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Abstract 
Frequency content of digital signals in PCB interconnects have increased up to 40-50 GHz in recent 
years. To ensure that interconnects work as expected over this bandwidth, we have to build validation 
boards. This paper reports lessons learned from a validation project with the goal to build a formal 
procedure for systematic prediction of the interconnect behavior up to 40 GHz. We will go through 
selection of test structures, connectors and measurement equipment, demonstrate uncertainties of the 
analysis based on the initial pre-manufacturing assumptions and how close to reality we get with more 
formal approach based on material models and manufacturer adjustments identification. 
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1. Introduction 
What does it take to design PCB interconnects with good analysis to measurement correlation up to 

40 GHz? Is it doable with typical low-cost PCB materials and fabrication process, typical trace width, 
via back-drilling and shortage of space to place the stitching vias? Your EDA vendor shows excellent 
correlation of the analysis tools to measurements even up to 50 GHz, your PCB fabricator ensures that 
the board will be built as designed and provides all possible information on stackup and materials. 
Measurements with the easy-to-use TDNA or VNA should be also a “piece of cake”. There is nothing to 
worry about and the designed interconnects should behave as expected. Unfortunately, many SI 
engineers already learned that this is not the case and the reality can be far from our expectations. To 
verify practically everything that goes into the design to manufacturing flow at this frequency 
bandwidth, we are actually forced to build validation boards. Moreover, re-validation has to be done 
every time when new PCB material or even new batch of materials or new PCB fabricator is used. The 
outcome of such validation should be a formal process, and following such a process we reduce the 
gap between the expectations and reality and are able to reliably predict the behavior of the 
interconnects on production boards over this bandwidth. That is the main goal of this project. We 
do not just show the final analysis to measurement correlation on a case by case basis, as it is usually 
done in some validation projects, but report a formal procedure based on the material model and 
manufacturing adjustments identification. The accuracy of the analysis based on the pre-manufacturing 
assumptions is analyzed and reported. We also discuss un-expected artifacts encountered in the board 
design, fabrication and measurements (as we all know, stuff happens). 

We start with the description of the “dream validation project” – how validation process should look 
like if everything goes as expected. As the framework, we use the “sink or swim” validation process that 
was developed and tested with multiple validation boards such as Teraspeed’s PLRD-1 [1], Wild River 
Technology’s CMP-08 and CMP-28 [2], [3], Rambus’s “lessons learned” board [4]. The project 
described in this paper can be considered as the first detailed report of the “sink or swim” methodology 
application for a board with structures close to the production boards. 

We proceed with the validation board planning and discuss selection of test structures. In addition to 
single-ended and differential transmission line segments for the material parameters identification and 
test structures like the Beatty standards, the board includes common high-speed PCB interconnect 
structures, such as AC-coupling capacitors, delay matching compensation, meandering line used in DDR 
circuits, differential and singled ended vias with different number of stitching vias to investigate the 
energy localization phenomenon. As it is usually done, all structures are designed with the stackup 
geometry and material parameters provided by the PCB fabricator (pre-manufacturing assumptions).  

Next, we show that the bandwidth of the models based on the data available from manufacturer is 
very limited. Practically, for the target frequency bandwidth it is not possible to predict the interconnect 
behavior using just the pre-manufacturing assumptions. What would be the minimal possible adjustment 
of the process to increase the prediction bandwidth and improve the accuracy? First of all, we validate 
the geometry of the traces with the cross-sectioning. With a few cross-section samples we make new 
assumption that the identified trace width and shape adjustments are common for the whole board. Next, 
we use two transmission line segments (single-ended and differential) for each signal layer to properly 
identify the material models with GMS-parameters [5]. Finally, with the new set of post-manufacturing 
assumptions based on the limited board cross-sectioning and on S-parameters measurements for just 
transmission line segments, we go structure by structure and compare the improved models with the 
measurements. That reveals additional expected and un-expected surprises. The outcome is a relatively 
simple formal process with a set of recommendations for those who want to design predictable 
interconnects for validation projects as well as for the production boards. 
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2. “Sink or Swim” validation process 
One of the key elements of design success is the systematic benchmarking of manufacturing, 

measurements, and modeling. Systematic means analysis-to-measurement correlation observed not 
just for one or two structures (test coupons for instance), but rather for broad range of typical 
interconnects – single-ended and differential, stripline and microstrip, simple planar and with the 
vertical transitions or vias, etc. Such comparison should be done consistently both in frequency 
(magnitude and phase of S-parameters) and time (TDR and optionally eye diagram) domains. In other 
words, the systematic validation or benchmarking is needed to make sure that the board is manufactured 
as designed, measurements are taken properly and, finally, that the interconnect analysis software 
provides acceptable accuracy. It is a whale of a project, if you do it the first time without much 
experience. Fortunately, there are a number of reports about similar projects to follow [1]-[4]. Here we 
will use the “sink or swim” approach [4] as the basis. It can be divided into seven steps (which includes 
the board design and manufacturing): 
 

1. Select materials and define PCB stackup with the manufacturer. 
2. Design test structures with the EM analysis (simple links, launches, vias …). 
3. Manufacture the board and mount the connectors. 
4. Measure S-parameters and validate quality of the measurements with formal quality metrics and  
    visual inspection. 
5. Do a cross-section of the board and identify the manufacturing adjustments (if any). 
6. Identify broadband dielectric and conductor roughness models with GMS-parameters or SPP  
    Light techniques. 
7. Simulate all structures with the identified or validated material models and confirmed  
    adjustments. Compare consistently S-parameters and TDR with the measurements (no further  
    manipulations with the data or “calibration” are allowed at this step). 
 
The initial expectation was to finish the project within 3 months. Which was easier said than done – 

given the low priority and low resources this project took about a year to complete and we are still 
investigating the data in preparation for yet another iteration. The major hurdle in this project was 
actually the measurement equipment. Unfortunately, the knowledge of what measurement equipment 
works for extremely broadband SI problems and what is not suitable is not a common knowledge and 
the vendors are not very helpful, to say the least – it was one of the lessons learned in this project. 

 
3. Validation board design 
A validation platform is a very important tool to pre-qualify a manufacturer, benchmark signal 

integrity software or learn how to do the measurements at the microwave to millimeter wave frequency 
bandwidth. The accuracy and limitations of the software can be easily identified with the analysis to 
measurement comparisons on a typical set of interconnect structures. A validation platform can be either 
developed in-house or purchased from a vendor. One of the industry-first validation platforms was the 
physical layer reference design board (PLRD-1) from Teraspeed Consulting Group [1]. Use of the 
PLRD-1 revealed the need and enabled development of the industry-first broadband dielectric and 
conductor roughness models in the Simbeor software. Example of a readily available validation platform 
is the CMP-28/32 channel modeling platform from Wild River Technology featured in [3]. Off the shelf 
validation platforms are convenient tools to learn, but the stackup and interconnect geometry in such 
platforms may be not representative for a production board. Custom validation platforms with the 
stackup structure similar to a production board have to be used in such cases, as it is done in this project. 
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The board design starts from the material selection and stackup definition. Panasonic Megtron6 material 
was selected for the high-speed routing layers. Some pre-manufacturing specs provided by the board 
fabricator are shown in Fig. 3.1. The board has 20 layers with 8 layers assigned for the high-speed 
signals as shown in Fig. 3.2. The target impedance has been specified for PCB manufacturer - the 
manufacturer has to fulfill it with some tolerances. This is the usual choice for a production board. The 
manufacturer provided expected trace width and spacing adjustments as shown in the right table in Fig 
3.1. The expected impedance variations are within 8%, that is too large to expect good correlation up to 
40 GHz, but it is typical value. Vias with 0.20mm (7.9 mil) padstack in board layout are to be drilled 
with 0.250mm diameter drill (9.85 mil). Non-functional pads on signal vias on any layer are not 
allowed. Via backdrilling is to be done for some structures. 

