Chapter 5 Transmission Lines

Transverse EM Transmission Lines: TEM: Ez=Hz=0

Parallel = - /"
plates 4

Coaxial cable

Two-wire line

Arbitrary shape m
if cross-section
not = f(2)

5-1 Characteristics of Transmission Lines

Transmission line: It has two conductors carrying current to support an EM wave,
which is TEM or quasi-TEM mode. For the TEM mode, E=-Z.,4,xH ,

|:|= énXE;and ZTEM:n:

™=

TEM

The current and the EM wave have different characteristics. An EM wave
propagates into different dielectric media, the partial reflection and the partial
transmission will occur. And it obeys the following rules.

Reflected “
wave O

Incident
wave

Incident G&
wave E; WH;

Medium 1
(01 =0)

(€1, p1)
z=0

in v
Snell’s law: S__‘gtzﬁzﬂzﬁzﬁz & _ %1 and 6i=6;
sing, B, n, Vo Th &5 Erp



The reflection coefficient: l“=ﬂ and the transmission coefficient: 1.:&
i0 i0
_n,lcosd —n, [cosd, n cosd, —n,cosd, sin(b, —6,)
* n,lcosé, +n,/cosh, n, cosh +n,cosh, sin(b, +6,)
2n, 1 cosé, 2n, cosé, 2c0s4, sin 6,
T, = = —
Y p,lcosé, +n,/1cosé, n, cosd, +n,cosd,  sin(6, +6,)

r

for perpendicular polarization (TE)

_ 17,C086, —m;, cosg; n /cosd, —n,/cosd, tan(6, - 6),)
I 5, cos6, +1,c0860, n,/cosé, +n,/cosd, tan(6, +6,)
3 27, COS 6, 3 2n, / coso, _ 2c0s6, sin 6,
1=, cos6, +17, 0086, N, 1cos6, +n, /cos6, sin(6, +6,)cos(@ —6,)

for parallel polarization (TM)

l—l :r// — 772 ;771
In case of normal incidence, 12 1 , where 1= A and n2= Ha
_ 2n, & &
T, =T =
M+

Equivalent-circuit model of transmission line section:

uz, 1 N 2+ 4z

R(Q/m), L(H/m), G(S/m), C(F/m)
Transmission line equations: In higher-frequency range, the transmission line model
is utilized to analyze EM power flow.
di(z, t) ov oi

_V@*rALY mVEY sy gL N _Ri+L 2
Az ot 0z ot

. - = i
i@+ ALY -zt Gv(z,t)+CaV(z’t) _ﬂ:Gv+C@
Az ot oz ot
Set v(z,t)=Re[V(z)e"], i(z,t)=Re[l(2)e!"]
2
W _Rejo1@ [T R+ jel)(G + jec () =V @)
N adz — dz
di d’1(2)

(R+ jolL)(G + joC)I(z) = ¥°1(2)

2 =

———=(G+jawC)V(2)
dz z

where y=a+/f=/(R+ joL)(G + jaC) =V (2)=V,'e " +V,¢”, I(z)=1,"e7 +1,¢”



Characteristic impedance: Zo:VO+ = _VL_ Rtjol v R+ !a)L
lo lo y  G+joC |G+ jaC

Note:

1. International Standard Impedance of a Transmission Line is Zo=50€2.
2. Intransmission-line equivalent-circuit model, G#1/R.

3. y=Zo(GHjwC)=(R+jwL)/Zo

Eg. The following characteristics have been measured on a lossy transmission
line at 100 MHz: Z¢=509Q, ¢=0.01dB/m=1.15x10°Np/m, =0.8x(rad/m). Determine
R, L, G, and C for the line.

H 8
(Sol.) 50 = /% 1.15%10°+j0.87=,/(R + jaL)(G + jaC) =50- (G + j2710°C)

__ 087 _enprim), 6 =210 = 23x105(s/m),
27 x10° x50 50

R =2500G = 0.0575(Q/m), L =2500C = 0.2(z /m)

Eg. A d-c generator of voltage and internal resistance is connected to a lossy
transmission line characterized by a resistance per unit length R and a
conductance per unit length G. (a) Write the governing voltage and current
transmission-line equations. (b) Find the general solutions for V(z) and 1(2).

(Sol) (@) @=0=y=./(R+ jalL)(G+ jaC) =/RG

d?V(z)
dz?

_rov(z) & 'Z(Z)

RGI (2)

(b) V(z) =V e V"% 1V e’ |(z) =1 e VR% 1| /R
Lossless line (R=G=0):

1 L . L
y=a+jf=jollC=>a=0, f=aVLC, v, 5 - = Z, \E=R0+JXO:>RO=\[, X, =0

Low-loss line (R<<eL, G<<ao(O):

y=a+if~ ja)\/E(l+—(— —)]:am%(R\Em\%),ﬁ:w C, vpz\/i_c

L 1 R G
Zo~ —[+— (-2
0 c[ Zja)(L c)]



Distortionless line (R/L=G/C):

. C . C 1 L
7:a+jﬂ=\/E(R+ja)L):>a:R\/E, p=wLC, VP:F, Zoz\/g

Large-loss line (wL<<R, o C<< G):

7 =J(R+ joL)(G+ jaC) =a+ jB=+RG - (1+ j%L)%(ujT“’C)% ~

JRG[L+12 “" L C)]

.N/_~Q./9 Ry oyt 6. R

Lam RG,ﬂ~2(L R+C G),vp 2(L R+C G)

Z, = W/R”“’L ,/ @+ “"Lﬂ“ @+ J“’C (. ,/ I )]
G+ joC

Eg. A generator with an open-circuit voltage vg(t)=10sin(8000xt) and internal
impedance Zy=40+j30(€2) is connected to a 50 distortionless line. The line has a
resistance of 0.5Q/m, and its lossy dielectric medium has a loss tangent of 0.18%.
The line is 50m long and is terminated in a matched load. Find the instantaneous
expressions for the voltage and current at an arbitrary location on the line.

