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Elwood Downey, WBØOEW, wanted to 
automatically tune his MFJ-1788 Magnetic Loop 
Antenna when operating with his Elecraft KX3 
transceiver. His controller, shown on the cover, is 
described in this issue. You may be able to adapt his 
solution to other applications. Check it out!
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Reflections on Another Year Gone By
The last issue of the year always seems like a good time to pause and reflect on the past 

year. I like to think that helps give us some direction for the year to come, and helps set some 
goals that we can strive to meet in the new year. I want to encourage every one of you to spend 
a few minutes thinking about your past year, and where you are headed, as well.

For me, personally, I would have to say that 2015 has been a bit of a let-down in terms of 
Amateur Radio. Of course 2014, as the ARRL Centennial Year, had so many activities to par-
ticipate in, and it was so much fun to be part of all that activity! I have been on the air more in 
2015 than I had been in several years prior to 2014, but there were still times I went several 
weeks without turning on my radio. Well, that makes it easy to set a goal for 2016, doesn’t it? I 
would strive to never go an entire week without at least one contact in the log.

One highlight for 2015 would have to be putting a new radio together and experiencing the 
joys of operating that new toy. As always, the time spent assembling a radio from a kit of parts 
is a lot of fun. There are few thrills in life that are better than putting a new radio on the air and 
making contacts with it, whether that radio is a commercial product or a homebrew — or per-
haps even better, and home designed radio. Wouldn’t you agree?

I have had a Raspberry Pi computer for several years. Although I have enjoyed trying some 
applications and even adding some hardware peripherals to experiment with. I am still frustrated 
with my lack of knowledge and experience with Linux. Several projects that I really want to get 
working are stuck in a “research” phase where I am trying to figure out what I have done wrong 
with Linux! I was somewhat gratified to have Ray Mack, W5IFS, tell me that he was stuck on 
some Linux question as he worked on a couple of his SDR Simplified columns. Ray seems to 
be rather familiar with all the Linux commands, and yet he ran into problems. Eventually he was 
able to find help to solve his problems, but I have not been as fortunate. Maybe 2016 will be my 
year to sort this out. 

Speaking of the Raspberry Pi, I have mentioned my desire for some articles about what you 
are doing with this little computer. So far, we have not had any articles to print in QEX using 
these little devices. I know some of our readers have done some neat stuff with them. Write up 
the details and send it in! 

Another one of my “back burner” projects is the implementation of a Broadband Hamnet local 
area network. I have picked up several of the previously recommended Linksys WRT54G wire-
less broadband routers, and successfully flashed the new firmware into them. They can talk to 
each other, and form the Broadband Hamnet network, and computers connected to them can 
see all of the network nodes. That’s as far as I’ve gotten so far. Add one more goal for 2016 that 
should be easily within reach!

An article about setting up the hardware for such a network in another of my QEX wishes. At 
one point a local ham friend who has taken this much farther than I have was interested in writ-
ing an article, if I would help him put it together. Of course I was more than willing, and excited 
to collaborate with him. Some changes in his work life seem to have gobbled up the time he may 
have had to devote to the project, so I am still waiting. Again, I know that some of our readers 
have accomplished this. Here is a perfect opportunity to share your expertise with your fellow 
QEX readers! 

I always enjoy hearing from readers with your thoughts about our articles,you’re your sugges-
tions for future QEX articles. Most of the correspondence I have received during 2015 has been 
about the change to a lighter weight paper, as well as using that same paper for the covers of 
QEX. There was a significant savings in paper and printing costs to do that, but there were also 
some downsides. Many of you have written with your thoughts and suggestions. I can’t say that 
most of the comments were in favor of the savings, and quite a few of you indicated a willingness 
to pay a higher subscription rate. Obviously there is a lot to consider an any such decisions. As 
I’ve told everyone who wrote about the new paper stock, our ARRL Circulation Manager, Yvette 
Vinci, KC1AIM, has been compiling all of the comments, and they will be considered as any 
further changes to the publication and printing of QEX are considered. Thank you for sharing 
your thoughts. My crystal ball is still pretty foggy (okay, maybe it is downright broken!) with regard 
to what the future will bring, so I am not making any predictions for any changes in format for 
2016. If I gain any clarity about that, I will be sure to let you know.
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Elwood Downey, WBØOEW

8274 Sunset Ranch Loop, Tucson, AZ 85743: WB0OEW@arrl.net

Using an Arduino to 
Automatically Tune an MFJ-
1788 Magnetic Loop Antenna 
and Elecraft KX3 Transceiver

to tune without transmitting. I was wary of 
using even low power during the tuning pro-
cess, because that can take many seconds, 
and gave me concerns about the stress this 
might be causing my rig. Plus, since the tun-
ing process is performed so often, it creates 
QRM, which I prefer to avoid. If I could tune 
without transmitting, it would work over the 
full range of the antenna, not just in the ham 
bands.

This article describes a solution that meets 
both challenges. I first discuss the design pro-
cess I went through, then the build process, 
and then describe how to operate the device. I 
will close the article with some observations. 
I hope that there is enough detail included 
so you can understand the design principles 
involved but also so you can adapt the design 
to your own situation.

Disclaimer: While I am happy to share 
what I have done and will be glad to dis-
cuss the project with anyone, if you try this 
yourself and break anything, including your 
antenna, your rig or yourself, you do so 
entirely at your own risk and I am not respon-
sible. The design presented here is specifi-
cally for the MFJ-1788 and the Elecraft KX3, 
and has only been tested on my particular 
units. It may well be that it can be adapted to 
other similar equipment or even other uses 1Notes appear on page 12

I enjoy using my MFJ 1788 Magnetic 
Loop Antenna and Elecraft KX3 transceiver 
together.1, 2 I appreciate the effort MFJ put 
into their loop controller and think it is a 
clever and effective design. Because the loop 
has a very narrow bandwidth, however, I 
find it awkward and distracting to frequently 
retune after even a small frequency change. 
I was aware that other antennas, such as the 
SteppIR, connect to the KX3 to monitor the 
operating frequency and retune automati-
cally as necessary, and I wanted to have the 
same convenience with my loop.

My goal was to design a new controller 
for the MFJ-1788 Magnetic Loop Antenna. 
I wanted to be able to operate my Elecraft 
KX3 in the normal manner, but if I tuned 
beyond the bandwidth of the antenna, I 
wanted the controller system to temporarily 
reroute the RF in order to measure return 
loss while rotating the antenna capacitor for 
a proper match, then return the RF path back 
to the radio to resume normal operation. No 
operator action should be required while this 
tuning was under way. No modifications 
whatsoever should be required to either the 
KX3 or the MFJ-1788.

Another motivation was to find a way 

entirely and you are welcome to do so, but 
all such uses are the sole responsibility of the 
user. Okay, back to the fun.

The Design
I will begin by going over the process 

I went through to design the new antenna 
controller.

Requirements
Any design should begin with a list of 

requirements. My list of detailed require-
ments boil down to the following items.

1) Be able to monitor the KX3 ACC1 
serial communication to read the radio trans-
mit frequency in a manner that is transpar-
ent to, and thus does not interfere with, its 
normal usage as a connection to a computer 
or KXPA100 amplifier. This implies that I 
wanted the connection to be entirely passive 
without the need for any polling from the 
new controller.

2) Be able to tune the antenna without 
transmitting with the KX3.

3) Use pulse width modulation (PWM) 
to control the speed and direction of the DC 
motor that turns the antenna loop capacitor.

4) Be able to sense the antenna motor end-
of-travel in case no peak is found in a given 
direction.

Here is a microprocessor controlled system that continuously monitors the transmit 
frequency of an Elecraft KX3 transceiver (or similar radio) and automatically 

keeps an MFJ-1788 magnetic loop antenna in proper tune without any operator 
interaction with the antenna.
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5) Provide several switches and potenti-
ometers for operator inputs.

6) Provide several status LEDs to keep the 
operator informed of state information.

7) Include sufficient computing power 
to monitor the radio frequency on a timely 
basis, decide when it is necessary to retune, 
and control the motor to find a peak within 
several seconds from the start of the search.

8) Include a provision for a coaxial relay 
to automatically switch the antenna to the 
tuning controller while searching, and back 
to the radio when completed without opera-
tor intervention.

9) Make no changes whatsoever to either 
the radio or the antenna so they can be 
returned to service at any time in their origi-
nal condition.

Before arriving at these requirements, 
I explored other approaches. I settled on 
searching for maximum return loss but I also 
tried searching for maximum receive noise. 

This uses much less hardware: no RF genera-
tor, bridge or detector; just send the audio to 
an ADC, but I was never satisfied. It worked 
very well when in the clear but the main chal-
lenge was making it work in the presence of a 
signal. My best approach was to use an FFT 
and use only those frequencies with minimal 
strength (to measure only the noise and avoid 
the wildly varying modulation content). I 
got pretty close but, again, was never satis-
fied. I still think it would be cool if it worked 
though. I also tried using the SWR meter 
built into the KX3. The main problem with 
that is, it’s not very repeatable so there were 
many false nulls.

Choice of Microprocessor
After researching the available options, 

I settled on an Arduino Uno for the main 
processor. It is inexpensive, has a rich eco-
system of development tools and supporting 
information, and is rapidly gaining traction 

as a preferred platform in Amateur Radio 
circles. It comes well equipped to address 
all the requirements listed above with some 
additional hardware. Figure 1 shows a com-
bination block diagram/simplified schematic 
diagram of the system.

I wrote the software, called “sketches” in 
Arduino parlance, in small steps to under-
stand each requirement separately. The tools 
and techniques for doing so are covered well 
elsewhere and will not be repeated here.3

Monitoring the KX3 Frequency
The new tuner needs to constantly moni-

tor the KX3 frequency coming from its 
ACC1 connection. I dug into both the KX3 
and Uno schematics to see how I could lis-
ten to this line without interfering with its 
normal use with a computer. Once I realized 
that the polarity between the two units was 
opposite (the KX3 uses RS232 with mark 
High whereas the Arduino uses TTL with 
mark Low) it was a simple matter to wire up 
a transistor to serve as both an isolation buf-
fer and level inverter (Q6 in the schematic).

In order to share the serial connection for 
use with the Arduino IDE Serial Monitor at 
the same time as it listens to the KX3, you 
must set the IDE to 38400 baud to match the 
radio. Note that this speed for the Arduino 
Serial Monitor only became available start-
ing with IDE Version 1.6.1.4

After more study of the Arduino (really 
the Atmel) serial port function and the KX3 
Programmers Manual for the command syn-
tax, I had code running that reliably recog-
nized and extracted the operating frequency 
as I turned the main knob or changed bands 
on the KX3.

Note that I decided not to use the Arduino 
Serial class because I wanted a fully inter-
rupt-driver serial mechanism that could 
effectively run simultaneously “in the back-
ground” while my main loop was controlling 
everything and also because I did not want to 
poll the radio and worry that any latency in 
my main loop would risk missing characters. 
The results are a little more complex, but 
functionally it is the same, and works fine 
with the IDE Serial Monitor.

Finally on this topic, with factory default 
settings, the KX3 only reports its frequency 
to the ACC1 port when polled but this was 
counter to my requirement of a non-invasive 
read-only connection. It turns out that there 
is an option called AUTO INF in the KX3 
menu system, which can be set to ANT 
CTRL to create exactly the desired behav-
ior  — clearly the folks at Elecraft antici-
pated this use. With this setting, any time 
the operator changes frequency or switches 
bands the KX3 automatically sends a new 
frequency report within a second or so, 
even when not connected to a computer. If 
you have your KX3 connected to computer 

QX1511-Downey01
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Figure 1 — This combination block diagram and simplified schematic diagram shows the 
basic construction of the automatic antenna controller.
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software that gets confused with these unso-
licited responses, however, it is pretty safe to 
assume said software is surely doing its own 
polling so turn off this menu setting, let the 
software do its own polling and everything 
should still work fine.

Controlling the Antenna Motor Speed
The next requirement I tackled was con-

trolling the loop motor. I was familiar with 
the idea of pulse width modulation, whereby 
the effective power of a digital signal is 
controlled by changing the fraction of time 
during which it remains at a logic High level 
while maintaining a constant frequency, oth-
erwise known as changing its duty cycle. So 
that was a simple means to control the speed, 
but I also needed a way to change direction. 
After more study, I found this is normally 
done by an H Bridge. This is a classic circuit 
that connects the two wires from a DC motor 
with four SPST switches, arranged in such a 
way that the proper combination of switch 
states can connect either side of the motor 
to power or ground potential, thus providing 
a means to change the polarity of the motor 
and thus its direction of rotation. This tech-
nique is so common, in fact, that dedicated 
ICs are available to perform this function 
with just a few parts. I did not have such an 
IC, but I had enough parts in my junk box to 
fabricate an H Bridge from first principles. I 
built up a circuit and my next trial sketch con-
vinced me I could control both motor speed 
and direction using two PWM outputs from 
the Arduino.

Detecting End-of-Travel
The next requirement was to detect the 

end of travel. Although in principle the 
capacitor mechanism in the MFJ-1788 con-
troller could rotate endlessly without doing 
any harm, it is only allowed to rotate one half 
revolution. I can imagine this design deci-
sion was made because the other half rota-
tion does not really provide any new values 
of capacitance, and because the net capaci-
tance would first increase and then decrease 
while the motor continues to turn in one 
direction, which would be quite confusing to 
any tuning algorithm. The rotation limits are 
implemented as two physical switches and 
diodes inside the antenna module. A given 
switch opens when motion in a given direc-
tion reaches its end of travel and yet the diode 
allows current to flow in the opposite direc-
tion even with the switch open.

