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Introduction

What is Signal Integrity (SI)?

• An Engineering Practice
–That ensures all signals transmitted are 

received correctly

–That ensures signals don’t interfere with 
one another in a way to degrade 
reception.  

4

reception.  

–That ensures signals don’t damage any 
devices

–That ensures signals don’t pollute the 
electromagnetic spectrum



Introduction 

Components of High Speed Design

�Transmitter 
� Interconnect

�Receiver

• Circuit elementsCircuit elementsCircuit elementsCircuit elements
• Transmission linesTransmission linesTransmission linesTransmission lines

• TransistorsTransistorsTransistorsTransistors
• SourcesSourcesSourcesSources

• TransistorsTransistorsTransistorsTransistors
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• Transmission linesTransmission linesTransmission linesTransmission lines

• S S S S –––– parameter blocksparameter blocksparameter blocksparameter blocks

• SourcesSourcesSourcesSources
• AlgorithmsAlgorithmsAlgorithmsAlgorithms
• PassivesPassivesPassivesPassives
• MemoryMemoryMemoryMemory

• TransistorsTransistorsTransistorsTransistors
• PassivesPassivesPassivesPassives
• AlgorithmsAlgorithmsAlgorithmsAlgorithms
• MemoryMemoryMemoryMemory



Introduction 

Components of High Speed Design
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The Application and Advantages of Balanced Transmission 

Lines 
Shielded Quad Data Cable (Fiber-Channel)

7



The Application and Advantages of Balanced Transmission 

Lines

8



Important Parameters and Characteristics for Balanced 

Transmission Lines
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Important Parameters and Characteristics for Balanced 
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Important Parameters and Characteristics for Balanced 

Transmission Lines
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Important Parameters and Characteristics for Balanced 

Transmission Lines
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Important Parameters and Characteristics for Balanced 

Transmission Lines

Propagation equation
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α is the attenuation (loss) factor

β is the phase (velocity) factor

Characteristic Impedance equation
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� Propagation delay per unit length (Propagation delay per unit length (Propagation delay per unit length (Propagation delay per unit length (TTTT0000) ) ) ) 
{time/distance} [ps/in]{time/distance} [ps/in]{time/distance} [ps/in]{time/distance} [ps/in]
� Or Velocity (Or Velocity (Or Velocity (Or Velocity (vvvv0000) {distance/ time} [in/ps]) {distance/ time} [in/ps]) {distance/ time} [in/ps]) {distance/ time} [in/ps]

� Characteristic Impedance (Characteristic Impedance (Characteristic Impedance (Characteristic Impedance (ZZZZ0000) ) ) ) 
� PerPerPerPer----unitunitunitunit----length Capacitance (length Capacitance (length Capacitance (length Capacitance (CCCC0000) [pf/in]) [pf/in]) [pf/in]) [pf/in]
� PerPerPerPer----unitunitunitunit----length Inductance (length Inductance (length Inductance (length Inductance (LLLL0000) [nf/in]) [nf/in]) [nf/in]) [nf/in]
� PerPerPerPer----unitunitunitunit----length (Series) Resistance (length (Series) Resistance (length (Series) Resistance (length (Series) Resistance (RRRR0000)                                    )                                    )                                    )                                    

[W/in][W/in][W/in][W/in]
� PerPerPerPer----unitunitunitunit----length (Parallel) Conductance (length (Parallel) Conductance (length (Parallel) Conductance (length (Parallel) Conductance (GGGG0000) ) ) ) 

[S/in][S/in][S/in][S/in]



Important Parameters and Characteristics for Balanced 

Transmission Lines

• Knowing any two out of Z0, 

Td, C0, and L0, the other two 

can be calculated.

• C0 and L0 are reciprocal 

functions of the line cross-

sectional dimensions and 

are related by constant µε .
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are related by constant µε .