 

 
 
Fig. 3.1. Validation board materials and trace widths and adjustments obtained from manufacturer. 
 

 
Fig. 3.2. Validation board stackup (left) and the initial material models in Simbeor software (right). 
 
Stackup for the pre-layout analysis was defined as shown in Fig. 3.2 on the right side – this is the 

best we can do at this stage. Megtron6 specs provide dielectric constant and loss tangent at multiple 
frequencies. It is expected that the Wideband Debye (aka Djordjevic-Sarkar) model defined with any of 
the point from specs provides a good approximation over the target frequency bandwidth. 
The values for Dk in the Fig. 3.2 are the ones used by PCB manufacturer based upon their experience 
with this material. The major problem is with the conductor roughness model – all we know that the 
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copper foil roughness is specified as H-VLP and no other data. PCB manufacturer also roughens the 
shiny side of the copper foil during the board manufacturing, without any parameters for the electrical 
modeling. Even if we would have data for the mate side of the copper foil from the copper foil 
manufacturer, the PCB manufacturer treatment of the shiny side makes it practically useless. Thus, we 
start without the conductor roughness model and with the trace adjustments provided by the PCB 
manufacturer. Obviously, this will not provide a good correlation for the insertion loss, and the model 
identification is needed – this should be expected. Though, the data may be acceptable for design of 
launches and vias. Ideally, a test coupon with the same stackup should be built for the material 
identification, to identify the conductor surface roughness model, to improve accuracy of the pre-layout 
analysis. The validation board may be considered as such coupon. 

Considering the structures to put on the validation board, first of all, it should be structures for the 
material model identification/validation. For identification with GMS-parameters [5] or SPP Light [6] 
two segments of differential or single-ended transmission lines for each unique layer have to be used. In 
addition we can use the Beatty standard (series resonator), to confirm that the extracted models works 
for traces with different widths. The line segments used for the material identification can be also used 
as tests for simple differential and single-ended links (they are similar to the traces used on production 
boards). In addition to that, we decided to put structures usually used in interconnects for the serial and 
parallel interfaces: diff. and single-ended (SE) via-holes for each routing layer; AC coupling capacitors 
similar to used on SERDES links; meandering line segment similar to used on DDR links; diff. link 
skew compensation structures. All are routed at an angle to the edge of the board to avoid the fiber 
weave effect. The final board layout with all structures is shown in Fig. 3.3 and Fig. 3.4.  

The most important elements of the validation board design are the launches. Launches for either 
probes or connectors have to be optimized. If launches reflect too much, it is usually make them more 
susceptible to manufacturing variations and more difficult to de-embed for the material identification. 
The design target is to minimize the reflection and minimize the sensitivity to manufacturing variations. 
The board is designed to have either a 2.92 or 2.4 mm compression-mount connector mounted on the 
TOP layer. Connectors from two vendors were used. Five low-reflection launches were designed to 
connect the TOP and BOTTOM for structures with microstrip lines, TOP to INNER1 (with 
backdrilling), TOP to INNER2 (with backdrilling), TOP to INNER3 (with backdrilling) and TOP to 
INNER6 (no backdrilling). Stackup/materials obtained from the manufacturer are used to simulate and 
optimize the launches. Examples of the launch designs are shown in Fig. 3.5 and 3.6. The launches are 
simulated and optimized using de-compositional approach without connectors – it degrades the model 
quality and the models are expected to work only up to 30 GHz. All launches are designed with 9 
stitching vias located on a circle with diameter 2.3 mm (91 mil). Stitching vias connect all reference 
planes together and the metal patches in the TOP layer. Stitching vias have drill hole diameter 0.250 mm 
(9.85 mil). Distance from signal via to stitching vias is about quarter of wavelength at 30 GHz (quarter 
of wavelength in dielectric is about 1.35 mm) – it is expected that the launches should gradually lose the 
localization at about 30 GHz (the impedance of the short circuiting vias at a quarter wavelength distance 
becomes very high, close to open). We cannot expect good correlation above that frequency. Though, it 
is expected that the impedance of the return path will remain low due to large parallel planes and a lot of 
stitching vias placed along the transmission line segments. 
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Fig 3.3. Layout of 20-layer validation board (red legends are for the material identification  

                    structures). 
 

 
Fig. 3.4. Layout of links with single-ended (SE) and differential viaholes. 
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Fig. 3.5 TOP to BOTTOM layer launch design for microstrip structures – the reflection loss is below  

                    -20 dB up to 27 GHz and below -10 dB up to 40 GHz. 
 

 
Fig. 3.6. TOP to INNER3 layer launch design for stripline structures in layer INNER2 – the  

                     reflection loss is below -20 dB up to 33 GHz and below -10 dB up to 40 GHz. 
 
After the board was designed and sent to the manufacturer, we have noticed that the metal traces 

were put in the TOP layer as is visible on Fig. 3.3. Fortunately, that did not matter because the TOP 
layer was isolated from all traces on the board by the solid metal plane. In the end of the board layout 
phase we can make the following reality observations: 
 
• Via diameter is defined to be 0.2 mm (7.9 mil) in layout file, but 0.25 mm drill (9.85 mil) is 

supposed to be used by the manufacturer – it should be accounted in the post-layout analysis. 
• The PCB is manufactured with the “impedance control” process – all trace width and spacing are 

adjusted by the PCB manufacturer that is also not reflected in the layout file, but should be 
accounted for the post-layout analysis. 

• No information on trace shape (important for the losses evaluation). 
• No information on solder mask shape/parameters. 
• No information on conductor roughness model. 
• No information on actual backdrilling. 

 
All this makes the post layout analysis inaccurate and practically useless at the target frequencies. This 
is mostly because of the absence of the conductor roughness model. It is expected that the H-VLP 
roughness and additional copper processing by the manufacturer will substantially degrade the signal 
above 3-5 GHz, but we have no data to evaluate these additional losses. This should be expected in any 
project without the test coupons built upfront with exactly the same materials and manufacturer. 
Though, it is expected that the dielectric parameters and stackup structure from manufacturer may be 
acceptable to design the vertical transitions.  
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4. Measurements and GMS-parameters extraction 
The main goal during the measurement step is to have accurate high-quality S-parameters measured 

from 10 MHz to 40 GHz. Considering the manufacturing variations and launches localization, the S-
parameters should be suitable for the extraction of the reflection-less Generalized Modal S-parameters 
(GMS-parameters) for the material parameters identification [5] up to 30 GHz. Achieving this goal 
happened to be the most challenging and lengthy step of this project. 

