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Abstract 

When performing bulk simulations on a multi-pin connector for design, optimization, or 

correlation, it is important to do everything possible to ensure the simulations are expedient. To 

combat increased simulation times, it is common practice to divide the board and multi-pin 

connector models into separate simulations that are then cascaded. However, this splice must be 

done on the BGA/Press-Fit/SMT region between the connector and PCB, where the TEM 

assumptions necessary for cascading do not necessarily hold true. This practice often introduces 

impedance and crosstalk inaccuracies between simulation and measurements. Comparatively, 

end-to-end multi-pin connector simulations introduce none of these issues, but lose the benefits 

associated with cascaded multi-pin connector simulations. 

This paper demonstrates the differences between cascaded and end-to-end interconnect models 

through correlated simulation/measurement models. Field plots are used to show the inaccuracy 

created by the artificial simulation boundary where the model was cut to perform the cascade. 

Then we study how to devise mitigation strategies to maintain the decrease to simulation time 

generated by running cascaded multi-pin connector models while avoiding simulation inaccuracy 

that is generated through the same process. 
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Introduction 

The basis for a large amount of Signal Integrity work, and indeed the work of many fields within 

Electrical Engineering, is Linear Network Theory.  Linear Network Theory describes the ability 

to represent a complex system, i.e. an electrical circuit, in terms of a system of linear 

components.  It simplifies a complex problem down to something that can be solved numerically. 

For the purposes of Signal Integrity work, Linear Network Theory is used to cascade a series of 

s-parameters, representing the individual performances of sections of a larger system, together to 

form that complete system.  This is used at all levels of Signal Integrity.  At the most basic, 

transmission line models can be cascaded together to get the overall performance of a line.  At 

the most complex, most spec lines (such as GenZ, PCIe, ect…) rely on cascading to estimate 

channel performance of large, multi-PCB systems.  These systems compromise the silicon 

generating a signal, through PCBs and connectors, and the destination specific to that signal.  All 

of this is predicated on the idea that Linear Network Theory can be used to estimate overall 

performance for these channels. 

Linear Network Theory is a large and encompassing idea, which necessitates a few key 

assumptions before it can be used.  Each component being cascaded must accurately reflect the 

performance of its related section for the complete channel to be accurate.  Of note to this 

discussion is the assumption of isolation and independence between the components.  This 

means that every component exists separately from each other and can be considered a separate 

piece.  In terms of electromagnetics, this necessitates that a TEM (Transverse Electro-Magnetic) 

boundary exists between all separate components.  Each component must have a clear and 

delineated start/end that can be reviewed independently. 

Problems start to arise when the TEM assumption cannot be so easily made.  This issue increases 

at higher frequencies, where it is difficult to delineate where one component ends and another 

begins in the complex and far-reaching electromagnetic fields.  Complications can arise in 

considering two systems as independent when electromagnetic fields interfere between them. 

The simple and obvious solution to this problem is to combine any systems where this is 

occurring into one system with combined electromagnetic fields.  This is fine on paper, but much 

of Signal Integrity work is done using 3D electromagnetic field solvers, and this solution 

becomes a problem when that is taken into account.  The solve time for a complex model 

increases exponentially with the number of tetrahedra within the mesh for that model.  An 

internal and informal study performed within the author’s present employer found a roughly 3x 

increase in solve time for a 2x increase in tetrahedra.  Taking this into account, it becomes clear 

that it is in the best interest of resource usage to keep model geometry as small as possible. 

Given that there is a direct conflict between solve time and geometry size, the distinction on 

where the line can be drawn between models that can be linearly cascaded is extremely 

important.  Increased solve time not only costs more computing resources, but also the 

engineering hours it necessitates to deal with a longer wait between submitting a model and 

receiving of the resultant data.  Wherever possible, it is optimal to cut models down so that one 
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large model becomes two separate models that are then cascaded together.  This has the 

additional benefit of making it easier to swap components out without having to re-run the large, 

combined model.  However, this must be balanced with the inaccuracies this can introduce when 

done incorrectly. 

