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Chapter 2 Overview




Transmission Lines
I e,,—,—,S—,—,—,—

A transmission line connects a generator to a load

Z
AM——5 5
+ L
FE Sending-end Trandaiienim B Receiving-end 7y
port port
p1 B
Generator circuit Load circuit

Figure 2-1 A transmission line is a two-port network connecting a generator circuit at the sending end to a load at the receiving end.

Transmission lines include:
ATwo parallel wires

ACoaxial cable

AMicrostripline

AOptical fiber

AWaveguide

Aetc.



Transmission Line Effects
e

Is the pair of wires connecting the volta

source to the RC load a transmission lir +

3

Yes. I R
The wires were ignored in circuits cours Vg@ Vaar  Transmission line
Can we always ignore them@ot always. ~ : ==C
_c___)_
Vaar = Vo(t) = Vycoswt V A’ B’
AA o (1) 0 (V) < l i

Delayed byl/c

Vg (1) = Vaa(t —1/c)
= Vhcos|[w(t —1/c)]

= Vo cos(wt — ¢p),
Att=0, and forf = 1 kHz , if:

(1) I=5cm:
Ve = Vocosr fl/c) = 0.999999999998 V,

(2)But if | = 20 km:

Vg = 0.91V
[ 27 fl [

o = “r — f — 27— radians. (2.4)
c c A

When [/ is very small, transmission-line effects may be
ignored, but when [/) 2 0.01, it may be necessary to
account not only for the phase shift due to the time delay,
but also for the presence of reflected signals that may have
been bounced back by the load toward the generator.




Dispersion

Dispersionless line

|

Long dispersive line

Figure 2-3: A dispersionless line does not distort signals
passing through it regardless of its length, whereas a dispersive
line distorts the shape of the input pulses because the different
frequency components propagate at different velocities. The

degree of distortion is proportional to the length of the dispersive
line.



Types of Transmission Modes

/L Metal
,%1 2b
W A

Dielectric spacing Dielectric spacing

TEM(Transverse Metal
Electromagnetic):
Electric and
magnetic fields
are orthogonal to
one another, and

Dielectric spacing
(a) Coaxial line (b) Two-wire line (c) Parallel-plate line

Metal strip conductor _Metal

Metal
both are
h
Orthogonal to Z Metal ground plane
d||"eCt|On Of Dielectric spacing Metal ground plane Dielectric spacing
. Dielectric spacing
propagation (d) Strip line (€) Microstrip line (f) Coplanar waveguide

TEM Transmission Lines

Metal %
Concentric

I:l dielectric

layers

(g) Rectangular waveguide (h) Optical fiber

Higher-Order Transmission Lines



Example of TEM Mode

- = = Magnetic field lines

Electric field lines

X

Coaxial line

S

Cross section

Generator Load

Electric Field s radial
Magnetic Field Hsazimuthal
Propagation is into the page




Transmission Line Model
I e,,—,—,S—,—,—,—

o O

(a) Parallel-wire representation

Az Az Az Az

L* L L L )

(b) Differential sections each Az long

R'Az L'Az R'Az L'Az R'Az  L'Az R'Az L'Az
)
G'Az }C'Az G'Az }C’Az G'Az }C'Az G'Az }C'Az

o O o O o
I Az I Az I

(¢) Each section is represented by an equivalent circuit

e R’: The combined resistance of both conductors per unit ® G’: The conductance of the insulation medium between the
length, in ©/m two conductors per unit length, in S/m, and

e L': The combined inductance of both conductors per unit ¢ ¢’: The capacitance of the two conductors per unit length, in
length, in H/m, F/m.



Table 2-1: Transmission-line parameters R’, L', G’, and C’ for three types of lines.

Parameter Coaxial Two-Wire Parallel-Plate Unit
R
27 \a b Td w
. h
L 2 nw/ay B [(D/a’) +./(D/d)? - 1] il H/m
27 T w
, 2o To ow
G — S/m
In(b/a) In [(D/d) +V(D/d)? = 1] h
c 2me e gw F/m
In(b/a) n [ (D/d) + /(D) =1] h

(S)IF(D/d)? > 1, then In[(D/d) + /(D/d)2 = 1] = In(2D/d).

Notes: (1) Refer to Fig. 2-4 for definitions of dimensions. (2) yu, €, and o pertain to the insulating
material between the conductors. (3) Ry = /7 fuc/oc. (4) e and o pertain to the conductors.

The pertinent constitutive parameters apply to all three lines
and consist of two groups: (1) . and o. are the magnetic
permeability and electrical conductivity of the conductors,
and (2) e, i, and o are the electrical permittivity, magnetic
permeability, and electrical conductivity of the insulation
material separating them.

Insulating material
(&, 4, 0)

Expressions
will be
derived in
later
chapters

Conductors
(ue, a¢)




Transmissidnne Equations

Nod Nod ————————————
i(z, z‘) i(z + Az t)

N N+1 S

+o I‘ o+ i(z,t) — G'Azv(z+ Az, t)

RAZ LAZ
d Az, t
_cray PEFBZD Az =0, (215

Jat
v(z, 1) G’Az§ —_—=C'"Az 0z + Az 1)

Upon dividing all terms by Az and taking the limit Az — 0,
Eq. (2.15) becomes a second-order differential equation:

- A~ oy
v(z,t) — R'Azi(z,1)

ai(z,r) aI(Z,I) G! fav(zﬂt) )
. t

; - —v(z+ Az, 1) =0. 3z - v(z, 1) +C (2R

— L'Az

Upon dividing all terms by Az and rearranging them, we obtain ac Signa|SU59phaSOTS
3i(z. 1) v(z, 1) = Re[V(2) /"],

ar (2.1 :%ef ja)r’
2.13) i1(z,1) [[(z) e’ ]