The board was manufactured as scheduled and the S-parameters were measured first with TDNA as 
shown in Fig. 4.1. The formal quality metrics of these S-parameters was barely acceptable as shown on 
the right side of Fig. 4.1. Though, the visual inspection revealed a lot of noise that is clearly visible on 
the S-parameters magnitude plots shown for just two structures in Fig. 4.2. That level of noise may be 
acceptable for a preliminary validation. However, the Generalized Modal S-parameters [5] computed 
with these S-parameters were also very noisy as illustrated in Fig. 4.3. The reality was either to proceed 
with these noisy data or find other options.  

 

         
Fig. 4.1. S-parameters measurement setup with TDNA (left) and final Simbeor quality metrics (right,  

                     IEEE T370 PG3). 

 
Fig. 4.2. Example mixed-mode S-parameters measured with TDNA for diff. 10 cm segments in layers  

             INNER1 (stripline, left) and BOTTOM (microstrip, right) – acceptable quality metrics, but noisy 
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Fig. 4.3. GMS-parameters computed with S-parameters measured with TDNA for 5 cm diff. stripline 

                     in layer INNER1 (left) and 5 cm diff. microstrips (right) – may be acceptable up to 10 GHz. 
 
If we proceed with the noisy GMS-parameters, the material identification would be ambiguous 

above 10 GHz – this reality fact was way too far from our expectations. Thus we decided to find the 
other measurement options. In the process a few attempts have been made – with 26 GHz VNA, 
multiple 40 GHz VNAs and one 50 GHz VNA. 

The measurement setup with 50 GHz VNA is shown in Fig. 4.4. One of the first reality problems we 
faced with this piece of equipment was very thick cables that came with it – the measurements could not 
be done for the differential structures because of the connectors were placed too close. Thinner cables 
have been used instead with possible expected degradation of the measurement quality. The 
measurements came out with high formal quality metrics as shown on the right side of the Fig. 4.4. 
However, a closer look at the lower frequencies revealed a problem illustrated in Fig. 4.5 – it looks like 
the reflection parameters converge to incorrect values (it should flatten at lower frequencies). An 
attempt to build rational approximation and use it to extrapolate data to DC failed as illustrated on the 
right plot in Fig. 4.5.  Note, that TDNA data at lower frequencies showed proper convergence. 

     
Fig. 4.4. S-parameters measurement setup with 50 GHz VNA (left) and final Simbeor quality metrics  

                     (right, the metrics are in process of standardization by IEEE T370 PG3). 
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Fig. 4.5. Problem with VNA measurements at lower frequencies (left), attempt to extrapolate the  

                  results with the rational approximation (right, stars – measured, x – rational approximation). 
 
The VNA vendor explained the low frequency divergence is caused by the electronic calibration kit 

and recommended to use a mechanical calibration kit instead. The mechanical calibration kit indeed 
helped to some extent, as illustrated in Fig. 4.5. Unfortunately, the available kit reduced the upper 
measurement frequency down to 26 GHz that was not acceptable. Thus, we have used these 
measurements to validate the results obtained with the electronic calibration kit and to identify the 
conductor resistivity only. To proceed with the data measured with electronic calibration kit up to 50 
GHz, we have cut the measured data below 70 MHz as illustrated in Fig. 4.6.The rational approximation 
to DC is more realistic in this case and still indicates good quality of the remaining data, but the 
extrapolation to DC is not reliable – the data cannot be used for the copper resistivity identification. It 
may also lead to not reliable DC convergence on TDR and substantial problems with the eye diagram 
computation with such S-parameters. As stated in [7] "…a 0.5 dB error injected at a lower frequency 
(<10 MHz) on transmission could take an 85% open eye to a fully closed eye" – that is scary statement. 

Further visual inspection of the S-parameters of the differential transmission line segments revealed 
big resonance in the insertion loss for the traces in layer INNER3 and smaller resonances above 30 GHz 
in all traces as shown in Fig. 4.7. The reality is that the stubs on the launches to INNER3 layer were not 
backdrilled – that reduced considerably the bandwidth of the GMS-parameters for layer INNER3. That 
is not big problem because of material parameters identified for layer INNER2 are expected to work for 
the layer INNER3 – the layers are expected to be identical. 

 

 
Fig. 4.6. S-parameters measured with 50 GHz VNA with mechanical calibration kit. 
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Fig. 4.7. Possible workaround for the low frequency problem – cut the measured data below 70 MHz  

                     and use rational approximation for extrapolation. 
 

 
Fig. 4.8. Visual inspection of S-parameters for differential material identification structures. 
 
The final goal of this stage is to have clean GMS-parameters for the material model identification. 

GMS parameters of 5 cm (about 2 inch) transmission line segments are computed from measured S-
parameters of two segments with 5 cm (about 2 inch) and 10 cm (about 4 inch) lengths. GMS-
parameters are S-parameters of the line segment in the modal space normalized to the characteristic 
impedances of the modes – they are reflection-less and do not have mode transformation parameters. 
This is the simplest form of S-parameters that can be used to identify the material properties with high 
accuracy [5]. GMS-parameters of differential transmission line segments are 4 by 4 matrices with just 2 
unique non-zero elements - modal transmission parameters for odd model (mode 1) and even mode 
(mode 2). The reflection and mode transformation parameters are zero by definition. That makes it 
particularly attractive for the material identification purpose. The complex propagation constant 
(Gamma) can be extracted from the GMS-parameters of segment by taking the logarithm and dividing it 
by the segment length. Gamma can be used for the material identification as is done in the SPP Light 
technique [6]. Though, we did not do this additional step in this project – after all, it is an additional 
step. Also the results should be nearly identical as shown in [6].  

The final step before the extraction of GMS-parameters is to pre-qualify the line segments with the 
TDR. Examples of such pre-qualification are shown on the left plots of Fig.4.7 and 4.8. The impedance 
variations are within 2-3 Ohms that is expected to be acceptable to extract the GMS-parameters up to 
25-30 GHz (see sensitivity analysis at [8]). Examples of GMS-parameters extracted for microstrip lines 
and striplines in layer INNER6 are also shown in Fig. 4.9 and 4.10 respectively, on the right plots (raw 
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data, no post-processing). Either the manufacturing variations or the launch localization or, most likely 
both factors, prevented the GMS-parameters extraction above 30 GHz – the insertion losses were 
particularly noisy above 30 GHz (not shown on the plots). Phase delays are less sensitive to the 
variations [8]. GMS-parameters came out as acceptable up to 30 GHz for all structures, except for the 
INNER3 layer. The stub resonances visible on the Fig. 4.8 restricted the frequency bandwidth down to 
20 GHz. Fortunately, the layer INNER3 is expected to have exactly the same materials and can be used 
for the identification.  

 

 
Fig. 4.9. TDR for 5 cm and 10 cm diff. microstrip traces (left plot) and GMS-parameters for the odd  

                    and even modes (insertion loss and phase delay) of the 5 cm difference segment (right plot). 
 

