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Interactive Transmission Line Computer Program for
Undergraduate Teaching

Christopher W. Truemarsenior Member, IEEE

Abstract—Distributed-circuit analysis using transmission lines and stub matching. The Smith chart provides a graphical
is a standard topic in undergraduate education in electrical solution to the complex problem of choosing stub lengths to
engineering and computer engineering. This paper presents a gchieve matched conditions.

simple menu-driven program that students can use to explore the Thi ¢ imol ¢ led TR
behavior of transmission line circuits, and as a computational IS paper presents a simple computer program calle -

laboratory for verifying their solutions to homework problems. At~ LINE (TRansmission LINE) which supports the teaching of
the introductory level the program demonstrates traveling waves both elementary transmission line concepts and intermediate
and standing waves. Smith-chart calculations of impedance and topics such as stub matching and transformer design. The TR-
reflection coefficient can be associated with the standing-wave LINE program provides a computational laboratory to allow stu-

pattern on the transmission line. A branching circuit can be solved, . . )
including impedance matching with a quarter-wave transformer. dents to verify their answers to homework exercises and explore

At the intermediate level, students can use the program to test in greater depth the transmission-line phenomena dealt with in
their designs for two- and three-step Chebyshev transformers, class and in the homework. TRLINE permits a quick evaluation
and for impedance matching using single, double and triple-stub of the bandwidth of transformers, stub-matching circuits and fil-
circuits. The program makes easy the calculation of the band- o1 and so permits the students to develop an awareness of fre-
width of a design by displaying the return loss or transmission d d v in their studi Thi d ib
loss as a function of frequency. Low-pass and bandstop filters guency depen (?nce ea_ry In their studies. This paper describes
can be solved. The program encourages students to explore the€ach of TRLINE's functions and shows how these can be used
behavior of the voltages and currents on the lines as the frequency as an aid in teaching about transmission line circuits.

is changed to gain insight into the operation of transformers,  Because TRLINE is easy to use, the reader will learn how to
matching schemes and filters. operate the program as its functions are described in this paper.

Index Terms—Filters, Smith chart, stub matching, teaching soft- The program presents the user with a series of menus, with menu

ware, transmission lines, travelling waves. items or “buttons” written in red. Clicking the mouse on any
red text string in the program invokes that function. Starting the
|. INTRODUCTION program gets the “circuit template menu” of Fig. 1, inviting the

) ] student to choose a problem for investigation. (The black-and-
TUDENTS entering a “fields and waves” course basegite diagrams in this paper do not distinguish the red menu
n textbooks such as Kraus [1] or Paul and Nasar [2] ag@oices from the other text.) Rather than try to teach the stu-
already fluent in the analysis of lumped circuits in the sintent to construct circuits interactively, TRLINE simply presents
soidal steady-state, using phasors and impedance. The “fieddshoice of built-in circuits, allowing students to get results with
and waves” course replaces the simple wires interconnectig program almost instantly. For convenience in using the pro-
the components with cables having distributed inductance afdm in the classroom, the transformers, stub matching circuits
capacitance. The wires become “transmission lines” carryiggq fiiters come preset with the frequency, line lengths, and im-
traveling waves. The simple voltages and currents of lumpgdgances chosen to demonstrate the operation of the circuit.
circuit analysis become functions of position. New concepts Choosing a circuit in the template menu, such as “transmis-
are introduced in rapid succession: traveling wave, incidegibn line with generator and load,” produces the main menu of
wave, reflected wave, reflection coefficient, standing wavgig 2. A circuit schematic appears across the center, with “prop-
matched load, and standing-wave ratio. The Smith chart pigties buttons” at the top for changing the values of the circuit
vides insight into the behavior of the reflection coefficient a”Harameters. Many of the menus in TRLINE include the “proper-
input impedance with changing cable length. The homewofis puttons” so that line lengths and impedances and load values
exercises usually consist of computing input impedance apgh pe changed readily. For example, clicking the mouse on
reflection coefficient, standing-wave ratio, and power deliveregjne #1” permits the user to set the length, characteristic re-
to the load. As students progress, techniques are introducedsfgfance’ and propagation speed on the transmission line. The

creating matched loads, such as the quarter-wave transformg¥ion puttons” for analyzing the circuit are listed at the screen
bottom and the corresponding functions are described below.

Like most menus in TRLINE, there is an “exit” button at the
Manuscript received March 2, 1998; revised October 20, 1999. lower right-hand corner of the screen. In the main menu this
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—-— Program TRLINE - Uersion 1B - Sept. 8, 1998 ---
by Dr. C.W. Trueman, ECE Dept., Concordia University, Montreol .

Click the mouse on any RED text string to an select action in this program.

Choose a transmssion line circuit:
Transmission line with generator and load.
Two traonsmission lines in series.
Two transmission lines in series, with shunt load.
Six transmission lines in series, with loads.
Line branching to two loads.
Quarter—wave transformer.
Two—step quarter—wave transformer.
Three-step quarter-wave transformer.
Power splitter.
Single—stub matching circuit.
Double—stub matching circuit.
Triple—stub matching circuit.
Low-pass filter.
Bandstop filter.
Reod a saved circuit from a .trl data file.

