
Frequency References for the 
Radio Amateur 

 

 



Neglecting considerations due to 

• Special Relativity 

– Motion in inertial reference frames 

• General Relativity 

– Gravitational time dilation 

– Gravitational time delay 

– Geodetic precession and frame-dragging 

• Quantum Effects 

– Really weird, wild and wacky stuff! 

 



Why might I want a frequency 
reference? 

• To comply with licence conditions 

– The license specifies the frequencies that you are 
allowed to use.  

– You need to know that you are within the 
permitted frequency band 

 



Why? 

• To make it easier to work people 

– Radio Amateurs have very large ranges of 
frequencies they are permitted to use 

– By agreeing on ‘standard’ and ‘calling’ frequencies 
it can be easier to find people to talk to 

– If you are looking for a specific person to work, 
you need to call and listen on the same frequency 

– Weak signal and DX working 

 



Why? 

• Because it’s technically interesting 

– In the license conditions it says: 

• Standard Frequency Service 

• 1(13) The Licensee may use the Station for the 
reception of transmissions in the Standard Frequency 
Service (a radio communication service for scientific, 
technical and other purposes, providing the 
transmission of specific frequencies of stated high 
precision, intended for general reception). 

 

 



Why? 

• Because it’s technically interesting 

– In the license conditions it also says: 

• Apparatus 

• 4(1) The Licensee shall ensure that: 

• (a) the emitted frequency of the apparatus comprised 
in the Station is as stable and as free from Unwanted 
Emissions as the state of technical development for 
amateur radio apparatus reasonably permits 

 

 



Some History 

• Old transmitters used ‘free running’ oscillators, 
with the frequency determined by variable coils 
and capacitors. 

• Stability could be remarkably good for short 
periods (minutes to hours) 

• But they were prone to drift over longer periods. 

• There was a need to refer to standard frequencies 
to ensure operation on the wanted frequency. 



Some History 

• Old transceivers with VFOs and mechanical 
tuning dials often had a ‘Calibrator’ 

 



Some History 

• The ‘Calibrator’ was normally a crystal oscillator 
that could be adjusted accurately with reference 
to a ‘Standard Frequency Transmission’ to allow 
the transceiver frequency to be checked at other 
frequencies. 

• The Calibrator was normally a 1MHz or 100Khz 
crystal oscillator that could be used to provide 
harmonics throughout the radio spectrum. 

• A Frequency reference! 



Today 

• Most modern rigs have synthesized oscillators, 
with the resulting operating frequencies 
derived from crystal oscillators. 

• In general rigs are more stable, and they don’t 
drift far from the wanted frequency of 
operation, but there is still a need for checking 
and adjustment. 

 



Today 

• Some modern rigs do have an input for an 
external frequency reference e.g IC-7700 

 

 



Requirement 

• Both old and new equipment needs periodic 
testing and adjustment to ensure that it is 
working on the intended frequency. 

• In order to test and decide if adjustment is 
necessary you need an accurate frequency 
reference. 



Standard Frequency Services 

• Rugby used to transmit a range of standard 
frequency broadcasts on 2.5MHz, 5MHz, 
10MHz that were precisely controlled and 
could be used to compare and adjust 
frequency references. 

• These broadcasts are no longer made… 

• WWV does transmit on 10MHz but it’s a long 
way away and propagation makes it difficult to 
use as an accurate frequency reference. 



Standard Frequency Services 

• The frequency of the long wave transmission 
of Radio 4 (198KHz) is precisely controlled, but 
as it broadcasts speech, music and data it can 
be problematical using it to adjust a reference. 

• It is possible to build frequency references 
that use 198KHz to control a local oscillator, 
and the RATS frequency reference is a 
commercial version of such a unit (Halcyon 
PFS) 



Standard Frequency Services 



Standard Frequency Services 

• The MSF (formerly ‘Rugby’) transmission on 
60KHz is precisely controlled, and is an official 
national frequency and time reference signal. 
The time code modulation  causes some 
problems using it as a frequency reference. 

• Commercial references using the MSF signal 
are available. 



Standard Frequency Services 

• GPS, not officially a ‘Standard Frequency 
Service’, but a side effect of being able to 
calculate where and when you are, means 
that you can use it to control frequency 
references. 

• GPS is used internationally by standards 
laboratories to compare frequency standards. 



Absolute frequency 

• The second is defined as 

– the duration of 9,192,631,770 periods of the 
radiation corresponding to the transition between 
the two hyperfine levels of the ground state of the 
caesium 133 atom. 



