
TECHNOLOGY    g Backplanes

2008

B
 A

 N
 D

 W
 I

 D
 T

 H

Signal integrity challenges to bandwidth scalability
For the purposes of this article each interconnected differential pair 
will be referred to as a Channel (which should not be confused 
with an aggregated AdvancedTCA channel comprising four trans-
mit and four receive pairs).

14-slot full-mesh AdvancedTCA backplanes contain hundreds of 
Channels. Each Channel is defined as the copper signal path from 
the output of a driver device to the input of a receiver device. As 
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PICMG AdvancedTCA 3.0 has emerged as the

industry’s Hardware Platform standard of choice and 

is enjoying first-phase deployment. However, many 

believe that for AdvancedTCA to realize its market 

potential AdvancedTCA platforms need to seamlessly 

scale to accommodate 40 GbE fabrics, thereby

avoiding forklift upgrades as system bandwidth 

demands increase over time. A 40 GbE switch fabric 

architecture would enable realization of a common 

platform for computing, storage, control, and media 

and packet processing, and provide the versatility and

long term ROI required by service providers in 

today’s increasingly competitive environment.

The challenge was to develop a family of 

AdvancedTCA products which feature PICMG 3.0 

compliant dual star and full mesh advanced

backplane switch fabrics enabled up to 10 Gbps

per differential signal pair, thereby giving 40 Gbps 

per AdvancedTCA channel performance.

This article describes the signal integrity challenges 

presented in designing an IEEE 802.3ap

10GBASE-KR-compliant, bandwidth-scalable

14-slot AdvancedTCA platform  and how these

challenges were overcome in development of full

mesh and dual star backplane reference designs.



shown in Figure 1 that signal path comprises a signal launch, a 
blade PCB transmission line, a daughtercard via, a right-angled 
HM-ZD connector, a mated HM-ZD backplane header, a back-
plane via, a length of backplane PCB transmission line, and then 
the same combination of connectors, vias, and transmission line at 
the receive end of the Channel. 

Sources of crosstalk
Four principal sources of crosstalk in each Channel must be man-
aged, as shown in Table 2. Source number one is  between adjacent 
differential pairs as they are routed across the backplane. Common 
mode noise rejection in system differential pair structures makes 
this a minor issue. The second source of crosstalk lies in the 
HM-ZD connector itself. 

Crosstalk in via fields, our third source, primarily arises from 
inductive coupling between adjacent differential pairs and domi-
nates the crosstalk agenda in high-speed Channels. This source of 
crosstalk is directly proportional to the length of the via barrel, 
and, where practical, care must be taken to ensure that adjacent 
connector rows are terminated to different target routing Layers. 

The final source of crosstalk is caused by aggressor signals in 
through-routed via fields coupling with victim Channel traces 
as they pass through. As mentioned earlier, judicious and careful 
design can mitigate this impact.

Skew 
Channel skew is a function of differential transmission path 
geometries. At a fundamental frequency of 5 GHz, skew can be 
a significant issue in high-speed system design due to narrowing 
the eye opening and increasing jitter. Skew can have a significant 
impact on crosstalk; it negatively impacts the common mode 
rejection of noise inherent to differential signaling. Conductor 
surface roughness in lower performing dielectric materials can 
also cause skew in high-speed systems.

Skew can be avoided through careful management of transmission 
path lengths in each Channel and by using higher-glass content 
(lower Dk) laminates.

Loss
Potential

# Potential 
Mismatches/

Channel

Loss Potential/ 
Channel

PCB Tolerance -0.25 dB 2 -0.1 dB

Connector 
Tolerance -0.01 dB 4 -0.16 dB

Thru-routed Via 
Fields -0.01 dB 12 -1.44 dB

Connector 
Launch -0.25 dB+ 4 - 2 dB+

Quantity Total
NEXT

Total
FEXT

PCB Transmission 
Lines

24 in
60 cm

-50 dB -70 dB

Connector 
Architecture 2 -26 dB -24 dB

Via Fields 4 -22 dB -20 dB

Connector Pass 
Through 8 -34 dB –34 dB

For the target application, each one of these Channels must deliver 
a 10 Gbps Non-Return-To-Zero (NRZ) signal with sufficient 
signal fidelity to enable a receiver device to detect and process 
a differential signal. The PICMG 3.0 specification is targeted at 
3.125 Gbps signaling with a fundamental frequency of 1.56 GHz. 
Even in low loss dielectric materials, insertion loss at 10 Gbps 
(5 GHz fundamental) is twice that of a 3.125 Gbps signal.