• εεεε is electric permittivity
• εεεε0= 8.85 X 10

-12 F/m (free space)

• εεεεr i s relative dielectric constant

• µµµµ is magnetic permeability
• µµµµ0= 4p X 10

-7 H/m (free space)

• µµµµr is relative permeability
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Important Parameters and Characteristics for Balanced 

Transmission Lines

Measurement of Characteristic Impedance Z0

Measure S11 with Far End 

Terminated in Z0

Measure S11 with Far End 

Terminated in Short Circuit

−−−−

−−−−
====

S11S11S11S111111

+ S11+ S11+ S11+ S111111Z0_TL
ZoZoZoZo*
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Terminated in Short Circuit

Measure S11 with Far End 

Terminated in Open Circuit

ZZZZ0_TL0_TL0_TL0_TL =     ZZZZococococ * Z* Z* Z* Zscscscsc

−−−−

−−−−
====

S11S11S11S111111

+ S11+ S11+ S11+ S111111Z0C
ZoZoZoZo*

−−−−

−−−−
====

S11S11S11S111111

+ S11+ S11+ S11+ S111111ZSC
ZoZoZoZo*



Important Parameters and Characteristics for Balanced 

Transmission Lines

Measurement of Reflection Characteristics

Reflection Coefficient = ρ = SD1D1 = b1 / a1 = reflected / incident

Voltage Standing Wave Ratio = VSWR = 
1 + | SD1D1 |

1 - | SD1D1 |
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1 - | SD1D1 |

Return Loss (dB) = - 20 log10 ( | SD1D1 | )

[Structural Return Loss (dB) ]



Important Parameters and Characteristics for Balanced 

Transmission Lines

Measurement of Transmission Characteristics

Insertion Loss (dB) =   20 log10 ( | SD2D1 | ) [ Log Magnitude ]

Attenuation (dB/in) =   20 log10 ( | SD2D1 | ) / (/ (/ (/ (Length of Transmission Line)

Delay (ns) = (SD2D1)   [Group Delay]

Single Pair Measurements
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Important Parameters and Characteristics for Balanced 

Transmission Lines

Measurement of Transmission Characteristics

Delay Skew (ns) = (S31) [Group Delay]  - (S42) [Group Delay]  

Single Pair Measurements
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Important Parameters and Characteristics for Balanced 

Transmission Lines

Measurement of Transmission Characteristics

Near End Crosstalk (NEXT) (dB) = (SD3D1)   [Log Magnitude ]

Two Pair Measurements
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Important Parameters and Characteristics for Balanced 

Transmission Lines

Measurement of Transmission Characteristics

Two Pair Measurements

Far End Crosstalk (FEXT) (dB) = (SD3D1)   [Log Magnitude ]
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Important Parameters and Characteristics for Balanced 

Transmission Lines

Measurement of Transmission Characteristics

Multiple Pair Measurements

Power Sum - NEXT (dB) = Σ NEXT  Reference Pair to All Other Pairs

Power Sum - ELFEXT (dB) = Σ FEXT  Reference Pair to All Other Pairs
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Important Parameters and Characteristics for Balanced 

Transmission Lines
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Important Parameters and Characteristics for Balanced 

Transmission Lines
Single Ended S-Parameters
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• Traditional S-Parameters

• All Measurements Use Ground as the Return (Common Mode)

• Balanced Lines and Devices Measured One Side at a Time

• Delay Skew is Based on Single Ended Measurements



Important Parameters and Characteristics for Balanced 

Transmission Lines
Common Mode S-Parameters
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• Balanced Transmission Lines / Devices Treated as a 4 Port

• Ground is Common Return For All Ports (May be Virtual)

• Each DUT “Port” is Connected to a VNA Port Center Conductor

• Delay Skew Can Be Derived From Common Mode Measurements



Important Parameters and Characteristics for Balanced 

Transmission Lines
Differential Mode S-Parameters
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• Balanced Transmission Lines / Devices Treated as a 4 Port

• Ground is Common Return For All Ports (May be Virtual)

• Each DUT “Port” is Connected to a VNA Port Center Conductor

• Delay Skew Can Be Derived From Common Mode Measurements



Important Parameters and Characteristics for Balanced 

Transmission Lines
Mixed Mode S-Parameters
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• Balanced Transmission Lines / Devices Treated as a 4 Port

• Ground is Common Return For All Ports (May be Virtual)

• Each DUT “Port” is Connected to a VNA Port Center Conductor

• Mixed Mode Parameters Include Important Mode Conversion 

Parameters ,  Differential Mode Common Mode



Important Parameters and Characteristics for Balanced 

Transmission Lines
Mode Conversion
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• Balanced Transmission Lines / Devices Treated as a 4 Port

