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Introduction- 
 
Th e  term  “H igh  Speed Des ign” is a general catch -all title for both  th e  circuit design 
and PC board design &  layout practices  needed to obtain good s ignal integrity in 
circuits utilizing fast ris e/fall tim e digital ICs or h igh  fre quency analog devices. In th e  
case of digital designs, w h eth er or not th e  circuit is clock ed at a h igh  rate, s ignal 
integrity issues can re sult if proper de s ign practice s  are  ignored and th e devices  in th e  
circuit h ave ris e  or fall tim es  faster th an 2-3 nanoseconds. 
 
Th e s ecret to succes s  is  to de s ign a system  in w h ich  th e  anom alies on th e s ignals are  
w ell w ith in th e  confines  of th e  acceptable noise budget. Th at is to say th at ne ith er th e  
circuit nor th e  layout need be perfect, s im ply good enough  th at th e s ignal reflections, 
ringing, oversh oot, unders h oot, attenuation, etc for th e  collective s ignals is low er th an 
th e  levels w h ich  w ill cause circuit or system  m alfunction. 
 
Th is w ork book  and th e  associated Focus  Module are  aim ed at th e design and layout of 
digital circuits to prevent m alfunction. H ow ever, m ost of th e  practices described w ork  
e qually w ell in th e  h igh  fre quency analog dom ain. Th e difference being th at analog 
system s re quire  m uch  tigh ter control of th e s e  practice s , s ince analog circuits typically 
need signal-to-nois e  ratios of 60dB or h igh er, w h ile digital circuits generally only 
re quire s ignal-to-nois e  ratios in th e  order of 26dB. Th e  fact rem ains, in both  fast edge 
rate digital and h igh  fre quency analog circuits, paying no attention to th e  practice s  th at 
control signal integrity can re sult in system  failure. 
 
Th is w ork book  and th e  associated Focus  Module w ill also describe som e of th e system  
design practice s  needed to h elp ensure h igh  integrity of s ignals traveling board-to-board 
or th ose  entering and leaving th e system . 
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Effort early in the design to evaluate circuit & layout options is very highly recommended.  
The following items should all be understood and considered before  rough component 
placement is completed in the PC board design cycle. 
 
• Effective Operating Frequency. 
• Critical Nets and Buses. 
• Best Trace Routing of Critical Nets & Buses. 
• Line and Load Characteristics of Critical Nets & Buses. 
• Best Component Placement to achieve desired Line Characteristics and Routing. 
• Component Placement by Drive Voltage and Function. 
• Which of the Critical Nets & Buses exceeds Critical Length. 
• Impedance Balancing Techniques (Terminations). 
• Best PC Board Stack-Up / Structure. 
• Critical Net Capacitive Properties. 
• Critical Net Inductive Properties. 
• Current Paths of Critical Routes. 
• Best Power Distribution Scheme. 
• Power & Ground Plane Impedance and Capacitance. 
 
 
Relationships 
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Circuit Analysis 
 
Simulation and analysis by the engineer responsible for the theoretical circuit design has 
always been a powerful tool.  In high-speed design, such modeling becomes even more 
valuable and will help identify the circuit's deficiencies and limits.  The circuit can be 
reworked to eliminate the deficiencies.  Using the data to identify the circuit’s 
characteristics and limitations will be invaluable during the design of the PC board.  The 
engineer should use the effective operating frequency, not the system clock frequency, to 
evaluate the components in the design, and should consider the effects of signal 
attenuation when performing a complete circuit analysis.  The value of this exercise cannot 
be overstated.  Once the analysis is complete, a concise and correct schematic can be 
generated.  The down side to this approach is the lack of good models for newly released 
integrated circuits and can sometimes severely hamper the ability to obtain effective 
results. 
 
As part of the analysis and simulation process, the engineer will determine the system 
noise budget.  Though we would like to see NO noise on all signals, that is not realistic 
and furthermore, it is not necessary.  A "Noise Budget" is defined as the allocation of a 
voltage tolerance for the system DC and AC voltage drops for a device to still be able to 
operate within specific boundaries.  There are two primary system budget concerns.  The 
first is the DC power supply noise budget for each of the devices.  The second is the 
device signal AC noise and crosstalk budget.  Utilizing that data and following the 
concepts outlined in this study guide for PC board design will place the system within the 
specified noise budget. 
 
 
Benefit 
 
Another item the design engineer should develop during the process of simulation and 
analysis is a priority list of critical nets.  These should be listed by order of attention 
required during parts placement and routing. 
 
In most circuits, clocks will be given highest consideration, followed closely by other edge 
sensitive signals (enables, etc.), address, data and so on. Control lines will usually have the 
lowest priority. 
 
Another item of importance is to identify which signals are buses and which are nets. 
Buses often need to be routed differently than nets, hence parts placed to achieve the 
desired routing is mandatory. 
 
 
Relationship 
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This is one of the most important factors in the design of any printed circuit board.  If the 
placement is not optimized, every other factor is compromised. In high-speed design, 
placement is absolutely critical.  The effects of improper placement can be significant and 
include concerns in the following areas: 
 
Placement Vs Trace Length A 
 
A trace becomes a high speed transmission line when the rise or fall time of a signal is 
shorter than the time it takes for the signal to propagate the length of the trace and return 
to the driver.  It then becomes apparent, even in a high-speed environment, that very short 
traces do not require impedance control or impedance balancing to maintain good signal 
integrity.  Impedance balancing of a signal usually means the addition of terminating 
devices (extra parts).  Eliminating the need for control of the signal and trace eliminates 
the need for the extra hardware.  Some number of very long traces are inevitable with 
almost every printed circuit board design.  However, proper placement can go a very long 
way toward the maximization of short traces and optimized routing. 
 
 
Placement Vs Crosstalk Concern B 
 
Crosstalk is of concern when using fast rise time devices because of the high harmonic 
frequency content in the signal’s rising and falling edges.  Traces routed in long parallel 
runs and misaligned Power and Ground planes are two of the major concerns in crosstalk 
and EMI management.  Proper placement will play an integral role to help shorten the 
parallel runs and maintain alignment of planes between different device families.  Also, 
when signal traces from one device family (i.e.- analog) are routed over Power or Ground 
planes from another device family (i.e.- digital), the possibility of crosstalk is greatly 
increased. 
 
 
Placement Vs Trace Routing C 
 
Certain nets and buses function best when routed in daisy chain fashion, while others 
function best as a tee; still others are more suited to a star configuration.  Clearly, 
placement plays an enormous role as to which routing options are most available to a net 
or bus. 
 
 
Placement Vs Power Distribution D 
 
From the standpoint of controlling power currents and power returns, placement plays a 
critical role, especially when multiple power planes are used or when several different 
logic families exist within the same PC board.  Separating devices by drive voltage, 
frequency and function is critical.  Also, placement of bypass and decoupling capacitors 
plays a critical role in the effort to prevent switching noise and ground bounce. 
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Relationship 
 
A See Signal Rise Distance Vs Critical Length (Section 2H9) 
 
B See Crosstalk Critical Length (Section 1H11) 
 
C See Load Modeling and Trace Routing (Section 1H9). 
 
D See Power System Distribution (Section 1H4) and Power System Bypassing/Decoupling 
(Section 1H5). 
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For switching of high speed signals to take place at the outputs of the circuit devices, 
unimpeded power (voltage & current) must be available at the power pins of the devices 
during the switching cycles. 
 
The first element necessary to ensure unimpeded power is a high capacitance, low 
inductance distribution path. Even though the voltages in this case are at a DC level, the 
currents in the distribution path consist of multiple frequencies, the highest of which can 
be in the hundreds of kilohertz to low megahertz range. To help prevent voltage droop 
and high inductance drops, the distribution path must be high in capacitance and low in 
inductance. This can only be accomplished by maintaining a tight coupling between the 
distributed voltages and currents and their respective return paths. 
 
At the system level, this would involve the distribution of power from the main power 
supply, through wires or cables to the circuit boards in the system. In this case each 
voltage from the supply must be placed with its own return path to the power supply. For 
example, if a system utilizes +5V and +/–15V, +5V must be wired to the input connectors 
of the circuit boards with its own return wire(s). +5V and its returns should be twisted 
pairs. Additionally +15V would be distributed with its own twisted return wire(s), as 
would –15v. 
 
At the PC board level, proper power distribution involves the use of sufficient connector 
contacts to carry the current needed to the switching devices.  When backplane style 
connectors are used for all I/O, numerous contacts should be employed to connect both 
power and ground to the PC board.  Power and ground should be paired in the connector 
(example A).  Proper pairing of power and ground can dramatically lower power system 
inductance.  
 
The distribution of power and ground across the board is best accomplished by the use of 
planes in or on the board.  Plane pairs have high capacitance and low inductance, hence 
they provide the path of least impedance to distribute and return power.  Additionally, 
planes provide the path of least inductance for the return of the signals.  On a digital 
design where devices may simultaneously switch many other devices, this can provide 
distinct improvements in switching noise and offer some help in the relief of ground 
bounce, due to lower inductance of the circuit loop.  The benefits of planes are equally 
important in analog circuits due to the decreased noise margins of analog devices.  One 
other benefit of planes is the ability to tightly control the impedance of traces routed 
above, below or between them. 
 
Although planes are highly recommended, in two layer PC boards (where power and 
ground are routed), the best approach is a heavy grid structure.  In the grid, power and 
ground should route with heavy traces, close together, in the horizontal direction on one 
side of board and the vertical direction on the other side.  The two sides should tie 
together with vias at every crossing point (example B).  Though a power grid is the best 
approach for a 2 layer board, this arrangement makes tight control of trace impedance 
very difficult (see section 1H6). With rise times faster than 5 nSec, planes work best. 
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Examples 
 
A 
 
 

 
 
 
 
More than one entry area for power can be used, provided power and ground are paired at 
every entry point. 
 
 
 
Example B 
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To greatly increase power system capacitance and provide point source tanks of energy, at 
key locations, bypass / decoupling capacitance must be provided in the circuit. There are 
several levels of capacitance needed. 
 
 
Medium Frequency Capacitors (See sections 2H20 and 4H1 for associated information, 
including best values of medium frequency decoupling caps.) 
 
These capacitors are most effective when placed on the PC board, at the power input 
connector and/or dispersed around the board, in areas of high current demand (See 
sections 2H20 and 4H1 for capacitor values, etc.). 
 
 
High Frequency Capacitors (See sections 2H20 and 4H1 for associated information, 
including best values of high frequency decoupling caps.) 
 
It is imperative that these capacitors are mounted directly at the power and ground pins of 
the device receiving power.  Their function is best performed when ONLY the capacitor is 
connected directly to the power and ground planes, with traces routed from the capacitor 
to the device (example A),  or when traces are routed from capacitor to IC with a via to 
each plane, in the middle of the traces (example B), or with the IC power pins between the 
vias and the capacitor (example C).  The first method (A) is generally recommended by IC 
manufacturers, but the second two methods are actually preferred.  Lower self inductance 
of the decoupling path, as well as the addition of some high frequency capacitance (by 
placing the planes close to the IC power pins) are the keys to the success of B & C. 
 
These approaches works best when the capacitor can be placed within .15(max) of the IC 
pins.  The traces between the capacitor and the IC pins should be as fat as good SMT 
assembly practices allow.  When the .15" length is exceeded, the best approach is to sink 
both the capacitor pins and the IC pins directly to the planes.  At the frequencies generated 
by devices with 1-3nSec rise times, the self inductance of a very short trace is less than 
that of a via.  When possible, all vias used for power connection of this type should be 
larger than standard signal vias.  Larger vias also help lower the self inductance of the 
complete power circuit loop. Additionally, power vias should be direct connections to the 
planes, not thermal connections. 
 
Exam ple A       Exam ple B 
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Example C 
 

 
 
Traces kept short, vias attached directly to power and ground planes (no thermal 
connects). 
 
 
When mounting the capacitor on the opposite side of the board from the IC, mount it 
directly under the power and ground pins of the IC, as shown in  D.  Plant one via to each 
of the planes and route very short traces from the vias to both the capacitor and IC pins. 
 
Exam ple D 
 

 
 
 
In the case of corner power and ground pin devices (ie-74xx series), mount the capacitor 
on the opposite side of the board, centered under the IC, with vias at the power pins of 
both the IC and the capacitor. Attach the vias directly to the planes (exampleE). 
 
Example E 
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Even th ough  it’s im portant to m ount th e  capacitor near both  pow er and ground, w h en 
it’s m ounted on th e sam e s ide  of th e board as a corner pow er/ground IC, th at’s not 
poss ible. In th is case, m ounting near th e  pow er pin is th e best approach .  R em em ber, 
th e  capacitor is th e  pow er source to feed th e  transm is s ion line th rough  th e drive 
transistor in th e  IC.  W h en th e  transm is s ion line is driven, th e  return path  is back  to th e  
capacitor’s oth er pin, h ence m ounting next to th e  pow er pin tak e s  priority. R elative to 
th e  transm is s ion line, th e  ground pin of th e  IC is only involved during th e  low  going 
pulse . 
 
One Cap for Multiple Power/Ground Pins 
 
When using one cap for power and ground to several devices, place the capacitor in a 
location that is central to all the IC power pins. Don't route traces to the IC power pins, 
rather via everything to the planes. Connecting in this manner most evenly distributes the 
capacitors energy and utilizes the capacitance of the planes. One capacitor per pair of IC 
power pins, mounted as shown, is much preferred to this approach. 
 
 
Two Capacitors per Set of Power/Ground Pins 
 
In this case, mount the smaller value capacitor nearest the IC pins with the larger capacitor 
right next to it. If the traces from the large value capacitor are longer than .15”, via it 
directly to the planes. Since the smaller value capacitor carries the high frequency currents, 
placing it nearest the IC helps to minimize the inductance of the power loop. 
 
When the two caps are mounted on the side of the board opposite the IC, place the vias 
between the two caps and position the capacitors so the vias are right next to the power 
pins of the IC, as show in F. (See section 4H1 for value selection.) 
 
Example F 
 

 
 
 
Planes as a Capacitor 
 
The high frequency decoupling can be greatly aided by spacing the power and ground 
planes very close together (.003-.006" *).  At this spacing, the planes become one large 
distributed capacitor.  The high frequency capacitance of a set of solid planes, at .006", is 
approximately 150pfd/sq inch.  Since planes in a real world circuit board are broken up by 
holes and splits and are never solid, their capacitance at .006" separation will never by that 
high. Even with the holes, most PC boards have planes that are at least 50% copper and 
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therefore have a capacitance of 75pfd or more, per square inch at .006" separation. Real 
world planes separated by .003" are approximately 150pfd/sq inch. This greatly aids the 
transfer of clean very high frequency energy to the devices in the circuits. (See section 
2H20 for frequency characteristics of planes.) 
 
* - Caution!! Since PC boards are usually foil laminated, a 4 layer board with planes close 
together in the center will usually cause manufacturing problems.  Most fabricators of bare 
boards will advise against small separations in 4 layer boards.  This is best applied to 6  
layers and higher (See section 6H8 for additional information).
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Impedance is directly related to both the capacitance and inductance of the conductor and 
it’s return path.  Since both capacitance and inductance are functions of the PC board's 
physical characteristics, it follows that impedance is a function of the PC board’s physical 
characteristics. 
 
• Type of conductor (Microstrip, Stripline, etc.) 
• Conductor width and thickness 
• εr of the dielectric (lower impedance with higher εr) 
• Spacing betw een conductor and adjacent pow er plane(s) (Im pedance is low er as 

distance to plane(s) decrease s .) 
 
The capacitance is most strongly influenced by the region between the signal trace and the 
adjacent plane(s).  The inductance depends primarily upon the cross sectional area 
("effective diameter") of the trace and distance to adjacent plane(s). 
 
 
 
Relationship 
 
There are several choices of transmission line geometry, that can be used in the design of 
the PC board: 
 
• Microstrip -   Section 1H6, Part 2 
• Embedded Microstrip -  Section 1H6, Part 3 
• Stripline -    Section 1H6, Part 4 
• Dual Stripline -   Section 1H6, Part 5 
 
The equations in these sections for Zo will net the same results as the one stated in Section 
2H10, (where Zo was derived from the inductance and capacitance), but contains only 
parameters familiar to a PCB designer (i.e.- layer thickness, trace width, etc.). 
 
Also, th e  e quations in th e s e  s ections are  th e  ones m ost com m only used by designers 
and fabricators.  Th ere  are  e quations available w ith  sligh tly different factors. Before 
deciding w h ich  e quation to use, contact your fabricator(s).  Ch ances are  th ey h ave 
tailored th e ir proces s  variables to one s et of e quations.  Th e best bet is to m atch  th e ir 
proces s e s  and use th e  e quation th ey prefer. 
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M icrostrip 
 
An “ideal” microstrip transmission line consists of a narrow conductor separated from an 
infinite reference plane (DC power, ground) by a layer of dielectric material.  In the 
simplest case (an uncoated line), the trace sits on top of the dielectric, surrounded on the 
sides and top only by air. Example A is a cutaway view of a microstrip transmission line. 
The example states the equations used for impedance (Zo) and the equation for intrinsic 
capacitance (Co).  
 
 
Example A 
 
 

 
 

Microstrip Transmission Line(*). 
 
 
When calculating impedance of a trace in FR4, use a value of εr which has been frequency 
compensated. Use the ‘Effective Operating Frequency’ of the signals (Section 2H2) and 
the compensation graph or equation in section 3H2. 
 
When calculating Co of a Microstrip transmission line, use the value for Tp (propagation 
time) which applies to an outer layer trace (Section 2H8). 
 
(*This impedance equation is an approximation and has limitations, as noted on the 
last page of this section.) 
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Embedded Microstrip 
 
A coated microstrip has the same conductor geometry as the uncoated microstrip, except 
that the effective relative permittivity is different because the conductor is fully enclosed 
by the dielectric material.  Theoretically we can use the same equation as a microstrip with 
a modified εr.  For very thin coatings, such as soldermask or conformal coating, the effect 
is negligible. Masks and conformal coating will each drop the impedance of the trace by 
approximately 1 to 3 ohms.  (Check with your fabricator(s) for an exact value.)  Example 
B illustrates an embedded microstrip and gives the equations for Zo and Co. 
 
 
Example B 
 
 

 
 
 

Embedded Microstrip Transmission Line(*). 
 
Notice that there are two different equations presented for Zo. Your choice.  Again, check 
with your fabricator. 
 
When calculating impedance of a trace in FR4, use a value of εr which has been frequency 
compensated. Use the ‘Effective Operating Frequency’ of the signals (Section 2H2) and 
the compensation graph or equation in section 3H2. 
 
When calculating Co of an Embedded Microstrip transmission line, use the value for Tp 
(propagation time) which applies to an inner layer trace (Section 2H8). 
 
(*These impedance equations are an approximation and have limitations, as noted 
on the last page of this section.) 
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Stripline 
 
A stripline is a narrow conductor embedded between two AC ground planes (DC power 
or ground).  Since the electric field lines are contained between the planes, this 
configuration has the advantage of considerably enhanced suppression of crosstalk and 
EMI. Due to the presence of the planes on both sides of the trace, Co is increased and Zo 
is decreased from the microstrip or embedded microstrip case.  ExampleC illustrates a 
stripline and gives the equations for Zo and Co.  These equations assume that the trace is 
centered between the planes. 
 
 
Example C 
 
 

 
 

Single Stripline Transmission Line(*). 
 

Notice that there are two different equations presented for Zo. Your choice.  Again, check 
with your fabricator. 
 
When calculating impedance of a trace in FR4, use a value of εr which has been frequency 
compensated. Use the ‘Effective Operating Frequency’ of the signals (Section 2H2) and 
the compensation graph or equation in section 3H2. 
 
When calculating Co of a Centered Stripline transmission line, use the value for Tp 
(propagation time) which applies to an inner layer trace (Section 2H8). 
 
(*These impedance equations are an approximation and have limitations, as noted 
on the last page of this section.) 
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Dual Stripline 
 
When a layer of circuitry is placed between two AC ground planes, but is not centered 
between the planes, the stripline equations must be modified to account for the increased 
coupling to the closer plane and the decreased coupling to the distant plane.  In the case of 
dual offset striplines, the traces on one layer are generally routed orthogonal to those on 
the other to help control parallelism and crosstalk and to prevent shadowing (in this 
section).  Example D illustrates the dual stripline configuration and gives the equations for 
Zo and Co. 
 
Example D 
 
 

 
 

Dual Stripline Transmission Line. 
 
 
Again there are two sets of equations presented for Zo. In this case, two different 
illustrations are shown since each set of equations requires a slightly different set of 
physical rules. Both sets of equations only work for balanced construction. 
 
When calculating impedance of a trace in FR4, use a value of εr which has been frequency 
compensated. Use the ‘Effective Operating Frequency’ of the signals (Section 2H2) and 
the compensation graph or equation in section 3H2. 
 
W h en calculating Co of an O ffset Stripline transm is s ion line, use th e  value for Tp 
(propagation tim e) w h ich  applies to an inner layer trace (Section 2H 8). 
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(*These impedance equations are an approximation and have limitations, as noted 
on the last page of this section.) 
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Relationships 
 
The equations presented  on the previous four pages have limitations which must be 
understood to truly have control of impedance. The following sections deal with those 
limitations and with alternate methods of arriving at the impedance of a trace. 
 
 
Trace Width and Dielectric Thickness 
 
Those equations are only accurate when trace widths are in the range of .005" to .050" 
and dielectric thickness is between .003” to .030”.  Typical results from the impedance 
equations will be in the 35 to 90 ohm range. For a 50 ohm line, capacitance will be in the 
range of 3pF/inch and inductance will be in the range 8nH/inch. 
 
 
Ground Plane Width.  
 
The impedance equations assume a wide plane under or over the trace.  In real world PCB 
design it is sometimes necessary to narrow reference planes and occasionally route traces 
across the narrowed sections.  To maintain the calculated impedance, the width of the 
plane must be at least three times wider than the trace width or the distance from trace to 
plane, whichever is larger.  For example, if a .010" trace is placed .006" above the 
reference plane, then the plane must be at least .030" wide. An .008" trace, .015" above 
the plane requires at least .045" of plane width.  In these examples, it’s assumed that the 
plane is centered under or over the trace.  All that’s required is that at least half of the 
necessary plane width be placed on either side of the trace centerline.  As long as one side 
meets the min requirement, the other side can be much wider.  This is illustrated in the 
example E. 
 
 
Example E 

 
 

 
 

Reference Plane Minimum Width. 
 
 
Impedance Changes due to the Influence of Nearby Traces 
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The impedance equations assume that a trace is standing alone with the only capacitive 
and inductive coupling occurring between the trace and it’s reference plane(s).  In reality, 
when a trace is placed near other traces it will couple with those traces as well as the 
reference plane(s).  This is called coplanar coupling.  The effect is small compared with the 
capacitive and inductive bond to the plane(s) but will have the effect of slightly lowering 
the trace impedance. 
 
If a stand alone microstrip trace, which has a distance above the reference plane of "H" 
and an impedance of 51.5 ohms, was placed at a distance "2H" from other microstrip 
traces, it’s impedance would drop by one ohm to 50.5 ohms.  If the adjacent traces were 
moved to a distance of "1H" away, the impedance would drop to 49 ohms.  In this case, 
having coplanar traces "1H" away lowered the impedance by almost 5%. In real world 
design, we often find ourselves with outer layer traces that are 6, 7 or 8 mils wide and 
placed 6, 7 or 8 mils above the plane. In this scenario, the impedance result from the 
previous equations should be lowed by 4 to 5% to compensate for the presence of the 
nearby traces. 
 
If a stand alone stripline trace, which has a distance to the nearest reference plane of "H" 
and an impedance of 51.5 ohms, was placed at a distance "1H" from other traces on the 
same layer, it’s impedance would not change.  At a distance of "1/2H", the impedance 
would lower to a value of 50 ohms. The effect of coplanar traces on a stripline layer is 
negligible and can usually be ignored. 
 
 
Shadowing 
 
When traces are routed on adjacent layers,  the best practice is to route them orthogonally.  
Meaning that one layer would route primarily in the horizontal direction and the other in 
the vertical direction.  In this situation, the small amount of capacitive coupling that occurs 
at the points where traces cross can simply be ignored.  Sometimes we end up with one 
trace routing directly over another. Differential pair traces are intentionally routed over 
one another to create coupling between the two. When single ended traces are accidentally 
routed over one another the result is not only increased crosstalk (See Section 1H11), but 
a lower impedance of both traces.  This situation is called shadowing. 
 
Since shadowing is rarely done intentionally, the measurements shown here were taken on 
two of those rare occurances. One on these is a buried microstrip and the other is an offset 
stripline.  The results of shadowing, in these two cases, are illustrated in example E and 
example G . 
 
Example F 
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Shadowing of Buried Microstrip Traces (Dimensions in Mils). 
 
 
In the first illustration of example F, the buried microstrip traces, separated by .018", have 
an impedance 65 ohms each.  When the same two traces were placed directly over one 
another, yielding .005" trace-to-trace, the impedance dropped by 20% to 52 ohms. 
 
Example G 
 
 

 
 

Shadowing of Offset Stripline Traces (Dimensions in mils). 
 
 
In the first illustration of example G, the offset stripline traces, separated by .012", have an 
impedance 50 ohms each.  When these same two traces were placed directly over one 
another (shown in the second illustration), with .005" trace-to-trace, the impedance of 
each dropped by 12% to 44 ohms. 
 
Not only does shadowing change the intended impedance of traces in a PC board, but it 
greatly increases the chance for capacitive crosstalk, as discussed in the crosstalk sections 
(1H11 and 2H21). 
 
