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Abstract—We describe a clock that keeps time and provides a
reference frequency with better than 1PPM accuracy, through
a quartz crystal automatically calibrated via the power line
frequency. The long-term precision of line-frequency-based time
is used to correct the crystal-based timekeeping system, a process
referred to as disciplining. A microcontroller calibrates the
internal reference dynamically with no user assistance. Precision
is improved to better than 1ppm as measured against a rubidium
standard. The precise signal is useful for calibrating frequency-
based instrumentation or keeping time without periodic cor-
rection and costs much less than comparable alternatives. The
algorithm can be implemented in any mains-powered device
using a microcontroller, such as thermostats and lighting timers.
The prototype clock uses a Nixie-tube display, requires no
transformer, is housed a glass tube, and is offered as an open-
source design.

Index Terms—Clocks, frequency measurement, counting cir-
cuits, power system measurements, crystal disciplining

I. INTRODUCTION

The properties of quartz crystals were a hot topic in the
1920s, and by 1930 the quartz crystal emerged as a technology
to realise frequency-stable oscillators [1]. The second world
war saw their application to radio and microwave systems,
and by the 1950s quartz crystals were found at the heart of
national frequency standards [2]. As the size, cost and power
consumption of quartz crystal systems improved through the
20th century, domestic clocks moved from using synchronous
motors locked to line frequency to keep time to using internal
quartz-crystal (“xtal”) circuits, and wristwatches moved from
escapements to low-frequency crystal oscillators. In 1950,
virtually all wall clocks used mains power. In 2000, most
wall clocks used crystals. The annoyance of a power cord and
power cuts was traded for the annoyance of changing batteries
every year or so.

Clocks in the 21st century typically use one of three sources
to keep time: the line frequency, an internal quartz-crystal, or
a remote source such as the internet, cellular-phone system,
or positioning satellites. The latter remote alternative has the
advantage that the time is collected from the remote site and
thus the clock never needs to be set, but the disadvantage of
depending upon access to an external signal, and usually a
need for rechargeable batteries. As of the second decade of
this century the crystal is the dominant alternative, although
increasing numbers of people, especially teenagers, eschew
watches as they carry smart phones. All of these offer better
timekeeping than most users need, but ironically the crystal is
horologically the weakest, as it needs individual calibration in
manufacture.

Quartz crystals are manufactured with something like
100ppm accuracy, or 20ppm accuracy if used with exactly

the prescribed loading capacitance. This corresponds to one or
more minutes/month or 10 minutes to an hour per year. Wrist-
watches achieve about 1ppm accuracy with factory calibration,
typically via firmware or pulse-based correction circuits, and
with careful design expect to achieve 2–5ppm over the life
of the product [3]. Oven-controlled quartz-crystal standards
are today available with 1ppm precision, but these tend to be
quite expensive and power hungry, more than the low-cost
instruments with which you might use them.

This manuscript describes a simple, low-cost scheme to
“discipline” a quartz-crystal oscillator to automatically cali-
brate it to better than 1ppm accuracy using the mains power
line frequency as the higher-precision reference. The attraction
of this approach is that it comes at virtually no extra cost to any
system that uses mains power, has a crystal for timekeeping
and that is controlled with a microprocessor, as do many
building systems and appliances. It would be equally possible
to use an external, radio-based, time reference, if that is
already available, but these are less common. The idea of
using an external time reference to gradually refine a dynamic
calibration for a crystal oscillator is not new [4]. Nevertheless,
this particular work employs that principle to simultaneously
produce an elegant timepiece and a laboratory-grade frequency
reference in a very low-cost, robust, open-source, and rather
elegant, design.

II. PRECISION

Line power cumulative frequency time error is tightly
controlled in New Zealand, with the Electricity Commission
“ensuring the cumulative frequency time error does not exceed
5 seconds and that the error is eliminated at least once
per day” [6]. The precision with which a frequency can be
determined, and a calibration factor calculated, increases with
the length of the observation. Five seconds is one-millionth
part of 58 days, so the cumulative-frequency error of a mains
power observation will approach 1ppm only after a two-month
observation. Mathematically

M = T + δ (1)

where M is time according to the mains frequency, T is the
true time, and δ is the maximum error, 5 seconds in our case,
while

X = T × (1 + ε) (2)

where X is time according to the crystal to be calibrated, and
ε is the error to be determined and corrected. We seek an
estimate of ε given bounds on δ. Some algebra leads to

ε =
X −M + δ

T
≈ X −M

M
(3)



Fig. 1. Block diagram of the system as implemented. The rubidium standard
is used to verify performance and is eventually replaced by the device itself.

if δ is small, M large, and temperature variations are negli-
gible. This provides a simple path to obtain an estimate of ε.
Knowing that |δ| < 5s, the uncertainty in an estimate is δ/M ,
corresponding to about 1ppm when M = 5 × 106 or the 58
days noted above.

We know also that M = T at least once per day. It
may thus be possible to reduce the uncertainty. If the diurnal
variation, δmax is less than 5 seconds, then δ ≤ δmax in that
period since it must have been zero somewhere in the day,
and the uncertainty is reduced. It was observed from clock
performance that the convergence rate is greater than expected
from theory.