(Sol) 0.18%=-2 = 3 = C =2.21x107%G, Vg=10j
we «@C

." Distortionless, .". =%:> L=1.11x10?H/m, a= R\/% :Zi=0.01Np/m,

0

L
R

B=wLC = wL\E = ‘;—L =5.58rad /m, y=0+j$=0.01+j5.58

0

ZV 5 . 5 . .
Vo= CE 5V =0 -~V(@)=V.e” =(Z+i5 e—(0.01+15.58)z
0 =747, 315V (2) =V, G+19
V(2,1) = R[]V (2)e 5] = 220 “310 -7 . c0s(80007t —5.582 + 71.6°)

V(izt)y 1
Z, 2,10

1(z,t) = 7% c0s(80007t —5.58 + 71.6°)



Relationship between transmission-line parameters:

7 =J(R+ joL)(G + jaC) ~ ja)\/E(l+jiwC)% = jwﬁ(1+jiw)%:> G/C=0le

and LC=ue
Two-wire line: | =2z, Pa=llz(i):>R:2(&):i M
2 2ma 2ma” ma\ o,
Coaxial-cable line: | =27ady; =203, P, _—I ( S) P, _EI ( S)
R,,1 1 Ay 1
SR=2 ()= 8 ( +)
2r 'a b 272' b

Distributed Parameters of Two-Wire and Coaxial
Transmission Lines

Parameter Two-Wire Line Coaxial Line Unit
R R, R, (1 i 1 ;
. — -+ m
na 2n\a b f
D b
I * cosh=1{ = Y 0= H/m
n 2a 2
G 77r£1 ’ 27w S/m
cosh™ ! (D/2a) In (b/a)
(@ ,nig 2—7[67—- F/m
cosh™ ! (D/2a) In (b/a) ‘
Note: R, = /nfu/o,; cosh™ ! (D/2a) = In (D/a) if (D/2a)* > 1. Internal

inductance is not included.
Eg. It is desired to construct uniform transmission lines using
polyethylene (&=2.25) as the dielectric medium. Assume
negligible losses. (a) Find the distance of separation for a 3002
two-wire line, where the radius of the conducting wires is
0.6mm; and (b) find the inner radius of the outer conductor for a 75Q coaxial
line, where the radius of the center conductor is 0.6mm.

Two-wire line

e

cosh*(D/2a) "

D
cosh™ (=) =
zo=300=\/£= 2a” | 4zx10 = D ~ 25.5mm

7 295 % T+ 410
(V4

(Sol.) Two-wire line: C = = X cosh (22) , 8=0.6mm, £=2.25¢0
T a

Coaxial line: C = i L= iIn(E)
In(b/a) 2r ' a

In(-) =
a=0.6mm, Z, =75= \/g =_—a. 47 x10 — b=3.91mm

27 yl225x L 1107
3677



Parallel-plate transmission line:

. . 7, { 4
E cy=1B=JoJue, n==
77— X & %
0 3

o0
-

Jy-D=p, = p, = ek, = Lo Transonision Line (Ve 2w
Separation = d)
Aty=0, &, =Y, o - : - . -
y y yx H _ JSI — JSI =—2HZ — 259_1'31 Parameter Formula Unit
77 R %\/n:}z Q/m
. L ;ti H/m
_9 D = Psu = Psu =_‘EEy =_€E0e71ﬂl G s S/m
d
Aty=d, &, =-Y, o _
J 4 —§/><H=\]SU:>JSU=2HX——25e‘1/"Z : ‘a o
n
VxE = jauH ~jauH, =3[ Edy= jeu(['H.d
xE =—jauH, = jouH, = [ [E,dy = jou | H,dy
dv(z) . . d . d
-0 o, (20 = jo(u )., @] = joll @) = L= p S (Him)
*VxH = jasE X = joeE dWde—' "E., dx
. = Joek, a4z = Jaet, :E.[o x _Jw‘g.[o y
_di(z) W . W
=—JaeE, (7)W= Jw(sa)[—Ey(z)d]: ja)CV(z):>C:gE (F/m)
dv d?V(2) ) o 1 1
= = —»’LCV =oVLC =o\fue v, == ===~
&z ) ar Se 7 VHe = e T T
dal . d?1(z2)
= joCV =-w’LCI (2) 7 V(@ \F \F g
dz dz’ 1@ Ve ow 7

Lossy parallel-plate transmission line: G = 9c= O'E
&

. E. E i .
Surface impedance: Z, EJ—t: HZ =n. =R+ JX, =@+ ]) %

1 2 1. 2o 1.,R., 1,
=P ==Re(J,’Z) =23, 'R, == 1?(—2)==1°R
ez 2 e(| su| s) 2| su| s 2 (W) 2

R=2(Rey= 2 [MHe (1)
W W

C




Eg. Consider a transmission line made of two parallel brass strips 6.=1.6x10’S/m
of width 20mm and separated by a lossy dielectric slab g=uo, &=3, 6=103S/m of
thickness 2.5mm. The operating frequency is 500MHz. (a) Calculate the R, L, G,
and C per unit length. (b) Find y and Zo.

(Sol.) (a) R=2 /le.ll(glm), G=G§=8x10‘3(8/m)
w\ o,

L= ﬂo%=1-57X10_7(H /m), C =ag =2.12x107°(F / m)

(b) 7=(R+ joL)(G + jC) =18.13 . -0.41°, y=2mx500x 108, Zo= /CF:”Z(L: =27.21./0.3°
]

Eg. Consider lossless stripline design for a given characteristic impedance. (a)

How should the dielectric thickness d be changed for a given plate width w if the

dielectric constant & is doubled? (b) How should w be changed for a given d if &

is doubled? (c) How should w be changed for a given & if d is doubled?