Therefore achieving acceptable signal fidelity requires careful 
management of signal losses and noise in each Channel such that an 
acceptable signal-to-noise (S/N) ratio is achieved at the receiver.

The design process therefore begins by understanding and mitigat-
ing the sources of losses and noise in each Channel.

Sources of loss
There are three sources of loss: 

n	 Conductor losses, which are due to skin effects and can 
be addressed by maximizing the cross sectional area of the 
signal traces. 

n	 Material dispersion losses, which are a function of the 
dielectric constants of the chosen material. These can be 
mitigated by choosing a higher performance laminate 
material such as Nelco 4000-13SI or Megtron.

n	 Reflected power loss due to impedance mismatches in the 
Channel as each signal transitions across the different copper 
media in each channel (connectors, vias, and PCB traces) 
and passes through the pad and anti-pad structures of the 
via fields of other backplane blade slots.

 
Table 1 shows the relative effects of different sources of impedance 
mismatches. The dominant source of impedance mismatches in 
every Channel resides in the via structures. Successful mitigation 
of this problem requires that every via is tuned by back-drilling 
the stub and adjusting the pad and anti-pad structures to match the 
impedance to be 50 ohms irrespective of the target routing layer. 
This in turn requires that the capacitive and inductive effects of the 
connector pin and via barrel combination are taken into account 
during the design of each Channel.

Further complicating via design is the space the anti-pad structures 
need to accommodate Channels being routed between other blades 
while minimizing electro-magnetic coupling with them. This 
space consideration makes the shape and orientation of pads and 
anti-pads extremely important.

Figure 1

Table 1

Table 2



IEEE 802.3ap provides a design target
As Ethernet has emerged as the industry’s dominant signaling 
methodology, the IEEE has developed the 10GBASE-KR norma-
tive Channel model to define interconnect Channel performance 
for NRZ signaling at 10 Gbps. This standard defines acceptable 
performance in terms of S-parameter charts for through-Channel 
insertion loss and worst-case crosstalk. Figures 2a and 2b illustrate 
masks for Draft 2.4 of the standard that was initially used for this 
exercise.

In each case the mask defining compliant performance is shown in 
blue. Channel insertion loss is shown in red in Figure 2a. Crosstalk 
performance is defined by the ICR curve (Figure 2b). Minimum 
acceptable Channel performance is defined in the ICR chart 
(Figure 2b) by the blue line. The effect of the sum of all aggressors 
on the through-Channel is shown in red. The green ICR curve is 
the ratio of the crosstalk power sum calculated by summing the 

magnitudes of any impacting crosstalk Channels for each fre-
quency and using a straight line fit (using least-squares method) 
to determine the resulting average effect of the aggressors on the 
through-Channel. This is then overlaid on the insertion loss and 
used to plot the ICR curve. 

This standard, which has evolved through a variety of iterations, 
forms the basis for developing a 40 GbE switch fabric backplane 
featuring 10 Gbps NRZ differential pairs. If all differential pairs 
can meet this standard, then the backplane can be considered to 
be 10GBASE-KR compliant. 

Applying 10GBASE-KR to a 14-slot
AdvancedTCA application
The PICMG specification dictates that receive differential pairs 
are placed on the c-d and g-h rows of the HM-ZD connector, and 
that transmit differential pairs are placed on the a-b and e-f rows. 
Therefore the middle differential pair in row c-d of Slot B will be 
subject to the NEXT of three aggressors in each of the a-b and 
e-f transmit rows of slot B, plus the FEXT of the signals being 
received in the c-d pairs in the top and bottom of slot B.

