\ O N S Features Used

> real (), limit (),
Qy NewProb, when (),
(@) Numeric Solver

W Setup
Q [+]1, NewFold tiine
X Chapter 12 setMode("Angle",
L "Degree")
setMode("Complex
Format", "Polar")

Transmission Lines This chapter describes how to calculate the characteristic
impedance and phase velocity on transmission lines.
Steady state transmission line behavior and simple
matching concepts are included also. The functions
reflcoef() , lineleng() , zin(), yin(), and vswr() are created.

Topic 56: Characteristic Impedance

One of the most basic parameters of a transmission line is zo, its characteristic impedance. zo
depends upon the geometry and the material of the transmission line. In this section, zo is
calculated for four common transmission lines — coaxial, twin-lead, parallel plate, and microstrip.
The cross-sections of these lines are shown in Figure 1.
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Figure 1. Transmission line cross-sections
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Table 1. Characteristic impedances

The equations shown in Table 1 are used to calculate zo of a transmission line from its geometry
and material parameters. However, with the TI-89’s numeric solver, any variable can be calculated

when the others are known.
Coaxial and Twin-lead

1. Clear the TI-89 by pressing [F6] 2:NewProb [ENTER].

2. Press 9:Numeric Solver to display the Numeric
Solver, and enter the equation for zo as highlighted in

screen 1.

zocoax [=] 60 [x] [CATALOG] In(b (3] a[] [) V][]

(aloha) e ] 0]

3. Press [ENTER] or @ to display the variables in the

equation.

Note: To enter €, press [¢]
e

EEH-ocoax=a0klnih-a- Tk

1)
JITLINE DEGAUTD FUNC

Note: The number of digits
displayed is independent of the
mode settings, since it is a numeric
solution.
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10.

Enter values of b=.015, a=.005, and er=2. Then move the
cursor to zocoax= and press (F2] Solve to obtain the
solution zocoax =46.61... Q as shown in screen 2.

The = symbols on the left side of the screen show which
variable was calculated and that the solution is exact
since left-rt=0 .

To calculate the value of er which will give zocoax =50,
enter 50 into zocoax,, move the cursor to &r, and press
to display the required value of 1.73... (screen 3).

In a similar manner, enter the zo equation for the twin-
lead line by moving to the top of the line.

zotwin [=] 120 [x] [CATALOG] cosh !(d [3] [ 2[X] V]alx] b
0J0OJ 0] & [ [2nd) [v] (¢ (D (aloha) er (] 0]

Set d=.01, a=b=.0005, and er=1.5 and solve for
zotwin =293.27... Q (screen 4).

These two equations used can be accessed through [F5];
the number of “last” equations is eleven (11) by default
and is set using [¢] (1] ® (screen 5).

Press () to display both equations. Any equation in this
list can be made the active equation by highlighting it
and pressing [ENTER]; activate zocoax (screen 6).

Equations can be recalled to the Numeric Solver in this
way as long as the number of last equations history is
not exceeded. For more permanent storage, press
2:Save Copy As . The equation is placed in the TLINE
folder. Name it coax (if it is named zocoax, the equation
name will conflict with the variable name) as shown in
screen 7.

Fi-] F2 Fi= F4 FE Fi
Too 15|20 Tue|GFarh|Get Cursor|Eans{Clr a-x..

119

ZOCOaX= Eﬂyln(b/a)/(J(EP))

=2,
bound=<-1.e14,1. 14>
mleft—rt=0.

)

TLINE DEGRUTO FUMWC

Fi-| Fz Fa= Fu FE FB
Tools|ZoTug|Grarh|GEet Curser|Eans|Cly a-=...

zocoax=aslnib gl CICsrad
zncnax=5@.

bnund i-1. El4 1 514}
mleft—rt=0.

®)

O

G

TLINE DEGRUTO FUMWC

Fi-| Fz Fa= Fu FE FB
Tools|ZoTug|Grarh|GEet Curser|Eans|Clr a-=...

zntw1n—128*cnsgiid/(2*I(a*t

zr=1.5
bound=L-1.e14,1. 14>

TLINE DEGRUTO FUMC

Fi-1 F2 Flir F4 FE Fi
Tonls S-:-]ue GFarh{Get Cursor|Eans|CTr a-=..

