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Outline

❏ Transmission Line Theory
➤ Historical development

➤ Heaviside’s rewrite of Maxwell’s theory, Telegrapher’s equations,

➤ Impedance, reflection coefficient, SWR, phase constant, & velocity
factor

➤ Special facts for λ/2, λ/4, and λ/8 lossless lines

❏ The Smith Chart
➤ Bilinear complex functions

➤ Impedance and admittance coordinates (circles, circles, and more
circles)

❏ Impedance Matching
➤ Why match?  Impedance matching vs. conjugate impedance

matching

➤ Single frequency matching

➤ Multiple-frequency and broadband matching



VG – 3
9910012-ss

Pacificon ‘99

Part 1:  Transmission Line Theory
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Key Dates in Electrical Transmission

1830’s magnetic telegraphs - Gauss, Henry

1839 electromagnetic telegraph - Wheatstone & Cook

1844 telegraph in America - Morse

1850’s thousands of miles of telegraph line U.S. and Europe

1851 40 mile cable under English Channel

1855 distributed analysis of transmission line - Lord Kelvin

1858 transatlantic cable, project delayed by civil war

1873 theory of electrodynamics - Maxwell

1876 invention of telephone - Bell

1880’s vectors, vector calculus, reformulation of Maxwell’s
theory, transmission line theory - Heaviside

1886 experimental confirmation of Maxwell’s Theory - Hertz

1937 early Smith Chart, published 1939 & 1944 - Smith
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Heaviside’s Vector Formulation of Maxwell’s Theory
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“And God said, Let there be light; and there was light.”  Genesis 1:3
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Frequency Domain or Phasor Form
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Heaviside’s Telegrapher’s Equations

I(x)

V(x)

dV

dx
R j L I x

dI

dx
G j C V x

= − +

= − +

( ) ( )

( ) ( )

ω

ω

Uniform transmission line Equivalent circuit of 
infinitesimal segment

R∆x L∆x

G∆x C∆x



VG – 8
9910012-ss

Pacificon ‘99

Transmission Line Solution
TEM Waves
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Notations
Real Parameters

R = series resistance per unit length (Ohms/meter)

L = series inductance per unit length (Henries/meter)

G = shunt conductance per unit length (Siemens/meter)

C = shunt capacitance per unit length (Farads/meter)

α = attenuation constant (nepers/meter)

 β = phase constant (radians/meter)

λ = wavelength (meters)

vf = velocity factor (dimensionless)

X = reactance (Ohms)

B = susceptance (Siemens)

s =  standing wave radio (dimensionless)
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Notations (Cont’d)
Complex Parameters

Z = R + jX = impedance (Ohms)

ZL = load impedance (Ohms)

Zi = input impedance (Ohms)

Z0 = characteristic impedance (Ohms)

z = Z/Z0 = r + jx = normalized impedance (dimensionless)

Y = G + jB = admittance (Siemens)

 y = Y/Y0 = g + jb = normalized admittance (dimensionless)

Γ = Γr + j Γ i  = complex reflection coefficient (dimensionless)

γ = α + jβ = propagation constant (inverse meters)
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Transmission Line Parameters
Physical Dimensions and Material Properties
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Reflection Coefficient and Impedance Relation
at a Terminal Plane

❏ For every terminal plane, the complex load impedance and
complex reflection coefficient seen to the right give the
same information for that terminal plane

❏ Question: How do Γ and z change as the terminal plane
moves?
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Relations Between Two Terminal Planes

ΖO
ΖL
ΓL

Output
Terminal

Plane

Input
Terminal

Plane

Ζi
Γ i

Impedance relation

z
z j l

jz li
L

L

=
+

+
tan

tan

β
β1

Reflection coefficient relation

Γ Γi L
j le= − 2β

Cross relations

z
e

e

z
e

e

i
L

j l

L
j l

L
i

j l

i
j l

=
+
−

=
+
−

−

−

1

1

1

1

2

2

2

2

Γ
Γ

Γ
Γ

β

β

β

β



VG – 14
9910012-ss

Pacificon ‘99

Velocity Factor
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How To Measure Velocity Factor of a Line
(One Way To Do It)
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Phase Constant

❏ Phase constant β and velocity factor vf give equivalent
information

❏ Both can be calculated from line dimensions and material
properties

❏ Best to measure!

