
Figure 1: Typical System End-to-End Transceiver Links
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A typical end-to-end transceiver link can be separated into three main components:

• PCB material
• stack-up design
• channel design

Designers must give careful consideration to each of these components to avoid degraded link performance.
Link optimization involves understanding and managing the first-order factors that impact signal performance
for each of the three components. For high-speed signal transmission, these first-order factors are:

• Signal attenuation
• Impedance control and discontinuities
• Crosstalk
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PCB Material Selection
The printed circuit board (PCB) material is the substrate upon which the channel design is constructed. It
consists of the core, prepreg dielectric layers, and copper foils stacked and glued together to from the complete
PCB stack-up. The dielectric and copper layers form the reference planes and routing layers for the channel
design. The sources of signal attenuation resulting from the PCB material include dielectric loss, conductor
loss, reflections due to mismatched impedance, and radiation loss. Losses due to radiation are usually very
small and can be ignored. The remaining losses can be attributed to the various properties of the material
choice. Material properties that directly affect the link performance include:

• Loss tangent (tan(δ)/Df)
• Dielectric constant (Er/Dk)
• Fiberglass weave composition
• Copper surface roughness

Loss Tangent and Dissipation Factor
Loss tangent (tan(δ)) (also referred to as dissipation factor (Df) by many PCB manufacturers) is a measure
of signal attenuation as the signal propagates down the transmission line. This attenuation is the result of
electromagnetic wave absorption in the dielectric material and is commonly known as dielectric loss. As
frequency increases, the dielectric loss also increases proportionally. Common material choices for high-speed
signal layers include Nelco 4000-13EPSI, Rogers 4350B, and Panasonic Megtron 6. For very high-Gbps
transceiver designs, Altera has successfully used Panasonic’s Megtron 6 material as the laminates for the
core and prepreg layers surrounding the high-speed routing layers.
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Figure 2: Comparison of Material Loss Tangent

Given the choice, select the material with the lower loss tangent to reduce signal attenuation from
dielectric losses.

Note:

Dielectric Constant
The dielectric Constant (Ɛr or Dk in many material datasheets) is a measure of the insulating properties of
the material and affects the capacitance of the conductor embedded within it as well as the speed of signal
propagation on the transmission line. Lower dielectric constant provides better insulation, faster signal
propagation, higher trace impedance for a given trace geometry and smaller stray capacitance.
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Figure 3: Stripline Differential Trace

Table 1: 100-Ω Stripline FR4 vs. Megtron-6 Construction

C (pF/in)Tpd
(ps/in)

Zdiff (Ω)Zo (Ω)H2 (mils)H1 (mils)T (mils)S (mils)W (mils)ErMaterial

3.5182100521170.71564.6FR4

3.1156100850.71563.4Meg-6

Consider a 100-Ω differential stripline pair constructed with an optimal trace width (W) of 6 mils and pair
separation (S) of 15 mils. For FR4, the total dielectric thickness is 18.7 mils (T+H1+H2). For the same trace
construction dimensions using Megtron-6 the total thickness is 13.7 mils. This reduction of total thickness
by 5 mils is significant because it quickly adds up for high density boards that require many signal layers.
For instance, a typical FPGA board with 6 stripline routing layers can result in 30 mils of PCB thickness
savings using the Megtron 6 vs. FR4. This can be the difference between boards that are easily manufactured
using standard via drilling processes vs. ones that require more expensive laser drilling techniques because
of the smaller board thickness to via aspect ratio. Furthermore, lower Ɛr results in faster signal propagation
(Tpd) and lower trace capacitance (C), which improves signal performance.

An additional consideration for Ɛr is that it usually decreases as frequency increases. Decreasing Ɛr affects
the transmission line in two ways:

• The trace impedance increases with decreasing Ɛr causing reflections that further degrade signal quality
• The signal velocity increases with decreasing Ɛr causing dispersion of the different harmonics that comprise

the digital signal. This results in increased phase jitter at the receiver

Always choose lower Ɛr with a flat frequency response for best signal performance and to reduce
signal dispersion that adds phase jitter.

Note:

Fiberglass Weave
PCB boards are constructed of strands of fiberglass yarn woven into bundles with epoxy resin to form the
fiberglass sheets that make up the core and prepreg laminates.
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Figure 4: Commonly Available Styles of Fiberglass Weaves

Since the dielectric constant of the fiber bundles and epoxy resin differ, the density of the fiber weaves affects
the uniformity of the dielectric constant of the laminate. Sparsely woven cores and prepregs have less uniform
dielectric constant and can result in impedance and signal velocity variations along the trace route. For
example, consider a differential pair trace routed over 7268 style fiberglass vs. the same pair routed over 106
style fiberglass. The 7268 glass will provide a more uniform dielectric constant since the copper traces will
always reside over the glass. However, traces routed over 106 style glass can result in having a differential
pair with one leg routed over glass while the other alternates between glass and resin. The main concern is
that each leg will have different impedances and skew in the differential signal. Although there are routing
techniques such as using zig-zag, jogged routing, and placing the complete board design at a slight cant on
the PCB panel to average out the on-weave/off-weave problem and mitigate the signal velocity variation,
these techniques trade off valuable board real estate while not fully resolving the impedance variation and
reflection problem. Additionally, these compensation techniques increases the trace lengths, causing additional
loss.
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Figure 5: Zig-zag, Jogged Routing, and Canted PCB Compensation Technique

As a result, for very high-Gbps data rates, select higher density fiberglass laminates for the high speed routing
layers while relegating sparsely dense fiberglass to lower speed and power layers to offset the PCB cost.
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Always choose more densely woven fiberglass style for the core and prepreg material surrounding
the high speed signal layers for more uniform Ɛr that will minimize impedance and signal velocity
variations.

Note:

Choose sparsely dense fiberglass styles for power layers and slower general purpose signal layers to
reduce PCB cost.

Note:

Copper Surface Roughness
In addition to dielectric loss, material losses also result from conductor loss. Conductor loss is the resistive
attenuation on the copper conductor. Resistive loss is usually mitigated by using appropriately wide traces.
However, for very high frequency designs, the majority of the current distribution is pushed towards the
outer surface of the copper conductor as a result of the skin effect. At frequencies where the skin depth
approaches the average roughness of the copper, the current flow is further impeded by the copper surface
roughness, causing increased resistance and conductor loss.

Figure 6: Skin Effect and Copper Surface Roughness

The roughness of the copper surface varies depending on the construction of the copper foils. These foils
are either electrodeposited (commonly referred to as ED copper) or rolled and pressed to create a smoother
copper foil surface. The copper roughness is specified as an average value (Ra) in micrometers (µm). As a
comparison, typical ED copper roughness has Ra of 1 µm or more while rolled copper ranges from 0.3 to
0.4 µm. The effect of this copper roughness can be approximated by a correction factor (KSR) to the attenuation
of the conductor (αCond).
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