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Abstract — We present the state of the art in the area of modal
transmission used to reduce echo and internal crosstalk in a
multichannel link using an untransposed multiconductor inter-
connection. We emphasize the difference between this approach and
the more general concept of internal crosstalk cancellation. We also
show how modal signaling can be extended to a category of non-
uniform interconnections and how external crosstalk can be reduced
in a modal transmission scheme.

I.  INTRODUCTION

This paper is about modal transmission used to reduce echo and
internal crosstalk in a multichannel electrical link providing m > 2
channels. The link is linear and comprises a multiconductor
interconnection, having n > m transmission conductors (TCs) and
a reference conductor or ground conductor (GC). We assume an
untransposed interconnection, that is an interconnection which
does not use frequent permutations of the conductors to obtain
certain propagation properties. Such a link is shown in Fig. 1. The
main advantages of modal signaling are that the m - 1 shields or
wide TC-to-TC spacings used in a fast m-channel single-ended or
differential link are not needed, and that only m leads are required.

Multiconductor transmission line (MTL) theory defines and
investigates the propagation modes of the interconnection. It is the
basis of modal transmission, since, in modal transmission, each
channel is allocated to a propagation mode.

Section I provides the main definitions and notations used later.
Section III is a review of modal transmission in a multichannel
link using an untransposed multiconductor interconnection.
Section IV presents the more general concept of internal crosstalk
cancellation and emphasizes how it differs from modal
transmission. Section V presents a new extension of MTL theory
and modal signaling to a category of non-uniform inter-
connections. Section VI introduces two new techniques for the
reduction of external crosstalk in a modal transmission scheme.
The conclusion addresses applications.

II.  DEFINITIONS AND NOTATIONS

The following definitions and notations are for instance
introduced in [1] and [2]:
® 7C-to-TC coupling collectively designates mutual capacitance
between the TCs and mutual impedance between loops each
comprising one of the TCs and the GC;
® ¢cho is the phenomenon by which a signal sent or received at an
end of the link, in one of the channels, is followed by the reception
of'a delayed noise in the same channel, at the same end of the link;
m jnternal crosstalk is the phenomenon by which a signal sent in
one of the channels produces noise in another channel;
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Fig. 1. A point-to-point link providing m channels, consisting of an
interconnection, a near-end interface and termination device (NIT)
and the far-end interface and termination device (FIT). The

interconnection has n transmission conductors (TCs) and a
reference conductor (GC).

B external crosstalk is the occurrence of noise caused by
interactions between the link and other circuits of the device in
which it is built;

® 7 is the curvilinear abscissa along the interconnection, the
interconnection extending fromz=0toz= L;

® j is the column vector of the natural currents iy,..., i, ;

® v is the column vector of the natural voltages v,,..., v, ;

m Z'is the the per-unit-length (p.u.l.) impedance matrix;

® Y'is the p.u.l. admittance matrix;

® yniform means independent of the abscissa z ;

® the transition matrix from modal electrical variables to natural
electrical variables are two matrices S and T satisfying

T'YZ T=T?
ey 24 ’ 2 (1)
STZ2’Y'S=T
where
F:diagn(yl,...,yn) )

is the diagonal matrix of order n of the propagation constants;
® the characteristic impedance matrix Z. is given by

Z.=S r's'z’=srs'y’!
=Y IIT'=Z’Tr'1"'

mi, =T i is the column vector of the modal currents;
m v, =S~ vis the column vector of the modal voltages;
m reflection is the phenomenon by which a wave propagating in a
given direction produces a wave propagating in the opposite
direction;

B matched means having an impedance matrix equal to Z., a
matched termination producing no reflection.
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II1. SURVEY OF MODAL SIGNALING IN UNTRANSPOSED
INTERCONNECTIONS

In conventional modal signaling:

— the interconnection model used to design the link is a uniform
MTL model, i.e. an MTL model in which Z' and Y' are uniform;
— each of the m transmission channels is allocated to a modal
electrical variable, that is a modal voltage or modal current;

— the near-end interface and termination device (NIT) and the far-
end interface and termination device (FIT) shown in Fig. 1 must
perform the necessary conversions, which are linear combinations
defined by a transition matrix from modal electrical variables to
natural electrical variables (that is S or T).

