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Abstract

Many standardization committees such as SAS, SFF, OIF, IEEE, IBTA, etc. have defined
or are in the process of defining informative and/or normative specifications for passive
channels operating at multiple gigabit speeds. This paper provides an overview of the
different channel performance parameters and compliance testing methods that are
applied today in the industry. A new compliance parameter, the total integrated noise is
introduced. This parameter includes all interconnect noise sources and makes a separation
of the interconnect noise budget in a crosstalk, multiple reflection, inter symbolic
interference, transmitter and receiver impedance mismatch and mode conversion budget
no longer necessary.
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1 Introduction

Today, a lot of standardization committees are in the progress of defining requirements
for next generation high speed applications. IEEE802.3ba is specifying requirements for
multi-channel 10 Gb/s propagation over both backpanel and cable assemblies. OIF is
defining requirements for 25 Gb/s signal propagation over short or long range
(backpanel). SAS is moving towards 8 Gb/s. Fibre channel is looking at 16 Gb/s.

The objective set by each standardization committee is to define a set of requirements
that needs to guarantee an error free operation of the interconnect application to enable
interoperability within an architecture across a wide range of products offered by a host
of vendors.

This task is not easy to achieve. Not only a set of performance parameters need to be
selected that describes the performance of the passive interconnect, also for each
performance parameter a trade-off (Go — No Go) acceptance level must be defined. Only
when all acceptance criteria are passed, the passive interconnection link is qualified,
otherwise it is rejected.

When testing an interconnect against above set of acceptance criteria, there are 2 cases
that must be avoided (see Figure 1)

1) Interconnect fails the compliance testing, however system works without
problems: interconnects that could be used in the system are rejected.

2) Interconnect passes the compliance testing, but the system fails: interconnects
that cause errors, are accepted.

Therefore sufficient care must be taken that no cost effective solutions are rejected
because of failing the criteria but are demonstrated to be working in practice.

As an example this may result in a backplane interconnect with long traces failing the
compliance testing when measured with standard PCB material, passes with higher cost
HS material, but actually works in practice.

Accepting interconnects that create errors must be avoided. This is typically done by
setting good safety margins when defining acceptance criteria. Finding the right balance
between the safety margins on one hand and making the system not too
complex/expensive is what makes the work difficult.

Another way to deal with interconnects that fail compliance but can be used for
considered applications, is by defining the interconnect requirements as informative or
guidelines, rather than normative.
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Figure 1: Classification of interconnects

Our objective is to define requirements, that address the above issues, and associated
methods for compliance testing.

There is no unique or optimal way to divide the total interconnect loss, jitter or noise
budget among the different interconnect performance parameters such as loss, crosstalk,
or impedance mismatches. In reality, the different performance parameters are linked
with each other. A long link with high losses will generally accept less crosstalk than a
short link with lower loss.

Also the introduction of signal conditioning in transmitters and receivers does not make
the problem easier. Traditional test methods such as an eye pattern measurement are
becoming no longer adequate, therefore new performance parameters and associated test
methods may need to be defined.

Also we must ensure that the test environment represents the real application. Test points
need to be defined carefully, compliance boards be specified and better de-embedding
methodologies be defined.

An overview of the different passive interconnect parameters that contribute to the total
interconnect performance will be presented. An approach is defined to combine the
different performance parameters into a new parameter that presents opportunities for a
better definition of link qualification criteria: the Total Integrated Noise.

2 Interconnect performance parameters

A system consists typically of three parts: one or multiple transmitters, the passive
interconnect, and one or multiple receivers. The transmitter or receiver package and
decoupling capacitors that might be needed in the system are typically considered to be
part of the transmitter and/or receiver and are not part of the passive interconnect. The
passive interconnect typically consists of stripline and/or microstrip traces on PCB’s, via
holes, connectors and cable assemblies. A typical backpanel system is shown on Figure 2.
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Figure 2: a) Typical backpanel system, b) schematic representation

The performance of the interconnect is determined by the signal that arrives at the
receiver. This signal consists of two parts: the useful signal and the noise.

Received signal = useful signal + noise

The useful signal is the signal that contains the information that will be detected/decoded
by the receiver. Noise is all unwanted signals that are superimposed on the useful signal
and that makes the detection of the useful signal difficult. Noise should be as small as
possible.

