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Glentek  
USB Watcher 
Quick Start Installation 
 

1. Remove rear cover of wattmeter 
2. Remove the cable connections to the meter coming from the RF sensor. Remove the topmost nuts and save.  
3. Position the PCB assembly so that the component side of the main board is facing up and the USB board is facing down. 
4. Slip two brass washers over the mounting posts of the meter 
5.  Slide the “T” slot of the main board over the meter posts. The USB assembly will fit in between the meter and the RF 

pickup unit. Some older units have the meter posts in different positions and will not fit in the “T” slot. Additional 
mounting holes are provided above the T slot for these meters. Position the sensor cable to be at the bottom of the 
wattmeter housing. The cable will fit below the USB board. 

6. Carefully push down until the main PCB sits flush on the washers on the meter posts. Adjust cable position if necessary.  
7. Check to be sure the USB connector is accessible from the side hole (see figure). Adjust the spacing of the main PCB by 

adding and/or removing washers over the mounting posts if necessary. 
8. Remove the assembly and connect the sensor cable to the sensor mounting holes as shown 
9. Carefully position the sensor cable and mount the entire assembly onto the meter posts. 
10. Attach with the original meter nuts. Center the assembly in the housing and hand tighten the nuts for a snug connection.  

 

 
 
 
 

 
 
 
 
 
 

USB Assembly PCB  

USB Connector 

Meter Mounting Posts 

Main PCB 
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Board Layout: 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

USB and EXT Power connectors as seen from element storage 
hole. If necessary, install additional washers on meter posts to 
elevate PCB until USB connector is fully accessible. 

Meter post locations (normal) 

Optional Meter Post 
Location (older meters) 

Positive (center) 
sensor cable 
connection 
(normal) 

Sensor negative 
(shield connection) 

USB /External selection 
switch  

USB 
Power 

External 
Power 

External power jack J1 
(external power connection is not 
required if USB power is selected) 
9-16Vdc @ 50mA 
Center pin positive, 2.1mm plug 

Aux output connectors  

 Non-isolated 

Power/Bypass Switch SW1 

Power / Bypass switch as seen from opposite side 
and accessible through the element storage hole 
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Operation (non computerized) 
 
 
 
 

 
 
Initial Testing and Operation 
 
The unit is shipped pre-calibrated from the factory so further calibration should not be necessary. 
See the calibration section of the manual 
 

1. Locate the main power slide switch (SW1) visible in the accessory mounting hole on the left hand 
side of the meter and switch it OFF (down position). In this position the Watcher is bypassed and 
operation as originally specified is possible. The unit should be tested for normal operation at this 
time by switching SW1 into the OFF position.  

 
2. Move the power selection switch SW2 into the desired power option position. Your computer will 

not recognize the USB port on the Watcher until software installation is complete and the USB 
drivers are installed. An inactive USB port may not supply DC power to the Watcher. 

 
3. Mechanical installation is complete. Refer to software installation and operation on the installation 

CD or by downloading from http://www.GlentekCorp.com.  
 

4. For non-computerized operation, attach a 9-14Vdc source to the power input jack J1. Making sure 
that the power selection slide switch is in the EXT position, turn the unit ON by moving the main 
power slide switch (SW1) to the ON (up) position).  

 
5. Attach one side of the wattmeter to a transmitter and the other side to an antenna or dummy load. 

Install an element appropriate to the frequency and power rating of the transmitter. This is the 
normal way you would use your wattmeter.  

 
6. Apply RF power and the meter needle will show the power reading. Switch the unit OFF 

(bypassed) and the reading should be the same, within 2% of full scale.  
 

7. Switch SW3 position 8 to the ON position to activate the 2X element stretching feature. 
 

8. Switch SW3 position 6 and/or 7 to ON position to active the PEAK READING feature and to 
select the speed of needle recovery. CAUTION: do not switch the unit off and apply RF power 
until the peak detector has fully discharged. Doing so may over-range  the meter movement.  

 
 

Element sensitivity stretcher switch SW3-8 
(on for 2x reading, off for normal sensitivity) 

Peak reading function switches SW3-6 and SW3-7 [one or both 
switches ON depending on speed preference … both OFF for 
normal (average reading) operation] 

With no computer connected, SW2 must be 
in the EXT position and power supplied 
either via J1 or an optional 9v battery 
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Computerized Operation 
 
Following installation of the software, operation with the computer interface is 
straightforward. 
 
