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Abstract 
Imbalanced weakly and strongly edge-coupled differential pairs on printed circuit boards (PCBs), both microstrip (MS) and 
stripline (SL), are studied under different conditions using mixed-mode S-parameters. The rate of coupling between the lines 
influences both signal integrity (SI) and electromagnetic compatibility (EMC) of the PCB design. Weakly coupled lines are 
preferable for SI, but this is not always the case for EMI. Common-mode and mode conversion that negatively affect EMC 
are typically higher in the weakly coupled cases than in the corresponding strongly-coupled. This is due to technological 
factors such as the difference in lengths of lines in a differential pair; trapezoid cross-section of signal traces; copper foil 
roughness; solder mask over microstrip lines; and presence of an epoxy-resin pocket between the stripline traces. In this 
work, results of 3D full-wave numerical electromagnetic modeling, taking into account these various technological features, 
are compared with the measured results on the designed test fixtures.  
 
Introduction 
Differential signaling plays an important part in high-speed digital design due to high immunity, low cross-talk, and 
potentially reduced EMI problems. Currently, high-speed serial link interfaces, e.g., USB, Ethernet, InfiniBand, PCI Express, 
Serial Attached SCSI, operate in the differential signal mode at data rates ranging from a few to tens gigabit-per-second.  

Important information for both signal integrity (SI) and electromagnetic compatibility (EMC) [1], [2] can be extracted from 
the hybrid, or mixed-mode S-parameters (Sdd, Scc, Scd, and Sdc) of differential nets on printed circuit boards (PCBs). Loss and 
frequency dispersion on a line depend on the electromagnetic properties of PCB materials - substrate dielectric and copper 
foil. Lines in a differential pair can be strongly (tightly) coupled or weakly (loosely) coupled. The rate of coupling depends 
on a ratio of the separation distance between the lines to the substrate height, s/h. 
 
The differential mode (DM) quality determines SI and is associated with the frequency dispersion and loss of the line. The 
common mode (CM) is always present on a differential pair and may become a source of unwanted electromagnetic 
interference (EMI). This is especially true at multigigabit per second data rates in the I/O connector areas, where the 
transmission lines experience discontinuities and lack of shielding. Imbalanced differential microstrip lines on the top (or 
bottom) layers of a PCB may be the direct source of EMI. Imbalanced differential striplines on the inner layers of a PCB may 
also cause unwanted radiation, if the lines come with a certain distance to an edge of the board. In addition to DM and CM, 
the imbalanced differential pairs produce mode conversion from CM to DM that affects SI, and conversion from DM to CM 
that may contribute to EMC/EMI problems. The higher the imbalance, the more mode conversion takes place.  For this 
reason, there are restrictions on known sources of imbalance, such as line length differences in a differential pair in high-
speed digital designs. 

 
The imbalances in edge-coupled microstrip lines with a bend-type discontinuity, i.e., length difference, were studied 
numerically and experimentally in [3]. There were two types of coupling between lines: strong (tight) coupling (h>s) and 
weak (loose) coupling (h<s), where h is the thickness of the substrate, and s is the edge-to-edge separation of the traces. The 
differential impedance in both cases was 100Ω over the frequency range below 10 GHz. In [3], it was shown that the weak 
coupling is preferable from both SI and EMI points of view.  

 
Indeed, weakly coupled differential pairs are widely used in high-speed PCB designs [4]. However, strong coupling of signal 
traces may be desirable for space saving purposes. Then the question arises: how close can the lines be pushed together 
without compromising SI and EMC requirements? It is known that placing differential lines closer to each other reduces the 
widths of traces, and this always increases losses, especially at the higher frequencies.  
 
Another issue is how various technological features, e.g., frequency dispersive nature of laminate dielectric, conductor 
surface roughness, trapezoid shape of cross-sections of traces, possible “epoxy pockets” (EP) between the lines, etc., affect 
the DM, CM, and mode conversion on the loosely and tightly coupled lines, if there are significant imbalances and 
mismatches on the transmission path? In this work, MS and SL differential pairs, weakly and strongly coupled, with 



imbalanced line lengths are studied numerically using finite integral technique (FIT) [5], and various technological effects are 
taken into account up to 40 GHz.  
 