EXIT from the program.

Fig. 1. Program TRLINE offers a variety of built-in circuits on the “circuit template menu.”

Click the mouse on a red name to chonge the properties:
Generator Line #1 Load #1
Frequency

Frequency= 300 .8088 MHz.

Rs
v " 4

o

Choose an action by clicking the mouse on a red text string:
Plot U(z) or I(z), ond find the USUR.

Drow o Smith Chart.

Find voltages, currents, ond power.

Plot o porameter as a function of the frequency.

Save the circuit to o dote file.

Choose a new circuit.

EXIT from the program.

Fig. 2. The “main menu” gives the user access to the principal functions of the program.

main menu. The following section explains the program’s funclistance along the transmission line, the program helps students
tions and how they can be used to support classroom teachindearn to associate phase behavior with the standing-wave pat-

and homework exercises. tern. Thus clicking on “Plot the voltage including phase” in
Fig. 3 draws the voltage amplitude with a solid line and the
II. TEACHING THE BASICS phase with a dashed line as in Fig. 4. In part (a) the load is

matched so the phase of the voltage is progressive with dis-
tance, becoming more and more negative as the wave travels
The simple circuit of Fig. 2 can be used to demonstrate tldéong the line. The wave is a “pure” traveling wave from left to
basic behavior of waves on transmission lines. Click the mousght. The graph helps students to associate “constant-amplitude
on “PlotV(z) - - - to get the “transmission line menu” of Fig. 3. progressive-phase” strongly with “traveling wave.” In part (b)
By graphing the voltage amplitude and phase as a functiontbg load is a short circuit, and the amplitude shows a “standing

A. Traveling Waves, Standing Waves and Phase
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Click the mouse on o red name to change the properties:
Generator Line #1 Load #1
Frequency

Frequency=  308.208 MHz.

Y R, Zy
S #1
Tronmission line menu: [(Click on red text!)
Plot Ulz) on:
Line #1

Plot the voltage omplitude on oll lines.

Plot the current amplitude on all lines.

Plot both the wvoltage ond the current.

Plot the voltage including phase.

Plot the current including phase.

Plot o Smith Chart. EXIT

Fig. 3. The “transmission line” is used to plot the voltage or current as a function of position on the transmission lines.

wave” with sharp nulls. Now the phase is constant with dicy +18g
tance, except for abrupt reversals at the nulls. Students shc
learn to associate “constant phase with sharp reversals” witl
standing wave. Part (c) uses a ®0oad. The voltage ampli- | -18m

tude is a standing-wave pattern but the minima are not “nulls

The phase shows a downward trend with distance, with grad @
reversals across the minima in the standing-wave pattern. Cc¢ Y-+18@
paring parts (a)—(c) supports the idea that in general the we : :
pattern on a transmission line is the sum of a pure standing wi
plus a pure traveling wave.

®

B. Voltage and Current Standing Wave Patterns

v
Click “Plot both the voltage and the current” in Fig. 3 tc
compare the voltage standing wave to the current standi
wave as in Fig. 5, for a line of characteristic impedance0
and a load of 20@2. Where the current standing-wave patter

has maxima, the voltage pattern has minima and vice-ver ©

Because the load impedance is real and greater than the line _ ,

impedance the load is a voltage maximum. The program rep(fri% 4. The amplitude of the voltage (solid) and of the current (dashed) as a
. . . ujiction of distance along the transmission line.

the standing-wave ratio, equal to four, in the upper left corner of

the screen. Students can use the program to explore the changes - o ]

in the standing-wave pattern as the load impedance is varRe(ts the position of the marker from the beginning of the line

from a short circuit, through a match, to an open-circuit. Als@nd the value of the voltage amplitude, in the upper right-hand

the changes in the positions of the maxima and minima can gner of the screen. The distance between the markers is also

explored as the load impedance is changed from resistivel&ported, so that the student can verify that the minima are half

highly reactive. a wavelength apart, as are the maxima. By positioning marker
#2 at the load, and marker #1 at the nearest voltage minimum,
C. Positions of the Voltage Maxima and Minima the distance of the minimum from the load can be read. Students

. n enter their line and | im n into the program, an
A customary homework exercise asks the student to detﬁ?— enter the e and load impedances into the program, and

mine the distance from the load to the first standing-wave mine verify that their positions for the maxima and minima agree
. . with those found by hand calculation.

imum or maximum, usually for a complex-valued load. The

transmission line menu of Fig. 3 supports this exercise by of-
fering a labeled graph of the magnitudeléfz) as a function of
distance along the line, including “markers” to read back values.Students are usually asked to compute the input impedance
Clicking the mouse on the (red) “Line #1" button below “Plobf the simple circuit of Fig. 3 both by evaluating the standard
V(2)" gets the voltage standing-wave graph of Fig. 6. To moermula, and by using the Smith chart [1], [2]. Clicking
amarker, click the mouse on “Marker #1”(again in red) and thehe mouse on “Smith chart” in either Figs. 2 or 3 gets the
click again on the new position for the marker. The program r&Smith chart” menu of Fig. 7. The “properties buttons” at the

I1l. THE SMITH CHART
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Line # 1 USUR= 4.0000

U, ’ 4

Frequency= 300.000 MHz.
Uoltage amplitude as o function of distance.