Absolute frequency 

• If you have a Caesium Frequency Standard, 
you have an oscillator that is automatically 
compared and adjusted to the caesium 
resonance and, you don’t really need to ask 
anyone else what the frequency is. 

• But even if you have a Caesium Frequency 
Standard you still need to compare it with 
others in order to be certain it is working 
correctly! 



Absolute frequency 

• Hydrogen masers, Ion traps and lasers may 
one day replace Caesium standards , as they 
should be even more precise, but the 
definition of time (and hence frequency) is 
currently specified in terms of Caesium. 



How accurate do I need to be? 

• In general a standard should be at least three 
times, and preferably ten times more precise 
than the resolution of measurements you 
want to make (a general principle of 
metrology) 



How accurate do I need to be? 

• Simple crystal oscillators in rigs have a typical 
basic specification of frequency accuracy of: 
5ppm after they have warmed up 

• Modern higher specification oscillators used in 
amateur equipment (e.g. IC-7800) is rather 
better – 0.05ppm 



How accurate do I need to be? 

30MHz 144MHz 1296MHz 10368MHz 
 

5ppm 150Hz 720Hz 6.48KHz 51.840KHz 

0.5ppm 15Hz 72Hz 648Hz 5.840KHz 

0.05ppm 1.5Hz 7.2Hz 64.8Hz 584Hz 



How accurate do I need to be? 

• As long as you are inside the band maybe it 
doesn’t matter, but if you want to monitor a 
calling frequency with SSB, you probably want 
a frequency error of less than 100Hz. 

• If you use higher frequency bands you 
probably need greater precision otherwise 
you might miss the other person completely! 

 



How accurate do I need to be? 

• Personally I like to be close enough to the 
intended frequency that I don’t need to 
retune if someone else is equally close 

• Better than 50Hz? – quite easy at HF, but 
progressively more difficult at higher 
frequencies. 

 



Practical frequency References 

• In practice almost all frequency standards are 
based on a crystal oscillator. 

 



Practical frequency References 

• A Quartz crystal can be cut to make a 
resonator, with a practical precision of approx 
1-20ppm at room temperature. 

• The more you pay, the better (more accurate, 
more stable) crystal you get. 

• The crystal in the clock for your computer 
probably  costs approx 5 pence, don’t 
complain that your computer doesn’t keep 
good time. 

 



Practical frequency References 

• The most precise crystals for frequency 
references may cost £1000’s and take months 
to produce and adjust. Such crystals are used 
in oscillators in space craft in ‘Ultra Stable 
Oscillators’, and in standards laboratories. 

• Fortunately high quality crystal oscillators are 
available at very reasonable prices these days. 



How to make a crystal oscillator better 

• Let someone else make the Oscillator! 

• Use a good piece of quartz 

• Cut it properly, this determines the stability 
and temperature sensitivity 

• Build a good oscillator circuit – low power in 
the crystal to avoid heating, but enough to 
overcome noise. 

• Keep the temperature of the crystal constant. 



How to make a crystal oscillator better 

• XO – Crystal Oscillator, no special effort to control 
it’s temperature or the effects off temperature. 

• TCXO – Temperature compensated Crystal 
Oscillator. Add tuning mechanism to try and 
compensate for the natural variation of the 
crystal with temperature 

• OCXO – Oven Controlled Crystal Oscillator, keep 
the temperature of the Crystal and electronics 
constant 



How to make a crystal oscillator better 

• OCXO – used to be large, and the very best 
still are. Used to take a lot of power while 
warming up. 

• There are some superb miniature units 
available today. 

• An accuracy of 0.01ppm per year is not too 
difficult or expensive to achieve. 

• But it’s possible to do better… 



How to make a crystal oscillator better 

• If you can adjust an oscillator against 
something that is even more stable, you can 
achieve even better accuracy. 

• Either compare it with an external higher 
accuracy frequency reference (MSF, 198KHz, 
GPS) 

• Or use something more stable than a crystal 
(Caesium, Rubidium, Hydrogen Maser 

 

 



MSF/198KHz/GPS controlled 
references 

• Don’t seriously consider building a MSF or 
198KHz frequency controlled reference, GPS is 
much better these days. 

• Second hand MSF/198KH references are 
useful, if you don’t have a GPS system 
available. 

• Some excellent used GPS frequency references 
are available, but it also not difficult to make a 
GPS reference yourself. 

 



The advantages off GPS 

• The Americans have put approx 30 satellites 
carrying Caesium and Rubidium frequency 
references into orbit for everyone to use 
freely. 