This paper is going to explore a particular situation where this conflict arises while modelling 

multi-pin connectors.  Specifically, the example of open pin-field, multi-pin connectors which sit 

on PCBs will be considered.  This can be edge-mount, surface-mount, Edgecard, or any situation 

in which a connector is making direct contact with a PCB or PCB-like structure.  This paper will 

explore the potential problems/benefits that can arise when designating the PCB and connector 

as two separate components to be cascaded together.  This paper will also explore some solutions 

to the problems that can arise. 

 

What is Cascading in Signal Integrity? 

Relative to this paper, it is important to define what is meant by cascading.  Cascading refers to 

the methodology of combining s-parameters together to get a combined s-parameter which 

contains the information of both s-parameters in one.  The process is shown below, and in Figure 

1, where you can see an example combined network. 

 

In this example, N is the first s-parameter and N# is the second.  S represents the combined s-

parameter. 

 

Figure 1: Example of a cascaded network of s-parameters 
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Cascaded vs End-to-End Interconnect Models 

Since this paper will be an exploration of the differences between cascaded and end-to-end 

interconnect models, it is also worthwhile to have a rigid definition of what the two model types 

mean within this paper.  A complete channel simulation, generalized below in Figure 2, 

represents the whole network which contains the connector.  This generally consists of the 

silicon generating the signal, through a PCB, through the connector, and onwards until the 

destination.  In the case of 3D electromagnetic modelling, this would never be done as a single 

simulation due to the massive complexity and time required to build/run such a model. 

 

Figure 2: Complete interconnect channel model 

Common practice in modelling multi-pin connectors which land on a PCB structure falls into 

two categories: cascaded modelling and end-to-end modelling.  For the rest of this paper, the 

cascaded model will refer to the model on the right in Figure 3.  This model has a connector run 

as a separate 3D electromagnetic simulation to the PCB break-out region.  The cut is done in the 

BGA ball, press-fit, or SMT region separating the two. 

 

Figure 3: End-to-end interconnect model (left); cascaded interconnect model (right) 
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Alternatively, the end-to-end model refers to the model on the left in Figure 3.  This model 

simulates the connector and PCB break-out region concurrently in a single design.  In both cases, 

the cut in the PCB is made at the end of the BOR, where the trace exits into a TEM region. 

 

Example of Differences in Model Types 

To validate the claim that there is a difference in performance that can be seen between end-to-

end and cascaded interconnect models, an example will be used from a real situation that 

occurred while the authors were working at their present employer.  An open pin-field, 

mezzanine, multi-pin connector was designed and built using the cascaded modelling approach, 

due to its benefits in the design process.  It allowed quick and smooth iteration on the design.  

When the time came to test the connector, it was assembled, placed onto a PCB, and measured. 

Figure 4 shows a simulation of the differences between end-to-end and cascaded models of the 

connector mentioned above.  Note that while the data shown is simulated, the end-to-end 

simulation model correlates to the actual measurement of this connector when it was built.  The 

plots contrast the cascaded model and the end-to-end model with each other, demonstrating how 

large of a difference it made for this particular connector. 
 

 

 

Figure 4: Cascaded (red) vs end-to-end (green) connector models for an open pin-field, multi-

pin, mezzanine connector 
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The plots in Figure 4 show the cascaded model in red and the end-to-end model in green.  The 

first and most prominent observation to note is that there was a resonance that occurred in the 

end-to-end model which did not occur in the cascaded model at 19.22GHz.  This can be seen in 

both the near-end and far-end crosstalk PowerSums.  A small ripple of the impact can also be 

seen in the return loss plot.  This difference was verified in actual measurements to be exactly the 

same, emphasizing this as a real issue which can occur for connectors. 

This resonance comes from a length-based resonance that is caught only by the end-to-end model 

and not the cascaded model.  This length-based resonance will be discussed more later, when the 

electromagnetic field plots are shown, but for now it is sufficient to say that it is a geometry 

dependent resonance that can only be seen when the board is included in the simulation model.  

It was not seen until the measurements were taken because all models had previously been run 

independent of the board. 