 
Alternate Methods for Determining Impedance 
 
Several approaches can be taken with the impedance equations.  They can be solved with 
a calculator or they can be placed into a spread sheet program.  With the spread sheet 
approach, numerous possibilities exist.  Yet another possibility is to acquire pre-packaged 
software. The choices of software range from high end programs, which will aid not only 
with impedance calculations but also with crosstalk control, all the way to shareware 
programs in several formats, including those for spread sheets.  Some softwares utilize the 
previously presented equations. Other softwares have a more in-depth set of equations, 
hence fewer limitations.  Still other softwares use completely different methods (i.e.- a 
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field solver) to arrive at impedance and capacitance values. Talk to your CAD supplier and 
your board fabricator.  Each will have suggestions. A great deal can be learned about 
impedance calculators through a search on the internet. 
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In a digital circuit, to control reflections through impedance matching of the line to the 
loads, one of the following is generally utilized. These are shown in the examples at the 
end of this section. 
 
1.  Parallel Termination. This technique has been used with GaAs & ECL logic devices 

for many years and is most useful for a strong driver which switches incident to daisy 
chained loads.  Meaning a driver with low output impedance whose bench voltage is 
above the maximum threshold level of devices along the line, hence these devices 
along the line switch off the initial wave and don’t rely on reflection mode switching 
(see section 2H16). The resistor will be most effective when placed at or just beyond 
the load at the end of the line.  When placed before the end load, the distance from 
terminator to load must be less than 1/3 ‘critical length’.  In the case of a multi-driver 
and multi-load bidirectional bus, it is usually necessary to place one resistor at either 
end of the bus.  To eliminate reflections, the resistor value(s) is made equal to Zo.  
Negatives of this type of termination method are high DC power consumption, due to 
constant current through the termination resistor whenever the output is high, plus 
most low power devices do not have drivers capable of supporting a DC load of this 
low impedance value (see RC Termination below). 

 
2.  Series Termination. This is the addition of a resistor in series with the line, placed at 

the driver output.  This termination type allows the reflection to occur at the load and 
be absorbed back at the source.  The most common uses of this termination type are 
for a single load or when the loads are clustered at one end of the line or when the 
timing delay of reflection mode switching is acceptable.  The value of the termination 
resistor is chosen so the sum of the output impedance of the driver and the resistor 
equal Zo.  The benefits of series termination are very good control of overshoot and 
lower DC power consumption. Series termination also slows the rise time of the 
output. This can be both an advantage and a disadvantage. Slowing the rise time 
eliminates the high end harmonics which helps eliminate crosstalk and EMI. The 
disadvantage is that the slower rise time eats into the timing budget. 

 
3.  Thevinin Termination. This is the same as parallel termination except it involves two 

resistors, each tied to a reference voltage, usually power and ground.  Benefits are no 
delay of signal, incident switching of loads and a user defined DC bias by selection of 
the resistor values.  This is very valuable for distributed loads in that it allows for very 
precise selection of switching points during transitions. One negative is the need for 
two components. Another negative is very high DC power consumption (Thevinin 
resistors draw current whether the output is high or low). If you use very many of 
these guys and you better get out the BIG power supply. The values selected not only 
need to provide the desired DC bias level, but the parallel value of the two resistors 
must be equal to Zo of the line. Also remember, buses usually require termination at 
both ends. 
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4.  RC Termination. This one is very similar to parallel termination except it adds a small 
value capacitor in series with the shunt resistor. When a pulse first arrives at the last 
load, the capacitance appears as a short circuit and the signal terminates into the 
resistor, just as it would with a parallel termination. The capacitor quickly charges to 
the voltage level of the signal and the termination drops out of the circuit, hence NO 
DC power consumption. Since this is not a continuous DC load, it is a good solution 
to the parallel termination problem for all low power CMOS and TTL drivers. Other 
benefits are good smoothing of the transition edges and reduction of overshoot.  The 
negatives are that the resistor and capacitor must be tuned and this type of termination 
requires two components. This type of termination is most often used in buses using 
low power drivers. Again, terminate the bus at both ends. Like parallel termination, 
the resistor value should match the impedance of the line (Zo). Value of the capacitor 
depends on the type of driver in the circuit. For a high power driver (low output 
impedance), the value of R x C (1 time constant) should be equal to 3 x Tr (rise time). 
For weak drivers (output impedance greater than half the line impedance), the value of 
R x C should be 1 x Tr.  On a 50 ohm transmission line, with a 50 ohm termination 
resistor, typical values for capacitors range from 10 to 200 pfd. For example, a fairly 
weak driver, with a 1.0 nSec rise time, driving  a 50 ohm line would have a capacitor 
value of 20 pfd. A strong driver on the same line would have a 60 pfd capacitor in the 
termination circuit. 

 
5. Star Termination.  This termination is used when two long branch lines extend from a 

long main line. The scheme uses three(3) resistors, one in each of the branches.  Value 
of each resistor is equal to 1/3 of Zo.  Disadvantage is that three devices are needed to 
stop the 33% negative reflection, which would occur at the branch point. 

 
 
To Control Overshoot and Undershoot on Buses 
 
6.  Diode Clamp Termination. This is a signal diode(s) pulled down to ground or up to 

DC or both.  This is most effective for heavily loaded busses or when placed near 
sensitive device inputs to clamp overshoots.  The negative is that the diode clamp has 
no affect on other signal integrity issues (i.e.- Reflections). 

 
 
Relationships 
 
See Setting and Controlling Impedance and Reflections (Section 2H11). 
See Reflection Mode Switching (Section 2H16). 
See Component Styles for Termination (Section 4H2). 
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Examples 
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Th ere  are  m any in th e  h igh  speed arena w h o claim  th at 9 0 degre e  corners s everely 
h am per h igh  speed w ave propagation, due to th e  concentration of field energy at th e  
corner.  In fact, m any believe th e  only corner th at s h ould be used at h igh  speeds is  th e  
cutoff 9 0, as illustrated in part 1 of exam ple A.  Conversely, th ere  are  th ose w h o claim  
th at 9 0 degre e  corners h ave no effect on s ignal propagation at any speed. 
 
Studie s  of routing corners, at fre quencie s  up to 2.0 GH z, indicate th at all of th e  corners 
s h ow n in exam ple A h ave about th e sam e effect on w ave propagation.  H ew lett 
Pack ard’s guide to TDR tech niq ues states th at a 9 0 degre e  trace produces only a 5% 
reflection w ith  a 45 picosecond ris etim e .  Th at’s an effective fre quency of 7.75GH z. 
Som e te sts s h ow ed th at 9 0’s, in very h igh  pow er, m ultiple GH z circuits, can pose a 
th reat. In th e s e  case s , 45 degre e  corners (part 2 of Exam ple A) and rounded corners 
(part 3 of Exam ple A) can be used in place of cutoff 9 0’s. 
 
Example  A  
 
 

 
 
Th ere  are  additional concerns w ith  9 0 degre e  corners. Th ey can be a problem  for th e  
board fabricator. Acid from  th e  etch  proces s  can get trapped at th e  ins ide  of th e  corner 
and continue to etch  until it dissipates. Th is  s e em ed to be  a problem  for only som e of 
th e  fabricators contacted on th e subject.  M ost fabricators agreed th at th e  problem  is 
m ost s evere  on outer layers due to th e  ‘h our glass’ cross s ectional appearance of outer 
layer traces. Th is ‘h our glass’ sh ape re sults from  th e  fact th at outer layers traces are  
created by a  print, plate and etch  proces s , as com pared to inner layer traces w h ich  are  
strictly print and etch . 
 
For th ose involved w ith  h igh  enough  pow er and fre quency applications (i.e .- Radar) 
th at th ey w arrant cutoff 9 0’s, tw o ch oice s  are  available. Th e  first is to create th e  perfect 
cutoff corner, as s h ow n in exam ple B , or to create a pseudo cutoff 9 0, using a tigh tly 
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routed 45 degree corner, as s h ow n in exam ple C . Th e difference being th at m ost CAD 
system s w on’t generate th e  perfect cutoff 9 0 w ith out a great deal of effort. 
 
 
Example  B  (Perfect Cutoff 9 0 Degree Corner) 
 

 
 
 
Example  C  
 

 
 
 
Th e  follow ing Routing Grids w ill create approxim ately a 1.0 m il Ch am pfer- 

4-5 m il Trace =       2 m il Grid 
   6 m il Trace =    2-3 m il Grid 
7-8 m il Trace =        3 m il Grid 
 10 m il Trace =        4 m il Grid 
 12 m il Trace =     4-5 m il Grid 
 15 m il Trace =     5-6 m il Grid 
 20 m il Trace =     7-8 m il Grid 
 25 m il Trace =     8-9  m il Grid 
 50 m il Trace = 16-17 m il Grid 

 
 
Conclusion-  
 



1H 8  Conductor Routing Corners 

 30

Studies would indicate that 90’s and cutoff 90’s (with an inside corner identical to a 90) 
are a potential problem in fabrication.  45’s and rounded corners do not present any 
problems for the fabricators. Nor do they appear to present any circuit related problems in 
either the time domain or the frequency domain.  Some CAD systems have problems with 
rounded corners.  For the reasons stated, many people use 45 degree corners during the 
routing of a PC board. You be the judge! 
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Multiple connections can be accomplished by either branching or by continuing from one 
input to the next in a daisy-chain.  The routing scheme(s) selected will affect transmission 
time,  noise and  signal integrity.  Example A illustrates seven(7) different routing and load 
distribution schemes, followed by an explanation of each. 
 
Example A 
 
 

 
 

Load Distribution Sch em e s  
 
 
1. Point-to-Point.  W ith  2 points to be  connected, usually one driver and one rece iver 

(but can be a bus), w e s im ply route a trace betw een th em . W h en term ination is 
needed, a s erie s  re s istor is usually th e best approach , s ince a circuit w ith  a s ingle 
load w on’t suffer th e  tim e delay norm ally realized from  reflection m ode sw itch ing.  
A parallel, RC or th evinin term ination m igh t be neces sary if th is is  a bus or if th e  
tim ing budget is affected by th e  ris e  tim e delay w h ich  often accom panie s  s erie s  
term ination.  M ost of th e  tim e , term ination of a s ingle load is not needed. If th e  
driver’s output im pedance som ew h at m atch e s  th e  line im pedance, such  th at th e  
s econd reflection off th e driver is sm all enough  to not dip into th e  th re s h old region 
of th e  load, th en term ination of th e  line is not neces sary.  Also, term ination w on’t 
be neces sary if th e  line is s h orter th an critical length . 

 
2. Branch by 2.  This routing scheme branches two ways with the driver in the middle. 

This topology is used if both loads are far apart and need to have incident switching or 
minimized skew.  This may not work if the driver is weak (Has an impedance higher 
than Zo),  since the driver will be driving an effective impedance of  ½ Zo.  If the 
conductors are of approximately equal length, a series termination is best. One resistor 
equal to ½ Zo minus the driver’s output impedance can be used.  If the lines are 
uneven, this scheme may require a shunt or RC termination at each load. As with the 
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Point-to-Point, termination is only needed if the second reflection is large enough 
cause secondary switching. 

 
3. Tee.  This scheme works best with one driver and multiple loads that can be placed in 

close proximity to each other.  The main line, routed from the driver, needs to be long 
in comparison to the stubs to each load.  This scheme performs best when each branch 
is shorter than 1/2 critical length.  If needed, a series termination at the driver is the 
best approach.  When the driver doesn’t have sufficient power to drive a termination 
device, but calculations say one is needed to prevent signal integrity problems, this is 
the routing scheme most likely to allow the circuit to perform without problems. When 
needed, series termination is the best approach. 

 
4. Daisy Chain.  This trace routing connects the driver and loads in a series chain and is 

most useful for distributed loads, with a strong driver (driver impedance is much lower 
than Zo), requiring incident switching.  Termination in this case would be a shunt 
resistor at, or just beyond, the last load.  When the driver is weak, an RC at or near the 
last load is the best approach.  When terminating a bus, devices at both ends may be 
required.  With a bus having very weak drivers or when reflection mode switching is 
required (Section 2H16),  such as with a PCI Bus, termination may not be possible. 

 
5. Star/Branch by "N". A star topology has branches from a central point.  The source 

should be located at the hub.  This is ideal for clock drivers to minimize skew. This 
only works if the driver(s) is strong and can drive the effective impedance of Zo 
divided by "N"(N is the number of branches).  Series termination is the best approach, 
when needed, but may NOT be necessary to eliminate overshoot.  Matching of branch 
lengths is the best approach. 

 
6. Tree (2-N Sub Branch).  This is an extension of the star, in which branches contain sub 

branches.  Sub branches should be shorter than ½ critical length.  This method can be 
used to drive relatively multiple deskewed loads.  The effective impedance is greater 
than the star, since fewer branches stem from the source.  In this, as with the Star, 
termination must be carefully considered and will likely be series, at the driver.  If 
impedance matching is utilized, or star termination is used, sub branches can be longer 
than critical length. 

 
7. Loop.  This is a closed loop routing scheme in which the driver(s) and receiver(s) are 

all connected in a continuous daisy chain.  Effectively, the driver sources half of Zo 
and there is no end point.  This is very helpful to reduce overshoot or reflections and 
increase rise & fall times and may be useful for routing DRAM banks which require 
slower edge rates and are sensitive to signal integrity issues.  This can also be very 
useful when adequate real estate for terminations is NOT available. This will only 
work with strong drivers and cannot be employed when reflection mode switching is 
required (Section 2H16), such as with a PCI bus.
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Routing Radial Loads (Stubs). 
 
When a pulse propagates down a transmission line of impedance Zo and encounters a long 
branch line of impedance Zo, the pulse creates a 33% negative reflection back toward the 
driver, affecting loads along the initial line.  As general rule, radial lines or branch routing 
is to be avoided.  In many situations, the net can be restructured to create a couple of long 
lines from the driver, rather than one line with a long branch.  When it’s not possible to 
avoid branch routing, one of the following three techniques can be used to help reduce 
reflections at the junctions: 
 
1.  Star Terminate the Branches. Use the three resistor termination method specified in 

section 1H7 to prevent the 33% reflection. This works great but, when many branches 
need to be terminated, the resistor count can get quit high. However, this is ideal for 
those occasional long branches that cannot be avoided. 

 
2.  Keep Stub Length to a Min. The easiest way to avoid the reflections from branch 

routing is to keep the length of all stubs shorter than 1/2 of critical length.  1/3 of 
critical length is ideal, but 1/2 critical length works in most cases. For a signal of 2.0 
nSec rise time, stub length must remain under 3.0 inches. 2.0 inches would be ideal.  
By doing this, it won't be necessary to alter trace widths and the only terminations 
necessary will be at the load(s) at the end of the line or at the drivers.  This is by far 
the preferred method for the treatment of radial lines. 

 
3.  Branch Route Impedance Matching. When branch lengths cannot be maintained at or 

below 1/2 of critical length and star termination is not practical, one technique that can 
be used, if all conditions are perfect, is to change the impedance at each branch point 
so the parallel impedance of the 2 lines branching off the driver line are equal to the 
impedance of the driver line.  This can be as basic as having two 70 ohm traces branch 
off a 35 ohm trace or as complex as multiple loads in a daisy chain or a complex 
branching tree requiring proportional impedance matching.  This approach has some 
severe limitations, which will be discussed in the summary at the end of this section. 

 
Example B (next page) illustrates a daisy chain line with 5 loads, where each load is at the 
end of a very long branch line (much longer than 1/2 of critical length). Because of the 
impedance matching of each long branch, to the line driving the branch points, the only 
termination necessary is at the last load, at the end of each long, 70 ohm branch line. The 
final loads were parallel terminated with a 70 ohm resistor. Notice that the last two lines in 
the route (right side of illustration) are 70 ohms and are being fed by a 35 ohm line. Two 
70 ohm lines in parallel equals 35 ohms, hence the impedances match at the branch points 
and no star termination is needed. The 35 ohm line segment is in parallel with the center 
70 ohm line. Their parallel impedance is 23 ohms, hence the line feeding them is 23 ohms 
and again, no star termination is needed. The 23 ohm segment in parallel with the second 
70 ohm line creates a parallel impedance of 18 ohms, hence the line feeding these is 18 
ohms. Finally, the 18 ohm line and the first 70 ohm line have a parallel impedance of 14 
ohms, hence the main line driving the circuit is 14 ohms. 
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Example B 
 

 
 
 

Impedance Matched Lines with Daisy Chained Loads. 
 
This example assumes an 8 layer board, with an even construction of FR4, whose εr is 4.  
All conductors are stripline, with widths ranging from .008" for the 70 ohm lines to .030" 
for the 14 ohm line.  The equation used to calculate the line impedance at each point is 
also shown in example B. 
 
 
Example C illustrates an unbalanced H-tree transmission line with 4 loads on one side and 
two loads on the other, all beyond 1/2 critical length.  The physical parameters are the 
same as in example B. 
 
Example C 
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Impedance Matching with H-Tree Branch Lines 

 
Limitations of Impedance Matching 
 
The limitations with this approach are both physical and electrical.  The upper limit of 
impedance is a matter of realistically producible line widths.  Also, many concerns exist 
with the electrical characteristics of transmission lines beyond 80 Ohms. Crosstalk is 
increased in this range.  An even bigger concern exists at the lower impedances.  Losses 
due to attenuation and power losses of 12 and 14 Ohm lines can be severe.  Another major 
concern at these low impedances is di/dt crosstalk.  If these lines are very long, the losses 
can be severe and that's assuming the driver is strong enough for this type of load. This 
cannot be accomplished with weak drivers and it is only possible with NETS.  BUSES 
cannot be routed in impedance matched fashion, since the driver changes location in a bus 
environment. 
 
The benefits to impedance matched lines are simply a matter of avoiding reflections 
without the use of terminators at the branch points.  At times when this approach is not 
practical, a great deal of benefit can still be realized by increasing the width of the driver 
line approximately 25-50% beyond that of the branching lines.  Any decrease in impedance 
of the drive line will result in lower reflections at the branches.  As long as the reflections 
are small enough, so as not to create circuit malfunction, we are within the confines of our 
noise budget. 
 
 
Load Placement and Trace Routing Summary 
 
1.  On a parallel terminated line, since there are no reflections, the voltage on the line 

never rises above the initial level (Bench Voltage).  When a driver is weak and the 
bench voltage is low, there may not be adequate voltage to switch the loads.  Don’t 
parallel terminate weak drivers. To determine when a driver is too weak to parallel 
terminate, solve the following equation (If the resulting bench voltage is below the 
upper threshold level of the load(s) on the line, don’t parallel terminate) - 

  (Zo / Zo + Ro) x (Vcc – Vss) = Bench Voltage 
  Where: Zo = Line Impedance 
   Ro = Driver Output Impedance 
   Vcc = High Voltage at Driver Power Pins 
   Vss = Low  Voltage at Driver Pow er Pins 
 
2.  From the standpoint of voltage on the line, a series terminated line acts like a line with 

no termination, if the driver’s output impedance is close to the line impedance of the 
unterminated line.  Since series termination is intended to match the output impedance 
of the driver to the line, the bench voltage in both cases will always be 1/2 Vcc. In 
these scenarios the loads along the line will switch off the reflected wave. 
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3.  If timing is critical, for series terminated lines or lines with high impedance drivers, and 
the delay of reflection mode switching cannot be tolerated, place the loads at the end 
of the line. Place all the loads within a total span not greater than critical length. In this 
way the loads all see a smooth monotonic voltage from the reflection off the last load. 
When loads can’t be placed as needed, reroute into 2 or more lines. Individual drivers 
for each line may be necessary, if the initial driver can’t source the number of lines 
created. 

 
4.  When termination is not possible, cluster loads near the end of the line, as explained in 

item 3, above. 
 
5.  Route Bus lines in a daisy chain with an RC or Parallel termination at both ends of the 

line. If control of the switching level on the line is needed, use Thevinin termination. 
 
6.  Do not daisy chain clocks, unless skew is necessary or wanted.  Route clocks in a star 

configuration with equal length lines to minimize skew. If line lengths can’t be even 
enough to control skew, use a clock driver with controlled skew outputs. 

 
7.  Use Impedance Matched Lines ONLY on a net, never on a bus. 
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Routing of Differential Pairs 
 
Differential lines in a PC board are usually routed over one another (on different layers) or 
next to each other (on the same layer), as shown in example A.  
 
Example A 
 
 

 
 
 
  Layer-to-Layer Differential  Coplanar Coupled Differential 
  Pair (Broadside Coupled)  Pair (Edgewise Coupled) 
 
 
By routing the lines together, they are always exposed to the same RF conditions, which 
allows the differential receiver to cancel the effects of any encountered noise. Routing the 
lines together also keeps them the same length, which helps to eliminate differential skew. 
 
Skew occurs if the two signals arrive at the receiver at different times. Ideally we would 
want no skew between lines of a differential pair. Realistically, all differential receivers can 
tolerate a certain amount of skew, which means the lines in the pair do not have to be 
exactly the same length. As an example, if a given receiver can handle .25 nSec of skew 
and the differential pair is routed between planes (the slowest  propagation time, hence the 
worst case condition), one line of the pair can be as much as 1.5 inches longer than the 
other. This is determined by multiplying a typical inner layer propagation rate of  6”/nSec 
by the amount of tolerable skew (.25 nSec).  For the sake of safety, the number should be 
cut in half.  Hence, the differential lines routing to a receiver, which is tolerant of .25 nSec 
of skew, can be different in length by as much as .75”.  (For exact propagation rates, see 
section 2H12.) 
 
Broadside coupled and edgewise coupled pairs each have advantages and disadvantages. 
Broadside coupled lines typically use less routing space than edge coupled lines, allowing 
a greater number of lines per layer pair. However, due to layer-to-layer registration of PC 
boards, edge coupled lines typically have a more accurate impedance. When broadside 
coupled lines are used, they should be placed on either side of a layer of core material 
within the PC board structure. Make certain you know how the board will be stacked by 
the fabricator. Most PC boards are foil laminated (see section 6H8). 
 
The odd mode impedance of a pair of differential lines is typically 10 to 30% lower than 
the characteristic impedance (calculated from the Zo equations in section 1H6) of either 
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trace in the pair.  The differential impedance of the pair is always twice the odd mode 
impedance.  In the case of a differential pair routed in microstrip, .008" wide, .008" apart 
and .008" above a plane, the individual impedance of each line will be approximately 70 
ohms. The odd mode impedance will be roughly 60 ohms and the differential impedance of 
the pair will be 120 ohms. A pair of differential lines routed side-by-side between a pair of 
planes (stripline) will have much lower impedance numbers than the microstrip case.  A 
stripline set of .008” lines, .008” apart and .008” to the nearest plane, would be approx 50 
ohms characteristic impedance, 45 ohms odd mode and 90 ohms differential impedance. 
 
Distance between differential pairs should be three(3) times the separation of the two(2) 
lines in any given pair. This will ensure no issues of crosstalk between pairs. In a very tight 
design, two(2) times separation can be used, but this may result in some coupling, which 
would have to be resolved. 
 
Differential pairs can be routed over a plane, between planes or alone. Since each signal in 
the pair is referenced to it’s compliment, the return path of the planes is not essential. 
However, routing differential signals next to or between planes does provide the ideal 
return path and helps to contain the electric field of the pair, which severely reduces pair-
to-pair crosstalk. Planes also help shield the pair(s) from outside noise. 
 
There are a number of good ‘Differential Impedance’ calculation programs available for 
the computer. Some use equations. Some use a field solver. Some are fairly expensive, 
while others are available free across the Internet. Your fabricator may have suggestions. 
 
 
Termination of Differential Pairs 
 
For a true differential pair, operating in odd mode, the termination resistor value would be 
equal to the differential impedance (2 x Odd Mode Impedance) and would be placed 
across the two lines as shown in example B.  
 
Example B 
 

 
 
In the case of a differential pair, with odd mode impedance of 60 ohms,  RDIFF  is 120 
ohms. 
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If the two lines are operating in common mode, we would terminate both lines to ground, 
as shown in example C  on the next page, with resistors whose values are equal to the 
even mode impedance. 
 
Example C 
 

 
 
 
In the case of a common mode pair, with even mode impedance of 81 ohms, the RCOMM  
resistors would each be 81 ohms. 
 
In circuits where signals can be driven in both differential mode and common mode, it 
becomes necessary to terminate the lines as shown in example D.  
 
Example D 
 

 
 
 
Since the RCOMM   resistors will affect the RDIFF resistor, when the lines are differentially 
driven, by knowing that the differential impedance of our circuit is 120 ohms and the 
commom mode impedance is 81 ohms, we can calculate RCOMM   and  RDIFF  as shown in 
the next several paragraphs and examples E & F. 
 
To a set of common mode signals, resistor RDIFF  is invisible, since no current flows 
through it. Because the voltage on either side of RDIFF is the same, there is no voltage drop 
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across it, hence no current through it. Therefore, the common mode resistors (RCOMM) are 
unaffected by RDIFF and will be 81 ohms, just as in example C. 

To a set of differential signals, because the two(2) RCOMM  resistors both attach to ground, 
they  appear to be in series with each other. Additionally, that series pair appears to be in 
parallel with resistor RDIFF, as shown in example E. 
 
 
Example E 
 

 
 
 
To properly terminate for differential signals, the combined parallel resistance of the 162 
ohms (created by RCOMM  x 2) in parallel with RDIFF must equal 120 ohms. If we solve the 
following equation for RDIFF – 
 
  (162 x RDIFF / 162 +  RDIFF) = 120 oh m s 
W e find th at – 
  162RDIFF = 120 (162 +  RDIFF)  
  162RDIFF = 19 440 +  120RDIFF 
  162RDIFF – 120RDIFF  = 19 440 
  42RDIFF  = 19 440 
  RDIFF  =  463 oh m s  
 
 
The combined termination scheme looks like Example F. 
 
Example F 
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In all cases, termination resistors must be placed very close (within 1/3 critical length) to 
the input pins of the receiver. 
 
 
Relationship 
 
See additional information on ‘Differential Signals’ (Section 2H14). 
See Testing of Differential Signals (Section 9H2). 
See related information on impedance and terminations in sections 1H6 and 1H7. 
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In a microstrip and stripline structure, the majority of capacitive crosstalk on signal lines 
occurs from layer to layer.  The two principal causes are two traces routed directly over 
one another on adjoining layers or when a signal is routed over a plane of a foreign logic 
family.  To virtually eliminate capacitive crosstalk, do not route adjacent signal layers in 
the same direction and do not allow signals to cross gaps in planes or into areas occupied 
by other logic families.  The majority of inductive crosstalk occurs when two traces are 
routed on the same layer, in close proximity and in parallel, for an extended length.  To 
minimize inductive crosstalk we need to keep parallelism between traces under certain 
lengths (determined by rise time) or maintain certain ratios of trace separation verses 
height above the return plane.  How much separation is needed will be discussed. 
 