An early concept of modal signaling appeared about 20 years
ago as a way of eliminating crosstalk in a uniform
interconnection, based on a principle stating that “there is no
crosstalk between modes as there is between non-modal
propagation” [3] [4]. However, this idea is incorrect, since it
assumes that crosstalk is only caused by coupling during
propagation, that is by TC-to-TC coupling. Let us clarify this. If
an interconnection is uniform, reflections can only occur at its
ends. Echo is always due to one or more reflections, but reflections
can cause echo and crosstalk. A reflection may even generate
crosstalk without echo, in the case of a single-ended link using
diagonal matching [1, § 9] [5, § III]. Consequently, modal
transmission alone does not guarantee the cancellation of crosstalk
[5, § X] [6, § IX]. The inventions [3] and [4] and another early
invention [7] on crosstalk elimination use the assumption that “in
general, n conductors and ground have n orthogonal modes”.
Though orthogonal modes occur in some special cases (for
instance, a balanced pair), this assertion need not be correct [I,
§ 7115, § X][6,§ V and § VI]. Unlike [3], [7] describes a link
which does not use one of the available modes, the discarded mode
being defined as the common-mode. Unfortunately this
requirement cannot be met in general, since the common mode
need not be a propagation mode of an interconnection.

A modal transmission scheme proposed some years later uses a
general theory of the modes of a uniform multiconductor
interconnection, based on the MTL model [5] [6] [8]. This ZXtalk
method combines modal transmission with the use of a NIT and/or
of a FIT behaving substantially as a matched termination. It takes
into account the frequency dependence of Z- and the possible
frequency dependence of the transition matrix from modal
electrical variables to natural electrical variables used to define the
transmission channels. The ZXtalk method was subdivided into a
general ZXtalk method and a special ZXtalk method for completely
degenerate interconnection [9] [10]. Today, the latter has an
improved definition and is referred to as special ZXtalk method; in
a nutshell it encompasses the links using a decoupled
interconnection, that is links in which S or T is considered to be
equal to the identity matrix [1, § 15]. The definition of the former
changes accordingly. In the special ZXtalk method, linear
combinations of signals are not required in the NIT and FIT, so
that their structure may be much simpler than the one needed for
the general ZXtalk method.

Other authors have investigated various aspects of the
implementation of modal transmission schemes to digital links and
shown the advantages of this approach [11] [12] [13] [14] [15]
[16]. Two high-speed modal chip-to-chip links have been built and
described, the first one using an interconnection having n = 4
conductors (referred to as a bundle) to obtain m = 4 channels [17],
the second one using 2 balanced pairs implementing the general
ZXtalk method to obtain m = 3 channels, two for data and one for
a source synchronous clock [18] [19].

The theory used in the definition of the ZXtalk method
emphasizes the concept of total decoupling, because it provides an
independent propagation of each eigen-voltage with the associated
eigen-current. New results on total decoupling and an important
assumption commonly used in the design of a modal link have
recently been established [2]. This assumption (now a proven
result) is that an approximate model of an interconnection built in
a PCB or MCM, which accurately takes high-frequency losses into
account, can use a characteristic impedance matrix and a transition
matrix from modal electrical variables to natural electrical
variables which are computed as if losses were not present. This
property is very important for practical implementations, because
it entails that the linear combinations performed by the NIT and
FIT can be frequency independent and that the termination circuit
in the NIT and/or FIT can be a network of resistors.

