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SUMMARY: Before starting a PCB design, 
we need to plan the PCB stackup for optimized 
performance, ensure that the selected substrate  
materials are available and clearly document  
the stackup so that it can be fabricated to engi-
neering specifications.

Back in 1987, when I first started working 
on high-speed designs, the PCB stackup did 
not seem that important. If a board would not 
route, I simply added another couple of signal 
layers—problem solved. But that was running 
at a maximum frequency of 166 MHz, which at 
the time seemed fast.

Times have changed. Now, multi GB/s 
designs are becoming the “norm” and the 
stackup configuration, characteristic and 
differential impedance control are crucial to the 
performance and reliability of the product.

Rick Almeida of Downstream Technologies, 
Inc. pointed out in his article, “What to Look 

Forward to in 2012” (The PCB Magazine, 
January 2012) that “The growing importance  
of stackup design and analysis will be  
recognized. Today, there is a growing need to 
plan and design the stackup properly, as well 
as optimize it for better overall performance 
and communicate and document stackup 
information between engineering and 
fabrication.”

I have previously written on the topic as 
well, but perhaps some designers are not quite 
at this level, yet. Therefore, let’s look at some 
basic stackup configurations and briefly cover 
what is required for the fabrication process.

Dielectric Materials 
Before starting a PCB design, we need to  

plan the PCB stackup and ensure that the 
selected substrate materials are available  
from our chosen fabrication—a step that is 
regularly missed. Changing the stackup towards 

the end of the 
design process could 
mean changing 
trace widths and 
clearances to 
achieve the correct 
impedance, which 
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Figure 1: Isola 
FR406 and FR408 
dielectric materials.
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could create a lot of unnecessary work.
If we use the same materials that the 

fab shop stocks to build our stackup, then 
the impedance will be more accurate. If we 
just choose a convenient number, for core 
thickness, for example, then this may be up to 
3% different off from what is available; hence, 
the impedance will vary by 3%. 

The most widely used dielectric material is 
FR-4 and may be in the form of core or prepreg 
(pre-impregnated) material. Isola’s top selling 
materials are FR406 and FR408. While FR406 
sets the industry standard for basic multilayer 
PCB fabrication, FR408 is a high-performance 
FR-4 epoxy dielectric for improved signal 
performance. Its low dielectric constant and low 
dissipation factor make it an ideal candidate for 
broadband circuit designs requiring fast signal 
speeds or improved signal integrity. Also, the 
high glass transition temperature makes it 
compatible with ROHS compliant components 
and most FR-4 processes. Figure 1 illustrates the 
available core materials in the default Dielectric 
Library Editor of the ICD Stackup Planner 
(download from www.icd.com.au).

The core material is a thin dielectric (cured 
fibreglass epoxy resin) with copper foil bonded 
to both sides. For instance: Isola’s FR406/8 
materials include 2, 2.5, 3, 4, 5, 6, 7, 8, 10, 12, 
14, 18, 20, 21, 28, 31, 36, 39, 47, 59, 93 and 125 
mil cores. The copper thickness is typically ½ to 
2 oz (17 to 70 um). If you look at the datasheets 
from Isola (or any other manufacturer) these 
sizes are not very clear, so it is best to contact 
your fab shop for the details of the materials 
they stock.

The prepreg material is a thin sheet of 
fibreglass impregnated with uncured epoxy 
resin which hardens when heated and pressed 
during the PCB fabrication process. Isola’s 
FR406/8 materials include 1.4, 2.5, 2.9, 3.8, 4.5, 
and 6.5 mil prepregs that may be combined to 
achieve the desired prepreg thickness. These are 
the final thicknesses after processing (Table 1).

The most common stackup, known as the 
Foil Method, is to have prepreg with copper foils 
bonded to the outside on the outermost layers 
(top and bottom), then core alternating with 
prepreg throughout the substrate. An alternate 
stackup is called the Capped Method, which is 
the opposite of the Foil Method and was used 
by old-school military contractors, but may still 
be fabricated today.

The total substrate thickness is general-
ly 62 mils (1.6 mm) but may vary according 
to the application: 20, 31, 40, 47, 62, 93 and 
125 mils are other not-so-typical thicknesses. 
Obviously, as the layer count increases the total 
board thickness increases. Twelve layers is the 
limit for 62 mil substrates.