Depending on the physical source of the noise, the noise can be classified into
- Multiple reflections noise
- Inter symbolic interference noise
- Differential near end crosstalk or noise
- Differential far end crosstalk or noise
- Transmitter and receiver mismatch noise
- Common mode to differential mode transmission noise
- Common mode to differential mode crosstalk or noise

A differential signal that propagates through a channel of an interconnect will be
attenuated by this interconnect before it arrives at the receiver and due to dispersion, a
single bit will be spread over multiple bits. The signal that arrives at the receiver can be
divided into the useful signal and inter symbolic interference noise. The propagated
signal will not only be attenuated by the interconnect. Each time an impedance mismatch
or discontinuity is encountered, part of the signal will be reflected. This reflected signal
on his turn will be re-reflected and will finally arrive as differential noise at the receiver.
This noise is called the multiple reflection noise. Part of the signal that is reflected by the
interconnect arrives at the receiver. If the receiver is not perfectly matched, this signal
will be reflected at the receiver, propagates over the interconnect and arrives as
transmitter mismatch noise at the receiver. The useful signal that arrives at the receiver
will also be reflected by the receiver if the receiver is not perfectly matched. This
reflected signal will be re-reflected by the interconnect and arrives as receiver mismatch



noise at the receiver. As transmitters are not perfect components, a transmitter will never
transmit a perfect differential signal. Due to differences in rise time, amplitude, delay
between positive and negative part of the differential signal, the transmitted signal also
contains a common mode component. This common mode component propagates over
the interconnect and due to asymmetries in the interconnect, this common mode
component will be transformed into a differential signal. This differential signal is the
common mode to differential mode transmission noise.

Near end and far end crosstalk are well known. Assume that a second channel is in close
proximity of the first channel and that a signal propagates over this second channel. The
signal that propagates over this second channel has a differential and a common mode
component. Due to the close proximity of this second channel, a signal that propagates
over this second channel will couple to the first channel. This coupled signal arrives as
crosstalk noise at the receiver. The differential noise coming from the differential
component is called the differential near end or far end crosstalk or noise. The
differential noise coming from the common mode component is the common mode to
differential mode crosstalk or noise.

A compliance specification has typically one or more performance parameters that
describe and control the noise and useful signal of the interconnect , making sure that the
receiver is capable of detecting the transmitted signal without any problem.

In the next paragraph these performance parameters are described more in detail.

3 Interconnect characterization methods

3.1 Transmission or useful signal parameters
3.1.1 Insertion loss and fitted attenuation

A first well known parameter that is used to characterize interconnects is the differential
insertion loss or the Sppy; parameter expressed in dB. For uniform interconnects,
insertion loss is identical to the attenuation of the interconnect. For non uniform
interconnect, insertion loss is equal to the attenuation + multiple reflections.

Spp21(f) = A(f) + MR(f)
IL(f) = 20.10g10|SDD21(f)|
with A(f) = attenuation and MR(f) = multiple reflections of the interconnect

Since IL contains multiple reflections, it is not the most optimal performance parameter
for the useful signal. It might be that IL of an interconnect fails marginally a predefined
limit due to the multiple reflections but that the interconnect can be used without any
problem in the application. To overcome this problem, in some standards, insertion loss
has been replaced by a fitted attenuation and insertion loss deviation requirement.

Fitted attenuation is a good approximation for the attenuation of an interconnect. It is
calculated as the least mean square line fit to the insertion loss computed over a
predefined frequency range.
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Figure 3 shows the IL, and fitted attenuation of a typical backpanel link.
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Figure 3: IL, and fitted attenuation of a typical backpanel link

As the losses of an interconnect consist of conductor (~+/f ) and dielectric losses (~f), in
some standards the fitted attenuation is defined as

Attenuationg,., =a+ b/f +cf

or €ven as

Attenuation,, , = by/f +cf +df?

If IL fails marginally the compliance limits, then quite often the fitted attenuation does
pass the compliance limits.

3.1.2 Eye Pattern, Deterministic Jitter

A second transmitter parameter that is often used in standards is the eye pattern. The
measurement set-up of Figure 4 is used to measure the eye pattern. A differential pulse
train generated by a pattern generator is transmitted through an interconnect. At receive
side a sampling scope detects all received bits and puts them on top of each other. As a
result, an eye pattern is obtained. Compliance testing with an eye pattern is quite simple.
A mask is defined that must fit in the eye. If the mask doesn’t fit then the interconnect
fails. Important is that the impact of the test environment is minimized or taken into
account in the specification. Especially the jitter of the pattern generator must be
considered. Therefore not only a receiver mask is specified, but quite often also a
transmitter mask is specified. As for IL, impact of multiple reflections and inter symbolic
interference noise are included in the measurement results.
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Figure 4: (a) Measurement set-up to measure eye pattern

Problem with an eye pattern is that if losses are too high the eye pattern will be closed.
This is especially a problem if receivers with signal conditioning are used to compensate
for the losses of the interconnect.

