Chapter 2

Review of Network Parameters and
Transmission Line Theory

<+ Review of Network Parameters

s Transmission Line Theory
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Review of Network Parameters

** Linear networks can be completely characterized by parameters measured
at the network ports without knowing the content of the networks
** Networks can have any number of ports.
’:’Analysis of a 2-port network is sufficient to explain the theory of
network parameters

2 Port

Network

Fig. 2.1 Two port network
** The ports can be characterized with many parameters (Z,Y,ABCD, S)
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/- Parameters

«» Consider the two-port network shown in Fig2.1.
«* Since the network is linear, the superposition principle can be applied

* Assuming that it contains no independent sources, voltage Vi and V2

can be expressed in terms of 11 and I as follows

V1 — lell =+ lelz

Vz — Zz1'1 + Zzzlz

< Using the matrix representation, we can write

'1} or [VI=[Z][]

2

{Vl} . {le le}{
V2 ZZl 222 I
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Continued

** Generally , for N port network we can express the network parameters
y % P P

using the matrix representation

(Open circuit impedance)
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Admittance Parameters

“* Consider again the two-port network shown in Figure 2.1
¢ Since the network is linear, the superposition principle can be applied

% Assuming that it contains no independent sources. current It and I2 can
b)

be expressed in terms of two Voltages:

|1 = Y11V1 T Y12V2

| /. Y21V1 T Y22V2

Using the matrix representation, we can write

[ll} _ {Yll le}[vl}
I 2 Y21 Y22 V2

o [
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Continued

® Generally , for N port network we can express the network

parameters using the matrix representation
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Transmission (ABCD) Matrix

%* The transmission matrix describes the network given in Fig 2.1

above in terms of both Voltage and current waves
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Continued

*%» Since the ABCD matrix represents the ports in terms of currents

and voltages, it is well suited for cascading elements
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Continued

Example. Determine the transmission parameters of the network shown in

fig 2.3 below

I (O
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SOLUTION With a source connected at port 1 while port 2 has a short circuit
(so that V> 1s zero),
L= -1 and Vi = ov B Vl

** Similarly, with a source connected at port 1 while port 2 is open (so
that [2 is zero),V2=Vi

Vi
A= ? =1 Hence, transmission matrix of this network 1s
21 15=0
{A 3] _{ 1 0}
I C D| | jo ]
C = — = jw S /
Vz =0




Hybrid Parameters

L)

o0

* Reconsider the two-port network of Figure 2.1

4

** Since the network is linear, the superposition principle can be applied
perp P P PP

L)

X Assuming that it contains no independent sources, voltage V1 at port 1 can
be expressed in terms of current Ii at port 1 and voltageV: at port 2

** Similarly, we can write I2in terms of Ii and V>

Vi=hyly +h,V, h, h, |l
Iz:h21|1'|'h22\/2 ) h21 h22 V,




Continued

4

o hi= input impedance

L)

4

L)

L)

» h2 = forward current gain

e

*

hi: = reverse Voltage gain

\/
’0

L)

h>» = reverse output admittance circuit

e

»* In transistor circuit analysis, these are generally denoted by

hi Jht Jhr ;and ho, respectively
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Transmission Line Theory

< Transmission line is a distributed-parameter network,
where voltages and currents can vary in magnitude and
phase over the length of the line

Lumped Element Model for aTransmission Line
» Transmission lines usually consist of 2 parallel conductors

2 A short seoment Az of transmission line can be modeled as a
g

lumped-element circuit.
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iz, 1)
—_— -
+
vz, 1)
= o
it Az : <
(a)
i(z, 1) i(z +Az, 1)
—_—T —_—
o— AAANNA—YY Y o
+ RAZ LAz +
viz, 1) GA T = CA-r vz + Az, 1)
o o
i Az -
(b)
Figure 2.4 Voltage and current definitions and equivalent circuit for an incremental length of
transmission line. (a) Voltage and current definitions. (b) Lumped-element equivalent circuit.
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Transmission line parameters

+s» R = Series resistance per unit length for both conductors
¢ L. = Series inductance per unit length for both conductors
2 G = Shunt conductance per unit length

*2* C = Shunt capacitance per unit length

< Applying KVL and KCL,
oi(z,t)

v(z,t) — RAzi(z,t) — LAz —Vv(z+Az,1) =0 (2.1a)

ov(z+Az,t)

1(z,t) —GAzv(z + Az,t) —CAz —1(z+Az,t) =0 (2.1b)
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Continued