Current amplitude es o function of distance.
EXIT

Fig. 5. Clicking on “Line #1” in Fig. 3 graphs the amplitude of the voltage as a function of position, with markers to read back values.
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- 7eer — 799.82
o r 3
> 6@8[ J MARKER #2
E C 1 sez.ze21
- C ] 2@1.48
o 5%F -
o r 7 DISTANCE
5 4opb 1 @251.1899
a r ]
E o 3
E se0- ]
) u ]
o 2001 .
- . MARKER #2 :
o r J
S 1eaf ]

N T N B S I B I 1243 |

] ELT) 400 600 600 1200 1200

Distance {mm)

Fig. 6. The amplitude and phase of the voltage on the line for three different loads. (&)rBatched load.” (b) Short-circuit load. (c) X04oad.

top permit the user to change line lengths and characteristidjustment on the author’'s computers. The program writes
impedances, and the load values. At the bottom the user @afile called “trline.set” to save the value of the aspect ratio
toggle between an “admittance chart” and an “impedanéer the next time that the program is run.

chart.” The center of the screen has one “button” to draw aThe Smith chart axes in Fig. 8 are labeled with “RE&l
Smith chart for each transmission line making up the circugnd “Imagl™ to remind students that the chart is a compléx-
There is only one transmission line in our simple circuiplane. Fig. 8 illustrates the use of the chart to transform a
so click the mouse on “Line #1” to get the Smith chart imoad impedance of 20 towards the generator a distance
Fig. 8. The program offers a “sparse grid” and a “dens# 0.45 wavelengths by showing the circle a student would
grid,” with a button for toggling between grids at the lowedraw on a paper chart. The program reports the load reflection
right. The “dense grid” is effective on the computer screerpefficient, the load impedance, the input reflection coefficient,
but cluttered for hard copy, hence the “sparse grid” has beand the input impedance of 82.224j90.619¢2. To see the
used here. To ensure that the Smith chart circle is round ocorresponding admittance chart, click the mouse on “switch
the screen, the program provides an “aspect ratio” button tim admittance chart” in Fig. 7, then on “Line #1.” TRLINE's
the lower right corner. Clicking the button obtains a meneasy-to-use Smith chart calculator should not replace the use of
that allows the user to adjust the roundness of the Smitie paper Smith chart in homework exercises, as the program
chart circle on the screen, by trial and error. Values sudhnot available to students in the examination! TRLINE serves
as 1.05 or 1.1 compensate for the monitor vertical sweépverify the student’s results.
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Click the mouse on a red name to change the properties:
Generator Line #1 Load #1
Frequency

Frequency=  30@.880 MHz.

o

U " 4

Line # 1
Click the mouse on a transmission line name (RED) to drow the Smith Chart.

Chort Type: RAdmittance
Switch to on impedonce chart. EXIT

Fig. 7. The Smith chart menu has buttons to toggle between an impedance and an admittance chart, to plot the chart for each transmission lingedhed to chan
values of the line impedances and of the load impedances.

Smith Chart Imugr

Impedance Chart
For line # 1
Frequency= 300.0080 MHz.

INP

~@- Reaol

Towards Generator

Characteristic Impedonce: ’ 4
50.808 ohms
Load Impedance:
£00.009 +0.900j ohm
Load Reflection Coefficient:
@.600 +0.000j
Input Impedance:
B2.224  +98.619 ohms DENSE GRID
Input Reflection Coefficient: ASPECT RATIO
0.485 +0.353; EXIT

Fig. 8. The Smith chart display for the circuit of Fig. 3 in the impedance format.

IV. VOLTAGE, CURRENT, AND POWER the voltage and current at the input and output of the transmis-

Program TRLINE provides other simple circuit topologie§'on line. The mput_ power aﬂd OL.JtpUt power are given, which
for use with homework exercises. The branching transmissi K _always equal since the Im_es in TRLINE are lossless. Also
line with two loads of Fig. 9 provides a good exercise in trané-e input impedance and load impedance are reported.
forming impedances back to the junction, combining in parallel,
then transforming back to the generator. The student must then
work forward, starting with the voltage at the input to the line,
to find the voltage at the junction, and thus the power deliveredA typical specification for a microwave component calls for a
to each load. The Smith chart is used to verify the student’s aeturn loss better than a given figure over a given bandwidth. To
swers for the input impedances. Clicking “find voltages, cuilustrate the assessment of bandwidth we can design a power
rents, and power” in the menu of Fig. 2 brings up the “voltageplitter with a quarter-wave transformer, using the circuit of
and power” menu of Fig. 9. Clicking the mouse on the (red) bufig. 11. Lines #1, 3, and 4 are 5Qines, and the load&; and
tons for “generator,” “Line #” or “Load #" reports the voltagesZ. are matched. The input impedance at the junction of lines 3
currents and powers for that part of the circuit. Fig. 10 shovesd 4 is 252, and so the transformer section must have a charac-
the report for “Line #1.” It includes the amplitude and phase a¢éristic impedance/50 x 25 = 35.355 2. Students can verify

V. EVALUATING THE FREQUENCY BANDWIDTH
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Zo

Frequency= 300.880 MHz.