The MFJ-1788 makes use of a bias-T to 
provide motor power through the same coax 
as the RF. This is a clever way to eliminate 
an extra control cable, but it also means the 
state of these limit switches is not directly 
available to the control end of the system. 
Fortunately, the only function these switches 
effectively perform is to interrupt the path 

of current to the motor. Thus, the activation 
of a limit switch can be detected by simply 
monitoring the current to the motor and not-
ing if it drops to zero. I did this by using a 
pair of optoisolators, a pair being required 
in order to allow for both polarities sent to 
the motor for direction control. Although it 
is true this technique does not directly pro-
vide the means to know which limit switch 
was activated, this can be reliably inferred 
by knowing which way the motor is being 
commanded to move when the current stops.

This method of detecting a travel limit 
comes with one caveat, however. Using 
PWM means that the current is intentionally 
brought down to zero during each cycle. So 
a means was needed for this frequent occur-
rence of zero current to not cause a false indi-
cation of a limit. The solution turned out to be 
as simple as adding a timer to the limit detec-
tion algorithm. Although the instantaneous 
current detector circuit still reports no current 
during each PWM cycle, a logical limit is 
not reported unless the condition persists for 
some small length of time.

Operator Inputs
In this application, the requirement to pro-

vide operator command inputs is sufficiently 
simple as to be met with some small momen-
tary contact push button switches. I ended up 
using three.

1) Tap to force an automatic search to 
commence, if desired.

2) Hold to manually rotate lower in fre-
quency, release to stop.

3) Hold to manually rotate higher in fre-
quency, release to stop.

There are other combinations of switch 
inputs for lesser used functions, which will 
be described later. Each switch is connected 
directly between a digital input and ground, 
and the Arduino is programmed to provide 
an internal pullup resistor to the positive sup-
ply rail, a handy feature that saves a resistor 
for each switch. Note that in the code, the 
logic is inverted, such that a High denotes the 
switch is idle and a Low denotes the switch 
is being pressed.

In addition, there are two analog values 
that must be set based upon your particular 
antenna characteristics. Even with my single 
unit, I find it necessary to adjust these when-
ever the weather, temperature, or humidity 
changes appreciably, probably because of 
their effect on the motor lubrication and 
friction in the simple journal bearings. The 
operator adjusts these by turning two poten-
tiometers. One is called Slew, which sets the 
fast slewing rate. The other is called Step, 
which sets the fine stepping pulse duration 
time. These will be explained more fully later 
when we discuss the tuning algorithm. These 
potentiometers also have specialized applica-
tions as explained later.

LED State Indicators
I decided that controller state information 

can be communicated clearly enough using 
four colored LEDs. At times during develop-
ment I found it handy to connect an 8 charac-
ter 8  8 LED matrix array controlled using 
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Figure 2 — This is a more detailed block diagram of the antenna tuner.
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the SCI bus, but this is not needed for the final 
system. Each LED is connected to a digital 
output pin with a series resistor to ground. 
I chose to define the four LEDs as follows:

 Light a red LED while a logical end-of-
travel limit is being detected.

 Light a yellow LED to indicate that the 
antenna is moving down in frequency.

 Light a blue LED to indicate that the 
antenna is moving up in frequency.

 Blink a green LED when communica-
tion with the KX3 has reliably determined 
the operating frequency.

As with the switches, other LED combi-
nations are used for lesser used functions, as 
described later.

Measuring the Antenna Match
The final piece of the puzzle is to find 

a way to measure the degree of impedance 
match of the antenna. I considered many 
approaches but finally settled on using a bal-
anced bridge circuit to sense when the mag-
nitude of the input impedance of the antenna 
connector was near 50 . The idea is to con-
nect three 50  resistors into a square, with 
the antenna connect in the place of the fourth 
resistor. Then connect a signal generator to 
drive two opposite corners with a reference 
frequency, and measure the voltage across 
the two remaining corners. The lower the 
measured signal across the bridge, the bet-
ter the antenna impedance agrees with the 
surrounding resistor values. Such a bridge 

does not provide the sign of the reactance 
when not matched, but we can infer that in 
other ways.

With this design in mind, it remains to 
choose a signal source and a detector. It turns 
out there are two ICs from Analog Devices 
that serve both these goals admirably. The 
AD8307 log amp is an excellent detector and 
the AD9851 Direct Digital Synthesizer is a 
flexible RF signal source.5, 6 These parts have 
been RF work horses for some time so the 
only real decision was how best to proceed 
with an implementation around them.

A little searching on the Internet finds lots 
of schematics and tips for using these parts in 
similar applications. Being an experimenter, 
I was tempted to start with bare parts and 
work up my own solution, but then I found a 
commercial implementation that was just too 
good to ignore. The FoxDelta AAZ-0914A 
Antenna Analyzer provides a complete kit 
for exactly this purpose.7 For about $50, 
there was no way I could match this with my 
own parts and time. All you do is connect the 
antenna, 5 V DC, a few wires to control the 
chips and the Arduino has an easy time of 
measuring the degree of mismatch anywhere 
in the frequency range of the antenna.

Note that the FoxDelta unit includes a 
PIC processor to provide a nice USB inter-
face to a host computer. Rather than work 
through an intermediate control layer, how-
ever, I decided to unplug the PIC and attach 

leads directly from each control chip to 
some Arduino IO pins. This allowed me to 
control the Analog Devices chips exactly as 
I wanted, and also makes the software inde-
pendent of the AAZ-0914A and thus entirely 
suitable for others who might want to use a 
different implementation using these chips.

Tuning Algorithm
Now that we can read the radio frequency, 

control the motor, interact with the operator, 
and measure the degree of tuning match it’s 
time to consider the heart of the matter: the 
automatic tuning algorithm. This involved 
a large amount of experimenting and care-
fully observing how the motor reacts to com-
mands. I’ll spare you all the false starts but 
one lesson stands out of paramount impor-
tance: there is a large amount of backlash 
in the drive train and it is not particularly 
consistent with direction, speed or position. 
The MFJ design includes a spring that prob-
ably reduces this to some extent, but the very 
low power motor precludes it from providing 
much in the way of compensating force, and 
thus its effectiveness is marginal at best.

Dealing with the backlash becomes the 
primary challenge. The tuning technique I 
finally settled on is explained in the follow-
ing steps.

1) Keep comparing the radio frequency 
with the last known antenna tuning fre-
quency. Using an estimate of the antenna Q 
(which can be easily adjusted in the source 

Figure 5 — This photo shows the controller rear panel. The various input and output connections are shown.

Figure 4 —Here is a photo of the controller front panel. You can see the SLEW and STEP potentiometers, the TUNE, DOWN and UP 
pushbutton switches and the various indicator LEDs.
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code if desired), determine when the two 
values differ by an amount that is worth 
correcting. The code takes into account that 
the useful bandwidth of the loop antenna 
is smaller at lower frequencies. When the 
two values are sufficiently far apart, decide 
which way the motor needs to rotate and go 
to Step 2.

2) Begin by slewing full speed in the 
opposite direction for a short while. Yes, you 
read that right. By going a goodly ways in 
the wrong direction first, we are assured of 
always passing through the best match posi-
tion at full speed, even if it is very close to 
the starting position. I tried many techniques 
to approach more slowly but this turned out 
to be by far the most reliable. After this brief 
burst, stop, slew at full speed in the other 
(correct) direction and go to Step 3. It is the 
SLEW POTENTIOMETER that defines this fast 
rate of motor rotation.

3) While going full speed toward the 
desired match position, measure the match 

as quickly as possible. Given that the match 
can be read very rapidly, we are assured of 
a steep and deep dip as we pass through the 
best match value. As we are performing this 
search, record the best match value seen so 
far, to be used later. When the dip is detected, 
stop the motor. Another benefit of always 
slewing rapidly through the best match posi-
tion is that we can be assured the motor has 
definitely overshot the best position. If we 
had approached more slowly, we may or 
may not have passed the best position and so 
we really would not have learned very much 
about our target. Now that we know for sure 
we are stopped just past the best position, go 
to Step 4.

4) Now the fun begins. We make very 
small steps and measure the match after mak-
ing sure the motor has come to a complete 
stop after each step. The duration that power 
is applied for each step is controlled by the 
STEP POTENTIOMETER. It took me days to 
realize that when power is removed from the 

motor the capacitor can continue to change 
aimlessly, even though I had inspected the 
coupling bushing in the antenna to insure 
that it is tight. Measuring the antenna match 
during these uncertain motions is at best 
meaningless and at worst just adds to the con-
fusion. So, during this procedure, after power 
is removed for each step, the match is mea-
sured repeatedly until it no longer changes. 
Only then do we believe the motor and 
capacitor have really stopped moving, and 
the measurement is meaningful. By insur-
ing a full stop, each of these final measure-
ments are reliable, and we can repeat making 
small steps looking for the next dip. Step 5 
describes exactly what we are looking for.

5) Unlike the dip seen while performing 
the initial fast slew, in this phase we must 
minimize the degree of overshoot through 
the best match condition. This is because 
since we cannot actually measure position, 
there is no way to go back to a known posi-
tion in a reliable fashion. Thus we need a way 

Figure 6 — Here is a photo of the wiring inside the controller cabinet. You can see the Fox Delta Antenna Analyzer boards, the Arduino board 
and the construction of the rest of the circuit on several perf boards.
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to detect that we are just barely past the best 
match position. To do this, as we make each 
(stopped) measurement, we look for a match 
reading that is better than the best reading 
found during the slew in Step 3, followed by 
a larger value. This strongly suggests we are 
exactly one step past the best match position. 
We could stop here and be pretty close, but 
we go on to Step 6.

6) To review the work up to this point, we 
slewed rapidly enough through best match 
to insure overshoot and we recorded the best 
value seen during that run. We have turned 
around and found that same match again but 
going much more slowly, so we know we are 
close. What we do now is basically repeat 
step 5 but at half the step time. We keep doing 
this until we are all but completely stopped. 
So in summary, we walk back and forth over 
the best match going more and more slowly, 
the plan being that when we go so slow as to 
be stopped, we should be almost exactly at 
the best match position.

All the while this is going on, we also 
watch for the capacitor end-of-travel, in 
which case we turn around and start over. We 
also watch for the operator to tap any of the 
switches, in which case we abort the tuning 
attempt and stop where we are.

The Build
Now that I had a design and major imple-

mentation details worked out, it was time to 
build it. By the time I had everything work-
ing, my bench was pretty much covered with 
several breadboards and a large number of 
wires running everywhere, but I love this 
stuff so that was a feature of the project, not 
a bug!

Construction
For the following, it is helpful to refer to 

the schematic diagram, shown in Figure 3.
Many of my component choices and 

implementation decisions were based simply 
on using suitable parts that I had on hand 
as much as possible, even if perhaps there 
are simpler choices. Looking at the final 
schematic, you might guess correctly that I 
had a large number of 2N3904 and 2N3906 
transistors, 1N4148 diodes and MCT6 dual 
optocouplers, so naturally that’s what I used. 
These transistors are rated for only about 
200 mA collector current but, remarkably, 
the MFJ motor draws only about 10 mA, 
so even these small signal parts work fine in 
what otherwise would require larger current 
devices. Even the LEDs in the optocoupler 
used as a current sense can handle 60 mA of 
continuous current. I measured about 40 V 
of back EMF, so the 60 V maximum reverse 
voltage of the 1N4148 used here as clamping 
diodes is also adequate, but feel free to use 
what you prefer.

The most obvious effect of using stuff on 

hard is that I made my own H Bridge from 
discrete components. If you have, or want 
to purchase, an H Bridge chip such as the TI 
L293D or even a complete Arduino motor 
control shield, such as those available from 
Adafruit or Sparkfun, by all means do so. 
The big point here, however, is to take note 
that the Bias-T requires that the power supply 
for the antenna motor must have both sides 
isolated from station ground. The reason is 
that either side of this isolated supply can, 
depending on the desired motor direction, 
be connected to station ground. I could have 
worked up an isolated supply, or just used a 
commodity wall-wart, but given the remark-
ably low current draw of the motor, I just 
chose to power the H Bridge with batteries 
adding up to 12 V. I am still using the origi-
nal set I started with but note that if your unit 
stops operating reliably, measuring the bat-
tery voltage should be a first thing to check. 
Generous use of the optocouplers made easy 
work of connecting the grounded Arduino to 
the floating H Bridge.

Both the Arduino and the Fox Delta 
require a clean supply of 5 V DC. For this, I 
found an inexpensive variable buck converter 
on Amazon that draws from the 13.8 V main 
supply for the unit.

Two PWM outputs from the Arduino 
drive the H Bridge. They turn on either Q1 
and Q4, thus connecting the left and right 
leads of the motor to positive and negative 
supply, respectively, or Q2 and Q3, which 
provides the opposite polarity to the motor. 
The motor is off when all four drivers are 
open. Note that the supply would be shorted 
if both left or both right drivers were on at the 
same time, but the logic of the optocoupler 
wiring, U1 and U2, makes this impossible, 
thankfully making the design immune at 
least from this programming error.

Rather than build my own Bias-T, I 
just purchased the MFJ-4116.8 I figured 
since they use the same design within their 
antenna, their separate product would prob-
ably be compatible, and that proved to be the 
case. Doing so certainly saved some effort 
and perhaps a little money. My only regret 
is the poor quality SO-239 connectors they 
used.

The motion limit sensor uses another pair 
of optocouplers in U3, wired to connect one 
Arduino digital input to ground while there 
is current in either direction, causing the 
Arduino to read a Low. If there is no current, 
the coupler outputs will both be open and 
the Arduino will read a High logic value. As 
described above, a little extra care is required 
in the software because the current is also 
zero in between PWM pulses.

