LD

Transmission Line

A. NassIri
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J Equations
] Definitions

] Processes

] Reflection and Transmissions Coefficients
- Coaxial Line

= Arbitrary Impedance
= Arbitrary Impedance
= Short Circuit
= Open Circuit

= Matched Impedance

J Complex Plane (Conformal Mapping) and Smith Chart
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Iq{s Transmission Line Equations

O Apply Kirchhoff’s voltage and current laws:

V(Z,[) = RAZI'(Z,[)+ LA~ 8lgz,t) + V(Z + Az,t)
l
1'(2,[) = GAZV(Z + AZ,[)-I— CAz 8V(Z :9_ AZ’[) + I'(Z + AZ,[)
l
Q Divide by Az and taking the limit Az — 0:
ov(z,t) . 01(z,t) oV (z) .
P —Ri(z,t)- L P > - —(R + joL)I(2)
0H28)_ oy ) o OVZL) OL2) _ (G4 oW (2)
Oz ot Oz
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!h"[a Traveling Wave Solutions
2

O son) )
ag(z) =—(G+ wCWV(z)
: Z \

0 azgz ) (R + jo L) (G + o CWV(2))
2

: 8Zgz) =R+ joL )G+ joC)V(2)
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Iq{a Traveling Wave Solutions

V(z)=Vye™™ +Vye”

y=a+ B=J(R+ L) G+ joC)

v(z,t)= ‘VJ (a)t —Bz+0" )+ ‘Vo“ cos(oot +Bz+ <|>‘)
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Iq'{a The Lossless Line
o) || _—

O In many practical cases, the loss of the line is very small and so
can be ignored.

y=/B=JovLC

L
Z = = —
0= %, "¢ V(z):Vo+e‘VZ+VO‘eYZ
2
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Iq'{a Field Analysis of T.L.
|

c, —— E
---- B
C,and C, are line integration contours,
S is the cross-sectional surface.
S

B Field lines on an arbitrary TEM transmission line.

— —%

Field Theory : Wiy =+ !H Hds W, 4£E E"ds

L|1o|*

Circuit Theory : Wy, = A

Self Inductance : |—=|H?Iﬁﬁ*ds H/m __ & IEE*ds %
lo|” 3 g
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Iq'{a Field Analysis of T.L.
| -_—

c, —— E
---- B
C,and C, are line integration contours,
S is the cross-sectional surface.
S

B Field lines on an arbitrary TEM transmission line

: R S — L —
Field Theory: Py =—> IH Hdl  Py=—[EEds
C1+C; S
L . » _Rllg _GMo
Circuit Theory: P, = > Py = >

%permeter R_ IH Hdlo/m 6=

C1+C2 ’\/O‘
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Iqj'] Example
|

— Vi
E=—27"2 "
N
> ﬁzl—oe—yza)
X 21p

Rs

B Geometry of a coaxial line with surface resistance Rg on the inner and
outer conductors.

+ v is the propagation constant of the line.

¢ R is the surface resistivity.

/)

se=¢'— J
o L=UoH,
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Iq]l:s Example — Calculation of L
I e
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Iq{s Example — Calculation of R
I -
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Iq":g Parameters for Some Common TLs
I -_—

lk—w —
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Problem : Find characteristic impedance of Coax, with a=0.4cm, b=1.14cm
and ¢=1.5

u b
LI —In_ b
7 = _ 27 a _ 7 In—
>\ 2re 27 a

Ho
Eofr 1 1.14
27T 0.4

_ 1207 | 1o85-500

27t+/1.5
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I' l:m Average Power transmitted by Coax
3

O
N ==Y
PZ.U<S>~d,&=§U%Re{ExH*}-d,&

S ab ab

O 2 /rdr = In—.