3.1.3 Voltage Modulation Amplitude (VMA) and VMA loss

Last transmission parameters that are considered are VMA and VMA Loss. Voltage
Modulation Amplitude or VMA is the difference between the nominal one and zero of an
electrical signal. To measure the VMA, measurement set-up of Figure 5 is used. A bitrate
is selected and a pulse train consisting of 8 consecutive ones and zeros is transmitted
through an interconnect and measured on a scope. The measured pulse train is divided
into two equal time intervals (8UI long) aligned to the average time of both edges. The
average voltage level in the central 20% of each time interval is measured. The difference
between the one level and the zero level is the VMA. The VMA measurement is very
useful to determine the risetime of a signal. To determine the 10-90% or 20-80% risetime
of a pulse, the amplitude needs to be known. The VMA is a unique way to do this.
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Figure 5: (a) VMA measurement set-up, (b) example of a VMA measurement

VMA loss of an interconnect is the difference between the VMA at the output of a
calibration trace (VMA,) and at the output of an interconnect (VMA,). The calibration
trace can be a perfect thru connection.

VMA

(o]

L= 20|og10[ VMA, j
Figure 6 shows a typical VM A measurement set-up and measurement results. Figure (a)
shows the calibration trace measurement set-up. Figure (b) shows the measurement set-up
for a cable assembly. Figures (c) and (d) show the VMA measurement results for a



calibration trace and a Sm SFP+ cable assembly. The selected bitrate is 10 Gb/s. The
VMA loss of the cable assembly for a 10 Gb/s bitrate is 2.87 dB.
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Figure 6: (a) and (b) Measurement set-up for VMA loss measurements, example of VMA loss
measurement for a calibration trace (c) and of a 5m SFP+ cable assembly (d)

To show the correlation between the IL and VMA Loss, the VMA loss has been
calculated for two links: a 5 m SFP+ cable assembly and a 15 cm long backpanel link.
The VMA loss has been calculated as a function of bitrate. The calibration trace that is
used is a perfect thru. Figure 7 compares the IL and the VMA loss. IL is plotted vs
frequency. VMA loss is plotted against bitrate/20. From the figure it can be concluded
that the VMA loss is approximately equal to the IL at a frequency equal to the selected
bitrate/20. The factor 20 is empirically determined.
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3.2 Multiple Reflections

3.2.1 Introduction

As is shown in previous paragraph, multiple reflections cause noise at the receiver and
are unwanted. To make sure that these multiple reflections don’t cause system failure, a
parameter such as impedance or RL or insertion loss deviation is defined in standards to
limit the noise caused by multiple reflections.

3.2.2 Impedance

As multiple reflections are caused by impedance mismatches it is clear that the
impedance profile is an indication for the multiple reflection noise.

If you look to the history of standards then you will notice that impedance is the most
used parameter for the description of a passive interconnect. For a long time, it was the
most important parameter. Not only because it is a measure for the reflections and
mismatches that occur in channel and due to the physical correlation that exist between
an impedance profile and the physical structure that is tested, but also because it can
easily be measured with the first available test sytem: a time domain reflectometer
(TDR).

Although impedance is the most used parameter, it is not the most important parameter as
it doesn’t say anything about the signal that arrives at the receiver of an interconnect.

Consider 2 backpanel systems that consist of a backpanel, 2 connectors and 2 component
cards. Both backpanels are identical apart from the PCB material of the backpanel.
Backpanel A is made of a PCB material with dissipation factor 0.022, while the
backpanel B is made of a PCB material with dissipation factor 0.007. Figure 8 a) shows
the impedance profile of the 2 backpanels. The min and max impedance of both
backpanels are more or less identical. Figure b) shows the pulse response of both
backpanels. Figures c) shows the multiple reflection noise. From the Figures can be
concluded that although impedance is more or less identical, backpanel B performs
significant better than backpanel A.

10



Backpanel A Backpanel A

Backpanel B 06 Backpanel B
115
L et | ."_-—--" "
s rﬁff """""" W = 04
s i
2 1o IR 2 03
" ! \\
B85
Y E
78 01
0 2 4 B 8 10 12 o 05 1 15 2 25 3 345 4
Time [ns] Time [ns]
(a) (b)
]
Multiple reflection noise BP A
4 1 Multiple reflection naise BF B
3
£ 2
s 1 A F
§ H VA Y
S
= ¥
§ 2
3
-4
5
3 7 8 9 10 " 12 13 14 15
Time [ns]
(c)
Figure 8 a) Impedance profile, b) pulse response and c)multiple reflection noise of two backpanel
systems.

