F. Broydé, E. Clavelier, Multichannel interfacing device having a balancing circuit, French patent No. 08/03985 and
international application No. PCT/IB2009/051557 (WO 2010/004448). Excem patent No. P42. First priority filed: 11 July
2008.

K.-I. Park, S.-J. Bae, S.-J. Jang, Reference voltage generators for reducing and/or eliminating termination mismatch, United
States patent No. 7,768,298. First priority filed 17 July 2008.

F. Broyd¢, E. Clavelier, Method for pseudo-differential transmission using modal electrical variables, French patent No.
08/04429 and international application No. PCT/IB2009/052638 (WO 2010/015947). Excem patent No. P43. First priority
filed: 4 Aug. 2008.

F. Broydé¢, E. Clavelier, Method for pseudo-differential transmission using natural electrical variables, French patent No.
08/04430 and international application No. PCT/IB2009/052645 (WO 2010/015948). Excem patent No. P44. First priority
filed: 4 Aug. 2008.

F. Broydé¢, E. Clavelier, “Pseudo-differential links using a wide return conductor and a floating termination circuit”, Proc.
of the 2008 IEEE Int. Midwest Symposium on Circuits and Systems (MWSCAS), pp. 586-589, Aug. 10-13, 2008.

F. Broyd¢, G. Broydé, “Two pseudo-differential transmitting circuits producing a constant common-mode current”, Proc.
of the 2008 IEEE Int. Midwest Symposium on Circuits and Systems (MWSCAS), pp. 269-272, Aug. 10-13, 2008.
F.Broydé¢, E. Clavelier, “A pseudo-differential transmitting circuit causing reduced common-mode current variations”, Proc.
of the 15th IEEE Int. Conf. on Electronics, Circuits and Systems, ICECS 2008, pp. 17-20, Aug. 31 - Sept. 3, 2008.

Y. Choi, C. Won, P.D. Franzon, H. Braunisch, K. Aygiin, “Multimode Signaling on Non-Ideal Channels”, Proc 17" IEEE
Conf. on Electrical Performance of Electronic Packaging, EPEP 2008, pp. 51-54, Oct. 27-29, 2008.

D. Oh, F. Ware, W.P. Kim, J.-H. Kim, J. Wilson, L. Luo, J. Kizer, R. Schmitt, C. Yuan and J. Eble, “Pseudo-differential
signaling scheme based on 4b/6b multiwire code”, Proc. of the IEEE 17th Topical Meeting on Electrical Performance of
Electronic Packaging, EPEP 2008, pp. 29-32, Oct. 2008.

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides page 139



[69]

[70]

[71]

[72]
[73]
[74]
[75]
[76]
[77]

[78]

[79]

S.-K. Lee, D.-W. Jee, Y.Suh, H.-J. Park, J.-Y. Sim, “A 8 GByte/s transceiver with current-balanced pseudo-differential
signaling for memory interface”, Proc. 2008 IEEE Asian Solid-State Circuits Conference, pp. 237-240, Nov. 2008.

F. Broydé, E. Clavelier, Multichannel interfacing device having a switching circuit, French patent No. 09/00042 and
international application No. PCT/IB2009/055287 (WO 2010/079390). Excem patent No. P45. First priority filed: 8 Jan.
2009.

F. Broydé¢, E. Clavelier, Transmission device using a plurality of elementary return conductors, French patent application
No. 09/00161 and international application No. PCT/IB2009/055295 (WO 2010/082093). Excem patent No. P46. First
priority filed: 15 Jan. 2009.

D. Oh, F. Ware, J.-H. Kim, A. Abbasfar, J. Wilson, L. Luo, R. Schmitt, C. Yuan, “Pseudo-Differential Vector Signaling for
Noise Reduction in Single-Ended Signaling Systems”, Proc. DesignCon 2009, Feb. 2009.

F. Broydg¢, E. Clavelier, “Echo-Free and Crosstalk-Free Transmission in Particular Interconnections”, IEEE Microwave and
Wireless Components Letters, Vol. 19, No. 4, pp. 209-211, April 2009.

A. Hu, F. Yuan, “Intersignal Timing Skew Compensation of Parallel Links With Voltage-Mode Incremental Signaling”,
IEEE Trans. Circuits Syst. 1. Regular Papers, Vol. 56, No. 4, April 2009, pp. 773-783.

F. Broydé, E. Clavelier, “Modeling the interconnection of a pseudo-differential link using a wide return conductor”, Proc.
13th IEEE Workshop on Signal Propagation on Interconnects, SPI 2009, May 12-15, 2009.

F. Broydé, E. Clavelier, “Signal and noise analysis of an MIMO-SSFA”, IEEE Trans. Circuits Syst. I1: Express Briefs, Vol.
56, No. 6, pp. 439-443, June 20009.

F. Broydé¢, E. Clavelier, Method for transmission using a non-uniform interconnection, French patent application No.
09/04610 and international application No. PCT/IB2010/051857. Excem patent No. P47. First priority filed: 28 Sept. 2009.
F. Broydé, E. Clavelier, Method for pseudo-differential transmission using a non-uniform interconnection, French patent
application No. 09/04611 and international application No. PCT/IB2010/051863. Excem patent No. P48. First priority filed:
28 Sept. 2009.

F. Broydé, B. Démoulin, “Designing a ZXnoise Pseudo-Differential Link”, Proc. IEEE 18" Topical Meeting on Electrical
Performance of Electronic Packaging and Systems, EPEPS 2009, Oct. 19-21, 2009.

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides page 140



[80]
[81]
[82]
[83]
[84]

[85]

[86]

[87]

[88]
[89]

[90]

P. Milosevic, J.E. Schutt-Ainé, N.R. Shanbhag, “DSP-based Multimode Signaling for FEXT Reduction in Multi-Gbps
Links”, Proc. of the IEEE 18th Topical Meeting on Electrical Performance of Electronic Packaging and Systems, EPEPS
2009, pp. 45-48, Oct 19-21, 2009.