_|L_d ju
(Sol.) ZO_\/;_W\/:

@ ¢>2e=>d=ov2d, () e>28=>W— o

+
! > Pon

J2
(c) d>2d=>w—2w
- - - - PL (Z) Pin—> 1 —
Attenuation constant of transmission line: o = ——, .
2P(z) .
where P.(z) is the time-average power loss in an infinitesimal ™~ i

PL=(Pout-Pou)| AZ A7) = Pout2 = Poun

distance.

y=a+jB=a=Re(y) =Re[\/(R+ jal)(G + jaC)]

- . V )
Suppose no reflection, V(z) =V,e “ M I(z) = Z_Oe—(a+1ﬁ)z
0

2
:P(z):%Re[\/(z)l*(z)]:% Re°” oc e?*

.
12|

P.(2)
2P(2)

= apiz) =P, (2)=20P(2) > ar =



Microstrip lines: are usually used in the mm wave range.

Strip
conductor

Dielectric
Substrate ™

Ground plate

1%
Vp:L’ Zo:i:\/z, ﬂ:_p: 2/0
Eq vpC C f £

Assuming the quasi-TEM mode:
Case 1: /h<0.005, t is negligible.
Given h, W, and &, obtain Zo as follows:

For Wh<1: Z, :ﬂln(8£+0.25v—vj :
&t W h

2

120z
) Ve

"W 11303+ 0.667 (W, +1444)

-1/2
where ¢ = 8f2+l+ 8'2_1[1+12V£V)

-1/2 2
where ¢, =%+1+gr _1{(1+12V%j +0.04(1—\%Vj ]

Given Zo, h, and &, obtain W as follows:

For Wh<2: W =———,where A=-2 |=" 0.23+—
e" -2 60 2 g

&

8he” Z. le +1+5r -1 0.11
+1

r r

For W/h>2: W=2—h{B—1—In(ZB—1)+g’ _1{In(B—1)+0.39—%}, where

T 2¢ &

r r



B 37 x

22y,

Case 2: t/h>0.005. In this case, we obtain Weg firstly.

Wy W ot 2h
For W/h> M 1+
Wiz ot =t ﬂh[ tj

Wee Wt (1 42N J

ForW/hs%”: . :F+% +In——

And then we substitute Wes into W in the expressions in Case 1.

Assuming not the quasi-TEM mode:

W, (0)-W
31T \here Weff(f):W+L, f :82_7;1 (h in cm)

ZO(f):W—eﬂ(f)\/Z 1+[%p}2 b

ST =0.6+0.009Z6, £4(f)=¢, ———2"_ (fin GH2)

2(0)/z,10) 1 ]

The frequency below which dispersion may be neglected is given by

and W, (0)=

f,(GHz)=0.3 - Zo T where h must be expressed in cm.
& —

Attenuation constant: a=aq +oc

g € —1tan5

\/grjgr—1 Ao

. L B
For a dielectric with low losses: a4 =27.3 (d—)
cm

s _1 1/2
For a dielectric with high losses: «, = 43427 (1 Ho | (d—B)
VEi (5r _1) o cm

8.68 R,, where R, = Abto

For Wh — c0: =

o (o}

ForW/hg}/ ; aC:8'68RSP 1+ h + h (In4ﬂW+Lj
2z 2770 | W, AW, t W

W 2
For }/ <Wh<2: a _ B.68R, PQ, where P=1-| -
2r ¢ 2aZyh

and Q:1+L+ h (Inz—h—lj
eff ”\Neff t h




For W/h>2:

-2 Weff/
W, W, W,
_BO8RQ Wt 211 ol o 4 0.4 L a

(04
™ h 7« 2h h Weff/
0 h +0.94

Eg. A high-frequency test circuit with microstrip lines.

— 850 - 900 MHz TEST CIRCUIT

Vil
¢~ ' Output
‘

C1, C7 — Johanson 0.5 - 4.0 pF Giga-Trim

C2, C5, C6 — 91 pF Mini Underwood Mica

€3, C9 — 1.0 uF Electrolytic

C4, C8 — 250 pF Uneico

C10 — 39 pF Mini Underwood

L1. L7 — 10 Turns Around 10 (1 1/2 W Resistor

L2, L3, L8 — Ferrite Bead

L4, L5 — 4 Turns 26 AWG 0.1 1D

21,22, 23,24, 25, 26 — Distri Microstrip (see
Board Material — Glass Teflon ¢, = 2,56 t = 0.031"

— PHOTOMASTER FOR TEST FIXTURE

NOTE: The Printed Circuit Board shown is 75% of the original.

— 850-900 MHz TEST CIRCUIT

et

Figure Test circuit, photomaster, and circuit construction for the MRF890
transistor. (From Motorola RF Device Data, Vol. 1, 6th edition; copyright of Mo-
torola, used by permission.)




Eg. The high-frequency ICs with CMOS devices.




5-2 Wave Characteristics of Finite Transmission Line

|
1
|
|
(v, Zo) : 48
l
L
I
t

Eg. Show that the input impedanc is Zi=(2), , = Z, 220 BN
2=t Z,+Z tanh

V(z) =V, e” +V, e”..( ¥ -
(PI’OOf) ( ) 0 0 ( ) ’ Vo Vo
I(z2)=1,e” +1, e"...(2) I
Let z=1, V()=VL, 1()=I
V=V, Ve V, = %(VL +1,Z,)e"

= | _V0+ e—%_VO_ eW:> 1
- Z, Z, Vo :E(VL —1.Z,)e"

__7| Z Z -z )
V(Z) 2 ( + 0)e}/([ )+(2 _Z )e’}/([ Z)]

|
|(Z) —_ L [(ZL +Zo)er(ﬂ—z) _(ZL _Zo)e—y(é—z)]
27,

V(z)= I—L[(ZL +Z,)e" +(Z, -Z,)e™"] V(z')=1,(Z, cosh yz'+Z,sinh yz')
= |2 =
(2') =—-[(Z +Z,)e" —(Z,-Zy)e™"]

1(z') = ;—L(ZL sinh yz'+Z, cosh yz")

0

27
0 Z, +Z,tanh ﬂl 2=(2),. = 2, Z, +Z,tanh

Z,+Z tanhjz 2= Z,+Z tanh

Z, + jR,tan gl
R, + JZ, tan gl

- 272(2')=2

Lossless case (a=0, y=jp, Zo=Ro, tanh(yl)=jtanpl): Zi=R,

Y Y
Note: In the high-frequency circuit, the input current li= e - 8 the
Z,+Z;, Z,+Z,

g i

value in the low-frequency case. And the high-frequency l; is dependent on the length
I, the characteristic impedance Zo, the propagation constant y of the transmission line,
and the load impedance Z.. But the low-frequency I is only dependent on Zo and Z.



