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In a previous Beyond Design column, Trans-
mission Lines, I mentioned that a transmission 
line does not carry the signal itself, but rather 
guides electromagnetic energy from one point 
to another. The speed of a computer does not 
depend intrinsically on the speed of electrons, 
but rather on the speed of energy transfer be-
tween electronic components. Electron flow in 
a multilayer PCB is extremely slow—about 10 
mm per second—so, how does the signal travel 
so fast, how fast does it actually transfer infor-
mation and what are the limitations?  

In optical communications, electrons don’t 
carry the signal—photons do. And we all know 
that photons travel at the speed of light. So 

surely, optical fibers must transmit informa-
tion much faster than copper wires or traces 
on a multilayer PCB? Actually, photons and 
electrons transmit data at the same speed. The 
limiting factor is the relative permittivity (di-
electric constant) of the medium in which the 
signal propagates.  

An optical fiber is a cylindrical dielectric 
waveguide made of low-loss materials such as 
fused silica glass. It has a central core in which 
light is guided, and embedded in an outer clad-
ding of slightly lower refractive index. The silica 
glass used has a dielectric constant (Er or Dk) = 
3.78 @25GHz. Whereas, for instance, Panason-
ic’s new Megtron 7, low Dk, glass PCB laminate 
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has an Er = 3.3 at the same frequency. The di-
electric material determines the velocity (v) of 
propagation of the electromagnetic energy:

where the speed of light (c) is 3x10^8 m/s.

Substituting the numbers, the optical fiber 
has a velocity of propagation of 154.6x10^6 
m/s compared to 164.8x10^6 m/s for Megtron 
7. So believe it or not, the PCB substrate, in this 
case, will actually transfer the signal faster than 
an optical fiber. However, the dissipation fac-
tor (dielectric loss) of silica is 0.00002 whereas 
Megtron 7 is only 0.003, which limits the band-
width. However, this is still fairly low loss com-
pared to standard FR-4 of 0.02. 

Fibers have a number of advantages over 
copper, including higher bandwidth, lower 
loss, immunity to electromagnetic interference. 
There is also no crosstalk between signals in dif-
ferent optical cables. Further, non-armored fiber 
cables do not conduct electricity, which makes 
them ideal in high-voltage environments or 
structures prone to lightning strikes and for pre-
venting ground loops. 

Figure 2 illustrates a rigid PCB substrate with 
an embedded optical polymer waveguide. This 
novel structural design offers potential solu-
tions for low-cost and high-performance semi-
conductor circuits with optical devices to realize 
wide bandwidth and low-profile optoelectronic 
packaging for chip-to-chip optical interconnect 
applications. The vertical cavity surface emitted 
laser (VCSEL), driver, and serializer chip are 3D 
stacked and then attached to one end of the em-
bedded optical polymer waveguide in the PCB. 
Similarly, the photo-diode detector, trans-im-
pedance amplifier (TIA), and deserializer chips 
are also stacked and then attached on the other 
end of the waveguide. Although this system has 
the same communications speed as a typical 
trace based interconnect, it potentially exhibits 
wider bandwidth and much lower noise.

The actual velocity of electrons through a 
conductor is measured at an average speed called 
the “drift speed.” The charge carriers (electrons) 
move very slowly; however, the “knock-on” ef-
fect is very fast as it follows the electromagnetic 
field.  When one electron is forced to move, it 
bumps into its neighbor making it move and so 
on: the domino effect. The energy propagates as 
an electromagnetic wave. 

The electrical effects that we observe, such 
as lights coming on immediately when a switch 
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is closed, are due to this knock-on effect. This 
explains the observation that a complete circuit 
is needed for current flow. If one charge carrier 
cannot cross a gap in the circuit, all the other 
charge carriers behind cannot move either and 
current does not flow anywhere in the circuit. 
This scenario explains DC and low-frequency 
circuits that have a single point ground refer-
ence (as taught in Circuit Theory 101).  