• Ground is Common Return For All Ports (May be Virtual)

• Each DUT “Port” is Connected to a VNA Port Center Conductor

• Mixed Mode Parameters Include Important Mode Conversion 

Parameters ,  Differential Mode Common Mode



Techniques Used to Connect Vector Network Analyzers (VNA) to 

Balanced Transmission Lines

Typical 2 Port VNA ( 3 Receiver)Typical 2 Port VNA ( 3 Receiver)Typical 2 Port VNA ( 3 Receiver)Typical 2 Port VNA ( 3 Receiver)
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Typical 2 Port VNA ( 4 Receiver)Typical 2 Port VNA ( 4 Receiver)Typical 2 Port VNA ( 4 Receiver)Typical 2 Port VNA ( 4 Receiver)

Typical 2 Port VNA ( 3 Receiver)Typical 2 Port VNA ( 3 Receiver)Typical 2 Port VNA ( 3 Receiver)Typical 2 Port VNA ( 3 Receiver)

Typical 4 Port VNA ( 2 Source)Typical 4 Port VNA ( 2 Source)Typical 4 Port VNA ( 2 Source)Typical 4 Port VNA ( 2 Source)



Use of Baluns to Transform a 50 Ohm Un-balanced VNA Test 

Port to 100 Ohm Balanced Transmission Line
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Picosecond Pulse Labs Model 5315A BALUN

17 GHz typical BW



Balun Based

50505050ΩΩΩΩ 100100100100ΩΩΩΩ

Use of Baluns to Transform a 50 Ohm Un-balanced VNA Test 

Port to 100 Ohm Balanced Transmission Line

VNA Configurations for Balun Based Measurements

Reflection Measurements
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Balun Based

50505050ΩΩΩΩ 100100100100ΩΩΩΩ

Transmission Measurements



Balun Based

50505050ΩΩΩΩ 100100100100ΩΩΩΩ

Use of Baluns to Transform a 50 Ohm Un-balanced VNA Test 

Port to 100 Ohm Balanced Transmission Line

VNA Configurations for Balun Based Measurements

NEXT Measurements
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Balun Based

50505050ΩΩΩΩ 100100100100ΩΩΩΩ

FEXT Measurements



Use of a 2 Port VNA Test Set to Transform  50 Ohm Un-balanced VNA 

Test Ports to 100 Ohm Balanced Transmission Lines

VNA Configurations for Reflection Measurements

Multiport (2 Port) Based
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Use of a Multiport VNA Test Set to Transform  50 Ohm Un-balanced 

VNA Test Ports to 100 Ohm Balanced Transmission Lines

Multiport (4 Port) Based

VNA Configurations for Reflection Measurements
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VNA Configurations for Transmission Measurements

Multiport (4 Port) Based



Use of a Multiport VNA Test Set to Transform  50 Ohm Un-balanced 

VNA Test Ports to 100 Ohm Balanced Transmission Lines

Multiport (4 Port) Based

VNA Configurations for NEXT Measurements
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Use of a Multiport VNA Test Set to Transform  50 Ohm Un-balanced 

VNA Test Ports to 100 Ohm Balanced Transmission Lines

Multiport (4 Port) Based

VNA Configurations for FEXT Measurements
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Advantages and Limitations of Each Approach

Balun Based Balanced VNA

Advantages

1. Lowest Cost Balanced VNA Approach

2. True Differential Stimulus

3. Simple Balanced VNA Calibration (SOLT , TRL ) With Fewer Connections

4. Traditional Balanced VNA Approach

Limitations

36

1. Limited Measurement Bandwidth With Transformer Baluns

2. Difficult to Separate Residual Common Mode Component (Longitudinal 

Balance )

3. Difficult to Measure Mixed Mode and Common Mode S Parameters

4. No Single VNA Vendor Support – “Science Fair Project”

5. VNA Based Reflection and Transmission Time Domain (TDR / TDT) Limited 

to Band Pass, Impulse Response



Advantages and Limitations of Each Approach

2 Port Based Balanced VNA

Advantages

1. Lowest Cost VNA Configuration

2. Simple Balanced VNA Reflection Calibration (SOLT)

3. Full VNA Reflection Time Domain (TDR) Available

Limitations
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1. Reflection Only Balanced VNA Measurements

