Transmission Lines


A transmission line is a metallic conductor system that is used to transfer electrical energy from one point to another. More specifically, a transmission line is a two or more conductor separated by an insulator, such as a pair of wires or a system of wire pairs. A transmission line can be as short as a few inches or it can span several thousand miles. 

Transmission lines can be used to propagate dc or low frequency ac (such as 60-cycle electrical power and audio signals); they can also be used to propagate very high frequencies (such as intermediate and radio-frequency signals). When propagating low-frequency signals, transmission line behavior is rather simple and quite predictable; however, when propagating high-frequency signals, the characteristics of transmission lines become more involved.
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Figure 1. Various transmission lines

Types of Transmission Lines


Transmission lines can be generally classified as balanced or unbalanced. With two-wire balanced lines, both conductors carry current; one conductor carries the signal and the other is the return. This type of transmission is called balanced signal transmission. The signal propagating down the wire is measured as the potential difference between the two wires. Figure 2 is a balanced transmission system. Both conductors in a balanced line carry signal current, and the currents are equal in magnitude with respect to electrical ground but travel in opposite direction.
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Figure 2. Balanced transmission system


With an unbalanced transmission line, one wire is at ground potential, whereas the other wire is at signal potential. This type of transmission is called unbalanced transmission system. With unbalanced transmission system, the ground wire may also be the reference for other signal-carrying wires. If this is the case, the ground wire must go wherever any of the signal wires go. Sometimes this creates a problem because a length of wire has resistance, inductance, and capacitance and, therefore, a small potential difference may exist between any two points on the ground wire. Consequently, the ground wire is not a perfect reference point and is capable of having noise induced into it. A standard two-conductor coaxial cable is an unbalanced line. The second wire is the shield, which is generally connected to ground.


Figure 3 is two unbalanced transmission system. The potential difference on each signal wire is measured from that wire to ground. Balanced transmission lines can be connected to balanced lines, and vice versa, with special transformers called baluns.
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Figure 3. Unbalanced transmission system

Capacitance of a Transmission Line 

Capacitance also exists between the transmission line wires, as illustrated in Figure 4. Notice that the two parallel wires act as plates of a capacitor and that the air between them acts as a dielectric. The capacitance between the wires is usually expressed in picofarads per unit length. This electric field between the wires is [image: image4.jpg]


similar to the field that exists between the two plates of a capacitor. 

Figure 4. Distributed capacitance

 Resistance of a Transmission Line 

The transmission line shown in Figure 5 has electrical resistance along its length. This resistance is usually expressed in ohms per unit length and is shown as an existing continuously from one end of the line to the other. 
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Figure 5. Distributed resistance

Inductance of a Transmission Line


When current flows through a wire, magnetic lines of force are set up around the wire. As the current increases and decreases in amplitude, the field around the wire expands and collapses accordingly. The energy produced by the magnetic lines of force collapsing back into the wire tends to keep the current flowing in the same direction. This represents a certain amount of inductance, which is expressed in microhenrys per unit length. Figure 6 illustrates the inductance and magnetic fields of a transmission lines.
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Figure 6. Distributed inductance

Parameters of a Transmission Lines

For maximum power transfer from the source to the load, a transmission line must be terminated in a purely resistive load equal to the characteristics impedance of the line. The characteristic impedance (ZO) of a transmission line is a complex quantity that is expressed in ohms, is ideally independent of line length, and cannot be measured. 

Characteristic impedance (which is sometimes called surge impedance) is defined as the impedance looking into finite length of line that is terminated in a purely resistive load equal to the characteristic impedance of the line. A transmission line stores energy in its distributed inductance and capacitance. If the line is infinite long, it can store energy indefinitely; energy from the source is entering the line and none is returned. Therefore, the line acts as a resistor that dissipates all the energy. An infinite line can be stimulated if a finite line is terminated in a purely resistive load equal to ZO; all the energy that enters the line from the source is dissipated in the load (this assumes a totally lossless line).
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The characteristic impedance of the transmission line is calculated as follows: 

Since the losses of the transmission lines in digital system buses can be neglected, the characteristic impedance becomes real and has the following value: 
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Another important parameter of a transmission line is the propagation time between the two ends. For long buses it is more dominant than the propagation delays caused by the line drivers. The propagation delay of a transmission line is calculated as follows: 
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Finally, important calculated parameters of a transmission line are the reflection coefficients: 
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where RG and RL are the generator and load resistances, respectively.

Characteristic Impedance

For a parallel-wire line with air insulation, the characteristic impedance may be [image: image11.png]dl
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Where,

Z, = Characteristic impedance of line
= Inside diameter of outer conductor
d, = Outside diameter of inner conductor

k = Relative permittivity of insulation
between conductors



calculated as such: 

If the transmission line is coaxial in construction, the characteristic impedance [image: image12.png]Velocity of wave propagation wep
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follows a different equation: 

In both equations, identical units of measurement must be used in both terms of the fraction. If the insulating material is other than air (or a vacuum), both the characteristic impedance and the propagation velocity will be affected. The ratio of a transmission line's true propagation velocity and the speed of light in a vacuum is called the velocity factor of that line. 