IV.  INTERNAL CROSSTALK CANCELLATION SCHEMES

Modal signaling may be viewed as a variation of the general and
old crosstalk cancellation concept of noise subtraction [20]. In
noise subtraction, for given NIT and FIT, the signal at an end of
TCi caused by an excitation of TCj is determined in the form of a
transfer function or time-domain response, which is usually
measured but could also be computed. The knowledge of these
transfer functions or time-domain responses is then used to
eliminate internal crosstalk using signal processing performed in
the NIT and/or in the FIT. An advantage of this approach is that it
is not based on a uniform MTL model. This comes at a price: in
general, this noise subtraction concept leads to intensive real-time
computations when the interconnection is not electrically short,
because the transfer functions are strongly frequency dependent
and also strongly dependent on the interconnection length. Some
new signaling schemes applicable to an arbitrary nonuniform
interconnection use this type of crosstalk cancellation [21] [22]
[23] [24].

In the meaning of Section III, modal signaling is a special case
of this general concept where the signal processing requirements
are much lighter because the signal processing is based on modal
transforms which are mildly frequency dependent (due to losses)
and independent of the interconnection length. The ZXtalk
technique is a special case of modal signaling in which the signal
processing requirements are minimal because matched
terminations are used to remove reflections and a high-frequency
lossless model can be used for the synthesis of frequency-
independent circuits in the NIT and FIT. Thus, simple high-speed
low-cost analog circuits can be used for signal processing.



V. AN EXTENSION OF MODAL SIGNALING

Up to now, our definitions of modal signaling and of the ZXtalk
method are based on a uniform MTL model. It is in many cases
not possible to build a uniform interconnection, for instance when
the interconnection spans over several substrates having different
dielectric constants. If the interconnection can be modeled as a
MTL which need not be uniform, the second order differential
equations derived from the telegrapher’s equations are

d*v dz’ ., dv
— V4

dz dz dz

izi_ dy’ Y ™! ﬂ

dz dz dz

where we have assumed that Z' and Y' are differentiable. At each
abscissa z, we can assume that Z' Y'is diagonalizable, so that there
exist two invertible matrices T and S complying with (1) and (2).
However, T, S and I" depend on z and need not be continuous
functions of z, so that it is in general not possible to consider that
T and S define a modal transform leading to a simple solution of
(4). We can formally define, at a given abscissa z, a vector of the
modal voltages v), = S !'v and a vector of the modal currents
iy, =T i , and a characteristic impedance matrix Z. by (3).

The TCs of the non-uniform interconnection may in some cases
be proportioned such that S and Z are uniform. For instance, in
the case of a balanced pair, the symmetry entails that S may be
chosen uniform, and the width and spacing of the conductor give
a full control over Z. in the case where losses are negligible.

If we assume that S and Z are uniform, we can use a uniform
T given by the Theorem 3 of [2]. Using this T, we get

-Z’Y'v=0
4)

-Y'Z'i=0

The matrices I' and d I'/dz being diagonal, (5) is decoupled, so
that we have achieved a modal decomposition applicable to the
non-uniform MTL. The solution of (5) is

y = exp(—jozl“du) Vior exp(_[:qu) Voo
i, = exp(—J:qu) iyt exp(J:qu) iy0

where v, 0., Vyso-, 170+ and i,,,_ are z-independent vectors
depending on the boundary conditions atz=0 and z= £. We will
not further develop the theory of this link. However, it can be
proven that the solution (6) has properties which are analogous to
the total decoupling defined for a uniform MTL model.
Consequently, the ZXtalk method can be extended to an
interconnection which may be modeled as a non-uniform (n + 1)-
conductor MTL such that S and Z are substantially uniform [25].

(6)

VI.  MITIGATION OF EXTERNAL CROSSTALK

Modal signaling does not reduce external crosstalk. The
dominant source of external crosstalk is usually common-mode
coupling at the near-end or at the far-end. It typically happens in
the line drivers or line receivers of an IC, because of ground
bounce or power bounce.