The second observation is the difference in impedance between the two models.  This is a 

secondary concern to the resonance issue, but still accounts for around a 3ohm reduction in 

impedance at the boundary between the models.  For this particular model, a cut was made at the 

BGA balls to separate the PCB and connector (with each model containing half of the solder ball 

geometry).  An incorrect impedance is observed for two reasons: (1) PEC boundaries of the 

artificially introduced ports create a coupling path that does not exist otherwise and (2) because 

this is not a perfectly TEM region, like linear network theory requires for complete accuracy, 

non-TEM fields are lost as an error. 

Both of these issues demonstrate variance in results between the two different modelling 

methodologies.  Depending upon which approach is used, there is information that can be lost in 

a 3D electromagnetic field solver.  As such, possible ramifications should be considered when 

deciding which modelling approach to use. 

In the case being documented, once the problem was realized, the connector model was fixed 

and the design was changed to mitigate the realized resonance.  However, the damage was 

already done.  This mistake cost both money and engineering hours to rebuild the parts and 

boards to fix the resonance issue.  These losses could have been avoided completely by 

constantly using an end-to-end model during the entire design process, however this is not a 

perfect solution either due to the additional time taken when using end-to-end models.  The 

alternative methodologies section later in this paper will look at some other approaches that can 

be used to address this issue. 

 

Building a Simplified Model 

The next step in identifying the disconnect between the cascaded and the end-to-end interconnect 

models is to try to understand what caused the differing results to occur.  Later in the paper, 

when the results are discussed, this understanding will lead to an attempt to prevent that 

disconnect from happening. 
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In order to begin to understand what caused the difference, it helps to start with a simplified 

model instead of a finished connector model.  Modern high-speed connectors are a careful 

balance between electrical and mechanical requirements.  This produces, as a necessary 

byproduct, a connector which is highly complex.  These modern connectors have pins with 

numerous bends, ridges, and varying widths.  By simplifying this connector back down to its 

most basic electrical essence, it becomes much easier to run tests to try and understand what is 

fundamentally causing an issue to occur. 

Figure 5 shows the simplified model geometry which will be used for testing in the rest of this 

paper.  It is designed to mimic the original connector’s performance shown in Figure 4 as closely 

as possible.  This means that it is also an open pin-field, multi-pin mezzanine connector of the 

same height as the original.  The pins, however, are constant rectangles.  Additionally, its BGA 

balls are perfect cylinders.  The PCB region was kept the same as the original connect to 

minimize differences other than the connect itself. 

 

Figure 5: Simplified connector model 

As with the original cascaded and end-to-end models, the cut to make a cascaded model was 

done halfway through the BGA balls.  To verify a similar performance, the NEXT performance 

is shown in Figure 6.  As evident, the behavior is very similar to what was demonstrated in 

Figure 4.  There is a slight difference in resonance frequency and magnitude in the simplified 

model due to the different electrical path through the simplified connector, but its behavior is 

similar enough to the original connector to use as a test case. 
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Figure 6: Simplified cascaded vs end-to-end interconnect models NEXT 

 

Analyzing the Source of the Problem 

This section will use the simplified model that was developed as a test vehicle to analyze the 

difference between the two modelling methodologies.  This is done with the goal of 

understanding how those differences occurred.  It will end with a discussion of what caused the 

resonance in this connector and how the cascaded model hid that resonance while the end-to-end 

model did not. 

The first step that in analyzing the resonance in this connector was to cut the model at different 

locations and observe when the resonance occurs.  For these simulations, the results themselves 

will not be shown, but instead it will be stated whether or not a resonance was observed in the 

results, thus indicating whether the model correctly captured the resonant behavior contained 

within the end-to-end model. 

These slices are shown in Figures 7, 8, and 9.  The first slice, shown in Figure 7, shows a normal 

cascaded model.  The model is cut halfway through the BGA balls.  As observed previously in 

Figure 6, this model does not demonstrate the resonance that is being sought. 