β π
λ

π= =2 2

actual f

f

v c 
     radians/meter

β ω ω= + +Im ( )( )R j L G j C
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How to Measure Complex Zo of A Line
(One Way to Do It)

❏ Geometric mean of two complex numbers

❏ Calculation is trivial in polar form on Smith Chart

Antenna
Analyzer

Antenna
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Unknown or arbitrary length

same length
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Z Z Zo open short= ×
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What Special Lengths of Lossless Line Do

Half wavelength, l = λ/2

Quarter wavelength,

Eighth wavelength,

l = λ/4

l = λ/8

Z Zi L=

Z
Z

Zi
o

L

=
2

Z Z Z Zi o L o=      if  and  are real (resistive)
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Standing Wave Ratio
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Part 2: The Smith Chart
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Complex Functions

❏ Basic types of complex functions
➤ Global Properties

– Linear – lines map to lines

– Bilinear – circles map to circles

➤ Local Properties

– Conformal – right angles map to right angles

z = x + jy

Complex Number

zi

(x, y)

x

y

wi

(u, v)

u

v

wr

w = u + jv

Complex Number

f(   )zr
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Mathematical Basis of the Smith Chart
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Smith Chart: Impedance Coordinates
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Smith Chart: Admittance Coordinates
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Smith Chart:  Constant SWR Circles
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Smith Chart: Constant Impedance Magnitude Circles
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Smith Chart:  Constant Impedance Phase Angle
Circles
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Smith Chart: Multiplication, Division, Squares, &
Square Roots

Unary Operators
squares a2

square roots √a

tangents tan θ
cotangents cot θ
inverse tangents tan-1 a

Inverse cotangents cot-1 a

Binary Operators
multiplication X a • b
division ÷ c/a

geometric mean √ab
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Smith Chart: A Nomogram for Math Calculations
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Part 3:  Impedance Matching
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Impedance Matching Categories

❏ Single frequency matching
➤ Manual synthesis using Smith Chart

➤ Eight canonical networks

➤ Lumped elements

➤ Series and parallel stubs

➤ Transmission line sections

❏ Multiple frequency matching
➤ Ladder networks

➤ Multiple stubs

➤ Multiple line sections

❏ Broadband matching
➤ Maximize SWR bandwidth

➤ Numerical optimization

➤ winSMITH software

➤ Smith Chart used for visualization only
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Bandwidth Classifications

Narrowband < 10%

Moderate band 10% to 50%

Broadband > 50%

Fractional Bandwidth
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Two Kinds of Matching

❏ Conjugate Matching

❏ Best use at source
(transmitter)

❏ Maximizes power delivery to
the load

❏ Does not minimize reflections
unless Zs is real

❏ Normally done by the
transmitter manufacturer at
the circuit design level

❏ Ideally Zs (ext) = 50 Ω

❏ Load Matching

❏ Best used at ends of
transmission lines

❏ Minimizes reflections

❏ Does not maximize delivered
power unless Z0  is real

ΖS

∼
+

-

ΖL
ΖO ΖL

Zs = ZL* ZL = ZO
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Where Should Matching Network Go?

❏ Poor Setup

❏ Good Setup

❏ Best Setup

Tx

High to
Low SWR

Antenna
Tuner

High SWR

Long Transmission Line

Tx
Matching
Network

Low SWR Low SWR

Tx
Antenna

Tuner
Matching
Network

Perfect 1:1 Low SWR

Very Low-Loss Line

Low SWR

Insertion Loss x dB
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Necessary Test Equipment

❏ Antenna analyzer
➤ Autek

➤ CIA

➤ MFJ

❏ Noise bridge (less accurate)

❏ Network analyzer (more accurate)
➤ Hewlett-Packard
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Matching Network Design Recipe

1. Measure transmission line parameters Zo, vf

2. Measure antenna feedpoint impedance across band(s) of interest

3. Measure or calculate impedance across band(s) of interest at
network insertion point

4. Narrowband match:
➤ Select appropriate lossless L network, 2 or 4 choices

➤ Select lumped elements vs stubs

➤ Calculate component values

➤ Calculate SWR and SWR bandwidth

➤ Build and test

5. Broadband match:
➤ Use design software - winSMITH or equivalent

➤ Design n-stage lossless ladder network

➤ Select lumped elements vs stubs

➤ Calculate component values

➤ Calculate SWR and SWR bandwidth
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How to Measure Antenna Feedpoint Impedance