 
 
 
 

                   
 

1. Unplug the USB cable (not supplied) from the unit and re-start the software. Until 
the Meter connection COM port is selected, the software is operating in the 
SIMULATION mode. The meter needle will be moving back and forth and not 
responding to any input signals.  

2. Click the METER CONNECTION tab. Without the USB plug installed, the 
pulldown displays the COM ports already installed on your computer from other 
applications. If your computer has two COM ports, it may display COM1 and 
COM2 for example. Make a note of the currently installed COM ports. 

3. Plug in the USB cable from the Watcher. Make sure the POWER selection switch 
is in the desired position and the POWER/BYPASS switch is ON (up). If your 
software was installed correctly, the computer should recognize the connection.  

4. When you press METER CONNECTION again, a new COM port number will 
appear. In the example above, this may be COM3 for example. Click on this new 
COM port and your computer will connect to the Watcher board.  

5. Select the meter scale that matches the element (“slug”) installed in the wattmeter. 
The computer display will now track the readings on the physical meter to within 
+/- 2% of full scale.  

6. Read the ADVANCED FEATURES section of the full manual (on the CD) for 
instructions on how to customize meter scales, how to make a particular scale 
appear by default upon startup, needle weight adjustments, and other features.  

   
 
 
 

COM PORT selection tab Scale selection tab Output pin control tab 

Digital Readout 
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ADVANCED CONFIGURATIONS 
 
Many functions of the software are customizable from the CONFIGURATION.LUA file 
that may be found in the directory where the software was installed. Before attempting 
any changes to this file, make a copy of the original and store it elsewhere on your 
computer.  
 
CONFIGURATION.LUA may be viewed and edited with most text processing programs 
including Microsoft’s NOTEPAD and WORD programs. 
 
Once your backup has been made, open the CONFIGURATION.LUA file. In the LUA 
software language, any statements preceded by – is a comment and ignored. For example, 
 

--this is a comment. 
 

 METER UPDATE SPEED 
 
How often the meter is updated may be modified. Example text is as follows: 
 
-- How often the display updates in milliseconds 
TextUpdateSpeed = 50 
MeterUpdateSpeed = 20 
 
In this example, the digital readout data is instructed to update every 50mS and the 
analog meter needle is instructed to update every 20mS. There should be no need to 
adjust these values. If you feel that you must, change ONLY the number. Note that 
everything in LUA is CASE SENSITIVE so that TextUpdateSpeed is not the same as 
Textupdatespeed.  
 

 SIGNIFICANT DIGITS DISPLAYED 
 
Displaying too many significant digits in the digital readout is meaningless given the 5% 
accuracy of the original meter (451.05 watts displays no meaningful information). 
Displaying too many will result in annoying digital flicker in the least significant digits. 
On 4 digit scales (e.g., 2500 watts) inserting a –1 will force the last digit to be zero. So a 
sensed reading of 1022w would display as 1020 watts. Since the A/D converters have a 
12 bit accuracy (1/4096), and the original meter itself only has an accuracy of 5% (here, 
5% of 2500 is +/- 125 watts) it makes no sense to display more than 3 significant digits.  
 

 NEEDLE “WEIGHT” ADJUSTMENTS 
 
-- How many measurements to filter over to smooth t he meter 
FilterCount = 5 
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The parameter FilterCount adjusts the number of measurements to be averaged before the 
data is displayed. In this example, 5 samples are averaged and the result is what is 
displayed. The higher the number, the slower the meter needle will appear to move and it 
will appear as if the needle has mass. Low numbers increase the responsiveness of the 
needle. For example, most linear amplifiers have some 60Hz hum superimposed on the 
signal and appears as 60Hz AM modulation on a CW carrier. While normally small and 
undetectable, with the Watcher set to a low needle mass, it will respond to minor 
envelope changes. Any hum on your signal will appear as needle jitter. This makes the 
Watcher a great diagnostics tool, but in normal operation you may want to set the needle 
weight to a higher number to eliminate the hum jiggle.  
 

 CUSTOMIZING SCALES 
The analog meter scales may be adjusted to personal preference. Scales in the list may be 
added by adding a new line or they may be deleted by deleting the line.  
 