The transmitting circuit (TX-circuit) shown in Fig. 2 and the
receiving circuit (RX-circuit) and termination circuit shown in Fig.
3 provide a protection against common-mode coupling to an
implementation of the ZXtalk method [26] [27]. The chip
containing the TX-circuit of Fig. 2 and the chip containing the
RX-circuit and termination circuit of Fig. 3 each have n signal
terminals (ST1 to STn) and a common terminal (CT). For any
integer j such that 1 < j < n, the ST} is connected to the TC;j of an
off-chip interconnection, and the CT is connected to the off-chip
(substrate) ground. The CT and the chip ground do not share any
lead of the chip. In the chip, the CT is not connected to the chip
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Fig. 2. A pseudo-differential TX-circuit for the ZXtalk method or
another modal signaling scheme.
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Fig. 3. A pseudo-differential RX-circuit and an on-chip M-type
termination circuit for the ZXtalk method.



ground, even though it is externally coupled to the chip ground via
the substrate ground. This configuration minimizes common
impedances. The combining circuits shown in Fig. 2 and Fig. 3 are
used to perform the linear combinations defined by the modal
transform. They are not necessary for the special ZXtalk method.
For brevity, we shall consider that the schematics diagrams of Fig.
2 and 3 are self-explanatory. We note that it is possible to consider
that Fig. 2 shows a pseudo-differential TX-circuit, and that Fig. 3
contains a pseudo-differential RX-circuit.

However, the configurations shown in Fig. 2 and Fig. 3 do not
relate to a pseudo-differential link, since in this case the
interconnection would comprise a common conductor. Pseudo-
differential signaling also provides a good protection against
external crosstalk. It has been shown that pseudo-differential
signaling can be combined with the ZXtalk method to reduce
internal crosstalk and external crosstalk [10] [28].

VIL

In this paper, we have reviewed modal signaling schemes and
we have presented some improvements to them.

A bend in the plane of the TCs of a balanced pair produces
some mode conversion. A bend in the plane of a planar
arrangement of more than two TCs produces more mode
conversion. Mode conversion being a limiting factor of modal
signaling, modal links using a large number of TCs are more
relevant to configurations where bends are not prevalent. Another
factor playing against the widespread use of modal links other than
differential serial links is the lack of standardized interface. There
are many types of links for which these factors are immaterial, for
instance in the substrate of an MCM or in flex top-side bridges
between MCMs [29] [30]. In such applications, modal signaling
can easily be used to increase the wiring density and reduce costs.

CONCLUSION

REFERENCES

[11  F. Broydé¢, E. Clavelier, Tutorial on Echo and Crosstalk in Printed Circuit
Boards and Multi-Chip Modules - Lecture Slides, Second Edition, Excem,
ISBN 978-2-909056-06-7, Feb. 2012.

[2] F. Broydé, E. Clavelier, “Multiconductor Transmission Line Models for
Modal Transmission Schemes”, I[EEE Trans. Components, Packaging and
Manufacturing Technology, Vol. 3, No. 2, pp. 306-314, Feb. 2013.

[3] 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.

[4] 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.

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

[6] F. Broydé, E. Clavelier, “A Modal Transmission Technique Providing a
Large Reduction of Crosstalk and Echo”, Proc. of the 16" Int. Zurich Symp.
on Electromagnetic Compatibility, pp.341-346, 13-18 Feb. 2005.

[71 D.C.Mansur, Eigen-mode encoding of signals in a data group, United States
patent No. 6,226,330. Filed: July 16, 1998.

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

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]
[26]
[27]

(28]

[29]

[30]

F. Broyd¢, E. Clavelier, “A simple method for transmission with reduced
crosstalk and echo”, Proc. 13th IEEE Int. Conf. on Electronics, Circuits and
Systems, ICECS 2006, pp. 684-687, Dec. 2006.

F. Broydé, E. Clavelier, “Echo-Free and Crosstalk-Free Transmission in
Particular Interconnections”, I[EEE Microwave and Wireless Compon. Lett.,
Vol. 19, No. 4, pp. 209-211, April 2009.