2. Not True Differential Stimulus (Superposition) With Standard, Lowest Cost 2 

Port VNA’s



Advantages and Limitations of Each Approach

Multiport 4 Port Based Balanced VNA

Advantages

1. True Differential Stimulus With Two Coherent Source 4 Port VNA

2. Simple to Measure Differential Mode, Mixed Mode and Common Mode          

S Parameters

3. Full VNA Reflection and Transmission Time Domain (TDR / TDT) Available

Limitations
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Limitations

1. Not True Differential Stimulus (Superposition) With Standard, Single Source   

4 Port VNA’s

2. Cumbersome Balanced VNA Calibration (SOLT) With Many Connections

3. Most Expensive Balanced VNA Approach

4. External Test Set Multiport 4 Port Based Balanced VNA Usually Requires 

External Software for Test Set Control



Frequency Domain Measurement for Balanced Transmission Lines
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• S Parameters are Complex Numbers (Real and Imaginary) or (Magnitude and Phase)

• Frequency Domain Measurements are Parameter Versus Frequency

• Frequency Domain Measurements Represent a Weighted Average Over Time

• Time Domain Measurements are Parameter Versus Time

• Time Domain Measurements Represent a Weighted Average Over Frequency



Frequency Domain Measurement  with a VNA
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• Stimulus Sources are Sine Wave Oscillators that are Stepped in Frequency
•All Receiver Channels are Narrowband Tuned Receivers Synchronized to the Stimulus 

Sources

• S Parameters are Complex Numbers (Real and Imaginary) or (Magnitude and Phase)

• Frequency Domain Measurements are Parameter Versus Frequency

• Frequency Domain Measurements Represent a Weighted Average Over Time



Frequency Domain Measurement  with a VNA
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• SDD are Differential (Balanced) In and Out

• SCC are Common (Single-Ended) In and Out

• SDC are Differential (Balanced) In and Common (Single-Ended) Out

• SCD are Common (Single-Ended) In and Differential (Balanced) Out



Frequency Domain Measurement  with a TDR / TDT  (FFT)
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•Measurements Made With Fast Rise Time Voltage Step Generator

• Both Reflection (TDR) and Transmission (TDT) Made in Time Domain

• Step Response Differentiated to Calculate Impulse Response

• Chirp Z Fast Fourier Transform (FFT) Applied to Impulse Response to 

Calculate Frequency Domain S Parameters



Frequency Domain Measurement  Comparison VNA vs TDR / TDT 
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Frequency Domain Measurement  Comparison VNA vs TDR / TDT 
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Advantages and Limitations of Each Approach

Frequency Domain Measurement  with a VNA

Advantages

1. Higher Source Power and Tuned Receiver � High Dynamic Range (> 100 dB)

2. Applies to Both Active and Passive Linear Devices

3. Direct Frequency Domain Measurements � No Post Processing Required

4. Traditional Measurement Approach For Frequency Domain Performance

5. Better Signal to Noise �Measurements More Repeatable, Less Deviation

Limitations
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Limitations

1. All Measurements are Causal � No Insight Into DUT Topology

2. Higher Cost Than Comparable TDR/TDT Oscilloscope

3. Slower Measurement Speed Than Comparable TDR/TDT Oscilloscope

4. More Complex, Less Bandwidth Signal Separation Test Set



Advantages and Limitations of Each Approach

Frequency Domain Measurement with a TDR/TDT

Advantages

1. Wide Measurement Bandwidth � DC to Max Frequency

2. Lower Cost Stimulus (Step Generator(s)) 

3. Lower Cost Per Measurement Channel

4. Broadband Receiver �Measurements Made Faster, Single Shot Capture

Limitations
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Limitations

1. Applies to Only Passive Devices

2. Limited Dynamic Range � 40 dB to 50 dB

3. Limited Power in Harmonics of Voltage Step Generator � Less Signal to Noise

4. Direct Time Domain Measurements � FFT Post Processing Required

5. Additional Software Required For Frequency Domain Performance



Time Domain Characteristics and Parameters for Balanced 

Transmission Lines
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Time Domain Characteristics and Parameters for Balanced 