Eg. A 2m lossless air-spaced transmission line having a

Hl] 40430

characteristic impedance 50Q is terminated with an Z=50Q
impedance 40+j30(€2) at an operating frequency of 200MHz. F
Find the input impedance. Zi 2m
(Sol.) ﬁ=2=gz, R, =50Q, Z, =40+ j30, ¢=2m

v

p

(40 + j30) + j50-tan(4;-2)

Z, =50

=263 jo.87
50 + j(40 + j30)-tan(?”-2)

Eg. A transmission line of characteristic impedance 502 is

to be matched to a load Z,.=40+j10(Q2) through a length I’
of another transmission line of characteristic impedance

Z=50Q Ry’

Hl] 40+j10

Ro’. Find the required I’ and Ro’ for matching. ¥

40 + j10 + jR, - tan B¢'

— - = R,'=+/1500 ~38.7(Q2), ¢'~0.1051
R, + j(40 + j10) - tan g¢'

(Sol.) 50=R, -

Eg. Prove that a maximum power is transferred from a voltage source with an
internal impedance Z4 to a load impedance Z, over a lossless transmission line
when Zi=Z4*, where Z; is the impedance looking into the loaded line. What is the
maximum power transfer efficiency?

Z
(Proof) I, = v S Vo=—fi vy
Zi+Z, Z,+Z,
R V[’
(POWGI’)OUt = lRe[ViIi*] _ 2|N| :
2 2[(R +Ry)* +(X; +X)°]

When R, =R, and X, =-X,, (Power),, —Max,.. Z;=2Z *

out i g

P
o (Power)

out __

1
P 2

g g S

2 2
In this case, (Power) ﬂ Ps=%Re[\/|i*]=%,

out — AR



Transmission lines as circuit elements:
Z, +Z,tanh p
©Z,+2Z, tanh
1. Open-circuit termination (ZL—): Zi=Zi,==Zocoth(y/)
2. Short-circuit termination (Z. =0): Zi=Zis=Zotanh(y/)

S Zo= ZiO.Zis,yzltanh’1 Zis
£ Zi
2

L R
3. Quarter-wave section in a lossless case (1=4/4, pl=n/2): Z. = ZL
L

Consider a general case: Zi=Z

4. Half-wave section in a lossless case (1=4/2, pl=n): Z, =2,

——— 4m —_—

Eg. The open-circuit and short-circuit impedances measured at

the input terminals of an air-spaced transmission line 4m long r

are 250 ~-50° () and 360.£20° (€2), respectively. (a) Determine -
e \

Zo, a, and g of the line. (b) Determine R, L, G, and C. |—>

Zis =3602£20°

(Sol.) (8) Z, =~/250e *" -360e%” =289.8— j77.6,

y =%tanh_1 /% ~0.139+ j0.235 =+ jB

() R+ joL=2Z,-y=58.5+ j57.3, L= 573 _573 0.812(uH /'m)
0] cp
_8.76x10™"

G+ja)czzl:24.5x1o-5+j8.76><10-4, C =12.4(pF /m)

0

Eg. Measurements on a 0.6m lossless coaxial cable at 100kHz show a capacitance
of 54pF when the cable is open-circuited and an inductance of 0.30uH when it is
short-circuited. Determine Zo and the dielectric constant of its insulating
medium.

54 x107* ~0.3x10°°

(Sol.) (a) cszgxlo*“(F/m), L= =5x107"(H /m)

Lossless= Z, =R, = \/g =74.5Q, us = pyu,. &6, =LC = ¢, =4.05



General expressions for V(z) and 1(z) on the transmission lines:
Lt ICle’, 2'=1-z
Z +Z,

Let I'=

V(z') = I?L(ZL +2Z,)-e" [L+Te "]

1(z') = ZITL(ZL +2Z,)-e" [L-Te "]

V(z) = I?L(ZL +Z,) €% [L+ (T[]

=

1(2) = (Z,+Z,)-€" - [1-|T]e’“ ]
2Z,

ZN : :
For a lossless ling, V(z)=—>2— e /#[1+ e 12/(2]
Zy+Z,

Eg. A 100MHz generator with V4=10~0° (V) and internal
resistance 50Q is connected to a lossless 50Q air line that is Z=s00

3.6m

. ™

3.6m long and terminated in a 25+j25(€2) load. Find (a) V(2)

terminals and V. at the load, (c) the voltage standing-wave

Z=50Q 25+/25

|
I
|
at a location z from the generator, (b) Vi at the input %104 E
|
|

radio on the line, and (d) the average power delivered to
the load.

(Sol) V,=10£0°V) , Z,=50(Q) , f=10°(Hz) , Z,=50(Q)

Z, =25+ j25=35.36.,45°(Q),
w 27108
¢(=36(m), f=—=——
(m, / c 3x10°8
2,2, (5+j25)-50

Z, 12, (25+j5)+50

_ 2?” (rad/m), A =2.4x(rad/m)

=0.447 206487, I', =0

@ V()= ZZoV; o it [l+1-,e7j2ﬂ((72)] _ 5[e—j27zz/3 +0.447ej(22/370.152)7r]
+

0 g

(b) V, =V (0)=5(1+0.447e1°°%") =7.06 £ —8.43°(V)
c) V, =V(3.6) =5[e %" +0.447e!%%8" 1 = 4.47 / — 45.5°
L

2
d) S= L 10447, 00 p, = Ve
1-|0]  1-0.447 2

1, 447

2 35.36

ZL

“LI R, == (—"1)2x 25 = 0.200(W)