_?1vov V2. b
2 r nr 77 a
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Problem : Find max transmitted power for Coax from Problem 1

e Yo _omyv/m

q 6
Vo=a°2°10

12
b V 0 b a 24.10%% 1.5 9_26MW
n a 1207 a
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Iq{a Lossless Coaxial Line
I -

= Propagation Constant ~ =——p [3 = O\ue = v LC

= Wave Impedance —_— 7 = Ep _OH_JH M
YH s P e
= Characteristic Impedance 7 Vo _ Ep In(b/a)
P I, 2nH,
= Power Flow - PI%jEXﬁ*dSI%VOI;
S

O The flow of power in a transmission line takes place entirely via the electric and
magnetic fields between the two conductors; power is not transmitted through the
conductors themselves.

O For the case of finite conductivity, power may enter the conductors, but this
power is then lost as heat and is not delivered to the load.
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Coaxial cable as a transmission line with TEM mode

Coaxial line
Coaxial line terminated by characteristic impedance.

2 Ml
|"max

1.0
.75 —
05 —
.25

Electric Field

A —

E-field in coaxial line. Orientation depends on phase - position along the line.
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[Wmax

1.0
0.75 —
05 —
0256 —

Charge Density

» - okttt L ——— +44dfdftfttfgg ——————
Surface charge density induced in coaxial line. The sign depends on phase - position along
the line.

1.0 t Mmax
D:?E—
0.5 —
0.25 —
) a Magnetic Field
th (D (8 (o) (e (e (e d (23 {
$i88s0 88850085 08808088 a8

388880 ©BBULEBRe. -88B55sB8ec iy

H-field in coaxial line. Orientation depends on phase - position along the line
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Ymax

1.0 V]

0.75 —

05 —

.25 —
. Current Flow
]
b o —— A A ol e e e —— =
[ite A el ol e o e e A A ol A
¢ e e sl A A e e B L i e e o e s A A
o e A A g A o o e —

Surface current in coaxial line. Orientation depends on phase - position along the line.
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L 171
[Wrma

075 —
05 —
0.25

Voltage

Voltage on coaxial line does not depend on time and position, because the load is matched.
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|| rma

0.75 —
05 —
0.25 —

Voltage

Voltage on coaxial line does not depend on time and position, because the load is matched.
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Zr=(01.5-7 (.5} Zy

Coaxial linc

Coaxial line terminated by an impedance different than the characteristic impedance.

Pl

1o | MImax
0.75
05 -

0.25 —

Electric Field

Lo & b [ 3 8

= 3 YTy L N 3

E-field in coaxial line. Orientation depends on phase - position along the line. The VSWR depends on
reflection coefficient.
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e
10 I lmax
o A
0.5
0.25
A Voltage
e il Ly il LIy
e
i it i i
ﬁ L 4 *

\oltage onlgloaxial line depends on time and position.

Wmax
1.0 Il
0.75

0.5

0.25
,&—W
.-'l‘-.|||| |||||| L L |||||| LI
N

AT SRIUTTTTTRRRLIRGES
iy

Voltage on coaxial line depends on time and position, but does not go to zero.

Massachusetts Institute of Technology RF Cavities and Components for Accelerators USPAS 2010



It

Zg
AN P
+
Ve B A=l
~ N . |
Giencrator Load

Coaxial line
Coaxial line terminated by short circuit. The VSWR=indefinitely large.

4 [)
Gencrator

Coaxial line

Coaxial line terminated by open circuit. The VSWR=indefinitely large.
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W lmax
IZI ?‘5
IZI 25

Eleciric Field

E-field in coaxial line. Orientation depends on phase - position along the line.

[%]

NS NN

Voltage

Voltage on coaxial line depends on time and position. The VSWR=indefinitely large.