❏ Measure impedance through known line

❏ Divide measure impedance by Zo

❏ Plot impedance point on Smith Chart

❏ Move counter clockwise on chart by electrical length of line

❏ Read coordinate values from chart

❏ Multiply result by Zo



VG – 39
9910012-ss

Pacificon ‘99

Smith Chart:  Effect of Adding Series Reactances or
Shunt Susceptances
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Matching: Four L-Networks Using Lumped Elements
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Matching:  Four L-Networks Using Stubs
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Reactance & Susceptance of Lumped Elements

Inductors

Capacitors

X fLL = 2π B
fLL = −1

2π

B fCC = 2πX
fCC = −1

2π
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X Z
lf

v cshorted o
f

=






tan

2π B

Z
lf

v c

shorted
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= −







1

2
tan

π

B
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v copen
o f

=
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



1 2

tan
π

X
Z
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v c

open
o
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= −






tan

2π

Reactance & Susceptance of Stubs

❏ Assuming Zo is real, then

❏ Shorted Stubs

❏ Open Stubs
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Broadband Matching Network Design Recipe
Using 4-Element/π-Resonant and T-Resonant Networks

❏ Putting network insertion point close to load (antenna)
gives greatest SWR bandwidth

❏ Step 1:  Using an L-network, move the midband impedance
point to prime point A or B. Bandwidth will be maximized if
the minimum reactance or susceptance L-network is
chosen in this step.

❏ Step 2:  Wrap the impedance locus into the SWR circle by
adding a series or parallel resonant circuit as required to
complete the π-resonant or T-resonant network
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∏ - Resonant and T-Resonant Moderate and
Broadband Matching
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Example A: Moderate Band Matching Problem
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Example A:  Results of Narrowband Matching
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Example B:  Multiple Frequency Antenna
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Smith Chart Software

Smith Chart Analysis & Display
MicroSmith 2.3, ARRL, 1992, $39

winSMITH 2.0, Noble Publishing, 1995, $79

Matching Network Optimization & Synthesis
Radio Designer 1.5, ARRL, 1995, $150

Advanced Automated Smith Chart 3.0, Artech House, 1998, $395

=MATCH=, Eagleware, $699 (requires GENESYS Basic, $1,997)
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Pieter L. D. Abrie, The Design of Impedance-Matching Networks
for Radio-Frequency and Microwave Amplifiers, Artech House,
1985, ISBN 0-89006-172-6.  Advanced, mathematical.

Wilfred Caron, Antenna Impedance Matching, ARRL, 1989, ISBN
0-87259-220-0.  Intermediate, non-mathematical.

Phillip H. Smith, Electronic Applications of the Smith Chart in
Waveguide Circuit, and Component Analysis, 2nd edition,
Noble Publishing, 1995, ISBN 1-884932-39-8.  Intermediate,
mathematical

ARRL Antenna Book, 18th edition, chapter 28, ARRL, 1997, ISBN
0-87259-613-3.  Elementary, non-mathematical.
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References:  Videos and Web Sites

Videos
Glenn Parker, Introduction to the Smith Chart, Noble Publishing,

1996.  50 minutes, $99.

Web Sites
http://www.sss-mag.com/smith.html

http://www.ee.surrey.ac.uk/Personal/D.Jefferies/smith.html

http://www.scott-inc.com/html/smith.htm



 
专注于微波、射频、天线设计人才的培养 易迪拓培训 
网址：http://www.edatop.com  

 

射 频 和 天 线 设 计 培 训 课 程 推 荐 

 

易迪拓培训(www.edatop.com)由数名来自于研发第一线的资深工程师发起成立，致力并专注于微

波、射频、天线设计研发人才的培养；我们于 2006 年整合合并微波 EDA 网(www.mweda.com)，现

已发展成为国内最大的微波射频和天线设计人才培养基地，成功推出多套微波射频以及天线设计经典

培训课程和 ADS、HFSS 等专业软件使用培训课程，广受客户好评；并先后与人民邮电出版社、电子

工业出版社合作出版了多本专业图书，帮助数万名工程师提升了专业技术能力。客户遍布中兴通讯、

研通高频、埃威航电、国人通信等多家国内知名公司，以及台湾工业技术研究院、永业科技、全一电

子等多家台湾地区企业。 

易迪拓培训课程列表：http://www.edatop.com/peixun/rfe/129.html 

 