Since capacitive crosstalk is controlled with the few simple techniques already discussed, 
the remainder of this section will deal with inductive coupling in the back direction.  Due 
to the manner in which we structure and route PC boards backward coupled, inductive 
crosstalk is usually more severe than capacitive crosstalk. 
 
Crosstalk Coupling Factors 
 
The amount of coupling between two signal lines is the result of several factors. One is the 
distance the two traces run in parallel. The second factor is the rise time of the offending 
signal.  Another factor is the material in which the traces are placed. The remaining factors 
are a function of the relationship of the distance between the traces verses their distance to 
the nearest reference plane (AC ground). 
 
Parallelism, Rise Time and Material 
 
Example A illustrates the amount of parallelism required to reach maximum backward 
crosstalk, as a function of edge rate. 
 
Example A 
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Once back w ard crosstalk  reach e s  its m axim um  value, continued parallelism  w ill sim ply 
w iden th e  crosstalk  pulse. 
 
Trace Separation verses Distance from Plane(s) 
 
As mentioned, the other factors that enter into the amplitude of the coupled pulse on the 
victim line, are how far apart two traces (on the same layer) are spaced during routing 
verses their distance to the plane(s).  If two traces are far enough apart, they could route 
for distances well in excess of those shown in example A without any serious concern of 
coupling between the two. The amount of separation needed can be determined by 
whether they are microstrip or stripline and by their distances to the reference plane(s). 
 
In a digital circuit, to virtually ensure no interference from  coupling, stripline traces 
need to be s eparated by tw o tim e s  th e ir h e igh t above th e  neare st plane. As can be seen 
in th e  graph  in exam ple B, this much separation will keep the percentage of coupling 
below 5%, which is generally accepted as adequate to prevent circuit malfunction, 
regardless of the length of parallelism.  To achieve coupling levels below 5% in a 
microstrip circuit requires separation between the traces of four(4) times height above the 
plane. 
 
Example B 
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Maximum Crosstalk vs Trace Spacing vs Plane Height (Stripline) 

 
In the real world of digital design, separations this large are virtually impossible if we 
expect to create a cost effective PC board. From a practical perspective, trace-to-trace 
separations which work, even in very large boards with long parallel routes, are one(1) 
times height above the nearest plane for stripline and two(2) times height above the plane 
for microstrip.  More coupling will occur with these separations than with the 2X and 4X 
separations, but real world experience with in-service equipment shows that these numbers 
are both cost effective and rarely cause issues of concern in digital circuits. 
 
As an example, in a 10 layer board where layers 3 & 4 and 7 & 8 are offset stripline and 
layers 1 and 10 are microstrip, with average trace to plane heights of approximately .006”, 
the microstrip traces should be separated by .012” or more and the stripline traces should 
be separated by .006” or more. Remember, to prevent trace-to-trace capacitive coupling, 
route layer 3 orthogonal to layer 4 and layer 7 orthogonal to layer 8. 
 
In the case of an analog circuit, where noise margins are much smaller, separations in both 
microstrip and stripline will likely need to be at least 4X and 2X respectively. In very 
sensitive analog circuits much greater separation may be necessary.  Analog designers are 
encouraged to use the graphs in exam ple B and exam ple C (below) to determine how 
much separation is necessary in their individual circuits, based on the required signal-to-
noise ratio of devices in the circuit. 
 
Example C 
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All the above statements about trace separation only hold true if all the practices outlined 
in this study guide to maximize self shielding and minimize self inductance are established 
in the PC board environment. 
 
 
Plane and Routed Signal Alignment 
 
Anoth er is sue  of concern is th e  coupling of pulse energy from  plane-to-plane and from  
plane-to-trace.  M isalignm ent of pow er or ground planes from  different device fam ilie s  
and routing traces from  one device fam ily over th e  pow er or ground plane for anoth er 
device fam ily are  th e  principal cause s  of th e s e  type of coupling.   
 
For exam ple, if an analog ground plane w ere  located over th e  pow er plane from  a 
digital section of th e  PC board, coupling of th e  nois e  currents, betw een th e  planes, 
w ould be lik ely.  Th is is  k now n as com m on m ode im pedance coupling.  W h en planes 
overlap, th e  only w ay to prevent th is is  to s eparate th e  planes by an enorm ous distance 
and th at w ould, as m entioned earlier, defeat th e  intended decoupling function of th e  
planes. 
 
Th e oth er is sue  of concern w ould be th e  routing of a digital line over an analog plane 
or visa-versa.  Th is could cause capacitive coupling in exactly th e sam e m anner as 
routing one trace over anoth er. 
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R em em ber to k e ep planes aligned and s ignals contained w ith in th e ir ow n geograph ic 
areas.  Exam ple D illustrates both  good and poor alignm ent of planes. 
 
Exam ple D  
 
 

 
 
 
Summary of Crosstalk Control Practices 
 
In conclusion, th e  num ber of layers in a m ultilayer PC board is directly related to th e  
density of interconnections w ith in th e board.  In conflict w ith  th at, crosstalk  is directly 
affected by th e degre e  of isolation betw een conductors.  In an attem pt to create a cost 
effective design, th ere  w ill alw ays be a com prom ise betw een th e  num ber of traces and 
th e  layer count of th e  PC board.  W h en m ak ing decis ions about th e structure of th e  PC 
board, w e m ust first determ ine th e degre e  of crosstalk  th at can be tolerated, h ence th e  
am ount of separation betw een affected signals.  As a general rule-of-th um b, th e degre e  
of crosstalk  isolation re quired is usually 26dB for digital circuits and 60dB for analog 
circuitry. 
 
The printed circuit designer needs to work with the design engineer to determine the 
amount of acceptable coupling in the PC board.  Whether or not computer programs are 
available to help with the analysis and control of crosstalk, or the designer is required to 
maintain the budget for crosstalk with educated guesses when placing and routing a 
design, the following rules will be helpful to keep a tight rein on this issue: 
 
1. Parts Placement.  Place devices in groups by logic family, drive voltage, frequency and 

function.  Also, control of parallel routing begins with a correct placement. Take the 
time to do it right, it will pay off later 

 
2. Plane Alignment.  Align power and ground planes by device family and by function 

performed by the power structure. i.e.- Analog ground aligns with analog power and 
digital ground aligns with digital power, etc.  Remember, at high frequencies, ground 
planes don’t need to be split if all the devices and routes from any given family are 
kept in their own geographic area.  In the case of analog and digital, keep everything 
that’s analog in the analog section and everything that’s digital in the digital section 
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and noise currents on ground and all fields will be contained within their own areas.  
Splitting the ground at high frequencies can increase crosstalk and EMI.  Since low 
frequency currents tend to travel everywhere, the idea of not splitting ground starts to 
fall apart at frequencies below 100 KHz and will definately be a problem below 10 
KHz.  When analog signals fall into these lower frequency ranges, it will likely be 
necessary to split the ground plane. 

 
3. Trace Routing.  Route all signals within their own geographic area. Extending signals 

through other geographic areas is a major source of crosstalk.  Don’t route across 
gaps in planes.  This will severely raise the self inductance of the circuit, potentially 
causing major crosstalk. 

 
4. Trace Separation.  Widen trace-to-trace spacing vs. height above the plane.  Crosstalk 

will be greatly reduced if the distance between traces is greater than the distance from 
the trace to the power/ground plane for stripline or twice the distance to the plane for 
microstrip.  Separation beyond 2X for stripline or 4X for microstrip has no added 
benefit in a digital circuit. 

 
5. Parallel Ground Trace.  Ina digital circuit, routing a ground trace next to a potential 

victim line will be of little benefit, unless it is part of a correctly routed differential pair 
or the circuit is on a double-sided board.  A ground trace, routed as a shield, next to 
the offending signal trace will do a world of good on a board that does not have power 
and/or ground planes, such as a single or double-sided board.  In this case, the trace 
should be attached to ground only at the driver and the receiver.  Grounding a shield 
trace at one end will reduce only the electric field coupling to the victim.  A parallel 
ground shield trace on a board with planes has very little effect,  since the majority of 
the field coupling will be to the plane(s) and not the trace.  On a multi-layer board,  if 
there is room for a shield trace, simply leave that much extra space between the source 
trace and the victim trace.  As much benefit will be derived from the extra space 
between the traces as would come from the shield trace and extra spacing. 

 
6. Connectors. When using connectors that do not have internal ground reference 

plane(s), placing a ground run next to each potential offender will greatly reduce 
crosstalk. 

 
7. Clock Lines. Keep clock lines short and separated from other traces. Route each line at 

approximately the same length to prevent skew.  Routing clock lines with twice the 
normal signal-to-signal separation is a good practice. 

 
8. Orthogonal Routing. When two signal layers are next to each other, they should be 

routed perpendicular to one another.  Route one layer in the horizontal direction and 
the other in the vertical. This will virtually eliminate capacitive crosstalk. 

 
9. Keep Impedance Low. Within reason, lower impedance means lower crosstalk. This 

can be accomplished either by a small trace to reference plane distance or by a wider 
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or thicker trace.  The negatives are that moving the trace nearer the plane will increase 
signal delay and power consumption. 

 
10. Signal Termination. Any form of termination of the signal line will improve crosstalk.  

Series termination will have the greatest effect on crosstalk, but it will also increase 
signal delay.  As a troubleshooting aid, when the crosstalk pulse on a victim line 
reflects off the load at the end of the line,  the signal will double in amplitude.  The 
solution to this is a parallel, RC or thevinin termination. 

 
11. Trace Characteristics. A stripline trace exhibits far fewer crosstalk & EMI problems 

than a comparable microstrip trace.  Both are orders of magnitude better than a 
double-sided board. 

 
 
 
Relationship 
 
See General Information on Crosstalk (Section 2H21). 
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As explained in section 4H3, when reflections develop on signal lines as a result of 
mismatch between the trace impedance and the connector impedance, it may be necessary 
to switch to controlled impedance connectors. This section discusses design practices 
which help steer your circuit away from costly high speed connectors. The best approach 
is to create pin assignments for signals and power which maintain low self inductance. 
 
Ideally, every signal should be paired with a ground pin (return path).  Realistically, low 
self inductance can be accomplished by assigning a ground pin in the center of each group 
of signals, so that no signal is farther than one pin’s distance away from a return path.  
Make certain that the group of signals is small enough that the total return current, in the 
ground pin, does no exceed the pin’s capability.  Exam ple A  illustrates this type of pin 
assignment. 
 
Exam ple A  
 

 
 

Placement of Signals in a Conventional Connector 
 
This works best when connector mated pin length is less than 1/3 critical length of the 
fastest signal (lumped circuit). Beyond that, controlled impedance connectors should be 
considered. 
 
This approach can severely decrease reflections and crosstalk.  When the signals from a 
circuit are to be routed outside the system or through a backplane connecting to numerous 
other boards, consider routing signals through buffers or differential buffers or line drivers.  
Transmitting of differential pairs must be accomplished over balanced transmission lines to 
help ensure low noise, high signal integrity and impedance matching.  
 
The contacts of many connectors are tightly packed and cannot be completely shielded 
from one another.  The best way to avoid noise and crosstalk problems, with differential 
pairs, is to stagger the signal pin assignments, as shown in Exam ple B, as opposed to 
routing like signals side-by-side.  In very high density digital connectors, this staggering 
can reduce backward crosstalk from approximately 14% down to 5%. 
 
Exam ple B 
 



1H 12     Connector Pin Assignm ent Consideration 

 50
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In a PC board designed to accommodate high speed devices, the positions of signal layers 
and power & ground planes plays a key role in the effort to maintain high signal integrity. 
The following examples illustrate 10 different board stacks / layer assignments.  Some of 
these are the usually seen, conventional boards.  Others are much less conventional.  The 
strengths and weaknesses of each are discussed.  Though this workbook is not intended as 
an EMI primer, some minor comments regarding EMI are made with respect to these 
board stacks. Most of these stacks have good impedance control characteristics. Some, as 
pointed out, are better than others. 
 
1.  - - - - - - - - - - - - -  (signal) Four(4) Layer-    This is the conventional 4 layer.   Its  

----------------------  (power) biggest  advantages are that it is easy to modify a bare 
----------------------  (ground) board  (has signals on the outer layers) and it’s easy to 
- - - - - - - - - - - - -  (signal) fabricate & assemble.   The presence of the power and 

  ground planes makes this board a far better performer 
than it’s one(1) and two(2)  layer predecessors.   From the signal integrity perspective 
this board doesn’t do as well as most other multilayer boards.   Because PC boards are 
mostly foil laminated (see section 6H8),  the planes are much too far apart (usually 25 
to 40 mils)  to offer any benefit in the decoupling effort,  hence switching noise is very 
common and, at high speeds, can be very severe.   The outer layer signals (microstrip) 
suffer more from noise and crosstalk problems than do inner layer (stripline)  signals.  
Most boards have some signals on outer layers,   but having every signal on the outer 
layer can make noise issues much worse.   Since the signals are all outer layers and the 
planes are far apart, this will generally have a high EMI signature.  With very fast rise 
times devices,  that’s almost a guarantee. 

 
2.  ----------------------  (power) Four(4) Layer-   This is far from the conventional four 

- - - - - - - - - - - - -  (signal) (4) layer PC board. The biggest advantage of this type 
- - - - - - - - - - - - -  (signal) of PC board is that all the traces are stripline and have 
----------------------  (ground) much better signal characteristics.   Another benefit is 

    that  more signals can  be routed in this  structure than 
the conventional 4 layer. Very often signals, which cannot be routed in the usual 4 layer 
arrangement, will fit into this particular 4 layer stackup. The biggest disadvantage is 
that the planes are so far apart.  The decoupling effort must be handled  totally through 
the proper selection and placement of capacitors.  At today’s speeds, that can be very 
hard to accomplish.  However, this arrangement is no worse from that perspective than 
the conventional 4 layer. Other disadvantages are, bare boards are much harder to 
modify, since all the traces are inner layer and the assembly processes could change 
slightly due to the fact that the outer layer planes (poured copper) can affect the solder 
profile. This is not the best board stack, but has much better signal quality and a slightly 
better EMI signature than the conventional 4 layer. 

 
3.  ----------------------  (ground) Four(4) Layer-   This is like the 4 layer above,  except 

- --- - --- - ---- --- -  (sig/pwr) that both outer layer planes are ground and the power 
- --- - --- - ---- --- -  (sig/pwr) is routed (very heavy traces) on the signal layers, in a  
----------------------  (ground) gridded fashion (in the horizontal direction on layer 2, 
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vertical direction on layer 3, connected at crossing points).   This can only be done on 
fairly low density boards,  but the advantages are enormous.  The very high frequency 
decoupling is handled by the capacitance created by the power grid and the outer layer 
ground planes.  Since 4 layer boards naturally have a thick center core and thin prepreg 
material between layer 1 & 2 and layer 3 & 4,  the capacitance will be high.  Like the 4 
layer in item 2 above, this will have much better signal integrity than the conventional 4 
layer board.  Crosstalk will also be much less than in a standard 4 layer.  Because of the 
high capacitance of the power / ground structure,  the EMI signature will be better than 
e ith er of th e  first tw o 4 layer exam ples. 

 
4. ----------------------  (ground) Six(6) Layer- This is a natural extension of the four 
 - - - - - - - - - - - - -  (signal) layer PC board in item 3. The difference is that planes 
 ----------------------  (power) have been added in the center of the structure.  This is 

----------------------  (ground) one of the best performing PC board structures,  from 
- - - - - - - - - - - - -  (signal) the standpoint of both signal integrity & crosstalk. An 
----------------------  (ground) obvious and serious disadvantage is there are only 
  two layers of routing in a six layer board.  Remember 
though,  many more traces can be routed in this structure than a conventional four(4) 
layer.  That coupled with the high capacitance planes, close together in the board, 
makes this an excellent choice.  One mistake that’s often made,  if the needed traces 
won’t fit on a conventional 4 layer,  many people will assume a standard 6 layer design 
with four signal layers, all sparsely routed, instead of investigating this or the four layer 
in item 2. Because of the centered stripline traces and the low impedance power planes,  
this will have a very low EMI signature as well. 

 
5.  - - - - - - - - - - - - -  (signal) Six(6) Layer-    This is the conventional six  layer PC - 

- - - - - - - - - - - -  (signal) board.  The one most familiar to many people. One of 
----------------------  (power) the obvious advantages,  the excellent set of planes in 
----------------------  (ground) the center of the board.  This is a serious benefit to the 
- - - - - - - - - - - - -  (signal) power decoupling effort. The major disadvantages are 
- - - - - - - - - - - - -  (signal) realized  because the signals are all microstrip.   These 

  are more prone to signal integrity issues, crosstalk and 
noise, than stripline traces.  The worst problems are inherent to layers 1 and 6,  because 
they are a greater distance from the planes.  Also, it will be harder to control impedance 
of the traces on layers 1 & 6,  plus they will need to be a different width, than the traces 
on layers 2 & 5,  if consistent impedance is needed throughout the board  (and it should 
be consistent). One easy way to make this a very usable PC board is to keep the layer 1 
and 6 traces very short. If all the long and sensitive signals are routed on layers 2 and 5, 
virtually all the noise,  crosstalk and impedance related issues are reduced and in many 
cases eliminated.  One more thought, if all the outer layer traces are short,  pour copper 
(ground) on both outer layers and the board will look just like the one in item 4.  When 
the outer traces are short and ground is poured on these layers,  the EMI signature will 
be quite low.  If no ground copper is poured and outer layer traces are long,  the EMI 
signature will be much higher. 
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6.  - - - - - - - - - - - - -  (signal) Six(6) Layer-    This is a departure from the usual six -

---------------------  (power) layer board, in that the power planes aren’t together in 
- - - - - - - - - - - - -  (signal) the center of the PC board.   This will have a negative 
- - - - - - - - - - - - -  (signal) effect on power system decoupling.   Like the 4 layer -
---------------------  (ground) stack in item 1, capacitor value,  type & location must 
- - - - - - - - - - - - -  (signal) be handled with great care to prevent switching noise. 

  From a signal integrity perspective, this is an excellent 
layering arrangement.  Having signals on layers 1, 3, 4 & 6  creates two natural routing 
layer pairs  (explained in the 10 layer stackup),  which helps signal integrity and benefits 
impedance control. EMI takes several forms. This layering arrangement will help one of 
the forms of EMI, but on the other hand, the lack of low impedance planes in the center 
of the board will severely hamper control of other forms of EMI.  Even though this PC 
board stack is highly touted for control of signal integrity, it may cause severe problems 
with EMI. 

 
7.  - - - - - - - - - - - - -  (signal) Six(6) Layer- This is a serious change from the usual -

---------------------  (ground) six(6) layer board,  because it has 3 signal layers & 3 - 
--- - - --- - - --- --  (sig/gnd) plane layers.   The disadvantage of this structure is the 
----------------------  (power) extreme imbalance in construction, causing  potential -
---------------------  (ground) fabrication problems.  The solution is to heavily pour - 
- - - - - - - - - - - -  (signal) copper(grounded as many places as possible) on layer 

  3.  From the perspective of impedance control, EMI & 
crosstalk, this is a far superior arrangement to either the six layer board in item 5 or the 
one in item 6.  When the design just can’t be routed in two layers, but can in three, this 
might be the right choice. 

 
8.  ----------------------  (ground) Eight(8) Layer-   This is a natural extension of the six 

- - - - - - - - - - - - -  (signal) layer board in item 4. The difference being, this board 
- - - - - - - - - - - - -  (signal) has 2 additional layers of signal. The fact that the four 
----------------------  (power) signal  layers  are offset stripline  is a disadvantage to -
---------------------  (ground) centered stripline.  The two biggest advantages of this  
- - - - - - - - - - - - -  (signal) arrangement are that it has centered power & ground  
- - - - - - - - - - - - -  (signal) (an excellent aid  to the power system decoupling eff- 
----------------------  (ground) ort) and all the signals are on inner layers (the quietest 

  place they could be).  From the perspective of imped-
ance and crosstalk control,  this is an excellent structure.  The next eight(8) layer stack 
(item 9) has a slightly better EMI signature, but due to the stripline traces and the cen-
tered power and ground planes,  this is a good EMI performer, as well. The only dis-
advantage is the possible change in the assembly solder profile, because of the heat 
sinking effect of the poured copper on the outer layers. 
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9.  - - - - - - - - - - - - -  (signal) Eight(8) Layer-   This is a natural extension of the six 
----------------------  (ground) (6) layer stack in item 6. The difference being, this PC 
- - - - - - - - - - - - -  (signal) board  has the advantage of centered  power & ground 
----------------------  (power) planes,  which is a  distinct advantage for decoupling -
---------------------  (ground) the power system.   The other great advantage of  this 
- - - - - - - - - - - - -  (signal) PC board,  like the arrangement in item 6,   it has two 
----------------------  (ground) natural routing  layer  pairs  (explained in the 10 layer 
- - - - - - - - - - - - -  (signal) stackup).  Because of  these characteristics,  signal in- 

  tegrity will be very high and the EMI signature will be 
very low.  This is an ideal controlled impedance environment, due to the fact that every 
signal layer on this board is one(1) dielectric thickness away from a return path. For all 
the reasons mentioned,  this one of the best stacks available.   It’s also easy to fabricate 
and assemble. 

 
10. - - - - - - - - - - - - -  (signal) Ten(10) Layer- Like the 8 layer board in item 9 this is 

----------------------  (ground) an ideal controlled impedance environment, due again 
- - - - - - - - - - - - -  (signal) to the fact that every signal layer is only one dielectric 
- - - - - - - - - - - - -  (signal) thickness away from a return path.  That coupled with 
----------------------  (power) the tightly spaced,  centered  power and ground planes 
----------------------  (ground) make this an ideal stack up. The reason this board and 
- - - - - - - - - - - - -  (signal) the second eight layer (#9) have very low crosstalk  & 
- - - - - - - - - - - - -  (signal) EMI signatures is due in large part to the natural route 
----------------------  (ground) ing layers pairs that exist between layers 1 & 3,  4 & 7 
- - - - - - - - - - - - -  (signal) and 8 & 10.  Properly structured,  layer 1 would route 
  in th e X direction, layer 3 in th e Y direction, layer 4 
in th e X, etc.  From  a routing perspective, layers 1 &  3 are  a layer pair, layers 4 &  
7 are  a layer pair and layers 8 &  10 are  th e  rem aining layer pair.  Any signals 
routed on layer 1 s h ould be via’d to layer 3 w h en a ch anged in direction is 
neces sary.   Th is is not alw ays possible,  but th e  concept s h ould  be follow ed as 
m uch  as is  reasonable.  Lik ew is e ,  all signals on layer 8  s h ould via to layer 10  for 
a direction ch ange.  Th e  layer  4 &  7 pair s h ould get th e sam e treatm ent.    Th is 
approach  ensures th at every forw ard  signal w ill alw ays be coupled very tigh tly 
w ith  its com plim ent (return).  As an exam ple, if a s ignal is traveling on layer 1,  its 
return current w ill be in th e  plane in layer 2 and only layer 2.  If th at s ignal is via’d  
to layer 3,  its return stays in th e  layer 2 plane,  m aintaining good coupling,  low  
self  inductance and good self sh ielding.  W h at h appens if th is approach  is not 
m aintained?  If th e sam e s ignal is traveling on layer 1 and is via’d to layer 10, th e  
return current m ust now  find a path  to th e  ground plane on layer 9 .  Th e  return 
current w ill h ave to find th e  neare st ground via  (i.e .-  re s istor or capacitor lead to 
ground.)  If th at via h appens to be  very nearby, th at’s OK.  If a ground via is not 
nearby, th e  circuit loop area w ill greatly increase,   th e  s elf inductance w ill 
dram atically increase and EM I and crosstalk  w ill severely increase.   Th e  approach  
to tak e  w h en a s ignal m ust via to a layer outside  its current layer pair,  is  to place a 
ground via righ t next to th e s ignal via.  Th is w ill provide a path  for th e  return 
current to th e  appropriate ground layer.  Th e s ix (6) layer stack  in item  6,  th e  
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e igh t(8) layer in item  9   and th is ten(10) layer are best for th is approach  because 
th ey allow  for easy layer pairing, w ith  th e  few e st needed ground vias to m aintain 
good s ignal coupling.   In th e  case of th e  layer  4 &  7 pair,  th e  return currents w ill 
travel w ell in both  th e  pow er and ground planes on layers 5 &  6 and w ill transfer 
betw een th e s e  tw o plane layers easily because of th e  good capacitive coupling of th e  
planes. 

 
If more than 10 layers are needed for a design, simply following the basic lead set in these 
examples.  Creating a combination microstrip / stripline environment, will go a long way 
toward guarding signal integrity and controlling crosstalk and EMI.  
 