Massachusetts Institute of Technology RF Cavities and Components for Accelerators USPAS 2010



M

: NIV

Voltage

hodbahdbdkdbdhdh dbdbdk ik dk

FAF e ryrryryrrrr

&

Voltage on coaxial line depends on time and position, and at nodes, goes to zero .
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Special Cases

Zp —> 0 (SHORT CIRCUIT) I

The load boundary condition due to the short circuit is I (}) =0
= Vd=0)=V"eP’a+Tp /7B

=11+ k)=0
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Impedance of a short circuited transmission line

— (fixed frequency, variable length)

@ 40

[ -

E -

ﬁ' 30 —

Q -

g 20 —

= N

N 10 = inductive inductivea inductive

© ~

@ -

E -

o 0

- -

[k} |

S 0k

E ) - capacitive

‘g -

£ -20 —

T -

E 30—

= _

E 4T 1

E 0 00 8 [deg]
(WEp=M4 | [wB=a2 | [3weB=3na | [2mB=n | [swep=swa | L
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Zr — o (OPEN CIRCUIT)

O
Zy Zp —> 00
O

The load boundary condition due to the open circuitis 7 (0) =0

— I(d = 0) =Zﬂ€fﬂﬂ(1 —Tp e /2BY)

0

V+
—Z—U{I—FR)—“

— FR=1
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Impedance of an open circuited transmission line

- (fixed frequency, variable length)
40
= C
E ~
o 30 —
I 0 [
a N
; [ inductive inductive inductive
) [ () —
N _
]
Leb]
o
c
T -10 » .
E capacitive capacitive capacitive
o
E 0
5
£ 30
T
H _4{] ] ] ] | | | | I | | | I ] | ] | ] ]
E 0 100 204 [ | 400 300 @ [deg]
s 0 WEB)=NA | |RB=Ne | omrepy— e | [20B=2) | [SW2B)=5M4 |

Line length L
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Wt

Lp=2Z) (MATCHED LOAD)

Zy

The reflection coefficient for a matched load is
_Lr=%y _Ly-4y _,
ZR + Zl] Zo + ZU

I'p

Massachusetts Institute of Technology RF Cavities and Components for Accelerators
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Standing Wave Patterns

In practical applications it is very convenient to plot the magnitude
of phasor voltage and phasor current along the fransmission line.
These are the standing wave patterns:

V(@) =1+ T@)
Loss -less lines
V+
I(@)=—|(1-T(d))
/)
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We limit now our discussion to the loss-less transmission line case
where the generalized reflection coefficient varies as

I'(d)=T g exp(—j2Bd)=[T g|exp(j)exp(-,;2Bd)

Note that the magnitude of an exponential with imaginary argument
is always unity, so

‘exp(jd;)exp(—jlﬁ d )‘ =1
and that in a loss-less line it is always true that, at any line location,
r()|=|rg

When d increases, moving from load to generator, the generalized
reflection coefficient on the complex plane moves clockwise on a

circle with radius |I";| and is identified by the angle ¢- 25 d .
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The voltage standing wave pattern has a maximum at locations
where the generalized reflection coefficient is real and positive

I'(d)=[Tg]
exp(jo)exp(-j28d)=1 = |p-2Bd|=2nn

At these locations we have
1+T(d)|=1+[Cp
= V;nax = |V(dmax)‘ = ‘V-l-‘(l + |FR|)

The phase angle ¢ - 25 d changes by an amount 27, when moving
from one maximum to the next. This corresponds to a distance

between successive maxima of A/2.
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The voltage standing wave pattern has a minimum at locations
where the generalized reflection coefficient is real and negative

[(d)=—|Tg|
exp(jo)exp(—j2d)=-1 =  [p-2Bd|=(2n+1)n
At these locations we have
[1+T(d)|=1-[Tp
=> Vonin =V (din)|=[V*|- (1= T ]
Also when moving from one minimum to the next, the phase angle

¢ - 2 d changes by an amount 27t. This again corresponds to a
distance between successive minima of A/2.
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|
. STEP 1: The VSWR provides the magnitude of the load
reflection coefficient

_VSWR-1
C VSWR+1

1 STEP 2: The distance from the load of the first maximum or
minimum gives the phase ¢ of the load reflection coefficient.