S.H. Hall, H.L. Heck, Advanced Signal Integrity for High-Speed Digital Designs, John Wiley & Sons, 2009.

F. Broyd¢, E. Clavelier, Balanced-input current-sensing differential amplifier, French patent application No. 10/02662
and International application No. PCT/IB2011/052213. Excem patent No. P49. First priority filed: 25 June 2010.

Y. Choi, H. Braunisch, K. Aygun, P.D. Franzon, “Multimode transceiver for high-density interconnects: measurement and
validation”, Proc 60" IEEE Electronic Components and Technology Conference, ECTC 2010, pp. 1733-1738, June 2010.
F. Broydé¢, E. Clavelier, “Multichannel Pseudo-Differential Links”, Proc. of the 2010 IEEE Int. Symp. on Electromagnetic
Compatibility, EMC 2010, Vol. 2, pp. 305-310, July 2010.

P. Milosevic, J.E. Schutt-Aine, W.T. Beyene, “Crosstalk Mitigation of High-Speed Interconnects with Discontinuities Using
Modal Signaling”, Proc. 19" IEEE Int. Conf. on Electrical Performance of Electronic Packaging and Systems, EPEPS 2010,
Oct. 2010.

J. Lee, S. Lee, S. Nam, “Propagation Velocity Equalizer Circuit on Multi Microstrip Transmission Line Structure”, Proc.
of the 5th European Conference on Antenna and Propagation (EuCAP 2011), pp. 2475-2477, 11-15 April 2011.

J. Zerbe, B. Daly, L. Luo, W. Stonecypher, W. Dettloft, J.C. Eble, T. Stone, J. Ren, B. Leibowitz, M. Bucher, P. Satarzadeh,
Q. Lin, Y. Lu, R. Kollipara, “A 5 Gb/s Link With Matched Source Synchronous and Common-Mode Clocking Techniques”,
IEEE J. Solid-State Circuits, Vol. 46, No. 4, pp. 974-985, April 2011.

J. Lee, S. Lee, S. Nam, “A Crosstalk Reduction Technique for Microstrip MTL Using Mode Velocity Equalization”, [EEE
Trans. Electromagn. Compat., Vol. 53, No. 2, pp. 366-371, May 2011.

F. Broydé¢, E. Clavelier, “Two New Balanced-Input Current-Mode Differential Receivers for High-Speed Links”, Proc. of
the 9th IEEE Int. NEWCAS Conference, NEWCAS 2011, pp. 329-332, June 2011.

F. Broyd¢, E. Clavelier, “A Computation of the High-Frequency Per-Unit-Length Resistance Matrix of a Multiconductor
Interconnections”, Proc. of the 10th Int. Symp. on Electromagnetic Compatibility, EMC Europe 2011, York, UK, pp.
351-356, Sept. 26-30, 2011.

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides page 141



[91] J. Ren, D. Oh, R. Kollipara, B. Tsang, Y. Lu, J. Zerbe, Q. Lin, “System Design Considerations for a 5 Gb/s Source-
Synchronous Link with Common-Mode Clocking”, Proc. IEEE 20™ Conference on Electrical Performance of Electronic
Packaging and Systems, EPEPS 2011, San Jose, pp. 143-146, Oct. 23-26, 2011.

[92] P. Milosevic, J.E. Schutt-Aine, “Design of a 12 Gb/s Transceiver for High-Density Links with Discontinuities using Modal
Signaling”, Proc. IEEE 20" Conference on Electrical Performance of Electronic Packaging and Systems, EPEPS 2011, San
Jose, pp. 215-218, Oct. 23-26, 2011.

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides page 142



Annexes

Annex A: Computation of the eigenvectors and the pages A-1 to A-8
characteristic 1mpedance matrix of a first
interconnection

Annex B: Computation of the eigenvectors and the pages B-1 to B-8
characteristic impedance matrix of a second
interconnection
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Annex A: Computation of the eigenvectors
and the characteristic impedance matrix

Authors: Frédéric Broydé and Evelyne Clavelier. date: 21 Oct. 2010
Prepared with Mathcad 2000 professional (Mathcad is a registered trademark of its owner). © Excem 2010

File: Worksheet A of Tutorial v2a.mcd

1) DEFINITION OF THE MULTICONDUCTOR TRANSMISSION LINE PARAMETERS
(we use some data of Worksheet F of Sem 33 Chap 2 v2a.mcd)

ORIGIN := 1 n:=38
531.38820 302.97719 196.55629 135.03626 96.48416 71.25132 54.28431 42.80081

302.97719 516.34491 294.94966 191.73007 132.03762 94.67304 70.33634 54.28431
196.55629 294.94966 512.06563 292.43477 190.27838 131.34951 94.67304 71.25132
L0 135.03626 191.73007 292.43477 510.69139 291.81073 190.27838 132.03762 96.48416 1079 H)

96.48416 132.03762 190.27838 291.81073 510.69139 292.43477 191.73007 135.03626 m
71.25132  94.67304 131.34951 190.27838 292.43477 512.06563 294.94966 196.55629
54.28431 70.33634 94.67304 132.03762 191.73007 294.94966 516.34491 302.97719
42.80081 54.28431 71.25132 96.48416 135.03626 196.55629 302.97719 531.38820

norme(LO - LOT) =0

51.180621 -23.614594 -2.461115 -0.774112 —-0.348395 -0.203589 —0.144816 —0.167753
—23.614594 63.054502 —22.474417 —-2.105959 —0.615859 —0.258450 —0.146408 —0.144816
—2.461115 —22.474417 63.174880 —22.436402 —2.089464 —0.607986 —0.258450 —0.203589
. —0.774112 2105959 -22.436402 63.186687 —22.432098 —2.089464 —0.615859 —0.348395 012 £/