Rs #3
Us #1 #e [] Zl

Click the mouse on a name [in red) to report the voltage and power:

Generator Line #1 Load #1
Line #2 Load #C
Line #3
Toggle reporting admittonce or impedance. EXIT

Fig. 9. The voltage and power menu lets the user find out the voltage, current, and power anywhere in the circuit.

Zz
Frequency= 300 .800 MHz.
#3
Y R, Zy
s #1 #e I::'
LINE # 1
Transmission Line # 1:
At the input:
Uoltoge = 201.8 millivolts R.M.S., with phose -40 .8 degrees.
Current = 17.15 milliomps R.M.S., with phase 8.8 degrees.
Power = 2.241 milliwatts.
Impedance : 7.619 -8.971j ohms
At the output:
Uoltage = 171.8 millivelts R.M.S., with phose S52.5 degrees.
Current = 17.28 milliomps R.M.S., with phase 11.5 degrees.
Power = 2.241 milliwatts.
Impedance : 7.585 +6.523; ohms EXIT

Fig. 10. Report of the voltage, current, and power for load #1.

that this design obtains a match by drawing the voltage on edohset the starting frequency, the stopping frequency and the
line as a function of position, as in Fig. 11, and noting that theumber of steps for computation of the return loss. Then click
input VSWR is 1.0000. The smooth transition of the voltage ifCalculate ..” to obtain Fig. 13 showing the return loss as a
the transformer is of considerable interest. function of frequency. The graph has two “markers” which can
A hand calculation of the bandwidth of the power splittebe moved with the mouse to read back values from the graph,
using a paper Smith chart is tedious and teaches little thatrémniniscent of the markers available on a network analyzer.
new once the basic Smith chart transformations are masteréa.determine the bandwidth for a return loss better thaa
With TRLINE, bandwidths are rapidly assessed. ChoosimB, click the mouse on “Marker #1” then click again on the
“Plot a parameter as a function of frequency” in the menu alirve at roughly the-20 dB level below the center frequency.
Fig. 2 gets the “frequency sweep” menu shown in Fig. 1&imilarly, move marker #2 to approximateh20 dB above
To graph the return loss at the input port, click the mouse ¢ime center frequency. Then click on “snap menu” in the lower
“return loss” after “Choose a parametef then on “#1” after right corner, and type the “snap value” 620 dB. Type “F10”
“Choose a port.” TRLINE uses the term “port” for the junctiongnd the program snaps the markers-289 dB and reports the
in the transmission line circuit. Click on “Specify the rangé bandwidth as approximately 110 MHz.
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Line # 1 USWR= 1.0000

Line # 2 USUR= 1.4142
Line # 3 USUR= 1.200@
Line # & USUR= 1.0008
#4 z
U U U
A
175
#1 zgp 243 j z
#4 !
U RS Zl
s #1 #2 43 D

Frequency=  300.00@ MHz.
Uoltage amplitude as a function of distance. EXIT

Fig. 11. The power splitter circuit template, showing the voltage on each transmission line when the impedance of the quarter-wave transf@ctigrsstcor

Zs

Port] # 5

N

uoe
s #1 #e
Port # 1 Port # 2Port § Port| # 4

o

\
~
n
w
]
L
N
—_

Parameter : Return loss.
Choose o parameter to graph: Input impedance. USUWR.
Reflection coefficient. Return loss. Transmission loss.
Use port # 1
Choose a port: #1 #2 #3 #4 #5

Specif‘g the range of the fregquency sweep.
Calculate the frequency response and graph the result. EXIT

Fig. 12. The “frequency sweep” menu for graphing return loss, transmission loss, reflection coefficient, VSWR, or input impedance as a fuagtienof.fr

VI. QUARTER-WAVE TRANSFORMERS Using the frequency-sweep function in TRLINE, it can be deter-

The simple quarter-wave transformer used above is usu I\, ed that the bandmdth for areturn I(.)SS_QD dB or better is ,
presented in the introductory “fields and waves” course, a out 214 MHz, much wider than the single-stage transformer’s

sometimes extended to a two-step transformer [1]. In the “nﬁgndmdth of 110 MHz.