Tr

For an inductive reactance, a voltage
maximum is closest to the load and

4n
o= zﬁdmax = Tdmax

dI'I'IIII ﬂ

For a capacitive reactance, a voltage
minimum is closest to the load and

4
¢=—n+2pd,, =-n+ Tdmin
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(1 STEP 3: The load impedance is obtained by inverting the
expression for the reflection coefficient

: Zp—7
Cr =|FR\EKP(J¢)=H

7 1 +|1"R‘exp(j¢)

L=
= R 01—|1"R‘e:{p(j¢)
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The voltage standing wave pattern provides immediate information
on the transmission line circuit

J

If the load is matched to the transmission line ( Z, = Z;, ) the
voltage standing wave pattern is flat, with value | J'+ |.

If the load is real and Zy; > Z, , the voltage standing wave
pattern starts with a maximum at the load.

If the load is real and Z; < Z, , the voltage standing wave
pattern starts with a minimum at the load.

If the load is complex and Im(Z; ) = 0 (inductive reactance),
the voltage standing wave pattern initially increases when
moving from load to generator and reaches a maximum first.

If the load is complex and Im(Z; ) < 0 (capacitive reactance),
the voltage standing wave pattern initially decreases when
moving from load to generator and reaches a minimum first.
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Iq}a Smith Chart
o) || _—

# Smith Chart was developed in 1939 by P. Smith at the Bell
Telephone Laboratory.

# One can develop intuition about transmission line and

Impedance-matching problems by learning to think in terms of
the Smith Chart.

# Smith Chart is essentially a plot of the voltage reflection
coefficient, I", inthe complex plane.

# It can be used to convert from voltage reflection coefficient (I")

to normalized impedances (z=2/Z,) and admittances (y=Y/Y ),
and vice versa.
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Smith Chart

The domain of definition of the
reflection coefficient is a circle of

radius 1 in the complex plane. This
is also the domain of the Smith chart.

Massachusetts Institute of Technology
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I‘P[g Complex I" Plane with z Circles

# The Smith Chart is a plot of the voltage reflection coefficient, T, on
the complex plane superimposed with impedance circles.

# The complex I plane.

# The impedance circles.

g
ﬁ//,

-~ l\l ~
%
\\ﬂ"
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Iq}s Conformal Mapping - I'and Z
I e —

B If a lossless line of characteristic impedance Z, is terminated with a load
Impedance Z,, the reflection coefficient at the load can be written as:

Z
ZL + ZO
B This relation can be solved for z, in terms of I to give:

1+[Cle™ @+Iﬁ)+jf-
ZL: I
1-Me® @-T,.)- T,

1

ro L™ 1

B The real and imaginary part of the above equation can be found by
multiplying the numerator and denominator by the complex conjugate of the
denominator to give:

1-T?-T°?
(1-T,)° +I?

Iy
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Iq}a The r, Circles
I -_—

1-T?-T?
(1-T, ) +I?
rp =20 +r, 0%+ =1-T%-T?

Iy =

;2

— ’”+Ff+1“1-2:1
1+, 141,
2 2
1+, \1+T 1+T, 1+,
2 2
22 [
1+T 1+T
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Iq][s The r, Circles
JI!

V A
X
0| o5 |1 3 r ]
U
Constant resistance lines in I" plane
the z = r+jx
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Iq}a The x,_ Circles
I -_—
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Iq}s The x,_ Circles
)

A 4

. I" plane
Constant reactance lines in (for r>0) P

Inthe z =r+jx
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The goal of the Smith chart is to identify all possible impedances on
the domain of existence of the reflection coefficient. To do so, we
start from the general definition of line impedance (which is equally
applicable to the load impedance)

_V(d)__, 1+T(d)
AD= @) =120 (a)

This provides the complex function Z(d)= f{Re(T").Im(I")} that

we want to graph. It is obvious that the result would be applicable
only to lines with exactly characteristic impedance Z;.