—0.348395 —0.615859 —2.089464 —22.432098 63.186687 —22.436402 -2.105959 —0.774112 m
—0.203589 —0.258450 —0.607986 —2.089464 —22.436402 63.174880 —22.474417 —2.461115
—0.144816 —0.146408 —0.258450 —0.615859 —2.105959 —22.474417 63.054502 —23.614594
—0.167753 —0.144816 —0.203589 —0.348395 —0.774112 -2.461115 -23.614594 51.180621

norme(C - CT) =0
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2) DETERMINATION OF ASSOCIATED EIGENVECTORS 25.35799 25.35799

2063546 2063546
i:=1.n j=1.n
18.54192 18.54192
: 17.51615 17.51615
D1:= eigenvals(1018-C~L0) D2 := eigenvals(1018-L0-C) vectors of the elgenvalues D1= D2 =
16.12124 16.12124
16.52110 16.91569
BEWARE ! the order of the eigenvalues is NOT identical in D1 and D2, we choose the 16.91569 16.52110
order of D1 16.26602 16.26602
. . . 8
Propagation velocity of the eigenmodes 1.986> 10
1 2.201% 108
O 1=~ 2322 108
1’ 10~ °-DY; o
S| 23eex0 m/s 1
2.491x 108 Munsurcij j := 0 Munsurcij j := .
|
2.460% 108
2.431% 108
2.479% 108

Definition of the change of variables for the currents, i.e. transition matrix from modal currents to natural currents (matrix T)

041534 —0.54029 —0.50948 —0.44297 0.10052 0.28765 —0.36808 —0.19704
Tij= (eigenveC(1018'C'L0,D1J))i 0.32623 —0.37448 —0.18359 0.09610 —0.27671 —0.48644 0.35047 0.45949
0.32954 —0.24578 0.17435 047288 041565 0.10000 0.34421 —0.46202
0.33537 —0.08629 041992 0.26632 —0.49047 0.41308 —0.35102 0.19128
0.33537 0.08629 041992 —0.26632 0.49047 —0.41308 —0.35102 0.19128
0.32054 0.24578 0.17435 —0.47288 —0.41565 —0.10000 0.34421 —0.46202
0.32623 037448 —0.18359 —0.09610 027671 0.48644 0.35047 0.45949
041534 054029 —0.50948 0.44297 —0.10052 —0.28765 —0.36808 —0.19704
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Definition of the change of variables for the voltages, i.e. transition matrix from modal voltages to natural voltages (matrix S)

ok = 10710 arbitrary constant

S:=ckC T

2484387 0.422463
2414446 1.187700
2274451 1.724031
2.054301 1.895924

3) CHARACTERISTIC IMPEDANCE MATRIX

modal characteristic impedances 2Ci =
(for the associated eigenvectors)

ck-ci;

modal characteristic impedance matrix  zmc = diag(zC)

characteristic impedance matrix Z¢:= S-Zme T

2.054301 —1.895924 —1.155304 —0.702251
2.274451 —1.724031 —0.462953 0.247219
2414446 —1.187700 0.576552
2484387 —0.422463 1.314582

0.976135
0.543835

1.314582 —0.543835

0.576552 —0.976135 —0.405178

—0.462953 —0.247219

—1.155304

zC =

0.702251

50.357
45.426
43.060
41.852
40.151
40.646
41.129
40.331

0.083579  0.290674 —0.444683 —0.174771
—0.275695 —0.609739 0.559119  0.498559
0.405178  0.114345 0.532082 —0.483689
—0.480948 0.500468 —0.515995 0.206748
0.480948 —0.500468 —0.515995 0.206748
—0.114345 0.532082 —0.483689
0.275695 0.609739  0.559119  0.498559
—0.083579 —0.290674 —0.444683 —0.174771

61.099
37.310
24.238
16.431
11.564
8.446
6.438

Zc =

116.390 61.099 37.310

113.169 59.453

59.453
36.347
23.653
16.084
11.390
8.446

112.326
58.969
36.072
23.525
16.084
11.564

24.238
36.347
58.969
112.066
58.852
36.072
23.653
16.431
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16.431 11.564 8.446 6.438
23.653 16.084 11.390 8.446
36.072 23.525 16.084 11.564
58.852 36.072 23.653 16.431
112.066 58.969 36.347 24.238 Q
58.969 112.326 59.453 37.310
36.347 59.453 113.169 61.099
24.238 37.310 61.099 116.390
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control of the equations for computing the characteristic impedance matrix:

116.390 61.009 37.310 24.238 16431 11564 8446 6438 116390 61.099 37.310 24238 16431 11564 8446 6.438
61.099 113169 50.453 36347 23653 16.084 11390 8.446 61.099 113169 59.453 36347 23653 16.084 11.390 8.446
37310 59453 112.326 58969 36072 23525 16.084 11.564 37310 59453 112.326 58.969 36.072 23525 16.084 11564
Suneura g Lo - | 2428 36347 58969 112066 58852 36072 23653 16431 S s-c 1 | 24238 36347 58969 112066 56852 36072 23653 16431
16431 23653 36072 58.852 112.066 58.960 36.347 24.238 16431 23.653 36072 58.852 112,066 58.969 36.347 24.238
11564 16.084 23525 36072 58.969 112.326 59.453 37.310 11564 16.084 23525 36.072 58.969 112.326 59453 37.310
8446 11390 16.084 23.653 36347 59453 113169 61.099 8446 11390 16.084 23.653 36.347 59.453 113.169 61.099
6438 8446 11564 16431 24238 37.310 61.099 116.390 6438 8446 11564 16431 24238 37.310 61.099 116.390
116390 61.009 37.310 24.238 16431 11564 8446 6438 116.390 61.099 37.310 24238 16431 11564 8446 6.438
61.099 113169 59.453 36347 23653 16.084 11.390 8.446 61.099 113169 50.453 36347 23653 16.084 11390 8.446
37310 59453 112.326 58969 36.072 23525 16.084 11.564 37310 59453 112.326 58969 36.072 23525 16.084 11564
e | 24238 36347 56969 112066 58852 36072 23653 16431 Lo T 1 _ | 24238 36347 58960 112066 58852 36072 23653 16431
16431 23653 36072 58.852 112.066 58.960 36.347 24.238 16431 23653 36072 58.852 112.066 58.969 36.347 24.238
11564 16.084 23525 36072 58.969 112.326 59453 37.310 11564 16.084 23525 36.072 58969 112.326 59.453 37.310
8446 11390 16.084 23653 36.347 59.453 113.169 61.099 8446 11390 16.084 23.653 36.347 59.453 113.169 61.099
6438 8446 11564 16431 24238 37.310 61.099 116.390 6438 8446 11564 16431 24238 37.310 61.099 116.390
4) MATCHED LOADS 0012 —6.073x 107 % —6.123x 1074 —2.154x 104 —1.085x 10 * —6.856% 107> —5.111x 107° —6.325x 107 °
—6.073x107% 0015 -5767x 107> —5064x 10 % —1.620x 107 -7.643x107° —4.724x 107° -5111x 107 °
-6.123x10°% —5767x107° 0015  -5756x 107> —5011x 10”4 —1.602x 10”* -7.643x 107° —6.856x 10~ °
. ~2154x 1074 —5.064x 107% —5756x 107° 0015  -5754x 1077 —5.011x 107 * —1.620x 10™* ~1.085x 1074 S
~1.085x 1074 —1.629x 1074 —5011x 1074 —5754x 10™% 0015  -5756x 107> —5.064x 10~ 4 —2.154x 10”4
~6.856x 107° —7.643x 107° —1.602x 1074 —5011x 10 % —5756x 1073 0015  -5.767x 107> —6.123x 10”*
5A11x107° —4724x 107% —7643x 107° —1.620x 107 % —5064x 10" % -5767x 1073 0015  —6.073x 107 °
-6.325% 107° —5111x 107° —6.856x 107° —1.085x 10 % —2.154x 107 % -6.123x107* -6.073x107°  0.012
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Values of the resistances of a network of resistors
having an impedance matrix equal to Zc,
presented as a matrix (the diagonal entries are the

values of the grounded resistors).

5) ORTHOGONALITY OF ASSOCIATED EIGENVECTORS

S-S

9.962 7.766 5.775
7.766 9.430 7.388
5.775 7.388 9.220
4.303 5.547 7.277
3.254 4.166 5.487
2,508 3.173 4.138
1.977 2.467 3173
1.604 1.977 2.508

4.303
5.547
1277
9.165
7.253
5.487
4.166
3.254

3.254
4.166
5.487
7.253
9.165
7277
5.547
4.303

2.508
3.173
4138
5.487
7.277
9.220
7.388
5.775

1.977
2467
3173
4.166
5.547
7.388
9.430
7.766

1.604
1.977
2.508
3.254
4.303
5.775
7.766
9.962

TT

205.831

164.674

1633x 10°

9.215x% 10°

4.643% 10°

1.459% 10*

1.956% 10*

1.581x 10*

1.1874
0.0015
0.0063
0.0150
0.0187
0.0185
0.0175
0.0254

164.674  1.633x 10° 4.643x 10° 9.215x 10° 1.459x 10*
373546 173403 1.975x 10° 6.140% 10° 1.308x 10*
173403 407.954 173740 1.996x 10° 6.243x 10°
1975x 10° 173740 418071  173.784  1.996x 10°
6.140x 103 1.996x 10° 173784 418071  173.740

1.308x 10* 6.243% 10° 1.996% 10° 173740  407.954

2.117x 10 1.308x 10* 6.140x 10° 1.975% 10°  173.403

1.956% 10* 1.459% 10* 9.215% 10° 4.643x 10° 1.633x 10°

0.0015 0.0063 0.0150 0.0187 0.0185 0.0175
0.9368 —0.0423 —0.0101 0.0045 0.0100 0.0114
—0.0423 0.9377 -0.0409 -0.0101 0.0041 0.0100
—-0.0101 -0.0409 0.9382 -0.0410 —0.0101 0.0045
0.0045 -0.0101 —0.0410 0.9382 —0.0409 —0.0101
0.0100 0.0041 -0.0101 —0.0409 0.9377 -0.0423
0.0114 0.0100 0.0045 -0.0101 —0.0423 0.9368
0.0175 0.0185 0.0187 0.0150 0.0063 0.0015

0.0254
0.0175
0.0185
0.0187
0.0150
0.0063
0.0015
1.1874

1,956 10°
2117 10*
1.308x 10*
6.140 10°
1.975x 10°

173.403
373.546
164.674

1581x 10*
1.956% 10*
1.459% 10*
9.215x 103
4.643% 10°
1.633x 10°
164.674
205.831

Thus, the column-vectors of S (eigen-voltages) are not orthogonal, and the column-vectors of T (eigen-currents) are not

orthogonal.
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6) MODAL INDUCTANCE MATRIX AND MODAL CAPACITANCE MATRIX, FOR ASSOCIATED EIGENVECTORS

m:=S "L0T

7461x 100" 206355  —2740x 10”0 —1724x 10° ™ 6420x 107"

—9.002x 10~ ™ 7.063x 10" _3810x10" " 175161 2113%x 10~ ™

cm=T"cCSs

253580  4.144x 107" —1425% 107" —1.868x 107" 1.865x 107" —9.632x 10”1® 2.242x 10~ ™

1527x 10" ™ 1.767x 10”1

_5558% 107 "% 2.882x 10”1° 185419  —2416x 10" "™ —5492x 107 "° —4.199x 10~ " 7.819%x 10”1

5256% 10~ 10 1.709% 10~ ¥

9

b 2012x 107" —5549x 107" 1588x 107" 1786x 107 161212 3.096x 10" 2227x 107 ™
5023x 107" —7.112x 107" —7566x 107 "® 1.637x 107" 9.008x 107" 165211  3.187x 107 ™