3.2.3 Return loss

As return loss is the frequency domain representation of impedance, return loss is also an
indirect measure for the noise caused by multiple reflections. The lower the return loss,
the less reflections that occur and the lower the noise, caused by multiple reflections, will
be. Figure 9. a) shows the impedance profile of 3 backpanel links. All links are identical
apart from the via hole impedance. The via hole impedance varies between 80 and 95
ohm. Figure b) shows the corresponding return loss. When impedance and return loss are
specified in one specification, one has to make sure that one specification is not more
stringent than the other one.
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Figure 9 a) Impedance and b) Return loss of a backpanel link with via hole impedance varying
between 70 ohm and 90 ohm
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3.2.4 Insertion loss deviation (ILD)

Insertion loss deviation is the difference between the IL (in dB) and the fitted Attenuation
(in dB).

ILD = IL - Attenuationggeqd

As is illustrated on Figure 10, insertion loss deviation is a measure for the impedance
mismatches and as such for the noise caused by the multiple reflections of an
interconnect. Figure 10 shows how the ILD of 3 nearly identical backpanel links.
Backpanel links are identical apart from the connector footprint. As is shown on figure
(a) impedance of the connector footprint varies between 80 and 95 ohm. From the Figure
can be concluded that as impedance mismatch increases, ILD also increases.
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Figure 10: (a) Impedance and (b) ILD for 3 different backpanel links.
3.2.3 Multiple reflections (MR)

Main disadvantage of impedance, RL and ILD is that they are indirect parameters. They
don’t say anything about the actual multiple reflection noise that arrives at the receiver
and it is not possible to compare the multiple reflection noise to the other noise
parameters that arrive at the receiver. To overcome this problem, in this paragraph a new
parameter is introduced: the multiple reflections noise (MR).

MR is currently not used by specifications but is a logical extension for the ILD. MR is
defined as

MR = 20109+ [Spp21 — Sﬁaggrg;

and is expressed in dB.

The Siias) is the Sy;-parameter of a uniform interconnect (with no discontinuities) and

with loss and group delay fitted to the loss and group delay of the interconnect. Figure 11
shows an example of such a fit for a typical backpanel link. Figure (a) compares IL while
Figure (b) compares the group delay.

12
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Figure 11: (a) Loss and (b) group delay of a uniform interconnect fitted to the loss and group
delay of a typical backpanel link.

Figure 12 shows the multiple reflections of a typical interconnect. Figure (a) shows the
frequency domain performance (MR transfer function) while figure (b) shows the time
domain multiple reflection noise that arrives at the receiver when a pulse with risetime 50
ps and pulsewidth 100 ps is launch at the transmitter site of the interconnect.. Also shown
on the figure are the complete signal that arrives at the receiver and the useful signal.
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Figure 12: (a) Multiple reflections of a typical backpanel link, and (b) multiple reflection noise
that arrives at the receiver.

3.3 Transmitter and receiver mismatch noise

3.3.1 Introduction

Consider an arbitrary interconnect. Unless the interconnect is perfectly matched to the
transceiver, a differential signal launched from a transceiver will partially be reflected at
the interconnect. This signal propagates back to the transceiver. If the transceiver is not
perfectly matched, the reflected signal will be re-reflected and will propagate over the
interconnect and will finally arrive at the receiver. This signal that arrives at the receiver
is unwanted and is the transmitter mismatch noise (TMN). At the same time the launched
differential signal propagates over the interconnect and arrives at the receiver. If the

13



receiver is not perfectly matched, part of the signal reflects, and returns to the
interconnect. At the interconnect, this signal is re-reflected and finally arrives at the
receiver as receiver mismatch noise (RMN)

The parameters that are used in a specification to control the transmitter and receiver
mismatch noise are the interconnect return loss and the transmitter and receiver

differential reflection coefficient. Limiting these parameters will limit the transmitter and
receiver mismatch noise.

However these parameters do not take into account that the signal also propagates over
the interconnect. If the interconnect has high losses, then the propagated signal will be
attenuated and the TMN and RMN will be low, even if RL and/or transmitter and
receiver mismatch are high. This is illustrated in Figure 13. Figure (a) shows the
impedance of two backpanel links. Both links are identical apart from the length of the
backpanel. The backpanel of link A is 10 cm long, while the backpanel of link B is 50 cm
long. Figure (b) shows the return loss of both links and the reflection coefficient of the
transmitter. Figure (c) shows the transmitter mismatch noise at the receiver. It is clear that
the noise is lower for the long link due to the attenuation over the backpanel.
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Figure 13: (a) Impedance profile of two backpanel links, (b) corresponding return loss and
transmitter reflection coefficient, and (c) transmitter mismatch noise at the receiver.
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Further more RL, transmitter and receiver differential reflection coefficient are indirect
parameters, they do not say anything about the noise that actually arrives at the receiver
and it is not possible to compare the contribution of these noise sources with other noise
sources. Therefore in this paragraph two new performance parameters are introduced:
transmitter mismatch noise (TM) and receiver mismatch noise (RM).