As a general rule-of-thumb, never have more than four microstrip layers on a board, two 
per side (one microstrip, one embedded microstrip).  Having 2 microstrips per side will 
yield reasonably good control of board parameters, but one microstrip layer per side is by 
far a preferred approach.  One microstrip per side allows for much better impedance, EMI 
and crosstalk control.  Also, having only two microstrip layers per board will force more 
stripline layers.  This is preferred, due to the much improved performance of signals 
routed in the stripline configuration.  Stripline will perform much better if limited to one 
pair of signal layers per pair of planes (offset stripline).   For example,  NEVER do any of 
the following- 
 
- - - - - - - - - - - - -  (signal) - - - - - - - - - - - - -  (signal) - - - - - - - - - - - - -  (signal) 
- - - - - - - - - - - - -  (signal) - - - - - - - - - - - - -  (signal) - - - - - - - - - - - - -  (signal) 
- - - - - - - - - - - - -  (signal) - - - - - - - - - - - - -  (signal) - - - - - - - - - - - - -  (signal) 
----------------------  (power) - - - - - - - - - - - - -  (signal) ----------------------  (power) 
----------------------  (ground) ----------------------  (power) - - - - - - - - - - - - -  (signal) 
- - - - - - - - - - - - -  (signal) ----------------------  (ground) - - - - - - - - - - - - -  (signal) 
- - - - - - - - - - - - -  (signal) - - - - - - - - - - - - -  (signal) ---------------------  (ground) 
- - - - - - - - - - - - -  (signal) - - - - - - - - - - - - -  (signal) - - - - - - - - - - - - -  (signal) 
 - - - - - - - - - - - - -  (signal) - - - - - - - - - - - - -  (signal) 
 - - - - - - - - - - - - -  (signal) - - - - - - - - - - - - -  (signal) 
 

Examples of Board Stacks to NOT Create 
 
 
There are of course many other board stacks that shouldn’t be created.  If the intent of a 
design is to have good signal integrity,  low EMI and crosstalk and to create a controlled 
impedance environment that fabricators can actually control,  the examples above and 
anything similar should be avoided. 
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We are in a "High Speed" setting when the rise/fall time of a signal is fast enough that the 
signal can change from one logic state to the other in less time than it takes for it to 
travel the length of the conductor and back.  Expressed another way, when total round 
trip travel time of the signal is equal to or greater than the rise or fall time.  Notice the 
words "Clock" and "Frequency" are missing from this statement.  The term High Speed 
doesn't necessarily mean that the components in the system are being clocked at a high 
frequency.  
 
Over the past several years Integrated Circuit manufacturers have been redesigning their 
products, shrinking dies as both a means of economy and to obtain faster output edge 
rates to meet the needs of their customers in the high frequency, high volume industries, 
such as computers and telecommunications.  As volume demand for these high speed parts 
increases, they will, for obvious reasons of economy, begin to replace their lower speed 
predecessors.  The day will come when low speed parts will no longer be available.  When 
that time arrives, we will all be in the "High Speed" arena. 
 
This scenario can be taken one step further.  In situations where purchasing buys high 
speed components, instead of the slower speed parts originally designed into a circuit, it's 
not uncommon for the circuit to exhibit characteristics ranging from an occasional 
malfunction, all the way to simply not working.  Utilizing the methods illustrated in this 
workbook during redesign will solve many high speed related problems. 
 
 
Example 
 
As an example, if a system is operating at a clock frequency of only one cycle every 10 
days, but the switching devices in the circuit have rise and fall times of one(1) nanosecond 
with conductors between devices longer than 2.9 inches, then the design meets the 
definition of "High Speed" and the circuit could be in danger of malfunction. 
 
 
Relationship 
 
When designing a PC board, lower speed parts require much less attention to trace length, 
impedance and other related characteristics.  Employing high speed parts in a circuit board 
utilizing the usual design methodology will likely result in problems involving signal 
integrity and systems operation.  New design disciplines and design strategies are needed. 
See sections  ??? 
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Waveshape and Harmonics of a Signal. 
 
Of all the waveforms we encounter in electronics, only the sine wave is natural in its 
voltage and current content.  If we look at any other type of waveform with a signal 
analyzer, we find that it is simply a series of sine waves algebraically summed to create the 
necessary wave shape.  The secondary sine waves, summed with the primary wave, are 
known as harmonics of the primary frequency. 
 
The amplitude of the harmonics is a function of the slope of the sides of the square wave.  
The output of a digital IC is simply a square wave whose harmonic content and amplitude 
are a function of signal slope or rise time.  The quicker the rise time, the higher the 
amplitude of the harmonics of the rising edge. 
 
 
Example 
 
A 50% duty-cycle square wave is the sum of the primary sine wave, a 3rd harmonic sine 
wave, a 5th harmonic, etc.  The example below shows a rough sketch of the harmonic 
content of a 50% duty cycle square wave. 
 
 

 
 
 
When a square wave gets out of 50% duty cycle by more than a few percent, amplitude of 
the even harmonics begins to increase dramatically, as well. 
 
 
Harmonics and Effective Operating Frequency of a Signal. 
 
One of the items we will need throughout the design is the "Effective Operating 
Frequency".  This is NOT the clock speed of the system. Rather, it is the characteristic 
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frequency associated with the rising or falling edge of the signals on the PC board.  This 
value comes from the equation: 
 
    F(freq-GHz) = .35 / Tr(rise time-nSec*) 
 

*   (Th e  ris e  and fall tim es  for a device are  found on device data s h e ets under th e  
h eadings, "Tr = 10-9 0% Rise Tim e (Typ)"  and  "Tf = 10-9 0% Fall Tim e (Typ)".   
Since w e are  concerned about w orse case conditions, w h en Tr and Tf  are different,  
use th e sm aller num ber to calculate fre quency.) 

 
 
Example 
 
As an example, solving the frequency equation for a device with a 1.0 nSec Tr,  gives an 
effective operating frequency of - 
 
  F  =  .35 / 1.0 
  F  =  .350GHz  or  350MHz 
 
This is the value used when determining the electrical characteristics of the PC board base 
material or when selecting decoupling capacitors, etc. 
 
 
 



2H 3     PC Board Parasitic Elem ents 

 59

Trace Resistance 
 
Resistance or resistivity is that property of a conductor which resists current flow, but is 
not affected by other circuit elements the way capacitance and inductance are affected by 
elements in the same region or physical area.  Resistivity is not a reactive element (i.e.- 
frequency dependent) and is only affected by changes in frequency due to skin effect. 
 
 
Example 
 
A trace sitting alone on a PC board, operating at DC with a resistance of 0.001 ohm, will 
still be 0.001 ohm if moved between two traces each .004" away and up to frequencies as 
high a few kilo hertz.  
 
As the signal frequency increases above a few kilo hertz,  the resistivity will climb due to 
skin effect.  At 10.0Ghz the resistivity will have increased to a value of 0.1 ohm. Though 
this represents an increase in resistance of 100 times, its effect will be very small compared 
to the effects of capacitance and inductance in the circuit. 
 
 
Relationship 
 
See Skin Effect and its properties (Section 2H6). 
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Trace Capacitance 
 
In general, capacitance is formed when two conductive surfaces of different voltage 
potential are separated by a region of insulating material.  The difference in voltage 
between the two surfaces causes an electric charge to form in the insulated region.  If the 
voltage on one surface changes with respect to the other surface, the charge in the 
insulated region will attempt to change.  Due to the existing charge, the capacitor will 
exhibit inertia to the voltage change.  Because of this inertia, the more rapid the change 
occurs, the less the capacitor will react.  In other words, a capacitor will respond less to a 
high frequency change than to a low frequency change and as a result will store a smaller 
electrical charge at high frequencies than at low frequencies.  
 
In the case of a PC board trace, as shown in exam ple A ,  capacitance is formed by the 
trace and all adjacent conductors,  with a different voltage potential,  and the insulated 
region between them. 
 
Exam ple A  
 
 

 
 

Capacitance of a Trace and its adjacent Traces and Planes 
 
The strongest capacitive region will be formed by the conductor and its own current return 
path ("ground" trace or plane).  The effect is strongest when the signal return path is 
directly above or below the signal path and on the layer immediately adjacent. 
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Trace Inductance 
 
In general, inductance is that property of a PC board conductor that allows it to store 
energy in a magnetic field induced by the current flowing through the conductor.  The 
magnetic field is contained in the magnetic lines of flux surrounding the center of the 
conductor.  When a wire with a given magnetic field is wound into a coil, the lines of flux 
form a tighter link causing the intensity of the magnetic field to increase.  If a ferrite 
material is placed near the region of the coil, the field is increased further.  Just as 
capacitance has an inertia to changes in voltage, inductance has inertia to changes in 
current.  As signal frequency increases the conductor presents a greater impedance to 
change in the current flow, causing the lines of flux and hence the magnetic field to 
increase.  In the design of a circuit board there are two forms of inductance we need to 
understand. 
 
 
Individual Inductance 
 
This is a function of trace cross sectional area and length.  Individual inductance occurs 
when a signal is separated from its return path by such a great distance that the magnetic 
fields of the forward path and the return path have no interaction.  Individual inductance 
will decrease if the trace becomes shorter, wider or thicker.  As will be shown, we have 
much better control over inductance of a circuit by regulating self inductance as opposed 
to attempting to regulate individual inductance through width or thickness changes.  
 
Example 
 
The individual inductance of a .020" wide, 1 oz trace, 1 inch long is 25nH (nano henries).  
To cut the inductance by 50%, to 12.5nH, the trace would need to be 2.0" wide.  The 2.0" 
wide trace is 100 times wider than the initial trace. 
 
Self Inductance 
 
The second inductive element to understand is self inductance, which is the property of the 
combination of a signal conductor and its return path (conductor or plane).  This is the 
one we must understand and regulate.  Self inductance, like individual inductance, is a 
function of trace length, width and thickness.  Self inductance is also a property of the 
closed loop area of a trace and its return path.  The self inductance decreases as the closed 
loop area of a circuit decreases.  Said another way,  the self inductance of a circuit 
decreases as the signal conductor is moved closer to its return path or return conductor. 
 
Exam ple B 
 
The 1" long, .02" wide, 25nH trace mentioned in the previous example, if placed above or 
below its return path and separated by .01",  will decrease in inductance to 6.5nH.  This is 
a decrease of nearly 75%,  without changing trace width. 
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Self Inductance of ‘A’ is 1/24 the Self Inductance of ‘B’. 
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Every circuit is a closed loop.  When a device drives a current down a wire to another 
device, a current of equal value returns to the sending device, creating a closed circuit 
loop.  In a PC board environment, when a signal propagates down a trace to an IC, the 
path of the initial signal is defined by the position of the signal trace.  If the return current 
is low frequency (up to a few KHz.), the return current will follow the path of least 
resistance, usually the shortest and/or widest path.  Once the signal gets to a few hundred 
KHz, but certainly by the low MHz range, the return signal will always attempt to tightly 
couple both its electric field and its magnetic field with the original signal.  This means 
returning to the source as close to the path of the original signal as possible.  When a trace 
is routed directly over a ground plane,  the return current will flow in the plane directly 
under the original signal path,  back to the source.  At MHz frequencies and higher,  the 
signal return will follow the path of least impedance, which usually means the path of least 
inductance and highest capacitance. 
 
Example 
 
 

 
 
 
If a signal of extremely low frequency is driven from the signal generator (A) through the 
coax cable (B) to the load (C), the current return path back to the generator will be 
primarily through the wire (D).  If a MHz or higher signal is driven from (A) through (B) 
to (C), the current return path to (A) will be back through the shield of the coax.  At 
higher frequencies, the shield of the coax offers the path of least impedance because it is 
the path of least self inductance and greatest capacitive coupling.  This condition of tightly 
controlling the E-field (electric field) through high capacitive coupling and the H-field 
(magnetic field) by maintaining low self inductance is known as self shielding. 
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As explained in section 2H1, a high speed environment exists "when the rise or fall time of 
a signal is fast enough that the signal can change from one logic state to the other in less 
time than it takes for it to travel the length of the conductor and back".  When rise time is 
long compared to the propagation time of the trace, we refer to the flow of current 
through the trace as signal propagation.  As rise time becomes short, compared to trace 
length, hence trace propagation, we must begin to think of the signal as a propagating 
wave. 
 
A good analogy to an electronic wave is a water wave.  Though the two appear to be 
widely different phenomena, close examination tells us that they have a great deal in 
common.  Both types of waves provide a means for transferring energy: 
 
Energy Waves -take time to travel from place to place. 
   -can be absorbed or reflected. 
   -attenuate (dissipate) as they travel. 
   -can be continuous or bursts of pulses. 
   -can be channeled (guided). 
 
When a large object is slowly lowered into a pool of water, the water level will simply rise 
with few other noticeable effects.  If the object is suddenly dropped into the pool of water 
it creates a downward force, displacing water in the form of an energy wave traveling 
outward from the point of impact.  As the wave travels across the pool it is attenuated 
(partially absorbed), due to the resistance of the water and the air above the water. If the 
wave hits a wall, it's reflected.  If the wave travels onto a shoreline, it is totally absorbed 
and the energy all transfers. 
 
Electronic waves are generally referred to as electro-magnetic energy, which consist, as 
the name implies, of an electric field and a magnetic field.  This wave is generated when 
the output of an IC is switched from HI to LO or LO to HI.  The switched output is both 
a traveling voltage and current.  The voltage generates the electric field and the current 
generates the magnetic field. 
 
 
Example 
 
An electronic wave travels down a printed circuit trace much the same way a water wave 
travels through the pool.  When the rise time is long and changes slowly compared to the 
time needed to travel the length of the trace, there is little noticeable effect, much the same 
as an object being lowered slowly into the pool.  When the rise time is short, the energy of 
the wave will respond much like the rapidly moving water wave.  When the characteristics 
of the point of destination (the load) are not matched properly to the line guiding the 
wave, the energy is reflected much like a water wave hitting a wall. 
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Signal attenuation decreases the amplitude of a signal pulse and slows the propagation 
time of the wave.   The problem is worse in high speed circuits, due to the increased effect 
of the PC board’s parasitics. The three most common forms of attenuation are detailed in 
this section.  
 
 
Skin Effect 
 
As the effective operating frequency increases, the inductive element in the signal trace 
will dominate the resistive element.  The resulting increase in the inductive lines of flux, 
concentrating in the center of the trace, will cause the density of the current, from the 
transmitted pulse, to concentrate on the surface of the trace, instead of through the entire 
trace, as in the case of a DC signal.  This phenomenon is known as skin effect. As pointed 
out in the section on resistivity (2H3), the resistance of a trace carrying a high speed signal 
is greater than that of a trace in a low speed setting, hence the power loss is greater and 
will rise proportionately with the square root of the effective operating frequency.  Since 
the resistance goes from a extremely low value to a higher, but still low value, the loss in a 
digital circuit is not significant in either case and is simply seen as a slight loss of signal 
power resulting in a rise in temperature of the trace and can result in a loss of amplitude of 
the signal, in very long lines.  Another effect that is the result of skin effect is a slight 
reduction in signal rise or fall time.  None of these effects will become severe enough to 
affect system performance of a digital circuit until effective operating frequency is well 
above the 1.0GHz range.  The frequency where an analog circuit will malfunction from 
skin effect will vary based on circuit device sensitivity.  Each analog circuit must be 
evaluated separately. 
 
 
Loss Tangent 
 
Energy is also absorbed by th e dielectric m edium  surrounding th e  conductors in th e  PC 
board, due to tw o(2) effects.  Th e  first of th e s e  is  loss tangent.  Loss tangent, h ence th e  
am ount of energy absorption, is related to th e  m olecular structure of th e  plastic re s in in 
th e  PC board base m aterial.  Som e m aterials h ave m uch  h igh er Loss Tangent, h ence 
m uch  greater s ignal loss per inch  of trace.  For exam ple,  FR4 h as loss tangent 
ch aracteristics 10 – 20 tim e s  greater th an very h igh  end RF / M icrow ave m aterials,  
lik e  PTFE (ak a- Teflon). O f course th e  cost of Teflon is m uch  greater th an th e  
spectrum  of FR4 base m aterials.  Loss tangent effects, h ence th e  am ount of energy lost,  
are  m ade w orse w ith  increased fre quency. 
 
 
Insertion Loss 
 
Th e s econd cause of energy loss in th e base m aterial is insertion loss.  Insertion loss is  
directly related to th e  value of th e  perm ittivity (DK) of th e base m aterial.  R em em ber, 
a trace routed above a plane is a capacitor, w h ich  store s  energy in th e base m aterial.  
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Th e h igh er th e  perm ittivity, th e  greater th e  energy storage, h ence th e  greater th e  loss. 
Insertion loss by itself is not a problem  in any digital circuit nor in m ost analog 
circuits.  Th e  problem  is th at th e  losse s  add to th e  nois e  in th e  circuit  and eat into th e  
overall noise budget. Because Er (DK) is low er in PTFE base m aterials, energy 
absorption due to insertion loss is  les s  in th e s e  m aterials as w ell. Lik e  loss tangent, 
insertion loss is  m ade w orse by increased fre quency. 
 
 
Relationships 
 
Bas e  Materials-  Th ere  are  a num ber of trade-offs to consider w h en s electing base 
m aterials for a particular circuit. 
 
Generally, only very h igh  fre quency analog circuits re quire  th e  use of PTFE base 
m aterials. Applications engineers at com panie s  lik e  Arlon, Rogers and Ticonic are  an 
excellent re source to h elp select a particular m aterial based on circuit ch aracteristics, 
fre quency and operating environm ent. 
 
As for digital circuits, FR4 is generally “good to go” up to at least 1 GHz (Effective 
Operating Frequency).  However, due to limited noise budgets, consideration of other 
materials is sometimes necessary. 
 
Section 3H2 lists some of the alternative materials for both analog and digital circuits. 
 
 
Sk in Effect-  IPC-D-317A lists th e  e quations for calculating th e s e  effects in a printed 
circuit board.  Th ere  are  also num erous book s available w h ich  give an in-depth  analysis 
of s k in effect (i.e .- Fundam entals of Radio and Electronics, W .L. Everitt, Prentice H all 
and H igh  Speed Des ign- A Black  M agic H andbook , H . Joh nson and M . Grah am ). 
 
 
Loss Tangent and Insertion Loss-  IPC-D-317A gives th e  e quations for dielectric loss.  
Th is inform ation is also available from  any lam inate m anufacturer.  Th e best source of 
loss tangent and insertion loss info w ould be a supplier of m any types of plastic and 
epoxy based lam inates. 
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A transmission line is any pair of electrical conductors used to move electrical energy from 
point A to point B.  Even though the definition is any conductor and it’s return line, the 
industry standard for a transmission line has come to mean any tightly controlled pair of 
conductors.  In keeping with tradition, in this workbook "Transmission Line" will refer to 
only impedance controlled pairs. 
 
Some examples of tightly controlled transmission lines are coax, triax, twinax, twisted 
wire pairs and shielded twisted wire pairs.  Exam ples A  & B illustrate two types of 
transmission lines found on printed circuit boards. 
 
 
Examples 
 
A        B 

 
 
 

Types of PC Board Transmission Lines 
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Propagation time of a signal is the time it takes for the signal to travel the length of a 
conductor.  This time will vary depending on the dielectric make up of the material into 
which the conductor is placed. A  signal propagating down a bare conductor, in a vacuum 
will travel at the speed of light, or 300 million Meters/Second (186,000 Miles/Second).  
This same signal placed on the inner layers of a PC board, surrounded by a dielectric with 
an εr of 4.0, will propagate at 1/2 the rate of the signal in a vacuum, or at the speed of 150 
million Meters/Second (93,000 Miles/Second).  Written in numbers more meaningful to 
printed circuit designers and engineers, the signal in the PC board would propagate at a 
rate of .15 Meters/nSec (5.89 inches/nSec).  This is actually propagation rate, which is 
expressed in distance/unit time.  Propagation time is expressed in unit time/distance.  The 
propagation time of the signal in the PC board would be 6.67 nSec/Meter (.17 nSec/inch). 
 
 
The following equations are used to calculate Rate(Rp) & Time(Tp or Tpd) for inner layer 
traces (buried microstrip and stripline),  where c = speed of light: 
 
    rcRp ε/=   cTp r /ε=  
 
 
As indicated, the above equations are for rate and time of inner layer traces.  Equations 
for outer layer traces (microstrip) are different,  to compensate for the presence of air (εr = 
1) on one side the trace and FR4 on the other side.  The outer layer equations are: 
 
  67.457./ += rcRp ε   cTp r /67.457. += ε  
 
 
Relationships 
 
The above equations are propagation times and rates for signals on an unloaded trace.  For 
Propagation Time and Rate of Loaded Circuits,  see section 2H12. 
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A signal conductor and its loads basically appear to be capacitive.  At low speeds (long 
rise times) when reflections occur they are overpowered by the output pulse, which is still 
rising and charging the voltage on the line.  The effect of a reflection on the pulse is simply 
to degrade the rising edge, hence causing a slight delay in the pulse rise time. Such delays 
very rarely create issues of concern.  This same condition will exist even in a fast rise time 
setting, if the conductor is shorter than "Critical Length."  To calculate critical length, we 
must first determine ‘Rise Distance’.  As rise time gets faster, we reach a point where the 
conductor begins to behave like a high speed transmission line.  On such a transmission 
line,  all reflections caused by a mismatched load impedance can be quite large and, 
depending upon distribution of the loads, can cause false triggering of devices on the line.  
To understand when this point is reached, we need to determine, for a pulse of a given rise 
time, how long a conductor may be before a critical voltage difference is realized along its 
length.  To do that, we must first calculate rise distance (Sr). Rise distance is how far the 
pulse can travel in the time it takes to rise and can be calculated by knowing the IC rise 
time (Tr) and the relative permittivity (εr) of the PC board dielectric material: 
 
  Sr(inches)= Tr(Seconds) x Speed of Light(inches/Sec) / rε  
 
This equation is simply the propagation rate (Rp) equation (See Section 2H8) for an inner 
layer trace, with the rise time (Tr) added to the numerator.  This will of course net the rise 
distance for a signal on an inner layer.  To determine rise distance for an outer layer signal, 
add Tr to the Rp equation for microstrip, as follows: 
 
   Sr(Microstrip) = Tr x c/ 67.457. +rε  
 
Per the definition of  “High Speed”,   when the round trip propagation distance exceeds 
rise distance (Sr), we are in a high speed setting.  From this we can define the maximum 
one-way length a transmission line can be,  before it must be treated as a high speed line.  
This distance is equal to 1/2 Sr and is referred to as “Critical Length”. 
 
Exam ple 
   Critical Length- Critical Length- 
 DEVICE TYPE RISETIME Inner (Inch/mm) Outer (Inch/mm) 
 Standard TTL 5.0 nSec 13.8 / 350 17.82 / 453 
 Schottky TTL 3.0 nSec 8.3 / 210 10.72 / 272 
 10K ECL 2.5 nSec 6.9 / 180 8.91 / 226 
 ASTTL 1.9 nSec 5.3 / 130 6.84 / 174 
 FTTL  1.2 nSec 3.32 / 84 4.29 / 109 
 BICMOS 0.7 nSec 1.9 / 48 2.45 / 62 
 10KH ECL 0.7 nSec 1.9 / 48 2.45 / 62 
 100K ECL 0.5 nSec 1.36 / 34 1.76 / 45 
 GaAs  0.3 nSec .81/ 20 1.05 / 27 
 
   Logic Families, Edge Rates and Critical Length(1/2 Sr) 
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  (Calculations made assuming a worse case εr = 4.7) 
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When designing high speed PC boards, one of the principal ways to maintain integrity of 
the signals is by carefully controlling reflections on the signal lines. There are two basic 
steps needed to accomplish this. The first is to control the impedance of the signal traces. 
The second is to control the impedance of the loads (see section 2H11).   To understand 
the WHATS and WHYS of these issues let’s first define a few terms and then understand 
the characteristics of signal conductors in and on a PC board. 
 
 
Characteristic Impedance 
 
At low speeds, a voltage present on a conductor will cause current to flow through the 
conductor.  As speed increases, we must begin to think in terms of electro magnetic wave 
propagation.  Characteristic impedance is a measure of the property that resists the 
propagation of the wave through the circuit.  Impedance consists of 3 elements, resistance, 
capacitance and inductance.  In a DC circuit, impedance is purely resistive and is defined 
by Ohms law, R(resistance) = E(voltage) / I(current). In an AC/switching circuit, 
impedance consists of all three elements.  At very high speeds, the resistive element of a 
PC board trace is negligible compared to the inductance and capacitance.  Therefore, 
impedance of a conductor in a high speed circuit is defined as the square root of the ratio 
of the inductance per unit length to the capacitance per unit length and is represented by 
the equation: 
 
   000 / CLZ =   Where L0=inductance and C0=capacitance 
 
Determining the inductance and capacitance can be a laborious process.  There are a 
number of equations to calculate Zo which utilize the PC board physical characteristics.  
These equations are outlined in section 1H6. 
 
 
Reflections 
 
When a pulse travels down a signal line, of impedance Zo and reaches a load of the same 
impedance,  all the energy is transferred to the load.  If the impedance of the load (Zload) 
is different than that of the line (Zo),  then a percentage of the pulse is reflected back 
towards the source.  The reflected amount can be calculated using a resistive voltage 
divider concept: 
 
    %Reflec = 100 x (Zload - Zo) / (Zload + Zo) 
 
The signal source also generates reflections.  If the source impedance differs from the line 
impedance, a percentage of the reflected energy will be re-reflected back to the load.  The 
same equation is used, substituting Zsource for Zload.  This effect continues until the 
reflections are  finally damped out or absorbed.  If the reflections are very large or occur 
at the wrong position on the rising or falling edge of the signal, false triggering of loads on 
the line will likely occur.  Positive reflections which drive the signal well above Vcc can 
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cause damage to IC inputs.  Some IC’s are susceptible when overvoltage is as small as 
0.7v above Vcc. Most ICs today have input protection to guard against overvoltage. 
 
From the equation on the previous page, we can see that when the downstream impedance 
(in this case Zload) is lower than the line impedance (Zo), the reflection coefficient will be 
negative and the resulting reflection will be the opposite polarity as the driving signal and 
will subtract from the signal.  Reflections from an IC input are usually positive since Zload 
presented by an IC is typically much higher than the line impedance (Zo). 
 
Reflections will also occur when a pulse encounters any change in the characteristic 
impedance of the trace, such as a long branch line (example A) or load attached to the 
line.  This is the source of the belief that vias cause reflections.  What occurs is, when the 
signal changes layers, in an uncontrolled environment, it encounters a change in the 
characteristic impedance.  As an example, in an evenly stacked 6 layer board with 8 mil 
traces on all layers, the impedance of outer layer traces would be 50% higher than the 
impedance of inner layer traces contained between the power and ground planes.  This 
large difference would cause a substantial reflection when a signal was via’d from an outer 
layer to an inner layer.  The reflection would occur at the via giving rise to the belief that 
the via is the problem.  
 