In the limit as Az — 0, Eq. (2.13) becomes a differential -
equation: _dV(z)
dz

v(z+ Az, t) —v(z,t)
_[ Az

} —Rli(z,t)+ L

=(R' + joL") 1(2),

Tel egr &
equations

du(z, t , di(z, t dl =
_ vz, 1) —Ri(z,t)+ L ). (2.14) i@ (G' + jwCHV(2).
0z ot dz




Derivation of Wave Equations
S

dV(z) , -
T = (R + jolL’) I(2), _
< attenuation
dl(z) _ (G + joC) T () complex constant
dz propagation constant /
Phase constan
Combining the two equations leads to: L
d*V(z) , ) ~ y=atp
T — (Rt jel (G + joC")V(z) =0,
21/ —
D V=0 e =R
_ =9e (VR + joL)(G + joC’))  (Np/m),
Seconebrder differential equation
(2.252)
p=3Im(y)
y = (R + joL')(G' + joC’). (2.22) =Jm (\/ (R"+ joL)(G"+ joC ’)) (rad/m).
(2.25b)




Solution of Wave Equations (cont.

™\

" — (Vo', Iy )e 77 Incident wave 1
ZL
(Vo .1y )e’* Reflected wave I
— -

Figure 2-9: In general, a transmission line can support two
traveling waves, an incident wave [with voltage and current
amplitudes ( VO+. I(;L )] traveling along the +z-direction (towards

the load) and a reflected wave [with (V,,", 1, )] traveling along

the —z-direction (towards the source).

d2V ~
V@) _ v2V(z)=0, (2.21)
dz?
dZE(Z) = .
— = —y?i(z)=0. (223
dz
Proposed form of solution:
V(z) = Vihe 72 4 vy e?"?  (V),
[(z) = Ife V% + 15 e"* (A).
o dV .
using: _ P9 _ (g4 juL) F(a),
dz
It follows 7, — Y +,—vz _ - vz
hae O T R jer 0

Comparison of each term with the corresponding term in

Eq. (2.26b) leads us to conclude that

%A . Vi
L =7y=— (2.28)
10 10
where
R + joL R + joL
Zo= ~HIOE _ [RAIOR ) (229)
Y G + joC’

is called the characteristic impedance of the line.



Solution of Wave Eguations (cont.

In general:
+ + 07
VO — |V0 |€j¢l )

VO_ — |V0_ |f’j¢l_ .

™

(V' 1g)e ”” Incident wave

(Vo .1o )e’* Reflected wave

O
—:z

e

The presence of two waves on the line propagating in
opposite directions produces a standing wave.

v(z, 1) = Re(V (2)e’™)
= Re [(VD+3_VZ + VD_EVZ) ej"’r]
— ‘ﬁe[|V0+\ej¢+€jwte_(a+jﬁ)z
Vi [ei9™ edet atiBiz)
= |V e ™ cos(wt — Bz + ¢™T)

+ |V |e*? cos(wt + Bz + ¢7)

wave along -z because coefficients bhnd z
have opposite signs

N

wave alongdz because coefficients bhnd z hav
the same sign



Example 21: Air Ling

An air line 1s a transmission line in which air separates the
two conductors, which renders G = 0 because o = 0. In
addition, assume that the conductors are made of a material
with high conductivity so that R” >~ 0. For an air line with
a characteristic impedance of 50 € and a phase constant of
20 rad/m at 700 MHz, find the line inductance L" and the line
capacitance C'.

Solution: The following quantities are given:

Zop = 50 2, B = 20 rad/m,
f =700 MHz = 7 x 10% Hz.

With R = G" = 0, Eqgs. (2.25b) and (2.29) reduce to |

p=Tm [\l (ol
= Sm ja)\f L’C =wvLl'C’,

joL"
ij’ cr’

The ratio of g to Zj 1s

or

B 20
T 2m x7x 108 x50

=9.09 x 10~ (F/m) =100.9 (pF/m).

From Zg = /L’/C’, it follows that

L'=zic’
= (50)® x 90.9 x 10712
=2.27 x 1077 (H/m) =227 (nH/m). ‘




Module 2.1 Two-Wire Line The input data specifies the geometric and electric parameters of a two-wire transmission line.

The output includes the calculated values for the line parameters, characteristic impedance Zy, and attenuation and phase
constants, as well as plots of Zj as a function of d and D.

Module 2.1 Two-WIre T H Select: Impedance vs. Distance D | ‘

eal Part of Characteristic Impedance

Wires
O, = 5.8E7 [S/m]

Instructions | Output
Structure Data

f = 3.094 [GHz

d =1.5952 [mm D/d = 439569
Wire Diameter d = [1.5952 [(mm] D =7.012 {mm}
Range || | 1= = 170.956829 -} 0.029473 [Q ]

Centers distance D= [7.01 [mm] ; 29.570333 [ pF/m ]

: 864.229547 [ nH/mM )
Range || | J 2 : 5.792947 (Q /m]

requency f = [3.094E9 [Hz] = 0,0 [ S/m ]
Bl | Ao =9.6962 [cm] in vacuum
o [S/m] o, [Sim] A=6.3935 [cm] in guide

b.o '5.79757 a = 0.016943 [Np/fﬂ]
B = 98.274954 [rad/m |

Update




Module 2.2 Coaxial Cable Except for changing the geometric parameters to those of a coaxial transmission line, this
module offers the same output information as Module 2.1.

Input

Instructions

Inner radius a

297

~ |[mm])

Range| |

Shield radius b

8.0984 [mm]

Range [

|

Frequency f

' 4.52869  |[Hz]

Range| |

Er 0 [S/m]

o

¢ [S/m]

2.3 0.0

5.797E7

!