However, above 100KHz parasitic capaci-
tance and inductance become significant al-
lowing current to flow in multiple paths. In a 
multilayer PCB, the electric field charges each 
section’s R-L-C-G elements; in turn, as the ris-
ing edge propagates along the transmission line 
with the return current from each section, flow-
ing back to the source. Then as the pulse passes, 
the falling edge discharges each section’s capac-
itance. By the time the signal wave reaches the 
load, it has established multiple paths of return 
current along the PCB planes. 

The speed at which the signal travels down 
the conductor really has nothing to do with 
the drift speed of the electrons. The signal is an 
electromagnetic wave that travels at about half 
the speed of light. The electrons serve to guide 
the wave down the wire. It is the movement of 
the electromagnetic field or energy—not volt-
age or current that transfers the signal. The volt-
age and current exist in the conductor, but only 
as a consequence of the field being present as it 
moves past.

We have established the fact that signals 
travel at the same speed, given the same me-
dium, but what limits the bandwidth? Let me 
use a metaphor to explain: The speed of sound 
is much slower than that of light at 343.2 m/s 
in air. However, this isn’t the speed of the chan-
nel—it is its latency. That is, if you are 343 me-
ters away, you will hear me one second after I 
speak. That reveals nothing about how fast I 
can communicate with you, which is limited by 
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how effectively I can speak, and how well you 
can hear me. 

If we are in a quiet room, I can probably 
speak very quickly and you can still hear me. If 
we are far apart, or the environment is noisy, I 
will have to speak louder, more slowly and clear-
ly. With electrical communications the situation 
is much the same. The speed limit is not due 
to the latency, but rather how fast one end can 
transmit with the other end still being able to 
reliably receive. This is limited by noise picked 
up from the environment and distortions intro-
duced by the medium—the noise margin. 

It is the signal-to-noise ratio (SNR) that be-
stows optical fibers with a higher bandwidth 
than other transmission mediums, given the 
same speed of transmission. One of the most 
important ways to determine the quality of a 
digital transmission system is to measure its 
bit error ratio (BER). The BER is calculated by 
comparing the transmitted sequence of bits to 
the received bits and counting the number of 
errors. Very small changes of the SNR (in the 
order of a dB) can cause very large changes in 
the BER.  

An eye diagram is a common indicator of the 
quality of signals in high-speed digital transmis-
sions. An oscilloscope generates an eye diagram 
by overlaying sweeps of different segments of 
a long data stream driven by a master clock. 
In a simulation tool such as Mentor Graphics’ 
HyperLynx, a pseudo-random bit stream is gen-
erally used to produce the overlapping sweeps 
as in Figure 3. In an ideal world, eye diagrams 
would look like rectangular boxes. In reality, 
communications are imperfect, so the transi-
tions do not lie precisely on top of each other, 
and an eye-shaped pattern results.  However, in 
Figure 3, we can see the jitter (horizontal miss-
alignment) and the distortion set by the SNR 
(vertical miss-alignment).

In high-speed multilayer PCBs, we need to 
select the material with the lowest dielectric 
constant (Dk) and the lowest dielectric loss (Df) 
in order to achieve the maximum bandwidth 
which is the 5th harmonic of the fundamen-
tal frequency. (The dielectric materials library 
integrated in to the ICD Stackup Planner, has 
20,000 rigid-flex materials up to 100GHz to 
choose from. This makes selecting the right ma-

terial for your application easy.)
As frequency increases, so does the band-

width. However, we must select the most ef-
ficient frequency for the particular transmis-
sion channel. If the frequency is too low or too 
high, we lose the signal’s power. This is due to 
how the medium responds to different levels of 
charge energy. In general, the amount of infor-
mation you can transmit is proportional to the 
rate the channel can respond. Basically, one has 
to stay within a certain limit depending on the 
medium.  It just so happens that the higher the 
operating frequency and the lower the loss, the 
easier it is to get wider bandwidths and hence 
more data reliably through the channel.