 
Relationship 
 
Even though vias present a substantial change in line capacitance (typically .75 to 1.0pF 
per via), hence a large change in Zo, they do not have large reflections associated with 
them because of "localization".  The effect that localization has on a line and reflections is 
explained in Section 2H15. 
 
 
Example A 
 
When a signal is propagating down a long trace and encounters a junction (“T”) with long 
lines branching in 2 directions, a 33% negative reflection will occur at the junction point. 
The 33% negative reflection will likely cause false triggering of loads along the initial 
trace.  The “T” junction is a change in impedance because, to the signal, the 2 branch lines 
in parallel appear as a single line of 1/2 the impedance of either (assuming they are of 
equal impedance). 
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In most circuit s today, both digital and very high frequency analog (RF / Microwave), 
impedance of the circuit traces is controlled by utilizing a Microstrip and/or Stripline 
environment.  Controlling reflections within these two types of circuits (digital & analog) 
is typically handled much differently. 
 
An RF / Microwave circuit (consisting of amps, mixers, modulators, etc.) will generally 
have a driver at one end of a transmission line with one or more loads lumped at the far 
end of the line.   RF / Microwave devices are designed such that their input and output 
impedances match.  The two most common impedances for these types of devices are 50 
ohms and 75 ohms.  Control of reflections in this type of circuit is accomplished by 
selecting devices whose impedances match the PC board trace impedance.  In a 50 ohm 
circuit, all drivers would have an output impedance of 50 ohms and all device inputs 
would be 50 ohms.  By doing this,  reflections are not generated at load inputs and any 
small reflection occurring, due to slight impedance mismatches in the board, are absorbed 
by device inputs and outputs. 
 
The reasons the target characteristic impedance is usually in the 35 - 90 ohm range are a 
function of crosstalk and wattage.  Impedance values below this range cause excessive 
di/dt crosstalk, and can greatly increase the wattage consumed by the circuit and affect the 
heat dissipation problem.  Values above this range permit much higher crosstalk values, as 
well as higher EMI. 
 
In high speed digital design, a signal line can have one load or a dozen and can have one 
driver or several.  Output impedances can be as low as 4-5 ohms or as high 50-100 ohms, 
while values of trace impedance typically range from 35 to 90 ohms.  Impedance of device 
inputs rarely match the line impedance.  
 
Reflection control in a digital circuit is accom plish ed by utilizing term ination devices  
on th e  transm is s ion lines. 
 
 
Relationship 
 
See Transm is s ion Line Term ination (Sections 1H 1 (Layout) and 4H 2 (Com ponents)). 
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The equations presented in Section 2H8 for propagation rate (Rp) and propagation delay 
(Tp) and those presented in Section 1H6 for trace impedance (Zo) will yield numbers for 
the static or unloaded conditions of the PC board.  In a real circuit environment, other 
factors must be taken into consideration to calculate total circuit delay and active 
impedance of the traces.  In a loaded circuit, the capacitance of the loads will add to 
propagation delay, slowing signals even further, and will lower the impedance of 
conductors.  These effects must be factored into the equations.  If a circuit has one or two 
loads clustered at the end of a long run, the capacitive effect of the loads on the line can be 
ignored and the original equations will apply.  However, if a circuit has multiple loads 
distributed along the conductor at distances less than critical length, the capacitance will 
greatly affect both propagation delay and impedance.  
 
 
Propagation Delay and Rate 
 
Propagation delay in a loaded circuit is increased due to the effects of capacitive loading.  
When a load distribution scheme is not terminated or is parallel terminated, the following 
equation would be used to resolve the total circuit delay: 
 
   ( )( )traceCCloadsTppT 0/1 +×=′  
 
To resolve this equation we must determine the unloaded delay (Tp) from the equations in 
section 2H8.  The load capacitance (Cloads) would simply be the total of all the loads in 
the circuit and the trace capacitance would be the "per inch" number (derived from the 
equation C0 = Tp / Z0)  multiplied by the length of the line in inches. 
 
In a series terminated circuit there is additional delay due to the effective increase in 
output impedance of the driver caused by the series termination resistor.  Total delay is 
found in the following equation: 
 
   ( )( )[ ]11/12 0 +−+×=′ CCloadsTppT  
 
In all cases, propagation rate is the inverse of propagation delay. 
 
Active Trace Impedance. Trace impedance in a loaded circuit is decreased due to the 
effects of capacitive loading.  The impedance equation in this case is: 
 
   ( ) ( ) ( )( )CloadstraceCtraceLloadedZ += 000 /  
 
To resolve this equation we must determine the unloaded impedance, capacitance and 
inductance of the trace.  The equations presented in section 1H6 can be used to determine 
this impedance and capacitance.  From those values, the inductance of the circuit can be 
determined with the following equation: 
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Widely Distributed Loads 
 
The case presented on the previous page for increased propagation delay and decreased 
impedance was based on loads being placed along the line at or below critical length.  In 
that situation, the capacitance of the loads is averaged out along the line and the effect on 
delay and impedance is fairly constant. 
 
When the distance between loads greatly exceeds critical length, the effect of the load 
capacitance is local to each load, instead of global to the entire line.  There are two 
distinct effects that rise out of this environment: 
 
1. The propagation delay of the line, right at the output of the driver, is the same as a line 

with no loads.  As the signal propagates the line it will slow a little as it passes a load, 
getting slower with each load.  By the time it reaches the final load, it will be traveling 
at the same speed as it would in a line with all the loads close together.  This condition 
will rarely affect circuit performance. 

 
2. Since each load along the line is a capacitive discontinuity, there will likely be 

reflections off each load, even if good routing techniques are used.  This will be less 
severe with low impedance lines.  Since low Zo lines have higher line capacitance, 
there will be less difference between the loaded and unloaded line. 

 
Typically, the differences won’t be severe enough to cause problems.  However, when 
problems occur, there are three things that can be done: 
 
1. Since the problem is one of impedance mismatch due to increased capacitance, simply 

add additional inductance at each load, in the form of a ferrite.  The inductance will 
reestablish the impedance at the loads.  The value can be derived from a proportion.  
First, determine the line capacitance and inductance of about one inch of trace.  Then 
setup a proportion as follows: Lo / Co = Lo+Lferrite / Co+Cload. Solving the 
proportion for Lferrite (Lf) nets: 

    
   Lf = [(Lo x (Co + Cload)) / Co] – Lo 
 
2. A second way to accomplish roughly the same thing as a ferrite addition, is to widen 

the entire trace so that it can be narrowed as it enters and exits each load.  The trace 
should be narrowed to about half it’s running wide and should be narrow on each side 
of the load for about 1/2 inch to 1 inch, each way.  This will be difficult to achieve in a 
tight design. 

 
3. Sometimes it may be necessary to divide the line into several series terminated lines, 

each with a few loads.  If the driver is not strong enough to handle this technique, it 
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may be necessary to have multiple drivers.  This sounds extreme, but in severe cases, 
might be the only solution. 

 
Keep in mind that these equations yield both the capacitance and inductance in per inch 
units.  If the capacitance used in the Lo equation is pF/inch, the resulting inductance will 
be in pH/inch.  Knowing the trace length we can determine the total capacitance and 
inductance of the trace.  Plugging these values and the total load capacitance into the 
Zo(loaded) equation presented above will yield the actual circuit impedance. 
 
If a device is driving more than one line, the active delay and impedance of each line must 
be determined separately, based on the number of loads on each line and the length of the 
line.  To maintain careful control of circuit impedance and reflections it becomes painfully 
apparent that trace routing and load distribution must be given serious consideration 
during design of the PC board. 
 
 
Relationships 
 
See Transmission Line Layout (Section 1H6). 
See Signal Propagation Time, Unloaded Line (Section 2H8). 
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Line Types.  As explained earlier, the length of the PC board trace compared to the rise 
time of the device output determines whether or not a circuit is "High Speed".  The 
section on signal rise distance (section 2H9) defines the crossover point as the "Critical 
Length".  Based on this, we can define the following 3 line types: 
1.  Lumped Line. A lumped loaded line is shorter than "Critical Length". A lumped loaded 

line may have a single load or multiple loads.  For AC analysis, a lumped loaded line 
will be modeled as a single resistor and capacitor. Impedance control and reflection 
control techniques are very rarely required. 

2.  Distributed Line. A distributively loaded line is any PC board trace greater than 
"Critical Length".  The circuit is modeled as many individual R, L & C circuits (see 
example below) and generally requires impedance control and reflection control.  
Conditions exist by which distributed lines may not require impedance or reflection 
control for some loads.  For control techniques, see sections 1H6 and 1H7. 

3. Radial Line. A radial loaded line is a stub (T) long enough  th at it generates a 
reflected pulse greater th an th e  noise budget, th ereby affecting th e  inputs to loads.  
W h en a pulse propagating dow n a transm is s ion line of im pedance Z o encounters a 
radial line of im pedance Z o, a discontinuity is  s e en and reflections w ill occur.  For 
control tech niq ue s  of radial lines, s e e  Im pedance  Match ing tech niq ue s  in s ection 
1H 9  and term ination of radial lines in s ection 1H 7. 

 
 
Loaded Line Types.  A loaded transmission line can be one of two types, depending upon 
the arrangement of drivers and receivers on the line: 
1. Net. A net has a single driver with one or more receivers.  A net can be distributed, 

lumped or radial.  Termination elements would be placed as recommended in section 
1H7. 

2. Bus. A bus has multiple drivers and multiple receivers, where only one driver is active 
at any point in time.  The sources may be a combination of open-collector and tri-state 
devices.  Termination elements will usually be parallel, RC or thevinin and would be 
positioned as recommended in section 1H7.  Impedance matching of lines (described in 
section 1H9) would not be practical for bus lines, since the position of the driver 
changes. 

 
 
Example 
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Relationship 
 
Sections 1H6, 1H7 and 1H9.
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In any system, when voltage offsets exist in the unit-to-unit ground structures (or even 
board-to-board grounds) or when the environment between the units or boards has a great 
deal of RF noise, using differential lines to interconnect between the two will eliminate 
potential problems.  Differential lines also help create a balanced impedance between the 
forward and return paths for a signal, helping to eliminate the noise created by different 
voltage drops across the forward and return paths.  This is especially true in a high speed 
system where the problems of voltage offsets and RF noise are accentuated. 
 
Signals propagating in pairs can be transmitted in either even mode or odd mode.  True 
differential pairs are always in odd mode, where each conductor carries the opposite 
voltage and current, referred to as the true signal and it’s compliment.  In differential 
transmission, the signal and it’s compliment are changing state at the same time but in 
opposite directions.  As one goes HI, the other goes LO.  Differential signals do not have 
to be referenced to ground, as they carry their own reference in the form of the 
compliment line.  However, routing differential lines above, below or between grounds 
does help to stabilize and control the differential impedance and greatly helps to contain 
the electric and magnetic fields associated with the pair. 
 
Differential Lines routed together have a zero voltage line midway between the two 
traces.  This zero voltage line is referred to as a virtual ground (see example).  Each line of 
the differential pair has an impedance to ground.  The coupling that occurs between the 
two traces, through the virtual ground, serves to lower the impedance of each trace.  Said 
another way, if the traces were placed between grounds and sized such that each had an 
impedance to ground of 60 ohms, the natural coupling between the two lines would lower 
the impedance of each.  This is known as the odd mode impedance and is equal to the 
impedance to ground minus the impedance created by the coupling between the traces.  
The impedance of the two lines, as referenced to one another (differential impedance), is 
always 2 times the odd mode impedance. 
 
If the signals in the pair were both positive going (common mode), the impedance of each 
trace would be referred to as even mode and would be the sum of the impedance to 
ground of either trace and the impedance created by the lack of coupling between the two. 
 
 
Example A 
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Relationship 
 
See layout of differential pairs in Section 1H10.
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When a discontinuity exists in the middle of a transmission line (i.e.- a via or a connector 
between boards), two transition region are present.  The first transition is from the line to 
the discontinuity and the second is from the discontinuity back to the line.  As in example 
A, a connector is placed in the middle of a line.  The connector has a much higher 
impedance than the line.  In this case the line is 50 ohms and the connector is 100 ohms. 
 

 [%Reflec = 100 x (Zload - Zo) / (Zload + Zo)] 
(Equation for percent of Reflection based on Impedance Differences) 

 
From this equation, two reflections are obtained.  The transition from 50 ohms to 100 
ohms causes a +0.33(+33%) reflection coefficient and the transition from 100 ohms back 
to 50 ohms causes a reflection coefficient of -0.33(-33%).  The first transition causes a 
positive reflection, the second causes a negative reflection. 
 
If the length of the discontinuity (L) is beyond critical length, the reflections reach their 
maximum and have the greatest effect.  As the discontinuity length (L) is shortened, the 
reflections begin to move together and, as they are of opposite polarity, start to cancel 
each other.  The waveforms in examples B & C (next page) show what the reflections 
might look like at a load in the middle of the first 50 ohm segment of line.  The drive 
signal has a 1.0 nSec risetime.  The discontinuity lengths represented are 4.0"(example B) 
and 1.0"(example C). 
 
If the length of the discontinuity becomes very short, such as with a typical signal via in a 
.062" thick PC board, the reflections will almost completely cancel and all that will be seen 
is a slight ripple on the line.  A typical via reflection coefficient would be .005 to .01 (.5% 
to 1%).  Example D shows how this waveform might look. 
 
 
Example A 
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Reflection Mode Switching 
 
Circuits using logic families with low power drivers often experience what is known as 
reflection mode switching.  Meaning that the initial wave (incident wave) traveling down 
the line doesn’t develop a high enough voltage to switch the loads along the line.  This 
occurs because the output impedance of a low power driver is often as high or nearly as 
high as the line impedance.  These roughly equivalent impedances set up a voltage divider, 
causing the initial voltage at the output to be roughly half the Vcc of the driver.  The initial 
voltage developed by the incident wave is referred to as the bench voltage.  In an 
unterminated transmission line, the initial voltage wave propagates down the line and, 
when it hits the last load, reflects back toward the driver.  Due to the very high input 
impedance of the load verses the much lower impedance of the line, the reflection 
coefficient will be positive and will be nearly 100%.  The reflected wave adds to the bench 
voltage immediately causing the voltage at the last load to double, which causes the last 
load’s input to immediately switch.  The reflected voltage propagates back down the line, 
doubling the line voltage all the way back to the driver.  The line stays high until the 
output goes low. At this point, the same events occur in reverse order.  The line voltage 
drops to half of Vcc, until a negative reflection off the last load propagates back down the 
line returning the line to 0v.  Example A shows a circuit which can be setup to 
demonstrate reflection mode switching. 
 
For the circuit in example A , a driver with an output impedance of 50 ohms was chosen to 
match the impedance of the line.  The load was left open and unterminated to cause a 
100% reflection. Example B  illustrates what the waveforms of the fast risetime signal 
would look like at the driver output (point A) and at the load end of the line (point B).  
 
 
Example A 
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Example B 
 
 

 
 
 
Notice in example B  how the load stays low until time = T (the time needed to propagate 
the line).  At "T", the load input rises and continues to rise right through the bench 
voltage, all the way to Vcc.  Also, notice that the driver output only goes as high as the 
bench voltage until the reflected wave returns back down the line at time = 2T, at which 
time it climbs to Vcc. 
 
When a line has only one load, reflection mode switching won’t be a problem since the 
load will switch immediately from the reflected wave.  No concerns regarding timing, 
metastability or oscillations would occur.  However, when loads are placed along the line, 
they would not switch until the reflected wave came back down the line to raise the line 
voltage above the bench level.  When loads are placed along the line, one of three 
conditions can occur during the first time period when the line voltage is equal to the 
bench voltage.  Those three conditions are shown in example C. 
 
A description of the 3 input conditions in example C are:  
1.  When the bench voltage is well below the threshold region of the devices on the line, 

all inputs will switch cleanly but only after the reflection off the last load propagates 
back down the line toward the driver.  In this case all the loads would experience a 
switching delay.  If the delay doesn’t use up our timing budget, this condition is very 
acceptable. 

2.  When the bench voltage in well above the threshold region of the devices, they will all 
switch on the incident wave.  The only danger would be from negative reflections off 
of long stubs branching to other loads.  

3.  The ratio of Rs to Zo places the bench voltage in the threshold region of the devices 
along the line.  This can cause oscillation on edge sensitive devices.  If reflections from 
other loads add or subtract from the bench voltage, this could cause multiple switching 
on level sensitive devices. 
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Example C 
 
 

 
 

Input Conditions with Bench Voltage 
 
 
Incident wave switching.  Whenever timing of a circuit is very tight, as would be the case 
when clock rates are very high, incident wave switching is necessary to ensure proper 
circuit operation.  In this situation, drivers with high power outputs and low output 
impedances are essential.  Low power CMOS and low power TTL devices have high 
output impedances and won’t perform as needed. 
 
 
Relationship 
 
To resolve potential issues with reflection mode switching, see Load Modeling and Trace 
Routing Techniques (Section 1H9). 
 



2H 17     Signal Integrity – O versh oot/Undersh oot Control 

 86

Very often, reflections on a transmission line are mistaken for overshoot or undershoot. 
First, be certain this is not the case.  When the condition of overshoot or undershoot has 
been correctly identified, there are several solutions, depending on the line configuration.  
Over/Undershoot most often occurs with strong drivers feeding a high impedance line.  
This condition is a function of the "Q" of the transmission line. Q can be derived from the 
following equation: 
 

Q = Zo(Line Impedance) / Rs(Driver Output Impedance) 
 
Whenever Q is much greater than 1.0, over/undershoot is likely to occur.  Anything we do 
to raise the driver’s output impedance or lower the line impedance will lower the amount 
of over/undershoot.  If the impedance of the line is fixed and can’t be changed, the easiest 
solution is to place a series terminator at the driver or a small capacitor to ground or both.  
The series terminator effectively adds to the impedance of the driver. The capacitor 
slightly lowers the impedance of the line and slows the rise time.  These solutions, whether 
used singularly or together will not only change the driver and line impedances, but will 
also slow down the signal rise time. 
 
 
Relationship 
 
If these conditions are not acceptable, as would be the case on a high power bus line, the 
only solution might be to use diode termination to clamp the overshoot or undershoot.  
(Section 1H7). 
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The DC power distribution network encompasses the system from the power supply to the 
input of each device.  In a high speed circuit, switching of a device output is accomplished 
by equally high speed demands for changes in electrical current in the power supply.  If 
several devices are demanding current changes at or near the same instant, the power 
system must meet these demands while maintaining voltage at the devices, within specified 
limits.  If the system fails to provide power to the devices as needed, power droop can 
result or the rising and falling edges of the device outputs will be distorted.  Severe droop 
can keep the devices from switching. Severe distortion of the rising and falling edges 
results in what is known as "switching noise".  Either of these conditions can cause severe 
signal integrity problems.  To meet the power demands of the devices requires a robust 
power distribution scheme which generally consists of 3 principal elements, as illustrated 
in the example. 
 
 
Example 
 
 

 
 
 

Complete Power System. 
 
a) A Power Supply. 
b) A high capacitance, low inductance, low resistivity path to distribute power to devices. 
c) A complete decoupling network of low, medium and high frequency devices. 
 
 
The Power Supply 
 
The overall specifications for the DC power supply will generally be determined during 
design of the system.  DC power supplies can either be purchased or designed specifically 
for the system into which they will be used and are generally of the "series regulated" or 
"switcher" variety. 
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On a circuit board, each device consuming power has a distribution path.  This path begins 
from the point where power enters the board and finds the avenue of least impedance, to 
the devices needing power.  This is only half the story.  Since every circuit must be a 
complete loop, the current must return to the power supply.  The electrical current returns 
through the ground plane(s) or ground trace(s) to the point on the board where power 
originated, and then on to the power supply.  The resistance and inductance must be kept 
as low as possible.  High resistance/inductance paths generally mean high voltage drops 
and current starvation through the system. 
 
IC’s and other circuit components on the PC board should be placed in descending order 
by speed from the I/O device.  This is especially beneficial when power is provided from a 
source(s) external to the PC board.  Feeding power to the high speed section first can be 
very helpful in the control of problems with distributed power. 
 
 
Relationship 
 
A typical power distribution path is illustrated in the example of a power distribution 
system, sections 1H4 and 2H18. 
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Because pow er supplies  and th e distribution path  h ave inertia in th e  form  of inductance, 
th ey cannot re spond instantly to th e  need of th e devices  for current to drive th e device 
output.  Decoupling capacitors provide current to th e  IC's until th e  pow er supply can 
re spond.  H igh  speed sw itch ing, w h ich  consists of a broad spectrum  of current 
fre quencie s , re quire s  low , m edium  and h igh  fre quency capacitors, s ince a s ingle 
capacitor cannot provide such  a broad fre quency range.  Proper placem ent and value 
s election of decoupling w ill h elp elim inate sw itch ing nois e  and voltage droop and can 
h elp elim inate "ground bounce", w h ich  occurs w h en tw o or m ore  outputs sw itch  
s im ultaneously. 
 
 
Low Frequency Caps 
 
Looking from the output of the power supply, the first bypass/decoupling element we see 
is the low frequency "bulk" capacitor(s).  This is generally built into the output stage of 
the power supply.  This capacitance is used to recharge power planes and higher 
frequency charging capacitors, primarily the medium frequency caps, and to provide 
switching current for lower frequency requirements.  This capacitance can be one or many 
individual capacitors whose overall value will be in the hundreds to thousands of 
microfarads.  This capacitance is the first line of defense in the decoupling effort. 
 
 
Medium Frequency Caps 
 
The second element in the bypassing/decoupling network is the medium frequency 
capacitance.  These capacitors are used to recharge power planes and the high frequency 
charging capacitors and to provide current for medium frequency switching. 
 
 
High Frequency Caps 
 
This is the third bypass/decoupling element, sometimes called the "switching transient 
capacitance".  This capacitance provides very fast energy to charge the output sections of 
the device during an output transition.  In effect, this capacitance, and the power planes, 
provide the charge current to drive a crisp rising edge at the device output.  This is 
typically the highest speed content of the output waveform. If sufficient energy is not 
available, the signal transition time will degrade prior to leaving the device package.  The 
importance of the high frequency decoupling cannot be overstated. 
 
The ability of the high speed decoupling capacitor to provide its energy to the switching 
device is determined by it's reactance’s, capacitive and inductive.  Reactance determines 
impedance at a given frequency.  As frequency increases, the impedance of the capacitor 
declines and the impedance of the capacitors natural inductance increases.  The capacitive 
reactance dominates the capacitor's net impedance up to the frequency of self-resonance.  
(See example, next page.)  This is the frequency where the capacitive and inductive 
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reactance’s are equal, but opposite in phase.  At frequencies above self-resonance, the 
impedance begins to increase as the inductive reactance is now the dominant factor and 
the cap’s effectiveness as a decoupling device begins to dramatically decline.  Below self 
resonance, the capacitor behaves like a capacitor.  Above self resonance, the capacitor 
behaves like an inductor. 
 
Example 
 
 

 
 
 

Capacitive Reactance verses Frequency. 
 
 
PC Board Planes as a Decoupling Element 
 
The self resonant frequency of the power planes is well above 1.0 GHz, which  is why the 
planes are so valuable to the decoupling effort. 
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Definition and Crosstalk Types 
 
Crosstalk is the transfer of pulse energy from an active source circuit to a passive victim 
circuit.  Crosstalk increases as edge rates increase.  Crosstalk can be coupled capacitively, 
inductively or both. 
 
Capacitive Crosstalk 
 
Capacitive coupling is the result of energy from an electric field being coupled through the 
dielectric of the PCB, or the air surrounding the board, to the victim circuit.  The width of 
the coupled pulse is equal to the rise time of the source pulse.  A 1.0 nSec signal will 
generate a 1.0 nSec pulse in a victim line.  Amplitude of the coupled pulse is a function of 
the capacitance formed between the source and victim.  The higher the capacitance, the 
greater the coupling.  In the case of two traces routed side-by-side or over one another, 
amplitude is a function of how long the two route in  parallel.  Capacitive crosstalk 
couples in both the forward and back directions in the victim line.  In a microstrip PC 
board structure, a small amount of capacitive crosstalk will occur when traces route side-
by-side for an extended length.  Capacitive crosstalk can also occur in either a microstrip 
or stripline structure when two traces are routed directly over each other on adjoining 
layers.  Of the two types of capacitive coupling, layer-to-layer coupling is typically many 
times worse than coupling from parallel routing on the same layer.   
 
Inductive Crosstalk 
 
Inductive crosstalk occurs when two traces are routed on the same layer, in close 
proximity and in parallel for an extended length.  Inductive crosstalk is the result of energy 
being coupled magnetically by the lines of flux generated when a pulse travels down the 
source trace, hence the energy is coupled in the victim in the backward direction.  The 
amplitude of the coupled pulse, in the victim line, is directly proportional to the distance 
the two traces are run in parallel.  Inductive crosstalk rises very rapidly and the width of 
the pulse will be equal in time to the length of parallelism multiplied by the propagation 
time of the signal creating the coupled pulse.  As parallelism between two traces increases 
the amplitude of coupling and the width of the coupled pulse will increase, up to the point 
of crosstalk critical length.  Parallelism beyond that simply makes the pulse wider. 
 
Combined Coupling 
 
Capacitive and Inductive coupling combine to create two forms of crosstalk, forward and 
backward.  Example A illustrates this scenario.  Forward crosstalk is rarely a problem in 
digital circuits because it requires extremely long parallel runs of around 6 times rise 
distance to create a noise pulse large enough to cause potential failure.  As an example a 
1.0 nSec rise time signal will not reach it’s maximum forward value until 30.0" of 
parallelism.  Even at that, it will only reach a maximum of 1/2 the original signal amplitude 
and, since the pulse is very narrow, is less likely to still be on the victim line when inputs 
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along the line are sampled.  Forward crosstalk, even when present, typically only affects 
edge sensitive inputs.  No guarantees, but that’s usually the case. 
 