 
Fig. 4.10. TDR for 5 cm and 10 cm diff. stripline traces in layer INNER6 (left plot) and GMS- 

                       parameters for the odd and even modes (insertion loss and phase delay) of the 5 cm  
                      difference segment (right plot). 

 
As we can see on the right plot of Fig. 4.9, the odd (differential) and even (common) modes have 

different propagation delay and attenuation that is expected for the microstrip structures 
(inhomogeneous dielectric). On the other hand, the stripline structures in homogeneous dielectric should 
have nearly identical phase delay for the odd and even modes (small differences may be due to the 
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internal conductor inductance). However in reality we have observed some difference of the phase delay 
for the odd and even modes for all stripline structures on the validation board. It is clearly visible for the 
stripline in layer INNER6 at the Fig. 4.10. This indicates that the dielectric has some inhomogeneity. 
The consequence of this inhomogeneity is the difference in the mode propagation that leads to the far 
end crosstalk (FEXT) that is expected to be nearly zero for the striplines. 

As s conclusion to this section, we should stress that the broadband measurements of S-parameters 
for the signal integrity purpose are particularly challenging and not all measurement equipment is 
suitable – this not the common knowledge! SI problems require high accuracy over extremely broad 
bandwidth. Switching from one tool to another requires a lot of planning and preparation. It is one of the 
reality lessons learned in this project. Though at this step, the GMS-parameters are successfully 
extracted up to 30 GHz which is sufficient to identify the frequency-continuous material models 
that are expected to work up to 40-50 GHz. Also, measurements down to 10 MHz are available, to 
identify the copper resistivity.  

 
5. What is in the board? 
Before the material parameters identification, we have to know the actual geometry of the traces for 

the material identification structures. As was observed in similar project [4], the actual geometry can be 
very far from the expectations and the analysis results without knowing it are unreliable.  

Traces on the material identification structures, launches, Beatty in INNER6 and some viaholes have 
been cross-sectioned as shown in Fig. 5.1. This is not a statistical investigation but rather validation of 
how far are our expectations based on the adjustments provide by the manufacturer (see Fig. 3.1). 
Analysis of the cross-sections of links in layers INNER1 is shown in Fig. 5.1 on the right. Analysis of 
the cross-sections in layer INNER6 and BOTTOM are shown in Fig. 5.2 and 5.3.  

 

 
Fig. 5.1. Validation board cross-sectioning plan (left) and example of the cross-sectioning analysis  

                     for 5 cm and 10 cm links in layer INNER1 (right). 
 
The first observation is that the pre-preg layer thickness is 3-5 um thinner than provided by the 

manufacturer (see Fig. 3.2). With that adjustment the thickness of the interior pre-preg layers becomes 
closer to the thickness of the core layer. That makes sense – pressed and baked pre-preg should be the 
same material as the core if both laminates are from the same manufacturer and same batch. 
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The second observation is that the geometry of the stripline traces are very close to the expectations. 
Even without the cross-sectioning, the material identification and analysis results would be very close. 
Though, it is totally different for the microstrips as we can see on the Fig. 5.2 and 5.3. The microstrip 
layer is thicker than expected, traces are narrower by about 10 um and the trace shape is not rectangular 
but rather “hat” or a “butterfly” shape. Also, the solder mask is very thick between the traces and thin on 
top of the microstrips. This is typical, but we cannot guess this at all without the cross-sectioning. 
Analysis based on the numbers provided by the manufacturer (Fig. 3.1 and 3.2) would give the 
impedance lower by 2-3 Ohm and different losses (the losses depend on the trace shape).  

 

    
Fig. 5.2. Cross-sectioning analysis for 5 cm and 10 cm links in layer INNER6 (left) and in layer  

                    BOTTOM (right). 
 

 
Fig. 5.3. Close up of the cross-sectioning analysis for 5 cm (left) and 10 cm (right) links in layer  

                     BOTTOM (microstrip). 
 

 
Fig. 5.4. Width-distance-width adjustments for the differential traces and width adjustment for single  

                     ended traces (can be applied only for the impedance controlled segments). 
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The final trace width and distance adjustments are shown in Fig. 5.4. The most critical adjustments 
for the microstrips are highlighted in red. Also, the microstrip metal layer thickness is 48 um instead of 
expected 35 um and solder mask layer has thickness 10 um over strips and 38 um between the strips – 
that was not known in advance. The analysis with the microstrip geometry from the board layout or even 
with the adjustments obtained from manufacturer would lead to characteristic impedance mismatch 
about 3 Ohm for the single-ended and about 6 Ohm for the differential microstrip traces. We can state 
that the analysis with the trace width and spacing specified in the original layout are not acceptable to 
provide good accuracy even below 10 GHz due to considerable impedance mismatch. The microstrip 
traces adjustments cannot be predicted and properly accounted for without the cross-sectioning. Though, 
the adjustments provided by the board manufacturer for stripline layers can be safely used. In addition to 
traces, some viaholes marked in Fig. 5.1 were cross-sectioned and compared with the expectations – the 
results are available in the complete report [9]. At this point everything is ready for the material models 
identification.  

 
6. Material parameters identification 
For the material parameters identification we use measurements obtained with 50 GHz VNA and 

electronic calibration kit. The measurements with the mechanical calibration kit are used to identify the 
copper resistivity for INNER6 layer only (used for all strips). But first, let’s see how useful the 
spreadsheet data from the section 3 (Fig. 3.1 and 3.2 and middle column in Fig. 5.4). The extracted 
reflection-less GMS parameters allow precise analysis of the model deficiencies. Generalized modal 
insertion loss and phase delay for differential microstrip and striplines are shown in Fig. 6.1 as an 
example of the initial measurement to simulation comparison. We can observe some differences in the 
modal phase delays – the model predicts lower delays. This is expected due to the anisotropy of the 
layered laminate dielectrics (strip resonator method typically used by laminate manufacturers identifies 
Dk for the out-of-plane direction). More important, the measured and simulated modal insertion losses 
are dramatically different. Such difference makes any analysis with the spreadsheet data useless 
above about 3 GHz - this is the reality. 

 

  
Fig. 6.1. Measured (stars) and modeled without roughness (circles) GMS insertion loss and phase  

                     delay for 5 cm differential segment in layers BOTTOM (left plot, microstrips) and INNER6   
                     (right plot, striplines). 
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There are multiple ways to proceed with the material models identification (see overview in [4] and 
[5]). Typically, raw or de-embedded S-parameters are used to “tune” corresponding model (sometimes 
called “model calibration”). This is acceptable technique, but too complicated due to large number of 
non-zero S-parameters in the case of differential traces. The simplest way is to use just two GMS-
parameters and the following formal process (identification with dielectric and conductor loss 
separation): 
 
1. Identify copper resistivity by matching measured and simulated GMS insertion loss (GMS IL) at the 

lowest frequencies. 
2. Identify dielectric constant (Dk) by matching measured and simulated GMS phase delay (GMS PD). 
3. Identify loss tangent by matching GMS IL at lower frequencies (below 1-2 GHz) and re-adjust Dk to 

match GMS PD (changes in LT can affect the delay). 
4. Identify roughness model parameters by matching GMS IL at high frequencies (above 2-3 GHz) and  

            re-adjust Dk to match GMS PD (roughness can also affect the delay). 
5. Do it for all unique dielectrics in the stackup. 