Case 1 For a pure resistive load: Z_.=R_
V(z')=V, -cospz'+]jI R, -sin pz'

V(2')| =V, -ycos? pz+(R, /R )?sin? pz
I(z)=1, -cos,Bz'+jR—:-sin p 1(2)=1, -\/cosz B +(R_IR,)Zsin? fir

_ 1+ |F| | | _sS-1 = 1. '=0< S=1 when Z, = Z, (matched load)
1-|rf |

S =
S+1

2. I'=-1< S=00 when Z, =0 (short-circuit), 3. '=1 < S=-00 when Z_=co (0pen-circuit)

Voo | &|1in| OCCUrS &t 6. =22, =—2n7
P V(z')l for Ry > Ry
1zl for Ry < Ry

~I(z")| for Ry > Ry
Uizl for R < R

Vyin| & |l | OCCUrs &t 6. —2p2' i =—(2n+1)7

If o

R >R, =>T'>0=6, =0, z'm=%, N=0123...

If RR <R, =T<0=6,=-7x, Z';,=—

If R, :oo:>Z'm=%

Eg. The standing-wave radio S on a transmission line is an easily measurable
guality. Show how the value of a terminating resistance on a lossless line of
known characteristic impedance Ro can be determined by measuring S.

(Sol) If R >R,, 6. =0, V| occursat fz'=0 and V| occursat,b’z':%.

R R max e R
Vol Ve Mol V2 = =1 e, Jl s =R

0 min

R, =SR,.

If R.<Ry, 6. =—x, V| occursat pz'=0,and V| occursat ,Bz':%,

R Mosx| _ V| _ s _ Ro

R
1=V, , =V, =2, |l =1, [I.|=1 ==. —
[an| L [Vmax| L RL | rrax| L | m|n| L Ro [Vmin| Imin| RL

R,

R =-—2
s



Case 2 For a lossless transmission line, and arbitrary load:

]I”\\\ Z= Ro : Rm - JRO fan ,Bfm , Zm Hm=\/2
AN R, + jR, tan B¢

. S Find Z.=?
s ' oL r= S—_i 2. At Or=2fzm -m, V(2’) is a minimum.
:},,, z —}'u . 4" S +
2 | S : 1+Tle’*
_: - - .u( 3 ZL:RL'I'JXL = RO . L@ = 0" ]-—i_—r
e 1-|rje’* 1-T

Eg. Consider a lossless transmission line. (a) Determine the line’s characteristic
resistance so that it will have a minimum possible standing-wave ratio for a load
impedance 40+j30(€2). (b) Find this minimum standing-wave radio and the
corresponding voltage reflection coefficient. (c) Find the location of the voltage
minimum nearest to the load.

(Sol.)

_‘ZL—RO‘_4O—RO+j3O‘_(40—R0)2+302]]/2 _ 141 ds

Ir|- - ke S s B R —s00 = -2
1Z, +R,| |40+R,+j30| "(40+R,)?+30 1-0" dR, 3
38:2, 1"=ZL_R0:_10+_J30=14—900=14—£, 01_:_1
Z +R, 90+j)30 3 3 2 2
zmin-:i(ﬁ_f):i, gmzi_izg’_’l
2 2" 8 2 8 8

Eg. SWR on a lossless 50Q terminated line terminated in an unknown load
impedance is 3. The distance between successive minimum is 20cm. And the first
minimum is located at 5¢cm from the load. Determine T, Zy, Im, and Rm.

(Sol.) %=0.2:>ﬂ=0.4m, ﬁ=27”=57r

N=3"1_0s5 2,=005=¢, =% —2,'=0.15m
311 2

01- = Zﬁzml—ﬂ' =-05x , T = |1"|ej‘9r — 0.5e—j0.57z — _%
1+ ()

R, =50, Z, =50-— 230 j40 =50.~n * 101N,
] 50 + jR, tan A,
1-(=3)

—R = % =16.7(Q)

m



5-3 Introduction to Smith Chart

The Complete Smith Chart
Black Magic Design

P
ST AR
25 COSS N
S etantutls ﬁ O
; st l} D
g R e,

il o BEsntEedh

i

REEY
g “‘\‘3‘!“‘,“3\}1‘3"“"33‘3’3
SRS

X
el

_ZL_RO_
CZ 4R,

e = Z IR-1 _z,-1 _r
Z IR,+1 z,+1

1-T?-T7? « 2T

> r=— =
(:l'_l_‘r)z_kr‘i2 (:I'_l_‘r)z—i_l_‘i2

= - " y24r?= (- i Ir)2: r-circle, (T, =1+ (T, —%)2 = (%)2 - x-circle

I': =1 line




Several salient properties of the r-circles:

1. The centers of all r-circles lie on the I'r-axis.

2. The r=0 circle, having a unity radius and centered at the origin, is the largest.

3. The r-circles become progressively smaller as r increases from 0 toward oo,
ending at the (I'+=1, I'i=0) point for open-circuit.

4. All r-circles pass through the (I'+=1, I'i=0) point.

Salient properties of the x-circles:

1. The centers of all x-circles lie on the I''=1 line, those for x>0 (inductive reactance)
lie above the TI'—axis, and those for x<O (capacitive reactance) lie below the
I'—axis.

2. The x=0 circle becomes the I'—axis.

3. The x-circle becomes progressively smaller as |x| increases from 0 toward oo,
ending at the (I'+=1, I'i=0) point for open-circuit.

4. All x-circles pass through the (I'=1, I';=0) point.

Summary

1. All [T'|—circles are centered at the origin, and their radii vary uniformly from 0 to
1.

2. The angle, measured from the positive real axis, of the line drawn from the origin
through the point representing z_ equals Or.

3. The value of the r-circle passing through the intersection of the |I'|-circle and the
positive-real axis equals the standing-wave radio S.