DisplayParameters =  
{ 
{  MaxValue = 5,LargeFrequency = 1,SmallFrequency =  0.2,TinyFrequency = 0.0 }, 
{  MaxValue = 50,LargeFrequency = 10,SmallFrequency  = 2,TinyFrequency = 0.5 }, 
{  MaxValue = 500,LargeFrequency = 100,SmallFrequen cy = 20,TinyFrequency = 5 }, 
{  MaxValue = 5000,LargeFrequency = 1000,SmallFrequ ency = 200,TinyFrequency = 50 } 
 

 
MaxValue sets the full meter scale reading 
LargeFrequency sets the large tick marks in the scale 
SmallFrequency set the medium tick marks 
TinyFrequency sets the finest tick mark gradations. 
 
The tick marks must make sense. In other words, it makes no sense to set MaxValue = 
100 and Large Frequency to a number that doesn’t evenly divide into 100, say a 7. 
In the following example 
 
{  MaxValue = 5,LargeFrequency = 1, SmallFrequency = 0.2,TinyFrequency = 0.0 }, 
 

the meter is set to 5 watts full scale with large tick marks every 1 watt and 
SmallFrequency ticks (the marks in between the large ticks) every 0.2 watts.  
 
When adding a new scale, simply insert a new line of code. Do not forget the {  } 
enclosing the code nor the comma at the end of each line. There is no comma after the 
last command in the sequence. Also remember that the LUA language is CASE 
SENSITIVE.  
 
DEFAULT SCALE: the scale that appears when the program is initiated is always the 
first in the list. Properly modified scales will appear in the new scale pulldown menu on 
the display.  
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ELEMENT “STRETCHING” 
 
This is a convenient feature, but some comments about the accuracy of this method are in 
order. This feature is factory set to 2x. That is to say that with switch SW3-8 in the ON 
position, a 50w element will approximate the response of a 100w slug, etc. As the 
element operates farther away from full scale (lower powers), the diode detector inside 
the element operates in a “mixed mode”. That is to say it does not act as a pure rectifier 
and begins to act like more and more like a square law detector. This is evidenced by the 
fact that the power scale on the meter is not following the square of the current detected. 
A detailed technical discussion of this phenomenon is presented in Appendix A at the end 
of this manual.  
 
The element stretching feature may be set to any accuracy desired dependent upon the 
accuracy of the reference RF power source. That is to say if you want to, you can 
calibrate the Watcher by comparing it to a known RF source or element and then 
adjusting R5 to force agreement. This may seem strange, but even in the original element, 
there is a pot that is adjusted to force agreement to a known RF reference source.  
 
Recalibration is as simple as setting the RF power to full scale (with SW3-8 OFF), 
switching SW3-8 to ON and then adjusting R5 to read ½ power (remember to read the 
proper scale … if you’re adjusting a 50 watt slug to read 100 watts, you must first adjust 
the raw slug by reading the 50 watt scale and then read the 100 watt scale when adjusting 
R5) 
 
This feature is not power or frequency sensitive so good results should be obtained with 
all of your elements once the unit is calibrated.  
 
Meter needle speed is not affected as it would be by placing a resistor directly across the 
meter terminals (R/L time constant would then change). 
 
Both the Physical and Virtual meters are affected by the settings of SW3-8 which 
controls the element stretching feature.  
 

PEAK READING ADJUSTMENTS 
 
Peak readings are obtained from “sample and hold” circuitry. Since the Physical meter 
needle has mass, it takes a finite amount of time for it to reach the peak reading detected. 
In the case of the 30uA movement used in you wattmeter, it may take as long as 500mS 
to reach the full that was detected. But in the case of a short 1KHz peak (such as a voice 
peak) the actual signal to be detected is gone after only 1mS. Any physical sample and 
hold circuit must therefore hold the peak reading while the meter takes its time to move 
the needle. This means that the more accurate the peak reading, the slower the needle will 
take to delay back to zero after the signal is removed. Experiment with SW3-7 and SW3-
6 switch positions. You may activate one or both of these switches to adjust the decay 
times on the physical meter. 
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But there’s a better way: since you now have a computer interface, you can adjust the 
virtual needle weight to show peak readings by reducing the number of averaging cycles 
in the CONFIGURATION.LUA file. Since the “massless” needle is driven from A/D 
converters that sample every millisecond, peaks can be accurately seen when low needle 
averaging is selected. In fact, the Watcher can be so sensitive as to see 60Hz hum on your 
signal. See NEEDLE “WEIGHT” ADJUSTMENT section.  
 