6.744x 107" 1.087x 107 ™ 2.054x 107" —1.762x 107" —1.087x 107" 1.020x10° ™ 169.157
—5.079x 10~ ™ 3738x 107 ™ —2568x 107 ™ —1.411x 107" 1.052x 10" 2797x 107 ™ 3.209x 107 ™

100 —2.031x 107 ™ 1.002x 107™  2112x 107" -3549x 107" 8423x107"° 1.208x 10~ ™
—2.667x 10~ 100 1.805x 107 "% 9.49x 107" —4554x 107 "% 3399x 107 ° —4.195x 107
3556x 10710 —1.184x 10~ ™ 100 5186x 10710 3411x 107" 7.434x107"° —5636x 107

020 = 3775x 107 1.247x 107 1.079% 107 ™ 100 —4.045x 10715 —2.608x 107 ° 9.185% 107
~2.154x 107 ™ —2.146x 10710 —3.452x 107 "® 1.085x 10716 100 ~7.198x 107 "% 3.846x 107 '°

1251107 "™ 4651x 10" 4.396x 107" —1.749x 10" ™ —2.807x 10”
—2574x 107" —1388x 107 —1531x 10" ™ 1494x 107"  289x 107"

As expected, Lm and Cm are diagonal matrices,

within the accuracy of our computation. Here Cm is 10"2okidentity(r) =

100 _5786% 10~ ©

—4734x 107"

100

1822x 107" 2758x 107 1% 2206x 107" —1.423x 107" —1.159% 107" —1.328x 10~ —9.23x 10~ 16

00 0 O
0 100 O
0 0 100
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0

2.630x 107
3221x 1071
~1.985% 10” ™
4110x 107
4.156x 107
1583x 107
1.754x 107

1.04x 10~ ™
154%x 10716
1.153x 10~ ™
-9.26x 107 '®
~1.016x 10~ ™
~1.322x 10~ ™
5.916x 107 1°

162.660

100

o o o o

0
0
0
0
0
0

100
0

0
0
0
0
0
0
0

100

nH/m

pF/m

pF/m
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7) MODAL CHARACTERISTIC IMPEDANCE MATRIX, FOR BIORTHONORMAL EIGENVECTORS

Zme := diag(ci)-T' LO-T

Zmc =

1950% 10" ™ —2.335x 10" ™ 114207  —3.102x 10" " —8.240% 10~ 1® —2.320%x 10~ " 1.004x 10~ ™

324707 1.600x 107" 2132x 107" 4545x 1071 _1.662x 1071 —1.006%x 107 '® 4.386x 107" 4533x 10°
2935% 10~ 1 181553  —1.962x 10~ —4.343x 10 ™ 1.242x 107" 3.046x 107" 5426% 107 1% —1500% 10”1

~2.021x 107 ™ —4.805x 10" —2750x 107 78.788 1.016x 107 2.057x 1070 3.634x 107 "¢ 5609% 1071
—2125x 107 ™ 1213x 107 1.395x 107 "% 0.188x 107" 30.267 2394x 10" 5.023x 107 "° —2.359x 10~ "
1211107 2.854x 107 ™ —2963x 107" 1894x 107" 2408x107™ 48644  5003x107"° 2283x 107 ™
5125x 107" 0272x 107 "0 8773x107"° 2068x 107" 2918x107"° 3946x 10710 59546  1.262x 10" ™
3545x 10710 —1.064x 10710 —4.801x 107 ™ 2408x 1071 —2332x 107 ™ 1.046x 107 ™ 12755107 ™ 42472

—4.305% 10~ "

In this example, Zmc is a diagonal matrix, within the accuracy of our computation.
We note that Zmc is different in section 3 and in section 7.

8) MODAL INDUCTANCE MATRIX AND MODAL CAPACITANCE MATRIX, FOR BIORTHONORMAL EIGENVECTORS

Lm =T -L0-T cm=T (1)

10%Lm =

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules — Lecture Slides

1635x 10°  1.381x 10”1 1.073x 107" —3.588x 107 ™
7491x 10" 824728  —9.175x 107 ™ —2.120x 1073
1044x 107 "% —7.941x100™ 491780  —1.048x 107
~3553% 107 —1.098x 10”13 —1.172x 107" 329.746

~9.223x 10~ ™ 5.086x 107 7.593x 10”7 3.546x 107 ™
~8327x 107 ° 1.405x 107" —1.665x 107 ™ 1.018x 10~ ™
2212x 10" 2003x 107 "% 3467x 107" 3315x 107"
1510x 107 ™ —6.921x 107 ™® —1.934x 10" 1.474x 10~ ™

4217107 —4291x 107 1.756x 107"

1.886x 10~

5101x 107" 1589x 10”1 —1.839x 107 2617x 107

~1.650x 10~ ™ ~7.290x 10”1 5.081x 10~ "
4084x 10" 5477107 1.965x 107
157663  9.741x 10" 1.459x 107 ™
9787x 10" 197.718  2192x 107 ™
2408x 10" 1.398x 107 ™ 244.906
~0.384x 10~ ™ 8.847x 107 ™ 4211x 107 ™

—2023%x 10~ 1

1640% 10~

—8741x 107"

8.884x 10”1
5111x 10~ 1
171.293

nH/m
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15508  —3205x 10710 —4.422x 10710 —3.410x 107" 3831x 107" 7541107 "% —2624x 107" 3.093x 10~ ¥
37011071 25021 2773x 1071 1477x 107 ™ 8526 10”10 —9.900x 10 1° —4.224x 1076 _1.647x 107
—6.409% 107 "0 1.892x 10”1 37.704 1144x 10" 1904x 107" 6.926x 107 1% —8489x10™ " 4172x 10~ ™

—2699% 107" 1.063x10™ ™  1.169x 10” ™ 53120  —4637x 101 —3911x 10" " 6.848x 10715 —1.407x 10 ™

10"20m < pF/m

1.347x 107" —9571x 107" 1539x 107" —5944x 107" 102251  —5.048x 107" —3.976x 107 1° 4.703x 10~ ™
8307x 10710 —9552% 107" 8964x 10" —4.823x 101 —4906x 10" ™ 83559  —5401x 107 "0 —4.648x 107"
—2580x 10710 —1.466%x 10710 —8.872x 107" 7.046x 107 "° —4.360x 107 % —4.062x 107" 69.070  —1.454x 10~ ™

8539x 10710 3708x 10710 4264x 107 ™ —1471x 10" ™ 4.269x 107" —4578x 107" —1673x 107" 94.960

In this example, Lm and Cm are diagonal matrices, within the accuracy of our computation.
We note that Lm and Cm are different in section 6 and in section 8.