 
There are three ways to proceed with the material identification for this stackup. The simplest way is 

to assume that the dielectric filling of the layers INNER1/INNER6 and INNER2/INNER3 are 
homogeneous. After all, the cured pre-preg should be about the same dielectric as the core. The 
identified Wideband Debye models with Dk and LT @ 1 GHz (PCB manufacturer spreadsheet values 
are in the brackets) are as follows: 

 
Layer Dk LT 
INNER1/INNER6 (core 1035 weave, pre-preg 1035 weave) 3.45 (3.23 & 3.37) 0.003 (0.002) 
INNER2/INNER3 (core 1035 weave, pre-preg 1027 weave) 3.40 (3.19 & 3.37) 0.002 (0.002) 
 
 
The conductor surface roughness for all stripline layers is identified as one-level Modified Hammerstad 
model with SR=0.35 um and RF=2.5. It is just 2 dielectric models – relatively easy to identify and 
suitable for the analysis of vias and launches, but it compromises the accuracy of trace analysis. In 
particular, use of non-causal roughness models results in the differential stripline impedance lower than 
observed on TDR by 2-3 Ohm. Also, use of homogeneous dielectric for each stripline layer results in no 
difference in phase delay of the even and odd modes and zero far end crosstalk.    
 
Note that the spreadsheet dielectric constant numbers, provided in brackets just for the reference above, 
are taken from the PCB manufacturer spreadsheet shown in Fig 3.2.  
PCB manufacturers use slightly lower Dk values than compared to values from laminate vendor 
datasheet, they are based on the PCB vendors experience with the material and their test TDR coupons, 
since they are aiming to achieve desired target impedance. 
Comparing these numbers with the datasheet from the dielectric material vendor, shows that dielectric 
constants correspond to the 10 GHz measurement. Dielectric constants provided at Megtron6(K) 
datasheet are much closer to identified values, for instance core with 1035 weave has value of Dk = 3.46 
– that is closer to the value identified here at 1 GHz.  
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Fig. 6.2. Two possible outcomes of the material model identification – with core and pre-preg layers  

               (left) and with additional resin-rich layer around each strip layer, to account for FEXT (right). 
 
Another option is to stick with the core/pre-preg stackup structure and identify one model for the core 
dielectric and three models for the stripline pre-preg layers as shown in Fig. 6.2 on the left. The 
identified Wideband Debye models with Dk and LT @ 1 GHz (PCB manufacturer spreadsheet data 
for comparison are in the brackets):  

 
Layer Dk LT 
Core (all layers 2x1035 weave) 3.37 (3.37) 0.003 (0.002) 
Pre-preg INNER1/INNER6 (2x1035 weave, 70% RC) 3.37 (3.23) 0.003 (0.002) 
Pre-preg INNER2 (2x1027 weave, 75% RC) 3.27 (3.19) 0.002 (0.002) 
Pre-preg INNER3 (2x1027 weave, 75% RC) 3.25 (3.19) 0.002 (0.002) 

 
In this case causal Huray-Bracken models with parameters SR=0.098 um, RF=12.5 is used for all 
stripline layers, to account for the difference of the impedances observed on the preliminary TDR 
comparison. Conductor resistivity was adjusted to 1.2 of the resistivity or the annealed copper. The pre-
preg and core dielectric parameters came close to the spreadsheet data in this case. Though, this model 
has practically the same limitation as the first homogeneous dielectric model. There will be too small 
difference in the propagation velocity for the odd and even modes in the differential striplines, to 
account for the FEXT observed in the measurements (see validation section). 
 

Finally, to account for the anisotropy of the layered dielectric, additional resin-rich layers around the 
strips were defined in the stackup as shown in Fig. 6.2 on the right. “Resin-rich” in this context does not 
mean that this is a resin layer. It may contain different components that make properties of this 
composite material different from the layer with the fabric. 
The identified Wideband Debye models with Dk and LT @ 1 GHz (PCB manufacturer spreadsheet 
values are in the brackets): 

 



 19 

Layer Dk LT 
Core (all layers 2x1035 weave) 3.37 (3.37) 0.003 (0.002) 
Pre-preg INNER1/INNER6 (2x1035 weave, 70% RC) 3.17 (3.23) 0.003 (0.002) 
Resin INNER1/INNER6 3.562 0.003 
Pre-preg INNER2 2-ply (2x1027 weave, 75% RC) 3.124 (3.19) 0.002 (0.002) 
Pre-preg INNER3 2-ply (2x1027 weave, 75% RC) 3.09 (3.19) 0.002 (0.002) 
Resin INNER2/INNER3 3.425 0.002 

 
The conductor and conductor roughness models are the same as for the previous case. The material 
parameters for the microstrip layer were the same for the last two cases with Dk=3.40 (3.19), LT=0.006 
(0.002) for pre-preg and Dk=3.2 (4.0), LT=0.02 for the solder mask (both Wideband Debye models @ 1 
GHz). Causal Huray-Bracken model parameters for microstrip are SR=0.229 um, RF=3.77.  
 

 
Fig. 6.3. Measured (stars) and simulated (x-s) GMS insertion loss (IL) and phase delay (PD) for  

                     differential transmission lines in all unique layers. 
 

 
Fig. 6.4. Measured and simulated odd and even mode phase delays for traces in layers INNER2 and 

                     INNER6. 
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Correspondence of the measured and identified GMS-parameters is shown in Fig. 6.3. The 
advantage of the model with the resin-rich layer around the strips is illustrated in Fig. 6.4. Without the 
additional layer, phase delays of the even and odd modes are much closer to each other and the FEXT in 
the model is almost zero, even with different core and pre-preg models. Everything looks good now and 
we are ready to proceed with the validation step. 

 
7. Validation: expectations vs. reality 
At the validation step, we simulate all structures on the board with the trace width and shape 

adjustments identified in section 5 and dielectric and conductor roughness models identified in section 6. 
The layered dielectric structure with the “resin-rich” layer is going to be used as the most accurate. No 
further adjustments are allowed at this step. The goal here is not getting a good fit between the 
measurements and models by tuning the model parameters and showing that we can achieve excellent 
correlation, but rather to see what accuracy can be achieved based on the formal material identification 
and limited number of cross-sections. This is the most important step to have confidence in the 
manufacturing, measurements and modeling to reveal the potential problems. 