crowave engineering” course, matching over a wider bandwi thA;] thrge—sgep dt(i]ua(r:telrljwa\ée tra(;\s;ormer :an att%m gn even
is investigated using three- or four-step transformer circuits [ igher bandwidth. Collin [3] and Pozar [4] provide design

[4]. For a two-stage transformer matching an input line of ch quations for two, three, and four step Chebyshev trans-
acteristic impedancé, to a line and load of impedanc, ormers. Students can be asked to design a three-stage trans-
" former for a return loss 0f20 dB, or reflection coefficient

choose [1] I' = 0.1. The resulting bandwidth is about 371 MHz. Stu-
T = 4/Z1Z3 dents can be asked to verify the relationship between the
4 ripple level and the bandwidth of the transformer. Thus the
and design is repeated for a reflection coefficidnt= 0.05, or

return loss-26 dB. The line impedances are found from [4]
Ty =\ 7173 as 57.375, 70.710 and 87.14% to match a 502 source
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F e 7 MARKER #1

L 1 244.915

ash 1 -19.999

o 1MARKER #2

o C ] 355.e806

- _zal 4 -28.012
o [ MARKER #1 MARKER #2 ]

o I 1 BANDWIDTH

S ek 1 le.esdl
c r 4
[ F -
3 F -
» -39 -
o L 4
o4 ]
-35 ]

— { SNAP MENU

. ] EXIT

_4&_LLLL1LLLLLJLLLLLLIIx L L 1 s
B 150 £00 2508 308 3508 400 450 508

Frequency (MHz)

Fig. 13. The return loss of the power splitter with the markers positioned to show the bandwidth for a return-RsiBfor better.

=15 R T T T T T T T T T MaRKER #
4 130.8661
{4 -19.9%
< “eer | MARKER #2
o [1HRK R #1 MARKER #E‘ 469.1334
- 4 -19.9%
° L ]
o “ESr | BANDWIOTH
_ 1 338.2672
c i ]
o
£ -39 -
-+ r 4
[+ N
o -
=35+ ]
i | SNAP MENU
PRI N ) I SR AR oo b v L Py EXIT

| L
108 150 200 250 309 350 4P0 450 528
Frequency (MHz)

Fig. 14. The return loss of the three-stage quarter wave transformer.

to a 100%} load. The return loss is shown in Fig. 14, and VII. STUB MATCHING
is an “equal-ripple” response as expected. The markers in

Fig. 14 can be used to verify the ripple level to k26.445 Program TRLINE provides circuit templates for single,

dB. The bandwidth for a return loss better thaR0 dB is doublg, an_d tr.|ple-s.tub matching. .Students will design stup
. . _matching circuits using a paper Smith chart, and then test their

now 338 MHz, narrower than the design when the rlpplg : . .

. . . esign and evaluate the bandwidth of the match using TRLINE.
level was permitted to rise t620 dB. Students may wish The design can also be done directly with the program
to compare a two-step Chebyshev transformer with Kraus 9 y program.
design given above. ) )

To try a four-step transformer, the menu of Fig. 1 provideé‘ Single Stub Matching

a circuit topology consisting of six transmission lines in se- Fig. 15 shows the circuit for single-stub matching. A match
ries with shunt loads across each junction. By setting the loaddine #1 can be achieved by choosing the length of line #2 to
to values much larger than the characteristic impedance of the load, and the length of the stub, line #3. The wave speeds
lines, the loads are “open circuit” and the four-step quarter-wagé the lines are 300 meters pgs, and the characteristic im-
matching transformer is modeled. This circuit “template” capedances are 5Q. For a load of 73741 (2, the student uses a
also be used to simulate a transmission line feeding a seriepaper Smith chart to determine that line #2 should be of length
antenna elements, to compute the line lengths required to attaird.096\ and the stub of length 0.145. Graphing the voltage
a given phase relationship of the antenna feed voltages. as a function of position shows the match is imperfect with a
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Line # 1 USWR= 1.0901 U
Line # 2 USWR= 2.1377

Line # 3 USWR=Infinity

#3 z
U U
Lopd #2
#1 #e z
#3
U RS Zl
s #1 #e

Frequency= 300.0088 MHz.
Uoltage amplitude os o function of distance. EXIT

Fig. 15. The single-stub matching circuit, showing the voltage amplitude on each of the transmission lines.

Line # 1 USUWR= 1.8239 U
Line # 2 USWR= 3.5678
Line # 3 USWR=Infinity
Line # 4 USWR= 2.1377
Line # S USWR=Infinity
#3 Z 45 z
U u v
#1 %xao d #3 z
#3 #5

U RS Z].

. " w2 #a ]

Frequency= 300.000 MHz.
Uoltage omplitude as a function of distance. EXIT

Fig. 16. Double-stub matching showing the amplitude and phase of the voltage on each of the lines.