3.3.2 Transmitter and receiver mismatch (TM and RM)

Rather then using the RL and transceiver and receiver differential reflection coefficient, it
is better to use the transmitter mismatch or receiver mismatch as both parameters take
into account the loss of the interconnect. Transmitter and receiver mismatch noise are

defined as

™

channel g transmitter g channel
_ S11 -811 -821

channel q transmitter
1- S11 -811

channel qtransmitter g channel
= S .811 S 29

11

RM =

11

Schannel Sreceiver Schannel
21 : 922

channel qreceiver

22

_ achannel qreceiver qchannel
"821 -S11 -822

Figure 15 shows the TM and RM for a typical backpanel link under the assumption that
the reflection coefficient of the transmitter and receiver can be modeled by the circuit
shown on Figure 14 with C = 0.3 pF and Zy = 50 ohm (single ended).

Z,

Figure 14: Circuit model of the transmitter and/or receiver input impedance
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Figure 15: Transmitter and receiver mismatch noise of a typical backpanel, (a) frequency domain
results, (b) corresponding time domain results (excitation = pulse, risetime = 35 ps, pulsewidth =

100 ps)
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3.4 Differential near end and far end crosstalk
3.4.1 Introduction

An important parameter as it is one of the primary reasons why systems don’t seem to
work is differential crosstalk. As is well known, crosstalk is a measure for the coupling
between channels within a system. A distinguish is made between near end and far end
crosstalk. Crosstalk can be expressed in time domain (in % ) or frequency domain (in
dB). As pair to pair crosstalk is not a measure for the total differential pair to pair
crosstalk, it is not often used for compliance testing.

For a long time, worst case synchronous crosstalk, the sum of the peak values of the pair
to pair crosstalk, was used in specifications. However this description does not include
crosstalk duration and crosstalk ripple, therefore in high speed standards, the worst case
synchronous crosstalk is replaced by the frequency domain power sum crosstalk.

3.4.4 Power sum crosstalk

Power sum crosstalk is a frequency domain measure for the total crosstalk that arrives at
the receiver. Consider a passive interconnect that consists of N+F+1 channels with N the
number of channels with a near end contribution (near end channels) at the receiver and F
the number of channels with a far end contribution (far end channels). Let NEXT;
(i=1,...,N) be the pair to pair near end crosstalk at the receiver of near end channel i
(expressed in dB) and let FEXT; be the far end crosstalk at the receiver of far end channel
i (expressed in dB) then the power sum crosstalk is defined as

PSXT = -10 logy, (1 0~PSNEXT(1)/10 | 4 0—PSFEXT(f)/1O)
with
__ N -NEXT()/10
PSNEXT =10 Iog10(zi:110 )
and

PSFEXT = -10 |og10(z;o—FEXTi(””°)

Figure 16 shows a PSXT measurement result of a typical backpanel link.

Crogstalk [dB]
Crogstalk [dB]

Frequency [GHz] Frequency [GHz]

Figure 16: Pair to pair next, fext and power sum crosstalk of a typical backpanel link.

16



3.4.5 Insertion loss to crosstalk ratio

PSXT is a measure for the total crosstalk that arrives at the receiver. Specifying a PSXT
limit in a specification is limiting the total crosstalk at the receiver. However in
applications, the total noise that a system can handle is function of the loss of the
interconnect. Long links with higher losses can have less noise than short links with
lower losses. Part of the loss budget can be taken by the crosstalk. To take this into
account in a specification, insertion loss to crosstalk ratio (ICR) has been introduced:

ICR = -IL + PSXT

Also here it turned out that a number of interconnects marginally failed, at discrete
frequencies, the ICR limit in specifications. But BER simulations showed a good
performance with these interconnects. Therefore, ICR in specifications was replaced by
fitted ICR: ICRg;. Figure 17 shows a typical ICR and ICRg; measurement result.
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Figure 17: ICR and ICR;, measurement of a typical backpanel link
3.4.6 Integrated crosstalk noise

3.4.6.1 Introduction

Although the fitted ICR already is an improvement over ICR and PSXT, recently in some
standards, it was replaced by a new parameter: integrated crosstalk noise (ICN). Main
advantage of this new parameter is that it takes into account the spectrum of the
excitation signal. The next paragraphs describe what ICN is and how it is calculated.