To start the validation, we have to decide what is going to be modeled. There are two options to 
proceed: either de-embed connectors and launches from the measured data (simpler models) or create 
models of the measured links with the coaxial connectors and launches. De-embedding on PCBs is 
notoriously difficult due to the manufacturing variations [1]. It may distort some measurements (for low 
reflective structures) and also reduces the frequency bandwidth. We will use it only for high-reflective 
structures, such as Beatty standard. The low-reflective structures are simulated with the connectors and 
launches. The connector models were not available. To overcome this obstacle, the model of the 
connector was simply synthesized from S-parameters measured for two connectors connected 
symmetrically back-to-back. We used cascaded connection of two coaxial sections to model connector 
and then matched both magnitude and phase of the reflection and transmission of the measured S-
parameters and the circuit model of the back-to-back structure. In addition, models for all launches 
(PCB part) were built with the 3D electromagnetic analysis as a part of the post-layout electromagnetic 
de-compositional analysis in Simbeor.  

Considering what to compare, technically, comparison of the magnitudes and phases of S-parameters 
is sufficient to make a decision on the accuracy or spot a problem. Though, comparison in time domain 
is usually also needed and may reveal additional problems. Comparison with a TDR/TDT response that 
is measured directly with TDR scope requires modeling with the step function with the shape and 
spectrum matching the one used in the experiment. A similar procedure is required for the eye diagrams. 
Use of the ideal ramp step functions or PRBS with ideal trapezoidal shaped pulses may obfuscate and 
distort the results.  Alternatively, measured and modeled S-parameters should be used to do all time 
domain computations with exactly the same stimuli matching the bandwidth of the model. It can be done 
in two ways – either with convolution with the impulse response computed directly from discrete S-
parameters with IFFT or with the rational approximation and fast recursive convolution as it is done 
here. The rational approximation is frequency-continuous and naturally extends S-parameters to DC and 
to infinite frequencies. It is also causal by definition if passivity is ensured. The accuracy of the time 
domain analysis in this case is defined only by the accuracy of the rational approximation. In other 
words, the accuracy is always under control, unlike in case of analysis with IFFT where interpolation 
and extrapolation introduce uncontrolled errors. In addition, the recursive convolution is exact for 
piecewise linear signals and is much faster than the direct convolution. Thus, we will naturally use the 
rational approximation for all time-domain computations here. After all decisions on the modeling are 
made, we run the post-layout analysis for all structures on the validation board and compare the 
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magnitudes of S-parameters, phase delays, TDR computed with Gaussian step with 20 ps 10-90% rise 
time and eye diagrams computed with 30 Gbps NRZ PRBS signal with 25 ps rise and fall time generated 
with LFSR with order 32.  

Let’s first simulate the differential links used to extract GMS-parameters at the material model 
identification step, to see how the model scales for longer segments. Fig. 7.1 illustrates the analysis of 
the complete 10 cm (about 4 inch) differential stripline link in layer INNER6 with the de-compositional 
electromagnetic analysis in Simbeor software. The link is divided into single-ended and differential 
microstrip segments and connector + launch discontinuities at four ends. The results of the validation are 
shown in Fig. 7.2-7.4. Measured and modeled magnitudes of the single-ended S-parameters are 
compared in Fig. 7.2. There is good correspondence in the insertion loss, FEXT (due to matching odd 
and even modes as shown in Fig. 6.4) and NEXT up to about 30 GHz (what is going on above 30 GHz is 
explained in section 8). Though we can see some differences in the reflection parameter starting from 
about 10 GHz and having impact on the insertion loss around 30 GHz. 

 

 
Fig. 7.1. De-compositional electromagnetic model of the diff. stripline link in layer INNER6  

                    (Simbeor). 
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Fig. 7.2. 10 cm diff. strip link in layer INNER6 – measured and modeled magnitudes of single-ended  

                      S-parameters. 

  
Fig. 7.3. 10 cm diff. strip link in layer INNER6 – measured and modeled mixed-mode S-parameters  

   magnitude (left plot) and phase delay for diff. and common mode transmission parameters (right plot). 
 

 
Fig. 7.4. 10 cm diff. strip link in layer INNER6 – single-ended (left plot) and mixed-mode (right plot)  

                     measured and modeled TDRs. 
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Magnitudes and phase delays of the mixed-mode S-parameters are compared in Fig. 7.3. Again, we 
can observe good correlation in the insertion losses and transmission phase delays. Though, the model 
predicts practically no mode transformations due to geometrical symmetry of the structure, but in reality 
we can observe the modal transformation at around –30 dB. Single-ended and mixed-mode TDRs shown 
in Fig. 7.4 reveal possible reasons of the mismatch in the reflection and mode transformation parameters 
–we can see about 1 Ohm impedance variations along the strips (close to the expectations based on the 
data provided by manufacturer – see Fig. 3.1). There is also see about 3 Ohm difference between the 
model and measurement at the connector to launch interface. That will be further investigated, to 
improve the model. Notice that the connector impedance came out closer to 51.5 Ohm, instead of 50 
Ohm claimed by the manufacturer. A model from manufacturer or based on the connector geometry 
would not be very helpful in such case (it is usually very close to 50 Ohm). The variations along the 
traces have statistical nature and cannot be directly accounted for in the model. It can be done only if 
statistical distributions for strip width, dielectric thickness and possible variations of the dielectric 
parameters are known. Evaluation of the statistical manufacturing distributions should be done for each 
manufacturer or provided by the manufacturer. The alternative is to go with more accurate 
manufacturing process.  

 

 
Fig. 7.5. 10 cm diff. microstrip link in layer BOTTOM – measured and modeled magnitudes of  

                     single-ended S-parameters. 

 
Fig. 7.6. 10 cm diff. microstrip link in layer BOTTOM – measured and modeled mixed-mode S- 

                     parameters magnitude (left plot) and phase delay for diff. and common mode transmission  
                     parameters (right plot). 
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Fig. 7.7. 10 cm diff. microstrip link in layer BOTTOM – single-ended (left plot) and mixed-mode  

                     (right plot) measured and modeled TDRs. 
 
Results of validation for the 10 cm microstrip link in layer BOTTOM are shown in Fig. 7.5-7.7. We 

can observe good correlation of single-ended transmission, FEXT and NEXT up to 30 GHz shown in 
Fig. 7.5. Though the measured reflection is larger than expected from about 10 to 25 GHz. Similar 
differential mode reflection mismatch can be observed in Fig. 7.6. The reason is probably the same as in 
the case of stripline – the mismatch at the connector to launch interface and impedance variation along 
the traces visible on the TDR plots in Fig. 7.7. The variations on TDR plots also explain the geometrical 
un-symmetry of the actual link and non-zero modal transformation parameters as the consequence as 
shown in Fig. 7.6. Note that widths and shape of all microstrip traces and solder mask layer parameters 
were adjusted as identified in the section 5. Without such adjustments, the measured and modeled 
impedances are about 3 Ohm off for the single-ended traces and about 6 Ohm off for the differential 
traces. Amazingly, this difference is within the expected 8% impedance variations (see Fig. 3.1).  

