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ABSTRACT

This report is about the general theory of transmission lines.
Hence uses the theory to predict the transmission in five given
microstrips. Furthermore, the microstrips were experimentally
tested and the results are compared. This report concludes that
the model used for transmission lines though not perfect yet
provides very useful information about the transmission line and to
a very good degree of accuracy.
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1. INTRODUCTION

Transmission lines are the backbone of wired communication these days. Although
wireless communications have flourished in the past decade, wired transmission still
dominates the high bandwidth data delivery market. Transmission lines suffer from various
losses, damages as well as break downs. In this report , the method used for loss
detection in TLs is described. The methodology is backed up by the theory behind the
detection. Finally, in a few sections five different lines are used to compare and contrast
the theory and the experimental results.

2. GENERAL THEORY

TDRs or Time-domain Reflectometers have been around for many years, they still
remain the quickest and most accurate method of detecting faults in
cables(Atkinson,online). TDRs work in the same way as radars do. They send a fast rise
time energy pulse through the cable. When the pulse reaches the end of the cable or point
of fault reflections are returned back. The TDR has some type of screen (CRT or LCD)
which shows the reflected pulse waveform indicating the time and/or distance of the
reflections. These reflections show the location of the faultiness. A microstrip on the other
hand is a thin transmission line used for transmitting waves; typically located on a flat
dielectric substrate that is fixed upon a ground plane(xlinix, online). The theory behind the
transmission of waves is based on Maxwell’s equations.

The characteristic impedance, / , is defined as value of impedance of a transmission

line measured over a frequency range that would exist if the line were infinitely long. A
transmission line of finite length will have perfect power transmission, allowing for
absorptive transmission losses, if driven and terminated by a matching impedance. An
inexact match will cause reflections that increase transmission loss(ADC Krone, online).
From various derivations of Maxwell’s Equations; it can be found that the impedance of a
transmission line is ;

md
Z, = ,|—.— where W>>d.
ew

While the phase velocity (Thornhill, online);

Vv, =1/\/me

If the frequency of the wave is very high , 10GHz in this experiment, it is expected to
have a wavelength of 3cm. Hence in a transmission line it is expected to have
interferences and destructive patterns.

In this experiment it is expected to have a real value of Z, = 50W

As the TDR uses a pulse , it is expected that the characteristic impedance will be ;
Z-Z

r= £
Z+7Z,

Or alternatively ;

. ﬁ?&-ﬁ?ﬁ, md, , [md,
eW, Vew Vew, Vew,
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Where W, and W, are the width of the microstrip at any two given locations while
d1 and d2 are the depth. Hence assuming that the depths are equal and the strip is made

from the same material throughout , the characteristic impedance can be written in the
following form;

L oZo 2y LW, - LW,
Z,-Z, 1W,+1/W,

The following formula will be used extensively through the report to predict the
theoretical results hence compare it with the experimental ones.

3. THE TRANSMISSION LINES

In this section the various types of transmission lines to be examined will be explained.
The laboratory experiment included two major types of lines. The first type was a
trombone and the other was the microstrips. A visual picture of all the transmission lines
can be found in the Appendix.

1- The Trombone

The trombone device is a black piece of metal which has numerous grades as a scale.
This device was used to indicate the shift in the reflections of the wave as the scale was
changed. However, the main part of the experiment is based on the five microstrips.

2- Microstrip one

Microstrip one as indicated in figure 1 is a straight line transmission line. It has a length
of 39cm and is mounted in a dielectric material. The shape of the strip greatly effects the
reflections in the transmission line.

\
A

Figure 1. Microstrip one 3D- View with dimensions

3- Microstrip two

The second microstrip consists of a transmission line which consists of three segments.
Each segment is around 13 cm long. As can be seen from figure 2, the middle segment is
slightly off the track of the other two sections. The effect of this change on the
transmission line will be explained in the next sections.
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Figure 2. Microstrip two 3D- View with dimensions

4- Microstrip three

The third microstrip consists of a transmission line which consists of three segments.
The first segment is about 10cm long , second one is 12.5 and the third one is about 15
cm. There is also an extra centimetre which links the transmission lines back to the
input/output at right side. As can be seen from figure 3, the middle segment is slightly off
the track of the first one while the third segment is even more off track from both
segments. The effect of this change of width between through out the transmission line will
be explained in the next sections.

lme—
Figure 3. Microstrip three 3D- View with dimensions.