Points to Remember:
s฀!฀TRANSMISSION฀LINE฀DOES฀NOT฀CARRY฀THE฀SIG-

nal itself; it guides electromagnetic energy 
from one point to another.

s฀%LECTRON฀mOW฀IN฀A฀MULTILAYER฀0#"�฀IS฀EX-
tremely slow—a few meters per second.

s฀0HOTONS฀AND฀ELECTRONS฀TRANSMIT฀DATA฀AT฀
the same speed. The limiting factor is the 
relative permittivity of the medium in 
which the signal propagates.  

s฀&IBERS฀HAVE฀A฀NUMBER฀OF฀ADVANTAGES฀COM-
pared to copper, including higher band-
width, lower loss, and immunity to elec-
tromagnetic interference.

s฀4HE฀CHARGE฀CARRIERS฀�ELECTRONS	฀MOVE฀VERY฀
slowly; however the knock-on effect is 
very fast as it follows the electromagnetic 
field.

s฀$#฀AND฀LOW
FREQUENCY฀CIRCUITS฀HAVE฀A฀
single point ground reference.  However, 
above 100KHz parasitic capacitance and 
inductance become significant allowing 
current to flow in multiple paths.  

s฀4HE฀SPEED฀AT฀WHICH฀THE฀SIGNAL฀TRAVELS�฀
down the conductor, really has nothing 
to do with the drift speed of the electrons. 
The signal is an electromagnetic wave that 
travels at about half of the speed of light. 
The electrons serve to guide the wave 
down the wire.

s฀)T฀IS฀THE฀SIGNAL฀TO฀NOISE฀RATIO฀�3.2	฀THAT฀
bestows optical fibers with a higher band-
width than other transmission mediums, 
given the same speed of transmission.
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s฀/NE฀OF฀THE฀MOST฀IMPORTANT฀WAYS฀TO฀DETER-
mine the quality of a digital transmission 
system is to measure its bit error ratio 
(BER).

s฀!N฀EYE฀DIAGRAM฀IS฀A฀COMMON฀INDICATOR฀OF฀
the quality of signals in high-speed digital 
transmissions.

s฀)N฀HIGH
SPEED฀MULTILAYER฀0#"S�฀WE฀NEED฀
to select the material with the lowest di-
electric constant (aka Dk) and the lowest 
dielectric loss (Df) in order to achieve the 
maximum bandwidth.

s฀4HE฀HIGHER฀THE฀OPERATING฀FREQUENCY฀AND฀
the lower the loss, the easier it is to get 
wider bandwidths.  PCBDESIGN
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)N฀ AN฀ ADVANCE฀ REPORTED฀ IN฀ .A-

TURE฀ #HEMISTRY�฀ SCIENTISTS฀ AT฀ THE฀
5NIVERSITY฀OF฀,IVERPOOL฀HAVE฀SHOWN฀
THAT฀ IT฀ IS฀ POSSIBLE฀ TO฀ DESIGN฀ AND฀
CONSTRUCT฀ INTERFACES฀ BETWEEN฀ MA-

TERIALS฀ WITH฀ DIFFERENT฀ STRUCTURES฀ BY฀
MAKING฀A฀BRIDGE฀BETWEEN฀THEM�

)T฀ IS฀ USUALLY฀ POSSIBLE฀ TO฀ MAKE฀
WELL
CONTROLLED฀ INTERFACES฀ WHEN฀
TWO฀ MATERIALS฀ HAVE฀ SIMILAR฀ CRYSTAL฀ STRUCTURES�฀ YET฀
THE฀ ABILITY฀ TO฀ COMBINE฀ MATERIALS฀ WITH฀ DIFFERENT฀
CRYSTAL฀ STRUCTURES฀ HAS฀ LACKED฀ THE฀ ACCURATE฀ DESIGN฀
RULES฀THAT฀INCREASINGLY฀EXISTS฀IN฀OTHER฀AREAS฀OF฀MA-

