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Transmission Lines and Reflected Signals 
Note: This lab manual has been created by modifying the original application note developed by 

Keysight (http://literature.cdn.keysight.com/litweb/pdf/5992-0190EN.pdf) 

Introduction 
Transmission lines are a very important circuit element in electrical engineering. Transmission lines are 
distributed elements, in contrast to lumped elements such as resistors (R), capacitors (C), and inductors 
(L). The electrical characteristics of a distributed element depend upon its physical geometry. Unlike in a 
purely lumped element circuit, geometry matters and is a primary factor for how the circuit behaves. 
Transmission lines, the subject of this laboratory, are conduits for the propagation of electromagnetic 
waves which carry both information and power. Travelling waves interact with inhomogeneities in their 
path, and these produce reflections. These reflected waves are an integral aspect of transmission line 
behavior which can be both useful and a challenge to manage. 

A quick overview 
The characteristic impedance of a transmission line Z0 is the ratio of the voltage and current of a wave 
travelling along the line; that is, a wave travelling in one direction in the absence of reflections in the 
other direction. The characteristic impedance is determined by the geometry and materials of the 
transmission line. In a lumped-element model, Z0 can be expressed in terms of RLGC parameters and the 
angular frequency ω of the electromagnetic wave: 

𝑍0 = √
𝑅 + 𝑗𝜔𝐿

𝐺 + 𝑗𝜔𝐶
 

The phase velocity, also called the propagation velocity, is determined by the material itself: 

𝑢 = 1/√𝜇𝜀 

where μ and ε are respectively the magnetic permeability and electrical permittivity of the dielectric 
material separating the conductors. 

A signal travelling along an electrical transmission line will be partly, or wholly, reflected back in the 
opposite direction when the travelling signal encounters a discontinuity in the characteristic impedance 
of the line, or if the far end of the line is not terminated in its characteristic impedance. As shown in 
Figure 1, VS is the source, ZS is source impedance, AA’ and BB’ are ends of the transmission line, and ZL is 
the load. The reflection coefficient Γ represents the ratio of the amplitude of the reflected voltage (or 
current) wave to the amplitude of the incident voltage (or current) at the load: 

Γ =
𝑉0
−

𝑉0
+ =

𝑍𝐿 − 𝑍0
𝑍𝐿 + 𝑍0
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Figure 1 

For this lab, three types of loads will be considered first: an open circuit load, a short circuit load, and a 
properly matched load. An open circuit load ideally gives ZL = infinity, although in practice a load for 
which ZL >> Z0 or simply the lack of any component on the end of the line are effectively open circuit 
loads. A short circuit load ideally gives ZL = 0, and likewise ZL << Z0 is effectively a short circuit load in 
practice. A short circuit load and an open circuit load represent cases of total reflection. For the open 
circuit load, Γ = +1; and for the short circuit load, Γ = −1. Note that the short circuit load produces a 
phase reversal of the reflected voltage wave. A matched load is a load whose impedance is equal to the 
characteristic impedance of the transmission line, ZL = Z0, at a certain frequency. A matched load 
produces no reflections, Γ = 0, and all of the incident power is absorbed by the load. 

The voltage standing wave ratio or VSWR is the ratio of the maximum voltage |V|max to minimum 
voltage |V|min along the transmission line: 

𝑉𝑆𝑊𝑅 =
|𝑉|𝑚𝑎𝑥

|𝑉|𝑚𝑖𝑛
=
1 + |Γ|

1 − |Γ|
 

The VSWR, sometimes called simply SWR when it is understood that voltage is being described, provides 
a measure of the mismatch between the load and the transmission line; for a matched load with |Γ| = 0, 
the VSWR = 1, and for a line with |Γ| = 1, the VSWR = infinity. VSWR or SWR is the most common 
method of specifying how well a transmission line is delivering its incident wave to the load, i.e. how 
well reflections are being minimized. Unity VSWR is the ideal that is desired. VSWR meters are very 
common on equipment that deals with sending RF power to loads, such as transmitters, tuners, and 
matching networks. 