In this topology it can be seen that worst-case crosstalk would 
occur if all the NEXT and FEXT aggressors were routed on the 
bottom Layer, that is, on the same Layer as that of the victim c-d. 
However, given that all signal vias must be back-drilled and 
tuned for impedance management purposes, Channel crosstalk can 
simultaneously be reduced by allocating different routing Layers 
to differential pairs terminated in the same backplane connector.

The principal factor in determining the feasibility of a 10GBASE-KR 
compliant backplane is based on understanding whether the 
Channel with the worst-case signal-to-noise ratio is compliant. 

The skew targets determine permissible layer separation between 
a-b, c-d, e-f, and g-h pairs within each Channel and enable routing 
Layers to be allocated for each pair.
 
It is now possible to start the process of via tuning to optimize 
the channel performance for minimum insertion loss. Modeling 
begins by defining the simulation boundaries for the channel so 
that Channel component models (PCB traces, connectors, vias) 
can easily be aggregated to model complete Channels. Boundaries 
must be established at locations in the Channel where linear 3D 
structures exist. These are shown in Figure 3 (next page).

Since the connector and via combinations for the backplane and 
daughtercard mating halves must each be treated as a whole, it 

PICMG 3.0
Spec

TurboFabric
Spec

Total Inter-Pair
Skew

(Fabric Interface)

0.5 mm in FR4
(3.4 ps)

0.01 mm
in N4000-13si

(0.0625 ps)

Total Intra-Channel 
Skew

(Fabric Interface)

2.54 mm in FR4
(17 ps)

±0.1 mm
in N4000-13si

(0.625ps)

Total Intra-Channel 
Skew

(Base Interface) 

13.5 mm in FR4
(90 ps)

±0.1 mm
in N4000-13si

(0.625 ps) 

Figures 2a and 2b

Table 3

Determining which Channel that is and identifying the worst-case 
S/N requires making trade-offs with regard to PCB material, 
Channel length, via design, connector row selection, and NEXT 
and FEXT aggressor routing choices. These trade-off choices 
can only take place using advanced 3D simulation tools such as 
Ansoft HFSS. This was the essence of the design process employed 
in developing Simclar’s TurboFabric backplanes.

The simulation process
The transmission length for full mesh and dual star backplanes 
design implementations varies from a maximum of 16.32 inches to 
a minimum of 1.16 inches. With an effective transmission length 
of 5 inches on each daughtercard, this makes the longest effective 
Channel 26.32 inches, including two connectors.

For a 10GBASE-KR application over this distance, a high-perfor-
mance laminate is essential for both reducing insertion loss and 

ensuring high glass content in the 
weave to mitigate skew. So the design 
process began by choosing a low-loss 
dielectric material (Nelco 4000-13SI 
for both the backplane and the daugh-
tercards) and establishing targets for 
Inter-Pair and Intra-Channel skew as 
shown in Table 3.

Adhering to the PICMG 3.0 specifi-
cation for skew in a 10GBASE-KR 
application is impractical. Instead a 
target of 0.0625 ps was set for Inter-
Pair skew, with 0.625 ps set for Intra-
Pair skew for the backplane only. This 
equated to a maximum 0.01 mm differ-

ence being allowed between traces of any differential pair and 0.1 
mm being permitted between traces of any four differential pairs in 
a Channel. Given the topology of the HM-ZD connector, daughter-
card skew must be accounted for in the daughtercard layout. 



Physical realization
The layout process was performed using the Mentor Board-Station 
CAD system. Quad-routing (routing four traces between pads) was 
explored as a routing methodology in order to reduce Layer count, 
but this was dismissed due to the detrimental impact on crosstalk 
performance. 

The attributes of the physical backplanes produced as a result of 
the design effort are shown in Table 4. 

The design files produced included the usual gerber files plus 
detailed back-drilling instructions.

The design validation process comprised a conventional conti- 
nuity test followed by performance testing featuring Agilent 
equipment including 70340A signal generator, 8720ES Network 
Analyzer, NN18A S-Parameter test-set, and 86100A sampling 
oscilloscope with Agilent 86112A module. Figure 7 (next page) 
shows the test set up. 