Back to the link "Annex A" of § 7
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Annex B: Computation of the eigenvectors
and the characteristic impedance matrix

Authors: Frédéric Broydé and Evelyne Clavelier. date: 21 Oct. 2010
Prepared with Mathcad 2000 professional (Mathcad is a registered trademark of its owner). © Excem 2010

File: Worksheet B of Tutorial v2a.mcd

1) DEFINITION OF THE MULTICONDUCTOR TRANSMISSION LINE PARAMETERS

(we use some data of Worksheet N of Sem 33 Chap 2 v2a.mcd)

446.404 220552 120338 67.269 37.881 21415 1219  7.099 ORIGIN =1 n:=38
220552 432448 213.654 116.608 65225 36.801 20.936 12.19 e0:=8854188-10" "2 F/m no:=4x-10""  H/m
120.338 213.654 429.05 211.844 115666 64.819 36.801 21.415
Lg.| 67269 116608 211844 428134 211454 115666 65225 37881 | g "
37.881 65225 115666 211.454 428.134 211.844 116.608 67.269 m nomelLo - L") = 0
21415 36801 64.819 115666 211.844 429.05 213.654 120.338
1219 20936 36.801 65225 116.608 213.654 432.448 220.552
7009 1219 21415 37.881 67.269 120.338 220.552 446.404
93415 45995  -2952 -061 —0.141 —-0.033 —7.907x 107> —2.178x 107 °
—45.995 118313  —44538 —2.653 —0541 —0.124  —003  —7.907x 1073
~2.952 44538 118408 —44519 —2649 —054  —0.124 ~0.033
e i eretudLo”" R —2653 44519 118412 —44517 -2649 0541 ~0.141
—~0.141 —0541  —2649 —44517 118412 —44519  —2653 —0.61 pF/m
~0.033 —0124  —054 2649 —44519 118408  —44.538 —2.952
—7907x107% 003 0124 -0541 -2653 —44538  118.313 45,995
~2178x 1073 —7.907x 107 —-0.033 -0.141 -061 -2952  -45995 93415
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2) DETERMINATION OF ASSOCIATED EIGENVECTORS

i:=1.n

In this worksheet, we use the a priori knowledge concerning

completely degenerate interconnections.

Propagation velocity of the eigenmodes

Cij = —

D1;

Ci=

1.792x 10°
1.792x 10°
1.792x 108
1.792x 10°
1792x 10°
1.792x 10°
1.792x 10°

1.792x 108

m/s

D1; := er-e0-u0

Munsurci; j := 0

) 1
Munsurcij j :== —
Ci

Definition of the change of variables for the currents, i.e. transition matrix from modal currents to natural currents (matrix T)

Here, we can use T = identity(n)

1.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

0.00000
1.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

0.00000 0.00000
0.00000 0.00000
1.00000 0.00000
0.00000 1.00000
0.00000 0.00000
0.00000 0.00000
0.00000 0.00000
0.00000 0.00000

0.00000
0.00000
0.00000
0.00000
1.00000
0.00000
0.00000
0.00000

0.00000
0.00000
0.00000
0.00000
0.00000
1.00000
0.00000
0.00000

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
1.00000
0.00000

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
1.00000
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Definition of the change of variables for the voltages, i.e. transition matrix from modal voltages to natural voltages (matrix S)

ok = 10710 arbitrary constant

S:=ckC T

3) CHARACTERISTIC IMPEDANCE MATRIX

modal characteristic impedances 2Ci =
(for the associated eigenvectors)

ck-ci;

1.432885
0.707937
0.386266
0.215923
0.121592
0.068739
0.039128
0.022787

0.707937
1.388089
0.685795
0.374293
0.209362
0.118125
0.067201
0.039128

modal characteristic impedance matrix  zmc = diag(zC)

characteristic impedance matrix

Zc:=SZmeT "

0.386266
0.685795
1.377182
0.679985
0.371269
0.208059
0.118125
0.068739

0.215923
0.374293
0.679985
1.374242
0.678733
0.371269
0.209362
0.121592

zC =

55.816
55.816
55.816
55.816
55.816
55.816
55.816
55.816

0.121592
0.209362
0.371269
0.678733
1.374242
0.679985
0.374293
0.215923

0.068739
0.118125
0.208059
0.371269
0.679985
1.377182
0.685795
0.386266

Zc =

0.039128 0.022787
0.067201 0.039128
0.118125 0.068739
0.209362 0.121592
0.374293 0.215923
0.685795 0.386266
1.388089 0.707937
0.707937 1.432885

79.978
39.514
21.560
12.052
6.787
3.837
2.184
1.272

Seminar 32 — Tutorial on Echo and Crosstalk in Printed Circuit Boards and Multi-Chip Modules

39.514 21.560 12.052
77477 38.278 20.892
38.278 76.869 37.954
20.892 37.954 76.705
11.686 20.723 37.884
6.593 11.613 20.723
3.751 6.593 11.686
2.184 3.837 6.787

6.787
11.686
20.723
37.884
76.705
37.954
20.892
12.052

— Lecture Slides

3.837
6.593
11.613
20.723
37.954
76.869
38.278
21.560

2.184
3.751

6.593
11.686
20.892
38.278
77477
39.514

1.272
2.184
3.837
6.787
12.052
21.560
39.514
79.978
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control of the equations for computing the characteristic impedance matrix:

79.978 39514 21560 12052 6.787 3.837 2.184 1272 79.978 39514 21560 12052 6.787 3.837 2.184 1272
39.514 77.477 38.278 20.892 11686 6593 3.751 2.184 30514 77.477 38278 20.892 11.686 6593 3.751 2.184
21560 38.278 76.869 37.954 20.723 11.613 6593 3.837 21560 38.278 76.869 37.954 20.723 11.613 6593 3.837
Sunsura g 1L - | 12052 20892 37.954 76705 37884 20.723 11686 6787 Sunsura s c- 1 — | 12052 20892 37.954 76705 37.884 20.723 11686 6767
6.787 11.686 20.723 37.884 76.705 37.954 20.892 12.052 6.787 11.686 20.723 37.884 76.705 37.954 20.892 12.052
3837 6593 11613 20.723 37.954 76.869 38.278 21560 3837 6593 11613 20.723 37.954 76.869 38.278 21.560
2184 3751 6593 11.686 20.892 38.278 77.477 39.514 2184 3751 6593 11.686 20.892 38.278 77.477 39.514
1272 2184 3.837 6.787 12.052 21.560 39.514 79.978 1272 2184 3837 6.787 12.052 21560 39.514 79.978
79.978 39514 21560 12052 6.787 3.837 2.184 1272 79.978 39514 21560 12052 6.787 3.837 2.184 1272
39.514 77.477 38278 20.892 11686 6593 3751 2.184 30514 77.477 38278 20.892 11686 6593 3.751 2.184
21560 38.278 76.869 37.954 20.723 11.613 6593 3.837 21560 38.278 76.869 37.954 20723 11.613 6593 3.837
e | 12052 20892 37954 76705 37.884 20723 11686 6787 o T 1 _ | 12052 20892 37.954 76705 37884 20723 11686 6787
6.787 11.686 20.723 37.884 76.705 37.954 20.892 12.052 6.787 11.686 20.723 37.884 76.705 37.954 20.892 12.052
3837 6593 11613 20.723 37.954 76.869 38.278 21560 3837 6593 11613 20.723 37.954 76.869 38.278 21.560
2184 3751 6593 11.686 20.892 38.278 77.477 39.514 2184 3751 6593 11.686 20.892 38.278 77.477 39.514
1272 2184 3.837 6.787 12052 21560 39.514 79.978 1272 2184 3837 6.787 12.052 21560 39.514 79.978
4) MATCHED LOADS 0017  —8241x 1073 —5288x 107% —1.093x 104 —2.518x 107° —5.943x 1078 —1.417x 1075 —3.902x 1077
—8241x107% 0021 —7979x 107° —4.754x 107 * —9.696% 107° —2.225x 107° —5.309x 10°® —1.417x 107 ®
~5288x10°% —7.979x107° 0021  -7.976x 1072 —4.746x 10" —9.680x 107° —2.225x 10°° —5.943x 10~ °
. ~1.003x 1074 —4.754x 107 % —7.976x107° 0021  -7.976x 107> —4.746x 10" * —9.696x 107° —2518x 107 ° S
—2518x107° —0.696x 107° —4.746x 104 —7.976x10™% 0021  -7.976x 1073 —4.754x 10~ % —1.093x 10~ *
~5.943x 1078 —2225x 107% —0.680x 107° —4.746x 10 % -7.976x 103 0021  -7.979x 10~> —5.288x 10 *
~1417x 1078 —5.300% 1078 —2225x 107% —9.696x 107% —4.754x 107 -7.979x 1073 0021  -8241x 107 °
1 1 -3.902x 1077 —1.417x107% —5943x 107® —2518x 107% —1.093x 107 * -5.288x 107* —8.241x107%  0.017
Ri’j = = Ri = .
e, S o),
j=1
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127799 121351  1.891x 10° 9.152x 10° 3.972x 10* 1.683x 10° 7.059x 10° 2.563x 10°
121351 228535 125322  2.104x 10° 1.031x 10* 4.493x 10* 1.884x 10° 7.059x 10°

Values of the resistances of a network of resistors 1891x10° 125322 242123 125377  2.407x 10° 1.033x 10* 4.493x 10* 1.683x 10°
having an impedance matrix equal to Zc, o | 9162 10° 2104x 10° 125377 245005 125380 2.107x 10° 1.031x 10* 3.972x 10*
presented as a matrix (the diagonal entries are the 3.972x 10 1.031x 10* 2107x10° 125380 245005 125377 2.104x 10° 9.152x 103 Q

values of the grounded resistors). 5 . A ) ;
1.683x 10° 4.493x 107 1.033x 10" 2.107x 10  125.377 242123 125.322  1.891x 10

7.059x 10° 1.884x 10° 4.493x 10% 1.031x 10* 2.104x 10° 125322 228.535 121.351

2.563% 108 7.059% 10° 1.683x 10° 3.972x 10* 9.152x 10° 1.891x 10° 121351  127.799

5) ORTHOGONALITY OF ASSOCIATED EIGENVECTORS

2.772 2.380 1.783 1.253 0.846 0.556 0.358 0.226 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2.380 3.102 2.537 1.858 1.287 0.861 0.561 0.358 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1.783 2.537 3.178 2.573 1.874 1.293 0.861 0.556 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000
o8 = 1.253 1.858 2.573 3.195 2.580 1.874 1.287 0.846 T = 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000
0.846 1.287 1.874 2.580 3.195 2.573 1.858 1.253 0.0000 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000
0.556 0.861 1.293 1.874 2.573 3.178 2.537 1.783 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000
0.358 0.561 0.861 1.287 1.858 2.537 3.102 2.380 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000 0.0000
0.226 0.358 0.556 0.846 1.253 1.783 2.380 2.772 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000

Thus, the column-vectors of S (eigen-voltages) are not orthogonal, but the column-vectors of T (eigen-currents) are
orthogonal.
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6) MODAL INDUCTANCE MATRIX AND MODAL CAPACITANCE MATRIX, FOR ASSOCIATED EIGENVECTORS