Update

Real Part of Characteristic Impedance

Output

Structure Data
a =2.97 [mm]
b = 8.0984 [mm]

b/a=2.72673

39.685654 - j 0.00447118 [ Q ]
127.382312 [ pF/m ]
= 200.620912 [nH/m ]
1.286118 [Q /m]
= 0.0 [S/m]

Q =

hg = 6.6254 [cm]
L =4.3687 [oum]

in vacuum
in guide

= 0.016204
B = 143.823202

[Np/m]
[rad/m]




Conducting

LossledslicrostripLine ==

e . C
Phase velocity in dielectric:uy, = —
A Er
: : : c
Phase velocity fanicrostrip », = ——
Eeff
foff = er + 1 n (Er — 1 ) (l n E)_” , (2.36) Conducting ground plane (., 6.)
2 2 s (a) Longitudinal view
where s 1s the width-to-thickness ratio,
QuasiTEN
w
- 2.37
s=- (2.37)
and x and y are intermediate variables given by
_ 0.97095
x = 0.56 [‘gf ] : (2.384)
e+3
st 3.7 x 107452
=14+0.021
y= 1400 ( 44043 )
+0.05In(1 4+ 1.7 x 107%s7). (2.38b)

(c) Microwave circuit



Microstrip(cont.) #©
I N |5

The characteristic impedance of the microstrip line is given by

Microstrip

100
— _r R
S 1n{6+ (27 — )™ Il R 42} 30 50l

Eeff 5 s .
0.75 0 " ‘ " " '
_ (30-67) 2 4 6 8 10

) s
R =0 (because 0. = 00), :
Conducting

, strip (¢, ;)
G =0 (because o = 0),

CJ’ N Eeff
Zoc
2

L' =2z;C’,

Conducting ground plane (u., a.)

p = Eeff - (a) Longitudinal view



Microstrip(cont.)

(a) For Zp < (44 — 2¢;) Q,

w2
— —— ()0

Inverse process:
GivenZ,, finds

The solution formulas are based on
two numerical fits, defined in terms
of the value of £ relative to that

of the effective permittivity.

Er —

* 2&,

with
6072
q —_— ?
Zo.\/%
and
(b) for Zg > (44 — 2¢;) Q.
w 8eP
¢ = — —
h el — 2

with

Sr + l ZD Sr - |
_ Zo 0.23
P 260 " (sr n |) ( +

: [ln(q —1)+0.29 — 0'52] }

81"
(2.42a)

(2.42b)

(2.43a)

0.12
Er

) . (2.43b)



Example 2-2: Microstrip Line Hence,

A 50-2 microstrip line uses a 0.5-mm-—thick sapphire substrate w = sh

with ¢, = 9. What is the width of its copper strip? — 1.056 x 0.5 mm
Solution: Since Zy = 50 > 44 — 18 = 32, we should use — 0.53 mm.

Eq. (2.43);
e + 1
2
1 0.12

To check our calculations, we will use s = 1.056 to calculate
0.12 Z to verify that the value we obtained is indeed equal or close
) (O 23 ) to 50 2. With & = 9, Egs. (2.36) to (2.40) yield

Er

_10 y = 0.99,

- t =12.51
T =6+

_ 28‘"’ 7o = 49.03 <1

el —2
206 : :

_ . °¢ The calculated value of Zj is, for all practical purposes, equal

et12 -2 to the value specified in the problem statement.

= 1.056.



Module 2.3 Lossless Microstrip Line The output panel lists the values of the transmission-line parameters and displays
the variation of Zg and €. with h and w.

Module 2.3 Lossless Microstrip Line l Select l impedance vs. Frequency :J ‘

Microstrip Characteristic Impedance

Frequency [Hz]
1.42 [GHz)

Instructions Output

Structure Data
w = 1.335 [(mm)
h = 0.679 [mm] w/h = 1966127

33.782711 [ Q]
7.057855
1.129236[ 108 m/s |
0.079524 [m]

262.132341
299.164183

Strip widthw = | 1.335  |[mm]

Range | | ' l
Substrate thickness h 0.679 [mm])

Range | | i m—
Frequency f ' 1.42E9 \[Hz]

Range | |

79.010228




. ossless Transmission Line

21 2
: : A = = ,
y =V (R + joL) (G + joC'). B oJLC
|f / / / / “ l
Uy = — = ——.
Then:
P =w /e (rad/m), (2.49)
—a+ jB=jwVLC’, 2.44 1
ymatp=ge e Uy = (m/s), (2.50)
A/ LE
which in turn implies that &

a=0 (lossless line), If .sz.nu.?‘ozflczl waves of different frequenczes' fravel on a
transmission line with the same phase velocity, the line is
called nondispersive.

B=wvLC’ (lossless line). (2.45)

For the characteristic impedance, application of the lossless line 1
conditions to Eq. (2.29) leads to Y Up

LI
Zy =,/ ol (lossless line), (2.46)

AQ

&H
~| 5
B
B




Table 2-2: Characteristic parameters of transmission lines.

Propagation Phase Characteristic
Constant Velocity Impedance
y=a+ jp up Zo

R '+ jwl'
General case Yy = V(R + joL')(G' + joC') up = o/p 2o = \/((G" -I—i——j:jC ’))

Lossless a=0, f=we/c up=c//er Zy=,/L'/C’
(RF=G"=0)

Lossless coaxial | @« =0, g =w,/6/c up =c/ &  Zo= (60[J£T) In(b/a)
Lossless a=0, f=ow/i/c up =c/Jir Zo = (120/ /%)

two-wire ‘In[(D/d) +/(D/d)? — 1]
Zy >~ (120/ /%) In(2D/d),
if D> d

Lossless =0, B=w/e/c up = c//er  Zo = (120m//er) (h/w)

parallel-plate

Notes: (1) u = pp, &€ = ereg, ¢ = 1/ /ppep. and / pp/eg 2= (120m) €2, where £, is the relative permittivity of
insulating material. (2) For coaxial line, @ and b are radii of inner and outer conductors. (3) For two-wire line,
d = wire diameter and D = separation between wire centers. (4) For parallel-plate line, w = width of plate and

h = separation between the plates.