Simclar developed 
special line cards 
to enable through- 
Channel measure-
ments with and with-
out crosstalk. The sig- 
nal launch featured 
compression mount 
SMAs terminated in 
a tuned via structure. The Channel simulations included simulation 
of the tuned launch structures, so de-embedding of the launches 

Figure 5

Figure 6

should be noted that the simulation boundary is located within 
the mated connector.

Tuning the connector and via structures to 50Ω is an iterative 
process involving the removal of excess pads, back-drilling, and 
tuning pads, anti-pads, and traces. A Time Domain Reflectometer 
(TDR) plot illustrating the results of the tuning process is shown 
in Figure 4.

Upon completion of the modeling process, a total of 17 different 
optimized via and routing configurations had been designed for 
the full mesh design and nine for the dual star design. 

A plot of worst-case insertion loss is shown in Figure 5 and 
demonstrates that in both cases, performance is well above the 
10GBASE-KR mask.

When all the through-Channels have been modeled, adjacent 
Channel models can be combined and ICR curves plotted to 
evaluate the impact of crosstalk on through-Channel performance. 
This valuable information can be used to adjust the position of 
signal Layers relative to pass-through aggressor traces on adjacent 
Layers or to reroute traces to reduce crosstalk. Similarly, routing 
Layers can be changed to reduce crosstalk in adjacent via barrels.

Figure 6 plots worst-case ICR and demonstrates that performance 
is above the 10GBASE-KR mask. Based on this result, it was 
possible to proceed to physical implementation.

Figure 3

Figure 4

Full Mesh Dual Star

Layer Count 34 18

Aspect Ratio 12:1 6:1

Tuned Vias 3952 768

Material Nelco 4000-13SI

Table 4



was not necessary for correlation to simulation purposes. The 
development team also established a process for characterization 
of all Channels.

In Figure 8 measured through-Channel performance and ICR 
curves are shown for the same Channels described in the simula-
tion section earlier.

As can be seen from Figure 8 there is close correlation between 
these and the simulated plots in Figures 5 and 6. In fact close 
correlation between all simulated and measured results was 
achieved resulting in a 7.28 Tbps capacity full mesh and a 

Figure 7 Figure 8

Figure 9

Figure 10

960 Gbps capacity dual star backplane design, now generally 
available, as part of the Simclar TurboFabric shelf.

Implications of 10GBASE-KR Draft 3.3
versus Draft 2.5
The work described above was targeted towards meeting the 
Channels specifications contained in Draft 2.5 of the IEEE 
10GBASE-KR. Since this work was completed, the IEEE has 
up-issued the Draft revision level for the Standard from 2.5 to 
3.3. While this has not impacted through-Channel performance 
demands, it has increased Channel isolation requirements by 
around 10 dB. In Figure 9 a Draft 3.3 mask is added to the ICR 
plot shown in Figure 8.

From Figure 9 it can be seen how Draft 3.3 pulls the mask above 
the Channel ICR curve for this full mesh backplane Channel. 
Surprisingly it is the Channel’s frequency response at relatively 
low frequencies between 100-500 MHz that is causing a problem.  
The reasons for this are currently the subject of further detailed 
investigation.

However, Figure 10 shows a Draft 3.3 plot for a less demanding 
dual star AdvancedTCA implementation, featuring shorter trans-
mission distances. This plot demonstrates compliance to Draft 3.3 
of the IEEE 802.3ap 10GBASE-KR Standard.

Conclusion
By developing a close understanding of the many factors contrib-
uting to loss and noise in multi-gigabit backplane Channels, it is 
possible to characterize their performance using advanced simula-
tion techniques and correlate that performance in physical prod-
ucts using advanced test methods. By overlaying the test results on 
S-Parameter masks defined by the IEEE 802.3ap 10GBASE-KR 
Standard, it has been demonstrated that backplanes that truly 
enable AdvancedTCA scalability are at last a reality.
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