5- Microstrip four

The fourth microstrip consists of a transmission line which consists of one long incline
segment. The figure below shows a 3-dimentional figure of the microstrip. At the end of the
strip, for a short distance the strip maintains its normal length at the end. The inclined lines
and the end section each have their own effects on the trace produced by the TDR.
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Figure 4.Microstrip four 3D View with dimensions.

6- Microstrip five

The fifth microstrip is a rather complicated one. All the previous microstrips had the
same line on both sides. However, the fifth microstrip has asymmetrical shape around the
x-axis. Figure 5 shows the fifth microstrip with all the detailed dimensions.

/\
— %

'\ ",
% @ \ D
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o

Figure 5.Microstrip five 3D view with dimensions.

4. THE THEORETICAL PREDICTIONS

In this section each microstrip will be examined. First a diagram of the change of width
through out the microstrip will be shown. Hence using the width relationships between the
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various sections of the strip the theoretical projections are written. In a later section these
will be compared with the experimental results hence indicating the accuracy of the
predictions.

1- The Trombone and the o/c o/p circuits

As the trombone is a short circuited device with almost no change in its width it is
expected that the trace would be straight with no reflections during the length of the
trombone. However, due to the fact that the line is not terminated by a match load, once
the pulse is totally reflected back, the characteristic impedance changes back to zero. As
the scale was increase the period at which the characteristic impedance stays at 0.5
extends. The trombone is in fact used to calibrate the circuit and to find the optimal phase
velocity for the pulse to transfer to indicate its matched impedance. This will be explained
later. When the circuit is short circuited , in a similar fashion to the trombone, the trace will
stay at 0.5 and then drop back to zero once it reaches back at the line. However, an open
circuit does not create the same effect. Rather as the pulse reaches the end of the line it is
doubled due to the effect of constructive interference.

r—-—==" r—-—=="

— o — o - - - —

2. I\'ﬂR&‘fB%tﬁ‘iﬁddﬁfé trace of the short circuit Figure 7. Predicted trace of the open circuit

W;=0.6cm W,=0.6cm

Figure 8. The change of width through microstrip one.
The microstrip has an equal width between its two sides, hence it is not expected to
have any major reflections if the line is terminated by a matching load. Hence if all the

circumstances are ideal, then the
trace to be expected is the
one on figure 9a.

Figure 9A. The ideal theoretical trace for microstrip one.
However, there are many factors which affect the performance of the transmission.

These non- idealties not
only apply to this microstrip  but
also apply to all the other

7
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microstrips. The non-ideal factors include; the resistance of the components used such as
the cables, the bolts and the connectors. Additionally, the way the cable is located also
effects the transmission. To localize the fields twisted pairs of cables should be used.
Additionally the impedance of the components changes over time. Another reason why
these traces would not be ideal is due to the rise time of the pulse. The rise time of the
pulse is not as steep as the theory predicts.

Figure 9B. The ideal theoretical trace for microstrip one.

3- Microstrip two

Wl=0.60mI W,=1.8cm IW3=0.6cm

Figure 10. The change of width through microstrip two.

As the transmission line is not an evenly distributed line, it is expected that the pulse
and its reflections will not show a straight line trace. The middle segment is considered a
change in resistance, hence , the characteristic impedance changes through out the line.
First, the cable , similar to the first microstrip, is expected to have a slight resistance.
Hence the total resistance of the circuit side at the cable will be more than 50 is
expected.

Assuming that the resistance is very small, about 2 , the characteristic impedance will
decrease by a 0.02 factor for the cable length. Hence the characteristic impedance is
expected to be 0.98 for the some parts of the range of 0.1-0.92 m. However, as the trace
enters the microstrip, it is expected to be a rather different scenario. For the first 13cm of
the strip, that is, the range of 0.92cm to 1.05cm, it is expected that the characteristic
impedance will drop by a small factor. This is due to the factor that, similar to microstrip
one, the transmission line has a small variation in the width between the two lines.

