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Faraday’s Law of Induction

Ampère’s Law

Gauss’ Law for electric field

Gauss’ Law for magnetic field

Constitutive Relations
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Maxwell’s Equations
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Wavelength : 
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propagation velocity
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Wave Propagation
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Why Transmission Lines ?

In Free Space

At 10 KHz : = 30 km

At 10 GHz : = 3 cm

Transmission line behavior is prevalent when the 
structural dimensions of the circuits are comparable to 
the wavelength.



ECE 451 – Jose Schutt-Aine 5

Let d be the largest dimension of a circuit

If d << , a lumped model for the circuit can be used

Transmission Line Model

circuit

z
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Transmission Line Model

circuit

z



If d ≈ , or d >  then use transmission line model
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Modeling Interconnections
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Ideal channel

Dispersive channel
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Dispersion & Velocities
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Wave will propagate if 
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0, 0, 0  z z xH E ETMmn modes:

 cos  jkz
y o xH H x e

Same dispersion relation as TEmn modes

Parallel‐Plate Waveguide
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Special case m=0 TM0 or TEM mode
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TEM Mode
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Parallel‐Plate  in TEM
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Laplace’s Equation for potential 

For a TEM mode of propagation

Coaxial Cables



ECE 451 – Jose Schutt-Aine 13

2 2
2 2

2 2

1 0 0
  

      
zk h

  

 ,  j z
z zH h e  

2


ck
a b

22
 c c

c
r

ck vkf
 

   
2
2

 
 c

r r

c cf
a b a b   

Higher order modes: TE modes:

The first higher order mode is the TE11 mode

Approximate solution for kc is:

From kc, find cutoff frequency fc

Coaxial Cables
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Infinite Conductivity

Finite Conductivity

Coaxial Line with Losses
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Coaxial line

Air

Waveguide
Coplanar line

er

er

Microstrip

er

Stripline

er
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Types of Transmission Lines
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Parallel‐plate Transmission Line
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Microstrip

Stripline

Wave propagation in stripline is closer to the 
TEM mode of propagation and the propagation 
of velocity is approximately  c/  r .

Microstrip and Stripline
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Microstrip – Analysis Equations
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Microstrip Analysis & Synthesis Equations
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Microstrip
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Microstrip Characteristic Impedance
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dielectric constant : 4.3.
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Surface Waves – TM Modes

Inside dielectric

Outside dielectric

Assume the form:

Dispersion relations
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( , ) sin cosz c ce x y A k x B k x 

Surface Waves – TM Modes: Solutions

Inside dielectric

Outside dielectric

Solutions are:

( , ) hx hx
ze x y Ce De 

( , , ) 0 at x=0zE x y z 

( , , ) ,     zE x y z for x  

( , , ) continuous at boundaryzE x y z

( , , ) continuous at boundaryyH x y z
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      2 22 1c r ok d hd k d  

tanc c rk d k d hd
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Solution is found at intersection of curves

First TM mode is TMo mode

Cutoff frequencies for TM modes are given by:

Surface Waves – TM Modes: Solutions
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Surface Waves – TE Modes

Inside dielectric

Outside dielectric

Assume the form:

Dispersion relations
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( , ) sin cosz c ch x y A k x B k x 

Surface Waves – TE Modes: Solutions

Inside dielectric

Outside dielectric

Solutions are:

( , ) hx hx
zh x y Ce De 
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cB k d De
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 cotc ck k d h 

 2 2 21c r ok h k  

After matching the 
boundary conditions
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Solution is found at intersection of curves

Negative values of hmust be excluded

Cutoff frequencies for TE modes are given by:

Surface Waves – TE Modes: Solutions

hd

kcd
- - 

TM0, TE1, TM1, TE2, TM2

Modes will occur in the following order:
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Coplanar Waveguide
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Coplanar Strips
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Characteristic Microstrip Coplanar Wguide Coplanar strips

eeff* ~6.5 ~5 ~5

Power handling High Medium Medium

Radiation loss Low Medium Medium

Unloaded Q High Medium Low or High

Dispersion Small Medium Medium

Mounting (shunt) Hard Easy Easy

Mounting (series) Easy Easy Easy

* Assuming r=10 and h=0.025 inch

Qualitative Comparison
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TEM PROPAGATION
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Telegrapher’s Equations

L:  Inductance per unit length.