Voltage Reflection Coefficient

=~ ~ I
_ ) — T — —_ Transmission line
+ . +
I = T(Z:O) = % — % % Vi Z %
ZO ZO ' g i 0 L ZL
At the load t = O) Generator ]' ‘I:»;Joad
> =—/ z=0
V z
/1 = ._—L J <] I
IL Il | 1
d=1 d=10
VL=V(z=0)= V) + V. r=to _ZL—% Reflection
vy Voo ZLtZo coefficient
L =1(z=0)= % — 0| 71/ Zo — 1
Zo Zo = ————
Z1./ 2o+ 1
: . : (255, : 1
Using these expressions in Eq. (2.55), we obtain _ EL — (dimensionless). (2.59)
L
Vit + Vo )
71 = (H) 2. . _ 21 Normalized load
0o~ Yo L =7

Nz Impedance



Voltage Reflection Coefficient T = I/

]
Reflection Coefficient I' = |I"|e/
Load IT| o,

(r — 1)2—|-,1r2 /2 X X
ZL =(r+jx)Zy |:(r 2 x2:| an (r l) — tan (r l)

% G
2 % 2y 0 (no reflection) irrelevant
2
—_—0

(short) 1 +180° (phase opposition)
A (open) 1 0 (in-phase)
—0
Zg §jX=ij 1 +180° — 2tan~ ! x
Zy in=_—" 1 +£180° + 2tan~! x
— 5 wC

72, =721/Z0 =R+ jX)/Zo =1+ jx



Current Reflection Coefficient
e

Iy Vo
Y —_ 0 —_p (26

We note that whereas the ratio of the voltage amplitudes is
equalto T, the ratio of the current amplitudes is equal to —T".



Example 2-3: Reflection Coefficient
of a Series RC Load

A 100-€2 transmission line is connected to a load consisting
of a 50-Q resistor in series with a 10-pF capacitor. Find the

reflection coefficient at the load for a 100-MHz signal. _
Solution: The following quantities are given (Fig. 2-13): Transmission line A
R =50 Q, CL=10pF = 10711 F,
L : L P Ry 50 O
. Zop =100 Q
Zy =100 €, f =100 MHz = 10° Hz. Cp 10 pF
The normalized load impedance 1s —A?J
2 — ZL  RL— j/(wCL)
o Zn o Zo r— 7z — 1
| : I 7.+ 1
=— 50— :
100 2 x 108 x 1011 05— 1.59 -1
= (0.5— j1.59) Q. 0.5—/1.59 +1
: 172.6°
. _05 — J1.59 o _1671‘?1 _ _0.76€j119'30.

1.5—j1.59  2.19¢—/46.7°

This result may be converted into the form of Eq. (2.62) by
replacing the minus sign with e/ 180° Thus,

I = 0.76¢/ 193 =180 — 0 76=7/90-7" = (0.76,/=60.7° |

or

| =0.76, 6 = —60.7°.




Standing Waves

1.
. 7 |—o—lransmissionline i

Using the relation V" =TV ' 1

. +
yields - L L
V(z) = Vi (e7#7 + Te/P?), -
- V0+ ” 3 —0 O—
I(7) = —— (e /P%? — T e/P%y, Generator Load
()= ) , L
z=-/ z=0
d <} |
V(z)| = {[v0+(e—fﬁz + |r|ef9refﬁz)] d=1 d=0
4%, Bz o, —igz T2 To express the magnitude of Vasa
: [(V{) ) (e?P + IT"|e e )“ function of d instead of z, we replace z with —d on the right-

hand side of Eq. (2.64):

‘ : 1/2
= V] [1 + T + |D|(e/ P70 4 e‘f(zﬁ”f’r’)] 1/2

F

> V(@1 = Vi1 [ 1+ TP +2ITfeos2pd —6) |~ (2.66)
=|Vo+|[1+|F|2+2|F|cos(2ﬂz—l—9r)] (264 voltage magnitude

By applying the same steps to Eq. (2.63b), a similar expression
can be derived for |I (d)|, the magnitude of the current [(d):

11(d)| = 'ZO | [1+|T)> = 2|T| cos(2Bd — 6:)1"2. (2.67)

current magnitude




StandingWave Pattern

Voltage ) ) V)

Whereas the repetition period is A for the incident and reflected
waves considered individually, the repetition period of the
standing-wave pattern is A /2.

V@) =11 [1+ 1T + 21T cos2pd — )] . 2.66)

- v+
Td)| = |er| [+ |0 — 2|7 cosBd — 012 (2.67)
0

Voltage magnitude is maximum
when (2Bdmin — &) = 2n+ )=

When voltage is a maximum, current
IS @ minimum, and vice versa

P lmax

(b) |I(d)| versus d

Figure 2-14: Standing-wave pattern for (a) |V(d)| and
(b) |I(d)| for a lossless transmission line of characteristic
impedance Zp =350 €, terminated in a load with a
reflection coefficient T' = 0.3¢/39°.  The magnitude of the
incident wave I‘L"ﬂfr |=1 V. The standing-wave ratio is

S = |V|max/|V |min = 1.3/0.7 = 1.86.



Standing Wave Patterns for 3 Types of Loads
N

Ad)
Matched line
Vo'l
d
A 34 A A 0
4 2 4
(@) |ZL =2y
Short-circuited line ~
4
| A | V()|
ik L0
d
A 34 A A 0
4 2 4
(b) IZ;. =0 (short circuit)l
Open-circuited line ~
| 2 | V(d)|
2[Vy'
d
i 34 A A 0
4 2 4

(c) |ZL = = (open circuit)

With no reflected wave present, there will be no interference
and no standing waves.
Example 2-4: |I'| for Purely Reactive Load

Show that |I'| = 1 for a lossless line connected to a purely
reactive load.

Solution: The load impedance of a purely reactive load is

Z1, = jJXL.
From Eq. (2.59), the reflection coefficient is
7y, — Z
r_2L-2
Z1 + Zo
_JXL— 2o
J XL + Zo
2 2 —j6
_ —(Zo—jXL) TV Zy+ Xi e _ i
(Zo+ jXv) |22 + X2 ei® ’
where 6 = tan~! X[ /Zy. Hence
Tl == =[(c7*) ()" = 1.