Several IO lines connect to the Fox Delta 
unit. I did this by carefully removing the 
original PIC (and packing it for safe keeping 

if I ever want to use it again) and replacing it 
with two header strips. I then plugged male 
breadboard jumper wires into the female 
header positions. I found it best to lean the 
two headers toward each other so their tops 
touch and add a bead of super glue along 
this junction to form a sort of roof over the 
socket. I tried using another 28 pin socket as 
a plug. Although the pins lined up, of course, 
the body shape was such that it did not firmly 
seat into the original socket. I also tried to 
quickly solder wires to this second socket 
but the plastic melted before anything else. 
I am open to better ideas that still allow me 
to replace the original FoxDelta PIC if I ever 
choose to do so. The digital connections to 
the AD9851 DDS can probably tolerate a 
little contact resistance but the analog con-
nection to the AD8307 must be as clean and 
stable over time as possible. I open my case 
occasionally and pull out this lead and push it 
back in a few times and then redo the calibra-
tion step to insure best possible performance.

During my experiments, I could see it was 
going to be important to adjust the Slew and 
Step rates carefully and adjust them from 
time to time. Rather than require changing 
constants in the program to accommodate 
this, I added two potentiometers to the 
design, R15 and R16. Suggestions for setting 
these properly will be discussed later. Figure 
4 is a photo of the front panel of my control-
ler. Figure 5 shows the rear panel. Figure 6 
shows the wiring inside the cabinet.

The coax relay is not absolutely required 
for this project but it really makes the control-
ler completely hands-off to operate. There 
are lots of options here, and several always 
seem to be available in the used marketplace. 
The only requirement is that you can find a 
way to control it with a digital output pin on 
the Arduino, such that a High switches the 
antenna to the controller, and a Low switches 
it back to the radio. The relay I found draws 
about 100 mA at 13.8 V DC, and generated 
120 V of back EMF. See the circuitry sur-
rounding Q5 for my solution.

Checkout
First, a few notes of caution.
1) Never power the Arduino from the 

separate 5 V supply and the USB at the same 
time. One or the other supply will inevita-
bly be higher, causing current to flow in the 
reverse direction of the other supply.

2) Although the auto tuner will work fine 
capturing serial commands from the radio to 
the computer, you must disconnect the radio 
connection temporarily while programming 
the Arduino.

For the following, I will assume you have 
flashed the sample code in your Arduino with 
the USB connection, built the circuit as per 
the schematic and connected 5 V to only the 
Fox Delta. My sample Arduino code is avail-
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able for download from the ARRL QEX files 
web page.9 At this point you can connect the 
antenna Bias-T but do not connect the motor 
to 12 V.

Upon power up, you will first see all four 
LEDs light up for a second. This is homage 
to the tradition of testing all lamps. Then 
you will see the green COMOK LED slowly 
flashing. It will remain flashing like this 
until receipt of the first successful frequency 
report from the KX3. Ignore it for now.

Hold the DOWN switch for a few seconds 
and release. The yellow DOWN LED should 
come on immediately then the red LIMIT LED 
should come on after a second or so because 
there is no current to the motor. With an oscil-
loscope probe on Arduino pin 11 and hold-
ing the DOWN switch, you should see a 5 V 
square wave with a frequency of 490 Hz, and 
a duty cycle that varies from 0 to 100% as 
the SLEW potentiometer is adjusted. Repeat 
this action with the UP switch, except the 
blue UP LED should come on. Measure the 
waveform at pin 10. 

Now connect 12 V to the H bridge. 
Repeat the above tests, and measure the high 
side of the motor connection. It will be simi-
lar but it will be a higher voltage and more 
triangular, reflecting a large time constant 
because of the motor inductance.

If this works, move on to the KX3 com-
munications. Connect the Ring from the 
KX3 ACC1 connection to the controller 
Ring connection point (P15) and the sleeve 
to ground (P17). The tip is not used. My KX3 
is normally connected to a computer while 
in the shack, so I inserted a stereo “Y” con-
nector to gain access to this signal. Power up 
the KX3 and check that menu entry AUTO 
INF is set to ANT CTRL. A slight turn of 
the main radio knob should cause the green 
COMOK LED to blink, indicating a valid fre-
quency report was captured.

Calibration
Connect the antenna through the coax 

relay and the Bias-T. Hold the DOWN switch 
until the red LIMIT LED comes on. Set the 
SLEW potentiometer to mid range. Note the 
time and hold the UP switch. The LIMIT LED 
will go out then come again many seconds 
later, after the motor has rotated from one 
limit to the next. You want to set the SLEW 
potentiometer so this total travel time is 
about 20 seconds. Going down is always a 
few percent faster than going up because the 
anti-backlash spring is aiding the motor, but 
the difference is not enough to worry about.

The next step is to calibrate the mismatch 
value. Remove the antenna connection from 
the Fox Delta BNC connector. While press-
ing the TUNE switch, tap the Arduino RESET 
switch. After a few seconds you will see a 
steady rolling pattern across all the LEDs. 
Release the TUNE switch and the pattern 

should reverse and go somewhat faster. 
After a few seconds the LEDs go out. This 
indicates you have successfully calibrated 
the open circuit mismatch value. Using the 
Arduino IDE Serial Monitor during this 
procedure, you will see each measured value 
reported and the final computed value of 
BAD_MATCH. On my configuration, the 
value is near 400 or a little lower. It is a good 
idea to perform the procedure a few times 
and confirm it repeats to within a few percent. 
If the value varies a lot, you probably have a 
poor connection to the Fox Delta PIC socket, 
pin 2. The value is stored in EEPROM so it 
will remain during Arduino power cycles and 
resets. If for some reason the EEPROM fails 
to confirm the new value, you will see error 
code two be reported and you should retry 
the procedure. If the EEPROM continues to 
fail, you have a bad Atmel chip and should 
replace it.

Now to set the STEP potentiometer. This 
is a little trickier. Too high and it will skip 
past the best match and continue to the limit 
in that direction. Too low and it will take a 
long time to find the best match. After the 
fast slewing step, you want it to find the first 
best match candidate in 5 to 10 seconds, turn 
around, and find it again in 3 to 5 seconds 
then finally settle on the best position in 
another few seconds. During this procedure, 
you will see the yellow and blue LEDs alter-
nate as the algorithm hunts either side of the 
best match.

The best way to set the STEP potentiom-
eter is to use the IDE Serial Monitor to watch 
the printed report. Tap the TUNE switch. On 
the Serial Monitor you will see two lines 
that begin with Slewing followed by several 
lines that begin with Stepping. The Slewing 
lines are reporting each reading during the 
initial fast scan. Smaller numbers are bet-
ter matches. As soon as a significant dip is 
found, the values that qualified as a dip are 
reported. The center few of these should 
be well below the value of BAD_MATCH 
found during calibration. The Stepping lines 
report the finer moves up and down, hunting 
for the best match.

Operation
After completing the checkout and cali-

bration, you should have a very good idea 
how to use the tuner.

1) Power up everything.
2) Change the rig frequency to get the first 

frequency report, as indicated by a COMOK 
LED blink. The tuner will never attempt to 
move the antenna before the first successful 
rig report. Automatic tuning is not enabled 
until the TUNE switch is used at least one 
time.

3) Tune around as desired. You will see the 
COMOK LED blink each time the rig reports a 

frequency. Auto tuning will never commence 
as long you are changing frequency. At some 
point, stop changing frequency. If you have 
moved sufficiently far away from the last 
time the antenna was tuned, a search will 
commence automatically. If the antenna has 
never been matched since power up, the tuner 
will start in a random direction but is smart 
enough to turn around at the end-of-travel if 
it guessed wrong.

4) Automatic tuning can be interrupted 
for any reason at any time by tapping any 
switch. After doing so, automatic tuning will 
be disabled until you tap the TUNE switch 
again.

5) If the fast slewing step fails to stop, and 
bounces off both limits, try redoing the cali-
bration of the BAD_MATCH value. Also, 
make sure there is a good connection with the 
Fox Delta PIC pin 2.

6) If the slower fine stepping phase of the 
search goes on too long, longer than, say, 
30 seconds, tap the TUNE switch to stop the 
algorithm. Now listen to the audio from the 
radio and press the same UP or DOWN switch 
that matches the LED motion that was flash-
ing. Hold the switch for a few seconds and 
release. If you hear a brief increase in the 
audio level, you know the match was not 
yet encountered and you should increase the 
STEP potentiometer a little. If you can hold 
the UP or DOWN switch a long time and never 
hear the audio level increase, you know the 
step jumped over the best match, so decrease 
the STEP potentiometer a little.

Error Codes
If the tuner encounters an error during 

operation, it flashes all LEDs a certain num-
ber of times to give a clue to the problem. The 
error code is repeated four times. The codes 
are as follows.

1) The transmitter is on when a tune 
attempt was requested.

2) The EEPROM failed to verify the writ-
ten value.

3) Radio frequency is still unknown when 
a tune attempt was requested.

4) Radio frequency is too low for the 
antenna.

5) Radio frequency is too high for the 
antenna.

A Few Surprises
There are a few more features available, 

which you may find useful.
1) Zero Beat. During the Tune procedure 

the DDS frequency may not exactly match 
the radio frequency, which can cause an 
annoying heterodyne if there is any leakage 
through the coax relay from the DDS to the 
radio. To eliminate this you can calibrate the 
DDS to zero beat with the radio as follows:

1.1.1.) While holding the UP switch, tap 
the ARDUINO RESET. After a few seconds 
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you will see the green COMOK LED flashing. 
Spin the radio knob a little to force it to report 
the frequency. When a frequency report has 
been received successfully, the COMOK LED 
will go out and the blue UP LED will flash. At 
this point, adjust the STEP potentiometer up 
and down and confirm you can hear the DDS 
heterodyne. Tune for zero beat and, finally, 
release the UP switch. The offset is stored in 
EEPROM, so it will remain effective across 
Arduino power cycles and resets until the 
procedure is repeated.

1.1.2.) Note that this only provides one 
zero beat setting. It can be set to work with 
USB/LSB or CW but not both, because of the 
sidetone offset employed for CW.

2) Frequency Generator: The FoxDelta 
can still be used as a general purpose fre-
quency generator. To enter this mode, tap 
both UP and DOWN switches at the same time. 
When successful, both UP and DOWN LEDs 
will light at the same time. Now the SLEW 
potentiometer is a coarse frequency control 
and the STEP potentiometer is a fine control. 
The resolution is about 15 Hz. The coax relay 
will connect the antenna to the FoxDelta dur-
ing this mode, but of course you can ignore 
that and connect anything you want directly 
to the FoxDelta. The frequency is reported in 
the Serial Monitor if you have that visible. 
Exit this mode by tapping any switch.

3.) Frequency Sweep: Hold the UP 
switch and tap the TUNE switch to start a 
sweep over the entire auto tuner range. The 
red LIMIT LED will flash while the sweep is 
in progress. A table of frequency and mis-
match values is printed in the Serial Monitor 
window. During the sweep the antenna is 

switched to the FoxDelta. The sweep is fin-
ished when the red LIMIT LED stops flashing. 
The sweep can be aborted at any time by tap-
ping any switch.

Conclusion
I have enjoyed using the loop tuner for 

several months, and find it meets all the 
requirements quite well. Once in a while it 
will miss a match, but I just tap the TUNE 
switch and it recovers shortly.

Finding a match after a band change 
typically takes 30 to 40 seconds, tweaking 
up after a modest QSY takes 10 to 20 sec-
onds. Perhaps I could beat these times a little 
by hand, but now there’s no more remem-
bering to first adjust power level; pressing 
Tune on the radio; jockeying several lights 
and switches; manually dealing with end-
of-travel; adjusting for overshoot; fighting 
the temptation to tweak it just a little better; 
fretting over my finals; or causing QRM to a 
QSO. Now I just ignore the antenna. I tune 
the radio around at will, and when I find 
something I want to listen to I stop. If it is far 
enough away from the last tuning frequency 
to matter, the antenna is tweaked for the new 
frequency in a short while and I’m good to go 
with no effort at all. It feels almost as though 
I have a nice broadband antenna. How cool 
is that?

Elwood Downey, WBØOEW, has held the 
same call sign since he was first licensed in 
1974. He is an ARRL Member. Elwood enjoys 
software, digital modes, antennas, and experi-
menting. He graduated with a BSEE cum laude 
in 1977 from Purdue University. Since then 

he has focused his career on telescope control 
systems and related astronomical instrumenta-
tion, which he finds very fulfilling. It has taken 
him to many of the great observatories around 
the world.

Notes
1For information about the MFJ-1788 

Magnetic Loop Antenna, go to the MFJ 
website: www.mfjenterprises.com/
Product.php?productid=MFJ-1788.

2For more information about the Elecraft 
KX3 transceiver, go to the Elecraft website: 
www.elecraft.com/KX3/kx3.htm.

3Glen Popiel, KW5GP, Ardunio for Ham 
Radio, ARRL, 2014, ISBN: 978-1-62595-
016-1, ARRL Order No. 0161, $34.95. 
ARRL publications are available from 
your local ARRL dealer or from the ARRL 
Bookstore. Telephone toll free in the US: 
888-277-5289, or call 860-594-0355, fax 
860-594-0303; www.arrl.org/shop; pub-
sales@arrl.org.

4The Arduino software is available from: 
https://arduino.cc/en/Main/Software.

5Download theAD8307 log amp data sheet 
from: www.analog.com/media/en/
technical-documentation/data-sheets/
AD8307.pdf.

6Download theAD9805 direct digital syth-
esizer data sheet from: www.analog.com/
media/en/technical-documentation/data-
sheets/AD9851.pdf.

7For more information about the Fox Delta 
Antenna Analyzer, go to: www.foxdelta.
com/products/aaz-0914a.htm.

8See the MFJ website for more informa-
tion about the MFJ Bias-T: www.
mfjenterprises.com/Product.
php?productid=MFJ-4116.

9The author’s Arduino code is available for 
download from the ARRL QEX files web 
page. Go to www.arrl.org/qexfiles and look 
for the file 11X15_Downey.zip.
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1320 Willow Drive, Sea Girt, NJ 08750;  kd2bd@amsat.org

A Frequency Standard 
for Today’s WWVB

The author shares the design of his frequency standard 
that’s fully compatible with today’s WWVB. 