Learning how to make the measurements 
Here we will review how to use the FieldFox CAT application for making several types of cable 
measurements. Return Loss (RL) and Insertion Loss (IL) have been examined previously. The 
measurement of VSWR and the useful distance-to-fault (DTF) function involve measurements of the 
signal reflected back from the cable, and lying at the heart of both of these is the reflection coefficient Γ. 
This lab will concentrate on the VSWR and DTF functions. 

The DTF function displays the fraction of power that is reflected from various distances out along the 
cable. FieldFox creates the DTF measurement by first taking a frequency sweep over a specified range 
and measuring the signal that is reflected back into Port 1 relative to the amplitude of the test signal 
that was sent out from Port 1. FieldFox then performs a numerical inverse Fourier transform to create a 
time domain representation of the reflected signal from the frequency sweep. By assuming a default 
propagation velocity for the waves, the speed of light c, the time delay for reflected components of the 
received signal can be related to distance down the cable, once a factor of 2 has been included to 
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account for all such delays being round trip times. In other words, the instrument takes data in the 
frequency domain, converts it numerically to the time domain, and then converts time to distance by 
assuming a propagation velocity, the speed of light being the default. 

The resulting DTF display is an exceedingly powerful tool for locating the source of problems in cables. 
Suppose that a 1000 ft. long buried cable is found to have a short circuit. Where would one need to dig 
to repair the short? An ohmmeter or oscilloscope would be of no help; the actual location of the short 
circuit needs to be determined. This is precisely the situation in which a swept frequency analyzer can 
isolate the location of the problem, potentially saving a lot of time and money on excavation costs which 
might otherwise be required to dig up and replace the entire cable. 

1. Turn on the FieldFox and allow the CAT application to load and launch. 
2. Attach Type-N to SMA coaxial adapters to ports 1 and 2 of the FieldFox if they are not already 

present. 
3. Attach one of the male SMA connectors of a 24-inch long section of RG58 coaxial cable to port 1 

and connect the other end to a male short circuit cap using a female-female SMA barrel 
connector. Figure 2 shows the male shorting cap (side and front views), and the female-female 
SMA barrel connector. Figure 3 shows the final connection of the cable and the FieldFox. Note 
that the shorting cap will be golden looking into it, i.e. there is no insulator inside. Do not 
confuse this component with a 50 Ohm termination (which has a white insulator visible inside). 

 
Figure 2 
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Figure 3 

4. Select the DTF (dB) measurement function. The DTF measurement function displays the 
reflected power along the y-axis as a function of distance along the x-axis.  

5. The default distance range is from 0 m to 100 m, so change the range from 0 m to 1 m. Press the 
Freq/Dist button and then press the Stop Distance soft key, followed by ‘1’ and the ‘m’ soft key 
for meters. 

6. The reflected power is displayed as a function of distance. Observe the largest peak which 
indicates the reflection at the end of the cable. Record the distance at which the peak occurs, ℓ0, 
which should theoretically be the length of the cable. Note that this measurement corresponds 
to a velocity factor of 1.000, which means that the FieldFox is assuming a propagation velocity 
equal to the speed of light. This is the default, because the FieldFox has not been supplied with 
any other information about the cable. 

7. Remove the shorting cap to convert the termination into an open circuit load. The DTF display 
should have only changed very slightly. Most of the reflected power is still coming from the 
reflection at the end of the cable. As far as the DTF function is concerned, a short circuit load 
and an open circuit load look electrically the same. For both the short circuit and open circuit 
loads, the level of the reflected signal should have been only 1 to 2 dB down from the level of 
the test signal that was sent out from port 1. 
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8. Now terminate the cable with a 50 Ω load resistor, similar to 
that shown in figure 4. Note that it may not look exactly as 
pictured here, but it has an insulator visible inside, unlike the 
shorting cap. Observe how the power from the cable end 
reflection has been greatly reduced. The level of the peak 
reflected signal should now be more than 30 dB down from 
the level of the test signal. If the cable was terminated in a 
perfectly matched load of ZL = Z0, then Γ = 0 and the DTF 
function would ideally show no reflected signals at all. 