3.4.6.2 Energy and power transfer

Consider a linear time invariant system with transfer function H(f). Let vj,(t) be a time
limited signal with duration T at the input of the system and vq,(t) is the signal at the
output of the system then

Vout(f) = H(f)vm(f)
with Vou(f) and Vi, (f) the frequency domain representations of vi,(t) and voud(t).

The energy at receive side is given by

2
Ereceiver = I_mvout ()t

and the power at the receiver is
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E ecei 1 1 2
Preceiver :% :?J-_wvgut(t)dt :?J-_w'\/out(f)' df

taking into account Parceval’s theorem.
3.4.6.3 Integrated crosstalk noise

Consider an interconnect which consists of N+1 channels: one transmission channel or
channel under test and N crosstalk channels. Let XT;(f) be the crosstalk transfer function
of the i™ channel. Let H; be the transmitter transfer function that shapes the transmitter
output pulse. Assume that this is a second order butterworth filter:

’
1+(f.T./0.2365)

H,(f) =

T; is the 20-80% risetime of the output pulse.
Assume that the receiver filter H.(f) is a 4the order butterworth filter with 3-dB
bandwidth f..

]
H (f)=———
g 1+ (/1)

Assume that the crosstalk channels are excited with a single square pulse (Figure 18) with
pulsewidth T and amplitude A. Spectrum of this pulse is given by

Viitin (f) = Atsinc(f /1)

with f, = 1/7.

1] SRR booomeennes
11 SRR bereenens

') SR boreinens

1] E— LA :

2
-150 -100 -a0 o a0 100 150 - o
Time [ps] Freq [GHz]

(a) (b)
Figure 18: (a) Square pulse, (b) spectrum of the square pulse

The noise contribution of the i crosstalk channel at the output of the receiver filter can
be written as
Ni(f) = H (). XT; (F).H, (f)-Vit n (F)
_ 1 Asinc(f/fy,)
1+ (T /023652 " 1+(f/f )
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dlﬁ)’ Hx () = XTi(s) > Hgx (8) —I(f)

Figure 19: Schematic representation of crosstalk contribution of the i" crosstalk channel at the
receiver

The total average crosstalk noise power that arrives at the receiver during period T=7 is
given by

N
1 e
Nreceiver = Z;I_Nniz(t)dt

[~ H)XTH, () Ve (5 o

N
fi JH; (f)|2 H, (f)|2 -|Vdif,in (f)|2 -Z|XTi |2df
i

N
W(F). Y |XT|*df

i=1

—oo

with
2 2 2
W(F) = i JH (5] " JHe (D] Vaiejn ()
i o A2 .12 sinc?(f/f,)
1+(fT, /0.2365)* 1+ (f/f,)°

Notice that

N 2

D XT|" = PSXTE,

i=1
with

PSXTaZbS — 10PSXT/1O
and thus

Nreceiver = I_oo W(f)'PSXstsdf
The integral can be approximated by a discrete sum:
Nreceiver = j_m W(f)'PSXTe?bs df
= 2. j: W(f).PSXTZ, df
K
=~ 2. W(f) PSXTZ, Af

k=1

19



The integrated crosstalk noise ¢ is equal

G =4 Nreceiver

As for ICR, the integrated crosstalk noise can be higher if insertion loss is lower: links
with less loss can have more crosstalk. To take this into account, in specifications ICN is
plotted against the IL@fundamental frequency (fy) of the transmission channel and must
fall in a compliance region which is function of frequency. As can be concluded from
Figure 20, the higher the IL @fundamental frequency, the less the ICN can be to fall
within the compliance region.

ICN

IL @ Fundamental frequency

Figure 20: ICN compliance region

One problem however is that multiple reflections can have an impact on the result. As is
shown on Figure 21. There fore rather than plotting ICN vs IL@fundamentel frequency,
it probably is better to plot ICN vs ILgr@fundamental frequency.

IL ICN

£, L@ f,
Figure 21: Ripple on the IL can have an impact on the ICN result

3.5 Common mode to differential mode transmission noise

Signals generated by differential transceivers are not perfect differential. Due to risetime
differences, amplitude differences and transmitter within pair skew, the excitation signal
has a common mode component. This common mode component also propagates over
the passive interconnect. Due to asymmetries in the interconnect, part of this common
mode signal is conversed to differential mode signal and appears as noise at the
transceiver. A measure for this noise is the common mode to differential mode S-
parameter. This mode conversion can easily be calculated out of the single ended S-
parameters of an interconnect. Let port 1 and 2 be the single ended ports of the excitation
pair and let port 3 and 4 be the single ended ports of the receiver pair then the mode
conversion is given by

DCT =Spgp1 =0.5"(S31+S3, —S41—Sy2)

Controlling the noise caused by mode conversion is done by defining a limit for Spc ;.
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Figure 22: Typical mode conversion measurement result.