In contrast, backward crosstalk rises very rapidly, reaching its maximum with a very small 
amount of parallelism and, since the pulse is very wide, is much more likely to be present 
during sampling of level sensitive inputs.  Because of the severity of backward crosstalk, 
for the remainder of this section and the material in the crosstalk control section (1H11), 
all discussions on signal crosstalk will be about backward, inductive coupling. 
 
Example A 
 
 

 
 

 
Forward and Backward Crosstalk Coupling. 

 
In traces routed side-by-side, on the same layer, forward crosstalk occurs in microstrip 
traces only.  The amount of capacitive coupling in stripline is not strong enough to cause 
significant forward coupling of the energy. 
 
Electric and Magnetic Fields 
 
Exam ple B illustrates th e  fields th at are  generated by a s ignal pulse traveling dow n a 
stripline transm is s ion line.  As illustrated, th e strength  of th e  m agnetic field is th e  cause 
of trace to trace coupling on th e sam e layer.  Th e E-field being draw n to th e  planes of 
adjacent layers prevents capacitive coupling on a given layer, but encourages it on 
adjacent layers. 
 
Exam ple B 
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Example C illustrates the fields generated by a signal on a microstrip line.  Notice here 
too, as in the stripline case, that the magnetic field is the principal cause of coupling from 
trace to trace on the same layer.  Though there is some adjacent E-field coupling, it is 
weak compared to the coupling of the magnetic field.  If a trace were placed between the 
top layer and ground, as in example D,  the E-field would be the cause of layer to layer 
coupling. 
 
Example C 
 
 

 
 
 
Example D 
 

 
 
 
Example E is a rough illustration of the fields present on the traces of a double sided PC 
board, without the benefit of planes, where power and ground are routed with the signals.  
In reality the fields from traces on a double sided board are much larger than those shown 
here.  The attempt of this illustration is to show that the double sided board can cause 
capacitive coupling trace-to-trace on the same layer or on adjacent layers, as well as 
inductive coupling trace-to-trace on any given layer. 
 
 
Example E 
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As these 4 examples illustrate, the microstrip and stripline environment is much less likely 
to be a crosstalk or EMI problem than a board without planes.  Because of that, the rest of 
the information in this section will deal only with microstrip and stripline PC boards. 
 
Because of the large electric and magnetic fields that can be generated by digital devices, it 
is imperative that certain rules and practices be established that limit coupling of these 
fields from one circuit to another.  There are a number of simulation and analysis tools 
available to help with this process.  A partial list of tool vendors is listed in the relationship 
section on the next page.  Also see section 1H11. 
 
Additionally, a number of PC board CAD programs and systems are available which can 
input crosstalk parameters and will "Flag" the designer when the maximum allowed 
crosstalk has been reached during either manual routing or autorouting.  The list on the 
next page also includes these tools. 
 
 
 
 



2H 21     Crosstalk  - General 

 9 5

Relationship 
 

Companies involved in Simulation and Analysis Software 
for the Design of High Speed Circuits and Printed Circuit Boards. 

 
 
Accel Technologies Harris EDA PADS Software 
(619) 5554-1000 (716) 924-9303 (800) 554-7253 (x1) 
 
AnaCad EE Software HP-EEsof Pacific Numerix 
(408) 954-0600 (818)879-6200 (602) 485-6800 
 
Analogy Inc. HyperLynx Quad Design 
(503) 626-9700 (206) 869-2320 (805) 988-8250 
 
Ansoft Incases N.A. Quantic Labs 
(412) 261-3200 (214) 373-7344 (204) 942-4000 
 
Cadence Design Sys. Integrity SpectraSoft 
(508) 466-6264 (612) 636-6913 (800) 458-6021 
 
Capialano Computing Integraph Tanner Research 
(604) 522-6200 (205) 730-8978 (818) 792-3000 
 
Compact Software Interconnectix Unicad 
(201) 881-1200 (503) 684-6641 (508) 692-8446 
 
Contec CAE MacNeal-Schwendler Veda Design 
(408) 434-6767 (213) 258-9111 (408) 496-4515 
 
Cooper & Chyan Mentor Graphics Veribest 
(408) 366-6966 (503) 685-7000 (800) 837-4237 
 
Dynamic Software MicroSim ViewLogic Sys. 
(412) 683-0161 (714) 770-3022 (508) 480-0881 
 
Flomerics LTD Optem Engineering Zeelan Technology 
(508) 460-0112 (403) 289-0499 (503) 520-1000 
 
Fluid Dynamics OrCad, Inc. Zuken-Redac 
(708) 491-0200 (503) 671-9500 (408) 562-0177 
 
 

(The above list is neither complete nor endorsed) 
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When structuring a circuit and the associated circuit board, there are several properties or 
characteristics which need to be considered during selection of the base material.  These 
properties are listed here and discussed in detail in the upcoming sections- 
 
•  εr – Relative Permittivity.  Also know as Dielectric Constant (DK).  εr of the base 

material determines how much electrical charge the material can store.  This affects 
circuit performance in several ways.  See A . 

•  Loss Tangent.  Also known as Dissipation Factor.  Loss tangent causes energy from a 
signal pulse (electromagnetic wave) propagating down a circuit board trace to be lost 
in the dielectric region (insulating material between layers). 

•  Tg – Glass Transition Temperature.  This is the point on the thermal scale where the 
base material begins to expand, due to temperature increase, beyond control. 

•  CTE – Coefficient of Thermal Expansion.  This is a measure of how much the 
materials in the resin system and the copper will expand with an increase in the 
temperature of the operating environment. 

•  Copper Type.  Circuit copper comes in two forms.  Each has its effects on both circuit 
performance and board fabrication. 

 
 
Relationship 
 
A  Section 3H2 – Relative Permittivity of Materials. 
B  Section 3H3 – Impact of Loss Tangent. 
C  Section 3H4 – Transition Temperature Impact. 
D  Section 3H5 – Impact of CTE. 
E  Section 3H6 – Impact of Copper Type. 
 

 

 
 



3H 2     Relative Pem ittivity (Dielectric Constant) of M aterials 

 9 7

Permittivity 
 
Permittivity is the measure of the ability of a material to store electrical energy when 
exposed to an electrical field.  The reference for permittivity is a vacuum, represented by a 
value of 1.  The higher the permittivity of a material the more energy it will store when 
exposed to an electrical field.  This energy storage causes loss of some of the electrical 
signal and slows the propagation time of the signal. 
 
 
Relative Permittivity 
 
Relative permittivity of a material is defined as the ratio of permittivity of the material to 
that of a vacuum.  Materials used as electrical insulators have a relative permittivity 
greater than one(1).  Relative permittivity is represented as "εr ". 
 
Relative permittivity is also referred to as Dielectric Constant (DK).  Often the literature 
on various materials will refer to εr as DK.  For FR4 materials, this number varies with 
respect to signal frequency/speed, temperature, extent of water absorption and the ratio of 
glass to resin in the material.  Because of the materials relationship to these other factors, 
there are many people in the PCB industry who contend that the number is not a constant 
and is therefore more correctly expressed as εr, not DK.  As will be shown, εr is one of the 
variables in determining impedance of a conductor in a PC board.  Since εr in FR4 varies 
with frequency, we must take that into account when determining impedance. 
 
 
Effective Relative Permittivity. This is a measure of the relative permittivity that is 
experienced by an electrical signal transmitted along a conductor with more than one 
dielectric material present between the conductor and the reference planes.  In this case 
the value of εr is determined from a weighted sum of the values of εr of the two different 
materials. 
 
 
Glass/Resin Effect 
To create X & Y dimensional stability, PC board materials are often a combination of 
plastic resin, such as epoxy, and a reinforcing cloth, such as fiberglass.  Depending upon 
the intended function of the material, the percentage of resin can vary from as high as 
70%, to as low as 40%. 
 
The reinforcing cloth has a much higher εr than the resin.  In FR4 the cloth is generally 
around 6.0 and the epoxy is in the vicinity of 3.0.  An FR4 material consisting of 50% 
resin and 50% cloth would have an εr  of 4.5.  Because of the typical ratios of glass to 
resin in the FR4 spectrum of materials, the effective εr will vary from a low of 3.9 to a high 
of 4.7, measured at 1MHz. 
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Frequency Effect 
 
With FR4 materials, εr also varies with respect to frequency.  Example A illustrates this 
change in εr.  Notice that this example is for a material with a resin content of 60% and a 
glass content of 40%.  This specific material is know in the PCB industry as "1080 
material".  There are materials available with a very constant εr.  Some of these are 
discussed in section 3H7. 
 
Example A 
 
 

 
 

 
To determine the correct value of εr for a particular application, locate the effective 
operating frequency of concern on the bottom axis and read left or right to the correct εr 
along the vertical axis.  Example A is for a 1.0nSec rise time signal with an operating 
frequency of 350 MHz.  To use this graph for a material with a different εr, first determine 
the 1.0MHz εr (DK) from the table of materials in section 3H7.  Then slide the sloped line 
in the graph up or down on the vertical axis until it lines up with the table value of εr on 
the left axis.  Just as in the previous example, find the frequency of interest and read the 
correct εr for that frequency on either vertical axis. 
 
 
Accuracy 
 
Since εr is one of the variables in the calculation of impedance, to create a PC board 
design that gives the fabricator a fighting chance of delivering our desired impedance, we 
need a fairly accurate εr.  However, since the fabricator will make adjustments in the PC 
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board artwork to compensate for the many variables in the process, it is not imperative 
that our number for εr be perfect.  Getting very close is generally more than adequate.  For 
that reason the graph in example A  can be used to achieve εr results that are generally 
very acceptable. 
 
However, if an exact measure of εr in FR4 is necessary, the equation in example B can be 
used to obtain such a result. 
 
Example B 

Frequency Adjusted 
Dielectric Constant Calculation 

For FR-4 Epoxy/E-Glass Reinforced Dielectrics 
 

 
Dk = Dielectric Constant (εr ) 
F = Frequency in Megahertz 
Td = Dielectric Thickness in Mils 
Tr = Theoretical Reinforcement Thickness in Mils Where: 
 
  E-Glass Style Tr  
 

106 0.38 
1080 0.73 
2313 1.25 
2116 1.61 
2157    2.29 
2165    1.87 
7628 3.17 
7635 3.61 

 
 

(Note:  Valid from 1.0 Megahertz to 1,800 Megahertz  (1.8 Gigahertz)) 
 
 
 
 






 −−+





=

Td
TrTd

F
Td
Tr

Dk )ln035.62.3(33.6
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General Description 
 
Loss tangent is th at ch aracteristic of th e  circuit board dielectric m aterial w h ich  cause s  
th e  loss of s ignal energy into th e  m aterial.  Loss tangent is a function of th e  m aterial’s 
re s in type and m olecular orientation or m olecular structure.  Som e m aterials h ave very 
h igh  loss tangent, som e h ave very low  loss tangent.  Th e  effects of loss tangent are  
w orse at h igh  fre quencie s  th an at low  fre quencie s . 
 
 
Effect of Frequency 
 
In analog circuits the problem is a function of several factors, but in circuits where signals 
are fairly strong and power levels are not extreme, the  problem starts to come into play 
around 500 MHz.  In digital circuits the problem begins when the signal harmonics 
approach 1.0 GHz.  In both cases the problem is exacerbated at very high frequencies.  To 
illustrate the severity, a signal at 12.4 GHz, propagating in a 50 ohm microstrip trace, 
placed .020” above a plane, using conventional FR4 (Loss Tangent = 0.02), will lose half 
it’s energy into the dielectric, in only 3 inches of trace routing. That same signal, placed on 
a board made from high end thermoset materials (Loss Tangent = 0.002) will require a 12 
inch trace run to lose half the energy in the signal. At 1.0 GHz, the problem is not nearly 
as severe as it is at 12.4 GHz but cannot be ignored. 
 
 
Effect of Temperature 
 
Loss tangent in most materials varies with regard to temperature change. As operating 
temperature increases, loss tangent increases, causing more signal loss in the dielectric. 
Some materials have a much greater coefficient of thermal change than other materials.  
Obviously, circuits in high temperature changing environments require materials with fairly 
stable loss tangent. 
 
 
Conclusion 
 
Since overall loss is always a function of frequency and is sometimes a function of 
temperature, the level of allowable loss, hence type of material needed, is application 
specific. 
 
The loss factor becomes especially important when working at very high frequencies or 
with low level signals, like those in many receivers or analog circuits, or with very high 
power applications where a 5% difference in signal loss could mean many watts of lost 
energy.  In these applications we want to specify and use materials with low loss tangent.  
Lower loss tangent equates to more of the output pulse getting to its destination(s). 
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Glass Transition Temperature (Tg) – 
 
When a circuit board is exposed to temperature variations, the resin in the base material 
will expand with temperature increases.  Tg is the temperature at which the resin begins to 
expand at an extreme rate with temperature increases.  Up to the point of Tg the resin 
expands at a controlled rate.  Beyond Tg the resin expansion is nonlinear and extreme. 
 
Each  tim e a PC board is tak en above Tg, after th e  original m anufacture of th e board, 
th e  overall integrity of th e board is w eak ened, plus th e bond betw een th e  plated h oles 
and th e  re s in is w eak ened and th e  copper on th e  w h ole w all is fatigued.  It’s im portant 
to k now  th e  upper extrem e of operating tem perature of a PC board and to select a base 
m aterials w h ose Tg is above th at level.  Tg of various m aterials can be seen in s ection 
3H 7.  
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Coefficient of Thermal Expansion (CTE) – 
 
As the operating temperature of a circuit board is increased the PC board will expand.  As 
temperature is decreased the PC board will contract.  CTE is a measure of how much the 
base material will expand or contract with respect to temperature change.  CTE is 
expressed in Parts per Million per Degrees Celsius (ppm / °C). 
 
The board material will expand in  the X, Y and Z directions simultaneously.  Many base 
materials contain some form of stabilizing fabric to help minimize the amount of expansion 
and contraction in the X and Y directions.  In the case of FR4, the stabilizing fabric is 
woven fiberglass. In most circuit board materials the copper and the base material expand 
at different rates.  The fabric helps to control the overall CTE of the base material such 
that the amount of expansion or contraction is similar to that of copper, helping to prevent 
damage to the copper or the bond between the copper and the base material. 
 
Unfortunately the fabric does little to control Z-axis expansion.  As a result, in materials 
where CTE of the base and copper are vastly different (i.e.- FR4), large temperature 
changes cause the copper in the plated holes to be stretched, then relieved, fatiguing the 
copper.  Materials with very high CTE can cause extreme fatigue to the copper in the 
plated holes over large temperature changes.  Over time the stretching and relieving of the 
copper acts like the process of bending a coat hanger back and forth.  Enough bending and 
the coat hanger breaks.  Enough stretching and the copper in the holes will tear creating 
failures or intermittent behavior in circuit performance. 
 
When a circuit board will operate in an environment of extreme temperature changes, it’s 
important to select a base material where CTE is very low or is matched to copper or 
both.  CTE of various m aterials can be seen in s ection 3H 7. 
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Printed circuit copper com es in tw o form s, rolled sh e ets and electro-deposited (ED) 
sh e ets.  FR4 and m any of th e  conventional m aterials com e w ith  ED copper only.  
M any of th e  h igh  end Teflon (PTFE) base m aterials are  available w ith  e ith er type of 
copper.  Each  copper type h as its advantages and disadvantages. 
 
 
Electro-Deposited Copper – 
 
Electro-deposited (ED) copper is form ed by rolling a m etal drum  th rough  a solution of 
copper m olecules suspended in an electrolyte liq uid.  Th e  copper/liq uid is contained in 
a tank  called a plating cell, as s h ow n in example A. 
 
Exam ple A 
 
   Copper Sh e et (Foil)      Negatively Ch arged 
                 Drum  (Cath ode) 
 
 
     Positively 
     Ch arged 
     Cell (Anode) 
 

Form ing of Electro-Deposited (ED) Copper. 
 
As th e  negatively ch arged drum  rotates th rough  th e solution in th e  positively ch arged 
cell,  copper m igrates to th e drum  surface and form s as an even copper deposition.  At 
th e  top of th e  rotation, th e  copper is pulled off th e drum  as a foil sh e et. Th e  th ick ne s s 
of th e  copper is a function of ch arge potential betw een th e  cell &  drum  and th e speed 
of th e drum . 
 
 
Rolled Copper – 
 
Rolled Copper is form ed by forging (cold form ing w ith  h eavy ste el rollers) th ick  
copper s h e ets into s h e ets th in enough  to use on a PC board. 
 
 
Com parison- ED to Rolled Copper – 
 
• Rolled copper h as excellent surface flatnes s , w h ich  is  an advantage as it h as low er 

surface re s istance (Sk in Effect) to electrical w aves, h ence low er s ignal losse s  at 
very h igh  fre quencie s . 

• Th e flatnes s  of rolled copper is a disadvantage, as it doesn’t adh ere  to th e base 
m aterial as w ell as ED copper, h ence low er peal strength  and m ore delam ination. 
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• Rolled copper h as m ech anical stresse s built into it by th e  rolling proces s .  ED 
copper h as no stre s s e s .  Th e stre s s e s  in rolled copper add to th e  pealing problem . 

• On rolled copper, both  surfaces are  flat.  O ne surface of ED is flat and th e  oth er 
h as little spik ed bum ps k now n as dendrite s , w h ich  form  on th e  non-drum  s ide  of th e  
copper due to th e sligh tly uneven w ay in w h ich  copper m igrates to th e drum  in th e  
plating cell. 

• Th e dendrite s  on ED copper give additional re s istance to pealing, but add to 
electrical re s istance (Sk in Effect), causing even greater s ignal loss. 

• Th e dendrite s  also m ak e  it m ore difficult to attain precis e  control of trace w idth  
etch ing, s ince th e  copper m ust rem ain in th e  etch ing solution long enough  to 
rem ove th e dendrite s  em bedded in th e base m aterial. 

• Th e loose m olecular structure of ED copper, com pared to rolled copper, also 
creates m ore difficulty in th e  precis e  control of trace w idth  etch ing. 

 
From the above list, it’s obvious that rolled copper has a distinct advantage in circuit 
performance at very high frequencies or when signal rise times are very fast.  Because of 
the peal strength problem, many base materials are only available with ED copper. Copper 
type availability of various materials can be seen in s ection 3H 7. 
 
Relationship – 
 
See Skin Effect, section ??? 
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Since FR4 is the most common type of base material available for use in circuit boards, 
proper selection and usage of the spectrum of FR4’s will be discussed first, followed by 
some the more common alternative materials. 
 
 
FR4 – 
 
Most fabricators utilize th e spectrum  of h igh  Tg, m ulti-functional &  tetra-functional 
m aterials, th ough  a few  fabricators, in an extrem ely cost com petitive environm ent, still 
use th e di-functional re s ins for circuit boards. 
 
• εr –  As discussed in s ection 3H 2, relative perm ittivity ranges from  3.9  to 4.7 (at 

1.0M H z) and is dependent on glass-to-re s in ratio.  As also discussed, εr w ill 
decrease as fre quency increase s  from  1.0 M H z to 1.0 GH z.  Th is frequency 
dependent nature makes FR4 suited only to narrow  fre quency applications.  Th e  
Th erm al Coefficient of εr (CTεr ) is + 250 ppm / °C, w h ich  is  h igh .  A tem perature 
ris e  from  20° C to 100° C w ill rais e  εr  about 0.1 points (ie -from  4.0 to 4.1).  Th is 
is not a problem  in digital designs, but s h ould be considered in s ensitive analog 
applications. 

• Loss Tangent  = .02 to .03 (Very H igh ).  Because of th is h igh  Loss Tangent, FR4 
h as lim ited usage in analog circuits above 500 M H z and digital circuits above 1.0 
GH z.  Th is is  e specially true in h igh  pow er applications or circuits w ith  long 
transm is s ion lines (w ell beyond critical length ).   

• Tg is 160 to 180° C for multi and tetra functional materials.  Di-functional re s ins are  
lim ited to 115° C. 

• CTE is 14-17 ppm / °C (High). 
• Electro-Deposited Copper only. 
• Standard layer-to-layer th ick nes s  control is + /-.002”.  Th ick nes s  control starts to 

com e into play w h en controlling im pedance of lines on th in boards or th in m aterials 
of a m ultilayer board.  A 20% ch ange in th ick nes s  cause s  approxim ately a 10% 
ch ange in im pedance.  A .002” ch ange in dielectric th ick nes s  of a .010” layer is 
20%.  A .002” ch ange in th ick nes s  of a .005” layer is a 40% ch ange, re sulting in a 
20% ch ange in im pedance.  + /-.001” can be obtained by m ost fabricators, but 
usually at a cost prem ium .  + /-.0005” tolerance is possible, but is  extrem ely 
expensive. 

• Material cost is very low , usually around $1.50 to $2.50 per s quare  foot. 
• Fab Cost is norm al (FR4 fab is th e standard by w h ich  everyth ing else is com pared). 
 
Since εr varie s  w ith  th e  glass-to-re s in ratio, w e m ust determ ine our layer stack ing and 
k now  our layer th ick nes s  and w h ich  glass style w ill be used in th e board before  w e get 
too h eavily into th e design.  Th is  s election s h ould be done w ith  th e  fabricator.  Th ey 
can tell us exactly w h ich  m aterials th ey w ill use layer to layer and th e  expected layer 
th ick nes s  in th e  finis h ed board.  Arm ed w ith  th is inform ation, w e can e stablish  any 
rem aining variables, including trace th ick nes s (e s) to obtain our de s ired im pedance(s).  
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Example A  (next page) is a list of Copper Clad Laminates.  This table lists the 
characteristics that are responsible for the substrate's performance, including εr (at 1 
MHz), which is listed as DK. 
Example A 
 

 
 
 
Relationship 
 
For more detailed information about the table in example A, and a detailed description of 
its variables, refer to IPC-CC-110,  "Guidelines for Selecting Core Constructions for 
Multilayer Printed Wiring Boards". 
 
In addition to the information in the table in example A, for proper determination of εr of 
FR4, refer to th e  graph  or form ula in s ection 3H 2. 
 
 
 
Alternate Materials 
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In de s igns w h ere  th e  Loss Tangent of FR4 is too h igh  or w h ere  a m ore  constant εr  is  
needed or w h ere  a low er CTE is re quired or any num ber of oth er concerns aris e  about 
FR4, a h ost of alternate m aterials are  available.  Som e of th e  m ore  com m on m aterials 
are  listed below .  Each  of th e s e  h as its advantages and disadvantages, as is  explained. 
 
 
BT Epoxy 
 
Th is is one of a s erie s  of re s ins specifically designed to provide a large im provem ent in 
m ech anical propertie s , in an attem pt to capture th e U.S. M ilitary m ark et.  Th e  m aterial 
offers a distinct im provem ent in X, Y and Z  CTE and a sligh t im provem ent over FR4 
in h igh  fre quency perform ance.  Lik e  FR4, BT Epoxy h as its lim itations. 
 
• εr –  R elative Perm ittivity is 3.9  to 4.6 (m easured at 1.0M H z) and is dependent on 

glass-to-re s in ratio.  εr  w ill rem ain fairly stable th rough  1.5 GH z.  CTεr  is  around 
+ 230 ppm / °C.  A little better th an FR4. 

• Loss Tangent is .015 to .02.  Sligh tly better th an FR4, but still h as lim ited usage in 
analog circuits above 700 M H z and digital circuits above 1.3 GH z, e specially in 
h igh  pow er or s ensitive analog applications. 

• Tg is 180° C. 
• CTE is ???, w h ich  is  an extrem e im provem ent over FR4.  Th is m aterial can be used 

in h igh  tem perature ch anging environm ents w h ere  FR4 w ould literally fall apart.  
Also see Cyanate Ester and Polyim ide . 

• Electro-Deposited Copper only. 
• Layer-to-Layer Th ick nes s  Control is + /-.002”.  + /-.001” is easie r to obtain th an 

FR4, but is still a sligh t cost prem ium  com pared to + /-.002”.   A th ick nes s  
tolerance as low  as  + /-.0005” is an extrem e prem ium . 

• Lam inate Cost = $4.50 to $5.00 per Sq uare Foot. 
• Fabrication Cost  is increased to very increased.  Ch eck  w ith  your fabricator. 
 
 
Cyanate Ester 
 
Th is is  anoth er in th e  s erie s  of re s ins specifically designed to provide a large 
im provem ent in m ech anical propertie s , in an attem pt to capture th e U.S. M ilitary 
m ark et.  Th is m aterial offers a distinct im provem ent in X, Y and Z  CTE, as w ell as a 
distinct im provem ent over FR4 in perform ance at h igh  fre quencie s . 
 
• εr –  R elative Perm ittivity is 3.5 to 3.9  (m easured at 1.0M H z) and is dependent on 

glass-to-re s in ratio.  εr  is  virtually constant from  1.0 M H z to 3.0 GH z.  CTεr  is  
+ 19 0 ppm / °C.  Still fairly h igh , but a m ark ed im provem ent over FR4.  

• Loss Tangent is  .009 .  Th is is  m uch  better th an FR4 and is  excellent in analog 
circuits up to 2.0 GH z and digital circuits above 3.0 GH z.  Loss tangent of Cyanate 
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Ester is very stable w ith  tem perature variations.  Anoth er plus in s ensitive analog 
circuits. 

• Tg is 250° C. 
• CTE is ???, w h ich  is  an extrem e im provem ent over FR4.  Th is m aterial can be used 

in h igh  tem perature ch anging environm ents w h ere  FR4 w ould literally fall apart.  
Also see BT Epoxy and Polyim ide . 

• Electro-Deposited Copper only. 
• Layer-to-Layer Th ick nes s  Control is + /-.002”.   + /-.001” is easie r to obtain th an 

FR4, but is still a sligh t cost prem ium  com pared to + /-.002”.   A th ick nes s  
tolerance as low  as  + /-.0005” is an extrem e prem ium . 

• Lam inate Cost = $6.50 to $7.50 per Sq uare Foot. 
• Fabrication Cost  is very, very increased.  In m ost case s , h igh er th an BT Epoxy or 

Polyim ide .  Ch eck  w ith  your fabricator. 
 