EXTERNAL OR REMOTE SWITCHING OF PEAK 
AND STRETCHING FEATURES 
 
External switches can be wired in as shown below: 
 
         
 
 
 
 
 
 
 

 
 
 
 
 
 
 

An external switch can switch in/out the peak 
reading feature if wired here. An additional 
10u or 100u capacitor must be installed here. 
If the AQW relays are installed in K1 or K2, 
they can be used as the switch and remotely 
controlled via USB 

An external switch can switch in/out the 
element stretching feature. An additional 5K 
POT must be installed here. If the AQW 
relays are installed in K1 or K2, they can be 
used as the switch and this feature remotely 
controlled via USB 

Wiring in external switches for the Peak 
Reading and Element stretching functions 
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ADDITIONAL INPUTS AND OUTPUT 
 
Provisions are made for the addition of 4 isolated outputs and 3 additional (non-isolate) 
I/O pins that can be configured as either inputs or outputs. The sockets labeled K1 and 
K2 will accept standard opto-couplers (photo transistor output) or AQW style optically 
coupled relays. These outputs can be controlled from the pull-down menu on the virtual 
meter screen.  
 
The three additional I/O pins may be accessed from jack J6. These pins are attached 
directly to the microprocessor without any protection so access should be attempted only 
by users expert in microprocessor interfaces. These pins may be configured with any 
TELNET (“teletype”) program as described in appendix B. 
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APPENDIX A 

RF DETECTORS: square law, peak, and transitional modes 
 

 
This paper is an analysis of the function of the diode used in the detection part of 
directional RF detectors. The ultimate goal is to understand the scale on the 30uA 
movement Bird (brand) wattmeter for two reasons: first, to investigate the possibility of 
extending the useable range of a particular element by using a 50uA meter movement and 
secondly, to understand the relationship of the type of diode in the detector in the event a 
repair is needed. To the author’s knowledge, this technical information has not been 
made publicly available by the manufacturer. 
 
  It is the assertion of this paper that the diode can act as a square law detector and not as 
a “rectifier” for low input signals. For small signals, the output of the Low Pass Filter 
(LPF) in figure 1 is a DC voltage directly proportional to the POWER dissipated in RS. 
(The LPF can simply be a capacitor placed across RL) 
 
Consider the following circuit and the typical diode curve in the forward bias region. This 
looks like a half-wave rectifier circuit, but it’s not always so. Both will be analyzed here. 
 
 
 
 

                                                                                                                                                  
 
 

 Figure 2:  Typical Diode V-I curve  
 
 
 
 
 
 
 
 
 
 

 
The following assumptions are made for the sake of simplicity of analysis: 

0

0.001

0.002

0.003

0.004

0.005

0.006

0
0.

04
0.

08
0.

12
0.

16

2.
00

E-0
1

0.
24

0.
28

0.
32

0.
36 0.

4
0.

44
0.

48
0.

52

Figure 1 



 11

 
1. The diode need not have any forward bias to function, but for now, assume that a very 

small signal is operating in the knee of the curve by adding a small bias current.  
2. Acos(wt) <<Vdiode     Note that under these conditions, the signal is not rectified 
3. The V-I curve of the series combination of D1 and RL can be represented by a power 

series of the form:            
 
                                     id =  ae  +  be2  +  ce3  +  ... 

4. Rdiode + RL  >>  RS                                                                 
                                                                        Figure 3:  Polynomial representation of diode curve 
 

 
 

 
ANALYSIS of the First Assumption: 
(small signal) 
 
Since  e  =  Acos(wt),           id   may be represented by the polynomial 
 
[1]              i d =  a Acos(wwwwt)  +  bA2cos2(wwwwt)  + cA3cos3 (wwwwt)  +  ...      
 
(the Rs term is absorbed in the constants a, b, c, etc.) 
 