FORMAT,

Lask E4ans Hiskorw:

< Enter=SAvE ]
baund= { 1.el4,

Lt nLEn Rl [l B

TLINE IJEG AUTO

Enter=0k EZC=CAMCEL

(6)

TLIME DEGAUTO FUHC

ZHUE COFY ns oy

Tere: Equakion
Folder:  Eling ¥

varigble: EORY ]

Entsr=3AVE EZC=CAMCEL

)

~

TYFE + [EMTERI=0E AMWD [ECI=CAMCEL
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120 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

11. To verify that coax has been stored, press [VAR-LINK]
and scroll down to the TLINE folder to see coax and each
of the variables a, b, zocoax, and ¢r listed (screen 8).
Since the variables are listed alphabetically and Roman
characters precede Greek, ¢r is at the bottom of the
folder; scroll down to see it.

Parallel Plate and Microstrip

Although the remaining two equations can be entered into the
Numeric Solver and saved in the same way, the rather
complicated microstrip equation is entered and checked more
easily in the Home screen.

1. Return to the Home screen, and clear the variables to
be used in the microstrip equation as shown in screen 9.

CATALOG] Delvar f[5] w (-] [¢] (] [alpha) er ] d

2. Now enter the zo equation (screen 10).

zomicro [=] [CATALOG] when( w [3] d [2nd] [<] [5] 1 (5] 60 [x] [2nd]
(N 8xdEHwHwEH[4dD 0] E L] 120(2nd) [x] (2]
(O[O wE dE 1393+ 2[5 3[x] 20d) [LN] w 5] d [+] 1.444
01 0] (x) f0J (0] [STO») egn

Note how the when() command is used to implement the
two parts of the zomicro equation. The > egn at the end
stores the zomicro equation so that the Numeric Solver
uses it.

3. Press[APPS] 9:Numeric Solver to see zomicro in the
Numeric Solver.

4. So far f has not been defined. Return to the Home
screen and define f as shown in screen 12.

(2nd) [ [0 [+] (O [aloha] er (+] 10] (] 2(#] (T [+] [ (aloha) er
H10EH 02K @d V] 1# 126 d[FH w01 0]
[STO>] f

To prevent deleting f with NewProb, be sure to lock it.
Alternatively, name it ff. See Do This First.

5. Display the Numeric Solver and press [ENTER]. Enter the
values for a microstrip transmission line on a dielectric
substrate with thickness d=0.00127, er=2.2, and a
conductor width of w=.00391 m. Solving for zomicro
gives zomicro =50.31...Q (screen 13).

’ VAR-LINKE [A11]
Fir T F& [Fa-FY4 [FE Fi
ranade|Vicw.. |Link| Contents...

b E 12
coax E 25
d E 12
ZOCOEH ExFE 12
i zotwin ExFE 12
TLINE B DEG AUTO FUNC

(8)

()

(10) T A E S PR

(11) TLIHE DEG AUTO FUHC

Wt iz d »
W
z
..2—=11- L0 1+124d1w adl
(12)[Tiime TEG AUTO FUNC [T

mzomi cro=ER s i R
w=. 28391
d=. 00127
sr=2.2
bound={-1.e14,1. 14>
mleft-rt=0.

(13)|7rme TEG AUTO FUNC

Fi-]1 Fer |F2-[ Fi=] FE [
Tools|A13¢brajCalc|Other|Framl0jClean Ur

= HewProb Dioe
B Oelllar f,w.sr,d Diatie
TLINE DEGALTD FUNC T

[FhI nvIrhTrhT FE I Fi~ I ]
Tools|Aldebr alalc|Okher [FramiD|clean Ur

W 2

&0 - ln[— +—

4-d [

zomicro = f b

1z

F-[ln[1.44+%:

TLIME DEG AUTO FUHC 3430

Enter E-uatinn -
EEH = omd cro=when Cwed ], GEHr

Fir Fer [F3=| Fur FE FB+
Tools|AT3cky afCalc|Okher |Frarl0jClean Ur
T T T
W+ 12-d
2.[(5'4-\. + 1) T + £

Fir| F& Fir F4 FE F&
Tools| 50w |Grarh|Get Cursor|Eans|CTr a-z..

zomicro=when (w d21, GE#1R W,

© 1999 TEXAS INSTRUMENTS INCORPORATED



CHAPTER 12: TRANSMISSION LINES 121

Topic 57: Reflection Coefficient

When sinusoidal generators are used to excite a transmission line, all transient waves have
decayed to zero and the line is in steady state. A common steady-state design goal is to match the
source impedance to the transmission line input impedance. The input impedance of a
transmission line with characteristic impedance zo and length d is given by
*j4T[E
. 1+re *
zin=z20———
—j4nX

1-T.e
for a frequency with a wavelength of A. Since this calculation involves complex numbers, creating
a function will make the calculations easier.