 
Polyimide 
 
Th is is  th e  th ird in th e  s erie s  of re s ins giving a large im provem ent in m ech anical 
propertie s , designed to capture th e U.S. M ilitary m ark et.  O f th e  m aterials developed 
for th at m ark et, Polyim ide , BT Epoxy and Cyanate Ester w ere  th e  clear-cut w inners 
w ith  Polyim ide being th e  m aterial of ch oice in m ost applications.  Lik e  th e  oth er tw o 
m aterials, Polyim ide  offers a distinct im provem ent in X, Y and Z  CTE and, s im ilar to 
Cyanate Ester, a distinct im provem ent over FR4 in perform ance at h igh  fre quencie s . 
 
• εr –  R elative Perm ittivity is 4.0 to 4.5 (m easured at 1.0M H z) and is dependent on 

glass-to-re s in ratio.  εr  is  virtually constant from  1.0 M H z to 3.0 GH z.  CTεr  is  
+ 220 ppm / °C.  Not as good as Cyanate Ester, s im ilar to BT Epoxy, better th an 
FR4.  

• Loss Tangent is .01.  Sim ilar to Cyanate Ester, clearly m uch  better th an FR4 and is 
excellent in analog circuits up to 2.0 GH z and digital circuits above 3.0 GH z.  Loss 
tangent of Polyim ide  is very stable w ith  tem perature variations.  Anoth er plus in 
s ensitive analog circuits. 

• Tg is 250° C. 
• CTE is ???, w h ich  is  an extrem e im provem ent over FR4.  Th is m aterial can be used 

in h igh  tem perature ch anging environm ents w h ere  FR4 w ould literally fall apart.  
Also see Cyanate Ester and BT Epoxy. 

• Electro-Deposited Copper only. 
• Layer-to-Layer Th ick nes s  Control is + /-.002”.   + /-.001” is easie r to obtain th an 

FR4, but is still a sligh t cost prem ium  com pared to + /-.002”.   A th ick nes s  
tolerance as low  as  + /-.0005” is an extrem e prem ium . 

• Lam inate Cost = $6.50 to $7.50 per Sq uare Foot. 
• Fabrication Cost  is very increased.  Ch eck  w ith  your fabricator. 
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FR408 
 
Th is is  a h igh  perform ance PPO epoxy system  designed to offer im provem ents in h igh  
fre quency applications. Th e  m ajority of th e  perform ance enh ancem ent is due to a 
low er, som ew h at m ore stable εr  and a low er Loss Tangent. 
 
• εr –  R elative Perm ittivity is 3.4 to 4.1 (m easured at 1.0M H z) and is dependent on 

glass-to-re s in ratio.  εr  w ill decrease by about 5% as fre quency increase s  from  1.0 
M H z to 1.0GH z. Lik e  FR4, th ere  is  an instability w ith  fre quency, but th e  ch ange is 
h alf th at of FR4.  CTεr  is  around + 220 ppm / °C.  A little better th an FR4. 

• Loss Tangent is .010 to .015.  A tw o tim e s  im provem ent over FR4, but still h as 
lim ited usage in analog circuits above 1.0 GH z and digital circuits above 2.0 GH z, 
e specially in h igh  pow er or s ensitive analog applications. 

• Tg is 180° C. 
• CTE is ???, w h ich  is  an sligh t im provem ent over FR4. 
• Electro-Deposited Copper only. 
• Layer-to-Layer Th ick nes s  Control is + /-.002”.  Lik e  FR4,  + /-.001” can be 

obtained by m ost fabricators, but usually at a cost prem ium .  + /-.0005” tolerance 
is possible, but is  extrem ely expensive. 

• Lam inate Cost = $3.00 to $3.50 per Sq uare Foot. 
• Fabrication Cost  is norm al to sligh tly increased.  Ch eck  w ith  your fabricator. 
 
 
GETEK 
 
Lik e FR408, th is is  a PPO epoxy system  designed to offer im provem ents in 
perform ance at h igh  fre quencie s .  Also, lik e  FR408, m ost of th e  perform ance 
enh ancem ent is due to a low er, stable εr  and a low er Loss Tangent.  Th is is  an even 
better perform er th an FR408. 
 
• εr –  R elative Perm ittivity is 3.5 to 4.1 (m easured at 1.0M H z) and is dependent on 

glass-to-re s in ratio.  εr  w ill decrease by about 5% as fre quency increase s  from  1.0 
M H z to 1.0GH z. Lik e  FR4, th ere  is  an instability w ith  fre quency, but th e  ch ange is 
h alf th at of FR4.  CTεr  is  around + 220 ppm / °C.  A little better th an FR4. 

• Loss Tangent is .010 to .015.  A tw o tim e s  im provem ent over FR4, but still h as 
lim ited usage in analog circuits above 1.0 GH z and digital circuits above 2.0 GH z, 
e specially in h igh  pow er or s ensitive analog applications. 

• Tg is 180° C. 
• CTE is 12-13 ppm / °C, w h ich  is  an sligh t im provem ent over FR4.  Also h as 

im proved Z -axis  expansion com pared to FR4. 
• Electro-Deposited Copper only. 
• Layer-to-Layer Th ick nes s  Control is + /-.002”.  Lik e  FR4,  + /-.001” can be 

obtained by m ost fabricators, but usually at a cost prem ium .  + /-.0005” tolerance 
is possible, but is  extrem ely expensive. 
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• Lam inate Cost = $3.50 to $5.00 per Sq uare Foot. 
• Fabrication Cost  is norm al to sligh tly increased.  Ch eck  w ith  your fabricator. 
 
 
Woven Glass / Ceramic Loaded, Thermoset Plastic 
 
Th es e  m aterials are  th e  m ost w idely used in th e  com m ercial com m unications m ark et. 
Th e  greatest advantages are  very low  CTεr  as w ell as h aving X, Y and Z  CTE m atch ed 
to copper.  Both  of th e s e  propertie s  m ak e  th e  m aterial extrem ely stable in h igh  
tem perature ch anging environm ents, at a fraction of th e  cost of oth er m icrow ave 
com patible m aterials.  Th is m aterial also m ixe s  w ell w ith  FR4 and m any m icrow ave 
substrates to create reliable h ybrid constructions.  H aving a th erm al conductivity m uch  
h igh er th an FR4, coupled w ith  a stable εr  and a low  and stable Loss Tangent, th is 
m aterial is perfect for very h igh  end digital applications and analog applications up to 
40 GH z.  Th e  m aterial is m anufactured by both  A rlon and Rogers corporations.  
Arlon’s part num ber is 25N, Roger’s is 4003.  Both  m ak e  a vers ion th at is UL rated 
(9 4V0).  Part num bers 25R  and 4350 re spectively. 
 
• εr –  R elative Perm ittivity is 3.38 (25N/4003) and 3.48 (25R/4350) (m easured at 

10.0 GH z) and is constant to 40.0 GH z.  CTεr  is  + 40 (25N/4003) and + 50 
(25R/4350) ppm / °C.  Th is is  very stable and w ill perform  extrem ely w ell in even 
th e  m ost s ensitive, h igh  tem perature varying analog circuit. 

• Loss Tangent is .0027 (25N/4003) and .004 (25R/4350).  Th is is  very low  and w ill 
perform  exceptionally to 40.0 GH z, e specially in h igh  pow er or s ensitive analog 
applications. Loss Tangent is also extrem ely stable w ith  tem perature variations.  
Anoth er plus in s ensitive circuits. 

• Tg is 280° C. 
• CTE is 11 ppm / °C, w h ich  is  a distinct im provem ent over FR4. 
• Electro-Deposited Copper only. 
• Layer-to-Layer Th ick nes s  Control is + /-.001”.   + /-.0005” can be obtained by 

m ost fabricators, but usually at a cost prem ium . 
• Lam inate Cost = $9 .50 per Sq uare Foot. 
• Fabrication Cost  is norm al to very sligh tly increased.  Ch eck  w ith  your fabricator. 
 
 
 
Summary 
 
FR4 is the most used and most understood material in the world today, to say nothing of 
the fact that it’s the lowest cost material currently in use.  As indicated, FR4 is still the 
right choice for many of today’s analog and digital circuits and will be for some time to 
come.  When using FR4 in very fast digital or analog circuits, be certain to accommodate 
the frequency variance of εr.  Remember too, because of the frequency dependence of εr, 
that FR4 is generally not usable in broad band analog or microwave circuits. 
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When FR4 isn’t the right choice, due to either electrical or mechanical properties, one of 
the previous materials is a great choice.  If the gating factor in selecting another material is 
mechanical stability, either BT Epoxy, Polyimide or Cyanate Ester are excellent.  In this 
case, BT Epoxy is the least expensive but is the lesser performer, with Polyimide being in 
the middle of the price column, but also the middle of the performance column and of 
course Cyanate Ester is the top performer, but carries the highest price tag of the three. 
 
When electrical concerns are the gating issue in the selection of another material, the 
spectrum of PPO epoxies is the first logical step up from FR4.  This generally holds true 
because of the improvement in performance with only a slight cost adder.  Of the PPO 
epoxies, GETEK is the best choice, from the standpoint of both electrical and mechanical 
performance. 
 
When electrical and mechanical performance both create extreme demands, the Arlon 25 
series or the Rogers 4000 series materials are clearly the first choice.  Their combination 
of fairly low price and extremely high performance make them an ideal choice in almost 
any circuit, regardless of environment.  These materials are not qualified for strict military 
compliance or for space born applications, but are ideal in any other setting. 
 
 
PTFE (Teflon) 
 
There is wide spectrum of PTFE based materials that are designed primarily for use in RF 
and Microwave applications.  Some PTFE materials have extremely stable mechanical 
properties, some are ideal for 2 sided microwave design, some for multi-layer designs, etc.  
All the PTFE materials have extremely stable, and usually low εr,  very low Loss Tangent, 
high Tg, very good thermal conductivity, extremely tight layer thickness control and are 
usually available with either Rolled or Electro-Deposited copper.  The down side to the 
use of PTFE base materials is the higher cost of the material and the extremely high cost 
of fabrication.  These materials require Tetra-Etch and other fab techniques specific to the 
PTFE arena.  These fabrication processes not only add cost but also add lead time.  As 
mentioned, PTFE materials would not be the right choice for many analog circuits or 
virtually any digital application. 
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Medium Frequency Capacitors 
 
Generally, these range in value from 4.7MFD to 50MFD, depending on the needs of the 
individual circuit.  This is the value range that can respond to the low to medium harmonic 
frequencies in the rising edge of the signal, yet carries enough energy to provide the 
current needed in high power areas of the PC board.  These capacitors boost the energy 
available in the planes in high power areas of the circuit. 
 
High Frequency Capacitors 
 
Generally, values of high frequency capacitors have been in the 0.1 ufd range.  When 
progressing into today’s higher speed IC's, the value of these capacitors should be 
reassessed and probably won’t be the traditional 0.1 ufd. 
 
At today’s speeds, these capacitors are best provided in SMT packages because of the 
lower inductance of the leads.  The inductive reactance of a 1206 style SMT capacitor is 4 
to 6 times lower than a comparable thru-hole part, thereby significantly extending the 
capacitor's effective range for any given value.  An 0805 is lower in inductance than a 
1206, etc.  Several manufacturers have begun making capacitors with larger, side mounted 
leads, providing a much lower inductance.  An 0612, even though the same physical size 
as a 1206, has lower inductance than an 0603.  Lower inductance is a function of both 
physical size and lead area.  This lower inductance extends the effective frequency range 
of the capacitor.  Available also are BGA capacitors with 8 balls per input pin.  The 
inductance of these BGA’s is about 1/12 that of a standard 1206 SMT package.  The 
choice should be based on self resonant frequency (See 2H20). 
 
At very high speeds, if the amount of charged energy needed by a device is small, the 
solution might be as simple as using a smaller value capacitor.  As seen in example A, 
capacitive reactance is higher in smaller value parts at high speeds. 
 
A 
 
 Freq(MHz) 100pF 200pF 300Pf 400pF 500pF 
  10 160 80 53 40 32 
  50 32 16 11  8 6 
  100 16  8 5  4 3 
  200  8  4 3  2 1.6 
  500  3  1.6 1  .8  .6 
  1000 1.6  .8  .5  .4  .3 
 

Frequency Vs. Capacitive Reactance. 
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Capacitor Selection 
 
Since the self resonant frequency of the capacitor goes up as value and physical size 
decrease, the natural selection criteria is to choose the smallest value capacitor that will 
provide the current needed to drive the transmission line and the smallest physical 
capacitor that can be handled by the associated assembly processes.  Availability of  some 
values in very small packages can be a problem and might be one of the gating items.  
Remember that side lead capacitors have a much higher self resonant frequency than 
devices with end mounted leads.  It’s also very important to remember that the manner in 
which the capacitor is mounted and routed to the pins of the IC will make an even greater 
difference in the overall inductance of the power loop than the physical size and value of 
the capacitor.  Choosing the perfect value in a very small case, with side mounted leads 
can all be defeated by improper mounting (See 1H5). 
 
Value of the capacitor should be determined from the equation illustrated here- 
 
  C = I(Switching Current) x Tr(Rise Time) / V(Ripple Voltage) 
 
Switching current is that current needed to drive the transmission line.  Rise time is the 10 
to 90% number for the device output.  Ripple voltage is the desired power system voltage 
ripple, which is taken from the noise budget derived during simulation and analysis.  If 
analysis is not performed, a fairly good rule of thumb is to assume 20 mv of ripple per volt 
of power rail.  In a 5v system, 100 mv of ripple.  In a 3.3v system, 60-65 mv, etc. 
 
As an example, if the power pins of an IC drive 8 outputs and each output drives 3.3 volts, 
at 1.0 nSec rise time, into a 60 ohm transmission line, the current the capacitor would 
need to provide is 55 ma (3.3v divided by 60 ohms) times 8 lines = 440 ma.  Multiplying 
440 ma by 1 nSec and dividing by 65 mv nets a capacitor value of 6770 pfd.  The largest 
value that should be used in the is case is 0.01 ufd.  0.1 ufd is extreme overkill and will 
only serve to lower the operating frequency of the capacitor. 
 
 
Two(2) Capacitors 
 
In many applications the capacitor value derived from the equation above will have such a 
low self resonant frequency that it won’t be able to cleanly deliver the high harmonics 
needed to prevent switching noise.  When this is the case it may be necessary to provide 2 
capacitors to deliver the current and the frequency needed for clean switching.  In this case 
let the equation determine the value of the larger capacitor and choose a smaller value 
capacitor of approximately 1/100th that value.  If the larger capacitor is .01 ufd, the smaller 
value cap should be in the vicinity of 100 pfd.  Generally capacitors this low in value will 
have a high enough self resonant frequency to provide the high speed content of the signal 
waveform.  Position the two caps as shown in 1H5. 
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When the PC board stack has a set of planes close enough together to create a capacitor 
large enough to provide the high frequency content, the smaller value capacitor can often 
be eliminated.  The self resonant frequency of a good set of planes is in the multiple GHz 
range.  For more details on this see section 1H5. 
 
 
Grade of Capacitor 
 
Another solution that will help raise self resonant frequency of the capacitor is to use a 
much higher grade of dielectric material at the high end of the frequency range.  For 
example, an NPO or an XR7 style capacitor has a higher self  resonant frequency than a 
Z5U style cap of the same value and same package style.  All the issues involved in using 
two parts verses a higher cost part should be weighed. 
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Resistor Style 
 
Resistors for termination can be in the form of- 
1. Discrete Components 
2. Resistor Packs 
3. Buried Resistors 
 
In cases where the quantity of boards and total resistor count per board is high enough to 
justify the price, resistors can be built in (buried) during fabrication of the bare PCB.  A 
number of new developments have taken place in recent years in this area and a number of 
possibilities exist.  There are still a limited number of fabricators offering embedded or 
buried resistors, but the numbers are increasing and the prices are decreasing.  This is an 
area to watch closely. 
 
Resistor packs are often a convenient way for the designer to handle termination resistors, 
since there are fewer components to place and route.  It would seem that assembly would 
be less expensive, since each pack contains many resistors, hence fewer components to 
place during assembly.  This is not always correct. 
 
Surveys of many assembly facilities indicate that board assembly is often less expensive 
using discrete parts since they can be handled by a ‘chip shooter’, where packs probably 
need to be handled by a slower IC pick’n’place head.  Also, discrete resistors come ‘tape 
and reel’ and are very inexpensive per part.  One exception is the SOT-23 pack with two 
resistors per pack.  These are often smaller than a single 1206 or 0805 discrete and, like a 
discrete, can be placed with a chip shooter.  In cases where values are available, SOT-23 
packs might be the best way to go. 
 
One of the biggest advantages of discrete resistors is that they can be placed precisely 
where they are needed.  Whereas larger packs (not SOT-23’s) need to be placed where 
ever there is room and all the traces have to be strung out to that location.  In a very high 
speed design, this can and often will affect performance. 
 
Discrete resistors and SOT-23 packs are also easier to replace, during the repair process, 
than large, multi-pin packs. 
 
Resistor Value 
 
The values for Zo of the various conductors and the output impedance of the driver are 
used to help calculate the values for the termination resistors.  This can be determined 
once the layer structure and layer assignments have been decided for the PC board.  The 
equations for microstrip and stripline (section 1H6) would be used for the calculations.  In 
digital circuits, it’s generally not necessary to be exact with resistor values, nor to use high 
precision components. 
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A very real part of the overall design strategy must include attention to the connector 
system(s) that will be employed.  The impact that connectors have on the system 
mechanics and producibility is obvious and well documented.  The words "Design 
Strategy" were emphasized because of the impact high speed/high frequency signals have 
on the choice and use of connectors.  Simply using our same old tried and true connectors, 
and routing the signals through them as we always have, may not work in the high speed 
environment. 
 
Conventional connectors often have an impedance of around 200 ohms.  This is a severe 
mismatch from the normal impedance of a high speed PC board and can  cause reflections 
large enough to create malfunction.  To help avoid costly high speed connectors, choose a 
connector whose overall mated pin length is no longer than 1/3 critical length of the signal 
(See the section on reflections and localization – Sections 1H12 and 2H15) and take great 
care when creating pin assignments for signals.  When the frequency of concern is so high 
that signal critical length is more than 3 times the connector’s mated pin length, a high 
speed connector should be carefully chosen to avoid signal integrity issues and potential 
malfunction of the circuit due to reflections.  EMI can result from conventional connectors 
when mated pin length is longer than 1/20th wavelength of the signal’s highest harmonics.  
This is approximately 1/6th critical length. 
 
The use of the wrong style of connector can cause serious discontinuity in the line that can 
lead to EMI, reflections and other signal integrity issues.  Connectors designed for high 
speed or high frequency applications will appear as a lumped element in the transmission 
line.  To achieve this, the connector manufacturers have designed their components with 
special attention to resistance, capacitance, mutual inductance and skin effect through the 
use of specialized pin lengths, pin structures and dielectric materials to achieve tight 
control of Zo and signal speed. 
 
In addition to the parameters of the connector, the overall system design must take into 
account what is attached to the connector.  To help with this, connector manufacturers 
have a staff of applications engineers.  These engineers can help with selection of the 
connectors and layout of the PC board.  Also, these manufacturers have models for 
simulation for various analysis tools (PSpice, etc.) and can create simulation models as 
needed.  A partial list of companies in the high speed connector game is listed in example 
A (next page). 
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Example A 
 

Companies Involved in High Speed 
Connector System Design and/or Manufacturing 

 
Amp Inc. Hadco, Corp. Panduit Corp. 
(717)  564-0100 (603) 898-8010 (708) 532-1800 (x324) 
 
Aries Electronics Harting Electronik Rambus, Inc. 
(UK)44-1908-260007 (708) 519-7700 (415) 903-3800 
 
Augat, Inc. Hirose Electronic, Inc Robinson Nugent, Inc. 
(508) 222-2202 (805) 522-7958 (812) 945-0211 
 
Berg Electronics ITT Cannon Samtec, Inc. 
(717) 938-7222 (714) 557-4700 (812) 944-6733 
 
Framatome Connectors Methode Electronics Teradyne Connector 
(203) 838-4444 (708) 867-9600 (603) 889-5156 
 
Cinch Connector Molex, Inc. Thomas & Betts 
(708) 981-6000 (708) 969-4550 (901) 682-8221 
 
Circuit Assembly Corp. North East Systems Vero Electronics 
(714) 855-7887 (508) 897-8787 (203) 288-8001 
 
Contech Research, Inc. Packard Hughes Intr. Winchester Electronics 
(508) 226-4800 (714) 660-5772 (203) 945-5000 
 
 
 

(The above list is neither complete nor endorsed) 
 
Relationship 
 
See ??? 
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W h en s electing ICs, rem em ber th ey too can play a big role in h elping to m aintain 
s ignal integrity.  O ne im portant is sue  is to s elect th e  longest ris e  tim e  ICs available, 
w h ich  w ill satisfy th e system  tim ing budget.  R em em ber, critical length  is a function of 
ris e  tim e .  A circuit board filled w ith  3 to 6 inch  traces w on’t re quire  term ination of 
m ost lines w h en using 3 nSec ris e  tim e devices .  Th at sam e board populated w ith  1 
nSec devices  w ill re quire  term ination on m any of th e  lines.  Th is  e quates to m any m ore  
com ponents, h ence increased design tim e, increased com ponent cost, increased 
as s em bly cost and increased failures due to both  increased com ponent count and th e  
potential for m any m ore bad solder joints during as s em bly.  All of th is clearly equates 
to increased tim e and cost. 
 
M any of today’s new er ICs are designed to account for th e  effects of h igh  speed 
s ignals. Item s such  as pow er and ground planes in th e  pack age, m ounted directly under 
th e  ch ip, pow er and ground pins ass igned in pairs, pairing of very critical signals (ie - 
clock s) w ith  dedicated returns and ground pins distributed th rough out th e  pack age all 
h elp m aintain h igh  s ignal integrity, low  self inductance and h igh  s elf sh ielding in th e  
circuit. 
 
Also, SMT device s  exh ibit as m uch  as 6-8 tim e s  low er lead fram e inductance th an th ru-
h ole devices . 
 
For all of th e  reasons stated, IC’s w ith  corner pow er and ground pins (ie - 74xxx serie s  
logic) s h ould be avoided w h enever anoth er reasonable ch oice exists. Corner pow er and 
ground pins rais e  th e  s elf inductance of both  th e  pow er path  and th e  return path  of all 
signals. Few  com ponents in our arsenal h ave w orse ch aracteristics th an th ese devices . 
Even w ith  perfectly designed printed circuit boards, a system  w ith  large num bers of 
corner pow er and ground pin devices  can h ave s ignal integrity and severe EM I 
problem s. 
 
DO  NOT use sock ets for ICs w ith  critical routes.  Th e  additional lead length  added by 
th e sock et pins w ill increase th e  overall lead inductance and w ill dram atically increase 
th e  s elf inductance of th e  critical signals. 
 
 
Relationship 
 
See inductance and other component related sections - 1H5, 1H12, 2H3, 2H9, 2H20, 4H1 
and 4H2. 
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Since impedance is a function of several variables, εr included, a large scale change in εr 
can have a severe impact on the impedance of the circuit, hence the entire ability of the 
circuit to function.  Water has an εr of 75.  FR4 and many of the other glass/resin systems 
used in PC board fabrication have high water absorption characteristics.  Said another 
way, they are hydroscopic. 
 
Completed assemblies which will operate in a high moisture or very high humidity setting, 
should be conformally coated, including the edges of the PC board, to prevent water 
absorption into the PC board material. 
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For a PC board and its ICs and other components to come together in a cost effective 
manner, the assembly processes and their impact on design must be understood.  This is 
true of all assemblies, not just High Speed PC boards.  For example, clean assembly 
generally requires some minimum separation between components. 
 
Unfortunately in the world of high speed circuits, it’s sometimes necessary to violate the 
component spacing requirements to make the circuit function.  A good example is the 
position of decoupling capacitors relative to the power pins of an IC.  Theoretically the 
capacitor needs to be placed right on the pins of the IC to most effective.  Of course that’s 
not possible, but from a practical perspective, to minimize inductance, the capacitor often 
needs to sit closer to the IC than good practice dictates. 
 
This scenario holds true when doing one sided assembly or two sided assembly.  With 
parts on top side only it’s easy to se how the problem could be created.  Two sided 
assemblies which will be wave soldered need certain minimum spacing to avoid shadowing 
or to create masks between the reflowed and waved components.  Again, the separation 
desired is not always possible. 
 
The important issue in this case is for the designer to truly understand which components 
MUST be very close and which don’t.  Obviously, from an assembly perspective, we want 
to minimize the number of components that violate good practice.  These are all cost 
related issues.  The fact is, most assembly facilities can build almost anything you give 
them, but at what cost? 
 
Component positioning also effects the repair function.  Discrete components placed to 
close or underneath a BGA will fall off the board when desoldering the BGA.  This adds 
to the repair time and cost because these discretes need to be replaced.  Understand when 
it’s necessary to have components under or near the BGA and when it’s not necessary.  
When it isn’t necessary, don’t do it! 
 
Remember too that each assembly facility has different requirements.  What works for one 
facility may not work for another. A circuit board should be designed to fit the facility that 
will be building the unit.  When the facility is in-house or when only one outside assembly 
facility is utilized, that’s generally fairly easy.  When a company uses more than one 
outside assembly house, this can be a problem.  Companies in this situation NEED to 
make certain that all outside facilities have similar equipment and can build to roughly the 
same technology level.  Otherwise a board designed to one company’s processes will 
likely not fit the processes of another facility. 
 
Relationship 
 
???. 
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The processes and materials used in the fabrication of bare PC boards have limitations and 
variables.  It is very important to understand the impact of these on the design and 
performance of the system.  The value of a proactive relationship between the designer 
and the board fabricator is always important, but assumes even more importance in a high 
speed setting. 
 
One important item that cannot be overstated is the value of including the fabricator into 
the process as soon as the overall board stack requirements have been determined.  Early 
involvement of the fabricator allows the design team to determine what dielectrics will be 
used (hence what εr), what impedance (Zo) the desired stack-up and anticipated trace sizes 
will yield, etc. 
 
