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The Truth About Antenna Tuners
A mathematical proof of how antenna tuners work
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Intro

This presentation is meant to provide a mathematical proof of what antenna 

tuners do and how they actually work. This presentation will help to dispel many 

of the urban myths and legends that continue to circulate on the information 

superhighway.
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Presentation Outline

● Tuner Impedance Matching
○ Refresher on resistance, reactance, admittance, conductance and susceptance
○ Refresher on the Smith Chart
○ Impedances in parallel and/or series plotted within the Smith Chart
○ Network topologies for varying impedance values

● Tuners and Reflected Energy
○ Refresher on transmission line characteristic impedance
○ Refresher on transmission and reflection coefficients
○ Mathematical accounting for all energy in an antenna system
○ Examples

■ The quarter wave impedance transformer
■ The LC network

● Tuner Efficiency
○ How to turn your tuner into a space heater

● Tuner Myths and Legends
○ Can we put some of this stuff in the dust bin please?

● Acknowledgements and Important Resources
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Tuner Impedance Matching
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Refresher on Resistance, Reactance, Admittance, Conductance and Susceptance

In order to fully understand what an antenna tuner does, we must first fully understand the 

environment in which it is used. For RF systems things like resistance and reactance (also known as 

impedance) and its reciprocal form, admittance, are very important concepts. 

Impedance is a combination of resistance and an imaginary number value referred to as reactance. 

Impedance allows us to represent both an ohmic resistance along with an inductive or capacitive 

reactance that is also expressed in terms of ohms. The representation of these values in chart form 

looks like an (X, Y) coordinate pair, where both the vertical axis and the horizontal axis are expressed 

in ohms.

Resistance in ohms

+jX (inductive)

-jX (Capacitive)
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Refresher cont…

Mathematically, adding impedances together in parallel leads to very messy algebraic formulas. 

James Clerk Maxwell invented Admittance, and it’s subcomponents (conductance and susceptance) 

as reciprocals to impedances as a way to clean up the math. Admittances allow us to simply add 

together values that would otherwise require complicated and error prone mathematics.

Example: Resistance (DC) in parallel:

1/R1 + 1/R2 + 1/R3 (resistances) = G1 + G2 +G3 (Conductance)

Example: Capacitance in series:

1/C1 + 1/C2 + 1/C3 (capacitance) = B1 + B2 + B3 (Susceptance)

Why is this important for a presentation on Antenna Tuner? Because Impedance and Admittance are 

the fundamental underpinnings of the Smith Chart.
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Refresher: The Smith Chart (Impedance)

The Smith Chart outer rings represent 
values of wavelength and degrees. The 
circle in the center represents a reflection 
coefficient determined by the load 
impedance and the characteristic 
impedance of the feed line. The circles 
starting at the right are the constant 
resistance circles and the arks starting at 
the right and going to the outside edge are 
called the constant reactance circles.
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Refresher: The Smith Chart (Impedance)

The value 1.4 is the 
reactance and the value .8 
is the resistance. These 
values sit on circles of 
constant resistance and 
constant reactance.
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Refresher: Smith Chart (Admittance)

Recall that admittance is the reciprocal 
of impedance and thus the lines of 
conductance and susceptance are the 
reciprocals of resistance and reactance 
shown on the previous Smith Chart. 

Often these two types of charts are 
combined together in the simulation 
tools that we use.
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Refresher cont…

So why is this important to us. Well, it turns out that the Smith 
Chart is the best tool we have for visually building out 
components and their values for Antenna Tuners. The 
resistance and reactance circles of the impedance Smith Chart 
allow us to plot changes in series component values and the 
admittance side of the Smith Chart allows us plot changes in 
parallel component values, thus helping us to visualize how the 
network layout and the value of the components can help us 
resolve a reactance and transform an impedance.
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Refresher cont…

The ultimate job of an antenna tuner is to transform 

impedances (resistive and reactive) values into 

something that we can use with a transceiver. In order 

to do that, we must combine reactive components in 

different configurations and with specific values that 

will allow us to eliminate reactance and transform 

resistance.

Note: As we change components values to move the 

red dot to the green dot, the diameter of the reflection 

coefficient circle becomes smaller. The reflection 

coefficient goes to zero (0) as we approach 50 ohms 

and zero reactance.  50 ohms being the normalized 

center of the Smith Chart that we are interested in.
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Examples: Inductor in series (Plotted as an Impedance)
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Examples: Inductor in parallel (Plotted as an Admittance)
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Examples: Capacitor in parallel (plotted as an admittance)
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Examples: Capacitor in series (plotted as an impedance)
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Example: (Lumped circuit)
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Example: (Lumped circuit)
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And Finally, resolving an impedance of 100 - j20 ohms to 50 + j0 ohms 
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Suitable Network Topologies for various impedance values

Source: David Knight (G3YNH)
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Resolving Reactance and Transforming Resistance

So, as we have seen, we can use various components in parallel and series in 

order to eliminate reactance and transform resistance such that we can 

present a 50 + J0 ohm load to our transceiver. We’ve also seen how we can 

use the Smith Chart as a graphical tool to help us with this task. 