Velocity factor is purely a factor of the insulating material's relative permittivity (otherwise known as its dielectric constant), defined as the ratio of a material's electric field permittivity to that of a pure vacuum. The velocity factor of any cable type -- coaxial or otherwise -- may be calculated quite simply by the following [image: image13.png]~/L
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formula: 

Characteristic impedance is also known as natural impedance, and it refers to the equivalent resistance of a transmission line if it were infinitely long, owing to distributed capacitance and inductance as the voltage and current "waves" propagate along its length at a propagation velocity equal to some large fraction of light speed. 

It can be seen in either of the first two equations that a transmission line's characteristic impedance (Z0) increases as the conductor spacing increases. If the conductors are moved away from each other, the distributed capacitance will decrease (greater spacing between capacitor "plates"), and the distributed inductance will increase (less cancellation of the two opposing magnetic fields). Less parallel capacitance and more series inductance results in a smaller current drawn by the line for any given amount of applied voltage, which by definition is a greater impedance. Conversely, bringing the two conductors closer together increases the parallel capacitance and decreases the series inductance. Both changes result in a larger current drawn for a given applied voltage, equating to a lesser impedance. 

Barring any dissipative effects such as dielectric "leakage" and conductor resistance, the characteristic impedance of a transmission line is equal to the square root of the ratio of the line's inductance per unit length divided by the line's capacitance per unit length: 
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Reflection Coefficient


The reflection coefficient (sometimes called the coefficient of reflection) is a vector quantity that represents the ratio of reflected voltage to incident voltage or reflected current to incident current. Mathematically, the reflection coefficient is gamma, Г, defined by 
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Where



Г = reflection coefficient



Er = reflected voltage (volts)



Ei = incident voltage (volts)

Er = ZL – ZO
Ei = ZL + ZO
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So,



Where



ZL = load impedance



ZO = characteristic impedance

Return Loss


The return loss is simply the amount of power that is "lost" to the load and does not return as a reflection. Clearly, high return loss is usually desired even though "loss" has negative connotations. Return loss is commonly expressed in decibels. If one-half of the power does not reflect from the load, the return loss is 3 dB. 

Transmission Line Impedance Matching

Power is transferred most efficiently to a load when there are no reflected waves, that is, when the load is purely resistive and equal to ZO. Whenever the characteristic impedance of a transmission line and its load are not matched (equal), standing waves are present on the line and maximum power is not transferred to the load. Standing waves cause power loss, dielectric breakdown, noise, radiation, and ghost signals. Therefore, whenever possible a transmission line should be matched to its load. Two common transmission-line techniques are used to match a transmission line to a load having impedance that is not equal to ZO. They are quarter-wavelength transformer matching and stub matching.

Quarter-wavelength transformer matching. This is use to match transmission lines to purely resistive loads whose resistance is not equal to the characteristic impedance of the line. Keep in mind that quarter-wavelength transformer is not actually a transformer, but rather a quarter-wavelength section of transmission line that acts as if it were a transformer. The input impedance to a transmission line varies from some maximum value to some minimum value, or vice versa, every quarter-wavelength. Therefore, a transmission line one-quarter wavelength long acts as a step-up or step-down transformer, depending on whether ZL is greater than or less than ZO. A quarter-wavelength transformer is not a broadband impedance-matching device; it is a quarter-wavelength at only a single frequency. The impedance transformations for a quarter-wavelength transmission line are as follows:

1. RL = ZO: The quarter-wavelength line acts as transformer with a 1:1 turns ratio.

2. RL > ZO: The quarter-wavelength line acts as step-down transformer.

3. RL < ZO: The quarter-wavelength line acts as step-up transformer.

As with a transformer, a quarter-wavelength transformer is placed between a transmission line and its load. A quarter-wavelength transformer is simply a length of transmission line one-quarter wavelength long. Figure 7 shows how a quarter-wavelength transformer is used to match a transmission line to a purely resistive load. The characteristic impedance of the quarter-wavelength section is determined mathematically from the formula



Where



Z’O = characteristic impedance of a quarter-wavelength transformer

ZO = characteristic impedance of the transmission line that is being matched



ZL = load impedance


Figure 7. Quarter-wavelength transformer


Stub matching. When a load is purely inductive or purely capacitive, it absorbs no energy. The reflection coefficient is 1 and the SWR is infinity. When the load is a complex impedance (which is usually the case), it is necessary to remove the reactive component to match the transmission line to the load. Transmission-line stubs are commonly used for this purpose. A transmission-line stub is simply a piece of additional transmission line that is placed across the primary line as close to the load as possible. The susceptance of the stub is used to tune out the susceptance of the load. With stub matching, either a shorted or an open stub can be used. However, shorted stubs are preferred because open stubs have a tendency to radiate, especially at the higher frequency.


Figure 8. Shorted stub impedance matching

Figure 8 shows how a shorted stub is used to cancel the susceptance of the load and match the load resistance to the characteristic impedance of the transmission line. It has been shown how a shorted section of transmission line can look resistive, inductive, or capacitive, depending on its electrical length. A transmission line that is one-half wavelength or shorter can be used to tune out the reactive component of a load.


The process of matching a load to a transmission line with a shorted stub is as follows:

1. Locate a point as close to the load as possible where the conductive component of the input admittance is equal to the characteristic admittance of the transmission line.

Yin = G – jB, where G = 1/ZO
2. Attach the shorted stub to the point on the transmission line identified in step 1.

3. Depending on whether the reactive component at the point identified in step 1 is inductive or capacitive, the stub length is adjusted accordingly.

          ZL – ZO


Г = 


         ZL + ZO





Z’O = √ ZOZL





Г = Er / Ei