In trig, there are identities that are useful. Here are two of 
them: 
 
[2]              cos2(wwwwt)  =  (1/2)[1+ cos(2wwwwt)]    and 
 
[3]              cos3(wwwwt)  =  (1/4)[cos(3wwwwt)  + 3cos(wwwwt)] 
 
Substituting [2] and [3] (and the continuing infinite list of identities) into equation [1] 
gives us the following result: 
 
[4]     id  =  aAcos(wwwwt)  +  (b/2)A2 [1 + cos (2wwwwt ) ]  + (c/4)A3 [cos (3wwwwt ) + 3cos(wwwwt) ] +  
.... 
 

y = 2E-11x6 - 2E-09x5 + 1E-07x4 - 2E-06x3 + 3E-05x2 - 9E-05x
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[5]          =  (b/2)A2  +  [aA + (3/4) cA3]cos(wwwwt) + (b/2)A2(2wwwwt) + (c/4)A3cos(3wwwwt) + ... 
 
Again, simplifying the constants gives an equation of the form 
 

[6]         gggg1A
2  +  gggg2cos(wwwwt)  + gggg3cos(2wwwwt)  +  gggg4cos(3wwwwt)  +  ...     (where  ggggn  are constants) 

 
Note that a DC term  gggg1A

2  has appeared. 
Since the voltage across RL   (vo)   is what is of interest, and v o = id RL 

 
 
[7]          v o = RL gggg1A

2  + RL gggg2cos(wwwwt)  + RL gggg3cos(2wwwwt)  + RL gggg4cos(3wwwwt)  +  ... 
 
 
 
This represents a DC term  +  all the harmonics of cos(wt).  By passing  v o  through a low 
pass filter (a simple output capacitor) we can output only the DC output voltage term 
 
[8]                                          VO  = RL gggg1A

2 
 
 
 
This is a DC voltage proportional to the SQUARE of the amplitude of the input RF 
signal! 
 
Remembering that A is the amplitude of that RF signal, and that Power P =  (V2/R), the 
peak power dissipated in RS is 
 
[9]              P=A2/ RS 

 

Solving equation [8] for A2 , equation [9] becomes 
 
[10]         P= VO / [RL RS gggg1] 
 
This is of the form: 
 
[11]                                          P =  aaaa VO 
               where  a  is a constant and VO is the DC term at the output of the LPF 
 
***  In other words, Vo  is directly proportional to the power dissipated by RS .  *** 
 
 
 

A different assumption: 
(large signal) 
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The above analysis is based on the assumption that Acos(wt) << Vdiode   and that the 
signal is not being rectified by the diode. Let’s now look at this detector using the 
opposite assumption. That is to say that the diode acts as a rectifier and that  
 
[12]                                      A cos(wwwwt) >> Vdiode      
 

With the addition of the LPF (capacitor) at the output, and again making the assumption 
that there is no detector circuit loading (Rdiode + RL  >>  RS ), then  

[13]           VO = A   

where A is the amplitude of the input sinusoid. The circuit becomes a simple voltage 
peak detector  (again assuming that  Vdiode  is small) and the power dissipated in RS is 
related to the square of VO  rather than being a linear function of VO as concluded 
previously. That is to say that 

[14]    P =  aaaa (VO)2 for the peak (large signal) detector and 

  

[11]                 P =  aaaa VO    for the square law (small signal) detector.  

So, for very small signal levels, the voltage varies LINEARLY with the power input (as a 
square law detector) but at large signal levels, the SQUARE ROOT of the voltage varies 
with the input power (as a peak detector). 

Which way is best? Well, the small signal model must be amplified in order to be 
properly displayed. It also requires a small DC bias for best “linearity”. Both require a 
power supply to be connected to the circuit. However the large signal model can 
potentially introduce distortion in the signal being measured and will likely generate 
harmonics and/or intermodulation products. It will likely also suffer temperature-related 
errors due to changes in the peak voltage (the indicated peak will be the actual peak 
voltage minus the diode forward voltage). 
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A look at a self-powered portable wattmeter 

     A typical schematic might look like this: 

 
Figure 4: a variation of the Bird wattmeter theme 

With only minor variations, this is used by many manufacturers of portable wattmeters. 
About the only thing that changes from manufacturer to manufacturer is the direction of 
the diode. That will simply change the polarity of the metering connection.  

While schematically different from figure 1, the detection analysis is similar with CR101 
acting as the detector and C102 as the LPF. R102 is an attenuation and calibration 
resistor. What we’d like to understand is if this is operating as a square law detector or as 
a peak detector.  