Transmission Lines

Impedance
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Time Domain Characteristics and Parameters for Balanced 

Transmission Lines

Fault Type and Location
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Time Domain Characteristics and Parameters for Balanced 

Transmission Lines

Determining Fault Location
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Time Domain Characteristics and Parameters for Balanced                                                    

Transmission Lines

TDT - Time Domain Transmission, Insertion Loss, Delay, Skew 
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Time Domain Characteristics and Parameters for Balanced 

Transmission Lines

Near End Crosstalk (NEXT), Far End Crosstalk (FEXT)
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Time Domain Characteristics and Parameters for Balanced 

Transmission Lines

Near End Crosstalk (NEXT), Quiet Line Open Terminated
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Time Domain Characteristics and Parameters for Balanced 

Transmission Lines

True Differential TDR / TDT 
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Time Domain Characteristics and Parameters for Balanced 

Transmission Lines

TDR/TDT and VNA 
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Single Ended, Differential Mode, Common Mode, Mixed Mode, Mode 

Conversion
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• Time Domain Measurements are Parameter Versus Time / Distance
• Time Domain Measurements Represent a Weighted Average Over 

Frequency



Time Domain Measurement  with a VNA (IFT)

•Measurements Made in Frequency Domain and Converted to Time Domain by 
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•Measurements Made in Frequency Domain and Converted to Time Domain by 

Inverse Fourier Transform (IFT)

• Step Response, Impulse Response, and Band Pass Impulse Response

• Step Response and Impulse Response Require Harmonic Related Frequencies

• Time Resolution Related to ( 1/ Frequency Span) 

• Time Range Related to  (1/∆F)

•Windowing Used to Deal With Frequency Truncation Error 

(Finite Frequency Range)



Time Domain Measurement  with a TDR / TDT
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•Measurements Made With Fast Rise Time Voltage Step Generator

• Both Reflection (TDR) and Transmission (TDT) Made in Time Domain

• Step Response Standard For Time Domain Measurements

• TDT Direct Measurement of Insertion Loss, Crosstalk, and Delay

• TDR Direct Measurement of Reflection Coefficient and Impedance with 

Location 



Time Domain Measurement  with a TDR / TDT

Differential TDR Using a Single Step Generator
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• Requires Launch Into Balanced Transmission Line

• Complement Step Generated in Transmission Line by Reciprocity

• Stimulus From Transmission Line is True Differential



Advantages and Limitations of Each Approach

Time Domain Measurement  with a VNA (IFT)

Advantages

1. Higher Source Power and Tuned Receiver � Faster Effective Rise Time, Better 

Time Resolution

2. Both Step and Impulse Response Available

3. Impulse Response of High Pass or Band Pass Devices

4. Time Domain Gating Available

5. DC Response of DUT Not Required (DC Blocks Not a Problem)

Limitations
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Limitations

1. Time Domain Requires Software Post Processing (IFT)

2. Higher Cost Than Comparable TDR/TDT Oscilloscope

3. Slower Measurement Speed Than Comparable TDR/TDT Oscilloscope

4. Windowing Required to Deal With Frequency Truncation Error 

(Finite Frequency Range)



Advantages and Limitations of Each Approach

Time Domain Measurement  with a TDR/TDT

Advantages

1. Direct Time Domain Measurements

2. Direct Time Base Based Delay Measurements

3. Frequency Response of Step Generator Not Band Limited, Windowing Not Required

4. Lower Cost Than Comparable VNA

5. Differential Step Generators With Adjustable Skew

Limitations
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Limitations

1. Step Response Only

2. DC Response of DUT Required ( DC Blocks  a Problem) 

3. Limited Dynamic Range � 40 dB to 50 dB

4. Limited Power in Harmonics of Voltage Step Generator � Slower Rise Time, 

Less Time Resolution



Techniques Used with MultiPort Vector Network Analyzers 

(VNA) for Balanced Transmission Line Measurements

Typical 2 Port VNA ( 3 Receiver)Typical 2 Port VNA ( 3 Receiver)Typical 2 Port VNA ( 3 Receiver)Typical 2 Port VNA ( 3 Receiver)
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Typical 4 Port VNA ( 2 Source)Typical 4 Port VNA ( 2 Source)Typical 4 Port VNA ( 2 Source)Typical 4 Port VNA ( 2 Source)