VSWR of 1.0037. The Smith chart for line #2 shows that th@.14473.. Then the voltage as a function of distance is graphed,
input admittance is 20.037 + 15.57ihS. Because the real partas in Fig. 15, which reports the input VSWR to be 1.0001. The
differs from exactly 20 mS, the line length needs to be adjustdtequency sweep menu can be used to determine the bandwidth
The “properties button” for “Line #2” on the Smith chart mendor a return loss of-20 dB or better to be 59.6 MHz.

can be used to make small changes to the length of the line conStudents should be encouraged to explore the other solution
necting the stub junction to the load, and the Smith chart usedthe single-stub-matching problem, using a line of length
to monitor the resulting change in input admittance. It will b8.288\ and a stub length of 0.335This design gets a VSWR
found that a length of 0.09582gets an admittance of 20.001of 1.0124. But the bandwidth of 22.7 MHz is much narrower.
+ 15.563 mS. Thus the stub, line #3, should have an input a&efining the solution slightly increases the bandwidth.

mittance of-15.563, but with length 0.145then admittanceis  Note that TRLINE can be used to design stub matching di-
-15.514 mS. Again, the Smith chart menu can be used to makectly, without the aid of a paper Smith chart. Thus, the length
small changes to the length of the stub, until the Smith chatline #2 is adjusted until the real part of the input admittance
shows that the input admittance-$5.564 for a stub length of is as close to 20 mS as possible. Then the length of the stub,
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/Lo;d%:d%:d #4
#3 #5 #7

Port # 6 Port # 7 Port # 8 l:j Z].

R
Us #1 #e #4 #B
Port # 1 Port # Port # Port & Port| # S

Parameter: Tronsmission loss.
Choose a parameter to graph: Input impedance. USUWR.
Reflection coefficient. Return loss. Tronsmission loss.
From port # 1 to port # S
From port: #1 #H2 #3 #4 5 #B6 #7 48
To port: #1 #2 #3 #4 #5 #B6 #7 48

Specifg the ronge of the frequency sweep.
Colculote the frequency response and graph the result. EXIT

Fig. 17. The “triple-stub matching” circuit template can model a low-pass or a bandstop filter by setting the stub terminations to open circuits.

line #3, is adjusted such that the stub susceptance cancels the VIIl. FILTERS
susceptance at the input of line #2. But students will not ha)&e Low-Pass Filter
access to TRLINE in the examination, and so must learn the use

of a paper Smith Chart. Students taking the elective “microwave circuits and devices”
course in their final year often study microwave filter design.
Pozar [4] presents filter design by the insertion-loss method
and includes several examples. A low-pass filter is designed
for a system of characteristic impedance(®§ The low-pass
filter uses three open-circuit stubs of length one-eighth wave-
Fig. 16 shows the circuit template for double stub matchintgngth, spaced one-eighth wavelength apart. The characteristic
Line #3 is the first stub, and line #5 is the second. With thenpedances of the stubs and of the two interconnecting lines
stub separation fixed at 0.12%nd a load of 73412 located are chosen for a 4-GHz cutoff frequency, with an equal-ripple
065\ from the first stub, the student uses a paper Smith chagsponse in the pass band of ripple level 3 dB. To calculate the
to determine that stub #1 should be of length 03G81d stub frequency response of this low-pass filter with TRLINE, use the
#2, 0.399. Then program TRLINE is used to see how closdow-pass filter” circuit template from Fig. 1. This template is
the input admittance of each section of transmission line is ientical to the triple-stub matching circuit, but terminates the
the expected value. For line #2 between the stubs, the inplutee stubs with resistive loads of 100 0QQo get “open cir-
admittance is 20.386-27.44™S, so the stub lengths need tauits,” as shown in Fig. 17. To model the low-pass filter, the
be refined. Using the Smith chart menu, the length of line #Bput line, #1, and the output line, #6, are set to characteristic
(stub #2) is changed in small steps until the input admittanceimspedances of 5, and the load to 5. The lengths of the
20.001-27.881 mS, for a stub length of 0.3722Students can three stubs, lines #3, 5, and 7, and of the lines between the stubs,
use the “interval halving” algorithm usually taught in the nume#2 and 4, are set to one-eighth wavelength at4 GHz. The charac-
ical methods course to rapidly refine the stub length. The lengtristic impedances of the lines between the stubs, lines #2 and
of line #3(stub #1) is adjusted to 0.40006 make the input #4, are set to Pozar’s values of 21T25and of the stubs, lines
admittance 0 + 27.8§0The input VSWR is then 1.0001. The#3, 5, and 7, to 64.9, 70.3, and 64respectively.
bandwidth is 9.7 MHz, much less than for single-stub matching. To compute the filter response, click the mouse on “trans-
There is a second solution to this problem on the Smith Chamjssion loss” in TRLINE'’s frequency-sweep menu in Fig. 17.
using stubs of length 0.284and 0.338, for a VSWR of 1.052 Ports to be used for the transmission loss calculation must be
and a bandwidth of 16.7 MHz. Students can be asked to explepecified, so click #1 following “from port” and #5 following
the effect of separating the stubs more widely on the bandwidt port” to ask for the transmission from the generator to the
of the match. load. Then set the frequency range to 0 to 16,000 MHz, and
TRLINE offers a circuit template for triple-stub matchingclick “calculate” to obtain the transmission loss as a function of
If the separation of the stubs is fixed, then three stub lengtliequency shown in Fig. 18. The markers can be used to verify
must be chosen, and there is no unique solution. Students tzat at 2.3 GHz the transmission loss is 3 dB, confirming the
be posed the challenge of designing a matching circuit to mdigure specified in the design. Also, the markers can be used to
a minimum bandwidth for return loss better than, s&p dB. find that the highest frequency for a 3 dB transmission loss is 4
If the stub separations can also be freely chosen, then there@Hz. The filter has a 20 dB transmission loss at 5.065 GHz. The
five parameters. The problem is akin to designing a bandpdisst repetition of the filter's response due to the periodic nature
filter, but one that must operate into an unmatched load. of the Richard transformation is seen [4].

