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SUMMARY: In last month’s column, Barry Ol-
ney discussed how magnetic fields revolve around 
the earth and how these fields are also present in 
a multilayer board. Part 2 will look at how elec-
tromagnetic fields influence transmission lines and 
how they can be applied in a BEM field solver.

In last month’s column, Electromagnetic 
Fields: Part 1, we looked at how magnetic fields 
revolve around the earth and how these fields 
are also present in a multilayer board. In Part 2, 
we will look at how electromagnetic fields influ-
ence transmission lines and how they can be 
applied in a BEM field solver.

Maxwell’s Equations describe the relation-
ship between electric and magnetic fields. These 
equations describe the field strength and cur-
rent density within a closed-loop environment. 
They require extensive knowledge of higher-
order calculus, so I will not bore you (or me) 
with further details. However, much insight 
into high-speed design can be gained by under-
standing the behavior of transmission lines and 
their associated electromagnetic fields.

In Figure 1, copper is poured around the dif-
ferential pair. This configuration is commonly 
used in RF design and called coplanar wave 

guides. As mentioned in my previous column 
Ground Pours: To Pour or Not to Pour?, this is 
not a particularly good strategy for high-speed, 
digital design as it tends to alter (lower) the im-
pedance of traces that run adjacent to a ground 
pour area. The traces of the differential pair 
are still coupled to each other and the ground 
plane, but are also coupled to the copper pour. 
This will reduce the impedance by ~25% and 
provide little additional shielding as the ground 
plane below is already used as a reference plane.

Figure 2 shows how the fields interact for 
two common stripline configurations: edge 
coupled differential (top) and offset, broadside 
coupled differential (bottom). In the top exam-
ple, the traces are closely coupled to each other 
and also to the ground plane above. Since they 
are located much closer to that plane, the fields 
follow the path of least inductance rather than 
coupling to the plane further below (although it 
does have some influence).

In this case, the ground plane above will be 
used for the current return path of the signal. 
It is crucial to understand which plane will be 
used for the return current path. In general, for 
offset striplines, whichever plane is closest to 
the trace has the most influence on impedance. 
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Figure 1: $IFFERENTIAL฀PAIR฀AS฀A฀COPLANAR฀WAVE฀GUIDE�
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Smack in the middle – both planes are equally 
important. But this would not be a good layout 
approach as both would also equally act as the 
return path. Therefore, a deliberate offset is ad-
vised to eliminate this possibility and to be ab-
solutely sure that the correct plane will be used 
for the return path.

In the bottom example, each trace is cou-
pled to the nearest plane and loosely (offset) 
broadside coupled to each other. This coupling 
should be avoided in multilayer boards as it 
causes crosstalk. It is best to route these two 
signal layers orthogonally or better still – only 

have one signal layer be-
tween planes to totally 
eliminate this issue.

The impedance of 
broadside coupled traces 
is affected by the me-
chanical registration of 
layers of the substrate 
during the fabrication 
process. IPC recom-
mends layer-to-layer reg-
istration between any 
two adjacent layers to 
be within two mils. As 
you can imagine, the 
likelihood of two traces 
aligning perfectly is low. 
For instance, for a 4-mil 
trace, it could well be that 
there is only an overlap 
of two mils. One possible 
application where broad-
side coupling may have 
an advantage over edge 
coupled traces, is when 
routing an interleaved 
bus on a backplane – 
routing a number of dif-
ferential pairs through a 
succession of connector 
pin fields where only a 
single trace fits between 
pins.

A boundary ele-
ment method (BEM) 
field solver, such as that 
integrated in the ICD 

Stackup Planner, harnesses the field charges sur-
rounding the traces to calculate an impedance 
matrix. The boundaries (both dielectric/metal 
and dielectric/dielectric) are split into many el-
ements and each element is assumed to have a 
uniform charge density. Hence, small elements 
are needed where the charge density changes 
rapidly and larger elements where the charge 
density is more uniform. Defining the elements 
is as much an art as a science and this all im-
pacts on the speed of simulation. Green’s Theo-
rem Method and the matrix inversion yield a 
solution of an integral equation.

beyond design

Figure 2:฀%DGE
COUPLED฀DIFFERENTIAL฀�TOP	฀AND฀BROADSIDE฀COUPLED฀
DIFFERENTIAL฀�BOTTOM	�
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beyond design

To increase simulation speed, ICD has de-
veloped unique, proprietary algorithms to au-
tomatically adjust the solution space relative to 
the defined variables.

In Figure 3, I have roughly drawn in the 
fields that would be seen by the field solver 
software.  A 16-element impedance matrix is re-
quired to extract all the values of the stripline 
configuration (layer 3 & 4) where there are two 
signal layers between the planes. 

Equation 1 

where Zdiff is edge coupled and Zdbs is 
broadside coupled differential impedance

The impedance matrix gives the impedance 
of the system of coupled nets in the coupling 
region. The values in the diagonal matrix posi-
tions (example Z12 and Z21) can be thought of 
as giving the impedances to ground of the cor-
responding nets, accounting for the presence of 
the other nearby, coupled traces. When an IC 
drives into one of the lines, however, it “sees” 
not only the diagonal impedance for that line, 
but also some of the off-diagonal terms in the 
matrix. 

For traces that are only weakly coupled, 
the diagonal impedance terms are dominant, 
and the diagonal values are close to what they 
would be if the lines were completely isolat-
ed from each other. As the coupling becomes 
stronger, the diagonal terms deviate more from 
their standalone values, and the off-diagonal 
terms increase.

If the configuration is microstrip or em-
bedded microstrip (rather than stripline), and  
the electromagnetic fields they generate lie  
in a mixture of dielectrics (e.g., FR-4 and air), 
then multiple propagation velocities exist per 
line.

Much insight into high-speed design can 
be gained by understanding the behaviour of 
transmission lines and the influence of their as-
sociated electromagnetic fields. Controlled im-
pedance design can be simplified and the path 
of the return current can be visualized by un-
derstanding the field coupling. 

Points to remember:

s฀ -AXWELL�S฀ %QUATIONS฀ DESCRIBE฀ THE฀ RELA-
tionship between electric and magnetic fields. 
Green’s Theorem method and the matrix inver-
sion yield a solution of an integral equation.

s฀ 2ETURN฀ CURRENT฀ PATHS฀ FOLLOW฀ THE฀ PATH฀ OF฀
least inductance rather than coupling to a plane 
further away.

s฀ &OR฀ OFFSET฀ STRIPLINES�฀ WHICHEVER฀ PLANE฀ IS฀
closest to the trace has the most influence on 

Figure 3:฀4HE฀ELECTROMAGNETIC฀lELDS฀AS฀SEEN฀BY฀THE฀lELD฀SOLVER฀IN฀THE฀)#$฀3TACKUP฀0LANNER�
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impedance. A deliberate offset is advised to 
eliminate this possibility and to be absolutely 
sure which plane will be used for the return 
path.

s฀4HE฀IMPEDANCE฀OF฀BROADSIDE฀COUPLED฀TRAC-
es is affected by the mechanical registration of 
layers, of the substrate, during the fabrication 
process and should be avoided.

s฀!฀"%-฀lELD฀SOLVER�฀SUCH฀AS฀THAT฀INTEGRATED฀
in the ICD Stackup Planner, harnesses the field 
charges surrounding the traces to calculate an 
impedance matrix.

s฀ 4HE฀ IMPEDANCE฀ MATRIX฀ GIVES฀ THE฀ IMPED-
ance of the system of coupled nets in the cou-
pling region.   PCBDESIGN
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