For over a half century, the 60 kHz carrier 
from WWVB has served as a popular and 
highly respected frequency reference among 
many scientific, research, and engineering 
professionals across North America. As 
GPS-disciplined frequency standards started 
gaining in popularity, the use of WWVB in 
frequency reference applications began to 
decline. With this decline, however, came a 
tremendous increase in the sale and appli-
cation of low-cost radio controlled “atomic 
clocks” that receive time and date informa-
tion from WWVB on a regular basis. This 
drastic shift in the use of WWVB by the 
American public forced a realignment of the 
priorities set for the station by the National 
Institute of Standards and Technology 
(NIST).

With the rapid proliferation of radio-con-
trolled clocks came a realization that recep-
tion of the WWVB time code by low-cost 
consumer products was often unreliable. In 
the eastern United States where signals from 
the Fort Collins, Colorado WWVB transmit-
ter are often the weakest, competition from 
high noise levels and co-channel interference 
from British radio station MSF made recep-
tion especially difficult. Enhancements were 
made to the WWVB effective radiated power 
and modulation depth, but reception dif-
ficulties continued to persist. Finally, when 
attempts to commission a second WWVB 
transmitter to serve the east coast failed to 
reach fruition by the end of 2009, thoughts 
turned toward making more aggressive 
changes to WWVB broadcasts that would 
help improve reception reliability while 
maintaining compatibility with the millions 
of radio-controlled clocks already in opera-
tion.

New Modulation Format
NIST Realized that only through a radi-

cal change in time code transmission and 
greater sophistication in receiving techniques 
would any further improvement in recep-
tion reliability be achieved. They decided 
to add a new time code to the WWVB car-
rier, modulated by means of binary phase 

shift keying (BPSK), that next generation 
radio-controlled clocks could be designed to 
receive and process with improved reliability. 
While over-the-air tests conducted in 2012 
revealed that the addition of the new BPSK 
time code had little or no effect on the opera-
tion of existing radio-controlled clocks, it 

Figure 1 — The author’s very successful Frequency Measuring Test results are achieved by 
using WWVB as a precision frequency reference.
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caused every WWVB-disciplined frequency 
standard to lose phase reference with the 
WWVB carrier, and thus malfunction. With 
GPS-based frequency standards in wide use 
and rising steadily in popularity, and com-
mercial WWVB-based frequency standards 
out of production for years, NIST decided 
to permanently add its new BPSK time code 
to WWVB broadcasts beginning on October 
29, 2012, and force all previously function-
ing WWVB-disciplined frequency standards 
into obsolescence.

Despite this WWVB priority shift toward 

application in consumer products, and away 
from the scientific and engineering com-
munities, the WWVB carrier frequency is 
maintained to within one part in 1014, and 
continues to be derived from a set of four 
cesium clocks.1 As such, provided that 
BPSK compatible reception techniques are 
employed, radio station WWVB can con-
tinue to serve as a reliable and accurate fre-
quency reference, and can do so with a level 
of precision that far exceeds that of its time 
dissemination.

A BPSK-Compatible Frequency 
Standard

The frequency standard described here 
employs a combination of linear signal 
processing, vector demodulation, and super-
heterodyne receiving techniques to not only 
discipline a 10 MHz voltage-controlled, 
temperature-compensated crystal oscilla-
tor (VCTCXO) against the WWVB carrier, 
but also decode its amplitude modulated 
time code. A wide variety of calibration 
signals are available to the user, while an 
LCD display provides NIST (UTC) date, 
time, and UT1 offset information. Several 
audio outputs are provided to help assess 
reception quality and assist in selecting an 
optimum antenna placement and orientation. 
An RS-232 port is also included to provide 
UTC time and date information to external 
devices.

Performance
The stability and accuracy of a frequency 

standard are difficult to assess and quantify 
without making a direct comparison against 
another standard of superior precision. Even 
while lacking a second standard, however, 
some conclusions can be drawn based on 
the performance a frequency standard dem-
onstrates while being employed in critical 
applications over the course of many years. 
For example, the results achieved while 
employing this frequency standard dur-
ing Frequency Measuring Tests over the 
past decade have consistently equaled or 
surpassed those of most other participants, 
many of whom employ advanced digital 
signal processing techniques, commercial 
GPS-disciplined frequency standards, rubid-
ium oscillators, and other laboratory grade 

Figure 2 — The author’s FMT methodology applies a DC tuning voltage to the local oscillator 
of a direct conversion receiver to lock its audio output in phase with that of a 1 kHz 

reference. The frequency of the unknown signal is determined by measuring the frequency 
of the LO and factoring in the 1 kHz tuning offset.

Figure 3 — Space and Naval Warfare Systems (SPAWAR) Command computer simulations illustrate how the WWVB 100 mV/m signal level 
contours contract during the day and expand during nighttime hours. (Images from NIST website.)
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instrumentation. Figure 1 shows a certificate 
I received for my participation in the April 
2014 FMT.

Since the influence of ionospheric pertur-
bations and inaccuracies in frequency mea-
surement methodologies are often the largest 
consistent sources of error in FMTs, these 
results alone cannot speak to the full per-
formance of this frequency standard. Using 
the identical hardware and methodology as 
those employed in FMTs (Figure 2), I mea-
sured the carrier frequencies of many AM 
broadcast stations received over ground wave 
paths to a resolution of 312.5 microhertz (less 
than one part per billion at 1 MHz). During 
the process, several transmitters were identi-
fied as consistently having no measurable 
frequency error, some of which are known 
to employ GPS-disciplined rubidium fre-
quency standards for carrier generation. 
I believe that transmitters exhibiting very 
small but measurable frequency offsets were 
likely rubidium controlled but not necessar-
ily GPS-locked, while others that exhibited 
larger errors that varied over time might have 
simply been crystal controlled.

Since the GPS-disciplined radio station 
carriers stood out so clearly among all other 
stations measured, it follows that the accu-
racy and stability of this frequency standard 
probably exceeds the resolution of the mea-
surements taken. In fact, they are possibly 
several orders of magnitude better based on 
the known precision to which the WWVB 
carrier frequency is maintained, and the rec-
ognized RF propagation characteristics that 
exist at low frequencies.

60 kHz Propagation
LF radio propagation is substantially 

different from that which exists at higher 
frequencies. Its remarkable stability and reli-
ability have often led to the belief that 60 kHz 
signals propagate great distances over ground 
wave paths alone. In reality, a combination of 
surface wave and D-layer ionospheric paths 
are responsible for WWVB signal propaga-
tion. At night, cosmic background radiation 
supports a level of D-layer ionization that 
is sufficient for propagating LF (and lower 
frequency) radio signals over long distances.2 
Greater D-layer efficiencies and increased 
effective height with decreased ionization 
levels contribute to greater signal coverage 
during the nighttime hours. See Figure 3.

Diurnal shifts in the height of the D-layer 
cause changes in the RF path length between 
WWVB and receivers to occur during the 
time the RF path undergoes sunrise and 
sunset transitions. While the accompany-
ing Doppler shifts during these periods are 
generally small, their effects are cyclic and 
predictable, and can be handled using a priori 
knowledge. Long-term frequency accura-

cies very closely approaching those of the 
WWVB transmitted carrier frequency can be 
achieved by integrating the diurnal perturba-
tions over a day or more.

WWVB Signal Characteristics
With rare exception, WWVB broadcasts 

24 hours a day with a peak envelope effec-
tive radiated power of 70 kW. The beginning 
of every UTC second is identified by a 17 dB 
reduction in radiated power. See Figure 4. If 

the carrier amplitude is restored to full power 
200 ms later, this represents a “0” bit in the 
WWVB legacy time code. If it is restored 
500 ms later, this represents a “1” bit in the 
WWVB time code. If it is restored 800 ms 
later, this represents a “Marker” bit, one of 
which is sent every 10 seconds to establish 
frame synchronization in receivers. Two 
Marker bits transmitted in succession iden-
tify the beginning of a new time code frame 
and the start of a new UTC minute. Over the 
course of one minute, the individual “1”s and 

QX1511-Magliacane04
Time Since The Start Of The UTC Second (s)

W
W

V
B

's
 R

el
at

iv
e 

C
ar

rie
r A

m
pl

itu
de

 (V
) PWM 'Marker' Bit

0.0

–0.5

0.5

1.0

–1.0

Time Since The Start Of The UTC Second (s)

W
W

V
B

's
 R

el
at

iv
e 

C
ar

rie
r A

m
pl

itu
de

 (V
) PWM '1' Bit

1.0

0.0

–0.5

0.5

1.0

–1.0

Time Since The Start Of The UTC Second (s)

W
W

V
B

's
 R

el
at

iv
e 

C
ar

rie
r A

m
pl

itu
de

 (V
) PWM '0' Bit

0.0 1.0

0.0

–0.5

0.5

1.0

–1.0

0.2 0.4 0.6 0.8

0.0 1.00.2 0.4 0.6 0.8

0.0 1.00.2 0.4 0.6 0.8
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“0”s produce a pattern that conveys the cur-
rent date and time, UT1 offset, leap second, 
and daylight savings time information.

WWVB recently added a secondary time 
code in the form of BPSK, which co-exists 
independent of the original amplitude modu-
lated time code. If the phase of the WWVB 
carrier is reversed 100 ms after the beginning 
of the UTC second, this represents a “1” bit 
in the BPSK time code. If no carrier phase 
reversal takes place at this time, it represents 
a “0” bit.

The new BPSK time code offers enhanced 
performance through error detection and cor-
rection algorithms, as well as several dif-
ferent modes of operation, not all of which 
have been fully implemented at this time. 
While the frequency standard described here 
possesses BPSK demodulation capability, 
it is employed solely for the detection and 
removal of BPSK prior to the carrier phase 
tracking circuitry that follows.

A Low-Noise WWVB Antenna
Unlike GPS, WWVB reception does not 

require the use of an outdoor antenna, nor 
does it require a clear view of the sky. Low-
cost consumer grade radio controlled clocks 
employ electrically small H-Field ferrite 
loopstick antennas that operate on the same 
principle as those found in portable AM 
broadcast band radios. Significantly higher 
signal levels and noticeably less sensitivity 
to nearby structures can be realized by using 
physically larger air-core loop antennas.

While it can take a lot of wire and a lot of 
labor to wind a 60 kHz resonant air-core loop 
antenna, just a single turn of multi-conductor 
ribbon cable can produce an effective multi-
turn loop provided that each conductor is 

connected in series with its adjacent conduc-
tor to form a continuous coil. See Figure 5 for 
an example of how such a coil can be wired. 
I fabricated an antenna from a 5 meter length 
of 40 conductor #28 AWG stranded ribbon 
cable, and supported it from the ceiling of my 
attic. Figure 6 shows my antenna installation.

Resonance is achieved by introducing an 
appropriate amount of capacitance in parallel 
with the loop. Aligning the plane of the loop 
in the direction of Fort Collins, Colorado 
allows the WWVB horizontally polarized 
H-Field to cut through the center of the loop 
and induce a voltage across its terminals. 
Along the eastern edge of the 100 mV/

meter signal contour in central New Jersey, 
WWVB typically induces several millivolts 
(peak-to-peak) of RF across the 40 turn loop.

Antenna Preamplifier
A preamplifier located immediately 

adjacent to the loop provides an important 
interface between the high-impedance bal-
anced loop antenna and the unbalanced, 
ground-referenced circuitry that follows. 
Figure 7 shows the schematic diagram of 
the preamplifier. The preamplifier connects 
to the frequency standard through a length 
of coaxial cable, and it receives its operating 

Figure 5 — Loop antenna construction. 
The ends of the multi-conductor cable are 
brought together at the bottom of the loop 

to form a multi-turn coil. After going around 
once, the end of conductor #1 connects to 
the beginning of conductor #2, conductor 
#2 connects to conductor #3, and so on. 

The uncommitted ends of the first and last 
conductors form the ends of the coil.

Figure 6 — The author’s attic-mounted loop antenna. With the plane of the loop aligned 
toward Fort Collins, Colorado, the WWVB horizontally polarized H-Field cuts through the 
center of the loop and induces a voltage across it. The frequency standard amplifies and 

processes this signal.



  QEX  November/December 2015   17 

QX1511-Magliacane07

To
Receiver

J1

L2
10 mH

D3
15 V

C7

2

6

3

5
1

7
4

R9C6

U2
AD744

R8

C5
330 pF

C4
330 pF

R7

R6

C8

Center
Tap

C1
680 pF

C2
580 pF

D1
6.2 V

D2
6.2 V

R1R2

Loop Antenna
40 turns #28 wire

5 meter circumference

U1
AD620

253

7

6

1

R5

R4 C3

R10

8

4

R3

Figure 7 — 60 kHz WWVB loop antenna preamplifier. In addition to providing 40 dB of gain, the preamp properly interfaces the balanced loop 
antenna with the ground-referenced circuitry in the frequency standard. 

QX1511-Magliacane08

60 kHz
Differential
Amplifier

0°
Phase
Shift

AGC
Control
Voltage

Variable
Attenuator

+45°
Phase
Shift

–45°
Phase
Shift

MCU
Controlled

Phase
Select

60 kHz
Amplifier

50 kHz
Local

Oscillator

Mixer

10 kHz
Amplifier

10 kHz
IF Output

Loop Antenna

Figure 8 — This block diagram illustrates the overall RF to IF conversion process. The +45° and –45° phase shift networks were used in the past 
to compensate for the WWVB hourly phase signature, but have not been required since the introduction of BPSK modulation was made in 2012.