B. Double Stub Matching
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Fig. 18. The transmission loss of an equal-ripple low-pass filter.

Itis instructive to graph the voltages on the transmission lineemewhat larger than the nominal ripple of 0.5 dB wanted from
in the pass band and in the stop band, shown in Fig. 19 tthe design.
and bottom, respectively. At 3638 MHz, part (a), the transmis- Comparing Figs. 18 and 20 show that the “low-pass” and
sion loss is only-0.03 dB and the input is quite well matched bandstop” filters are not essentially any different. The “low-
There is a voltage-maximum at the junction of lines #2 and #gass” filter could be used as a “bandstop” filter with a rejection
Graphing the voltage as a function of distance on the individuagtter than-20 dB over a bandwidth of 5.87 GHz.
transmission lines permits the markers to be used to find theAlthough the circuit topologies are the same as the triple-stub
maximum line voltages. Thus at the junction of lines #2 and #atching circuit, the low-pass and the bandstop filter have been
the voltage is 1.54 V, compared to 0.5 V on the input line, arnidcluded in the circuit “circuit template menu,” with the line
at the end of stub #2 (line #5), 2.03 volts is found, four times thengths, impedances and terminations appropriately set. This is
voltage at the input. Fig. 19 at bottom shows the line voltageery convenient for classroom demonstration of the program be-
in the stop band at 5065 MHz, where the output voltage is 2@use the filters are easily called up. Homework exercises on
dB below the input voltage. A large standing wave on the inpfitters should ask students to design their own low-pass filter
line and an output wave of amplitude 1/10 the incident wave tis a different bandwidth and ripple level, and to verify the per-
seen. Stub #1 has the largest voltage, but it is only 1.33 V, lowfermance with TRLINE. The program’s graphs of voltage as
than at 3638 MHz. Thus the largest voltages may not occurarfunction to distance can be used to determine the maximum
the stop band. Also, since the voltages can be several timesvhiage on any line at any frequency as a basis for estimating
input voltage, in a high-power device the voltages at the juntixe power-handling capabilities of the device.
tions and along the stubs may limit the power-handling capabil-

ities of the filter. IX. THE TRLINE PROGRAM

A. Solving the Transmission Line Circuit

B. Bandstop Filter Students will be curious about how TRLINE automatically

Pozar [4] gives the design of a bandstop filter realized usiggIves circuits made of interconnections of transmission lines.
open-circuited stubs. The filter is to have a center frequency @0me will conclude erroneously that TRLINE has a saved solu-
2.0 GHz, a bandwidth of 15%, with an equal-ripple response &®n for each of the circuit templates. In fact, TRLINE assembles
ripple level 0.5 dB. Using a nominal impedance of0Pozar a matrix equation of KVL and KCL equations at each junction
calculates the required impedance for quarter-wave transnifsthe circuit. The voltage on each transmission line is modeled
sion line stubs separated by a quarter-wavelength. To model Wigh a positive-going and a negative-going travelling wave
bandstop filter with TRLINE, enter the line lengths and imped-

ances into the circuit template of Fig. 17. The lengths of lines Vie(zi) = V,je‘j'ﬁm + Vk_e“'ﬁm
#2,3,4,5 and 7 are set to a quarter-wavelength at the nom-
inal frequency of 2000 MHz. The stub impedances are setwterek is the transmission line numbér,=1,---, N, and N

Pozar's values of 265.2 for line # 3 and #7, and 3879 for is the number of transmission lines. The complex amplitudes of
line #5. Then compute the transmission loss to obtain the graple voltage waves on lingtk are V; and V", and 3;, is the

in Fig. 20, which is similar to Pozar’s Fig. 9.49. The student cgrhase constant for ling%. At a junction of three transmission
use the markers to find the ripple in the pass band telb2dB, lines, there are two KVL equations and one KCL equation. If
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Fig. 19. The voltage on each of the lines in the pass band and in the stop band. (top) In the pass band at 3.638 GHz. (bottom) In the stop band at 5.065 GHz.