Maxima & Minima

Voltage
. - max
StandingWave Pattern . i N
[V Imax
_ Let us denote dpax as the distance from the ~
load at which |V (d)| is a maximum. It then follows that V| min
V@)= Vi = VLT 2068) 5 _ _ _ 0
A 'ﬂ : A Armin A Amax
when 14 2 !
2Bdimax — b; = 2n7, (2.69) " () |[Md)| versusd
| - ~
with n = 0 or a positive integer. Solving Eq. (2.69) for dyx. Current® : . )
we have 30 mA
‘T]max === 25
O, +2nt  Oh  ni 20
dmax — Zﬁ = 4}_( + 7 ’ mmm E m m = O m = m ig
n=12,... if 6, < 0, 5
{n=0,1,2,... it 6, > 0, i d ' : 10
) 34 4 4
4 2 4

(b) |K(d)| versus d



Maxima & Minima (cont.)

|V |min = V5T I[1 = T,

when (2Bdyin —6;) = 2n + )7

v 1 +|T
S_||max + |T|

" Vimin 1 =T

(dimensionless)

S= Voltage Standing Wave Ratio

For a matched load:S=1

For a short, open, or purely reactive load:

S = o¢.

Voltage _ [(d)|
P e m 14V
1.0
=~ 0.8
‘V]min 0.6
' 0.4
y I 0.2
i t = t 1 0
A 'ﬂ : i dmiln i Amax
14 2 "2
I (a) |V(d)| versus d
I n | _
1 I(z
Current? : 1)
| = 30 mA
mmax === - 325
T 20
‘ﬂmin ------- [ | [ | | [ | 15
max min / T ;0
d - ; ; 0
A 34 A A
4 2 4

(b) |Kd)| versus d



Module 2.4 Transmission-Line Simulator Upon specifying the requisite input data—including the load impedance
at d = 0 and the generator voltage and impedance at d = [—this module provides a wealth of output information about the
voltage and current waveforms along the trasmission line. You can view plots of the standing wave patterns for voltage and
current, the time and spatial variations of the instantaneous voltage v(d, t) and current i(d, t), and other related quantities.

Module 2.4

Transmission=Line Simulator

Options:  SaCinput f Output _||

Eg= 1000+ 00 0O

*D'g =104 |00V

d= 10 4= 300.0rmm

o

=50.0+jo.0 O

£ =100.0+ 0.0 0

1.0 GHz

00,0 mm

Set Line
Length units: 7 [ A] calm ]

Low Lass Approximation

= haracteristic E

| mped=nce Zp= 0.0 a
F I e My f =] JAES Hr
Hedat e ﬁ

Fn'n‘ir:Eui't'\_.' E'I' =|2.9
LireLength 1 =[[L.0 i

Instruetions
Z,=|Loo.o0 +] |||:|.|:| 0
Impedance Admittance
Set Generator
7, =[L.0 +][[0.0 v
Z,=|[Lo0.0 +] |||:|.|:| 0

Qutput TransmizslonLine Data L

Cursor d =015 % =47.7 mm
Impedance Z|d) = 32.03523 - | 21.B6659

[a] = 38.786644 < -0.5589 rad
Admittance Yidl = 0.02125%4 + j 0 014535

[5] =0.025762 £ 0 5989 rad
Reflecton Ly =-0.1381251% - | 0.30336865

Coefficiznt =0.33333333 £ -1.993053 rac
= 0.33333333 £ -114.498 %
“alkage Widl =0.270561 + j 0. 210236
[v] =10.34264 £ D.AREOS rad
Current Tid) =0.002706 + | 0.00S400
[A] =0.008834 < 12595 rad

Fawear Flaw P =1.25

[mW]




Example 26: MeasuringZ, with a Slotted Line

Sliding probe Next, we use the condition given by Eq. (2.71) to find 6;:

To detector <= / Slit » . 0 . :
Probe tip Bdmin — 6r = 7, orn = rst mmimum),
: ﬁ. )/ m u
— I

7 which gives

Or = 2ﬁa’min — 7T

107

Solution: The following quantities are given:

= —0.27 (rad)

Zo =50 2, _ _36°.
§ =3, Hence,
dn'lin — 12 cim.
: : . L [ =|Te/®
Since the distance between successive voltage minima is A /2,
= (.5¢=/3"
)t=2>(0.3=0.6m, )
= 0.405 — j0.294.
and 2 2 10
B = oo T (rad/m). Solving Eq. (2.39) for Zr.. we have
A 0.6 3
From Eq. (2.73), solving for |T"| in terms of S gives S
=2t ZL:ZU_I—F]
S+1 _ 5o [1 0405 - j0.294
3-1 | 1—0.405 + j0.294

3+1 .
—85-767) Q.
—05. (85 =767



Wave Impedance
S

At a distancel from the load:

V(d)

i)

_ Vi[ePd 4 Tem P ,
" VH[eifd — Temipd] 70

T 4 Dem/2Pd
= re—ﬁﬁd]

(o]o!

Z(d) =

il |

-

olon

1 +1T,
1-Ty

] (€2),

where we define

Fd = Fe_f'zﬁd — ‘l"lejgre—j2ﬁd — |l—w|ej(9r_2ﬂd)

as the phase-shifted voltage reflection coefficient.

(b) Equivalent circuit

Z(d) is the ratio of the total voltage (incident- and reflected-
wave voltages) to the total current at any point d on the line,
in contrast with the characteristic impedance of the line Z,,
which relates the voltage and current of each of the two
waves individually (Zo = VG?L / IJ“ ==V, /1, ).