Figure 8 shows the slice being done at the bottom of the L1 ground plane.  This is cutting 

through the signal via to determine whether or not the resonance can be seen if ONLY the L1 

ground plane is included in the simulation, and not the rest of the PCB.  While this will not 

produce a good impedance result (the region being cut is clearly not TEM) the goal at this 

moment is only to locate what is necessary to recreate the resonance.  As in the previous case, 

Figure 8 did not produce a resonance. 

Figure 9 shows the slice being done at the bottom of the L2 ground plane.  Once again, it is 

cutting through the signal via and placing a port at that sliced off location within the PCB.  This 

time, the resonance was observed in the results. 
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Figure 7: Simplified model cut at the BGA ball 

 

Figure 8: Simplified model cut at the bottom of L1 

 

Figure 9: Simplified model cut at the bottom of L2 

There are some observations that can be taken away from these results, but that discussion will 

come at in the next section. 
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To better understand why some configurations do not resonate, the next item to investigate 

before looking at the results as a whole are electromagnetic field plots.  For these plots, the 

simplified model was expanded out to two rows to get row-to-row crosstalk data.  These plots 

only show the cascaded and end-to-end models, and not the layer-by-layer cuts that were done in 

Figures 7-9. 

The most basic plots are shown in Figure 10 and 11, where the H-fields are shown for the 

cascaded and end-to-end models.  These H-fields are measured in air at the halfway point in the 

BGA balls, where the ports are placed for the cascaded model.  These H-fields were measured at 

the resonant frequency to capture what happens differently when the connector resonates. 

 

Figure 10: End-to-end model 19.22GHz H-fields at BGA ball 
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Figure 11: Cascaded model 19.22GHz H-fields at BGA ball 

The main observation that should be made here is how destructive the ports are in the cascaded 

model as compared to the end-to-end model.  The edge of ports represent a solid line of PEC 

surrounding the fields in that region.  By necessity, these ports therefore interrupt the smooth 

flow of electromagnetic field lines in the region they are placed, creating the straight lines that 

can be seen in Figure 11. 

Figure 10, the end-to-end model, shows the opposite.  Fields are correctly allowed to radiate 

along the BGA region as would be expected.  It can also be very clearly seen in the field lines 

that there is crosstalk occurring on the neighboring pairs (both in-row and cross-row) which is 

completely gone in the cascaded model.  It should therefore come as no surprise that the 

cascaded model sees less crosstalk at the resonance than the end-to-end model. 

The final data that will be looked at are the E-fields in the region.  Like the H-fields, they were 

taken at the halfway point down the BGA balls and at the resonant frequency. 
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Figure 12: End-to-end model 19.22GHz E-fields at BGA ball 

 

Figure 13: Cascaded model 19.22GHz E-fields at BGA ball 

Figure 12 shows the end-to-end model and Figure 13 shows the cascaded model.  A similar 

pattern can be seen between the two, suggesting that the electrical behavior is similar between 

them.  This is to be expected, as the same signal is passing down both lines with the same 

geometries.  The difference, however, can be clearly seen in Figure 14. 
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Figure 14: Difference between Figures 12 and 13 

Figure 14 subtracts the difference between the E-fields of the two previous graphs.  While it was 

difficult to see in those figures, it now becomes clear that the E-fields are varying quite 

significantly all across the board.  For most of the simulation space, this is around -50dB, which 

could largely be considered negligible.  However, right at the excited differential pair and across 

to the neighbors it can send crosstalk to, the difference is much more significant.  Here, the 

difference comes as high as 5dB, showing a much larger impact in E-fields. 

These numbers don’t directly translate to crosstalk in a numerical sense, but the E-fields and H-

fields are what cause crosstalk to accumulate as the signal passes down the pins.  When both are 

so warped and distorted in the BGA region by the presence or absence of ports, it clearly causes 

a major difference in the amount of crosstalk that is seen between the cascaded and end-to-end 

models. 

 

Discussion of Results 

With the results gathered from the previous section, some conclusions can be drawn about the 

resonance that occurred in the end-to-end model but not in the cascaded model. 