3.6 Common mode to differential mode crosstalk noise

Not only the transmission channel exhibits a common mode component, also the signals
propagating over the crosstalk channels contain a common mode component. This
common mode component can, due to mode conversion, appear as unwanted differential
crosstalk at the receiver. This common mode to differential mode crosstalk can be
calculated out of the single ended S-parameters of the interconnect.

Assume that port 5 and 6 the single ended ports are of a crosstalk channel and that port 3
and 4 are connected with the receiver then the common mode to differential mode

crosstalk is calculated as
Spcat =0.5" (S35 +S36 —Sys —Sase)

or
DCXT =20 10g10|SDC’31|

If multiple crosstalk channels are involved then the common mode to differential mode
powersum crosstalk needs to be considered:

DCPSXT = -10 |og10(zi:10—DCXTi(”“°)

with X the total crosstalk channels (near end and far end).

Crosstalk [dB)

Frequency [GHz]

Figure 23: Example of a DCPSXT measurement result
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4 Total Integrated Noise

4.1 Total integrated noise

Previous paragraphs describe a number of parameters that can be used for controlling the
signals that arrive at the receiver. Each parameter typically controls/limits the
contribution of one specific noise source. In standards you will typically find back for
each noise parameter that is important, one of these parameters. Challenge is finding the
right budget balance between the different noise sources: how much budget must be
assigned to inter symbolic interference, how much to multiple reflections, how much to
crosstalk, how much to mode conversion ...? For every choice made, there will be links
that fail the compliance criteria but will work without any problem in an application,
simply because there is no perfect choice. Main problem is that it is not possible or very
complex to link the different performance parameters with each other. ILD should be
function of ICR: if multiple reflections are low, more crosstalk could be allowed, etc.

In this paragraph we introduce the integrated total noise. The integrated total noise
combines all noise parameters into one parameter. The noise at the receiver is controlled
by controlling this single parameter. It is no longer needed to specify a separate
performance parameter for each different noise source.

Starting point is the integrated crosstalk noise. The integrated crosstalk noise makes use
of the crosstalk power at the receiver:

K

Ndifferential crosstalk @receiver — NPXSXT = 2'2 WDD (f)-PSXTazbs Af
k=1
Notice that the weight function Wpp(f) is determined by the transmitter and receiver
characteristics and by the differential excitation source. The passive interconnect defines

the PSXTZ.

In an identical way we can calculate the integrated multiple reflection noise, the
integrated transmitter and receiver mismatch noise. In stead of using the power sum
crosstalk, the multiple reflection noise (MR), the transmitter mismatch noise (TM) and
receiver mismatch noise (RM) functions must be used:

K

2
Nmultiple reflections @receiver — NMR = 2'2 WDD (f)-MRabs Af
k=1

K
2
Niransmitter mismatch @receiver = NTm = Z-Z Wpp (f)- TM3ps -Af
k=1

K
Nreceiver mismatch @receiver — NRM = 2-2 WDD (f)-RMgbs Af
k=1

Also the common mode to differential mode transmission noise and common mode to
differential mode crosstalk noise can be calculated in a similar way. In stead of using the
spectrum of the differential component of the excitation function in the weight function,
the spectrum of the common mode component of the excitation function must be used.
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K
— - 2
Ncommon mod e to differential transmission @receiver — NDCT = 2'2 WCD (f)-DCTabs Af
k=1

K
Ncommon mode to differential crosstalk @receiver — NDCPSXT = 2'2 WCD (f)-DCPSXbes Af
k=1
Main advantage of this approach is that all noise parameters can be compared with each
other and that the noise source with the highest contribution can be identified. Also the
total integrated noise can then be calculated as

Oiotal = \/NPSXT +Npr + Ny +Ngy +Nper + Npepsxr

As the total allowed noise in an interconnect will also be function of the loss of the
interconnect, Gy, can be plotted against the ILgr @fundamental frequency and a
compliance region can be defined as function of the ILgr@fundamental frequency.

4.2 Inter symbolic interference noise

In the previous paragraph we did not look at the transmitted signal. In this paragraph we
will analyze the transmitted signal (excluding multiple reflections) and we will calculate
the transmitted power. This power can be divided into the integrated received power P
and the integrated inter symbolic interference noise Njgs;. This latter is the noise that can
be reduced by signal conditioning.