Application of Smith Chart in lossless transmission line:

V(z') 1+Te 127 Z,(z) 1+Te i 1+[[e”
Z,(2") = =1 —], 7,(z)=—"——= —— = — when
/(2) 1(z") °[1—re-12ﬁz] () Z, 1-Te’* 1-|rje”
¢=0 -2/

keep |I'| constant and subtract (rotate in the clockwise direction) an angle
=2p7'= TﬂZ from Or. This will locate the point for |T'|e!?, which determine Z;.
Increasing z’ < wavelength toward generator in the clockwise direction

A change of half a wavelength in the line length Az':% < A change of

28(A2) =27 ing.



Eqg. Use the Smith chart to find the input impedance of a section

of a 50Q lossless transmission line that is 0.1 wavelength long and r
is terminated in a short-circuit.

(Sol.) Given z, =0, R, =50(Q2), z'=0.11
1. Enter the Smith chart at the intersection of r=0 and x=0 (point P, on the

Zj 0.11

extreme left of chart; see Fig.)

2. Move along the perimeter of the chart (I"=1) by 0.1 “wavelengths toward

generator” in a clockwise direction to Pi. At Py, read r=0 and x=0.725, or
z, = j0.725, Z, =50(j0.725) = j36.3(Q2).

Eg. A lossless transmission line of length 0.434). and
characteristic impedance 100Q is terminated in an Z~1000 ¢]260+j180
impedance 260+j180(Q2). Find (a) the voltage reflection r

coefficient, (b) the standing-wave radio, (c) the input Zi
impedance, and (d) the location of a voltage maximum on the line.
(Sol.) (a) Given 1=0.434), Ro=100Q, Z,=260+j180

1. Enter the Smith chart at z.=Z,/Ro=2.6+j1.8 (point P in Fig.)

0.434%

2. With the center at the origin, draw a circle of radius OP, = |F| =0.60. (OPs=1)
3. Draw the straight line OP, and extend it to P>’ on the periphery. Read 0.22 on

“wavelengths toward generator” scale. ¢.=21°, I =|[le!* =0.60£21°.

(b) The |F|:O.60 circle intersects with the positive-real axis OP,. at r=S=4.

(c) To find the input impedance:
1. Move P>’ at 0.220 by a total of 0.434 “wavelengths toward generator,” first to
0.500 and then further to 0.154 to P3".

2. Join O and Pz’ by a straight line which intersects the |F| =0.60 circle at Pa.
3. Read r=0.69 and x=1.2 at P3s. Z, =R,z, =100(0.69 + j1.2) =69 + j120(Q?) .
(d) In going from P2 to P3, the |F|:0.60 circle intersects the positive-real axis

OP,. at Pwm, where the voltage is a maximum. Thus a voltage maximum appears at
(0.250-0.220) 4 0r 0.0304 from the load.


http://faculty.pccu.edu.tw/~meng/SmithChart-Chung.mp4
http://faculty.pccu.edu.tw/~meng/SmithChart-Chung.mp4
http://faculty.pccu.edu.tw/~meng/SmithChart-Chung.mp4
http://faculty.pccu.edu.tw/~meng/SmithChart-Chung.mp4

023
o oW ety Taw g
1

o1t e

¢

N R

(-F5-), 0n_comoue rance <o,

arsisTaNCE ChuPONENT
H



http://faculty.pccu.edu.tw/~meng/SmithChart-Chang.mp4

Application of Smith Chart in lossy transmission line

1+Te?® g2/  1+4[[e”™ e
' l_Te = gl 1-|rje -e¥

.". We can not simply move close the |T'|-circle; auxiliary calculation is necessary for
the e2%% factor.

Eg. The input impedance of a short-circuited lossy transmission line of length 2m
and characteristic impedance 75Q (approximately real) is 45+j225(Q). (a) Find «
and g of the line. (b) Determine the input impedance if the short-circuit is
replaced by a load impedance Z.= 67.5-j45(€2).

(Sol) (a) Enter z,, =(45+ j225)/75=0.60 + j3.0 inthe chart as P1 in Fig.

Draw a straight line from the origin O through P; to P1".

Measure OP:/OP,'=0.89=e?", o= 1 |n(i) _1 In(1.124) = 0.029(Np / m)

2¢ 089" 4
Record that the arc P,.PR,' is 0.20 “wavelengths toward generator”. ¢/A1=0.20,
20 =41 21=08x. p =% =% =0.2z(rad /m).

(b) To find the input impedance for:
1.Enter z, =Z,/Z,=(67.5- }45)/75=0.9—- jO.6 on the Smith chart as P-.

2. Draw a straight line from O through P2 to P>” where the “wavelengths toward
generator” reading is 0.364.

3. Draw a |[]-circle centered at O with radius OP, .

4. Move P,’ along the perimeter by 0.2 “wavelengths toward generator” to Pz’ at
0.364+0.20=0.564 or 0.064.

5. Joint P3” and O by a straight line, intersecting the |F|—circ|e at Ps.

6. Mark on line OP, a point P; such that OP, /OP, = e* =0.89.

7.AtP; read z, =0.64+ j0.27. Z, =75(0.64 + j0.27) = 48.0+ j20.3(Q)
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5-4 Transmission-line Impedance Matching

Impedance matching by A/4-transformer: Ro’=,/R,R,

Matching Resl Impedances without L .C!

- JB
Let (=AM, hen &°  poes 8
Satirg Z -Z0R, z, 9
Viedss Z, = (ZRp

Optical Quarter-Wave Transformer:

" n n = (e PS = 3T
i —
L. T e 1w e S
3 Apzlcasons: costed camera lenses. garses,
Sl - - OPEOSISCT NG COMPIrares,

hige-poreer Lasers, @3
Irvvarans by Prol. Smabuss af Lenz

MORE QUARTER-WAVE TRANSFORMERS

Wavegukio Transformers; d
T, Vs with waveguce saes
.