The configuration of the PCB stackup de-
pends on many factors, but whatever the re-
quirements, one should ensure that the follow-
ing rules are followed in order to avoid a pos-
sible debacle: 

s฀!LL฀SIGNAL฀LAYERS฀SHOULD฀BE฀ADJACENT฀TO฀
   and closely coupled to a reference plane, 
   creating a clear return path and 
   eliminating broadside crosstalk 
s฀4HERE฀IS฀GOOD฀INTERPLANE฀CAPACITANCE฀TO฀
   reduce inductance at high frequencies

FR406/8 Materials Final Thickness Combined Prepreg Materials = Total Thickness

106 1.4 106 + 106 = 2.8 mil

1080 2.5 1080 + 1080 = 5 mil 

2113 2.9 2113 + 2116 = 6.7 mil

2116 3.8 2113 + 2116 + 1080 = 9.2 mil

1658 4.5 2 x 2116 + 1658 + 7628 = 18.6 mil etc. 

7628 6.5 There are many combinations to achieve the 

  desired  thickness.

Table 1.

STACKUP PLANNING AND THE FABRICATION PROCESS continues
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s฀(IGH
SPEED฀SIGNALS฀SHOULD฀BE฀ROUTED฀
฀฀฀BETWEEN฀THE฀PLANES฀TO฀REDUCE฀RADIATION
s฀4HE฀SUBSTRATE฀SHOULD฀BE฀SYMMETRICAL฀WITH฀
฀฀฀AN฀EVEN฀NUMBER฀OF฀LAYERS�฀WHICH฀
฀฀฀PREVENTS฀THE฀0#"฀FROM฀WARPING฀DURING฀
฀฀฀MANUFACTURE฀AND฀REmOW
s฀4HE฀STACKUP฀SHOULD฀ACCOMMODATE฀A฀
฀฀฀NUMBER฀OF฀DIFFERENT฀TECHNOLOGIES
s฀#OST฀�THE฀BOSS�S฀MOST฀IMPORTANT฀DESIGN฀
฀฀฀PARAMETER	฀SHOULD฀ALSO฀BE฀ADDRESSED

)T฀ IS฀ NOT฀ ALWAYS฀ POSSIBLE฀ TO฀ CONlGURE฀ THE฀
STACKUP฀ TO฀ HAVE฀ BOTH฀ TIGHT฀ COUPLING฀ OF฀ THE฀
PLANES฀ AND฀ TIGHT฀ COUPLING฀ OF฀ THE฀ SIGNAL฀ LAYERS฀
TO฀ THE฀PLANES�฀ AS฀ THIS฀DEPENDS฀ON฀ THE฀NUMBER฀
OF฀ LAYERS฀ AND฀ THE฀ AVAILABLE฀ MATERIALS�฀ &OUR
฀
AND฀ SIX
LAYER฀ BOARDS฀ TYPICALLY฀ HAVE฀ THIS฀ ISSUE�฀
&ORTUNATELY�฀ THE฀ LOWER฀ LAYER฀ COUNT฀ BOARDS฀ ARE฀
GENERALLY฀USED฀FOR฀DESIGNS฀BELOW฀���-(Z฀SO฀THE฀
INTERPLANE฀CAPACITANCE฀MAY฀NOT฀BE฀AS฀IMPORTANT฀
AT฀THESE฀FREQUENCIES�

)N฀THE฀FOUR
LAYER฀BOARD฀�&IGURE฀�	฀THE฀SIGNAL฀
LAYERS฀ARE฀�฀��฀MILS฀FROM฀THE฀PLANE�฀WHICH฀HELPS฀
REDUCE฀ CROSSTALK�฀ AND฀ THE฀ SINGLE
ENDED฀ �:O	฀
AND฀DIFFERENTIAL฀ IMPEDANCES฀ �:DIFF	฀ARE฀��฀AND฀
����฀ RESPECTIVELY�฀ !฀ GOOD฀ RANGE฀ OF฀ IMPEDANCE฀
�:O	฀IS฀FROM฀��฀TO฀��฀OHMS�฀+EEP฀IN฀MIND฀THAT฀
LOWER฀ IMPEDANCE฀ WILL฀ INCREASE฀ THE฀ D)�DT฀ AND฀
DRAMATICALLY฀ INCREASE฀ THE฀ CURRENT฀ DRAWN฀ �NOT฀

GOOD฀ FOR฀ THE฀ 0$.	�฀ HIGHER฀ IMPEDANCE฀ WILL฀
EMIT฀MORE฀%-)฀AND฀ALSO฀MAKE฀THE฀DESIGN฀MORE฀
SUSCEPTIBLE฀TO฀OUTSIDE฀INTERFERENCE�฀