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, “Coupling Compensation Concept Applied to
Crosstalk Cancelling in Multiconductor Transmission Lines”, [EEE Trans.
Electromagn Compat., vol. 50, No. 2, pp. 437-441, 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 Electr. Compon. Techn. Conf., ECTC 2008, pp. 664-668, May 2008.
Y. Choi, C. Won, P.D. Franzon, H. Braunisch, K. Aygiin, “Multimode
Signaling on Non-Ideal Channels”, Proc. IEEE 17th Topical Meeting on
Electrical Perf. of Electronic Packaging, EPEP 2008, pp. 51-54, Oct. 2008.
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 Perf. of Electronic Packaging and Systems,
EPEPS 2009, pp. 45-48, Oct 2009.

P. Manfredi, 1. Stievano, F. Canavero, “Performance of Modal Signaling vs.
Medium Dielectric Variability”, Proc. of the 16th IEEE Workshop on Signal
Propagation on Interconnects, SP12012, May 2012, pp. 81-84.

Y. Choi, H. Braunisch, K. Aygun, P.D. Franzon, “Multimode transceiver for
high-density interconnects: measurement and validation”, Proc 60" IEEE
Electronic Compon. and Techn. Conf., ECTC 2010, pp. 1733-1738, June
2010.

J. Zerbe et al, “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. 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" Conf. on Electrical Perf. of Electronic
Packaging and Systems, EPEPS 2011, pp. 143-146, Oct. 2011.

R.B. Schank, “Neutralization of Telegraph Crossfire, The Bell System
Technical Journal, Vol. 5, No. 3, pp. 418-432, July 1926.

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 Perf. of Electronic Packaging and
Systems, EPEPS 2010, Oct. 2010.

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"
Conf. on Electrical Perf. of Electronic Packaging and Systems, EPEPS 2011,
San Jose, pp. 215-218, Oct. 2011.

P. Milosevic, W.T. Beyene, J.E. Schutt-Aine, “Optimal Terminations for
Crosstalk Mitigation of High-Speed Interconnects with Discontinuities Using
Modal Signaling”, IEEE Trans. Components, Packaging and Manufacturing
Technology, Vol. 2, No. 5, May 2012.

Z.Yan,C. Won, P.D. Franzon, K. Aygiin, H. Braunisch, “S-Parameter Based
Multimode Signaling”, Proc. IEEE 21" Conf. on Electrical Perf. of
Electronic Packaging and Systems, EPEPS 2012, pp. 11-14, Oct. 2012.

F. Broyd¢, E. Clavelier, Method for transmission using a non-uniform
interconnection, United States patent No. 8,174,334. Priority : 28 Sept. 2009.
F. Broydé¢, E. Clavelier, Multichannel interfacing device having a balancing
circuit, United States patent No. 8,125,240. Priority: 11 July 2008.

F. Broydé¢, E. Clavelier, Multichannel interfacing device having a
termination circuit, United States patent No. 8,222,919. Priority: 8 July 2008.
F. Broyd¢, 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.

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. O’Mahony, J.E. Jaussi, J. Kennedy, G. Balamurugan, M. Mansuri, C.
Robets, S. Shekhar, R. Mooney, B. Casper “A 47 x 10Gb/s 1.4mW/gb/s
parallel interface in 45Snm CMOS”, IEEE J. Solid-State Circuits, vol. 45, No.
12, Dec. 2010, pp. 2828-2837.



	Title page
	Abstract
	I. INTRODUCTION
	II. DEFINITIONS AND NOTATIONS
	III. SURVEY OF MODAL SIGNALING IN UNTRANSPOSED INTERCONNECTIONS
	IV. INTERNAL CROSSTALK CANCELLATION SCHEMES
	V. AN EXTENSION OF MODAL SIGNALING
	VI. MITIGATION OF EXTERNAL CROSSTALK
	VII. CONCLUSION
	REFERENCES

	gfdkjgqsjh: Proceedings of the 17th IEEE Workshop on Signal and Power Integrity, SPI 2013, May 2013, pp. 31-34.