9. Replace the 50 Ω load with a variable 500 Ω potentiometer 
load, as shown in figure 5. Take care in handling the 
potentiometer load to avoid snapping the solder joints. By 
adjusting the potentiometer, this load can be varied from a 0 
Ω (a short circuit), to 50 Ω (a matched load), to 500 Ω (not 
quite an open circuit, but approaching one). 

10. Examine the potentiometer and determine which 
direction the wheel must be turned to produce the 
short circuit 0 Ω case. The DTF display should 
resemble that for the previous short or open.  

11. Slowly rotate the wheel of the potentiometer to 
increase the load resistance and observe the 
changes in the cable end reflection. The reflected 
power should drop to a minimum around where ZL 
= Z0 = 50 Ω, and then increase again as the 
potentiometer is dialed up to its full value of 500 
Ω. 

12. The DTF (dB) function is a logarithmic vertical axis which allows it to show a very wide dynamic 
range of reflected signals. To reduce the clutter and focus more on the strongest reflected 
signals, the DTF (VSWR) function provides better clarity. From the Measure menu, press the DTF 
(VSWR) soft key and the display should simplify to show only the strongest reflections. 

13. It may be necessary to rescale the display. If this is needed, press the Scale/Amptd button, and 
then either adjust the Scale and/or Ref Level to a better choice of axes, or alternatively press the 
Autoscale soft key. Recall that a VSWR of unity corresponds to a zero reflection coefficient. The 
larger the VSWR, the greater the reflections. Explain what you observe in this mode (DTF VSWR) 
as the potentiometer is adjusted throughout its range and the meaning of the x- and y- axes. 

Correcting the velocity factor 
The measured distance of the cable end reflection should have been found to be quite a bit larger than 
the nominal physical length of the coaxial cable, ℓ0 > ℓ1 = 24 in = 0.61 m. The electromagnetic wave 
propagates through the dielectric material of the coaxial cable which has a relative dielectric constant 
greater than unity. As a result of ε > ε0, the wave propagates slower than the speed of light, u < c = 3×108 
m/s. Because of the smaller propagation velocity, a wavelength inside the cable is shorter than the 
wavelength of the same frequency electromagnetic wave propagating in vacuum, λ < λ0. 

Propagation time can analogously be phrased as 

𝑡 =
ℓ0
𝑐
=
ℓ1
𝑢

 

Figure 4 

Figure 5 
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where ℓ1 is the physical length of the cable, and ℓ0 is known as the electrical length of the cable. 

The velocity factor (VF) is the ratio of the actual propagation velocity 𝑢 to the speed of light 𝑐, and this 
ratio becomes a scaling factor for each of the above proportions, 

𝑉𝐹 =
𝑢

𝑐
=

𝜆

𝜆0
=
ℓ1
ℓ0

 

Compute the velocity factor for the cable, based upon the measured electrical length and physical 
length. 

The FieldFox provides automatic velocity factor conversions, and the actual velocity factor can be either 
entered as a numerical value or pulled from a preloaded cable table. 

To set the velocity factor: 

1. Press the Meas Setup key, and then the DTF Cable Specifications soft key. 
2. From here, there are two options. 

a. The velocity factor and cable loss can be manually entered as numerical values by 
choosing Velocity Factor and Cable Loss and entering the proper values. 

b. If the cable type is known, it can be selected from the cable table which contains the 
velocity factor and cable loss for different type of cables. To use the cable table, first 
press Edit/Save/Recall Cables soft key, and then press Recall Cables. Rotate the dial to 
highlight the entry RG58C, which will be on the second page, and then press Enter. The 
FieldFox will then display the distance axis taking into account this velocity factor. Go 
back to the DTF Cable Specifications, and it should now show a velocity factor of 0.667 
and a cable loss of 0.00 dB/m. Note that most RF cables have the cable type printed on 
its outer jacket. 