18   QEX  November/December 2015

Q
X

15
11

-M
ag

lia
ca

ne
09

B
 In

60
 k

H
z

R
F

 O
ut

In
pu

t f
ro

m
an

te
nn

a 
an

d
pr

ea
m

pl
ifi

er

J1

L1 10
 m

H

+1
2 

V

C
1

R
1

D
3

1N
91

4

R
2

R
3

R
4

C
2

+1
2 

V

Q
1

2N
39

04

D
1

1N
91

4

C
8

R
15

D
4

1N
91

4

R
2

+1
2 

V

Q
2

2N
39

04

D
2

1N
91

4

C
9

R
16

R
5+1

2 
V

+1
2 

V

Q
3

2N
39

04

14
12

U
2A

C
D

40
53

B
E

Q
4

2N
39

04

R
12

R
9

+1
2 

V

A
 In

Q
5

2N
39

04

R
18

R
17

+1
2 

V

15

2 1

U
10

B

C
4

47
0 

pF
R

8

C
3

47
0 

pF

C
5

R
11

+1
2 

V

4
3 5

U
10

C9

R
6

R
7

R
10

10

10
 k

H
z

IF
 In

C
6

47
0 

pF
D

6
1N

91
4

D
5

1N
91

4

R
13

N
oi

se
G

at
e 

In

11

8 716

+1
2 

V

C
7

D
8

1N
91

4
D

7
1N

52
31

5.
1 

V
0.

5 
W

R
14

6
U

3C
LM

C
64

84
N

9 10

8

Fi
gu

re
 9

 —
 D

et
ai

ls
 o

f t
he

 R
F 

A
G

C
 c

ir
cu

itr
y 

an
d 

le
ga

cy
 c

ar
ri

er
 p

ha
se

 s
hi

ft
 n

et
w

or
ks

 o
f t

he
 fr

eq
ue

nc
y 

st
an

da
rd

.



  QEX  November/December 2015   19 

Q
X

15
11

-M
ag

lia
ca

ne
10

60
 k

H
z

R
F

 In

U
1C

LM
83

7N

R
19

C
10

33
0 

pF

+6
 V

R
21

C
11

33
0 

pF
9 10

8

R
22

U
1B

LM
83

7N

6 5

7

R
23

C
12

33
0 

pF

R
25

C
14

33
0 

pF

R
26

U
1A

LM
83

7N

2 3

1

R
27

C
15

33
0 

pF

R
29

U
4C

LM
83

7N
10 9

8

R
30

R
31

+6
 V

60
 k

H
z

R
F

 O
ut

14
13 12

U
5A

C
D

40
53

B
E

16

+1
2 

V

50
 k

H
z

LO
 In

R
20

C
17

+6
 V

8 7 6 11

U
4A

LM
83

7N

2 3

1

R
33

+1
2 

V 4 11

R
32

R
35

R
36

U
4B

LM
83

7N
6 5

7

+6
 V

C
18

33
0 

pF

R
37

R
38

R
39

U
4D

LM
83

7N

13 12

14
+6

 V

C
19

33
0 

pF

10
 k

H
z

LO
 In

C
20

C
21

C
22

U
6B

LM
83

7N

6 5

7

R
41

R
43

R
40

B
P

S
K In

"Q
"

C
ha

nn
el

O
ut

4
3 5

U
5C

9

"I
"

C
ha

nn
el

O
ut

15
2 1

R
42

+6
 V

R
34

R
24

C
13

+6
 V

R
28

C
16

+6
 V

+1
2 

V 4 11

R
48

+6
 V

U
6C

LM
83

7N

9 10

8

R
47

R
46

10
 k

H
z

IF
 O

ut

U
5B

10

R
45

+6
 V

U
6C

LM
83

7N

9 10

8

R
44

+1
2 

V

14 7

2 1
3

R
49

+6
 V

U
27

A
C

D
40

70
B

Fi
gu

re
 1

0 
—

 R
F 

to
 b

as
eb

an
d 

si
gn

al
 p

ro
ce

ss
in

g.
 6

0 
kH

z 
am

pl
ifi

ca
tio

n 
pr

ec
ed

es
 a

 b
al

an
ce

d 
m

ix
er

 th
at

 d
ow

nc
on

ve
rt

s 
W

W
V

B
 to

 a
 1

0 
kH

z 
IF

, w
he

re
 a

dd
iti

on
al

 g
ai

n 
an

d 
se

le
ct

iv
ity

 a
re

 p
ro

vi
de

d.
 

A
 –

90
° 

ph
as

e 
sh

ift
 in

 th
e 

lo
w

er
 IF

 p
at

h 
dr

iv
es

 I 
an

d 
Q

 d
em

od
ul

at
or

s 
th

at
 p

ro
vi

de
 o

ut
pu

ts
 a

t b
as

eb
an

d 
(D

C
) l

ev
el

s.



20   QEX  November/December 2015

power from the frequency standard through 
the same length of coax. This connection 
provides a voltage transfer rather than a 
power transfer of RF energy between the pre-
amplifier and the frequency standard. Since 
the length of coax will be small in terms 
of wavelength, transmission line effects 
and impedance matching concerns can be 
ignored, and coaxial cable of any convenient 
surge impedance can be employed.

The amount of capacitance required in 
parallel with the loop to achieve resonance 
at 60 kHz depends on the size, shape, dis-
tributed capacitance, and overall inductance 
of the loop. The 40 turn loop described here 
required about 1050 pF of capacitance. 
Capacitor C1 should be a silver mica or simi-
lar low-loss, temperature stable capacitor. I 
used an Elmenco 467 110 pF to 580 pF com-
pression trimmer capacitor at C2 to carefully 
bring the loop to resonance at 60 kHz.

Signal-to-noise ratios at LF are often 
enhanced by desensitizing the near-field 
response of the receiving antenna to E-Field 
energy. This effect is often accomplished by 
employing an electrostatic shield around the 
perimeter of the loop. In this design, E-Field 
desensitization is achieved by employing a 
high common-mode-rejection differential 
amplifier as the first stage of the preamplifier. 
Capacitor C8 provides an AC ground to the 
electrical center of the loop, to enhance the 
preamplifier rejection of out-of-band signals. 
Zener diodes D1 and D2 help protect the 
Analog Devices AD620 differential ampli-
fier from damage when nearby lightning 
strikes induce high voltage impulses across 
the antenna.

The differential amplifier is followed by 
a 60 kHz second-order active bandpass fil-
ter designed around an AD744 operational 
amplifier. This stage provides additional RF 
selectivity beyond that of the loop antenna 
alone, and raises the overall voltage gain of 
the preamplifier to 40 dB. The AD744 has 
the capability of driving capacitive loads, and 
can deliver output voltages as high as 10 Vp-p 
without distortion.

Resistor R3 sets the gain of the AD620, 
and may be increased in value if less pream-
plifier gain is desired. For best performance, 
capacitors C4 and C5 should be low-loss, 
high temperature stability devices (such 
as silver mica), and all resistors should be 
within 5% tolerance.

RF Amplitude and Phase 
Management

Figure 8 illustrates the overall process of 
converting the WWVB 60 kHz signal down 
to a 10 kHz IF, where separate amplitude and 
phase detection takes place. Figure 9 illus-
trates the frequency standard RF circuitry in 
greater detail.

Inductor L1 and capacitor C1 form a bias 
tee network that feeds DC operating voltage 
to the preamplifier while simultaneously 
directing RF from the preamplifier into a cur-
rent controlled RF attenuation network. This 
network is part of the frequency standard 
AGC circuitry, and it consists of resistors R1 
and R2, and diodes D1 through D4.

Capacitor C6 along with diodes D5 and 
D6 and resistor R13 charge capacitor C7 
to the peak level of the IF voltage. Analog 
switch U2A is opened when strong atmo-
spheric discharges are detected. This action 
prevents C7 from charging to the peak level 
of the noise impulse, which would otherwise 
engage the AGC more heavily, and desensi-
tize the frequency standard in the moments 
following the static crash.

The voltage across C7 is buffered by op-
amp U3C, level shifted through diodes D7 
and D8, and used to control the RF attenua-
tion network through transistors Q1 and Q2.

With no current applied to the network, 
the dynamic resistance of all four diodes is 
high, and very little RF signal attenuation 
takes place across resistors R1 and R2. As 
the IF signal level begins to rise above the 
threshold set by diodes D7, D8, and the 
base-emitter junctions of transistors Q1 and 
Q2, the DC current passing through diodes 
D1 through D4 begins to increase. This cur-
rent decreases the dynamic resistance of the 
diodes, and causes an increasing amount of 
RF to be conducted through them to ground. 
A fairly constant peak RF level remains after 
the attenuation network, and appears on the 
emitter of transistor Q3.

For many decades, WWVB employed 
a method of station identification where its 
transmitter would advance the phase of its 
carrier +45° 10 minutes after the start of each 
hour, and return to normal phase 5 minutes 
later. These hourly phase shifts were discon-
tinued when BPSK modulation was added 
in 2012. Nevertheless, the circuitry used to 
compensate for these phase shifts worked 
extremely well, and is included here for dis-
cussion.

60 kHz RF appearing on the emitter of 
transistor Q3 is simultaneously applied to a 
+45° phase shift network (C3, R10), a –45° 
phase shift network (R8, C4), and a resistive 
voltage divider (R6, R7) having the same 
attenuation characteristic as each phase shift 
network. In the past, the appropriate RF path 
would be selected by the microcontroller 
based on the current time of day. The 0° 
path would normally be selected when the 
frequency standard was initially powered on. 
At 10 minutes after the hour, the –45° path 
would be selected through analog switch 
U10C and into U10B to compensate for the 
+45° phase advance that would occur at that 
time. At 15 minutes after the hour, the 0° 

path would again be selected through U10B. 
If the frequency standard were powered on 
between 10 and 15 minutes past the hour, 
the WWVB carrier would have already been 
advanced +45°. Therefore, the frequency 
standard would continue using the 0° path, 
and later select the +45° path when WWVB 
would have shifted back –45° at 15 minutes 
after the hour.

Converting to a 10 kHz IF
Phase and amplitude conditioned 60 kHz 

signals are next handled by the circuitry illus-
trated in Figure 10. Here, additional RF gain 
and selectivity are provided by active band-
pass filters designed around op-amps U1A 
and U1B. As was the case in the preamplifier, 
the 330 pF capacitors at C11, C12, C14, and 
C15 should be of a temperature stable, low-
loss chemistry. An AGC conditioned 60 kHz 
RF sample from the output of U1A is buff-
ered and made available for use outside the 
frequency standard.

U4C forms a 180° unity gain phase 
inverter that forms a balanced mixer along 
with U5A, one section of a CD4053BE triple 
SPDT analog switch. Driven by a 10 MHz 
derived 50 kHz local oscillator, this mixer 
converts the 60 kHz RF signal down to a 
10 kHz IF. Op-amps U4A, U4B, and U4D 
form a 10 kHz biquad active bandpass filter 
that serves as a high-gain, narrow bandwidth 
IF amplifier. This amplifier provides 46 dB 
of gain and a 3 dB bandwidth of 100 Hz. 
The center frequency of the amplifier is set to 
10 kHz through careful alignment of poten-
tiometers R36 and R39. The 330 pF capaci-
tors employed at C18 and C19 must be of a 
low-loss variety.

Working from within the AGC loop, the 
IF amplifier provides an output voltage of 
about 8 Vp-p. A sample of the 10 kHz IF is 
made available for use outside the frequency 
standard.

Demodulating “I” and “Q”
The 10 kHz IF signal is split between a 

straight-through path and a path through op-
amp U6B that produces a –90° phase shift. 
A balanced mixer — consisting of op-amp 
U6C and analog switch U5B — is driven by 
a 10 MHz derived 10 kHz local oscillator, 
and forms an in-phase (“I” channel) demodu-
lator. The –90° phase shifted path feeds a 
second balanced mixer consisting of op-amp 
U6C and analog switch U5C. This mixer is 
driven by the same 10 kHz local oscillator 
after it has passed through exclusive OR gate 
U27A, and produces a quadrature (“Q” chan-
nel) demodulator.

The output of the “I” channel demodula-
tor is a +6 V referenced baseband DC voltage 
that is linearly proportional to the WWVB 
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carrier phase polarity and modulation ampli-
tude. After the effects of BPSK modulation 
have been removed by the action of U27A 
and its associated circuitry, the “Q” channel 
demodulator produces a +6 V referenced 
baseband DC voltage that is linearly propor-
tional to a WWVB carrier having no phase 
modulation.

Figure 11 presents an overview of the 
signal path taken by the 10 kHz IF. As illus-
trated in Figure 12, op-amps U3D and U7D 
function as a 3.685 Hz wide four pole Bessel 
low-pass filter, and set the frequency standard 
“I” channel RF bandwidth to 7.37 Hz. Output 
from the filter drives op-amps U25A and 
U25B. Using a virtual ground DC reference 
of +6 V, op-amp U25A acts as a voltage com-
parator and demodulates the WWVB BPSK 
into a 12 Vp-p square wave. U25B serves as a 
unity gain phase inverter, and provides an “I” 
channel waveform that is complementary to 
the original.

The CD4066B analog switching arrange-
ment that follows is driven by the demodu-
lated BPSK waveform provided by U25A. 
By selecting the non-inverted “I” channel 
signal through U26B when the WWVB 
carrier phase is normal, and selecting the 
inverted “I” channel signal through U25B 
and U26C when the WWVB carrier phase 
is inverted, a BPSK-free “I” channel is pro-
duced. U25A’s BPSK correction signal is 
also applied to exclusive OR gate U27A to 
control the phase of the 10 kHz local oscil-
lator fed to the “Q” channel demodulator, 
and allows the demodulator to maintain a 
constant output polarity.