In order to obtain universal curves, we introduce the concept of
normalized impedance

Z(d) 1+TI'(d)
Zy 1-T(d)

2(d)=
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The normalized impedance is represented on the Smith chart by
using families of curves that identify the normalized resistance r

(real part) and the normalized reactance x (imaginary part)
z(d)=Re(z2)+ jIm(z)=r+ jx

Let’s represent the reflection coefficient in terms of its coordinates

I'(d)=Re(T)+ jIm(T)

Now we can write

1+Re(I)+ jIm(T)

1—Re(T)- jIm(T)

~ 1-Re?* (I')-Im?*(I')+ j2Im(T)

© (1-Re(T))} +Im%(T)

r+ jx=
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The result for the real part indicates that on the complex plane with
coordinates (Re(I'), Im(I')) all the possible impedances with a given
normalized resistance r are found on a circle with

r _ 1
Center :{ . l}} Radius =
14r 14r

As the normalized resistance r varies from () to == , we obtain a
family of circles completely contained inside the domain of the

reflection coefficient | I" | < 1.

ImiI" )

r=1 =5
r=1
Re(l")
-
r=10.5 -
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The result for the imaginary part indicates that on the complex
plane with coordinates (Re(I'), Im(I')) all the possible impedances
with a given normalized reactance .x are found on a circle with

{ 1} ! 1
Center =41, — Radius = —
X X

As the normalized reactance x varies from -oo to o= , we obtain a
family of arcs contained inside the domain of the reflection

coefficient | " [ < 1.

Im(I" )

x=1

x=10.5 X —toco
Re(I™)

x=10 >
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Basic Smith Chart techniques for loss-less transmission lines

Jd  GivenZ(d) = FindI(d)
GivenI(d) = Find Z(d)

Jd  GivenI'p and Zyp = Find I'(d) and Z(d)
Given I'(d) and Z(d) = Find I'p and Zp

Jd  Find d,,,,, and d,,;, (maximum and minimum locations for the
voltage standing wave pattern)

. Find the Voltage Standing Wave Ratio (VSWR)

Jd  Given Z(d) = Find ¥(d)
Given ¥Y(d) = Find Z(d)
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Given I p and Zr = Find the Voltage Standing Wave Ratio (VSWR)

The Voltage standing Wave Ratio or VSWR is defined as

VSR = Vma\: 1+|FR‘
len _‘FR‘

The normalized impedance at a maximum location of the standing
wave pattern is given by

14T (dpayx ) 1+\1"R|_
1 I"(dmﬂ) |FR‘

This quantity is always real and = 1. The VSWR is simply obtained
on the Smith chart, by reading the value of the (real) normalized

impedance, at the location d,,,, where I" is real and positive.

VSWR!!!

< (dmax ) =

Massachusetts Institute of Technology RF Cavities and Components for Accelerators USPAS 2010



IS
The graphical step-by-step procedure is:

1. Identity the load reflection coefficient I'y and the
normalized load impedance Z on the Smith chart.

2.  Draw the circle of constant reflection coefficient

amplitude |[['(d)| =[Tyg|.

Find the intersection of this circle with the real positive

axis for the reflection coefficient (corresponding to the

transmission line location d,,,y).