All of the above was done with SimNEC, which can be downloaded for free 

from the internet. The tool is platform agnostic and will run on Windows, Mac 

and Linux with the same download. 

See the Resources section at the end for more information on SimNEC.
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But, before we leave this section…
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And now at 180 degrees.
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Tuners and Reflected Energy
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Tuners and reflected energy

Ok, we’ve seen how tuners resolve impedances (resistive and reactive), 
now we have to address the elephant in the room. 

Resolving an impedance generally means that we’ve got an impedance 
mismatch somewhere in your system. This generally happens at the 
antenna and feed line interface, but it can also happen at any other 
impedance discontinuity in an antenna system. 

An impedance mismatch between the feed line and the antenna will result 
in reflected energy coming back toward the source (transmitter). We must 
now explain how the antenna tuner handles this reflected energy such 
that it doesn’t show up as SWR at your transmitter..
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But first, a refresher course on a few important items

Transmission line characteristic impedance:

A transmission line has a characteristic impedance. We’re all familiar with 50 ohm coax and 450 ohm 

window line, but why do these lines have a characteristic impedance in the first place? How can I 

measure it and why doesn’t it change with line length?

Characteristic impedance of a feed is defined as the line’s input resistance when the line is infinitely 

long. Specifically it is the ratio of the amplitudes of voltage and current along the length of the line.

Recall that the amplitude of the voltage and current waves along a transmission line will remain the 

same UNLESS acted upon by a reflection from a discontinuity along the line (i.e., reflected power). 

Maximum transfer of power (no reflections) happens when a feed line is terminated in its 

characteristic impedance. This means that power applied to the line is completely absorbed by the 

load attached to the far end of the line IF the load is the exact same impedance as the line itself. This 

is how the characteristic impedance of a transmission line is found. 
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Transmission line characteristic impedance

Ok, so why is it important for us to know the characteristic impedance of a transmission line?

The formulas for the transmission and reflection coefficients at a 
discontinuity all depend on the characteristic impedance of the transmission 
line (Zo) and the impedance directly on the opposite side of the discontinuity.
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Transmission Coefficient

What is a transmission coefficient? It’s the ratio of amplitude of the transmitted wave vs the amplitude 

of the reflected wave.

The formula for the transmission coefficient is

Tcoef = 2(Z1) / (Z1 + Zo)

Where Z1 is where the energy is going and Zo is where the energy is coming from. Or, 

in our case, the impedance of the load (Z1) vs the characteristic impedance of the 

transmission line Zo.
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Transmission coefficient example.

Let’s say Zo is 50 ohms and ZL = 100 ohms. Our transmission coefficient would be:

Tcoef = 2(100) / (50 + 100) = 1.33
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Reflection coefficient and example

The reflection coefficient formula looks like this:

Rcoef = ZL- Zo / ZL + Z0

And in our example, ZL = 100 and Zo = 50, so the reflection coefficient is

Rcoef = 100 - 50 / 100 + 50 = .333

Note that transmission coefficient = 1 + Rcoef and in our case the Tcoef = 1.333
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Transmission and Reflection Coefficients

ZL = 100 ohmsZo = 50 ohms

Tcoef = 2(ZL) / ZL + Zo = 1.33

Rcoef = ZL - Zo / ZL + Z0 = 
.333

Note that:

1 + Rcoef = Tcoef

Indicating that we have conservation of energy at the 
discontinuity.
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Reflections: Why just look at impedances at the borders?

The question is, why do the Tcoef and the Rcoef only take into account the impedances directly on 

either side of the border? Why don’t the formulas consider the total impedance of the rest of the 

system instead of just the differences at the boundaries?

Answer: Think of the power coming from the transmitter as a single impulse of power. This impulse 

of power can’t see into the future, it has no idea what is on the other end of the transmission line 

(could be a short, could be an open, could be an infinitely long line, could be an antenna). Until 

something comes back from the other side (the round trip), the total impedance of the system from 

any single point forward cannot be predicted by a single impulse of power. Over time, there will be 

reflected signals and a steady state of forward and reflected power will stabilize on the line. This is 

the point when impedances are fully realized. Thus our formulas are only interested in the 

impedances that can be seen immediately on the opposite side of a boundary.



