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When dealing with the practical implementation of RF applications, there are always some nightmarish tasks. One is the need to match the different impedances of the interconnected blocks. Typically these include the antenna to the low-noise amplifier (LNA), power-amplifier output (RFOUT) to the antenna, and LNA/VCO output to mixer inputs. The matching task is required for a proper transfer of signal and energy from a "source" to a "load."

At high radio frequencies, the spurious elements (like wire inductances, interlayer capacitances, and conductor resistances) have a significant yet unpredictable impact on the matching network. Above a few tens of megahertz, theoretical calculations and simulations are often insufficient. In-situ RF lab measurements, along with tuning work, have to be considered for determining the proper final values. The computational values are required to set up the type of structure and target component values.

There are many ways to do impedance matching, including:

· Computer simulations: Complex to use, as such simulators are dedicated to differing design functions and not to impedance matching. Designers have to be familiar with the multiple data inputs that need to be entered and the correct formats. They also need the expertise to find the useful data among the tons of results coming out. In addition, circuit-simulation software is not pre-installed on computers, unless they are dedicated to such an application. 

· Manual computations: Tedious due to the length ("kilometric") of the equations and the complex nature of the numbers to be manipulated. 

· Instinct: This can be acquired only after one has devoted many years to the RF industry. In short, this is for the super-specialist. 

· Smith chart: The RF engineers calculator. 
What Is the Smith Chart
A Smith chart is a circular plot with a lot of interlaced circles on it. When used correctly, matching impedances, with apparent complicated structures, can be made without any computation. The only effort required is the reading and following of values along the circles.
The Smith chart that we will be using in this lab is generated using the MATLAB function, smistand.  If you go to the MATLAB icon and double click it, you will get the MATLAB prompt.  At the prompt, simply type smistant, to get the following graph.
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Figure 1. MATLAB generated Smith chart.
A Smith chart is developed by examining the load where the impedance must be matched. Instead of considering its impedance directly, you express its reflection coefficient [image: image2.png]


L, which is used to characterize a load (such as admittance, gain, and transconductance). The [image: image3.png]


L is more useful when dealing with RF frequencies.

We know the reflection coefficient is defined as the ratio between the reflected voltage wave and the incident voltage wave:
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Figure 2. Impedance at the load
The amount of reflected signal from the load is dependent on the degree of mismatch between the source impedance and the load impedance. Its expression has been defined as follows:
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Because the impedances are complex numbers, the reflection coefficient will be a complex number as well.

In order to reduce the number of unknown parameters, it is useful to freeze the ones that appear often and are common in the application. Here Zo (the characteristic impedance) is often a constant and a real industry normalized value, such as 50[image: image6.png]
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, and 600[image: image9.png]


. We can then define a normalized load impedance by:
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The points situated on a circle are all the impedances characterized by a same real impedance part value. For example, the circle, R = 1, is centered at the coordinates (0.5, 0) and has a radius of 0.5. It includes the point (0, 0), which is the reflection zero point (the load is matched with the characteristic impedance). A short circuit, as a load, presents a circle centered at the coordinate (0, 0) and has a radius of 1. For an open-circuit load, the circle degenerates to a single point (centered at 1, 0 and with a radius of 0). This corresponds to a maximum reflection coefficient of 1, at which the entire incident wave is reflected totally.
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Figure 3. Smith chart of resistances.

When developing the Smith chart, there are certain precautions that should be noted. These are among the most important:

· All the circles have one same, unique intersecting point at the coordinate (1, 0). 

· The zero [image: image12.png]


circle where there is no resistance (r = 0) is the largest one. 

· The infinite resistor circle is reduced to one point at (1, 0). 

· There should be no negative resistance. If one (or more) should occur, we will be faced with the possibility of oscillatory conditions. 

· Another resistance value can be chosen by simply selecting another circle corresponding to the new value. 
The points situated on a circle are all the impedances characterized by a same imaginary impedance part value x. For example, the circle x = 1 is centered at coordinate (1, 1) and has a radius of 1. All circles (constant x) include the point (1, 0). Differing with the real part circles, x can be positive or negative. This explains the duplicate mirrored circles at the bottom side of the complex plane. All the circle centers are placed on the vertical axis, intersecting the point 1.
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Figure 4. Smith chart of reactances.