4. A circle of constant normalized resistance will also
intersect this point. Read or interpolate the value of the
normalized resistance to determine the VSWR.

hd

Example: Find the V'SWR for
ZRI =25+j 100 Q ZRZ = 25—;1009 (Z[I =50 Q)
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Circle with constant | I" | |

Circle of constant
conductance r= 10.4

Z(dyay )=10.4

For both loads
VSWR =104
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Given Z(d) == Find Y (d)

Note: The normalized impedance and admittance are defined as

_1+T(d) | _1-T'(d)
D=y M)
Since
F(d+%)=—l"(d’)
71_\
1+F(d+
=3 z(ﬂ'+—]= i{=1_r(d)=y(d)
4 I_F(‘HZ 1+T(d)
)
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Keep in mind that the equality

z(d+%)=y(d)

is only valid for normalized impedance and admittance. The actual
values are given by

A A
Z[d'l‘z)—Z{] y Z(ff‘FE]

/
Y(d)=Y, - W(d)= J;;)

where Y,=1 /7, is the characteristic admittance of the transmission
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The graphical step-by-step procedure is:

1. Identify the load reflection coefficient I'ry and the
normalized load impedance Zi on the Smith chart.
2. Draw the circle of constant reflection coefficient

amplitude |[['(d)| =|T'g|.
3. The normalized admittance is located at a point on the

circle of constant |I"| which is diametrically opposite to the
normalized impedance.

Example: Given
Zr=25+j100Q with Z,=50Q

find FR.
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Circle with constant | T" |

z(d) = 0.5 +j 2.0

Z{d)25+j100[ﬂ]

0.2 0.8 . e
e |
0 =180°
/-

= 2B-\M/4
/ —/
v(d) = 0.11765 — j 0.4706
Y(d) = 0.002353 — j 0.009412 [ S |
Z(d+A/4) = 0.11765 — j 0.4706
Z(d+\/4) = 5.8824 — j23.5204 [ Q|
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Since related impedance and admittance are on opposite sides of

the same Smith chart, the imaginary parts always have different
sign.

Therefore, a positive (inductive) reactance corresponds to a
negative (inductive) susceptance, while a negative (capacitive)
reactance corresponds to a positive (capacitive) susceptance.

Numerically, we have

I=r+jx y=g+jb= 1'
r+jx
r—jx _l—jx
(f+;x)(r—jx) .
= g= d h=-— a

rz + xz rz + xz
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Iq}s The r_ x, Circles
) S —

V, r=1,90°

mapping of z=r+ jl(r > 0)
I'=0.447 £63.4°

mapping of z=1+ jx

mapping of z=0+;x T =0.447/-63.4"

z=0+jx Z=1+jx
z — plane I' plane
Z R+X | C=U+,V)
Z = = =r+Jx
ZO ZO
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I‘P[a Features of the Smith Chart
I _——

B All resistance circles have centers on the horizontal I';=0 axis and all
pass through the point I'=1.

B The reactance circles have centers on the vertical I",=1 line, and pass
through the point I'=1.

B The resistance and reactance circles are orthogonal.

E Smith Chart can be used to compute the normalized input impedance at
a distance | away from the load.

= Plot the reflection coefficient ( I" )at the load

= Rotate the point cw an amount 231 around the center of the chart (toward the
generator)

E One full rotation around the center of S.C. corresponding to a phase

shift of 0.5A . A 180 rotation corresponding to A/4 transformation; this
facilitate the impedance circles to be used as admittance circles.
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B [ plotted directly in magnitude and phase
B Outside of chart (r =0 circle) isI'=1
B Center pfchartisI'=0 (i.e.. Z=2,)

E Top half — inductive x or capacitive b circles
B Bottom half — capacitive x or inductive b circles

B Left side is short — right side is open

B Position on TL? — Rotation, A toward generator or load
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Iq:'[a Nomograph
| -_—

- F R =R
W VSWR sl axl a2l ate
LT--
W \Dltage Reflection Coefficient 8 21 *F Bf "1 E
.| I..I: h‘.::
W Power Reflected (%) =t .| - E:; - ﬁ::
M Return Loss (dB) it | Tl
s + =ur + =T =
W Power Transmitted (%) w : :
M Transmission Loss (dB) 1wl T YT T .l
:—::: a4 m am4 o an1
: o 18 ol |
E:: - 4 -
£ o . “1
wmoT C T L

Source: Samuel ¥. Liao, Microwawve Circuvit Analysis
arnd Armpfifrer Desigr, Prentice Hall, 1987.
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Iq]'] The Z Smith Chart
JI!