To validate the dielectric and conductor roughness models, we can use the Beatty standard. It is a 
link with 2.5 cm wider strip section in the middle as shown in Fig. 7.8. Measured and modeled 
magnitudes of S-parameters are shown in Fig. 7.9. It is difficult to see where the resonances in the 
reflection are – resonance frequencies can be used to validate the dielectric model [1]. If the loss 
separation technique did not work, the dielectric will have lower or higher losses. That causes different 
dispersion in the real part of permittivity and shift of the resonances as the consequence. Unfortunately, 
the resonances in the reflection parameters are not clean with the presence of the connectors and 
launches. To eliminate the effect of them, we use de-embedding procedure based on the test fixture S-
parameter extraction from S-parameters measured for 2 single-ended stripline segments in layer 
INNER6 and the cross-section model constructed during the material model identification with GMS-
parameters in section 6. This de-embedding technique is available in Simbeor software. In this case the 
de-embedding is possible only up to 30 GHz due to the launch localization issues (see section 8). 

  
Fig. 7.8. De-compositional analysis of the structure D2 – Beatty strip standard in layer INNER6. 
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Fig. 7.9. D2 Beatty strip standard in layer INNER6 – measured and modeled magnitudes of S- 

                     parameters for complete link (left plot) and for the structure without connectors and  
                    launches (de-embedded). 

 
Fig. 7.10. Beatty strip standard in layer INNER6 – transmission phase delay (left plot) for the  

                      complete and de-embedded structures and TDR for the complete link (right plot). 
 
De-embedding is done to the boundaries of the launch discontinuity selectors (see Fig. 7.8). The de-

embedded results are shown in the right plot of Fig. 7.9 – we can see good correlation in the resonance 
frequencies and insertion loss. Phase delays for the complete and de-embedded modes are compared in 
Fig. 7.10 on the left plot. Measured and simulated TDRs of the complete link are shown in Fig. 7.10 on 
the right plot. Overall we can conclude that the dielectric and conductor roughness models are 
acceptable for the analysis of the strips within some range of widths.  

An example of more realistic link with 2 differential backdrilled vias is the C2 structure shown in 
Fig. 7.11. This vias were cross-sectioned and the reality was about 30 um longer stubs (accounted in the 
analysis). This is very close to the expectations, considering the via performance. Measured and 
modeled single-ended S-parameters are compared in Fig. 7.12. There is visible mismatch in the 
transmission and reflection above 10 GHz and in FEXT and NEXT above 25-30 GHz. Differential 
transmission and reflection are shown in Fig. 7.13 on the left plot. The model predicts smaller reflection 
and transmission from about 10 to 25 GHz. Though, overall the result is acceptable. Differential and 
common mode phase delay correlate very well up to about 30 GHz as shown in Fig. 7.13 on the right 
plot. Further investigation with TDR shown in Fig. 7.14 reveals possible source of discrepancies – it is 
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the same mismatch and the connector to launch boundary and the impedance variation along the 
microstrips and strips observed in the other cases. Notice that the stripline impedance is more consistent 
with the expectations (closer to 100 Ohm differential), unlike the microstrip (about 105 Ohm).  

 

 
Fig. 7.11. C2 link with 2 backdrilled vias and traces in BOTTOM (microstrips) and INNER6 (strips). 
 

 
Fig. 7.12. C2 link with 2 backdrilled vias – measured and modeled magnitudes of single-ended S- 

                       parameters. 

 
Fig. 7.13. C2 link with 2 backdrilled vias – measured and modeled mixed-mode S-parameters 

magnitude (left plot) and phase delay for diff. and common mode transmission parameters (right plot). 
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Fig. 7.14. C2 link with 2 backdrilled vias – single-ended (left plot) and mixed-mode (right plot)  

                       measured and modeled TDRs. 
 

 
Fig. 7.15. C2 link with 2 backdrilled vias – comparison of measured and modeled eye diagrams for  

                       30 Gbps NRZ signal (no random jitter). 
 
Finally, comparison of the measured and modeled eye diagrams for 30 Gbps NRZ signal without 

random jitter is shown in Fig. 7.15. Despite all those discrepancies in the reflection and TDRs, 
unexpected mode transformations and problems above 30 GHz the eyes are very close to each other. 
Only formal analysis reveals about 7% difference in the vertical opening. The horizontal openings are 
practically the same. The measured vertical eye opening is smaller due to slightly larger insertion loss at 
about 15 GHz due to larger reflections (or cut of S-parameters below 70 MHz). These reflections are 
caused by the connector-to-launch mismatch and the manufacturing impedance variations. With small 
differences in S-parameters up to 30 GHz, one should expect almost identical eyes. On the other hand, 
when the measured and modeled eyes are visually different, it usually means big differences in the 
measured and modeled S-parameters and TDRs. This example shows that the eye comparison is the least 
informative metric. Though, it is practically important to gain the confidence in the approach. Thus we 
do it only for some test structures. Comparisons and observations for all other structures on the 
validation board are provided in the complete report [9]. In conclusion to this section, we can state that 
the models obtained following the formal procedure have accuracy acceptable up to about 30 GHz that 
is sufficient for the analysis of PCB links for 30 Gbps NRZ signals.  
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8. Reality above 30 GHz (complimentary) 
Investigation of measured S-parameters above 30 GHz may be the most interesting part of this 

project. The first peculiarity observed in the measured insertion loss for the straight traces was the 
resonances around 33 GHz as shown in Fig. 8.1. The resonances were observed in S-parameters 
measured with TDNA and all VNAs. It is known that the fiber weave effect may cause the resonances 
due to periodic loading of the traces. In this case we should observe the reflections at the same 
frequency – periodic changes of the impedance should reflect energy. In this case, we did not observe 
peaks in the reflection parameters as shown in Fig. 8.1 on the right plot. So the fiber weave effect was 
ruled out. When we have looked at the near end and far end crosstalk parameters (NEXT and FEXT), we 
have observed matching peaks as shown in Fig. 8.2. A de-compositional model of the links with 
separate models for launches and transmission lines did not predict this coupling. Though, the 
electromagnetic analysis of the launch showed that the energy leaks at the launches of the wider gaps 
between the vias as illustrated in Fig. 8.3 at 33 GHz.  

 

 
Fig. 8.1. Differential insertion loss (left plot) and reflection loss (right plot) for 3 differential links. 
 

 
Fig. 8.2. Single ended insertion loss (left bottom plot) and near end crosstalk (NEXT, right top  

                           plot) and far end crosstalk (FEXT) for 3 differential links. 
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Fig. 8.3. Instantaneous power flow density at the microstrip launch at 33 GHz. The  

                           electromagnetic field is confined by the closely spaced stitching vias but “leaks”  
                           through the wider gap between the vias at the strip side. 

 

 
Fig. 8.4. Stitching vias along the traces form waveguides with the cutoff frequencies 29 and 32  

                           GHz. Waves can propagate in such waveguides at any stackup layer as illustrated on  
                           the right. 

 
The energy simply leaks into the substrate integrated waveguides (SIW) formed by rows of the 

stitching vias along the traces, propagates along the waveguide and can be transferred to all other ports 
in the structure. Every plane pair in this configuration forms the SIW and transmits the waves in addition 
to the stripline or microstrip lines. Pairs with larger distance transmit more energy (wave attenuation is 
smaller for planes with larger distance). The analysis of this effect requires analysis of the link as a 
whole – this is time consuming, but not necessary. We can simply predict such behavior with the 
analysis of the launch and evaluation of the cutoff frequency for the SIW.  