With conventional FR4 boards, one approach which works well is to utilize the impedance 
equations in 1H6, the table of Copper Clad Laminates in section 3H7 and the frequency 
compensation table or equation in 3H2 to help estimate layer count, trace width and trace 
spacing needed to achieve the desired impedance and desired circuit characteristics.  Once 
trace width, trace spacing, layer count and stack-up have been determined, an evaluation 
or analysis can be performed to determine crosstalk and approximate EMI characteristics 
of the circuit.  An evaluation of routability verses route type (daisy chain, star, etc.) can be 
performed as well to help reach a comfort level about the overall circuit characteristics. 
 
Once all the parameters of the board have been firmed up, the fabricator(s) should be 
contacted to determine exactly where they want to position the cores and prepregs, what 
dielectric thicknesses will achieve optimum manufacturability and what impedance or 
impedances will result from the trace widths you wish to utilize in the design.  If the 
fabricator’s view of the board stack is much different than what you feel is needed, work 
closely with them to determine what compromises can be implemented on both sides of 
the issues at hand.  Don’t simply assume that the manufacturing process will strictly be 
done your way.  This could be very costly. 
 
 
Benefits 
 
The benefit of this effort is a PC board that will flow smoothly and cost efficiently, once it 
gets beyond the design stage.  Needless to say, this same proactive approach should be 
taken with the assembly house or assembly department to make certain the board and its 
components can be put together in a cost effective manner. 
 
Relationship 
 
See design related functions in 1H6, 3h2 and 3H7.  Also see sections 6H2 – 6H8. 
 
 
 



6H 2     PC Board Fabrication - Panelization 

 122

Fabricators don’t produce boards, they produce panels and simply cut the boards out of 
the panels as a convenience to their customers.  Of course this is an exaggeration, but not 
much of one.  The fact is, all but the last few processes of a bare board are completed with 
the board residing as one of several boards in a fab panel.  The boards will be arranged in 
the panel to maximize board yield.  In addition to the boards, the panel will contain all 
tooling and alignment holes, thief copper, coupons for microsectioning and, in the case of 
the high speed design, coupons for impedance testing.  It is important to understand that 
the impact on cost can be severe if the board is sized to a panel without considering all the 
needs of the fabricator. 
 
The most common panel size used by fabricators is 18” x 24”.  Depending on the specific 
fabricator, other size panels are available, but clearly, 18” x 24” is the preferred size of 
most fabricators.  The main reason for this is that the equipment used for drilling, plating, 
etc is sized to utilize 18” x 24” panels and the optimum cost savings are realized at this 
point. 
 
Designers wishing to optimize cost need to understand the breakdown of the space inside 
the panel.  The area around the boards is used for several purposes by the fabricator.  The 
outside perimeter is utilized for tooling and alignment, thief copper (section 6H3) and 
sometimes coupons of several types (section 6H4).  To accommodate these needs, most 
fabricators require the outside 1” of the panel, all around the panel.  Because of these 
perimeters needs, the maximum usable dimensions of an 18” x 24” panel becomes 16” x 
22”.  That’s the maximum size a single board could be to fit into a standard panel.  Some 
fabricators don’t need a full inch of perimeter.  Many get by with a 3/4” perimeter.  Check 
with your specific fab houses.  Also, if one of your fabricators needs 3/4” and the a second 
needs 7/8”,  you should design for the larger dimension or know that you’ll need to send 
everything to the first fabricator. 
 
In panels containing multiple boards, we must leave a distance between boards equal to at 
least the diameter of the bit used to route the boards out of the panel.  Some fabricators 
use 1/8” diameter routers, some use 3/16”, etc.  Check with your specific fab houses.  
With a 1/8” router and a 1” perimeter, the maximum size that boards can be and fit two 
per panel are 7-15/16 x 22 or 10-15/16 x 16.  With three per panel, the sizes available are 
7-1/4 x 16 or 5-1/4 x 22.  With four per panel, sizes available are 7-15/16 x 10-15/16 or  
5-13/32 x 16 or 3-29/32 x 22.  And so on and so on. 
 
The board sizes given are the maximum available with a 1” perimeter and a 1/8” router bit.  
These board sizes assume that everything which must be placed in the panel (coupons, 
etc.), in addition to the boards, will be in the perimeter or in the area inside the boards.  Of 
course, there’s rarely room inside the board for coupons and, as explained in the following 
sections, placing coupons in the outer perimeter (thief area) may not be the best approach.  
The actual sizes available will probably be smaller than those stated above.  Again, check 
with your fabricators. 
 
 



6H 3     PC Board Fabrication – Th ief Copper. 

 123

Th ief copper is noth ing m ore  th an copper dots or a copper pattern th at’s placed in th e  
perim eter of th e  fabrication panel to h elp balance th e  panel’s electro-plated copper.  
Electro-plated copper in applied to th e  outer tw o layers of th e  panel and all plated-th ru 
h oles in th e  panel.  A typical panel, w ith  four(4) PC boards w ould look  som eth ing lik e  
exam ple A  . 
 
Example A 
 

 
 
 
Typical examples of thief copper are shown in the enlarged views.  Each fabricator has 
particular patterns they prefer to use. 
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Role of Thief Copper 
 
This section will run through some of the basic outer layer processing steps and will 
culminate with an explanation of the role of thief copper. 
 
After the inner layers of the panel have been printed and etched, cleaned, oxide treated and 
laminated, we are left with an .062” (typical) thick panel which is ready for drilling and 
outer layer processing. 
 
Ignoring the cleaning and scrubbing steps, the basic processing of the laminated panel 
consists of drilling, desmear, electroless copper, imaging, electro plating of copper, 
addition of etch resist, removal of plating resist, copper etching, removal of etch resist, 
soldermask application, addition of protective finish on copper (HASL, White Tin, 
Organic, etc.) and application of silkscreen legend. 
 
After drilling, the panel look something like example B. 
 
Example B 
 

 
 
 
The drill process leaves epoxy smeared on the side walls of the holes, due to heating of the 
drill bits, hence melting of the epoxy.  The smear generally covers the points where the 
inner layer pads and copper extend to the edge of the hole.  The smear must be removed 
or the copper, which later will be plated on the hole walls, will make poor contact or no 
contact with the inner layer copper.  Some fabricators use desmear for this purpose, others  
use etchback.  The advantages and disadvantages of each should be understood before 
selecting a fabricator. 
 
The first stage of copper addition to the panel is called electroless copper.  Electroless is 
applied by immersing the panel into a solution of very fine copper granules, suspended in a 
chemical solution.  During the process a very thin layer (a few millionanths of an inch) of 
copper migrates to and attaches to all surfaces of the panel, including the continuous outer 
layer copper and the bare hole walls.  Some fabricators use a process which deposits a 
very thin layer of conductive carbon to the base and in the holes.  This carbonization 
process is known as 'Black Hole'.  The advantages and disadvantages of each should be 
well understood before selecting a fabricator.  The panel now looks like C (next page). 
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Example C 
 

 
 
 
The next major step applies a plastic film to both sides of the panel.  The film has openings 
in all the places where outer layer traces and pads will exist on the finished product.  In 
other words, the film is a negative image of the outer layers and is called plating resist.  
The panel now looks like the figure in example D. 
 
Example D 
 

 
 
 
Plating resist will, as the name implies, prevent copper from plating in areas where the 
plating resist is present. 
 
The next step is to electroplate copper to all the exposed surfaces of the panel.  In other 
words to plate copper where plating resist does not exist.  The electroplate process is 
exactly what the name implies.  The panel is immersed into a solution of copper molecules 
suspended in an electrolyte.  A negative polarity (-) electrode is attached to the panel, with 
the plating bath being attached to the positive (+) side of the same DC power source.  
Because of the voltage difference, current flows from the bath housing, through the 
plating solution, to the PC board panel.  The flowing current carries copper to the exposed 
surfaces of the panel, where it deposits. 
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The current flowing through the panel will be evenly distributed on the panel.  Meaning 
the current on any one square inch area of the panel will be the same as the current on any 
other one square inch area of the panel, except at the edge of the panel.  Because of this 
characteristic, current entering the panel in areas where traces and pads are scarce will 
have more current per track than areas where traces and pads are plentiful.  These areas of 
scant traces are called high current areas.  Areas of many traces are low current areas.  
High current areas will have thicker plating than low current areas,  This can cause severe 
problems in the board, due to some holes having heavy copper plating on the knees and 
some holes having thin plating on the knee.  This is an especially serious problem when 
one side of the board (i.e.- comp side) has heavy trace and pad areas and the other side 
(i.e.- solder side) has very scant traces and pads. In this scenario, the holes on the 
component side will have thin knees and the solder side knees will be thick.  Not only does 
this cause the knees on both sides to be weaker, than if they were optimally plated, but the 
holes will be conical in shape.  For these reasons it’s imperative that the board be designed 
so the copper density (traces and pads) are fairly even across the entire surface of the 
board and on both sides.  However, even a well designed board can’t control the high 
current areas at the edge of the board. 
 
This is where the perimeter thief copper enters the picture.  The outer ½” to 1” of the 
panel is a high current area during electroplating.  If the boards in the panel extended all 
the way to the panel’s edge, all the traces and pads in that area would be more heavily 
plated than the rest of the board, even if the board was properly designed.  Perimeter thief 
copper takes the role of being the high current area at the edge of the panel, so the boards 
in the panel will be evenly plated (assuming they are properly designed).  Since the outer 
inch of the panel will be trimmed away and discarded, the heavy plating in this area is a 
non issue. 
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Every panel of bare boards will contain test coupons.  The fabricator uses the coupons to 
determine how well their processes are being controlled and to determine the overall 
health of the boards.  These coupons are placed in the panel, usually outside the area of 
the boards.  Two of the most common coupons used are for microsectioning of holes and 
for analysis of the etch process. 
 
 
Microsectioning Coupons 
 
A microsectioning coupon is made up of one or more of the smaller hole sizes in the panel.  
When a coupon has more than one hole, they are generally in a row.  After the fabrication 
processes are complete, one or more of the coupon holes will be punched out of the panel, 
cut lengthwise at the center of the hole (see Example A) and mounted in epoxy, then 
highly polished on the cut face, for viewing. 
 
Example A 
 

 
 
 
The cut face of the sample is viewed through a 100X to 400X microscope and evaluated 
for such things as inadequate desmear, rough drilling, inadequate or missing electroless 
copper, too much or too little electroplated copper, plating folds, plating voids, etc, etc. 
 
Through the use of a microsection a great deal can be learned about the health of the 
boards and the quality of the fabrication processes, but only if the microsection represents 
the holes inside the board area.  Since the thief area, in the perimeter of the panel, is 
always a high current area during electroplating, microsection coupons placed in that area 
will probably not accurately represent holes within the board(s).  Coupons placed closer to 
the center of the panel will more accurately match the board.  This should be taken into 
consideration when planning the board size and how many boards will fit into a standard 
panel.  Talk to your fabricator. 
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Etch Coupons 
 
Etch coupons are not utilized by all fabricators, but when included tell the fab house how 
accurately their etch processes are working.  In other words, is X amount of time in the 
etching equipment giving the desired amount of etch and evenness of etch. 
 
The etch coupon is simply a series of several traces of different widths, the narrowest of 
which may be quite small.  In fact the narrowest trace on the etch coupon will likely be 
smaller than the narrowest trace on the board(s) in the panel.  This allows the fabricator to 
accurately track the action of the etching process across a spectrum of traces. 
 
The advantage of using an etch coupon is that, unlike the board itself, the coupon can be 
destructively tested and microsectioned to view actual trace width verses target width, as 
well as viewing the cross sectional shape of both inner and outer layer traces. 
 
Like the drill hole microsection coupon, this is only accurate when not placed in the outer 
perimeter of the panel.  This too should be taken into account when determining the best 
fit of the boards in the panel. 
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An impedance coupon is simply a trace which is long enough that its characteristic 
impedance can accurately be measured. Impedance coupons need to be placed on every 
signal layer in the board stack.  Impedance coupons are usually referenced to the nearest 
plane or planes (see section 9H1). 
 
To truly gain an accurate measure of the impedance of the traces within the PC boards, 
the coupons should be placed inside the board area, within the panel.  The next most 
accurate measurements are available outside the board area, but well inside the outer 1” 
perimeter of the panel.  The best place in the panel, other than inside the boards, is in the 
space between the boards, near the center of the panel. 
 
Like the drill microsectioning coupon and the etch coupon, the impedance coupon is 
adversely affected by the over plating of copper in the high current plating areas, such as 
in the area of perimeter thief copper. 
 
 
Relationship 
 
See the sections on Impedance Testing (9H1 and 9H2). 
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In most digital PC boards, minor copper thickness variations will not have enough effect 
to take into consideration at the design stage.  People involved in very high frequency 
analog or microwave designs should be aware of the issues discussed here. 
 
Since outer layer traces are plated before the etching process, the finished thickness of 
outer layer copper will usually be different than the thickness of inner layer copper.  The 
plated through holes and the outer layers are copper plated at the same time. PC board 
fabricators target .001" +/-.0002" of copper in the holes.  Since the surface of the board 
plates faster than the wall of the hole, the resulting outer layer thickness is approximately 
.0012", plus the base copper.  As an example, an outer layer with 1 oz (.0014") base 
copper will have a finished thickness of .0026" +/-.0002" (approximately 2 oz.).  A 1/2 oz 
base will finish, after plating, at .0019". 
 
In contrast, inner layers are not plated.  Therefore inner layer finished thickness will be 
equal to the copper weight only. 1oz = .0014" and 1/2 oz = .0007", etc. 
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While the acid etching process is etching down through a trace to the substrate, it also eats 
into the sides of the trace.  On inner layers, this effect reduces the average width of the 
trace by approximately .001" (1.0 mils) for 1 oz copper.  Outer layers are reduced by 
approximately .001" per side, or .002" (2mils) overall.  There are several ways this can be 
handled.  The preferred method is discussed in the documentation section (8H1). 
 
POSSIBLY ADD INFO RE: TRACE SHAPE INNER = TRAPPED, ETC. 
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One of the most important effects of the multilayer process, affecting high speed issues, is 
the manner in which fabricators process and stack the cores (C-Stage material) and the 
prepregs (B-Stage material) during etching of inner layers and lamination of the board. 
 
Fabricators will almost always use the process of foil lamination to stack a multilayer PC 
board.  This means that the last thing applied to the stack, prior to pressing, is a sheet of 
copper foil, on both the top and bottom of the stack.  Very thin foils are backed with a 
thin layer core for ease of handling.  The dielectric layer under both the top and bottom 
foil will always be prepreg.  A foil laminated 4 layer board is stacked as shown in example 
A and a 6 layer as shown in example B. 
 

 
 
 
Fabricators prefer to utilize foil lamination because it creates the least amount of inner 
layer processing.  If the four layer shown in example A  was Core Laminated, there would 
be twice as many inner cores to handle as there are with Foil Lamination.  Core laminated 
four layer boards cost nearly as much as foil laminated six layer boards.  Fabricators prefer 
Foil Lamination. 
 
The down side to foil lamination of a 4 layer board is that the center core is very thick (25 
to 40 mils), hence, in a conventional 4 layer design (sig – plane – plane – sig), the power 
and ground are widely separated and offer no assistance to decoupling / bypassing of the 
power bus.  In this case, decoupling capacitors must be carefully chosen and applied. 
 
It is important that the designer understands how a board will be stacked and laminated 
and what effect this will have on plane pairs and routing of signals. 
 
Pressing of a multilayer board will also cause minor changes in the thickness of the layer 
to layer dielectric material.  Info is given in the documentation section on the correct way 
to specify thickness.  
 
Relationships 
 
See Board Stacks (1H13) and Documentation (8H2). 
 
 



6H 9      PC Board Fabrication – Resin Gath ering 

 133

The multilayer pressing process CAN change εr in the vicinity of the traces on inner layers.  
This is caused by a condition known as resin gathering and is in fact the flow of resin to 
the trace edges, causing the material around traces to be resin rich.  Because the εr of resin 
is much lower than the combined εr of the resin/glass system, the effect is to lower the εr 
as seen by the stripline traces by as much as ½ point.  If the board material has an εr of 4.0, 
the stripline calculations may need to use a number as low as 3.5. 
 
How much effect this condition will have on impedance depends on variations in the 
processes of each fabricator.  Most fabricators account for Resin Gathering in their 
process and lay-up of the board.  Some do not.   It is highly recommended that the 
fabricator(s) be contacted regarding εr change due to resin flow before making any 
assumptions about impedance calculations. 
 
 
Relationships 
 
See documentation (8H1, 8H2 and 8H4). 
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By using the design procedures covered in this handbook, coupled with a tight interface to 
both the fabricator and the circuit design engineer, we can ensure that the fabricator has a 
fighting chance of delivering PC boards at the impedance needed to allow the circuit to 
function as intended.  Once we’re confident the circuit and PC board are designed as 
needed, the keys to success in the finished boards lie in the selection of a qualified 
fabricator and the completion of documentation to the fabricator that properly specifies 
what is required in and on the PC board. 
 
There are a number of fab notes needed to ensure correct, finished boards.  Some notes 
cover surface finishes, others cover soldermask, others spec hole tolerance and so on.  
There are three specific items needed to cover the requirements of a high speed, controlled 
impedance PC board.  The first is a note covering the board stack and materials.  The 
second note covers tolerance of the board stack.  The third note covers and an impedance 
statement, impedance tolerance and possibly impedance testing.   These points can be 
combined into one or two notes, if desired. 
 
One way to avoid questions and wasted time is to let the fabricator know, in a ‘Readme’ 
file or on the fab drawing that, “Notes X, Y & Z are the result of conversation and 
planning with John Doe, at your facility. 
 
 
Relationships 
 
These are discussed in sections 8H2, 8H3 and 8H4.   
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As m entioned in s ection 6H 1, once w e k now  h ow  m any layers a board w ill re quire  and 
w h ere  th e s ignal and plane layers w ill re s ide  in th e stack , it’s im perative th at w e 
involve our fabricator(s) to determ ine h ow  our needs can be m et and still h ave a h igh ly 
producible, cost effective PC board, w h ich  m e ets our im pedance and oth er 
re quirem ents.  O ut of th at interface w ill com e a specification for an exact PC board 
stack , including th e  m aterial types re quired. 
 
Our fabrication drawing should describe that board stack and it’s materials, either in 
words or with a picture.  Example A illustrates one way to do this in a picture, for a 
typical 6 layer board. 
 
Example A 
 

 
 
 
Relationships 
 
Sections ??? 
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Some PC boards require a tighter thickness tolerance than others.  For example, boards 
that slide into card guides and plug into edge connectors (surface contacts) usually require 
an overall board thickness tolerance of +/-.006”.  Boards outside that range can have 
problems with either card guides or the mating contacts of the connectors.  On the other 
hand, boards that mount on standoffs with pin-to-pin connectors can usually have a much 
looser tolerance on thickness without creating difficulty. 
 
Determine a realistic tolerance for overall board thickness and indicate it in a separate note 
or as part of the board stack note (example A of section 8H2).  Don’t specify a thickness 
tolerance any tighter than is necessary for the application at hand.  Unnecessarily tight 
tolerance will unnecessarily add to cost. 
 
Specify only that overall thickness tolerance, not the overall and a layer-to-layer tolerance.  
Most fabricators are excellent at knowing how much to vary trace width and dielectric 
tolerance to achieve your target impedance.  Let the fabricator do their job.  The board 
stack specification (8H2), coupled with an overall board tolerance is all the fabricator 
needs to produce the desired end product. 
 
Once in a great while, traces on one or two layers will require an extremely tight tolerance 
on their impedance, hence requiring a tight tolerance on the dielectric layers surrounding 
those traces.  Work out the details of such issues with the fabricator and specify only the 
layer-to-layer tolerance needed to achieve that specific impedance.  Be certain to restrict 
tight impedance traces to one or two layers.  It’s never a good idea to specify a tight 
tolerance on each layer of a board.  Fabricators need leeway on some layers to achieve all 
your goals in a cost effective manner. 
 
 
Relationships 
 
????? 
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The fabrication drawing should contain a note stating the characteristic impedance of the 
traces in and on the board. 
 
The drawing should specify the “As Designed” impedance.  This is the unloaded (static) 
impedance of the traces.  Also, the designer should NOT attempt to compensate the 
design for fabrication tolerances.  These vary with each fabricator.  If an 8 mil trace 
(.008”) creates the desired impedance, provide an 8 mil trace.  Let the fabricator adjust the 
trace width for etch variations, etc. 
 
If different size traces are contained in the design with the intent of having two or more 
characteristic impedances, this too should be stated by identifying that “All .008” traces 
are X ohms and all .005” traces are Y ohms”.  In some cases it may be desired to have the 
same trace width throughout a board, but have dielectric thicknesses specified such that 
some layers have a different impedance than others.  In this scenario, impedance by layer 
should be specified. 
 
Impedance tolerance should be specified as +/-10%.  Tighter tolerance is out of the 
normal range of most fabricators and WILL have an impact on cost. 
 
If the test traces (Test Coupons) are included in the board, give their X,Y location, 
relative to the board origin or a datum.  Test trace details (length, connection points, etc.) 
should be worked out with the fabricator prior to design. 
 
 
Relationships 
 
??????? 
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Test Method 
 
In addition to the usual DC testing performed to determine board integrity vs. the artwork 
or the netlist, impedance testing is highly recommended and for all intents and purposes 
should be considered mandatory.  Impedance testing is usually performed with a Time 
Domain Reflectometer (TDR) and a sample transmission line (test coupon) in/on the PC 
board or in/on the panel. 
 
The TDR sends a very high speed pulse down the transmission line, causing a 100% 
reflection off the far end of the line, then measures the reflection back at the TDR (the 
source).  The TDR will measure the source reflection off its own head and will calculate 
the transmission line impedance, using the reflection equation (%Reflection = Zload – Zo 
divided by Zload + Zo) to determine an exact value.  Since the TDR’s head impedance is 
50 ohms (Zload), if it sees a –9% reflection, it calculates the line impedance at 60 ohms.  
A +11% reflection calculates the line impedance at 40 ohms.  If it sees no reflection off 
itself, it calculates the transmission line at 50 ohms. 
 
 
Test Trace(s) 
 
Impedance testing requires that a sample trace(s) (possibly with SMA type connectors for 
attachment of the TDR - Talk to your fabricator), is available on each layer of the board or 
fabrication panel, to allow testing after the panel is complete.  Many fabricators feel the 
best location is somewhere inside the perimeter of the bare PC board.  However, in a 
dense design, such room is a luxury and is rarely available.  The next best place (and the 
spot some fabricators prefer) for the test trace(s) is in/on the panel, between the boards.  
The specifics of TDR testing should be coordinated through the fabricator.  The fabricator 
will provide information outlining the test criteria and will inform you of exactly what, if 
anything, is required on the master artwork and the fabrication drawing. 
 
 
Accuracy 
 
One TDR issue that is important to understand is that many fabricators will use the fastest 
risetime possible from the TDR (62.5pSec) for testing.  They typically do this because a 
very fast risetime allows them to use short test traces and still get accurate results.  The 
down side is that the reading they get is accurate only at the effective operating frequency 
of a 62.5pSec risetime, which happens to be 5.6GHz.  If you are operating your boards at 
1.0nSec (350MHz), the impedance won’t be the same at your frequency as it will at theirs.  
This statement only holds true for materials that vary with frequency, such as FR4. 
 
One thing to ask yourself, is if you care that the impedance will be different at your 
frequency of operation.  It’s been the experience of many in digital design, that you often 
don’t need a specific impedance but simply want a constant impedance throughout the 
entire board.  If you are using frequency dependent materials and you decide that you do 
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need a exact impedance, it would be a good idea to talk to your fabricator and have them 
test at your frequency of operation.  In this scenario, you will probably need to specify 
what rise time corresponds to your frequency of concern.  The best place to communicate 
this information is in a note on the fabrication drawing. 
 
 
Relationships 
 
Frequency verses Rise Time Equation – Section 2H2. 
Reflection Equation – Section 2H10. 
Impedance Test Coupons – Section 6H5. 
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The testing of differential pairs is very similar to testing of single ended traces.  In both 
cases a TDR will be used to send pulses down the transmission line and measure the 
reflection at the TDR head, then calculate the line impedance. 
 
The difference being that a single ended transmission line will have one signal trace 
referenced to a return path, usually a ground plane, and differential pairs have two signal 
lines, sometimes referenced to a plane, sometimes not.  The two lines of a differential pair 
will be set up exactly as they are in the PC board.  If they are not routed above, below or 
between planes in the board, they will have no plane reference in the test coupon.  If they 
are routed above a single plane in the design, they will be above a single plane in the 
coupon.  And so on. 
 
The TDR used to measure differential pairs is set up to send and receive dual pulses, one 
is the true signal and the other is it’s inverse compliment.  The head has three probe 
points, instead of two, as in the case of a single ended TDR.  When referencing the 
differential signals to ground, two of the probe points are connected to the two lines of the 
pair and the third is connected to ground. 
 
In all cases, the differential TDR sends two pulses down the transmission line and 
compares the reflections to the 100 ohm head to calculate the differential impedance of the 
transmission line. 
 
 
Relationships 
 
?????? 
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PCB components should be placed to maximize the effects of natural or forced air 
convection, conduction and/or radiation.  When possible, high heat components should be 
spaced far apart.  This concept is sometimes in conflict with the idea of placement to 
minimize trace length.  When these types of conflicts arise, a compromise is needed.  In 
this case, the compromise should usually be made in favor of that which will give the best 
product performance and long term, trouble free service, not what’s easiest for the 
designer.  Remember, as a rule of thumb, expected IC life will double for every ten (10) 
degrees C removed from the system. 
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TO ALL INVOLVED IN THE REVIEW CYCLE OF THIS WOOKBOOK,  IF YOU 
HAVE ANY SUGGESTIONS FOR ANOTHER TOPIC RELATED TO THERMAL 
MANAGEMENT OF HIGH SPEED DESIGNS, FEEL FREE TO WRITE AWAY. 
 
THANKS 
 
 
 
 