line #i enters the junction from the left, and linggi and#k% flowing into the junction from line#i to that flowing into the

leave from the right, then the voltage at the end of kivemust load plus that flowing into linegt; and#k

be the same as the voltage at the start of #je Vito—ifili  y—gtifiLs
Z Zoi T Zoi

Vi¥e ibili p ol = v 4 v <Vi+e—j,&-Li Ve HiBiL )

- Zom Zom

+ — -
N AW A s
Zoj ZOJ Zok Zok

whereZ,, is the load impedance, ari,; is the characteristic
whereL; is the length of line#:. If there is load #m connected impedance of line#i. The implementation of this algorithm in
across the junction then the KCL equation equates the curr@RLINE assumes that the stub branches are terminated in loads,

and equal to the voltage at the start of li#é

V'i-l-e—j,ﬁiLi + V’i_e'i’j,@iLi _ Vk+ + Vk_
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Fig. 20. Transmission loss of the bandstop filter.

so does not search for further junctions along stubs. One KVLThe upper left corner of TRLINE’s window on the screen
equation is written at the generator, and one equation is writtiexcludes “edit,” “print” and “options” buttons, which have not
for the load terminating each stub. Gaussian elimination is useelen shown in the figures in this paper. Any display that the
to solve the matrix equation. For 201 frequencies, the solutipnogram creates can be printed by clicking the mouse on the
takes about 4 s on an 80486 computer at 100 MHz. “print” button. Also, any display can be copied to the Win-
Itis instructive to ask about the accuracy of the solution. Stdews clipboard by clicking “edit” then “copy,” then pasted into
dents can be asked to graph the return loss of the simple @rmword-processor document. The “options” button lets the user
cuit of Fig. 2 with a matched load over a frequency range ehange the display from color to monochrome, to visualize its
say 100 to 500 MHz. It may surprise some to find that the reppearance in a printed document. Also the background can be
turn loss varies in a random way betwe€lb5 and-160 dB. changed from white to black. Many of TRLINE’s screens are
The program uses single-precision arithmetic and accumulatesre effective against a black background.
round-off error in formulating and solving the matrix equation. Whenever a frequency sweep graph is drawn, TRLINE pro-
A noise floor below-150 dB is slightly better than might be ex-duces a data file containing the graph in file TRLINE.RPL. This
pected with roughly seven-digit precision, sifffHog 10~7 = file can be used with the rectangular plotting program “RPLOT”

—140 dB. [5] to create well-formatted graphs of impedance, reflection co-
efficient, return loss, or transmission loss as a function of fre-
B. Additional Features quency. Whereas TRLINE does not give the user any control

The circuit schematics drawn by TRLINE use line Iength?;verthe format of the axes in the rectangular graph, RPLOT per-

that are proportional to the true values. As the lengths Jpits full control over axis format, labeling, titles, and so forth.

changed the circuit diagram grows or shrinks, giving a sense of =~ = |
the relative size of the parts of the circuit. Sometimes portiofys Limitations
of the circuit schematic have been permitted to overlap theTRLINE is not intended as a solver of transmission line cir-
graphs of line voltage, as in Figs. 11 or 15. This does not detraciits of arbitrary layout or complexity. Indeed, the emphasis has
from the usefulness of the graphs. been put on ease of use and not on generality. Better but much
After all the line lengths and characteristic impedances ofraore complex tools such as SPICE [6] or TOUCHSTONE [7]
complex circuit have been entered, the circuit parameters ae available. This section briefly mentions limitations and some
be saved to a file by clicking “save the circuit” in Fig. 2. Thepossible extensions of the program’s functions.
program asks for a file name and writes the file to disk with the TRLINE'’s lossless transmission lines could easily be made
TRLINE file extension “trl.” The circuit can be recalled usinglossy by including the attenuation factor in the matrix equation,
“Read a saved circuit” in the menu of Fig. 1. The “trl” file isand adding the attenuation constant to each line’s properties.
a text file that includes comments explaining the structure @ simplify the assembly of the matrix and the creation of the
the file. The enterprising student can construct new circuits ngaphics displays, the present version of TRLINE forces stub
included in the “templates” menu by editing the “trl” file. Thusbranches to terminate in a load. It might be useful to extend the
a circuit with four or five stubs could be created. program to allow branches with a series connection of two or
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three lines terminating in a load. The present TRLINE uses con-TRLINE leads the student from simple circuits to the design
stant-impedance loads. This is readily extended to parallel Rlo€transformers and simple filters. As students progress beyond
loads whose impedance varies with frequency, useful for mdtte intermediate level, a transition should be made to software
eling bandpass filters. Series RLC loads could also be includetiich is oriented toward the design of real components. Thus
if there is a need. It would be possible to include the computati®UFF [8] provides a realistic design environment for stripline
of the characteristic impedance of each line at each frequenoymponents. Using TOUCHSTONE [7] at this level introduces
to model waveguide components using the dominant modesbéidents to a software tool often found in the workplace.
propagation only. A bigger extension of the program’s capabili-

ties would be a user interface to construct transmission line cir- REEERENCES
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