For the middle part of the microstrip, the distance between the transmission lines has
increased. Using the equation;

P22 _UW,- VW
Z,-Z, 1W,+1/W,

W, =18cm W, = 0.6cm

1/18- 1/06
== 220 - 05
1/1.8+1/0.6

Where W, is the width between the two middle segments and W, is the width between the

first two segments. Hence there will be a decrease in the characteristic impedance of 0.5
from the maximum. For the next 13cm as a part of the third segment, which represents the
distance of 1.18 — 1.30cm , the width has decreased with respect to the middle segment.
Hence;
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2.5

15

0.5

oUW - W,
1/W, +1/W,

W, =18cm W, =0.6cm

1/06- 1/18
r=——=05
1/0.6+1/1.8

As the TDR traces the change in the value of 7, it will increase by 0.5 . Hence, the
value of 7 is similar to the first segment of the transmission line.

Combining all the segments and creating a theoretical prediction of the TDR trace:

u

0 0.5 1 1.5 2 2.5 3 35 4  distance/m

Figure 11. The theoretically predicted TDR trace for microstrip two.

4- Microstrip three

W1:O.GCmI W,=1.2cm W3=2 cm IW4:O.6cm

| \4

Figure 12. The change of width through microstrip three.
As the transmission line is not an evenly distributed line, it is expected that the pulse
and its reflections will not show a straight line trace. The trace is not symmetrical therefore
the right to left transmission is different from the left to right transmission

The right to left transmission;

Starting from the first segment, it is expected to have small reflections as its width
changes slightly. However, as the pulse moves between first segment and the second
segment, the width of the transmission line changes from 0.6 cm to 1.2cm. Hence the
change in characteristic impedance between segment one and segment two can be found;

_Z,-Z, _1W,-1/W, _ 1/12- 1/06 _
Z,-Z, UW,+1/W,  1/12+1/06

As the pulse leaves the second segment and enters the third segment , the width
changes from 1.2cm to 2cm . The change in characteristic impedance hence can be found
as:
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L oUW - 1w, 1/2- 1712

= @ 025
W, +1/W, 1/2+1/12

Then the pulse enters the last bottle neck which does not exceed 1 cm , hence r

changes again ;
o oUW, - UW; _ 1/06- 1/2

= @053
W, +1/W,  1/06+1/2

Hence , the trace is expected to have a relatively constant characteristic impedance
through the cable. Then drop slightly through as it enters the first segment for 10.5 cm
then change by 0.33 as it enters the second segment. Thereafter , it is reduced by another
0.25 and then increased by 0.53 as it enters the last cm of the transmission line at the left

side. Afterwards it is just the cable with the normal 7 =1 transmission. A graph of the

nredicted trace is shown figure 13.
r

2.5
2

15

1 4
0.5

0

-0.5

1 - o
The ggft to righi transmission; 1 5 2 25 3 35 4 distance/m
ANe tha ~ahla ie I ant tha eamna mnecet nf tha ciAanal wiill etav eimilar  Hawiavar  tha

Figure 13. The theoretically predicted TDR trace for microstrip there when load is at right.

= (n

a N

2.5

15

1 LT
0.5

0 0.5 1 1.5 2 2.5 3 35 4  distance/m

Figure 14. The theoretically predicted TDR trace for microstrip there when load is at left.

10
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2.5

15

0.5

5- Microstrip four

/_

W1=O.60m1 W,=2 cm IW4=O.GCm

Figure 15. The change of width through microstrip four.

The fourth microstrip has a rather different scenario than the others; in all the previous
cases the lines used to be fairly straight. However, in this case the transmission line
changes its width from 0.6cm at right to almost 2cm at left. Hence its shape is
asymmetrical. The rate of change of width with respect to the length of the microstrip can
be found as ;

dw _2- 06
== -2 ° @03
o - 385 &0

The characteristic impedance at the left side is one. The change of characteristic
impedance between the left side and the right side , excluding the 1cm , is given by;

_UW,- /W, _ 1/06- 1/2

= = @053
1/W, +1/W,  1/06+1/2

For the narrow to wide or right to left transmission

The characteristic impedance will start at 1 at the beginning of the microstrip and
gradually decreases by 0.53 on a range of about 38.5 cm.

As the pulse enters the last stage of the transmission , the 1 cm , the characteristic
impedance will be back to one. While the rest of the transmission line would be expected
to be very similar to the pervious cases.

N

0 0.5 1 1.5 2 2.5 3 35 4  distance/m

Figure 16. The theoretically predicted TDR trace for microstrip there when load is at right.