None of these technological factors were considered in [3]. However, they were implemented in [6], where edge-coupled 
microstrip differential pairs, straight and bent, with different length imbalances were modeled numerically, but only as 
weakly-coupled cases. In [7], both weak- and strong-coupled cases (microstrip and stripline), taking into account some 
technological factors, were studied numerically, but not experimentally. It was demonstrated numerically that weakly and 
strongly coupled imbalanced differential pairs behave differently over the wide frequency range. It was shown that though 
the weakly coupled lines are preferable for SI, due to some technological factors, e.g., conductor surface roughness, trapezoid 
traces, and epoxy pockets between the traces, CM and mode conversion may be higher in the weakly-coupled cases than in 
the corresponding strongly-coupled, resulting in EMI problems. In this work, some experimental justification of the results 
observed in the numerical modeling is given.  
 
Description of Electromagnetic Models 
All the numerical electromagnetic simulations are run usingFIT solver [5]. The model outline for a differential pair, either 
microstrip or stripline, is shown in Figure 1. The structures in the general case are asymmetrically placed on a PCB (ht1≠ht2) 
and have line length imbalance (L1≠L2). Ports 1 and 3 are on one side of the board, and Ports 2 and 4 are on the other. 
 
The cross-sectional views of microstrip and stripline structures are shown in Figure 2. Copper foil roughness is modeled as 
effective roughness dielectric (ERD) [8], [9]. In some stripline cases, an epoxy-resin pocket (EP) between the traces is 
modeled, as is shown in Figure 2(b). The dielectric properties of this pocket are different from the homogenized parameters 
of the dielectric matrix where these traces are embedded. This provides different conditions for propagating CM and DM, 
since the DM fields are concentrated between the traces, while the CM fields are mainly between the traces as a whole and 
the ground planes. 
 

 
Figure 1– Schematically Shown Modeled PCB Structures 

 
Figure 2 - Cross-sections of Modeled Microstrip (a) and Stripline (b)Differential Pairs   

 
The cross-sections of all the modeled structures, both weak- and strong-coupled, provide the 100-Ω differential impedance. 
The signal traces are either rectangular (900), or trapezoid with the base angle of 600 or 450with respect to the horizontal 
planes of the trace. 
 
In all the cases, the dielectric matrix was modeled as the dispersive PPO Blend with the parameters as in [8], [9]. The 
frequency characteristics of its dielectric constant (DK) and dissipation factor (DF) are presented in Figure 3. These 
dielectric data were refined from copper roughness effects using the improved differential extrapolation roughness 
measurement (DERM) technique [10] and conductor roughness profile quantification using SEM pictures [11]. 
 
An equivalent ERD layer corresponding to the standard (STD) foil is placed under the traces. STD foil is smooth on the 
“oxide” (drum) side, and is rough on the “foil” (matte) side. Since roughness on the “oxide” side of STD is significantly 
lower than that on the “foil” side, the ERD layer is modeled on the “foil” side only. The parameters of the ERD 
corresponding to STD foil are taken according to the design curves in [8], [9]. The average peak-to-valley roughness 
amplitude of the STD foil is Ar=6.2 µm; the ERD layer thickness in the model is Tr=2Ar=12.4 µm. Its dielectric parameters 
are independent of frequency: εrough´=12 and tanδrough=0.17. The ground planes (GPs) in all the models have the same 
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Table 3- Mixed-mode S-parameters for Imbalanced (5 mil) Microstrip Differential Pair with 450 Traces 

 
 
As the trapezoid base angle becomes sharper, insertion losses for both DM and CM increase, especially when ERD and SM 
are taken into account. However, the increase of IL is only about 0.2-0.3 dB as compared to the rectangular traces at 40 GHz 
for the given lengths of the traces. As traces become longer, this difference may be substantial. 
 
As for comparing the insertion loss on CM and DM, it is seen that for all cross-sections of the traces, the insertion loss for 
DM is slightly smaller than that for CM in both weak- and strong-coupled cases.  

 
Mode conversion for trapezoid traces appears to be slightly larger in the weak-coupled case than for the strong-coupled. This 
is because of the more inhomogeneous field between the trapezoid traces as compared to the rectangular ones. The 600 traces 
give intermediate results between the 900 and 450 cases (see Tables 1-3); however, the difference is insignificant (fraction of 
a dB). Both ERD and SM damp mode conversion in the cases with trapezoid traces.  

 
B. Stripline Differential Lines 
The modeling results for edge-coupled stripline differential pairs are shown in Figures 13-18, and are also summarized in 
Tables 4-6. 
 