TERIALS฀CHEMISTRY�
4HE฀ DESIGN฀ AND฀ FORMATION฀ OF฀ AN฀ ATOMIC
SCALE฀

BRIDGE฀BETWEEN฀DIFFERENT฀MATERIALS฀WILL฀LEAD฀TO฀NEW฀
AND฀ IMPROVED฀ PHYSICAL฀ PROPERTIES�฀ OPENING฀ THE฀
PATH฀ TO฀NEW฀ INFORMATION฀ TECHNOLOGY฀AND฀ENERGY฀
SCIENCE฀APPLICATIONS฀AMONGST฀A฀MYRIAD฀OF฀SCIENCE฀
AND฀ENGINEERING฀POSSIBILITIES�฀&OR฀EXAMPLE�฀ATOMS฀
COULD฀ MOVE฀ FASTER฀ AT฀ THE฀ INTERFACE฀ BETWEEN฀ THE฀
MATERIALS�฀ENABLING฀BETTER฀BATTERIES฀AND฀FUEL฀CELLS�

,IVERPOOL฀-ATERIALS฀#HEMIST฀0ROFESSOR฀-ATTHEW฀

2OSSEINSKY฀ SAID�฀ h7HEN฀ WE฀ TRY฀ TO฀
lT฀MATERIALS฀TOGETHER฀AT฀THE฀ATOMIC฀
SCALE�฀WE฀ARE฀USED฀TO฀USING฀THE฀SIZES฀
OF฀THE฀ATOMS฀TO฀DECIDE฀WHICH฀COM-

BINATIONS฀ OF฀ MATERIALS฀ WILL฀ hWORKv฀
I�E�฀WILL฀PRODUCE฀A฀CONTINUOUS฀WELL

ORDERED฀INTERFACE�

h4HE฀PROJECT฀TEAM฀ADDED฀IN฀CON-

SIDERATION฀OF฀THE฀CHEMICAL฀BONDING฀
AROUND฀THE฀ATOMS฀INVOLVED�฀AS฀WELL฀AS฀THEIR฀SIZES�฀
AS฀A฀KEY฀DESIGN฀STEP�฀4HIS฀ALLOWED฀THE฀SELECTION฀OF฀
TWO฀MATERIALS฀WITH฀DIFFERENT฀CRYSTAL฀STRUCTURES฀YET฀
WITH฀ SUFlCIENT฀ CHEMICAL฀ mEXIBILITY฀ TO฀ GROW฀ IN฀ A฀
COMPLETELY฀ORDERED฀MANNER฀THROUGHOUT฀THE฀INTER-
FACE฀BETWEEN฀THEM�

h4HIS฀WAS฀ACHIEVED฀BY฀THE฀FORMATION฀OF฀A฀UNIQUE฀
ORDERED฀ STRUCTURE฀ AT฀ THE฀ INTERFACE฀WHICH฀DID฀NOT฀
CORRESPOND฀ TO฀EITHER฀MATERIAL฀BUT฀ CONTAINED฀ FEA-

TURES฀OF฀BOTH฀OF฀THEM�฀AN฀ATOMIC
SCALE฀BRIDGE�v
)T฀IS฀POSSIBLE฀TO฀CONSTRUCT฀A฀mEXIBLE฀BLOCK�฀WHICH฀

WILL฀lT฀WITH฀BOTH฀MATERIALS�฀AND฀BRIDGE฀THE฀GAP฀BE-

TWEEN฀THEM�฀ LIKE฀ THE฀BLUE฀BLOCKS฀BRIDGE฀THE฀GAP฀
BETWEEN฀THE฀RED฀AND฀GREEN฀ONES�

Scientists Bridge Different Materials by Design

FASTER THAN A SPEEDING BULLET