2025 Blue Ridge Amateur Radio (WB0RXQ)

The Quarter Wave Impedance Transformer

Here are all of the calculated coefficients for all transmission and reflection points in this system. 
Source: Jeff Anderson (K6JCA)
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Quarter wave impedance transformer.

Source: Jeff Anderson 
(K6JCA)
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Quarter wave impedance transformer

Adding everything up, we end up with an infinite series of reflections that need 
to be added together. 

Fear not, though, after a few cycles, the reflections have become smaller and 
smaller over time and a steady state state formula for both reflections as well 
as transmissions can be derived.

Source: Jeff Anderson (K6JCA)
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Quarter Wave Impedance Transformer

Source: Jeff Anderson 
(K6JCA)
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Quarter wave impedance transformer

Source: Jeff Anderson (K6JCA)
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Quarter Wave Impedance Transformer

Source: Jeff Anderson (K6JCA)
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Quarter Wave Impedance Transformer

Source: Jeff Anderson (K6JCA)
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Quarter wave impedance transformer

Now, focus your attention on this close up of what’s happening at the first discontinuity. There is a 

reflected wave heading back to the generator due to a reflection at the beginning of the quarter wave 

transformer (discontinuity). This reflected wave is completely cancelled out by the reflected wave 

coming from the antenna interface. The reflected wave is ⅓ volt and the antenna reflected wave is -⅓ 

volt. Why is the reflected wave from the antenna negative, because the incident wave traveled 90 

degrees up to the antenna and 90 degrees back (180). The reflected wave from the antenna is 180 

degrees out of phase with the reflected wave at the first discontinuity. Note that voltage waves don’t 

shift their phase on reflection (for the most part) but current waves do.

Source: Jeff Anderson (K6JCA)
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Quarter Wave Impedance Transformer.
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Quarter Wave Impedance Transformer.
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Quarter Wave Matching Transformer

What are the takeaways from this explanation of the quarter wave transformer as an antenna tuning 

tool.

● The ¼ wave transformer works best when the system is purely resistive.

● The solution to the impedance mismatch that we have corrected with a ¼ wave transformer works 

exactly the same way in more complicated antenna tuners. (We’ll see this next).

● Reflected waves are a fact of life, even in perfectly matched system, because there is no such 

thing as a perfect match, or lossless transmission line, or environmental impacts.

● Antenna tuners do not present a reflection coefficient of 1 (total reflection) to energy reflected by 

the antenna. This is a long standing myth that simply is not true.

● Reflections happen at the INPUT side of an antenna tuner. This is true regardless of whether the 

match is through a ¼ wave transformer or through a T, L or Pi network. They all present a 2nd 

discontinuity in the transmission line and they all resolve reflected energy from the antenna in 

exactly the same way.

● The ¼ wave transformer presents a 50 ohm load to the transmission line BECAUSE of the 

reflections being canceled. The “apparent” reflection Coef at that boundary becomes 0 due to the 

cancellation of the forward and reverse waves.
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The “LC” Network Antenna Tuner.

All of the following material comes from 3 separate sources.

● Dr. Steven R. Best (VE9SRB)

● M. Walter Maxwell (W2DU) (SK)

● Jeffrey C. Anderson (K6JCA)

● David W. Knight (G3YNH) (SK)

The original publication of Dr. Best’s explanation of how a T-network antenna tuner works was first 

published in 2001 (jan/Feb, July/Aug, Nov/Dec) in QEX Magazine, and are still available today in the 

QEX archives. Maxwell’s rebuttal to the published works of Dr. Best were published in 2004 (Jul/Aug) 

edition of QEX magazine. Walt’s work is also still available in the QEX archives.

Maxwell did not agree completely with Best’s analysis, which is why this subject was revisited by 

Jeffrey Anderson in October 2021. Anderson found that Maxwell had misunderstood Best’s analysis 

and proceeded to run the mathematics himself once again proving that Dr. Best had it right in the 

first place.
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The “LC” Network Antenna Tuner.

For the LC network antenna tuner, the only difference between it and the ¼ wave impedance 

transformer from the last section, is in the calculation of the transmission and reflection coefficients 

as some of them now include impedances from the lumped components. Note that in a case like 

this where the components are lumped into a 2 terminal network, the component values can be 

taken into account immediately.
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The “LC” Network Antenna Tuner.