The insertion loss for the common mode is presented in Figure 13. In this case, conductor surface roughness is taken into 
account, but epoxy pocket is not modeled; instead, the homogeneous dielectric matrix is between the traces. From Figure 13, 
it is seen that CM damping is higher with weak coupling than with strong coupling. In the weak coupled case, the sharper the 
base angle of the trapezoid cross-section, the higher IL for the CM. But in the strong-coupled case, the 600 traces show the 
lowest IL for CM as compared to 450and 900 traces. This is related to the optimal redistribution of the fields between the CM 
and DM when ERD is present at 600 angle of the trapezoid trace. In Figure 14, ERD is not taken into account, and even 
though the epoxy pocket is modeled, there is less CM component insertion loss for the rectangular traces than for the 
trapezoid ones. However, the curves for 450 and 600 almost coincide for both strong and weak coupling. 
 
Figures 15and 16 demonstrate that the DM is more damped at the strong coupling than at the weak one. With ERD modeled, 
one can see that the 600 case in the least lossy as compared to 900 and 450 cases; the sharpest 450 case causes the highest loss 
for the DM. However, if the ERD is not taken into account, the cases for 600 and 450 are almost identical in both the strong 
and weak-coupled cases. Since the DM is mainly concentrated between the traces, where the epoxy pocket can be, the effect 
of the epoxy pocket is more significant as the lines are stronger coupled.  
 
Figures 17 and 18 show, respectively, the mode conversion (DM to CM) in the cases, when ERD is present and not present.  
When ERD is modeled, there is significant mode conversion enhancement (~10-15 dB) in the weak-coupled case for 
450traces, and just a slight increase (<2 dB) for the 600 as compared to the rectangular traces. However, when ERD is not 
modeled, even if there is an epoxy resin pocket between the traces, there is no such mode conversion enhancement. The cases 
for 600 and 450 almost overlap, while the rectangular traces result in the slightly higher mode conversion for the weakly 
coupled case.  
 
 







The analysis of Table 4 shows that for the lines with rectangular traces, weak and strong coupling produce very close results, 
with just slightly higher IL for the weak coupling case, when ERD is taken into account. Epoxy pocket results in additional 
insertion loss for DM in the stronger coupled case, but does not affect CM.  
 
However, for the trapezoid cases, there is a significant difference between weak and strong coupling, especially for the 450 
traces, see Tables 5 and 6. This is due to the stronger inhomogeneity of the fields around the trapezoid traces, so that the rate 
of coupling affects CM and DM differently. Weak coupling for the 450 case shows the largest mode conversion, while the 
mode conversion in the strong-coupled 600 case is the lowest. 
 
The weak and strong coupled striplines of different lengths (50 mm, 80 mm, and 100-mm) imbalanced by 0.127 mm (5 mils) 
were also compared. The results are presented in Table 7, and are also shown in Figure 18 for the weak-coupled lines with 
rectangular cross-section only. ERD was modeled in all these cases. 

From Figure 19 and Table 7, it is seen that the longer lines accumulate more IL for both DM and CM. The mode conversion 
also increases with the length of the line, though the relative imbalance reduces. This is most noticeable at lower frequencies. 
At higher frequencies (>30 GHz), there is a slight reduction of mode conversion level due to the increased losses (dielectric, 
conductor skin effect, and foil roughness) which tend to damp mode conversion as lines become longer.  

 
Table 4- Mixed-mode S-parameters for Imbalanced (5 mil) Stripline Differential Pair with Rectangular Traces 

 
 

Table 5- Mixed-mode S-parameters for Imbalanced (5 mil) Stripline Differential Pair with 600 Traces 

 
 



Table 6- Mixed-mode S-parameters for Imbalanced (5 mil) Stripline Differential Pair with 450 Traces 

 
 

Table 7- Line Length Effect for Imbalanced (5 mil) Stripline Differential Pair with Rectangular Traces 
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Conclusions

• Rate of coupling (strong vs. weak) in edge-coupled imbalanced differential 
pairs, both MS and SL, result in different behavior of mixed-mode S-parameters.

• For SI, weak coupling is preferable. However, this is not always the case for 
EMC.

• Mode conversion may be larger in the weak-coupled than in the strong-coupled 
cases, especially if the traces are trapezoid and other technological factors are 
considered. 

• Copper foil roughness may enhance the mode conversion. The most critical 
case for mode conversion enhancement is when there is weak coupling, 450

trapezoid traces, and significant roughness, especially at the lower frequencies. 
• Strong coupling usually results in the mode conversion damping, in both MS 

and SL cases, and may be beneficial from EMI point of view. 




