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Å Relationship between Time and Frequency Domain 

ï Rise Time and Fourier Frequency Components 
ï Digital Square Wave Generates Odd Harmonics 
ï Relationship between the Logic Rise Time and Frequencies Generated 

Å Electromagnetic Modeling of PCB Traces 
Å PCB Microstrip Example   
Å EM Modeling of Transmission Lines (PCB Traces on FR4) using Sonnet 

ï SONNET Tutorial 1 ς Terminated Microstrip Line  => Build on FR4, Graph S11 in dB, Plot VSWR, Impedance on a Smith Chart,  
ï SONNET Tutorial 2 ς Coupled Microstrip Lines  => Plot the Near End Crosstalk (NEXT)  using the dB[S21] S-parameter, Current Density 
ï SONNET Tutorial ς Differential Pair Microstrip Lines  => Extract S, Y, Z-parameter, Pi-model, N-coupled, Broadband, and Inductor Files 

Å Conclusions of Sonnet as a Digital Signals Integrity Simulation Tool 
Å SI Verification Tool ςTime Domain Reflectometry 
Å SI Verification Tool ς Eye Diagram Mask   
Å SI Verification Tool ς Bit Error Rate Tester (BERT) 
Å SI Verification Tool ς Vector Network Analyzer (VNA)  
Å Tutorial Conclusions 
Å Text References:  

ï Hall, Hall, and McCall, High-Speed Digital System Design, John Wiley & Sons Inc., 2000 
ï Johnson and Graham, High Speed Signal Propagation, Prentice Hall, 2003 
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Digital Design Introduction & Design Rules  

Advanced Digital Design Introduction 

The design guidelines today for high-speed Digital Signal 
Integrity require, as standard: 
 

 -   All PCB traces need to be terminated at a controlled impedance  
- Reduce Impedance & inductive elements in the return path 
- Avoid Branched Routing Topology  
- Design Low-Impedance ground and power distribution paths 
- Understand how Connectors and Vias change the impedance 

Note: Beginning digital engineers often make a  mistake in not 
terminating the input ς ALL High-impedance  (Hi-Z) inputs must 
be terminated  otherwise intermittent results can occur and/or 
Electro-static Discharge (ESD) can damage the IC. 



What are the Issues of HS Digital Design Today?  

Advanced Digital Design Introduction 

 Digital Problems are Manifest in Many Ways and 
Potential Root Cause Indicated: 
 

 -   {ǇŜŎƛŦƛŎ άhb9έ ōƛǘǎ ŀǊŜ ǊŜŀŘ ŀǎ ά½9whέ  or 
 -   Transmitted ά½9whέōƛǘǎ ŀǊŜ ǊŜŀŘ ŀǎ άhb9έ 
 Intersymbol Interference (ISI) due to Impedance Mismatch 
 Impedance Discontinuities 
 Ground Loop, dI/dT 
 -    Jitter (Timing Jitter) 
  Thermal Noise 
 Cross Talk 
 Noisy Ground Connections 

Jitter testing is of growing importance to engineers, 
as system clock frequencies are increasing inducing 
intersymbol interference. Current motherboards 
have high-speed serial bus architectures with rise 
time of  <170 picoseconds and also engineering 
attention has to be focused on proper buss 
termination. 
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 Fourier Frequency Components 

Relationship between Time and Frequency Domain 

FOURIER SERIES ς Digital Signals are composed of an infinite number of sinusoidal functions 

A SQUARE WAVE: Y = 0 for -p < x < 0 and Y=1 for 0 < x < p. 

1 Hall, Hall, and McCall, High-Speed Digital System 

Design, John Wiley & Sons Inc., 2000: 284 - 303 



 Digital Square Wave Generates Odd Harmonics 

Relationship between Time and Frequency Domain 

Actual Spectrum plot generated by Digital Square 
Waves which illustrates the Frequencies Generated by 
a 100ps  rise time (Tr of ECL Logic Family) 

1 Hall, Hall, and McCall, High-Speed 

Digital System Design, John Wiley & 
Sons Inc., 2000: 85 

Weisstein, Eric W. "Fourier Series--Square Wave." From MathWorld--A Wolfram Web 
Resource.http://mathworld.wolfram.com/FourierSeriesSquareWave.html 

http://mathworld.wolfram.com/about/author.html
http://mathworld.wolfram.com/about/author.html
http://mathworld.wolfram.com/
http://mathworld.wolfram.com/FourierSeriesSquareWave.html
http://mathworld.wolfram.com/FourierSeriesSquareWave.html


What Frequencies and Amplitudes are Generated? 

The 10%-90% rise time, Tr, is the key specification for 
determining the Fourier frequency components and the 
amplitude.  For example, Tr of  ECL is approximately 100nsec 
which, using the rule of thumb, 350MHz/Tr = 3.5 GHz 

Relationship between the Logic Rise Time and Frequencies Generated 

DIGITAL LOGIC FAMILY TYPICAL RISE TIME CALCULATED SIGNAL BW 

Transistor Transistor-Logic (TTL) 15 ns 24 MHz 

Low-Power Schottky TTL (LSTTL) 2 ns 175 MHz 

Complementary Symmetry Metal Oxide 
Semiconductor  (CMOS) 

1.5 ns 230 MHz 

Gunning Transceiver Logic (GTL)  1 ns 350 MHz 

Low-Voltage Differential Signaling (LVDS) 400 ps 875 MHz 

Emitter-Coupled Logic (ECL) 100 ps 3.50 GHz 

Gallium Arsenide Logic (GaAs) 40 ps 8.75 GHz 
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The Rise Time of Modern Logic Generates 
MICROWAVE Frequency Components  



How do we get this Rule-of-Thumb Rise Time to Frequency Equation? 
 

It can be derived from the response of a step function into a filter & time constant tau: 
 

 

Setting V=0.1Vinput  and V=0.9Vinput  , calculate the 10-90% risetime in terms of the time constant 
 

 

 

The frequency response of a 1 pole network is  

 

Substituting  into the step response yields:  

Relationship between the Logic Rise Time and Frequencies Generated 
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The frequency response of the digital network determines 
the resulting rise or transition time. The majority of the 
spectral energy content, as shown on the left, will be 
contained below F3dB 