Input Impedance

= i.., A Transmission line 7] COS ﬁl + sin ﬁ[
= ‘e :’_ ~+ ‘TL ZII] = ZO ( l N . l )
. / cos Bl + jz sin B
V(™ Vi Zin Z |z  tan Bl
!{) - o = _ gy ( A tItEnp Y (2.79)
\ I + jz tan Bl
o o
Generator T T Load ) o
I 2=0 Fig. 2-18. The phasor voltage across Zj, is given by
d=1 d=0 ~
=~ = VgZin
l = [ Zy = 2 (2.80)
- Zg + Zin
[
— Z, —"*+§ Simultaneously, from the standpoint of the transmission line,
N the voltage across it at the input of the line is given by Eq. (2.63a)
pg@ 7 7 with z = —/:
B Vi = V(=) =V [e/Pl + Te 7P, (2.81)
_AA’
- Equating Eq. (2.80) to Eq. (2.81) and then solving for V0+ leads
Zo= Z() = Zo | 21|
Atinputd = I: Zin = 20 =Zo| 7 |-

. : (2.82)
O " \Zy+Zi, ) \eifl + Teibl ] '

I, = Ce /2Pl — |F|ej(9f_2ﬁ”.



Example 2-7: Complete Solution for v(z, ¢)

A 1.05-GHz generator circuit with series impedance Z, = 10 Q2

andi(z,t)

and voltage source given by

the line is 0.7¢, where ¢ 1s the velocity of light in a vacuum.
Find v(z, t) and i(z, t) on the line.

W) Solution: From the relationship up, = Af, we find the

vg (1) = 10sin(wr + 30°) wavelength
is connected to a load Z. = (100 4 j50) Q2 through a 50-€2, 5= Up
67-cm long lossless transmission line. The phase velocity of T f
I L 0.7 x 3 x 108
= A Transmission line =
— Zg O Ot T 1.05 x 109
— L
n / l’ = 0.2 m,
%@ Vi Zip = Zy " Zq and
- \ Bl — 27 /
~4' — A
M
Generator | | Load _ 2_” % 0.67
z=_] 2= 0.2
d=1 d=0 =6.7Tr =0.7Tm = 126°,
' where we have subtracted multiples of 2w. The voltage
7 reflection coefficient at the load 1s
— Z, — é r— ZL— 7y
i ZL+ Zyp
y _ (100 + j50) —50
g@ Vi Zin ~ (100 + j50) + 50
- = 0.45¢720¢",
T4 Cont—




Example 2-7: Complete Solution for v(z, 1)
andi(z.r) (cont.)

A 1.05-GHz generator circuit with series impedance Z, = 10 Q
and voltage source given by

vg(t) = 10sin(@r +30°) (V) I

ol

1z —» A Transmission line
Zm =Z
- / ‘ 0 ( | — Fg)
— \ = 2o ( 1 — Fe_fzm)
_Ar - . N el . [o]
O—————————————— p— 1 _|_ 0.45@‘]26'6 6—1252
Generator | | Load = 50 ( e 5 | = 2194+ j174) Q.
s J I —0.45¢7 e—J=
d=1 d=0 Rewriting the expression for the generator voltage with the
'y cosine reference, we have
By L 4 v (1) = 10 sin(wr + 30°)
g +; = 10cos(90° — wt — 30°)
0 1 = 10 cos(wt — 60°)
g@ AR = Re[10e—700 eI = Re[Vyel@'] (V).
4

o Cont—



Example 2-7: Complete Solution for v(z, 1) Application of Eg. (2.82) gives

and i(z,t) (Cont_)

- + f’;gziﬂ !
V.F =
— I] A T . P LI 0 Lo+ 7 E“f'ﬂ!+r€_"f'ﬂf
7 =23 Iransmission line g ~in
— g {2 s — P
= + + ‘IL [ 10e75"21.9 4 j17.4)
] | 1042104174

+
Fg@ i“;i Lip m— VA HI}L Zq (e0126° 4 (.457266° p—126%)~1

\ = 10215 (V).
_Ar

_:)—

Generator | | Load Using Eq. (2.63a) with z = —d, the phasor voltage on the line
z=-] z=0 IS
d=1 d=0
', V(d) = Vg (e 4 e=iPd)
_ = 10.2¢7157 (/P4 1 0.45¢/206" ¢ =P,
g E.
i and the corresponding instantaneous voltage v(d, t) is
+
g@ Vi Zin v(d, 1) = Re[ V(d) /']
N = 10.2 cos(wt + Bd + 159°)
—C:'A' +4.55 cos(wt — Bd + 185.6°) (V).

Hence, the phasor voltage V; is given by Similarly, Eq. (2.63b) leads to

V, = 10 /% I(d) = 0.20e/ P (/P4 _ ().45¢7200° o= ifdy
g
i(d,t) =0.20 cos(wt + Bd + 159°)

— 10)./—60°
=109 (V). +0.091 cos(wr — pd +185.6°)  (A).




Module 2.5 Wave and Input Impedance The wave impedance, Z(d) = V (d)/I(d), exhibits a cyclical pattern as a
function of position along the line. This module displays plots of the real and imaginary parts of Z(d). specifies the locations
of the voltage maximum and minimum nearest to the load, and provides other related information.

Instructions

Output

(el Cursor

d =0 [A]
|| =0.0 [m]
, : ‘ Impedance Z(d)= 25 -j 50
| - (O] =55.902 £ -1.1071 rad
1 }I L}II ll Admittance Y (d)=0.008 + j 0.016
WAWATAY \_J [S1 =0.018 £ 1.1071 rad
Reflection Ty = 0.076 -] 0.615
Coefficient =0.62 £ -1.446 rad
m{z(d)} [Q] =008 e S dias

100.682 " " Voltage Standing Wave Ratio
‘ ‘ SWR = 4.266
Location of First Voltage Maximum & Minimum

d (max) = 0.385 A =57.734 [ mm ]
d (min) = 0.135 A =20.234 [mm]

-100.678 |\ ’ Wavelength A =150 [mm]