As mentioned earlier in the paper, the resonance in question here is a length-based resonance.  

This can be calculated by determining the speed of electrical propagation in the dielectric, 

determining the length of the pins, and then finding the half-wave resonant frequency for that 

particular length/DK value.  An example is shown in Figure 15. 
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Figure 15: Example geometry for a length-based resonance 

With the type of resonance known, it should be possible to understand the resonance from the 

details that were already gathered.  The resonance is based on the length between the two ground 

planes of the PCBs the connector is attached to (since it is a mezzanine connector).  This makes 

it clear why the resonance did not occur when the connector was cascaded.  The two ground 

planes act as a roughly 1ohm impedance for the ground return path.  This is a result of the 

ground return path having a 50ohm impedance for the length of the pins.  This massive 

discontinuity causes the reflections that result in a resonance at the frequency related to the 

length of the connector.  Because there are two massive discontinuities at either end of the 

50ohm pins, the energy bounces back and forth without major attenuation. 

However, this is not the whole story.  Figure 8 included the L1 ground plane in the simulation 

but did not see a resonance.  This points to the answer being more than just the existence of the 

ground impedance discontinuity causing the resonance.  A second factor is the nature of the 

energy being dispersed by the port within the simulation structure.  By placing a port at the 

bottom of the L1 ground (inside the anti-pads), a single return path is created from the BGA balls 

to the antipad edge.  In reality, the return current will follow many paths into the depth of the 

PCB.  The PEC of the port allowed that energy to escape instead of building up and reflecting 

around L1 of the PCB. 

This can be observed in Figure 9, whereby placing the port inside the antipad of L2 ground, the 

resonance was seen to occur.  By including the vias between L1 and L2, current on L1 is now 

dispersed to multiple paths that better represent the ground impedance discontinuity of the end-

to-end model. 

Figure 10 and 11 showed how destructive the port was to the surrounding electromagnetic field 

structures.  The port therefore needed to be outside of the resonant structure in order to not have 

such a destructively interfering effect.  Figure 14 showed how much of a difference this can 

cause to crosstalk, especially in the areas around each differential pair. 

All of this work for this particular problem can be put together to show the exact conditions 

under which the length-based resonance for an open pin-field, multi-pin, mezzanine connector 
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will be hidden by the simulation.  From here, it would be possible to run simulations that include 

only a part of the PCB as a sanity-check to ensure that there is no hidden resonant behavior.  

However, that doesn’t necessarily mean that this is the perfect solution either.  Simulation time 

will still be increased because a part of the PCB has to be included in the simulation.  

Additionally, impedance results will be highly inaccurate due to the cut in the PCB being placed 

in a non-TEM region. 

This process was shown to provide an example of how to understand a particular resonance in a 

connector and design a unique approach to that resonance which allows it to be simulated in as 

simple a manner without necessitating an end-to-end simulation that captures that resonance.  

There could be specific situations in which this is the best solution, but many will be unsatisfied 

with incorrect impedance results coming from the way that the solution had to be implemented.  

The conclusion will go into more details on what the final takeaways of this process should be, 

but there are other alternatives to this approach to consider first. 

 

Alternate Methodologies 

Until this point, this paper has presented cascaded and end-to-end simulations as the only two 

options.  However, there are different strategies that can also be used.  Given the pros and cons 

of each cascaded and end-to-end modelling that have been shown up until this point and with 

neither being a perfect solution, it is worthwhile to examine the alternatives. 

The first alternative is known as a multi-mode simulation.  This is a cascaded model in which 

only one port is used instead of a separate port for each differential pair.  An example of what 

that geometry would look like is shown in Figure 16, with the green box at the top and bottom 

representing the wave ports that are placed.  The red pins are the differential pairs and the yellow 

are the grounds, while the grey are the actual ground references used for the ports. 
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Figure 16: Multi-mode cascaded model simulation (purple boxes are 7-terminal wave ports) 

Since only one port is being created on both the top and bottom, with the pins at the end as the 

ground reference for that port, the end result is that the simulation treats all pins as signal pins.  