1. Clear the TI-89 by pressing [F6] 2:NewProb [ENTER].

2. Calculate the reflection coefficient of the load
impedance as

_zl-zo
e
zl +zo
The reflection coefficient is a complex phasor with an S AN S L LA N
] treflcoef{zl,zol
amplitude of 1 or less. H S
. iLocal =
Define the function reficoef as shown in screen 14. dlimitdlz-zod (z+zad, z,z1a
. tEndFunc
Note that limit() is used to handle the case of an open
circuit with zl =co. \
(14} TLINE DEGAUTO FUME
3. Return to the Home screen and use reficoef to calculate (S PR e M L
the reflection coefficients for real loads of zI =50, 0, and
oo Q on a line with zo=50 Q (screen 15). = HewPraob Daone
B reflooef (S0, SE0 Q
B peflooef [, SE) -1
B et looef (e, SE) 1
reflcoef (@, 500
(15) TLINE DE AUTO FUME Yo'z
4. Calculate the coefficients for the complex load of (S PR e M L
100-j50 Q on a line with zo=50 Q (screen 16). " reflooef(®, SH) 1
® reflooef( 100 — i - 5@, S
5. Press [¢] [=] to get the floating point value shown at the [% 2 -tanicl /2:,]
bottom of screen 16. " reflcosf(100 - i -58,50)
(.45 £ “26.57)
~ef looet | 10E—1 56, 500
(16) LINE DEG HIJT i FLUMC B2

The results are 0, -1, +1, and 0.4500-26.57°. When the load is “matched” to the line, there is no
reflected signal; a short circuit reflects the incident signal with opposite polarity; and an open
circuit reflects with the same polarity.
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122 ELECTRICAL ENGINEERING APPLICATIONS WITH THE TI-89

Topic 58: Phase Shift

When the load is attached to the end of a length of line, the
input reflection coefficient is multiplied by exp(-j41id/A) which
is 10(-720d/\) as a phasor in degree form. This term depends
only on the line length in terms of wavelength d/A.

1.
2.

Define the function lineleng as shown in screen 17.

Return to the Home screen and clear the TI-89 by
pressing [F6] 2:NewProb [ENTER].

Use lineleng to calculate the phase shift of a reflection
coefficient for line lengths of d=0, 1/8, 1/4, and 2
wavelengths. Since the line length is given as a fraction
of wavelength, A=1 (screen 18).

Topic 59: Input Impedance/Admittance

The equation for input impedance can be defined as a function.

FE FE~
T-:u:-1s l:-:-nl:r-:-1 I/III '.'ur' Find...|Medg

11neleng(t:l Y

[y
(1 £ TT20%d 80
tEndFunc

(17) TLINE DEG AUTO FUMC

Note: To enter A, press [¢] (] [alpha] L.
To enter [J, press [£]. To
enter —, press ().

Fi- Fer [Fa~| Fu-~ FE [1d
Tools|AT3ckr a|Calc|0thsr |[FramiD|Clean Ur|
= HewFrob Oone
= linelengl@, 1) 1

B linelenal.125, 13
C1.008 2 -390, 5B

mlinelenal.25, 12 -1.00
B linelengl.5, 12 1.0
(18)[TLine DE AUTO FUNC 5

The input impedance depends upon the line length. For lines with d=nA/2, the input impedance
equals the load impedance. For loads with zl=zo, the input impedance is zo.

1.

Press [MODE] and set Complex Format mode to
RECTANGULAR.

Define the function zin as shown in screen 19. zin uses
reficoef from Topic 57 and lineleng from Topic 58.

Return to the Home screen, and clear the TI-89 by
pressing [F6] 2:NewProb [ENTER].

Use zin to calculate the input impedance of a line with
z1=100-j50 Q, zo=50 Q, and A=1. Use d=.35, d=.5, and d=1
(screen 20).

Calculate the input impedance for zI =50 Q, zo=50 Q,
d=1, and A=1.