O
€ __y Z short
‘Zl“ 0 circult

ShortCircuited Line« s,

(2)
Vseld)
I 257 Il
\’u]tagu\ ! T
|
For the shottircuited lineT’ = —1 d , ; 0
~ . . A 31 g i
Vie(d) = Vit e/P — e77P41 =2V, sin pd, 4 2 !
: +-1
_ VO+ ' _ 2V+ I (b) I
_ _0 r,ipd —jpdy _— 270
lie(d) = 5[ 4 7P = — = cos pd, i | Ld) Z
Ve (d) i i o
Zo(d) = =20 — 17, tan Bd. | .. | B
SC( ) [Sc(d) J £0 ﬁ : Current :
| |
. . . . d - 0
At its input, the line appears like i 32 A
an inductor or a capacitor ‘,‘ , 1
depending on the sign an Bd | © :
: : Zin
. - _ I I 7
J(ULeq — JZO tan )815 1f tan ﬁl 2 O : lm])cdancu: 0
| | %
1 . . | :
: = jZotan Bl, if tanBl <0 = 3 ] "
JwCeq ry Y
n . 1
T | |
| 1

(d)



Example 2-8: Equivalent Reactive Elements

Choose the length of a shorted 50-Q lossless transmission line
(Fig. 2-20) such that its input impedance at 2.25 GHz 1s identical
to that of a capacitor with capacitance Ceq = 4 pF. The wave
velocity on the line is 0.75¢.

I [ I
&
S short
Zin 20 circuit
i 1
75 i Z.=

Solution: We are given

up = 0.75¢ = 0.75 x 3 x 10° = 2.25 x 10° mys,
Zo =50 Q,
f =2.25GHz =2.25 x 10° Hz,
Ceq=4pF=4x 10712 E

The phase constant 1s

27 2nf 2w x225x10°

= 62.8
A 2.25 x 108

(rad/m).

Up

From Eq. (2.89), it follows that

tan Bl = —

ZowCeq
|
T TS0 x 27 x 225 x 10° x 4 x 1012
— —0.354.

The tangent function is negative when its argument is in the
second or fourth quadrants. The solution for the second
quadrant is

2.8 2.8
Bly =28rad or |l = — =——=446cm.
B 62.8
and the solution for the fourth quadrant 1s
5.94
Bl =594rad or |Ih = 3 = 0.46 cm.




o o)

OpenCircuited Line, ————

d } } 0
: . (b) 4
Vocld) = V0+ [Ejﬁd + f?_j‘Bd] = 2V0+ cos Bd, i p
= D [e/Pd — ¢miPd] = 0 i . ' Iodd) Zy
Ioc(d) = Z0 le e | = 70 sin Bd, : : ('urrcmw TV
I :/-\“l
oc _ Voelh) d———HF——o
Zin = = =—jZocotpl. (2.93) @ AN\ % S 4
Toe (1) : : |
i i -
: : Impedance E
! . ; ; 0
OB EENE
I 1 I
| T |




ShortCircuit/OpenCircuit Method

A For a line of known lengthmeasurements of its
Input Impedance, one when terminated in a short
and another when terminated in an open, can be
used to find Iits characteristic iImpeda#dgand
electrical lengtlpi

Vee (!
7 = 419, = jZotanBl.
sc (1)

Vool
Z2° = ,,OC() = —jZy cot Bl.

Loc (1) - tan Bl =

ZO — + ZSC ZOC

ZSC




2-8.4 Lines of Length [ = nAi/2
[f ] = ni/2, where n 1s an integer,
tan Bl = tan [ (27 /A) (nA/2)] =tannm = 0.

Consequently, Eq. (2.79) reduces to

B forl =ni/2, (2.96)

which means that a half-wavelength line (or any integer multiple
of A/2) does not modify the load impedance.

2-8.5 Quarter-Wavelength Transformer

A forl =A/44+nr/2.

2
-0
ZL,

Example 2-10: i /4 Transformer

A 50-£2 lossless transmission line is to be matched to a resistive
load impedance with Z; = 100 © via a quarter-wave section
as shown in Fig. 2-22, thereby eliminating reflections along
the feedline. Find the required characteristic impedance of the
quarter-wave transformer.

Feedline A
A/4 transformer

Zm =50Q Lin e Z{}g Z]_ =100 Q

[ iz |
Figure 2-22: Configuration for Example 2-10.

Solution: To eliminate reflections at terminal A A’, the input
impedance Z;; looking into the quarter-wave line should be
equal to Zp, the characteristic impedance of the feedline. Thus,
Zin = 50 Q. From Eq. (2.97),

72
Zil] = ﬁ:

or

Zoo =/ Zin Zy = /50 x 100 = 70.7 <.

Whereas this eliminates reflections on the feedline, it does
not eliminate them on the A /4 line.



Table 2-4: Properties of standing waves on a lossless transmission line.

Voltage Maximum

Voltage Minimum

|V [max = IV 1+ 7]
|V lmin = [V |01 = T[]

Positions of voltage maxima (also positions
of current minima)

Position of first maximum (also position of
first current minimum)

h  nh

d, = — 4+ —, =0,1,2,...
max e + 5 n .

6.3

iy if0 <6 <n
ﬂrmax= 4

B A A

—+—, f—7=686 =0

4 2 -

Positions of voltage minima (also positions
of current maxima)

Position of first minimum (also position of
first current maximum)

G2 (2n+ DA
d H = — _—
min 4?[ + 4

divin = = 1+9r
ll]ln_4 T

n=0,12,...