 

射频工程师养成培训课程套装 

该套装精选了射频专业基础培训课程、射频仿真设计培训课程和射频电

路测量培训课程三个类别共 30 门视频培训课程和 3 本图书教材；旨在

引领学员全面学习一个射频工程师需要熟悉、理解和掌握的专业知识和

研发设计能力。通过套装的学习，能够让学员完全达到和胜任一个合格

的射频工程师的要求… 

课程网址：http://www.edatop.com/peixun/rfe/110.html 

ADS 学习培训课程套装 

该套装是迄今国内最全面、最权威的 ADS 培训教程，共包含 10 门 ADS

学习培训课程。课程是由具有多年 ADS 使用经验的微波射频与通信系

统设计领域资深专家讲解，并多结合设计实例，由浅入深、详细而又

全面地讲解了 ADS 在微波射频电路设计、通信系统设计和电磁仿真设

计方面的内容。能让您在最短的时间内学会使用 ADS，迅速提升个人技

术能力，把 ADS 真正应用到实际研发工作中去，成为 ADS 设计专家...

课程网址： http://www.edatop.com/peixun/ads/13.html  

 

HFSS 学习培训课程套装 

该套课程套装包含了本站全部 HFSS 培训课程，是迄今国内最全面、最

专业的HFSS培训教程套装，可以帮助您从零开始，全面深入学习HFSS

的各项功能和在多个方面的工程应用。购买套装，更可超值赠送 3 个月

免费学习答疑，随时解答您学习过程中遇到的棘手问题，让您的 HFSS

学习更加轻松顺畅… 

课程网址：http://www.edatop.com/peixun/hfss/11.html 
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专注于微波、射频、天线设计人才的培养 易迪拓培训 
网址：http://www.edatop.com 

CST 学习培训课程套装 

该培训套装由易迪拓培训联合微波 EDA 网共同推出，是最全面、系统、

专业的 CST 微波工作室培训课程套装，所有课程都由经验丰富的专家授

课，视频教学，可以帮助您从零开始，全面系统地学习 CST 微波工作的

各项功能及其在微波射频、天线设计等领域的设计应用。且购买该套装，

还可超值赠送 3 个月免费学习答疑… 

课程网址：http://www.edatop.com/peixun/cst/24.html  

 

HFSS 天线设计培训课程套装 

套装包含 6 门视频课程和 1 本图书，课程从基础讲起，内容由浅入深，

理论介绍和实际操作讲解相结合，全面系统的讲解了 HFSS 天线设计的

全过程。是国内最全面、最专业的 HFSS 天线设计课程，可以帮助您快

速学习掌握如何使用 HFSS 设计天线，让天线设计不再难… 

课程网址：http://www.edatop.com/peixun/hfss/122.html 

13.56MHz NFC/RFID 线圈天线设计培训课程套装 

套装包含 4 门视频培训课程，培训将 13.56MHz 线圈天线设计原理和仿

真设计实践相结合，全面系统地讲解了 13.56MHz线圈天线的工作原理、

设计方法、设计考量以及使用 HFSS 和 CST 仿真分析线圈天线的具体

操作，同时还介绍了 13.56MHz 线圈天线匹配电路的设计和调试。通过

该套课程的学习，可以帮助您快速学习掌握 13.56MHz 线圈天线及其匹

配电路的原理、设计和调试… 

详情浏览：http://www.edatop.com/peixun/antenna/116.html 
 

我们的课程优势： 

※ 成立于 2004 年，10 多年丰富的行业经验， 

※ 一直致力并专注于微波射频和天线设计工程师的培养，更了解该行业对人才的要求 

※ 经验丰富的一线资深工程师讲授，结合实际工程案例，直观、实用、易学 

联系我们： 

※ 易迪拓培训官网：http://www.edatop.com 

※ 微波 EDA 网：http://www.mweda.com 

※ 官方淘宝店：http://shop36920890.taobao.com 
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