L a [ ]

BT RO DR T | BT TR O, PR S M O e TR G S | CSTH

E Only impedance circles are plotted
on the I'-plane.

BAPE CARCE OF ADKITTANCE COORDMATES

B The chart looks quite “clean” but

conversion between Y and Z must
be done by a /4 rotation.
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Iq{s The ZY Smith Chart
I —

|-—: L] ey,

[!nu— T LT R R T T ST R PR B parn

FORMS PED WPEDGHCE anD sl TTARCE SOORDINATES

E Impedance and admittance

circles are both plotted
on the I'-plane.

B The chart looks confusing

but conversion between
Y and z is automatic.
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)

)

d standing waves result when a voltage generator of output
voltage (Vg = 1sinot) and source impedance Z drive a load
impedance Z, through a transmission line having characteristic
impedance Z,, where Z; = Z,/Z, and where angular frequency
o corresponds to wavelength | (b). The values shown in Figure

a result from a reflection coefficient of 0.5. i -~
Q=G L

Here, probe A is located at a point at which peak voltage {75} {} -~ j@i

magnitude is greatest—the peak equals the 1-V peak of the (%) a8 lc e

=t
=

[ ]
= un

5 -
‘1_“\i /\/
A

T |

!

Total veltage (V)

generator output, or incident voltage, plus the in-phase peak
reflected voltage of 0.5V, so on your oscilloscope you would
see a time-varying sine wave of 1.5-V peak amplitude (trace
c). At point C, however, which is located one-quarter of a YT 1.5 sinfot)
wavelength (1/4) closer to the load, the reflected voltage is I s _sinfut)
180° out of phase with the incident voltage and subtracts from -,

the incident voltage, so peak magnitude is the 1-V incident | 05 sintel

voltage minus the 0.5-V reflected voltage, or 0.5 V, and you 1
would see the red trace. At intermediate points, you’ll see R
peak values between 0.5 and 1.5 V; at B (offset /8 from the v
first peak) in c, for example, you’ll find a peak magnitude of -1.5V
1 V. Note that the standing wave repeats every half I )
wavelength (1/2) along the transmission line. The ratio of the ]

maximum to minimum values of peak voltage amplitude Flgure 1
measured along a standing wave is the standing wave

ratio,SWR, SWR=3.

05V
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It

Here, point L represents a normalized
load impedance z, = 2.5 - j1 = 0.5/18°
(I chose that particular angle primarily
to avoid the need for you to interpolate
between resistance and reactance
circles to verify the results). The
relationship of reflection coefficient and
SWR depends only on the reflection
coefficient magnitude and not on its
phase. If point L correspondsto | G | =
0.5 and SWR = 3, then any point in the
complex reflection-coefficient plane
equidistant from the origin must also
correspond to | G | = 0.5 and SWR = 3,
and a circle centered at the origin and
whose radius is the length of line
segment OL represents a locus of
constant-SWR points. (Note that the
SWR = 3 circle here shares a tangent I~ 0 PR a2 L Ll SR
line with the r, = 3 circle at the real T —————

axis; this relationship between SWR

and r_ circles holds for all values of

SWR.)
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It

Using the standing-wave circle, you can determine input
impedances looking into any portion of a transmission line
such as Figure 1’s if you know the load impedance. Figure
1, for instance, shows an input impedance Z_ to be
measured at a distance |, from the load (toward the
generator). Assume that the load impedance is as given by
point L in Figure 2. Then, assume that I, is 0.139
wavelengths. (Again, | chose this value to avoid
interpolation.) One trip around the Smith chart is
equivalent to traversing one-half wavelength along a
standing wave, and Smith charts often include 0- to 0.5-
wavelength scales around their circumferences (usually
lying outside the reflection-coefficient angle scale
previously discussed).