Zaz 2y

Multi-stop Transitions:
Waveguses can hyee N matple ————— sede Ve
eps 1paced b apart | 1
Example, 1:268 Transformer:
ForX =2 X = | ohee, 2, = 225G obera and X, = (1 < 3587 % = 16 cwra

FOrNee Z w1 =180 adotwvns, 2 =18 2, (16 - 2805 w83
ForNwB Z, w|1adft =2 X =4 (restare 8 16, 33, €4 anz 123 chers)

[j‘—,.!AI::ELh_R_“H & pcnental setes

EXPONENTIAL TRANSITIONS AND HORNS

Acoustic Transformers, Exponential Horns:
Ve use N & S0, 5605203, where L is the length of the transformer
17 the lImE we €20 Moot e 20003 10 yiedd an esponenial shape
Acoustic Examples:
Freach rom trumpet. lkkodspeakers:

% =i
o= |
Hgh preswure, high

imzedance end | N=B— i, wdLW

e et ) - "d.39 s 15 mewrs
T M= gy = ~2001 5) = 200 M2

2 Wwpressure
Ww-Trpetence end

~Azouslic Dardstdaon ne

Eg. A signal generator is to feed equal power

through a lossless air transmission line of P S
characteristic impedance 50Q to two separate

resistive loads, 64Q and 25Q. Quarter-wave
transformers are used to match the loads to the 50Q

line. (a) Determine the required characteristic
impedances of the quarter-wave lines. (b) Find the standing-wave radios on the

matching line sections.
(Sol) (@ Ry =R, =2R, =100(£2).

Ry; = /RuRi =100 x64 =80(Q), R,, =+/R;,R,, =100 x 25 =50(Q)
(b) Matching section No. 1:

_R,-R, 64-80
R,+R, 64+80

40| 14011

= = =1.25
1-|r] 1-0.11

011, S,

1

Matching section No. 2:

_R, —R(‘,2 _25-%0 - 03, S, -
R,+R, 25+50

1+[0,| 1+0.33

= =1.99
1-|r,] 1-033

2



Application of Smith Chart in obtaining admittance:

Z 1 1 .
Y, =1/Z,, 7, ==t = =—— where y, =Y, /Y, =Y,/G,=R,Y, =y+ jb
L L L RO ROYL yL L L 0 0 0 0'L

Eg. Find the input admittance of an open-circuited line of characteristic

impedance 300 and length 0.04A.

(Sol.) 1. For an open-circuited line we start from the point Poc on the extreme right of
the impedance Smith chart, at 0.25 in Fig.

2. Move along the perimeter of the chart by 0.04 “wavelengths toward generator” to
Ps (at 0.29).

3. Draw a straight line from Ps through O, intersecting at Pz’ on the opposite side.

4. Readat Py y, =0+ j0.26, Y, =%(0+]0.26)=j0.87ms.

Wavelengths
toward geneV

(0.04)P3
I
(0.00) (0.25)
Pyc (@) Py

P3(0.29)



Application of Smith Chart in single-stub matching:

Y, =Yg +Y =Y, = Ri =1=y; +Ys, Where ys=RoYs, ys=RoYs - w
o \»
\

. 1+4jbs= yB, .". ys=-jbs and Ig is required to cancel the imaginary
part.

Using the Smith chart as an admittance chart, we proceed as y. follows for
single-stub matching:
1. Enter the point representing the normalized load admittance.
2. Draw the |T'|-circle for yi, which will intersect the g=1 circle at two points. At
these points, yg1=1+jbs1 and ys,=1+jbg. Both are possible solutions.
3. Determine load-section lengths d: and d> from the angles between the point
representing y. and the points representing yg1 and ysa.
Determine stub length Ig: and Ig2> from the angles between the short-circuit point on
the extreme right of the chart to the points representing —jbg: and —jbgz, respectively.
Eg. Single-Stub Matching:

154 Matching Networks and Signal Flow Graphs Chap. 2

2N t
e TS,
Zo=501)
€
Zi=50.0 Z; =500
(b)

€2

| i\
| |
O
F Z,=50Q Z; =50
2N
(c) ¢

Figure (a) A matching network using microstrip lines; (b) an alternative draw-
ing; (c) schematic using two-wire transmission lines.




d
Eg. A 50Q transmission line is connected to a load \\ d]
35-j47.5

impedance Z; = 35-j47.5(Q). Find the position and length

of a short-circuited stub required to match the line.

(Sol)  Given R, =50(Q?) , Z =35-j475Q) 1
z, =Z, /R, =0.70-j0.95

1. Enter z, on the Smith chartas P,.Drawa |F| —circle centered at O with radius OP, .

2. Draw a straight line from P, through O to P', on the perimeter, intersecting the |F|—circ|e at
P, , which represents Yy, . Note 0.109at P', on the “wavelengths toward generator” scale.
3. Two points of intersection of the |F|—circ|e with the g=1 circle.

At Py =1+ j1.2=1+ jby,. At P,: Vg, =1-j1.2=1+ jbg,;
4. Solutions for the position of the stubs:
For P, (from P', to P';): d; =(0.168—0.109)4 =0.0591
For P, (from P', to P',): d, =(0.332—-0.109)4 =0.2231
For P, (from P, to P',, whichrepresents — jb,, =—jl1.2):
(g =(0.361-0.250)4 =0.1111
For P, (from P, to P",, whichrepresents — jbg, = j1.2):
lg, =(0.139+0.250)1 = 0.3891



http://faculty.pccu.edu.tw/~meng/SmithChart-Jaw.mp4
http://faculty.pccu.edu.tw/~meng/SmithChart-Jaw.mp4
http://faculty.pccu.edu.tw/~meng/SmithChart-Jaw.mp4
http://faculty.pccu.edu.tw/~meng/SmithChart-Wen.gif

5-5 Introduction to S-parameters

S,,S
S-parameters: [S]:{ 1 12} for analyzing the two-port high-frequency circuits.