For the wide to narrow or left to right transmission;

11
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2.5

15

0.5

The wide to narrow has the opposite trace inside the microphone, the characteristic
impedance is one at the beginning of the strip. Then, suddenly it drops by 0.53 to 0.47.
Thereafter, the characteristic impedance gradually increases to one.

Vv

0 0.5 1 15 2 2.5 3 35 4  distance/m
Figure 17. The theoretically predicted TDR trace for microstrip there when load is at right.

6- Microstrip five

3=0.6cm
W;=0.6cm W,=9cm

Figure 18. The change of width through microstrip four.

The diagram above shows the complexity of microstrip five . It contains an area where
transmission line becomes twisted hence behaving like transmission line with-in a
transmission line. This causes the characteristic impedance to have a value far higher that
0.5 at some points. However, due to the limited knowledge about the explanation of this
line , this task will be left out.

. EXPERIMENTAL PROCEDURE

The experiment started with the calibration process. The calibration is setting the right
phase velocity Vp so that the relationship between the time axis and the dimension access
is sensible. The cable was measured to be 0.92cm . Hence the cursor on the TDR was
moved to the location. Then it was seen that while Vp=0.66m/s the resistance is 50 .
Therefore for the purpose of this experiment the matched load will be 50 . In order to
locate the zero distance on the time scale the plug was opened.

Figure 19. The plug opened.

12



ELEC2002.3 TRANSMISSION LINES RAWAZ RAUF

Figure 20.The trace of wave when the end of the circuit is an open circuit.

Figure 20.The trace of wave when the end of the circuit is short circuit with a matched
load.

1- The Trombone Experiment

As the trombone was connected to the TDR the predicted waveforms appeared. The three
traces on the next page are the TDR print outs at different lengths.

Figure 21. The trombone at different locations

The following table shows the scale of the trombone against shift in the distance on the trace.

Trombone Scale/cm | Distance/cm
0 94.6

13 101.6

26 114.2

Table 1. Comparison of the scale on the trombone to the distance of the end of the line.

2- Microstrip one experiment

After the calibration and finding the ideal load to match the cable , the first microstrip
was connected. For each microstrip the same procedure was followed. First the load was
located at right and the cable, which is connected to the TDR, was connected to the left
side of the microstrip. Afterwards, the same procedure was repeated but this time the load
at the left and the cable at right. In some cases like microstrip one only one trace will be
included in the report as they are both almost identical.

Figure 21. The experimental trace for microstrip one.

13
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3- Microstrip two experiment

Similar to the first microstrip , the experiment was carried out . The traces received from the
TDR are as follows;

25 25
> 2
15 15
1 1
0.5 05
o 0
05 05
1 o 05 1 15 2 25 3 35 4 distance/m 1 0 05 1 15 2 25 3 35 4 distance/m

Figure 22. The experimental trace for microstrip two a)load at right b) load at left.

4- Microstrip three experiment

Similar to the first microstrip, the experiment was carried out. The traces received from the
TDR are as follows;

25 25
2 2
15 15
1 1
05 05
0 0
-0.5 -0.5

-1 " * 0 0.5 1 15 2 25 3 35 4 distance/m

0 0.5 1 15 2 25 3 35 4 distance/m

Figure 22. The experimental trace for microstrip three a) load at right b) load at left.

5- Microstrip four experiment

Similar to the first microstrip, the experiment was carried out. The traces received from the
TDR are as follows;

25 25
2 2
15 15
1 1
0.5 0.5
o 0
05 -0.5
1 0 05 1 15 2 25 3 35 4 distance/m 0 05 1 15 2 25 3 35 4 distance/m

Figure 23. The experimental trace for microstrip four a)load at right b) load at left.

6- Microstrip five experiment

Similar to the first microstrip , the experiment was carried out . The traces received from the
TDR are as follows;

25 25
2 2
15 15
1 1
0.5 05
0 0
05 05

14

1o 0.5 1 15 2 25 3 35 4 distance/m
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0 0.5 1 15 2 25 3 35 4 distance/m

Figure 24. The experimental trace for microstrip five a)load at right b) load at left.

Figure 25. The experimental trace for microstrip five expanded version a)load at right b) load at left.

6. DISCUSSION

In this section the experimental results will be overlaid on top of the theoretical one to be able
to demonstrate the compatibility of the two and the preciseness of the model.

1- The trombone

As can be seen from the graph, the more the trombone is stretched the longer the trace
extends at 1. This is due to the fact that the trombone actually increases the length of the
transmission line as it is pulled out.