3. Observe the rescaled DTF display, and compare the distance-to-fault for the cable end reflection 
as compared to the nominal physical length of the cable. Are these two values now in better 
agreement? 

Measurement assignment 
For the following measurements, the DTF (VSWR) function will prove the most convenient, but if 
additional sensitivity is needed, switch to the DTF (dB) function to obtain greater dynamic range. 

1) Double the coaxial cable length by connecting another 24 inch long cable to the end of the first using 
a female-female SMA barrel connector. Test this overall 48 inch long cable with the open circuit, short 
circuit, and matched loads. Explain the differences between the doubled cable from the single cable. A 
smaller peak may be observed in the location where the two cables are joined by the barrel connector. 
This is a minor reflection that arises from the imperfections of the connector itself. Likewise, you may 
also observe a smaller peak at a distance very close to the FieldFox port 1. This similarly arises from the 
imperfections of the first connection point and the Type-N to SMA adapter. 

2) Slowly unscrew one side of the barrel connector that is between the two 24 inch cable sections. 
Examine the DTF trace as the connection becomes looser and looser. There will be a sharp point where 
the reflection from this connection point will jump upwards and the reflection at the far end of the cable 
will fall. This is a fairly clear indication of an open circuit problem with the cable which is restricting 
signal transmission. Capture this screen and explain this plot. 
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3) Replace the female-female barrel connector with a 3-port T-connector, leaving the third port simply 
unconnected and the far end of the second section terminated in an open circuit. Again, observe the 
DTF trace and interpret the results. Note that the 3-port T-connector simply connects the three ports 
together in parallel with no special attention to impedance matching or wave reflections from those 
ports. As a consequence, it can function as a 2-port union connector, but a poorer one than the simpler 
barrel connector. Explain why this is so based upon the geometry of the T-connector. As a side note, 
there are specific 3-port devices such as power splitters or power combiners which do pay a great deal 
of attention to proper matching of the port impedances so as to minimize reflections. Power splitters 
and combiners are completely different from the simple 3-port T-connector used here. 

4) Change the displayed distance range to cover 0.00 to 3.00 meters. With open circuits on the T-
connector and on the far end of the second section of cable, more than just two significant reflections 
should be observed. Explain the origin of the reflections which are associated with distances of 24 inches 
(61 cm), 48 inches (1.22 m), 72 inches (1.83 m), and 96 inches (2.44 m). How can these happen if the 
total cable length is only 36 inches? 

5) Connect the far end of the second cable to the third port of the T-connector. This will produce a re-
entrant loop using the second cable. New reflection peaks should now appear at distances halfway in 
between those that were showing previously. Explain the origin of these additional peaks. As a hint, 
remember that the FieldFox assumes a full round trip transit for each reflected signal. Later on, this 
configuration will be shown to be a simple form of resonator. The loop can then be disconnected at the 
T-connector. 

6) Attach a matched 50 Ω load to the far end of the second cable and observe the effect on the DTF 
trace. Now attach a shorting cap to the third port of the T-connector. Although a short has been 
introduced into the middle of the transmission line, it only interrupts the signal transmission by a small 
amount. There still exists a significant reflection from the 50 Ω load, indicating that a good deal of power 
is passing through the T-connector in spite of its third port being shorted. In low frequency systems, 
shorting a pair of wires in the middle of their length would normally kill the possibility of transmitting 
any power past that point. Not so for high frequency RF and microwave systems. The propagation is due 
to travelling waves, not static voltages. 

Grading scheme 
This lab is out of 15 marks. 

• 3 marks for answering questions from the Learn How to Make the Measurements section 

• 2 marks for answering questions from the Correcting the Velocity Factor section 

• 7 marks for answering questions from the Measurement Assignment 

• 3 marks for INDIVIDUALLY answering additional questions about this lab found on eClass. 

All questions can also be found on eClass, where you will enter your answers. Note that all group members 

may have similar answers, EXCEPT for the questions indicated that are to be answered INDIVIDUALLY, 

where each group member is expected to have their own answer. 