Obviously, the first clues are the lack of any DC bias method for the diode and the 
thermistor at the output. Both are characteristic of the peak detector mode of operation. 
So, for this peak detector mode of operation, we would expect a current vs. “wattmeter 
reading” as shown in figure 5 below: 
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Peak Detector
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Figure 5: expected scale of a peak detector wattmeter 

To generate this graph, the current scale was normalized to a full scale of 10 and then the 
value was squared since from equation [14], we know that P =  aaaa (VO)2 

But it would seem obvious that as the power gets reduced, at some point the diode will 
stop rectifying (simply because the signal is so small) and start acting more like a square 
law detector. The expected output from a square law detector is shown in figure 6: 

Square Law Detector
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Figure 6: expected scale of a “square law” detector: a straight line 
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This graph was generated the same way as figure 3, but here equation [11] was used: 

                                                  P =  aaaa VO  

A clue to what modes these wattmeters operate in can be uncovered by actually 
measuring the indicated watts at the same current inputs. This data was taken from a 
30uA Bird meter: 

  

Current 
Indicated Power 

(watts) 
0 0.00 
5 9.50 

10 22.20 
15 38.50 
20 56.10 
25 80.00 
30 100.00 

This was plotted alongside the data of figures 5 and 6: 

Bird Scale alongside Peak and Square law scales
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Figure 7 

This clearly shows that the meter is operating in between the two detector modes. Call 
this the “transition” mode. 

Another way of looking at this is to calculate the power to which the x-axis (normalized 
current) data must be raised to get to the indicated level. Once again, this was normalized 
and the result is plotted below: 
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Plot of correction exponent vs. current
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Figure 8 

Figure 8 clearly shows that as the signal increases, the detector in the Bird wattmeter acts 
more and more like a peak detector. This is evidenced by the fact that the exponent 
asymptotically approaches the expected value of 2 for the peak detector mode. 

This is useful information if the wattmeter scales are to be increased beyond the 30uA 
limit of the typical “Bird”. We can assume that the extended scale would follow the peak 
detector mode curve: 

Appendix B: Telnet commands 
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Appendix C: Wattmeter theory 
 
Analysis of a portable Wattmeter                       
 

Figure 1 shows a simplified diagram of a directional coupler. The addition of a diode 
detector would make this a directional detector. The capacitor is shown as dotted since it 
represents a parasitic capacitance from the pickup loop to the center conductor of the 
coaxial cable. The pickup loop itself may be as simple as a straight piece of wire and the 
terminating resistance is assumed to be non-inductive at the frequencies of interest. The 
pickup loop may be rotated 1800 to be on the left hand side of the resistor-capacitor 
divider. Coupler analysis is often done in terms of the even and odd impedance values, 
but here a circuit analysis approach will be taken. 

 
 
Let v(t) and i(t) be the instantaneous and time-varying voltages and currents at a 
particular point of interest along the transmission line. Note that v(t)/i(t) will then define 
an impedance Z at this particular point of interest. In the special case of a transmission 
line terminated in its own characteristic impedance (e.g., no reflected wave), this become 
v(t)/i(t) = Z0 , the characteristic impedance of the line itself. 
 
    [In this paper, the time-varying “a function of (t)” designations will not be shown for simplicity and time-varying signals such as 
v(t) will simply be shown as lower case letters in italics: v 
     Furthermore, v and i will refer to the voltages and currents of the transmission line. Other voltages (such as voltages across 
components) will be represented by e. One must keep in mind that these are also time-varying voltages and could otherwise be written 
as e(t).] 
 

     Figure 2 below defines some of these voltages and currents. Here, the inductance is 
represented by M, the mutual inductance between the center conductor and the pickup 

v(t) 

i(t) 

Coax center conductor 

Coaxial Shield 

Pickup Loop 

Capacitance C from pickup 
loop to center conductor 

Loop 
Termination 
Resistance R 

Coaxial Shield 

Figure 1: a simplified schematic of a directional coupler 
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loop (it also has self inductance L) and CjXc w/1= . The physical length is assumed to be 
small compared with the wavelength and, of course, fpw 2= . 
 