< Dividing (2.1) by Az and 4z > 0,
ov(z,t) ol(z,1)
o

oi(z,t) ov(z,t)
~ =-Gv(z,1)-C ~ (2.2b)

—~Time-domain form of the transmission line, or telegrapher, equation

= —Ri(z,t)- L (2.2a)

% For the sinusoidal steady-state condition with cosine-based phasors

dl (z)
dz

— (G + jowC)V (z) (2.3b)

Sem. II, 2016/17  Microwave Devices and Systems By Waltengus @




4 N
Wave Propagation on a Transmission Line

d'V(z) d'I(z)
&’ &

y=a+ jf= R+ joL)G+jeC)

-¥V(z) 0 (2.4a)

- 112) - (2.4b)

;V Propagation Constant in per meter
X Attenuation Constant in nepers per meter
ﬁ Phase Constant in radians per meter
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Continued

V(z)=V,e+V,e™, I(z) =1, +1,67* (2.6)

Wave Wave
propagation in propagation in
+z directon -z directon

Applying (2.3a) to the voltage of (2.6),

Y + ~—VZ —~t+7Z
1(2) = V,e " +V, e’
@) R+ja)L[O e
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Continued

: : V, V,
ZO:R+ja)L:\/R+j-a)L,(2_7) : Io+ =7, =—-2
Y

(2.6) can be rewritten

I(z)—V—+ -

0 0

V—Oe”Z (2.8)

Converting the phasor voltage of (2.6) to the time domain:

v(z,t) = ’V

(t—Bz+4")e " + Ny [cos(at + fz+47)e (2.9)
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The Wavelength of the traveling waves:

27
A= 2.10
VZ; C D

The phase velocity of the wave is defined as the speed at which

a constant phase point travels down the line,

v=—u=2221 (210)




e I
Lossless Transmission Lines

oo R:G:Ogives 7/:a_|_jﬂ:ja) LC or

L=oNJLC, a=0 (2.12)

L
Z=c (13

2* The general solutions for Voltage and current on a lossless

transmission line:  y/ (z) =V e 7 +v elf?,

I(z)_ elﬂz 1,e'”” (2.14)

O
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*** The Wavelength on the line:

122

(2.15)

T _ 27
w+\ LC

2 The phase Velocity on the line:




The Terminated Lossless Transmission Lines

™

Vi(z), I(2)
—— - - ~ /
o ¥
Zy. B Vi |4
—_ o—1|
' -
-t l Z
! 0

FiIg 2.5 Terminated Lossless Transmission Lines

¢ The total voltage and current on the line:
V(z) =V, e P4V el

V-
I(z)_ e iz _ 0
0 0

e’ (2.34)
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Continued

**The total Voltage and current at the load are related by the

load impedance, so at z = 0

, VO _Vy+Y V. L =2y

SETO N Z,+Z,
[ ] [ ] VO_ ZL - ZO
The voltage reflection coefficient: T'=—"2 = (2.35)
vV, Z,+Z,

The total voltage and current on the line:

V(2) =V, | e W +Te |,

1(z2) ==2-|e " —Te!” | (2.36)
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Continued

** It is seen that the Voltage and current on the line consist of a
superposition of an incident and reflected wave. =2 Standin g waves

** When '= 0 & matched.
** For the time-average power flow along the line at the point z:

L2

0

1 * 1
Pag :ERe{V(z)I (z)}:E :

2

Re {1—1“"‘e‘2"ﬂZ + %l —\F\Z}
0

+

1V

. 0

_EZ—O(HF‘Z)
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Continued

<* When the load is mismatched, not all of the available power

from the generator is delivered to the load.
*** This loss is return loss (RL):
RL=-20log|I'| dB

< If the load is matched to the line, [=0and | V()| = | V,"|
(constant) =2 flat When the load is mismatched,

V(@)=
Vo 14

2],82

—Zjﬂl‘:

(0-2) \ (2.39)

max:O

o|(2-I1)) (240
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wave ratio (VSWR)
141 (1< VSWR<0)
- 14r]

* A measure of the mismatch of a line, called the voltage standing

* From (2.39), the distance between 2 successive voltage maxima

(or minima) is I = 271/23 = A/2 (251 = 27T), while the distance

between a maximum and a minimum is / = /20 = A/4.