Fir] Fer [F3qF4+ F& Far
Tools|Conkkol|l 0 |Var|Find... Medg

:zln(zl zo,d, a0

= Fun

=zn*(1+PeF1cDeF{zl zol*lin

elen?(d aiatl-reflcoefiz
#linelengid, xin

tEndFunG

\
(19} TLINE DEGAUTD FUMC

[Fiv'[ Fir Irva r-u-I FE I F&- ]’ ‘l

Tools|i1debraft alc|Dther|Frdrain|Clean Up

B rin(l00-4-50,50, .35, 1)
3r.30+41.45-1

Brin(lad-4-30,50, .5, 1)
100.08 - 30.00-1

mzin(loo-4-30,30,1, 1)
100 - 384
—i50,50,1,12

rint100-150
(20) TLIME DEGAUTO FUNC B0

[WTTTETWTTTTT_]
Tools|AT13ckralCalc|Other|FrAral0jCTean U
IF.Oo0+ 41,454
mzin{l00—-§-50,30, .5, 1)
10E, 08 - 50, 06 - 4
B rin{l00 - 450,30, 1,12

100 -352-i
B Fin(3E, 50,1, 1) an
(21)[Fiike DEGAUTD FUNC [FET]

Note: The Complex Format mode
has been switched to Rectangular
so that real and imaginary results

are displayed.
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CHAPTER 12: TRANSMISSION LINES 123

6. Since connecting elements in parallel with transmission ES I N A
lines is common, admittance is helpful in transmission falnizl,zo.d, a0
: . flaizinczl,zo,d, A0
line calculations. TR
Define the admittance calculation as a function yin
which uses the function zin (screen 22).
(22) TLINE DEGAUTO FLUHNC

7. Return to the Home screen, and clear the TI-89 by A L e e
pressing [F6] 2:NewProb [ENTER].

= HewProb Dare

8. Useyin to calculate the input admittance of a zo=50 Q = gin(@, 50, -35_311)_16 . 013

line for d=0.35m and A=1 for the real values of zI=0 and . yin¢ 100,50, '_3;, 13 s

100 (screen 23). LE2 - .01
ying 100, 50,0, 35, 1)

(23) TLINE DEGAUTO FLUHNC 3130

9. Calculate the input admittance for the complex values LT I (A e I

of zI=j50 and 100-j50. Use zo=50 Q, d=0.35m, and A=1m = ying 100,58, .35, 1)

WOZ2- 014

(screen 24). ®yindi-S@,50, .35, 1)

932716+ 0134

Bygin(loD -4 30,30, .35, 1)

L1 - .81
Jingl00-430,30,0.35,1>
(24) TLIN DEGAUTD FUNC L]

Topic 60: VSWR

The reflection coefficient is difficult to measure, so an easily measured alternate parameter is used
to describe mismatch, Voltage Standing Ratio (VSWR), given as

1+r
VSWR = I
1_|r|_ |
1. Define the function vswr (screen 25) to implement these S PN S G ML
calculations. Vswr uses the function reficoef from Hone o2
Topic 57 (e ratieateh
fEndFunc
2. Return to the Home screen, and clear the TI-89 by
pressing [F6] 2:NewProb [ENTER].
(25) TLIME DEGRUTO FUHE
3. Calculate the VSWR of loads of 0, 0.01, j50 Q, with (A P i M T A
z0=50 Q (screen 26).
. . = HewProb Dane
The results. are undefined (undef) for short circuits and =z, 5 et
open circuits. = s, 81, 56 SEEE, B
sy d - 5E, SH) unidet
(26) TLIME ERD AUTO FUMC Y420
4. Calculate the VSWR of loads of 1000, 50, 100, 100-j50 Q. R A i M L
WITEFT L, T LTI, T
Use a value of 50(-] (note the decimal point) in the last = s i - 58, 500 undef
. . B syl 1000, SE) 20
entry to get the floating-point value. n owrCSa , S .
. s = sl 100, SE) 2
VSWR varies from 1 for a matched condition to o for m et 100 - §-50,50.)  2.62
loads of 0, jX, or c Q. WL C 1 A—1 58, 50, )
(27) TLIME ERD AUTO FUMC [: D]
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Topic 61: Impedance Matching

A load can be matched to a transmission line, I',=0, by the addition of parallel circuit elements.
One method of matching a load is to insert an additional length of line between the original line
and the load as shown in Figure 2. The length of this added line is chosen so that the real part of
the input impedance (or admittance) equals the characteristic impedance (or admittance) of the
transmission line. Then a parallel element is added to cancel the imaginary part of input
admittance resulting in a matched condition. In mathematical terms the match is achieved when

real(yin(zl,zo,d, A\)) = real(gin + jbin) = 1/zo
where zl, zo, and A are fixed and d varies.

The resulting value of susceptance, jbin, must be cancelled by a parallel element to achieve the
desired match.

Calculate the parameters to match the load zI=100-j50 to a 50 Q line.