Post-processing is necessary to take the resultant s-parameter file and convert it into the 

necessary format.  The ground ports need to be grounded so that they do not add to the crosstalk.  

In the example above, the 3D electromagnetic field solver would generate a s14p, which would 

then be cut down to an s8p by removing the grounds. 

A simulation was run using this method in Figure 17 to show a normal cascaded model vs a 

multi-mode cascaded model.  As can be seen, the resonance is present in the multi-mode model. 

 

Figure 17: Cascaded vs multi-mode simulation models FEXT 
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This methodology has the advantage of still being a cascaded model.  That means that it runs 

faster (due to the smaller geometry), and the PCB used can be swapped without re-running the 

connector model.  However, there are some disadvantages compared to the normal cascaded 

model.  The primary disadvantage is ease of use.  These models are often not as stable as a 

normal simulation model.  It can be prone to errors and crashing, as well as not converging.  This 

is due to the increased RAM necessary to support more complex field calculations.  Secondly, 

since some ground pins are assigned as excitations in the port, they are not acting as ground pins.  

This not only means additional wasted time for the solver to consider excitations from the 

ground pins, but also that the ground pins don’t work to dampen E-fields like they normally 

would.  Finally, cascading of models with a different number of ports (as is created by this 

methodology) is a special case and may not be easily supported by some tools. 

A second alternative solution is simply called intermittent solving.  It means to run cascaded 

models for the majority of design work, but to intersperse end-to-end models during the process 

to sanity-check and make sure nothing is being missed.  This method is beneficial for bulk 

design work, wherein many changes and iterations have to be made to a connector.  It saves time 

and complexity, while making sure that nothing is missed before the final product rolls out.  The 

end-to-end runs can be done every certain number of cascaded runs, or at major milestones.  The 

disadvantage here is that a large amount of design work could go to waste if an issue that only 

appears in the end-to-end model is ignored in the cascaded model. 

These alternatives techniques, like the original cascaded and end-to-end modelling techniques, 

are also not perfect.  These is no ubiquitous solution to this problem which fixes everything, but 

instead different methods that can be implemented after considerations of each project’s needs 

and parameters. 

 

Conclusions 

In conclusion, this exploration of cascaded and end-to-end modelling, as well as their 

alternatives, has shown the advantages and pitfalls of each.  No method could solve every 

problem, but the methods outlined provide a toolkit for approaching each unique situation and 

finding the best approach. 

A large portion of this paper was devoted to analyzing the specific problem that occurred in a 

connector and trying to understand that problem.  This was originally done with the intent of 

looking for a perfect solution that could allow for cascaded modelling with none of the 

downsides, but rarely is there a methodology that has no downsides.  Instead, this now 

demonstrates how to go about the process of analyzing a cascaded vs end-to-end modelling 

disconnect.  Should a situation arise wherein there is a difference between the two and one of the 

alternate approaches is not viable, it is possible to create a unique solution tailored to the specific 

problem at hand. 

The solution shown is not meant to be the end-all, but instead the specific solution for one class 

of connectors with one type of resonance (length-based resonance on an open pin-field, multi-
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pin, mezzanine connector).  There are numerous types of resonance and numerous types of 

connectors.  Each connector will have its own challenges and information obscured by the 

cascaded methodology, and so each must be approached differently.  Hopefully, the steps laid 

out in this paper will aid in the decision process for resolving issues that arise with any particular 

connector. 

In the end, if a final suggestion from the authors were to be given, it would be that the most basic 

solution that is useful in most situations would be intermittent solving.  It deals with a lot of the 

pros and cons of each methodology by simply doing both.  It will take more engineering hours 

upfront than sticking to one method, but that doesn’t necessarily mean that it won’t pay off in the 

long run.  Of course, this won’t be true in all cases.  Learning to judge each situation 

appropriately and responding with the best fitting solution is the never-ending journey of growth 

for a Signal Integrity Engineer. 

 

Method Pro Con Recommendation 

End-to-End Model Most Accurate Solve Time 

 

 

Final Design Proof 
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(Figure 9) 
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