Input Impedance

2z, + jtan 8! 1+ 17
Zin= 2 (— = ZD(
1 + jzp tan 8! 1 -1y

Positions at which Zig is real

at voltage maxima and minima

Zin at voltage maxima

1+ |
Zin= Zo(] —|F|)

Zin at voltage minima

1 —1I
Zin= 2o\ 751

Zin of short-circuited line

75 = jZgtan Bl

Zip of open-circuited line

2 = —jZpcot Bl

Zip of line of length [ = ni /2 Zin= 7. n==0,1,2,...
Zin of line of length [ = 3./4 4 na. /2 Zin = Z%/Zb n=0,1,2,...
Zin of matched line Zin= Zp

|Vﬂ+| = amplitude of incident wave; I’ = |l"|€_f-9r with —m < & < m; 6 in radians; ['; = re—J26L




Instantaneous Power Flow
I e,,—,—,S—,—,—,—

U(d, f) = ERe[Vejwt] |V_|_|2
. . . , ) i o 2 +
= Re[| Ve (/P4 4 [T [/ e~ IP) el ] Pid, 1) = — —cos’(r + pd +47) (W),
SN d+ ¢t TASC I
Vo llcos(wr + Bd + ¢7) Prid, 1) = — TP oo — a + 67 + 0
+ |['| cos(wt — Bd + ¢ +6p)].  (2.99) Zo

IV N
i(d,t) = Z [cos(wt 4+ Bd + ¢™)

Using the trigonometric identity

— || cos(wt — Bd + ¢ +6,)],  (2.99b) N |
cos” x = 5 (1 + cos2x),
P(d,t)=v(d.t)i(d, 1)

— |ViF|[cos(r + Bd + ¢7) the expressions in Eq. (2.101) can be rewritten as

+ |T| cos(wt — Bd + ¢T +6,)] , G N
. Pi(d. 1) = =% [ + cosQor +2pd +2¢7)].
V 0
X | ZOO | [cos(wr + Bd + ¢™T) V2
. P'(d, 1) = —|T>P2L[1 + cosQat — 28d

— || cos(wt — Bd + @™ + 6;)] 27y

|V0+|2[ 2ot + B+ 65 + 201 +260)].

= Cos™(w
Zo The power oscillates at twice the rate of the voltage or

— IT)? cos*(wt — Bd + ¢+ +6,)]  current.



Average Power
- |

|V+ 2 .
2020 [1 + cosRwt + 2Bd + 2411, . | [T | . 2/ | |
wd) == | P'd.t)dt = — P'(d,t) dt. (2.103)
v _|_|2 T / 2
[1 + cos(2wt — 28d

Pid,t) =

P'(d, 1) = —|r|2

Upon inserting Eq. (2.102a) into Eq. (2.103) and performing

+ 207 +26)]. the integration, we obtain
: |V0+|2
B = —— (W), (2.104)
Transmission line 27y
Zg
+ P;v which is identical with the dc term of P(d,t) given by
——— ~
V @ ) ZL Eq. (2.102a). A similar treatment for the reflected wave gives
g r _ 2 pl
~ - Pay = |I'|" Pay
r 2| 0 |2 2 pi
P,, = —|TI'| = —|['|"P,,. (2.105)

27

I—Q

The average reflected power is equal to the average incident
power, diminished by a multiplicative factor of |T'|?.



Tech Brief 3standing Waves in Microwave Ovel
—

The stirrer or rotation

Metal I
screen\»l {?J@ o of the food platform
i IS used to constantly
I Interlock switch /« 2 Change the Standing
] ol wave pattern in the
1]. oven cavity
1]
l I
: |
I
| r I High-yoltage 112]
J_. i tranformer

(a) Cavity



Tech Brief 3Role of Frequency

Penetration Depth 4, (cm)

40

Lad
=

(]
=

10

At low frequencies,
absorption:rate is small,
so it would-take a long

time for the food to cook

T=20°C

t 95% of energy
---------------------------------- 30p| ( absorbedin oo
| this layer -— Chocolate bar
___________________________________________________________ At very high frequencie
Food with 20% water the food cooks fast, but
' only its the surface laye
______________________ PY"‘.“F?“.":“?“T‘? oven frequency _[? S4GHz)
<0 ufartr 1
Pure water
| i | i \
1 2 3 4 5

Frequency (GHz)

Figure TF3-1: Penetration depth as a function of frequency (1-5 GHz) for pure water and two foods with different

water contents.



The Smith Chart

S

i Developed in 1939 by P. W.
Smith as a graphical tool to
analyze and design
transmissielme circuits

A Today, It Is used to
characterize the
performance of microwave
circuits

Instructions - - Color
1 |




Complex Plane

l—'.
I } 6= 90° B

Mgy =034 0.4 =05e
0 .
[ = [Dle/® =T, + T,
"
' Or, = 53°
r g
r
|FAJ=0.5
0= 180° C -
~1{1-0.9 -0.7 -0.5 -0.3 01 03 05 0.7 009 [x1 _ 5
Short-circuit B 01y 6, =0
load - - 0.54 —0.2
_w= =054 03¢ Open-circuit
- 04t load
054
1202° 1
I'p = —0.5— 0.2 =0.54¢/ 0.7+
B 0-5 JO 0-5 .84 Unit circle
-0.94
-1

O, = 270° or —90°



Smith Chart Parametric Equations

-]
L ZZo-1 _a-l | -I7 - T}
— — }“L —
Zu/Zo+1 2+ 1 (1 —Tp)2+T7
21
L= 2 12 . .
(1 =TI'v)*+ 17 |[Equation for a cwcl%
=
1+T «
], = ﬁ . (2112) L 2 »-;. 1 2
B Iy — ' = . 2.116
(r 1+rL)+1 (1+FL) R
. : The standard equation for a circle in the x—y plane with center
2L =TL + JXL. at (xo, yo) and radius a 1s
(x —x0)> + (y — y0)* = a”. (2.117)
A similar manipulation of the expression for xp, given by
, (14+T1v) 4+ I Eq. (2.115b) leads to
'L+ JXL =

(1 =17 = I}

) 1\? 1\?2
=D "+ | —— = , (2.118)
XL, XL,



Smith Chart Parametric Equations

, 1\2 1\2
=D+ (Mi—— ) =(—) , (2.118)
XL XL

X, CIrcies

Only parts of thex, circles are contained
within the unit circle

Figure 2-25: Families of ri, and x, circles within the domain |I"| < 1.



Complete Smith Chart

L — PositivexLCircles
] é

< — r.Circles
.

A

NegativexLCircle
.