Source: Jeff Anderson (K6JCA)
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The “LC” Network Antenna Tuner. (Input port looking in)

Source: Jeff Anderson (K6JCA)
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The “LC” Network Antenna Tuner. (output port looking in)

Source: Jeff Anderson (K6JCA)
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The “LC” Network Antenna Tuner. (Reflections)

Source: Jeff Anderson (K6JCA)



2025 Blue Ridge Amateur Radio (WB0RXQ)

The “LC” Network Antenna Tuner. (Steady State)

Source: Jeff Anderson (K6JCA)
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The “LC” Network Antenna Tuner. (Final values)

Source: Jeff Anderson (K6JCA)
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Best’s Conclusion

In order for Best’s conclusion to be correct, the reflected voltages at the input of the tuner need to be 

equal in amplitude and opposite in phase.

In our example, the following is true:

|Vr1| = 35.35

Angle(Vr1) = 70.53 degrees

|Vrs| = 35.35

Angle(Vrs) = -109.47 degrees

Delta angle = Angle(Vr1) - Angle(Vrs) = 180 degrees
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LC Network Summary

For brevity I have skipped over a lot of the intermediate mathematics necessary to form the steady 

state equations used in the previous slides. For an in depth review of this material, I highly 

recommend following these links to the original source materials from Dr. Steven Best and Jeff 

Anderson.

Jeff Anderson (K6JCA)

https://k6jca.blogspot.com/2021/10/revisiting-maxwells-tutorial-concerning.html

For Dr. Best’s work, you’ll need to use your ARRL membership and login to access the QEX archives.

QEX_Jan_2001_Wave Mechanics of Transmission lines, Part1_Equivalence of Wave reflection 

analysis and the transmission line equation

QEX_Jul_2001_Wave Mechanics of Transmission lines, Part2 Where does reflected power go

QEX_Nov_2001_Wave Mechanics of Transmission lines, Part3, Power Delivery and Impedance 

matching

https://k6jca.blogspot.com/2021/10/revisiting-maxwells-tutorial-concerning.html
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LC Network Summary

Walter Maxwell responded to Best in 2004 with an article in QEX. While Maxwall may have disagreed with some of what 

Best wrote, it is clear that the end result consisting of wave cancellations at the INPUT of the tuner, is the same. Walt, of

course, concentrated on conjugate matching of the two waves while Best concentrated on amplitude and phase. Is there 

really a difference? Not as far as I’m concerned.

Walt’s rebuttal to Best’s work can be found here:

QEX_Jul_2004_A Tutorial Dispelling Certain Misconceptions Concerning Wave interference in impedance matching
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Tuner Efficiency (Turn your tuner into a space heater)

For the most part, antenna tuners are highly efficient parts of an antenna system. Keep in mind that there’s not much 

difference between an antenna tuner and the PA “tank” circuit of your favorite boat anchor. Antenna tuner components 

are mostly reactive in nature and not resistive, but there are limits (of course)

Inductors in an antenna tuner are the major culprits when it comes to losses when tuning vast excursions into the 

impedance plane. An inductor becomes resistive when the amount of reactance dialed into a roller inductor goes up 

and the “Q” of the component goes down. Good roller inductors will have a Q value around 400 in low impedance 

solutions, but that value can drop as more of the coil is used to offset a capacitive reactance.

The resistance of an inductor can be found using the following formula:

R = Xl/Q

Where Xl is the reactance of the inductor and Q is the quality value. As the inductance goes up and the Q goes down, the 

resistance in an inductor becomes more of an issue. Where this REALLY becomes a problem is with antenna systems 

that present very low resistive values and very high impedance values.
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Space Heater, Example #1
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Space Heater, Example #2
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Space Heater, Example #3
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Space Heaters, Cont…

So, YES, antenna tuners can be lossy under certain circumstances. But let’s be realistic about what’s 

going on. The antenna tuner represents ⅓ of your antenna system. The other parts are your 

transmission line and the antenna itself. If a ridiculously low impedance is being supplied to your 

antenna tuner, don’t expect your tuner to be able to perform a miracle and don’t blame the tuner when it 

goes up in smoke. 

It’s time to address the balance of your antenna system if the impedance presented to the antenna tuner 

is an unreasonable value.
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Myths and Urban legends.

“Antenna tuners just fool your radio into believing there’s a match”.

“Antenna tuners burn up reflected power and send it to ground”.

(I was actually told this on an internet forum)

“I don’t need an antenna tuner, my antennas are all resonant”

“Resonant antennas radiate better than non-resonant antennas”

(While not a tuner myth specifically, it goes with the last myth)

“A tuner will improve antenna performance”

(False: A crappy antenna is still a crappy antenna)

“My Johnson Viking KW Matchbox will tune the bedsprings on 160 meters”

(True: But it also makes a great space heater)
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Thanks!

Contact us:

William C. “Doc” Brown

Blue Ridge Amateur Radio

P.O. Box 164

Linville, NC 28646

support@blueridgeamateurradio.com

www.blueridgeamateurradio.com

mailto:support@blueridgeamateurradio.com