10%Lm =

10'2.cm =

As expected, Lm and Cm are diagonal matrices,

Lm =S~ "L0T Cm:=T"CS

311542 —3.139x 107 ™ —1.777x 107 ™ —1614x 107 —2.104x 107 "° —7.114x 10710 —2.852x 107 ™® —2.331x 107
—1478x 107 ™ 311542 —4.832x 107 ™ —3299x 10710 —7.094x 107 ™° —6.145x 10710 —1.917x 107" 1.262x 1071
—2636x 107" —3212x 107 ™ 311542 —6.820x 107 "® —1.030x 107 ™ 9.968x 10717 1.243x 107 "% —1.027x 107
~1.031x 107 ™ 7.195% 10710 —2.901x 107 ™ 311542  —2227x 107 ™ -1.029x 10~ ™ —8.843x 10" —1.506x 10~ ™
5078x 10710 —1.085x 107" 7.759x 10710 1607x10™™ 311542  -6.588x 107 "° 3.888x 107 ° 3.115x 107 ™
9.722x 10”1 1581x 107" 3657x 107" 4203x 107 1199x 107" 311542  6.764x 107" 1.356x 10” "
~8.609x 107 ° —1.310x 10" —2748x 107 ™ —3632x 107" —6.019x 107 ™ —1816x 107" 311542  —1.231x 107"
4160x 10" 1.414x 107" 2730x 10710 —1.049x 107" 5616x 10710 -5125x 107" 1.002x 10" 311542

100 —2.265% 107 ° —2577x 10710 1.473x 107 1% —8.685x 107 1% 9.493x 107" 1246 10718 2548x 107
2435x 1071 100 2201x 1071 —9.185x 10718 2908x 107" 5915x 107" 9.604x 10”7 —5367x 107
5506x 107 1° 1519x 10” " 100 153x 107" —1117x107"™® 1549x 107" 7.077x 107 "% 1.087x 10”1
8469x 107 "% 7.196x 107" 663x 107" 100 1493x 107 3615x 1070 1232x 107"  15x107"®
1685% 107 "% 2124x 107" —4.243x 107" 1.797x 10~ ™ 100 154x 107" -1.909x 107" —145%x 101
~1.256x 107 "° —6.702x 10718 —3.756x 107 "® -6.098x 10~ > —2.805%x 10" 100 -4289x 107 "% —152%x 107"
1465x 107 % 2315%x 107" 4614x 107" 7.937x 107" 1305x 10" ™ 3.112x 107 ™ 100 1.799x 10~ ™
~1.061x 107 "® —9.506% 10”17 6.035x 10717 7534x 107" 1.251x 107" -3.253x 107 "° —4.146x 107 1° 100

1000 0 0 0 0 0
0 100 0 0 0 0 O
0 0 100 0 0 0 O
0 0 0100 0 0
. . . . 12 4 .
within the accuracy of our computation. Here Cm is 10 kidenty(n) = | 0 w00 0 o
0 0 0 0 0 100 0
0 0 0 0 0 0 100
0o 0 0 0 0 0 O

0
0
0
0
0
0
0

100

nH/m

pF/m

pF/m
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7) MODAL CHARACTERISTIC IMPEDANCE MATRIX, FOR BIORTHONORMAL EIGENVECTORS

Zme := diag(ci)-T' LO-T

Zmc =

79.978
39.514
21.560
12.052
6.787
3.837
2.184
1.272

39.514
17.477
38.278
20.892
11.686
6.593
3.751
2.184

21.560 12.052 6.787 3.837 2.184 1272
38.278 20.892 11.686 6.593 3.751 2.184
76.869 37.954 20.723 11.613 6.593 3.837
37.954 76.705 37.884 20.723 11.686 6.787

20.723 37.884 76.705 37.954 20.892 12.052
11.613 20.723 37.954 76.869 38.278 21.560
6.593 11.686 20.892 38.278 77.477 39.514
3.837 6.787 12.052 21.560 39.514 79.978

In this example, Zmc is not a diagonal matrix.

We note that Zmc is different in section 3 and in section 7.

8) MODAL INDUCTANCE MATRIX AND MODAL CAPACITANCE MATRIX, FOR BIORTHONORMAL EIGENVECTORS

10%Lm =
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Lm:=T L0T

446.404 220.552
220.552 432.448
120.338 213.654

67.269
37.881
21.415
12.190

7.099

cm=1 ()

120.338 67.269 37.881 21.415
213.654 116.608 65.225 36.801
429.050 211.844 115.666 64.819

116.608 211.844 428.134 211.454 115.666
65.225 115.666 211.454 428.134 211.844
36.801 64.819 115.666 211.844 429.050
20.936 36.801 65.225 116.608 213.654

12190 21.415 37.881

67.269 120.338

12190  7.099
20936 12190
36.801 21.415
65.225 37.881
116.608 67.269
213.654 120.338
432.448 220.552
220.552 446.404

nH/m
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93.415 45995  —2952 —0610 —0.141 —0.033 —7.907x 1073 —2.178x 10~ °
—45.995 118313 —44538 —2653 —0541 —0.124  —0030  —7.907x 10°3
—2.952 _44538 118408 —44519 —2649 —0540  —0.124 ~0.033
W2em| 0810 2653  —44519 118412 —44517 —2649  —0.541 ~0.141 oF/m

~0.141 0541 —2.649 —44517 118412 —44519  —2.653 ~0.610
~0.033 ~0124 0540 —2649 —44519 118408  —44.538 ~2.952

~7907x 1073 0030  —0.124 —0541 -2653 —44538 118313 45995

—2178x 1073 —7.907x 10”% —0.033 —0.141 —0610 -2952  —45995 93.415

In this example, Lm and Cm are not diagonal matrices.
We note that Lm and Cm are different in section 6 and in section 8.

Back to the link "Annex B" of § 7
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