Typical 2 Port VNA ( 3 Receiver)Typical 2 Port VNA ( 3 Receiver)Typical 2 Port VNA ( 3 Receiver)Typical 2 Port VNA ( 3 Receiver)

Typical 2 Port VNA ( 4 Receiver)Typical 2 Port VNA ( 4 Receiver)Typical 2 Port VNA ( 4 Receiver)Typical 2 Port VNA ( 4 Receiver)

Typical Balun Based VNATypical Balun Based VNATypical Balun Based VNATypical Balun Based VNA



Use of Mathematical Superposition with a Single Source 

MultiPort VNA for Balanced Transmission Line Measurements

• Passive Balanced / Differential DUT

• Transmission Lines

• PCB

• Lumped Components

• Passive Filters

• UTP, STP, Quad Cables

• Connectors / Interfaces

• Linear Active Balanced / Differential DUT

• Linear Amplifiers, Differential Amplifiers
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• Standard Single Source VNA Used With Switch Matrix

• Single Ended S Parameters Measured for All Path Combinations

• Differential and Mixed Mode Parameters Calculated by Superposition

• Basic Assumption That DUT Is Linear

• If Interconnect From 4 Port Test Set to DUT Uses Balanced Transmission 

Lines, True Differential Stimulus Generated By Reciprocity

• Linear Amplifiers, Differential Amplifiers

• Linear Active Filters

• Input / Output Match ADC / DAC



Use of Dual Differential Sources MultiPort VNA for Balanced 

Transmission Line Measurements

• Passive Balanced / Differential DUT

• Transmission Lines

• PCB

• Lumped Components

• Passive Filters

• UTP, STP, Quad Cables

• Connectors / Interfaces

• Linear Active Balanced / Differential DUT

• Linear Amplifiers, Differential Amplifiers

• Linear Active Filters
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• Dual Source VNA Used

• Sources Are Synchronous and 180 Degree Phase Difference

• Common, Differential and Mixed Mode Parameters Measured Directly

• DUT Can Be Linear or Nonlinear

• True Differential Stimulus

• Balun Based VNA True Differential for Differential Mode Parameters

• Linear Active Filters

• Input / Output Match ADC / DAC

• Non Linear Active Balanced / Differential DUT

• Devices in Compression / Saturation

• Log Amplifiers



Advantages and Limitations of Each Approach

Mathematical Superposition with a Single Source MultiPort VNA

Advantages

1. Lower VNA System Cost

2. If Interconnect From 4 Port Test Set to DUT Uses Balanced Transmission Lines, True 

Differential Stimulus Generated By Reciprocity

3. Single Ended 2 Port VNA Can Be Upgraded to 4 Port Balanced VNA By Adding Test 

Set

4. Valid Balanced / Differential Measurements For All Linear DUT’s

Limitations

65

Limitations

1. Requires Software For Mathematical Superposition Calculation

2. Stimulus Not True Differential * �May Not Be Valid For Non Linear DUT’s

3. Switch Matrix Repeatability Can Degrade Systematic Error Correction 

Resulting in Higher Residual Errors (Ripple) in Corrected Measurements



Advantages and Limitations of Each Approach

Dual Differential Sources MultiPort VNA

Advantages

1. True Differential Stimulus

2. Valid Balanced / Differential Measurements For All Linear and Non Linear DUT’s

3. Better Test Set Repeatability � Lower Residual Errors (Ripple) in Corrected 

Measurements

Limitations
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Limitations

1. Higher VNA System Cost

2. 180 Degree Phase Relationship Difficult to Maintain From VNA to DUT �

Skew Error � Problematic For Non Linear DUT’s



Fixture and Launch Considerations in Connecting to Balanced 

Structures
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Fixture and Launch Considerations in Connecting to Balanced 

Structures

End Launch ConnectorsEnd Launch ConnectorsEnd Launch ConnectorsEnd Launch Connectors
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www.southwestmicrowave.com

http://datasheets.maxim-ic.com/en/ds/MAX3873AEVKIT.pdf
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