21%22

Input port Output port
_—_al(f)g a‘ff‘»’ Two-port ai@ aﬁ(\xp)_
201 - - network - - 202
___b1(x) bi(¢1) ba(£2) bz(X)___
Port 1 Port 2
Xy = €4 X2 =&
Figure Incident and reflected waves in a two-port network.
. 1 1
Define alx)= X)+Z,1(x)|, blx)= X)—2Z,1(x
(0= 5 M+ Ze1 ), B0 = 3 0- 2,10
b,(1,) = 511a1(|1)+ Sia,(l; ), b, (Iz)= S21a1(|1)"' Spa, (Iz)
R Pm} i {snsuHalal)} |
b2(|2) S21822 a‘Z(IZ)
| b, (I b, (I
where S, :M a,(1,)=0 Sy = 2( 2) a,(1,)=0 Sy :M a,(l)=0 1 and

a,(l,)

ay(l)=0 *

3,(,)

812 _ bl (Il)

~ayl,)

Eg. The variation of Si; parameter of a tab monopole antenna versus operating
frequency.

Bl Lid Floment Combol reess S Help

Di=a| ] Slviw]

The S|, parameter of the Tab Monopole




Eg. The variation of Sy parameter of a wideband low-profile SIW cavity-backed
bilateral slots antenna for X-band versus operating frequency.

W,
00000000000 O G-y
© o
O . o
8 == 2 = 8 N Shortslot
O Way 1., WO 3
4 S bl b p

o 2@y S |Le op plate
o, o \
Oy ’ O
O-";-d S || Substrate
S o 9| o Y
° booc2f  pme

cocoo| | |}o000 plate \

I \

(a) Schematic of the designed wideband antenna and (b) 3D view. [/7. = 19.6. L. =
23.2,Ly=17.7, W;3;=06,d,=534,L;,=9.1, W= 06,d,=44,p=15,d=1, wsg=3, =4,
g=1251,=42, h=0.5]. (Units: mm)

0 ==
o X i O
[
|
-104 !
2\
= M\ | =
-] \ =]
= / \ii =
& S -
-20 \
—o—d,=4.94 ,
——d,;=5.34 |
——d,=5.86
-30 T T T T
8 9 10 11 8 9 10 1"
Frequency (GHz) Frequency (GHz)
(a) (b)

Reflection coefficient (S;;) variations with different values of (a) d; (b) d,.

0

-10 4
) & 20
= =
i 7
=30 4
—— W,=0.6
——W,=0.8
——Wy=1
-40 ~ -
-30 T T T T
8 9 10 11 8 9 10 1"
Frequency (GHz) Frequency (GHz)
(a) (b)

Reflection coefficient (S;,) variations by slot width (a) Wy, (b) W,.



Eg. Compact balanced bandpass filter using miniaturized substrate integrated
waveguide cavities.

Port1/1’ Port2/2’ r
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New S-parameters obtained by shifting reference planes:

U Reference planes ———____
~ i // \\\ s o~
)~ 01 = Bt ¥ N b2 =Bl ~X
- ——— e ]
| |
‘ 1 |
~ - -~ ~ ;
a{(0) T ay(€4) : Two-port j as(€>) ‘ a(0)
bi(0) | by(€4) network | ba(t2) | b2(0)
- - s Sl
\
| |
Port 1 Port 1 Port 2 Port 2’
xy=0 xXi =€ Xo =€ X =0
Figure Model for shifting reference planes.

b(l,)=b, (0™, a(l,)=a,(0f"*, b,(,)=b,(0e", a(,)=a,(0)k "
|:bl(0):| :I:Sne_jzal Slze_j(gl+€2):|.—a1(o)} where

b, (0) 5216—1(01%) Szze—izez a, (o)

|:S|lls|12:|:|:slle_j291 Slze_j(gli-ez)} and |:Sll Slz_ :I:Slllej2(91 S|12ej(61+92):|

$',,8", | | S, 1t%)g 712 S5y | |S',el s gl

1 5
T-parameters: {al(ll):|:|:TllT12 -{bZ(IZ)]Where F—nle}: S Sa
bl(ll) ToiTo | az(lz) 21122 i S _811522
12
Sa S
h T _T21T12
22
and {811812:|: Ty Ty
S2152 i _Tﬁ
Ty Ty

For analyzing three-port, four-port, ..., n-port high-frequency circuits, the

S-parameters are expressed in the following ways:

Si a(l)

Su ) a,(,) |, ...
1w Su || &)

Su ] La(ly)

11

by (L)
bi(l,) Su S, Sy a(l,) b,(,)
bz(lz) = 821 Szz st ’ az(lz) ' e

b,(1,) |
b,(l S, S, S | 3\la
3( 3) 31 32 33 a3( 3) b4 (|4)

S, S
S, S
SBl S32
S, S

41



Eg. The variation of S-parameters of a compact UWB 1:2:1 unequal-split 3-way
Bagley power divider using non-uniform transmission lines.

()

Configuration of the proposed compact (a) NTL layout (b) TTL UWB 1:2:1unequal split 3-way BPD layout

and (c) fabricated prototypes.

0 0
2
:; .l 4 / 'gﬂ!::““_i s s, -
f ( I —_ J’ ( | Y *
o b H =) -6
N L = \—“
t\pl = g \
/ v - = NTL (Mcas.) 1 ':
/ =10 - ==ees NTL (Sim.) R LT P
J o i == =TTL (Meas.) ‘I H (P}
12 == =TTL (Sim.) ‘
-14 -‘
40 = =TTL (Sim.) 16 \
1 3 5 7 9 11 13 1 1 3 5 7 9 11 13 15
Frequency(GHz) Frequency(GHz)
(a) (b)
0 i
-5 —
T e AN Y
=10 .‘1 v X '-?
T .15 Vv ‘}v' \
- )
w =20 'l I
I e NTL (Meas.) .!
o-25 1 vane s NTL (Sim.) -
@ 30 b === TTL (Meas)) N
B = =TTL (Sim.) !’
-35 1
1]
-40
1 3 5 7 9 11 13
Frequency(GHz)

(@

S-Parameters (a) Si1. (b)S12 =S14and (¢) S13 of NTL and TTL UWB 1:2:1unequal split 3-way