The filtered and BPSK-free “I” channel 
energy is applied to op-amp U7A and diode 
D9, and work through analog switch U10A 
and resistor R57 to charge capacitor C27 to 
the peak voltage of the demodulated AM time 
code. This voltage is buffered through U7B, 
whose output is applied across the R59/R60 
voltage divider. The voltage divider sets the 
threshold of comparator (op-amp) U7C to a 
level that is midway between the upper (0 dB 
peak reference) and lower (–17 dB below 
peak reference) amplitudes of the WWVB 
detected carrier. The comparator produces a 
switching waveform that illuminates green 
Time Code LED, D10, in synchronization 
with the WWVB amplitude modulation. This 
waveform is also made available to the micro-
controller following a translation to TTL volt-
age levels by transistor Q6.

Analog switch U10A is briefly opened 
when high amplitude noise impulses are 
detected to prevent them from charging C27 
and overshooting the decision threshold set 
by U7C. The demodulated time code pulses 
and the peak time code voltages are also indi-
cated on a meter mounted on the front panel 
of the frequency standard’s enclosure.
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Controlling The VCTCXO
After passing through analog switch U2B, the out-

put of the “Q” channel demodulator is fed through 
a 0.025 Hz wide second order low-pass filter (U3B) 
before being applied to the 10 MHz VCTCXO. Low 
leakage, metalized polypropylene film capacitors were 
employed at C28 and C29.

The resistive network between the low-pass filter 
and the VCTCXO exhibits 21 dB of attenuation, and 
controls the VCTCXO tuning sensitivity and the maxi-
mum loop gain of the frequency standard. The loop gain 
setting is fairly critical, since a third-order phase-locked 
loop (PLL) function is produced by the VCTCXO and 
the second order low-pass filter that precedes it. Third-
order PLLs offer superior noise rejection and lower 
steady-state errors than second order PLLs, but they do 
so with a reduced phase margin. Since the VCTCXO 
will be generally close to its target frequency, accept-
able overall loop stability is achieved by simply keeping 
the PLL loop gain no higher than that necessary to elec-
tronically steer the VCTCXO to exactly 10 MHz over a 
limited tuning range. If greater amounts of steering volt-
age are required, a front panel mounted 10 turn potenti-
ometer (R78) is available to allow manual fine tuning of 
the oscillator. Switch SW1 allows manual tuning to take 
place either with (PLL Closed) or without (PLL Open) 
there being a tuning influence from WWVB. Changing 
SW1 to a DPDT switch and adding a red LED and an 
appropriate current limiting resistor can be advanta-
geous in providing a visual cue to the user that the PLL 
switch is in the open position.

This frequency standard employs a Bomar Crystal 
Company model B17025-ADMF-10.000 10 MHz 
VCTCXO as its master oscillator. The oscillator oper-
ates on 5 V, and has a frequency stability of 2.5 ppm. 
It provides an HCMOS square wave output waveform, 
and has a measured positive slope tuning sensitivity of 
62.8 Hz/V. In addition to being voltage controlled, the 
oscillator also possesses a trimmer capacitor to permit 
coarse frequency adjustments to be made independent 
of the tuning voltage applied to the oscillator. Since this 
frequency standard operates the oscillator with a nomi-
nal tuning voltage close to 3.0 V rather than the 2.5 V 
(+Vcc/2) typically expected in a 5 V oscillator, the trim-
mer allows oscillator adjustment to 10 MHz with this 
higher tuning voltage applied.

Since the PLL loop gain in this frequency standard 
is intentionally low, and some dependence on manual 
tuning is sometimes required, a more stable oscillator 
would make manual tuning adjustments far less critical 
when changes in ambient temperature take place.

LO and Standard Frequency Generation
Figure 13 illustrates the circuitry used to buffer the 

10 MHz VCTCXO for external applications, and divide 
it down in frequency for both internal and external use. 
U18, a Microchip MCP101-460HI/TO active high 
supervisory circuit, holds the active high CLEAR inputs 
of every 74HC390 dual decade counter high for approx-
imately 350 ms after the frequency standard is first 
powered on. In addition, U15A and U15B at the far end 
of the divider chain are reset independently of the other 
dividers by the microcontroller in alignment with the 
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beginning of the UTC second, shortly after 
the frequency standard is first powered on.

Buffered TTL level outputs at 10 MHz, 
1 MHz, 100 kHz, 50 kHz, 25 kHz, 10 kHz, 
1 kHz, and 100 Hz are available through 
U17, a 74HC151 multiplexer. Frequency 
selection takes place through a three bit 
binary code applied to the multiplexer data 
select lines. An eight position BCD switch, 
or simply a three pole eight position rotary 
switch wired with the appropriate ground 
connections and pull-up resistors can be used 
to select the output frequency. Two additional 
buffered 10 MHz outputs are also provided.

Figure 14 illustrates the circuitry associ-
ated with the microcontroller, back-lit LCD 
alphanumeric display, RS-232 port, and 
several regulated voltage references and 
sources used by the frequency standard. The 
PIC16F88 (U11) accepts the WWVB AM 
time code, the WWVB BPSK time code, 
a 10 Hz timing signal from the frequency 
dividers, filtered PLL error voltage derived 
from the “Q” demodulator, and a DC refer-
ence voltage that is exactly half the +6 V 
used throughout the frequency standard as 
a virtual ground.3 The microcontroller gen-
erates the reset pulse that clears 74HC390 
decade counters U15A and U15B as previ-
ously described. It also generates the signals 
necessary for driving the legacy ±45° RF 
phase shift networks in the front end of the 
frequency standard, the 24  2 LCD, and 
provides serial UTC date and time informa-
tion to peripheral devices through a Dallas 
DS232A RS-232 level converter (U9).

Figure 15 illustrates the audio, loss of 
signal, noise detection, and noise mitigation 
circuitry. A DC voltage from the “I” chan-
nel demodulator that is proportional to the 
WWVB modulation amplitude is applied to 
analog switch U2C, where it is modulated 
at a 1 kHz rate to produce an amplitude 
modulated audio tone. A narrow bandpass 
filter following the modulator attenuates the 
level of harmonics contained in the 1 kHz 
switching carrier. The resulting sinusoidal 
waveform is applied to an audio select switch 
before being made available to an LM380 
audio power amplifier.

Noise Detection and Mitigation 
Circuitry

While the “I” channel contains a DC volt-
age proportional to the WWVB modulation 
amplitude, the output of the “Q” channel 
(after BPSK-correction) is modulation free. 
Therefore, any rapid modulation of the DC 
voltage present on the output of the “Q” 
demodulator is the result of noise energy 
present at 60 kHz. The circuitry surrounding 
transistor Q7 forms a 200 Hz wide low-pass 
filter that rejects any high frequency energy 
remaining from the “Q” channel demodula-

tion process that might take on the appear-
ance of noise to the circuitry that follows.

The low-pass filter feeds a precision 
full-wave rectifier designed around op-
amps U20A and U20B. The rectifier feeds 
negative-going noise impulses to U22, an 
LM555 monostable multivibrator. The trig-
gering threshold for the LM555 is set through 
potentiometer R97, and is adjusted so that the 
LM555 triggers only when strong lightning 
discharges are detected. Once triggered, the 
LM555 lights D13, an amber colored LED, 
to indicate noise detection. The 555 also 
opens the analog switches associated with 
the AGC (U2A) and peak time code detec-
tion (U10A) circuitry to prevent their reac-
tion to the static crash. The rectified noise 
voltage also drives a front panel meter to 
provide indications of its relative intensity.

The 200 Hz low-pass filter also provides 
an audio signal to the LM380 audio ampli-
fier to permit aural monitoring of any 60 kHz 
background noise that could influence recep-
tion quality. U19, an LMC567 tone decoder 
PLL, monitors the 10 kHz IF and responds 
to the absence of the WWVB carrier. The 
LMC567 lights D14, a red colored LED, if 
a loss of signal condition is detected. It also 
holds the LM555 in reset mode, and prevents 
it from lighting the noise LED and open-
ing the noise-gated analog switches under 
a loss of signal condition, or during the first 
few seconds after power-up while the AGC 
becomes fully acclimated to the WWVB 
signal level.

Multimeter and Sinusoidal Outputs
Figure 16 illustrates the circuitry respon-

sible for providing sinusoidal output signals 
and analog meter indications. A fourth order 
1 kHz bandpass filter designed around op-
amps U20C and U20D filter the 1 kHz square 
wave local oscillator signal into a sinusoidal 
waveform. This waveform is amplified by 
U23, an LM386 audio power amplifier that 
provides sufficient output current to drive a 
low impedance load.

Op-amp U6D buffers a sample of the 
10 kHz IF, U1D buffers a sample of the 
60 kHz RF signal, and together these signals 
are made available for external use. The gain 
of each buffer has been tailored to produce 
RF and IF output samples of relatively equal 
amplitudes.

SW3, a two pole four position rotary 
switch allows relative measurements of 
modulation level, peak signal level, center 
tuning, and ambient radio noise levels to be 
made through a single 100 A D’Arsonval 
panel meter.

The Liquid Crystal Display
The PIC16F88 contains a 10 bit analog-

to-digital converter that is used to measure 
the relative WWVB-derived error voltage fed 
to the VCTCXO. This voltage is represented 
as a three digit number between –512 and 
+511, and is continuously displayed on the 
bottom center of the LCD. Proper adjustment 
of the VCTCXO through R78 is achieved 
when a stable reading close to 000 is made.

The PIC A/D converter has a resolution 
of 6 V/1024 or 5.86 mV. Since the error volt-
age is attenuated by a factor of 11.3 (21 dB) 
before it reaches the VCTCXO, but is read 
by the PIC prior to this attenuation, the tuning 
indicator is able to resolve a 518 V change 
in the VCTCXO error voltage.

Power Up Procedure
Once powered on, the frequency standard 

sequences through several modes of opera-
tion before it is finally ready for use. The 
setup process takes several minutes to com-
plete, and the LCD keeps the user informed 
of the process along the way.

The display illustrated in Figure 17A 
appears when the frequency standard is first 
powered on. The microcontroller firmware 
version is briefly displayed on the first line, 
while the VCTCXO digital tuning indica-
tor permanently appears in the middle of the 
line below.

After several minutes have passed and the 
frequency standard VCTCXO has become 
locked in phase with that of the WWVB car-
rier, the microcontroller begins timing the 
interval between each WWVB amplitude 
carrier reduction. Carrier reductions occur at 
the start of each UTC second, and once eight 
successive properly timed carrier reductions 
have been detected, the display switches 
to that illustrated in Figure 17B. When this 
change occurs, the microcontroller begins 
looking for the Marker bit sequence, identi-
fying the conclusion of the current time code 
frame and the beginning of the next.

While waiting for the next frame to begin, 
the display indicates the phase of the WWVB 
carrier (+ or –) and the identity of each time 
code bit (0, 1, or M) received over the previ-
ous second. If the bit cannot be identified, a 
“?” character is displayed.

Since the WWVB carrier level is always 
“low” for the first 200 ms of every second, 
and always “high” for the last 200 ms of 
every second, these intervals carry no time 
code information and are ignored by the 
microcontroller bit correlation decoding 
algorithm. These predictable amplitude lev-
els are instead used to estimate the quality of 
time code reception, which is displayed as a 
single digit between 0 (poor) and 8 (excel-
lent) to the right of the time code bit.

Once the beginning of the frame is found, 
the display switches to that shown in Figure 
17C. The microcontroller starts a process 
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Figure 14 — A PIC microcontroller decodes the WWVB time code, functions as a real-time UTC clock driven by the disciplined oscillator, and 
provides date and time of day information via the liquid crystal display and RS-232 serial port.
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in which it begins decoding the frame and 
evaluating the integrity of the data being 
collected. A countdown timer representing 
the number of seconds until the completion 
of this process is displayed on the top right 
hand side of the display. If the data collected 
looks reasonable, a real-time clock/calendar 
operating within the firmware of the micro-
controller is set to the time and date decoded.

The microcontroller then looks for vali-
dation of the information received by exam-
ining the next frame of data, and compares 
the result with that of the real-time clock one 
minute later (Figure 17D). If the received 
time and date match that of the clock, then 
the microcontroller begins displaying the 
locally running clock and calendar from that 
point forward. See Figure 17E. If the valida-
tion fails, then the process reverts to the point 
illustrated in Figure 17C, in which the recep-
tion and validation routines are repeated 
until the current time and date are finally 
confirmed.

Once the validation process is complete, 
the frequency standard begins sending the 
current UTC time and date, once every sec-
ond, to any connected peripherals via the 
RS-232 port (Figure 18). These peripherals 
might include a PC with a real-time clock 
that can be set through appropriate software, 
or an external digital clock display. While 
this frequency standard is not intended to 
serve as an NIST-traceable time source, 
the date and time reported through both the 
serial port and the LCD are advanced by 
100 ms to compensate for the nearly equal 
amount of signal processing delay inher-
ent within the electronics in the frequency 
standard.

Parts and Construction
This frequency standard was developed 

and tested in discrete stages over a period 
of several years. Due to this modular design 

approach, much of the circuitry was built 
on a series of 95  70 mm and 70  45 mm 
perforated circuit boards that have all been 
interconnected to one another to form a 
complete unit. Figure 19 is a view inside the 
cabinet of my unit. With the exception of the 
DC power supply, antenna, and remote RF 
preamplifier, all circuitry is housed in a single 
Ten-Tec model BK-1249 enclosure that mea-
sures 12 inches  4 inches  9 inches (HWD) 
Figure 20 is a photo of the front of the unit.

In an effort to enhance frequency stabil-
ity, thermal effects caused by heat dissipa-
tion of the frequency standard electronics are 
minimized by keeping the DC power supply 
physically removed from the enclosure, and 
by mounting both the LM2940T-12.0 and the 
LM7805 voltage regulators to the enclosure’s 
back panel. The greatest single sources of 
heat outside of the voltage regulators are the 
LCD backlight, and interestingly enough, the 
VCTCXO, itself.