Such a scale is show in yellow in Figure 2, where
clockwise movement corresponds to movement away from
the load and toward the generator (some charts also include
a counter-clockwise scale for movement toward the load).
Using that scale, you can rotate the red vector intersecting
point L clockwise for 0.139 wavelengths, ending up at the f"x ) -.-;aﬂifén”gmﬂaﬂﬁf Se?ig?:?mr
blue vector. That vector intersects the SWR = 3 circle at ——t

point I, at which you can read Figure 1’s input impedance Figure 2

Z... Point | lies at the intersection of the 0.45 resistance

circle and —0.5 reactance circle, so Z;, = 0.45 - j0.5.
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A 100-Q transmission line with an air dielectric is terminated by a load 50-j80Q. Determine the
values of the VSWR, the reflection coefficient, and the percentage of the reflected power. If the

power incident at the load is 100 mW, calculate the power in the load. If the generator frequency

Is 3 GHz and the line is 73 cm long, find the input impedance at the generator. What are the
values of the maximum and minimum impedances existing on the line?

TL
O—
VG 100 Q Z-=50-jJ80Q
@
73cm
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' I][a Solution

Step 1: Normalize Z

50— ;80
100

Step 2: Plot Z,, and draw VSWR
circle thru Z, .

Step 3: Mark off a length equal to the
circles’ radius on the H scale. The
reflection coefficient is P=0.56. Same
on the G scale for reflected power,
P2x100=0.32x100=32%. The reflected
power is (32/100) x 100=32 mW and
the power in the load is 100-32=68
mwW.

o 2 £ TE T ;

w oz s F I ] Ea HP
s -'r4—--1—v~—-rt‘f""|‘g—*1'-‘-r‘}"-”|'v‘-ﬁ-‘v‘-l‘“‘—“—‘r B e N‘-‘—ﬂ-‘-r'-*‘i"“;‘ig:
s oan | IR T S ='D..

e

@ 2 2 - -8 ¥ B i~ 8353
RPN RS S-S S PP B R R 0
- o e a1 = & 1 " 5
CENTER
I
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Iq}s Solution cont..
I

Notice that the reflected power is 10
log(32/100)=-4.95dB w.r.t the incident
power while the load power when
compared with the incident power is 10
log(68/100)=-1.68dB

Step 4: From the center of the chart
draw a line thru Z, and extend the line
to the peripheral scales.

10
kzgz 3x10" cm [ sec —10em

£ 3x10°/sec

Therefore, 73 cm is equivalent to
7.3\

o 1 PARAMETE
. & s ki & ¥ S & ] L3 a L] | -y --f_i=
b e T g iy ey AR T T T Bt i e e i |
e el o vL} rur I S I A A a3 b &z a & 3 =dF
|

g ¢ 8 = 'p7=0.

H FTITE e e el
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Iq}a Solution cont..
I

Identical impedance values on a
mismatched line repeat every half-wave
length, which is the distance covered by
one complete revolution on the Smith
chart. A distance of 7.3 .. will require
14 complete revolution together with
additional rotation of 9.3 ). inthe CW
direction toward the generator.

On the inner peripheral wavelength \\
scale, the distance from Z, position to
the null position, N, is 0.118A. We must
then travel toward the generator a
further 0.3A-0.118A= 0.182\0on the
outmost peripheral scale and arrive at
G.
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Iq}s Solution cont..
I

Step 5: Draw a line from G to the center
of chart. Point Zg, of intersection
between this line and the VSWR circle
represent  the  normalized input
Impedance at the generator; therefore,
Zsy =1.18+4)1.43 and the de-normalized
value is 118+j143Q. The min. and max.
iImpedance values on the line,
respectively occur at N and M. At N the
normalized value is 0.28+j0 so min.
impedance is 28 Q (Z,/S) and the M is
3.6+j0 so max. impedance is 360 Q or
(SxZy).
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