• The satellites and the frequency standards 
they carry are maintained to incredible 
precision which is traceable to internationally 
standards. 



The Trimble Thunderbolt 

• A complete GPS controlled frequency 
reference available from Ebay for approx 
£150. 

 

 



The Trimble Thunderbolt 

• Most are ex cell-phone base station 
equipment 

• Needs an external antenna with clear view of 
the sky and a PSU 

• Plug it in, let it warm up, acquire satellites and 
work out where it is, and it will deliver a 
10MHz output signal typically accurate to 
better than 0.0001ppm (±1x10⁻¹⁰) 

 

 



Other GPS frequency references 

• HP Z3801, Z3805 telecoms references 

• HP58503 laboratory standard 

• Symmetricom time and frequency sources 

 

 



DIY GPS 

• There are a number of designs of varying quality 
and complexity available 

• One of particular interest because of it’s 
simplicity and performance is the G4JNT/G3RUH 
design 

• Uses a GPS module with 10KHz output signal and 
a very simple phase locked loop to lock a 10MHz 
crystal. 

• Mine cost approx £50 to build 
• It’s amazingly good! Locks in approx 10 minutes, 

comparable to the Trimble in accuracy. 
 
 

 



G3RUH/G4JNT circuit 

 

 



G3RUH designs 

 

 



Rubidium ‘Oscillators’ 

• Uses an ‘atomic’ resonance to stabilise a crystal 
oscillator. The crystal frequency is multiplied/mixed to 
produce a frequency at approx 6.8GHz, when the 
frequency is exactly at the correct frequency, light 
passing through the resonance cell is absorbed 

• Not as accurate as ‘Caesium standards’ most Rb 
references need adjustment to bring them exactly onto 
frequency. 

• Typical accuracy for most Rb references is normally 
specified as ±5x10⁻¹⁰ per year (0.0005ppm) 



Rubidium ‘Oscillators’ 

• The FRK dates from the 1970’s, a bit big, but 
simple and maintainable. 

 

 

 



Rubidium ‘Oscillators’ 

• Smaller more compact units such as FRS, 
FE5680, LPFRS, LPRO are readily available 

• May not have same performance as FRK, but 
smaller simpler and much newer 

• Superb short/medium term accuracy 

 



The PRS-10 

• The Stanford PRS-10, is physically like, and 
electrically compatible with the FRS. 

• Has a very good ovened crystal oscillator 

• Computerised control system , enables it to be 
easily locked to an external 1pps signal e.g. 
GPS, giving  
– Cleanness of a good ovened crystal 

– Short term accuracy of a rubidium 

– Long term stability/accuracy of GPS (Caesium) 

 

 

 



The PRS-10 



The PRS-10 

 

 

 



How to measure frequency precisely? 

• Classic frequency counter 

– Measures to 1 Hz in 1 second.  

– To measure to 0.001 Hz would take approx 16 
minutes per measurement. 

 

 



How to measure frequency precisely? 

• Interpolating frequency counters 

– E.g. HP53132 measures start and stop time of 
input signal, can measure 11 digits/second i.e. 
10MHz to 0.001Hz precision in 1 second 

 

 

 



How to measure frequency precisely? 

• Frequency error multiplier Tracor 527 

– Multiplies frequency difference by up to 10⁴ 
making measurement/comparison possible with 
normal frequency counter 

 

 

 



Tracor 527 

 

 

 



How to measure frequency precisely 

• Don’t measure frequency, measure phase! 

– With an oscilloscope 

• Lissajou figures 

• Trigger scope with one signal and measure movement 
of second signal 

 

 

 



How to measure frequency precisely 

• Don’t measure frequency, measure phase! 

– With a counter timer 

• Start timing on one signal, stop on second, measure 
change of delay(phase) with time. 

• Use a computer to collect data for 24hrs or more to 
measure longer term performance 

 

 

 



G8LYB frequency references 

• GPS controlled PRS-10 Rubidium 

 

 



Other G8LYB frequency references 

• Portable Trimble GPS (under construction) 

• Halcyon PFS (198KHz locked) reference 

• G4JNT/G3RUH Jupiter-T based system 

• Old HCD 5MHz OCXO (no longer in use) 

 

 

 

 



What do I use them for 

• Khune TR144H+40 2m transverter 

– I plan to upgrade to similar transverters for 
432MHz and 1296MHz 

– Unfortunately the IC-756ProIII doesn’t have an 
external reference facility. 



What do I use them for 

• All test equipment with an ‘external reference 
input’ is connected to my GPS/Rubidium 
reference 