Get the Picture?
To complete our Smith chart, we superimpose the two circles' families. It can then be seen that all of the circles of one family will intersect all of the circles of the other family. Knowing the impedance, in the form of r + jx, the corresponding reflection coefficient can be determined. It is only necessary to find the intersection point of the two circles corresponding to the values r and x.
To Extrapolate
Because the Smith chart resolution technique is basically a graphical method, the precision of the solutions depends directly on the graph definitions. Here is an example that can be represented by the Smith chart for RF applications:
Problem 1.  Consider the characteristic impedance of a 50[image: image14.png]


 termination and the following impedances:
	Z1 = 100 + j50[image: image15.png]



	Z2 = 75 -j100[image: image16.png]



	Z3 = j200[image: image17.png]



	Z4 = 150[image: image18.png]




	Z5 = [image: image19.png]


(an open circuit)
	Z6 = 0 (a short circuit)
	Z7 = 50[image: image20.png]



	Z8 = 184 -j900[image: image21.png]





Normalize and plot impedances on the Smith chart generated using the MATLAB function, smistand. 
You can use the z2gamma function of MATLAB to convert from the normalized impedances to the reflection coefficient ().  
Problem 2.  Convert the normalized impedances in problem 1 to gamma.  Note:  Use exp(100) for (.

Working with Admittance
The Smith chart is built by considering impedance (resistor and reactance). Once the Smith chart is built, it can be used to analyze these parameters in both the series and parallel worlds. Adding elements in a series is straightforward. New elements can be added and their effects determined by simply moving along the circle to their respective values. However, summing elements in parallel is another matter. This requires considering additional parameters. Often it is easier to work with parallel elements in the admittance world.
We know that, by definition, Y = 1/Z and Z = 1/Y. The admittance is expressed in mhos or [image: image22.png]


-1 (in earlier times it was expressed as Siemens or S). And, as Z is complex, Y must also be complex.  Therefore, Y = G + jB (2.20), where G is called "conductance" and B the "susceptance" of the element. It's important to exercise caution, though. By following the logical assumption, we can conclude that G = 1/R and B = 1/X. This, however, is not the case. If this assumption is used, the results will be incorrect.

When working with admittance, the first thing that we must do is normalize y = Y/Yo. This results in y = g + jb. 
The Admittance Smith Chart
In the previous discussion, we saw that every point on the impedance Smith chart can be converted into its admittance counterpart by taking a 180° rotation around the origin of the [image: image23.png]


complex plane. Thus, an admittance Smith chart can be obtained by rotating the whole impedance Smith chart by 180°. This is extremely convenient, as it eliminates the necessity of building another chart. The intersecting point of all the circles (constant conductances and constant susceptances) is at the point (-1, 0) automatically. With that plot, adding elements in parallel also becomes easier. 

Equivalent Impedance Resolution
When solving problems where elements in series and in parallel are mixed together, we can use the same Smith chart and rotate it around any point where conversions from z to y or y to z exist.  Let's consider the network of Figure 5 (the elements are normalized with Zo = 50[image: image24.png]


). The series reactance (x) is positive for inductance and negative for capacitance. The susceptance (b) is positive for capacitance and negative for inductance.
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Figure 5. A multi-element circuit 
The circuit needs to be simplified (see Figure 6). Starting at the right side, where there is a resistor and an inductor with a value of 1, we plot a series point where the r circle = 1 and the l circle = 1. This becomes point A. As the next element is an element in shunt (parallel), we switch to the admittance Smith chart (by rotating the whole plane 180°). To do this, however, we need to convert the previous point into admittance. This becomes A'. We then rotate the plane by 180°. We are now in the admittance mode. The shunt element can be added by going along the conductance circle by a distance corresponding to 0.3. This must be done in a counterclockwise direction (negative value) and gives point B. Then we have another series element. We again switch back to the impedance Smith chart.
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Figure 6. The network of Figure 8 with its elements broken out for analysis
Before doing this, it is again necessary to reconvert the previous point into impedance (it was an admittance). After the conversion, we can determine B'. Using the previously established routine, the chart is again rotated 180° to get back to the impedance mode. The series element is added by following along the resistance circle by a distance corresponding to 1.4 and marking point C. This needs to be done counterclockwise (negative value). For the next element, the same operation is performed (conversion into admittance and plane rotation). Then move the prescribed distance (1.1), in a clockwise direction (because the value is positive), along the constant conductance circle. We mark this as D. Finally, we reconvert back to impedance mode and add the last element (the series inductor). We then determine the required value, z, located at the intersection of resistor circle 0.2 and reactance circle 0.5. Thus, z is determined to be 0.2 +j0.5. If the system characteristic impedance is 50[image: image27.png]


, then Z = 10 + j25[image: image28.png]


 (see Figure 7).
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