The change of the trombone length with respectto t he pulse length
119
e 114 .
L
< 109
(o)}
c
o 104
[} L 2
3 99
a
94 ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30
Trombone length/cm

Figure 26. Comparison of trombone length to trace distance.

2- Microstrip one

Initially there is a minor resistance in the 0.92m cable, of magnitude At 1.446 on the
waveform, where the load lies, it can be seen that the p is exactly one. Hence it indicates
that there is a good impedance matching between the load and the rest of the circuit.
However, form distance between 0.98m and 1.4 (about 0.39m which is the length of the
transmission line) it can be seen that p is less than 1. This indicates that the transmission
line has a resistance. This could be due to a minor change in the width of the microstrip or
alternatively, the depth of the strip is not even through out the line.

e

15
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25

15

0.5

0

-0.5

Figure 27. The theoretical results overlaid on the experimental results for microstrip one.

3- Microstrip two

The experimental results ,figure 22a and 22b, show that the direction of transmission
does not influence the propagation of the pulse in the microstrip. It also clearly shows the
difference between the theoretical and experimental predictions. As it can be seen from
figure 28, of the theoretical predictions overlaid on the experimental results , there is a
general fit of the two results. However, it can be noted that the pulse rise time restriction
clearly affects the experimental trace. Hence there are curvatures in the trace as the signal
moves from one region to another. It can be also noted that the valves and the cable also
introduce some unaccounted for irregularities. However, as a conclusion it is worth
mentioning that the theoretical model matches the experimental results to an extent that
makes the method useful for examining a microstrip such as the second microstrip.

Figure 28. The theoretical model for microstrip two overlaid over the experimental results.
4- Microstrip three

As can be noted from the shape of the microstrip, Figure 3, the line is not symmetrical
with respect to the y-axis. Hence the effect of the microstrip is opposite as the locations
vary. The distance between 1m-1.5m in the two diagrams below clearly show that pulse
have mirror image. As far as the comparison of the model is concerned, the experimental
results have the same peaks while they do not necessarily fit. One of the reasons is the
pulse rise time . Another reason is the minor reflections on the line. These minor reflection
can be due to various reasons. One is the imperfect coupling of the resistances. Secondly
the bolts and cables and valves need to be included to have a perfect matching of the
theory to the experiment.

25
2

15

L - gl

—_— 0
-0.5

1
0 05 1 15 2 25 3 35 4 distanceim 0 05 1 15 2 25 8 35 4 distanceim

16
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Figure 28. The theoretical model for microstrip three overlaid over the experimental results.

On the other hand if the second microstrip’s trace is compared to the third microstrip it
can clearly be seen that for the region of the trace where the pulse is not in the microstrip,
there is almost identical characteristic impedances. This shows that the cables, bolts and
other irregularities can be omitted as they are the same for every microstrip. Hence, if a
cable company uses TDR traces, it can use and older trace “when the cable was
functional” and compare it to when the cable failed to predict the location where exactly
the fault exists.

5- Microstrip four

As expected the experimental results are different if the load is at left than if the load is at
right. Hence the theory enables examination of the microstrip very well. However, the same
previous issues for the other microstrips apply here as well. Clearly the pulse rise time has a
major effect in the difference between the model and the experiment.

25 25
2 2
15 15
1 l/ 1 \I

05 0.5

0 0
0.5 05

-1 0 05 1 15 2 25 3 35 4 distance/m 0 0.5 1 15 2 25 3 35 4 distance/m

Figure 29. The theoretical model for microstrip four overlaid over the experimental results.

However, there is a general compatibility between the theory and the experiment which
enables one to state that the model can be used to predict the trace from microstrip four.

6- Microstrip five

This microstrip is rather complicated. Due to lack of complete knowledge about the theory of
transmission lines the discussion for this section could not be performed.

7. CONCLUSION

The theory of transmission lines though is very simple is rather powerful. In this report,
through the microstrip experiment and trombone device, it was possible to investigate the
effectiveness of the theory. Although it's worth mentioning that the theory does not cover
all the expected results it is still rather precise. Hence it is possible to find faults, tapping
and other forms of signal disturbance through the theory of transmission lines and using
basic TDRs.

17
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8. APPENDIX

The visual picture of the microstrips

Figure 30. The visual picture of all the microstrips taken by Chris Blackburn.
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