)N฀ ORDER฀ TO฀ COMMUNICATE฀ OUR฀ INTENT฀
TO฀ THE฀ 0#"฀ FAB฀ SHOP�฀ WE฀ NEED฀ TO฀ PRODUCE฀
DOCUMENTATION฀DETAILING฀THE฀REQUIRED฀MATERIALS�฀
)N฀&IGURE฀��฀THE฀CENTRE฀CORE฀OF฀��฀MILS฀THICKNESS฀
HAS฀BEEN฀REPLACED฀BY฀A฀CORE฀FROM฀THE฀$IELECTRIC฀
-ATERIALS฀ ,IBRARY฀ WHICH฀ FORTUNATELY฀ IS฀ ALSO฀ ��฀
MILS฀THICK�฀!LSO�฀IN฀ORDER฀TO฀GET฀A฀TOTAL฀OF฀�฀MILS฀
THICKNESS฀OF฀PREPREG฀BETWEEN฀LAYERS฀�฀AND฀��฀AS฀
WELL฀ AS฀ BETWEEN฀ LAYERS฀ �฀ AND฀ ��฀ TWO฀ SHEETS฀ OF฀
&2���฀����฀MATERIAL฀ARE฀USED�฀EACH฀TOTALING฀���฀
MILS�฀!S฀MENTIONED�฀WE฀CANNOT฀ALWAYS฀GET฀THE฀
EXACT฀ VALUE฀ AND฀ THIS฀ IS฀ WHERE฀ THE฀ INACCURACY฀
OCCURS�฀ 4HE฀ IMPEDANCE฀ :O฀ DROPS฀ BY฀ ���฀ OHMS฀
�����	฀AND฀:DIFF฀BY฀���฀OHMS฀�����	�฀!ND�฀THE฀
TOTAL฀BOARD฀THICKNESS฀REDUCES�

4HE฀ SIX
LAYER฀ BOARD฀ IN฀ &IGURE฀ �฀ AGAIN฀ HAS฀
CLOSE฀ COUPLING฀ BETWEEN฀ THE฀ SIGNAL฀ LAYERS฀ AND฀
THE฀PLANES�REDUCING฀CROSSTALK�฀4HE฀BULK฀OF฀THE฀
BOARD฀THICKNESS฀IS฀AGAIN฀MADE฀UP฀OF฀THE฀CENTRE฀
CORE฀ MATERIAL�฀ "ROADSIDE฀ COUPLING฀ BETWEEN฀
SIGNAL฀LAYERS฀IS฀REDUCED฀BY฀KEEPING฀SIGNAL฀LAYERS฀
�฀ AND฀ �฀ FAR฀ APART�฀ AND฀ CLOSE฀ TO฀ THE฀ REFERENCE฀
PLANES�฀ )DEALLY�฀ THESE฀ SIGNAL฀ LAYERS฀ SHOULD฀ BE฀
ROUTED฀ DIAGONALLY฀ �OR฀ AT฀ ��฀ DEGREES	฀ TO฀ EACH฀
OTHER฀TO฀MINIMIZE฀THE฀COUPLING�฀2OUTING฀PAIRS฀
SHOULD฀BE฀LAYERS฀�฀AND฀�฀�'.$฀REFERENCE	฀AND฀

STACKUP PLANNING AND THE FABRICATION PROCESS continues

Figure 2: Four-layer board.

Figure 3: Four-layer board with dielectric materials.



!PRIL฀����฀s฀4HE฀0#"฀-AGAZINE    43

4 and 6 (VCC reference). High-speed signals 
should be routed on the stripline layers 3 and 4 
to reduce EMI.

Figure 5 illustrates the completed stackup 
with all the dielectric materials defined, ready 
for pasting into the PCB specification and sent 
off with the Gerber and NC Drill data to the fab 
shop for manufacture.

Please see my previous article “The Perfect 
Stackup for High-speed Design” for information 
on additional stackups.

Points to remember:
s฀#ONTROL฀IMPEDANCE฀TO฀ENSURE฀PERFORMANCE฀

and reliability of the product
s฀+EEP฀THE฀SIGNAL฀LAYERS฀CLOSE฀TO฀THE฀PLANES฀

to reduce crosstalk
s฀ !VOID฀ BROADSIDE฀ COUPLING฀ BY฀ SEPARATING฀

the internal signal layers with bulk core material
s฀#OMBINE฀PREPREG฀AND฀CORE฀MATERIALS฀FROM฀

the datasheets, in the stackup, in place of the 
defaults to improve accuracy

s฀%NSURE฀THAT฀THE฀SELECTED฀SUBSTRATE฀MATERIALS฀
are available from your chosen fab shop  PCB
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STACKUP PLANNING AND THE FABRICATION PROCESS continues

Figure 4: Six-layer board.

Figure 5: Six-layer board with dielectric materials.
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