< From (2.34) with z = -,

Vo_e_jﬂl
el

(1)

=T0) e (242)
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At a distance | = -z,
_VEh S, Ve e +Te _ 1+Te?” > 43
") Ve e | TP 1-Te (2.43)
—7 (ZL + Zo)ej:ﬂI + (ZL _Zo)e_J:ﬁI
’ (ZL T Zo)emI _(ZL _Zo)e_mI
Z, cos gl + jZ,sin gl
° Z,cos Bl + jZ, sin S
- Z, + JZ,tan gl
°Z,+ jZ, tan gl

(2.44)

— Transmission line impedance equation
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Special Cases of Terminated Transmission Lines

“Z =0>I=1

V,

< Short-circuited line  V(z) =V, | e 2 —e? | = _2jV.* sin Bz,

+

1(2) =2| e 12 4ol | = 2\;—0003,6’2

Z

Z =iZ,tan Bl (2.45)

V(). I(z)

0

Zy. B

o7 ¥

| -

0 Z
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o Open—circuited line
/, = 2> I'=1Vv@=V/ :e‘jﬂz +el’? | =2V * cos Bz,

Zo - Zo

L. =—]Z,cot [l

I(z):V° Te-ist _gine ] 2 Z20WV0 i Bz (2.46)

Vi(z). I(2) — I, =
_|,_

Zo- B Vi Zp =eo

Sem. II, 2016/17  Microwave Devices and Systems By Waltengus @




4 I
Generator and Load Mismatches

** Because both the generator and load are mismatched, multiple

reflections can occur on the line.

** In the steady state, the net result is a single wave traveling toward

the load, and a single reflected wave traveling toward the generator.

where z = -1,

1+T e _ 7, +jZ,tan Bl

=7 — = 2.67
"1-re?” 07+ jZ, tan Bl (2:67)
T = 4= (2.68)
L+ 2,
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-(% [ In -(%
Z,
& +
v, Zin Vi Ly P

s
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Continued
*The Voltage on the line:
V(-1)=V, Zin__ _y; (e +Te ) By (2.67)
L +Z

, g , & = Zg —Z,

+ in g
Vo =Yoo T (2.70) Z,+Z,

1+|T,

| SWR =
Z, e/ 1_‘F|‘

V) =V (2.71)

Z,+Z, (1-T\L e
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Power delivered to the load:

: }:;Reqvg G

1 :
PI:ERe{V | }=2Re{|Vin i

'

in"in Z*

n

1

:%WZ R, +R 2Rinx xy ©¥)
(in+ g) +( in+ g)

Case 1: the load is matched to the line, Z, = Z,,I',= 0, SWR =1,
7 =7,

in

Ly Z,

= (2.40)
(Z,+R,)* + X,

PI_2| g
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Continued

2 Case 2: the generator is matched to the input impedance of a

transmission line, Z, = Zg

P—3|v 2 R, (2.41)
'l 4(R§+x§) |

olIf Z is fixed, to maximize P,

R _, 1 2R, (R, +R;)

5> 2 2 7 =0
aRin (Rin+Rg) +(Xin+xg) [(Rin-l-Rg)z-l-(xin-l-Xg)z]
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2 2 2
oF  Ry—Ri+(X,+X,) =0

aPI — 0> _2Xin(xin+xg)

on _ -0
OXin [(Rm+Rg)2+(Xin+Xg)2]2

or Xin(XinJng):O
* Theretore, R, = R, and X, = X orZ, = Zg*
¢ Under these conditions

P=—|V |Zi (2.44)
4R,

1
2 1Vs
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Example 1

An air bine has characteristic impedance of 70 @ and phase constant of 3 rad/m al
100 MHz. Calculate the inductance per meter and (he capacitance per meter ol the line,

Solution:

An air line can be regarded as a lossless line since ¢ = (). Hence

R=0=G and a = 1)

fy

n

zu: y oAl T

BENT

B=wVLC
R, |
& wC
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B 3
@R, 2 x 100 % 10%70)

L=RC= (7007682 % 10 ' = 334.2 nH/m

C= = (8.2 pF/m

A transmission line operating at 500 MHz has Z, = 80€, « = 0.4 Np/m, f§ =
1.5 rad/m. Find the line parameters R, L, G, and C.

Answer: 3.2 Q/m, 38.2nH/m, 5 X 107 $/m, 5.97 pkim.
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Example 2

A distortionless line has Z, = 60 Q. « = 20 mNp/m, u = (L6¢, where ¢ is the speed of light
in avacoum. Find K, L, G, C, and X at 100 MHz.