Added Line

q % 21=100-j50

Figure 2. Matching circuit

1. On the Home screen, enter the impedance matching rhiTe i1 abr alfare Dhe [P dincrean ue] |

equation as shown in screen 28.

zin=zo — -jbin

B NewProb Dore
CATALOG) real( yin [(J 200 (5] 2nd) [] 50 ) 50 () d ) 1 (0] ®real(yin(108 =350, 56, d.b
H1E5%E0 eqn {4 tsincrzn - + 1) coscr

S - [4 Siﬂ(?zlﬂ dy-
It P A T B T

The equation is stored in egn so that the Numeric Solver
can be used to find the value for d.

(28) TLINE “DEG AUTD FIJNIZ EREL]

2. Press 9: Numeric Solver . The equation is displayed
as shown in screen 29.

(29)|mme BEGAUTD  FUNC
3. Press [ENTER to solve for d (screen 30). rhaTi|shuesbarh|get carsor|Eanscr ez |

“hdkisint P20k +] )*GDE{?EEH

d=.125A is one solution. .
bound={-1.el14,1. 14>

nleft—rt=0.

\
(30} TLINE DEGAUTD FUMC
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Therefore, d=.125A is the required value for the function
yin.

On the Home screen, calculate the parameters for
z,=100-j50Q, zo=50m, d=.125A, and A=1m (screen 31).

gin=.02=1/50, and the accompanying susceptance is
jbin =j0.02. The equality of g and b is merely coincidental.

To match this load, a parallel susceptance of -j0.02 is
needed. This is satisfied by an inductor since
1/21tL=0.02 or L=1/0.041 where the frequency must be
known to determine L.

There are an infinite number of solutions, repeating
every M2, that is, d=.125, .625, 1.125,... . But there are
other solutions for d as well.

To see these, press [¢] [WINDOW] and set xmin to 0 and
xmax to .5 as shown in screen 32.

Press 9:Numeric Solver to redisplay the
Numeric Solver.

Press 4:ZoomFit to see a graph of the equation on the
right of a split screen (screen 33).

The Numeric Solver found the first zero; however, the
second zero is also a valid solution. To find its value,
press the ® and ® keys until the cursor is near the
second zero (screen 34).

Press =

] to switch screens, and then press
Get Cursor (screen 35).

d now has the x value of the cursor.

(1)

Fi-] Fex [F=| Fi~| FE Far
Too1s|AT13cbralCalc]|Other |Frarl0jCTean Ur

Fregliyinl IO =+ -3, 30, d, 1
'[4-(51n(?2lﬂ-d) + 1) cos(7
so-[4-sinc7zo-dy-

Bgin(loD-4-30,30, .12, 1)
EIE+ L0024

gintlo0—-1350, 50,

TLINE DEGAUTO FIJNII - S50

(32

TLIME DEGAUTO FUHC

Fir Fz F4 i
Tools|2oom|Trace|ReGrarh|Makh{DFqw{Fen):2

'é4*(51n(?2El

bound=L{-1. e

(33)

TLIME DEGAUTO FUHC

(34)

(35)

TLIME DEGRUTO FUMC

left- r‘t EIEI

125

L/

FORC

h—
TLIME DEGRUTO
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10. Press [F2] Solve to get the second solution (screen 36). Tﬁt;,.sﬁ.m R L L
Gk iz int el
LIEEs . i El

The proper conductance occurs at about d=.301.

ZARNS

(36)| Tome DEGAUTD FUNC
11. Press [HOME] [¢] 1 to display a full-sized Home screen. roenifansebraltie|nitrar e spein|crdan e |
12. Use the function yin to calculate the input admittance s -[4 -zin¢720- dy-*
for z1=100-j50Q, zo=50m, length d=.301A, and A=1m " gin(180 - § 58, SElu’:ué 1+25E|,21)_
. . i
(screen 37). " gin(100 - § 50,50, . 301, 1)
LOZ - .02
The input admittance for this length is yin=.020-j.020. gine 100450, 50, 301, 1
(37) TLINE DEGAUTO FUHC 4430

This can be matched by using a capacitor where
2mtC=.02.

Tips and Generalizations

This chapter has again shown the power of the Numeric Solver for finding an unknown in a
transcendental equation and plotting the equation versus the unknowns to see if there are multiple
solutions. This chapter has also shown that the Solver remembers previous equations, which can
be a great time saver.

Finding properties of transmission lines is nice; however, for the ambitious who really want to go
far, Chapter 13 on antennas is the way to go.
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