C:  Capacitance per unit length.
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( ) j zV z Ae  j zBe 
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1( )           j z
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j zBe 

LC 

Zo = L
C

Transmission Line Solutions
(Frequency Domain)
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Board with traces

L-shaped support

Center pin 

screw

Flange-mount
connector

Coaxial‐Microstrip Transition

Remove effects of discontinuities before processing data!
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With parasitics No parasitics
Coaxial‐Microstrip Transition
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L1
CL1 CR2

L2
CL2 CR1

TL1
SMA SMA

In Out

Coaxial‐Microstrip Transition

TDR Plot

Equivalent Circuit
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Low‐Frequency TL Approximation



ECE 451 – Jose Schutt-Aine 37

copper  mi cr ost r i p
     w =5mi l
      l =20.2cm

f i ber gl ass subst r at e SMA connect or

0.94

0.95

0.96

0.97

0.98

0.99

1

0 0.02 0.04 0.06 0.08 0.1

Microstrip

I n

Frequency (GHz)

5

10

15

20

25

30

0 0.02 0.04 0.06 0.08 0.1

Microstrip

R e

Frequency (GHz)

- Lumped Model
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Low-Frequency Model for Microstrip
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High‐Frequency Characterization

Transmission-Line Scattering Parameters
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TL Extraction Formulas
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Low‐Loss Approximation
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ECE 451 – Jose Schutt-Aine 42

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0 0.02 0.04 0.06 0.08 0.1

Category 5/ 100-meter

Simulation

Measurement

S1
1 

M
ag

ni
tu

de

Frequency (GHz)

-50

-40

-30

-20

-10

0

10

20

30

0 0.02 0.04 0.06 0.08 0.1

Category 5/ 100-meter

Simulation

Measurement

S1
1 

Ph
as

e 
(d

eg
)

Frequency (GHz)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.02 0.04 0.06 0.08 0.1

Category 5/ 100-meter

Simulation

Measurement

S2
1 

M
ag

ni
tu

de

Frequency (GHz)
-200

-150

-100

-50

0

50

100

150

200

0 0.02 0.04 0.06 0.08 0.1

Category 5/ 100-meter

Simulation

Measurement

S2
1 

Ph
as

e 
(d

eg
)

Frequency (GHz)

Example: Category‐5 Cable (long)
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Example: Category‐5 Cable (short)
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( ) * p
sR f R f

*r ro rsv v v f 

( ) ( )skin skinZ R f j L R j R L     

Cable Loss Model

Category 5 100      0.724 -0.165      15.38     0.482       0.2
24-Ga 100      0.678      1.157       29.03     0.593       0.1
Category 3 100      0.705      11.06       12.31     0.473       0.01  
SMA 50 0.700      0.113       7.94       0.415       0.2

Zo vro vrs Rs p fmax
(W)                         (m/ns)                   (m/ns-GHz)             (/m-GHzp)                                                 (GHz)
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Time‐Domain Simulations
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Lossy Transmission Line
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Characterization of DIP Packages

View of DIP Lead Frame

DIP Mounted on PCB with SMA 

connector
center

pin PC
board

microwave
connector

pin

CROSS
SECTION

package
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• Devise Model for Package + Environment
– Obtain accurate model for topology
– Determine frequency range for model

• Calibrate ANA and Perform Measurements
– De-embed connector or use TRL
– S Parameters can be converted

• Optimize Model using Simulator
– ADS or SPICE
– Select accurate optimization scheme

Package Characterization Procedure
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Example – Topology & Model 

Circuit model for 2-port measurement Between 2 pins
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Model and Measured scattering parameters for pins 12-13 for the case were model inductance is assumed to be 5.2 nH.

DIP Example – S‐Parameters 
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Model and Measured scattering parameters for pins 12-13 for the case were model inductance is assumed to be 10.4  nH.

DIP Example – Inductance 