Soluation:

For a distortionless line,

R
RO = L or & = ——
I,
and hence
!
“ =N
L fiy
® = VRG=Ry\[T =
[ 8-]
or R=a7,
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But
v — o 3 1__
i3 AV T o
R=aZ,= (20 =10 *¥60) = 1.2 Q/m
L:‘?—”-= ou 5= — 333 nHfm
7] .63 = 10%
L e 400 = 10 Y
G = Pl - = 333 uS/m
iz, =
C
or
| ]
C=——F=—- —— = 92.59 pF/m
uZ, 0.6(3 X 10%) 60
w063 X 10%
A=—= = [.8Em
f 10"
Sem. I1, 2016/17
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Example 3

A certain fransmission line operating at w = 10% rad/s has & = 8 dB/m, 8 =1 rad/m, and
Z, =00+ 40 and 15 2 m long. Il the linc is connected to a source of 10/0° V. Z,=
40 Q2 and terminated by a load of 20 4 j50 €, determine

(a) The input impedance

(b} The sending-end current

{c} The current at the middie of the line
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Solution:
ia) Since 1 Np = 8.686 dB,

8
— % = (0021 Np/f
“ 7 8686 pim

~=a+j8 = 0921 + 1 /m
V= 200921 + j1) = 1.84 + j2
Using the formula for tanh(x -+ jy) , we obtain

tanh v = 1.033 — f0.0392Y

7 (er_ ‘|' E-ﬂ Tﬂﬂh:“ff]
e TN Zo 4+ Z, tanh y#

[20 + 750 + (60 + j40)(1.033 - ,;n,nasm;]
60 + 40 + (20 + S0 1.033 — j0.03929)
Z, = 60.25 + j38.79 Q

(60 + j40)
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(h} The sending-end current is f{z = 0) = [,

V, 10
I(z=10)= S b .
Z,+t7, 6025+ 3879+ 40
= 93.03/-21.15° mA

(¢) To find the current at any point, we need Vg and V. Bul
I, = iz = 0) = 93.03/-21.15° mA
V.= 7.1, = (71.66/32.77°)(0.09303 /—21.15°) = 6.667/11.62° V

1
Vo = 5 (Vo1 ZJy

]

- %[ﬁﬁﬁ?r_’ll.ﬁf + (60 + j40)(0.09303/—21.15%)] = 6.687/12.08°

| -
V= (V, = ZJ,) = 0.0518/260°
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At the middle of the ling, 7 — €2, vz = 0.921 + j1. Hence, the current at this point 15

V. v,

iz =102 = _?‘:I P _Z“ RE . .
( iﬁﬁpf'e‘m'nﬁj}z? 09211 ([1,(}513gf3“5”‘15']"?‘ i1
T f&ﬂ + }'-1':} N f,n + J4ﬂ

Note that j1 is in radians and is equivalent to j57.3°. Thus,

am 1208 —0.02] —i57.3° PRE 1021 5730
6.OR7e/ 2 o092 = 0,0518e/ 200" 1921, 157

?2. lrlr-:!-j{ﬁ" ?E. Iﬁ.”.ﬁ'&"‘
= (0.0369e 7 — 0.0018057800

= 6,673 — j34.456 mA

= 35-10£E mA

1z = £/2) =
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Example 4

A 30-m-long lossless transmission line with Z, = 50 Q operating at 2 MHz is lerminated
with a load Z, = 60 + j40 Q. 1f & = 0.6¢ on the line, find

(@) The reflection coefficient T
{b) The standing wave rago §

(¢} The input impedance

Solution:
This problem will be solved with and without using the Smith chart.

Z, — Z, 60+ j4D =50 10 + j40

@ = 7 T 50+ 40 +50 110 + j40
— (.3523 /56°
+ ~ {.3523
(b) v = T+ _1~09 = 2088

| =" 1= 03523
(¢) Since u = w3, or § = wiu,
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. f
go o WL 2@ 10060 2w

! 0.6 (3 X 109 3

Note that 3¢ is the electrical length of the line.

Z; +jZ, tan B
Eillzzn £ ;ﬂdnﬁ]

Lot jZp tan Bt
5060 + 740 + j50 tan 120%)
O [50 + j(60 + j40) tan 120°)

_ 506+ j4 -5V

= = 24.01,/3.20°
(5 +4V3 - j6\V/3)

S =2397 +j1.35Q
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