Figure 16 — Metering and various sinusoidal output signals are shown on this schematic diagram. In addition to providing buffered 60 kHz RF 
and 10 kHz IF samples, a precise 1 kHz sinusoidal waveform capable of driving a small speaker is provided.
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Alignment and Testing
The frequency standard may be powered 

from any 13.8 V DC power source capable 
of supplying at least 300 mA of current. A 
Bourns RX110 resettable fuse (F1) located 
after the power switch is followed by a 
reverse biased silicon diode to ground (D15). 
These are used as safety measures to help 
to protect the circuitry from damage should 
an over-current or reverse polarity condition 
ever occur.

The antenna can be adjusted to achieve 
resonance at 60 kHz by monitoring the 
output of U1 (AD620 Pin 6) with an oscil-
loscope while radiating a weak signal at 
60 kHz from a nearby function generator and 
varying the amount of capacitance in parallel 
with the loop to achieve maximum response. 
Table 1 provides equations for determining 
the voltage produced by the loop given its 
physical dimensions, electrical properties, 
and local field strength.

Receiver alignment should begin by first 
adjusting the Manual Fine Tuning Control 
(R78) until the DC voltage between its wiper 
and ground reads exactly half that of the 
+6 V reference.

Next, with the antenna and preamplifier 
disconnected from the frequency standard, 
switch SW1 to the “PLL Open” position, 
and adjust the coarse frequency adjustment 
capacitor on the VCTCXO until it operates 
as close to 10 MHz as possible. Being able to 
obtain a close zero-beat with WWV should 
be more than adequate at this stage of the 
alignment.

With the Audio Source Switch (SW2) in 
the “Noise” position and the 60 kHz function 
generator off, connect the antenna and pre-
amplifier to the frequency standard. Carefully 
adjust potentiometers R36 and R39 simulta-
neously for maximum noise level.

Operation
With the plane of the loop antenna 

oriented in the direction of Fort Collins, 
Colorado, final alignment of the VCTCXO 
can take place. Manual coarse tuning can be 
achieved by placing SW1 in the “PLL Open” 
position, and Meter Function Switch (SW3) 
in the “Center Tuning” position, while slowly 
adjusting the Manual Fine Tuning control 
(R78) for a steady, center reading on meter 
M1.

Table 1
Equations that relate the voltage pro- 
duced by an electrically small (<0.08 ) 
air-core loop antenna to the local field 
strength given the loop’s physical 
dimensions and electrical properties.

2
s

eNAE

2
sEe
NA

rfQ
bw

0 sE QE
Where:
Es = voltage induced into the loop ( V).
E0 = loop output voltage at resonance ( V).
fr = loop resonant frequency (Hz).
bw = 3 dB bandwidth (Hz)
Q = the Q of the loop.
e = local field strength (mV/m).
N = number of turns.
A = enclosed area of the loop (square meters).

 = wavelength (meters).

Figure 17 — These images show the various LCD screens depicting each of the five stages 
of frequency standard operation following power up. The final stage is where the UTC date 
and time are continuously displayed and made available to peripheral equipment via the 

RS-232 port.

Figure 18 — At the beginning of every 
second, the 19.2 kbps RS-232 serial port 

provides the current UTC time and date in the 
form of HH:MM:SS MM/DD/YY followed by a 

line feed and carriage return.
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Figure 19 — The frequency standard was designed using a modular approach that employed separate perforated circuit boards for various 
device functions. This approach provided a convenient way to add circuitry as the design evolved over time.

Figure 20 — Front view of the frequency standard in operation. The large knob on the upper left permits manual fine tuning of the VCTCXO, 
while the display provides the UTC date and time.
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Radio Club since 1991, and as an 
Academic Tutor in the Computer 
Science Department. John has 
worked as a freelance techni-
cal writer for over 20 years, and 
authored weekly “SpaceNews” 
newsletters during the 1990s that 
gained world-wide popularity 
among the terrestrial packet radio 
networks and pacsat satellites that 
carried them.

John has been a Slackware 
Linux user for over 20 years, and 
has created and contributed to a 
number of open-source software 
projects. His “PREDICT” satel-
lite tracking and “SPLAT!” RF 
propagation analysis applications 
have not only earned strong fol-
lowings in the Amateur Radio and 
commercial telecommunications 
fields, but have also been adopted 
for use by scientists and engineers 
at NASA and the European Space 
Agency.

In addition to being a 
Frequency Measurement Test par-
ticipant who employs receiving 
equipment and instrumentation 
entirely of his own design, John 
recently published the design of 
his “TriplePIC SSTV Video Scan 
Converter” that allows the explo-
ration of vintage 8 second per 
frame monochrome slow-scan 
television using twenty first cen-
tury electronics.

Notes
1Michael A. Lombardi, Glenn K. Nelson, 

“WWVB: A Half Century of Delivering 
Accurate Frequency and Time by Radio,” 
Journal of Research of the National Institute 
of Standards and Technology, Volume 119, 
The National Institute of Standards and 
Technology, March 12, 2014.

2J. A. Adcock, VK3ACA, “Propagation of Long 
Radio Waves,” Amateur Radio, June to 
September 1991.

3Firmware for the PIC16F88 microcontroller 
is licensed under the GNU General Public 
License and is available for download 
from the ARRL QEX files website. Go to 
www.arrl.org/qexfiles and look for the file 
11x15_Magliacane.zip.

Additional References

“NIST Radio Station WWVB,” The National 
Institute of Standards and Technology, 
www.nist.gov/pml/div688/grp40/wwvb.
cfm

“ARRL (and non-ARRL) Frequency 
Measuring Tests”, The American Radio 
Relay League, www.arrl.org/frequency-
measuring-test/

John A. Magliacane, “KD2BD FMT 
Methodology,” www.qsl.net/kd2bd/fmt-
methodology.html.

Placing the audio source 
switch (SW2) in the “Signal” 
position will help verify that 
WWVB reception is taking 
place. If all has gone well, 
placing SW1 in the “PLL 
Closed” position should allow 
the VCTCXO to slowly move 
into phase alignment with the 
WWVB carrier. Minor adjust-
ments of the VCTCXO can be 
made at this point to bring the 
LCD tuning indicator reading to 
as close to 000 as possible.

After several minutes of 
reception have transpired, the 
LCD sequence illustrated in 
Figure 17 will begin to take 
place. If high local noise levels 
impair reception of the WWVB 
time code, the antenna may need 
to be reoriented to place the 
noise source in one of the two 
antenna pattern nulls. Placing 
the Meter Function Switch in 
the “Noise Level” position will 
permit the relative ambient noise 
level to be displayed on the 
meter. Placing the Audio Source 
Switch in the “Noise” position 
will allow the noise level to be 
monitored through aural means 
without having to keep an eye on 
the meter for visual cues.

Summary
While some may question the merit of 

employing WWVB as a frequency reference 
at a time when GPS-disciplined frequency 
standards are so ubiquitous, similar ques-
tions could be raised about the relevance of 
the Amateur Radio Service in a world domi-
nated by cellphones and the Internet. The 
frequency standard described here employs a 
“purely RF” approach toward disciplining a 
local oscillator against an extremely accurate 
national atomic standard. It was developed not 
only to create a laboratory grade frequency 
standard, but to do so while pursuing a life-
long interest and fascination with the underly-
ing radio concepts that make such a process 
possible. Figure 21 shows a reception QSL 
that I received from WWVB in 2003.

While not a state-of-the-art device by 
twenty first century standards, the frequency 
reference described here will likely pro-
vide more than adequate performance for 
many modern engineering, research, and 
scientific purposes. For those possessing 
GPS-disciplined standards, this frequency 

standard can provide a reliable sanity check 
as well as a redundant backup.

The recent changes made to the WWVB 
broadcasts by the National Institute of 
Standards and Technology have been unset-
tling for some individuals. What these 
actions reveal, however, is that while the 
WWVB primary role is changing, it is 
changing because its use is growing, and 
this growth will help ensure there is strong 
support for keeping WWVB on the air for 
decades to come. See you in the next FMT!

John A. Magliacane, KD2BD, has held an 
Advanced Class license for over 31 years and 
a Commercial FCC Radio License since 1994. 
John holds Associate Degrees in Electronics 
Engineering Technology, Computer Science, 
and Mathematics/Physics, in addition to a 
Bachelor’s Degree in Electronics Engineering 
Technology.

John is employed at Brookdale Community 
College, Lincroft, NJ where he has served 
as a Learning Assistant in the Department 
of Engineering and Technology for over 27 
years, as an advisor to the Brookdale Amateur 

Figure 21 — The ability to receive and successfully identify distant 
radio signals remains a source of pride for many radio enthusiasts. 
While formal confirmation of GPS satellite reception may be not be 

possible, radio station WWVB offers QSL cards to validate reception 
reports.
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Dr. Ulrich L. Rohde, N1UL

990 Cape Marco Island, FL 34145: ka2weu@aol.com

Some Thoughts on Designing 
Very High Performance 

VHF Oscillators
Building a very high performance oscillator requires 

some careful engineering design work. 

1Notes appear on page 40

A QEX article by Colin Horrabin about 
part of the HF7070 receiver retriggered 
my interest in VHF oscillators / VCOs. 
(The Development of the Low Phase Noise 
Double Tank Oscillator, Colin Horrabin, 
G3SBI, QEX Nov/Dec 2014.)1 He claimed 
that a type of push-pull oscillator would 
improve the phase noise roll-off from 20 dB/
dec to 40 dB/dec, and he also referred to 
some receiver measurements made by Rob 
Sherwood. The data points I reviewed do not 
support this theory, and the reciprocal mixing 
tests are not conclusive, because two signal 
generators were used. The correct comment 
is that the type 2, high-order phase locked 
loop inherently has a 40 dB/dec roll off, not 
the oscillator.

The single resonator oscillator using 
lumped elements by itself is a good solu-
tion. The slope of the radiation resistance of 
a quarter wave resonator does not change if a 
half wave resonator will be chosen, so a push-
pull oscillator is not better.

The symmetrical oscillator proposed 
by Horrabin just uses twice the inductance, 
and the two capacitors, now in series, have 
half their individual value. In simple terms, 
Horrabin changed the LC ratio, which cannot 
have any influence on the phase noise nor the 
slope. The loading from the transistor may 
now be different.

The best way to get the phase noise evalu-
ation right is to use a dedicated phase noise 
system like the Rohde & Schwarz FSUP 26 

phase noise tester, spectrum and signal ana-
lyzer that the ARRL Lab has to make their 
measurements. At the same time, it is use-
ful to calculate the best possible phase noise 
based on physics and using a low flicker 
noise FET. FETs in oscillators are limited 
to about 500 MHz because of their cut-off 
frequency. For higher frequencies SiGe 
HBT (heterojunction bipolar transistors) are 
superior, and because modern communica-
tions equipment uses PLL systems with suf-
ficiently wide bandwidth, the flicker corner 
frequency inside the loop bandwidth is of 
less concern. Outside the loop bandwidth 
the loaded Q of the resonator determines the 
phase noise. If Colin Horrabin’s paper is cor-
rect, the roll off has to be 20 dB/decade or 
40 dB/decade but not 30 dB/decade, which 
would be due to flicker noise.  A VCO with 
1 kHz loop bandwidth was quoted. I will 
comment on this later.

Only for oscillators using the evanescent 
mode and distributed elements, like (multi-
ple) coupled lines, the configuration results in 
an increased operating Q, which for lumped 
circuit components is not possible. Using 
coupled transmission line structures (distrib-
uted components) is a better choice. At VHF, 
this is prohibitive because of size.

An evanescent wave is a near-field wave 
with an intensity that exhibits exponential 
decay without absorption as a function of 
the distance from the boundary at which the 
wave was formed. Evanescent waves are 
solutions of wave equations, and can in prin-
ciple occur in any context to which a wave 

equation applies. They are formed at the 
boundary between two media with different 
wave motion properties, and are most intense 
within one third of a wavelength from the 
surface of formation.

 As evidence of how moving from lumped 
to distributed techniques can improve oscil-
lator performance at frequencies where LC 
tank circuits become problematic, Figure 
1 compares the difference in phase-noise 
performance obtainable using a resonator 
consisting of an ideal 2 nH inductor and a 
¼  transmission line (11 , 90  long at 
2.6 GHz, attenuation 0.1 dB/meter) with 
the transistor biased by constant-current and 
constant-voltage sources for a simulated BJT 
Colpitts oscillator operating at 2.3 GHz. This 
is a result of the magnetic coupling, which 
does not exist for lumped (discrete) induc-
tors.2 The articles described in Notes 3, 4, 5, 
and 6 address this topic in practical applica-
tions.3, 4, 5, 6 

The 1 kHz loop bandwidth would be 
dangerous because mechanically introduced 
microphonics would then not be suppressed. 
A 10 kHz loop bandwidth is much more 
opportune. Better synthesized local oscilla-
tors (LOs) use multiple loops and direct digi-
tal synthesis (DDS) systems, which allow 
such wide loop bandwidth. Many modern 
receivers and transceivers apply this tech-
nique.7, 8 Even better today, software defined 
radios (SDR) can have excellent phase noise 
performance. (See the R&S EB-500 9 kHz 
to 6 GHz receiver: http://n1ul.com/eb500.
htm.)
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Figure 2 — This screen shot 
from the Rohde & Schwarz FSUP 

signal source analyzer shows 
the measured phase noise of 
a synthesized 60 MHz LO. The 
–150 dBc/Hz limit is a result of 

the buffer amplifier. It requires a 
special design to obtain better 
values. Even at +10 dBm output 

there is a practical limit of about 
–175 dBc/Hz for a VCO and 

buffer. Some additional useful 
information can be found in the 

articles of Notes 9 and 10.