Note that the striplines are waveguides with two reference planes and the equipotentiality must 
always be enforced with stitching vias, to have predictable behavior at the microwave frequencies. To 
extend the frequency range of the interconnects up to 40-50 GHz, here are some recommendations: 
 
• Launch return vias should be closer to the signal via – the distance between the vias can be used to 

evaluate the upper localization frequency. 
• Gaps between the stitching vias on the strip side should be as small as possible. 
• Stitching vias along the strips should be closer to the strip – cutoff frequency of SIW can be used to 

compute this distance and the effect of the vias should be evaluated, to avoid the periodic loading. 
 



 30 

 
Fig. 8.4. Ripples in the TDT response of the meandering stripline in layer INNER6. 

 
Fig. 8.5. Instantaneous power flow density in the meandering stripline (left) – power flows along the  
              traces and along the SIW formed by stitching vias (right). 

 
Another peculiarity observed in the measurements was the ripples in the TDT response for the 

meandering stripline as shown in Fig. 8.4. It looks like a non-causality at the first glance, but it is 
actually the multipath propagation phenomenon caused by the “leaks” from the launches and energy 
transmission through the SIW formed by the solid planes and rows of stitching vias as illustrated in Fig. 
8.5. The power propagates along the strips and also along the SIW as visible on the left and right plots in 
Fig. 8.5. 

Finally, coupling between the ports in two different stripline links in layer INNER6 was measured as 
shown in Fig. 8.6 Ideally, the coupling should be zero, but in reality it is below -70 dB up to 25-27 GHz 
and grow at higher frequencies. To reduce such coupling, more stitching vias should be placed between 
the structures and all over the board. Note that this is applicable not only for the stripline reference 
planes, but to all parallel plane structures – the energy can be transferred between any pair of planes. 
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Fig. 8.6. Measurement setup to evaluate coupling between ports in two different stripline links (left) and  
               coupling parameters (right plot). 
 

9. Conclusion 
“Sink or swim” validation process [3] has been successfully used in this “practical” analysis-to-

measurement validation project. So far, the acceptable analysis-to-measurement correlation has been 
reached up to 30 GHz on the most of the structures. Technically, this is sufficient for the reliable 
analysis of 28-32 Gbps links. Design of launches and reference plane stitching localization degraded the 
correlation above 30 GHz. These effects are difficult to simulate and to predict even for simple 
validation boards. Also, the reality is that the accurate prediction of PCB behavior at the millimeter 
bandwidth up to 40-50 GHz with the typical trace width and low-cost manufacturing process with large 
geometry variations is very ambitious goal and maybe not even possible. It would be practically 
impossible to include all those variations in the analysis because of lack of the statistical distributions of 
the board geometry and material parameters. In addition to the statistical manufacturing variations, 
considerable differences in the microstrip trace geometry have been discovered during cross-sectioning. 
The bottom line – do not expect excellent analysis to measurement correlation with the low cost 
manufacturing processes and without cross-sectioning of the board! To extend the predictability up to 
40-50 GHz, manufacturing tolerances should be substantially reduced, or trace widths increased and 
more homogeneous dielectrics used (or all of the above). The specificity of the signal integrity problems 
also dictates very strict requirements for the measurement equipment – accuracy at low and high 
frequencies is equally important. The reality is that not all measurement equipment satisfies such 
requirements and this not the common knowledge. Anyone with plans to purchase the equipment (or 
EDA tools) should try it first without regards to the vendor profile and have software or an expert in the 
team to evaluate S-parameters quality and validity. The validation boards are the excellent tool to do 
that. The measurement and EDA tools may be very expensive and not as accurate as claimed by the 
vendors. The selection of the measurement equipment and components caused substantial delay in this 
project. Here are some other practical observations from the project:  
 

• Identified dielectric parameters are very close to the vendor specs. 
• Conductor roughness is the major contributor to the signal degradation – analysis without proper 

conductor roughness models is useless. 
• Causal Huray-Bracken conductor roughness model provided good correlation in the losses and in 

the TDR impedance. 
• Cross-sectioning revealed that the stripline traces are very close to the adjusted trace geometry 

provided by manufacturer, however, the microstrip cross-sections are very different. 
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• Measurements should be planned in advance to have all matching parts (cables/connectors). 
• Layout needs careful inspection before and after the manufacturing. 
• Naming for stackup & nets should be consistent through the whole design/manufacturing cycle. 
• To simplify comparisons, port numeration should be consistent in models and measurements. 
 
In conclusion we should state that this is an ongoing project and we keep investigating obtained data  

     in preparation for the next validation board. We expect it will be actually predictable up to 40 GHz.  
 
Acknowledgments   
The authors gratefully acknowledge Ingvar Karlsson, Kunia Aihara, Davood Khoda, Kenneth  

     Jonsson, Matti Nuutinen, Andreas Agerstig and Magnus Svevar for valuable help during this lengthy  
     project. 

 
References  

1. Y. Shlepnev, A. Neves, T. Dagostino, S. McMorrow, Measurement-Assisted Electromagnetic 
Extraction of Interconnect Parameters on Low-Cost FR-4 boards for 6-20 Gb/sec Applications, 
DesignCon2009. 

2. D. Dunham, J. Lee, S. McMorrow, Y. Shlepnev, 2.4mm Design/Optimization with 50 GHz Material 
Characterization, DesignCon2011. 

3. Y. Shlepnev, Sink or swim at 28 Gbps, The PCB Design Magazine, October 2014, p. 12-23. 
4. W. Beyene, Y.-C. Hahm, J. Ren, D. Secker, D. Mullen, Y. Shlepnev, Lessons learned: How to Make 

Predictable PCB Interconnects for Data Rates of 50 Gbps and Beyond, DesignCon2014. 
5. Y. Shlepnev, Broadband material model identification with GMS-parameters, Proc. of 2015 IEEE 

24st Conf. on Electrical Performance of Electronic Packaging and Systems (EPEPS'2015), San Jose, 
2015. 

6. Y. Shlepnev, Y. Choi, C. Cheng, Y. Damgaci, Drawbacks and Possible Improvements of Short Pulse 
Propagation Technique, Proc. of 2016 IEEE 25st Conf. on Electrical Performance of Electronic 
Packaging and Systems (EPEPS'2016), pp. 141-143, October 23-26, 2016, San Diego, CA. 

7. J. Martens, B. Buxton Signal Integrity: Frequency Range Matters!, Anritsu app note 
8. Sensitivity of PCB Material Identification with GMS-Parameters to Variations in Test Fixtures – 

Simberian app note #2010_03. 
9. M. Marin, Y. Shlepnev, 40 GHz PCB Interconnect Validation: Expectations vs Reality – complete 

report and solutions, available on request. 

https://dl.cdn-anritsu.com/en-us/test-measurement/files/Technical-Notes/White-Paper/11410-00661B.pdf
http://www.simberian.com/AppNotes/MaterialIdentificationSensitivitySE_2010_03.pdf

	DesignCon 2018
	40 GHz PCB Interconnect Validation: Expectations vs Reality
	Abstract