 
 
The Analysis: 
 
The voltage across the terminating resistor R is a simple voltage divider: 
 

                               v
XR

R
e

c
R �

�

�
�
�

�

+
=  

We can make a simplifying assumption that   cXR ��  so that 

[1]                            v
X
R

e
c

R =  

Since CjXc w/1=  = Cj w/-  ,   eR becomes  
 
[2]                                        CRvjeR w-=  and 
 
[3]                                 MjieM w×-=   
 
For the case where the inductance is rotated 1800,  
 
[4]                                        MjieM w×=  
 
In any event,      

v 

i 

Coaxial Shield 

-        eM           + 
eR 

Figure 2: Definitions 

 

+ 

Xc 

-          eout                + 

- 
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[5]                                         MRout eee +=  
 
 
 
Considering the negative (or “reverse”) case, and substituting in equations [2] and [4], 
 
[6]                         MRout eee += = CRvjw - Mji w× = ( )CRvMij -w     
 
When the coaxial line is properly terminated, the output voltage the output voltage of a 
properly designed directional coupler will be zero in the “reverse” position. An 
examination of [6] shows that this happens when 
 
                                                       CRvMi =  
 

Recalling that under conditions of no reflected power that   0Z
i
v

= , the zero reflection 

point occurs when we set  
 

                                              0Z
CR
M

=   or when  

 

[7]                                               
0CZ

M
R =  

 
This is a fortunate conclusion since because both M and C are difficult to measure, the 
balance point can be found simply by adjusting R on a properly terminated line until the 
reverse output voltage is zero.  
 
 
Continuing on, and assuming that balance has been achieved, we know from transmission 
line theory that under conditions of IMPROPERLY terminated transmission lines a 
reflected (or reverse) wave exists on the line. We know that the voltage at any point along 
the line is the sum of the voltages created from the forward and the reverse travelling 
waves. In other words, 
 
[8]                                         RF vvv +=      and the current is 
 

[9]                                          
00 Z

v
Z
v

i RF -=  

[Incidentally, you might think that the equation would be similar to the voltage case RF iii += but since current is measured 

against the wave propagation direction, the negative sign appears in front of the reverse term and the equation becomes 

RF iii -= ] 

. 

Recalling [7] and substituting into [6] for the reverse case 
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                          [7] (re-written)     
0Z

M
CR=  
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And since [8] RF vvv += , 
 

[10]              [ ]RFRFout vvvv
Z

Mj
e +-+=

0

w
  =  

0

2
Z

Mj
vR

w
      

 
Considering the forward mode, 
 

[11]                                    
0

2
Z

Mj
ve Fout

w
-=   

the minus sign goes away when we consider that the definition of the voltage across M 
has reversed when it is rotated. So the results become similar: 
 
 

[12]                         
0

)( 2
Z

Mj
ve Ffwdout

w
=    and  

0
)( 2

Z
Mj

ve Rrevout

w
=  

 
 
What we have now is a useful device that can be used to measure SWR from the formula 
 

[13]                                          SWR  =  
)()(

)()(

revoutfwdout

revoutfwdout

RF

RF

ee

ee

vv
vv

-

+
=

-
+

 

 
This is a very useful device and is known under the generic names of “SWR METER” or 
a “Reflectometer”. Typically, a forward voltage is set to a full scale reading with a 
sensitivity potentiometer and then SWR is read directly off of a meter scale when the 
loop is reversed. (Rather than physically reversing the loop, the termination resistor can 
be electrically switched from one end of the loop to the other and this is what is normally 
done for mechanical simplicity.) 
 
Notice, however, that the sensitivity (magnitude of eout) is a direct function of frequency 
and that sensitivity increases with increasing frequency. How can we turn this into a less 
frequency-dependent design? In other words, how can we make this a useful POWER 
meter over a wide range of frequencies? 
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Frequency Independence 
 
A quick look at equations [10] and [12] gives us a clue. If we were to place a capacitor 
across the output, the wj  terms might cancel out. This turns out to be the case : 
 
Calling the load capacitor Cout, the output voltage becomes 
                          

[14]     out
Cout

Cout
corrected e

RjXMjLj
X

e *
+-+

=
ww

        where 
0

2
Z

Mj
ve Fout

w
=   from eq [7] 

 
and L is the self-inductance of the pickup loop. 
 
An opportunity can be seen here in that if XCout is chosen so that 
 
[15]                             MLXCout ww +=  
 
Equation [14] reduces to 
 

[16]         *
R

X
e Cout

corrected =   
0

2
Z

Mj
vF

w
                Recalling from [7] that 0CZ

R
M

=  

 
 

[17]                                            F
out

corrected v
C

C
e

2
=  

  
 
 
Some authors (1) have reduced the assumption in [15] to 
 
                                                 XCout << R 
 
But this is close to the same assumption since L and M are small w.r.t. R also. In any 
event, if XCout can be selected to tune out the inductance contributions of L and M, a wide 
range of frequencies can be practically achieved with relatively constant output 
sensitivity. 
 