The total power received at the receiver is defined as

1+
Preceiver = ? .[_w Vgut (t)at

1 o 1t
== [ Vit — |
=P+Ng

e
V2, (tdt+ ?L V2, (tdt

1

with

_1t22
P_Tvammt

and

1 (b 1t
M&=?[mﬁﬂﬂm+?L V2, (t)dt

=P+Ng

With t,-t;= T and t; and t, chosen so that the P is maximized. Calculation of transmitted
power and inter symbolic interference is illustrated on Figure 24. The integrated inter
symbolic interference noise can be compared with the other noise sources and can be
included in the calculation of the total noise:

Gmm:JN%M4*WR+NWWW%M+NWT+NmPWT+Ma
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Figure 24: Calculation of transmitted power P and intersymbolic interference noise Nig;

Since the integrated transmitted power at the receiver is calculated the signal to noise
ratio can also be defined as an overall performance parameter for an passive interconnect:

P

G iotal

SNR =

5 Taking into account Signal conditioning

Linear signal conditioning such transmitter de-emphasis (DE), receiver feed forward
equalization (FFE), and continuous time linear equalizer (CTLE) can easily be taken into
account as the weight function can easily be extended with the equalization transfer
functions (HDE(S), HCTLE(S)’ HFFE(S).

x(s) |

s g2 g gt
y(s)
(D———®) )
(a) (b)

Figure 25: 5 taps FIR filter (DE or FFE) and (b) associated transfer function

Also decision feedback equalization (DFE) can be taken into account if we assume that
we can linearize the equalization. Once linearized, a transfer function exists that can be
included in the weight function. In stead of using the schematic of Figure 19 for the
calculation of the integrated noise, the schematic of Figure 26 should be used.

Vit in(S) N(s)
— Hry () ={Hpe (8) =] H(s) {Hcrie (8) F{Hex (S) [={ Hereore (S) —

Figure 26: Schematic representation for the calculation of the noise at the receiver including
signal conditioning.
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6 Example

In this paragraph we will calculate the total integrated noise of a typical backpanel link,
with and without signal conditioning. Also the impact of a common mode component in
the excitation signal on the total noise will be illustrated.

Consider the backpanel link of Figure 2 a) with a total length of 50 cm (20 inch). The
backpanel link contains 2 connectors and is build out of Nelco 4000-12 board material. In
the results presented are 8 crosstalk channels included: 3 near end channels and 5 far end
channels. The link is excited three times. First time with a differential pulse with bitrate
10 Gb/s, no signal conditioning is applied. Second time with the same pulse but this time
the transmitter has a 3 taps FIR filter implemented. Third time again without signal
conditioning but this time the + and — signal of the differential pulse have 10 ps skew
between them. Figure 27 shows the excitation signals and associated spectrums. Error!
Reference source not found. shows the contribution of the different noise sources (MR,
PSXT, TM, RM, DCT, DCPSXT, ISI) and compares the total noise of the different
excitations (TOT). As ISI can be minimized using signal conditioning the total noise
without signal conditioning is also shown on the figures (TOT-ISI). The SNR is 4.99 in
case no signal conditioning is applied and 7.60 with signal conditioning. Including a
skew of 10ps does not very much adversely effect the SNR (4.95 iso 4.99 in case of no
signal conditioning). From figure (a) can be concluded that ISI is the main contributor to
the total integrated noise. This was expected as no signal conditioning is applied. Also
notice that noise caused by multiple reflections is more important than crosstalk. When a
3 taps FIR filter is applied then the ISI noise and total noise reduces spectacular (Figure
(b)). Figure (c) finally shows that when common mode is excited, the mode conversion
noise is very small and has nearly no impact on the total noise.
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Figure 27: Signals used for the excitation of the backpanel link:a) no signal conditioning, no
skew; b) 3 taps FIR filter, no skew; c) no signal conditioning, 10 ps signal skew; top figures: time
domain representation, bottom figures: spectrum.
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Figure 28: Integrated noise at the receiver for the different excitations, a) no signal conditioning,
no skew, b) 3 taps FIR filter, no skew, c) no signal conditioning, 10 ps signal skew.

7 Conclusion

In this paper an overview is given of the different performance parameters that are used
for describing the different noise sources at the receive side of a passive interconnect and
that are used for compliance testing of passive interconnects.

A new parameter, the total integrated noise has been introduced. This parameter is a
measure for all possible noise sources at the receiver and allows a comparison between
the different noise sources.

By making use of this parameter for compliance testing, it is no longer needed to specify
a compliance limit for the individual noise sources. An additional advantage of the
proposed approach is that it possible to determine the noise source with the highest
contribution to the total noise. Finding a solution to minimize this noise will have the
highest effect on the total interconnect performance.
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