Figure 1 — This graph shows the phase-noise performance of a 2.3 GHz BJT oscillator with a resonator consisting of an inductor (2 nH) 
and a ¼  transmission line (11 , approximating the behavior of a dielectric resonator) with bias from a constant-current source and a low-

impedance, resistive constant-voltage source. 
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Transceivers with a first IF between 45 to75 MHz, require such 
VHF oscillators. This paper will try to demystify this topic and will 
show the correct mathematics, proven schematics and measured 
data. It is partly based on RF/Microwave Circuit Design for Wireless 
Applications (see Note 2). Figure 2 shows the measured phase noise 
performance of a modern receiver that uses a 60 MHz LO. This 
measurement was made using the aforementioned R&S FSUP signal 
analyzer.

Some Equations
David Leeson was the first to help us understand the mechanics 

of phase noise, based on a low pass filter approach in 1966.11 Dieter 
Scherer and others improved the model further.9, 10, 12, 13, 14

Phase noise is defined in terms of the noise spectral density, in 
units of decibels below the carrier per hertz, and is based on Equation 
1 by Leeson, Scherer and Rohde.

sideband 0 m
m

carrier

P f +f , 1 Hz
£ f 10 log 10 log S f

P
 

[Eq 1]

2 2
0 0

2 2
02

0

2£ 10 log 1 1
2

2 1
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m mL
m L

f f kTRKFkTf
f P fQf Q

Q
[Eq 1A]

where: 
£(fm) is the ratio of the sideband power in a 1Hz bandwidth at fm

to total power in dB
fm is the offset frequency from the carrier
f0 is the carrier frequency
fc is the flicker corner frequency
QL is the loaded Q of the tuned circuit
Q0 is the unloaded Q of the tuned circuit
F is the noise factor
k is Boltzmann’s constant
T is the temperature in Kelvins
P0 is the average power at oscillator output
R is the equivalent noise resistance of the tuning diode
K0 is the oscillator voltage gain.

When adding an isolating amplifier, the noise of an LC oscillator 
is determined by Equation 2.

where,
G = compressed power gain of the loop amplifier
F = noise factor of the loop amplifier
k = Boltzmann’s constant
T = temperature in kelvins
P0 = carrier power level (in watts) at the output of the loop ampli-

fier
F0 = carrier frequency in Hz
 

fm = carrier offset frequency in Hz
 

QL (= F0 g) = loaded Q of the resonator in the feedback loop
 

aR and aE = flicker noise constants for the resonator and loop ampli-
fier, respectively.

The problem with this design equation, which everyone likes 
to quote, is that it works after the fact. That means the designer 

part of the equation is the noise from the tuning diode, the value 
of the equivalent noise resistor, R!

Influence of the Tuning Diode
It is possible to define an equivalent noise resistor, Raeq, which 

when inserted into Nyquist’s equation, determines an open-circuit 
noise voltage across the tuning diode.

04nV kT R f  [Eq 3] 

where: 
kTo = 4.2  10 21 at about 300 K
R is the equivalent noise resistor

f is the bandwidth.
Practical values of Raeq for carefully selected tuning diodes are 

in the vicinity of 200  to 50 k . We can now determine the noise 
voltage, Vn. 

21 84 4.2 10 10,000 1.296 10nV V Hz

This noise voltage generated from the tuning diode is now multi-
plied with the VCO gain, Ko, resulting in the RMS frequency devia-
tion.

8
0 1.296 10  in 1 Hz bandwidthrmsf K V  

[Eq 4]
 

[Eq 2]
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To translate this into an equivalent peak phase deviation, we will use 
Equation 5.

80 2 1.296 10 rad in 1 Hz bandwidthd
m

K
f

 

[Eq 5] 

Or, for a typical oscillator gain of 100 kHz / V:

0.00183 rad in 1 Hz bandwidthd
mf                           

[Eq 6]
 

For fm = 2.4 kHz (typical spacing for adjacent-channel measure-
ments for good SSB RF radios), then c = 732  10 9. This can be 
converted now into the SSB signal-to-noise ratio:

10£ 20 log 128 dBc / Hz
2

c
mf                         [Eq 7]

The tuning diode adds significant noise, so if the above mentioned 
1 kHz bandwidth for the PLL is used, at 2.4 kHz, the oscillator dominates.

Figure 3 shows the influence of the diode noise of a VCO at 
150 MHz. In the case of lines B and C on the graph, you can see that 
the tuning diode greatly ruins the overall phase noise regardless of a 
high loaded Q! 

The flicker frequency component also has a huge influence on the 
phase noise. Figure 4 shows the noise contribution of the flicker noise 
in a circuit with fixed Q. At 1 kHz offset, the phase noise deteriorates 
by 10 dB.

We can calculate the phase noise from circuit parameters, and 
using large singal parameters, or deriving these with the help from 
Bessel funtions, we specifically obtain Y21 for a large signal.

The total effect of all the four noise sources can be expressed as 
Equation 8.

2

0

0 Resonator

4 1 1£ 10 log
2 2 eff

KT
L Q C 

 
2

01 2

2 Base Resistance

1 14
2 2b

C CKTr
C Q

  

2

02

1 2 0 Flicker Base Current

2
2

1 1
2 2

AF
f b

b

eff

K I
qI

C
C C Q C

  
2

01

1 2 0 Collector Current

1 12
2 2c

eff

CqI
C C QC

[Eq 8]

We will use the example from the 2 Part Microwave & RF article, 
“Large-Signal Approach Yields Low-Noise VHF/UHF Oscillators.”15, 

QX1511-Rohde03
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Figure 3 — This graph shows the influence of the diode noise of a VCO at 150 MHz. 
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16 The schematic for this circuit is shown at Figure 5, and the mea-
sured phase noise of this 144 MHz oscillator is shown in Figure 6.

From the resonator, RP = 7056  ( L  Q) 
Q of the resonator = 200 (Q of the inductor at 144 MHz)
Resonator inductance = 39 nH
Resonator capacitance = 22 pF
Collector current of the transistor, Ic = 10 mA
Base current of the transistor, Ib = 85 A
Flicker noise exponent, AF = 2
Flicker noise constant, Kf = 1  10–12

Feedback factor, n = 5
Phase noise at 10 kHz:

 0 10 kHz 134.2 dBc / Hz
iibn ifnPN

 0 10 kHz 151 dBc / HzVbnPN

 0 10 kHz 169.6 dBc / HznrPN

 0 10 kHz 150.6 dBc / HzicnPN

5 dBm outP

The value for Kf = 1  10–12 is vaild for small currents, and in 
Equation 8 the main phase noise (measured) contribution is the reso-
nator loss. For higher frequencies and higher output power (higher 
DC current, the flicker and DC current contribuion to the flicker noise 
will dominate. At 30 mA and higher, a typcal Kf factor of 1  10–7 is 
common.

Going back to the large signal phase noise analysis , the Equation 
9 is really the most modern result.

2
23 21
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3 223
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where k1, k2, and k3, are constant only for a particular drive level, 
with y = C1 / C2, making k2 and k3 also dependent on y, as the drive 
level changes.

This Equation is derived in Communications Receivers (see Note 8).

Figure 4 — Here is the phase noise contribution of the flicker noise to the oscillator noise.

[Eq 9]
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Another phase noise calculation approach 
is noted by Hajiimiri in “A General Theory of 
Phase Noise in Electrical Oscillators.”17 It is 
quoted by academicians frequently because 
it is an elegant way, but for actual design 
activities it is useless. It is mentioned here 
for completeness. Also see The Design of 
Modern Microwave Oscillators for Wireless 
Applications: Theory and Optimization.18

The Circuits
In order to verify the noise quoted by 

Colin Horrabin, an FET circuit with 2 tuned 
LC circuits was prepared for simulation 
using the familiar 2N4416 JFET. Its data was 
obtained from the non-linear data provided 
by Philips for CAD applications, such as 
SPICE or Harmonic Balance based simula-
tors.19

The power supply voltage is applied via 
a 1 H RF choke, and in order to validate 
the claim, the 0.1 F capacitor in the analy-
sis could be toggled between this value and 
0.1 fF = 0.1  10–15 F, in practice a value 
of zero. The result showed no difference in 
phase noise. There was a discussion about 
why the simulator did not agree with the 
expectations, but the phase noise values pub-
lished by Colin Horrabin did not support the 
claim either. This topic was addressed in the 
beginning of this paper. Interestingly enough, 
if the circuit is made asymmetrical (see the 
80 pF and 100 pF capacitors in Figure 7), 
and the tap is not grounded, a better phase 
noise results.

The simulation data agree fairly well with 
the published data, and no correction for the 
noise of the tuning diode was made. Figure 8 
shows the predicted phase noise of the Figure 
7 oscillator.

It is now of interest to design a better 
VCO. This has been achieved with the design 
shown in Figure 9. The noise improvement 
comes from the constant current source 
(5.6 k ) in the source; the higher voltage 
drop is compensated by the positive voltage 
at the transistor gate. 

Figure 10 shows a circuit diagram of 
an ultra low noise 60 MHz FET oscillator 
design that uses a 2N4416 FET. The circuit 
uses a helical resonator, as shown in Figure 
11. The original cicuit was modified and is 
using six aditional diodes for a wider tun-
ing range, and the parallel combination of 
the diodes, because of no noise correlation, 
results overall in a lower noise contribution. 
Figure 12 shows the phase noise simula-
tion for this oscillator circuit, and Figure 13 
shows the measured result from the actual 
circuit.

The diodes make the VCO noisier below 
100 khz, but because the loop bandwidth 
typically is wider, this compensates the noise. 
If we look at Equation 8, we will find that 

Figure 5 — This schematic shows a 144 MHz oscillator design at 60 MHz. This design is from 
“Large Signal Approach Yields Low-Noise VHF/UHF Oscillators,” published in Microwaves & 

RF. See Notes 15 and 16.

Figure 6 — This is the meassured phase noise of the 144 MHz Oscillator design of Figure 5, 
based on state of the art linear design, and based on an optimized design using large signal 

parameters. See Notes 15 and 16.

Figure 7 — This circuit is a possible simulation of the 60 MHz oscillator described by Colin 
Horrabin.
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the major noise contribution is the loaded Q 
of the resonator. If by some magic the load-
ing of the transistor drain impedance could 
be reduced, the noise would be less. Here, 
flicker noise is not the dominant cause!

Summary
The design of low noise oscillators is no 

longer such a mystical task. When I finally 
got my own R&S FSUP 8 with optimized 
internal signal sources, I went through the 
task of measuring my oscillators built 40 
years ago, as well as some commercial 
devices. A good example was the older HP 
8640B, and the famous HP 10544A 10 MHz 
crystal oscillators. 

HP products typically were better than 
promised, something I could not claim for 
all of my designs, but I was not that far off 
— and yes some were better than published. 

Sadly I found that many VHF crystal 
oscillators around in the past did not perform 
as well as we know today, and the same 
applies to signal generators.

This paper also lists a large number of 
references and I recommend RF/Microwave 
Circuit Design for Wireless Applications 

Figure 8 — This graph is the predicted phase noise of the Colin Horrabin oscillator, based on 
the simulation of Figure 7.
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Figure 9 — This schematic diagram shows a 60 MHz VCO optimized for phase noise. It uses the 2N4416 FET and a ±15 V source, which 
switches the oscillator on and off. L1 is a helical resonator. R&S 1975 Model SMDU radio tester. 

(see Note 2), Microwave and Wireless 
Synthesizers: Theory and Design (see Note 
7), and The Design of Modern Microwave 
Oscillators for Wireless Applications (see 
Note 17) for text books for any readers inter-

ested in learning more about synthesizers 
and oscillators. 

Microwave and Wireless Synthesizers: 
Theory and Design gives a detailed insight 
into PLL design, but companies now sell 

pF
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complete PLL chips, so the individual 
designs disappear. Also the crystal chapter 
written by Roger Clark, then from Vectron, 
gives very valuable insight into this topic.

RF/Microwave Circuit Design for 
Wireless Applications, second edition, is a 
complete desk reference book, which also 
covers CMOS designs, and spends many 
pages on oscillators and CAD use.

The Design of Modern Microwave 
Oscillators for Wireless Applications 
addresses the very latest of wideband VCO 
design and push-push oscillators, and pro-
vides all the interesting phase noise calcula-
tions and design rules.

Based on the mathematics and design 
rules shown above, and good test equipment 
to validate the data, the design has become 
much easier. 

As to the Horrabin oscillator, in one of 
his e-mails he mentioned a Q of 70 and the 
simulation supports that.

The improved oscillator above (no PLL!) 
at 3 kHz has a phase noise of –135 dBc/
Hz while the Horrabin PLL design sits at 
–120 dBc/Hz. At higher frequencies the 
measured data published by Colin Horrabin 
supports a well-designed PLL based oscilla-
tor, but not any advantage of a symmetrical 
design. The practical designs above for a 
144 MHz bipolar transistor based oscillator 
and this VCO gives some insight in good 
designs, both from a mathematical point and 
from a practical point.

QX1511-Rohde10
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10 H

8.2 pF
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+

4700 pF
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S
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100 pF
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P1

5 V
+100 pF

OSC
PTR

Figure 10 — Here is a typical circuit diagram of the 144 MHz low noise VCO using a 2N4416 FET. Note the six diodes for a wider tuning range 
of the oscillator. [ R&S SMDU]

Figure 11 — This photo shows the helical resonator as part of the actual implementation 
of the oscilltor of Figure 9. Now the phase noise will be interesting. In practice, such an 

oscillator will have a buffer stage. The buffer stage will make the far off noise worse, so the 
result will be limited to about –165 dBc/Hz. This oscillator has an output level of 10 dBm 

(10 mW).The theoretical noise limit is 177 dB + 10 dB  187 dBc/Hz. The difference is due to 
the large signal noise figure of the transistor. [R&S SMDU]
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Figure 13 — Here is the measured phase noise of the oscillator of Figure 10, imbedded in 
a PLL system and multiplied up. For 60 MHz, the result would be between the lowest and 

second measured curve.

Figure 12 — Here is the phase noise simulation of the 60 MHz oscillator, using a helical 
resonator and tuning diodes. 
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