Note that this forces Cout to be a very large value, and since C L and M are already known 
to be small, this results in significant attenuation of the signal to be measured. 
Nevertheless, we now have a reasonable and somewhat frequency-independent 
WATTMETER. (Actually the device is measuring the voltage of the forward and reverse 
waves independently, but with good directivity, this can be equated to Power.) 
 
 
Frequency Independence: an alternative method 
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There is an alternative method used in the past that accomplishes nearly the same result, 
although there are more compromises involved and is often more difficult to implement. 
This method increases the self inductance of the pickup winding Lx. A commonly used 
method would be to encircle the center conductor of the transmission line with a toroid 
core and then wind multiple turns onto the toroid. This in effect makes a ½ turn 
“primary” winding and a multiple # of turns on the secondary. This increases the self 
inductance of the secondary winding Lx (identified as the pickup loop in figure 1 or 
where em is generated in figure 2).  
 
If we eliminate the output load capacitor Cout that we added above and replace it with a 
resistor which we call Rout , and recalling from eq. (12) that  
                                                            

                                                            
0

2
Z

Mj
ve Fout

w
=            (unloaded output) 

 
then, with the output terminated in Rout the output voltage becomes 
 

       [18]                                    
0

2
Z

Mj
ve Fout

w
= * 

( )cout

out

ZR
R
+

 

 
where Zc is the coupler output impedance. If we let Zx represent the self inductance of the 
secondary winding, then we can see that  
 
                                               RZZZ xmc ++=          (R is the terminating resistance defined in fig 1) 

 

Then [18] becomes  
        

      [19]                                         
0

2
Z

Mj
ve Fout

w
= * 

( )RZZR
R

xmout

out

+++
 

 
Here, we see the frequency independence opportunity emerge from the equation:  
since )( xxm LMjZZ +=+ w . 
 
If we choose our wj (Lx + M) >> R + Rout  we see that the undesired termswj  nearly 
drop out of [19]. 
 
The final equation then would then become 
 

[20]                                    
0

2
Z
M

ve Fout = * 
( )x

out

LM
R
+

    and finally results in 
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[21]          
0

2
Z
M

ve Fout = * 
x

out

L
R

 = 
xo

outf

LZ

MRn2
           (since Lx>>M) 

 

Previously in this section we made the assumption that wj (Lx + M) >> R + Rout 

Now let’s check to make sure that our assumption results in a reasonable value for Lx :   
 
Assume a reasonable number for R + Rout  ~  100 ohms. To be valid within 1% then, our 
assumption for wj (Lx + M) must be >> 10000 ohms 
If we choose our lowest frequency of interest to be 3.5MHz, and since fpw 2= then  
 

                                                (Lx + M) >> 
)105.3(2

10000
6xp

 = 454 Hym  

 
This value of Lx alone could easily be realized with a ferrite core of 9.1=LA   and wound 

with about 15 or 16 turns.  [ LANL 2=  ] 
 
This is a good approach with the assumptions getting better with increasing frequency, 
but the secondary coil must encircle the center conductor of coaxial line making it more 
and more difficult to maintain a smooth insertion impedance as frequency increases. 
 
Comments on Directivity 
 
Directivity is one measure of the quality of an RF coupler. In a coaxial system where the 
coax is terminated in its characteristic impedance, the directivity is the magnitude of the 
forward wave divided by the magnitude of the reflected wave. This will be ¥ and is often 
referred to as RETURN LOSS. Practical couplers will have a directivity of >-30 or -40db. 
This will give good readings of forward power since the reverse power interaction is then 
insignificant. With good directivity, and since the reflected wave is not interacting, the 
measurement of the forward VOLTAGE is directly proportional to forward POWER. 
     Note also, that since directivity is a ratio of equations [10] and [12], so directivity is 
(almost … where the assumptions are still correct) FREQUENCY INDEPENDENT.  
     The next step is to detect the voltages and convert them to POWER readings. 
 
Return to home page at http://www.k9so.net for the next installment in the investigation 
of directional couplers: RF Detectors, Square Law and Peak 
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Appendix D: schematic diagrams 
 
 
 
 
                

 
 
 

 