III. HARDWARE

Figure 1 depicts the system arrangement. The basic unit
incorporates a crystal and mains-power monitoring in a free-
standing device that functions as a clock. Control of the clock
is provided through a custom infrared (IR) serial data interface
to a Raspberry Pi computer, although it can function perfectly
well without this interface. A reference signal is provided for
the calibration of instrumentation. For our work here a rubid-
ium standard frequency generator is interfaced with a digital
synthesizer to verify performance, but a Digital Frequency
Meter (DFM) will also work provided it has sufficient digits
of resolution.

The clock hardware requires a microcontroller with both
a crystal oscillator and access to line power frequency. We
have chosen to use a PIC16F1709 because it offers an in-
built, current-based, zero-crossing detector peripheral, serial
communications support, plenty of memory, crystal oscillator,
temperature measurement, non-volatile storage, and all the
usual features of modern 8-bit microcontrollers. It retails
locally for around $2 in small quantities. Power consumption
is around 350µA when clocking at 1 Mips and with all
peripherals shut down to conserve power. We have based our
design on a very elegant clock designed by Dekker and de
Graaf [5]. Their clock operates directly on the mains voltage,
requiring no transformer, and displays time using a single
Nixie-style neon display tube. For safety and novelty the

Fig. 2. The PCB layout of the hardware

original is mounted inside a one-inch-diameter (25mm) glass
test-tube.

For our design, a supercapacitor to allow operation without
mains power for approximately 2.5 hours, and optical inter-
faces for exchange of data and for the delivery of the frequency
standard signal. The circuit diagram is reproduced in figure 3
with the PCB layout in figure 2. We also house the device
in a glass tube extended to 300mm height and 30mm outside
diameter.

IV. FIRMWARE

The PIC16F1709 carries out the following functions:
• Count mains cycles since the first zero crossing of a

contiguous sequence
• Count processor clock cycles since the first zero crossing

of a contiguous sequence
• Detect missed mains cycles/loss of mains power
• Compute correction factors for crystal from cycle counts
• Calculate current time given clock cycles, correction

factor, and uncertainty
• Display time and key data on display tube sequentially

by fading digits in and out
• Receive commands and supply data via IR serial link
• Generate reference frequency in blue light

Correction of the crystal clock frequency occurs in increments
of approximately 1 part in 60 million, or 0.017ppm. This is
achieved in the firmware by dynamically adjusting the number
of nominal-1µs computer clock cycles in each minute. To



Fig. 3. The circuit schematic of the hardware.

Fig. 4. The clock/frequency reference inside its glass-tube housing. The tube
OD is 30mm and height is 300mm including the base. The single IN-14
display tube is at the top.

allow counting of µs over the time frames required the code
implements custom 64-bit integers as they are not supported
my the Microchip compiler.

V. MEASUREMENT METHOD

Several prototypes were constructed so that work could con-
tinue while longer-duration experiments were carried out. The
microcontrollers were programmed in C using Microchip’s
XC8 compiler. For frequency reference out from the clocks
a blue LED was flashed using hardware PWM. This was
configured to such that the PWM frequency is precisely 1/40
of the crystal frequency driving the system clock. Therefore
if the crystal is exactly 4MHz the led will flash at 100 kHz.
For measurement an optical reader was build to produce a
square wave from the flashing of the LED. A photograph of
a prototype with the enclosing tube mounted in a solid nylon
base appears in figure 4.

Frequency was measured by phase matching the frequency
reference LED on the clock and the output of a 12-digit func-
tion generator using a 10.000 000 00MHz rubidium frequency
standard as reference. This was done by manually adjusting the
frequency of the function generator until 9-digits of precision
had been reached minimising phase shift. This method was
used as an available digital frequency meter was only able
to achieve 8 digits of precision. Typically 8 digits would be
enough to calibrate instrumentation against these clocks.
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Fig. 5. The accuracy of the clocks with respect to the time running in minutes. For reference the maximum theoretical error and 1 ppm lines are included.

VI. MEASURED RESULTS

The accuracy calculation was made by comparing the
crystal frequency calculated from LED frequency measured
and the crystal frequency as calculated by the clock. The
frequency of the LED for the clocks were 100.013 653 kHz,
100.012 747 kHz and 100.012 351 kHz respectively for clocks
1, 3 and 4 respectively.

Figure 5 shows the accuracy of the clocks with respect
to time. This clearly illustrates the clock 4 achieving an
accuracy of 1 ppm after only 16,000 minutes and reaching an
equilibrium of approximately 0.3 ppm. Clocks 1 and 3 reached
approximately 1 ppm in 17,000 minutes. However they did not
reach the same level of accuracy as clock 4.

Clock 4 was run on an open air bench in the laboratory
against an internal wall with the only building ventilation
controlling room temperature. Clocks 1 and 3 were placed
in a windowsill in another room and received direct sunlight
for part of the day. As they both had a higher noise floor of
similar magnitude we conclude that environmental factors are
the limiting case.

The time taken to achieve 1 ppm for clock 4 of 16,000
minutes or 11 days also shows that the regulation of mains
frequency is much better than the minimum requirements
which would require 58 days.

VII. CONCLUSION

The precision mandated for power-line frequency has been
used to provide a very accurate frequency reference through
firmware discipline of a crystal oscillator. This is achieved on
a very low-cost platform.

A GPS or GSM time fix could provide a 5x reduction in the
time required to achieve maximum accuracy in exchange for
access to an RF signal, more circuitry, and cost. Nevertheless,
the design presented here can provide a laboratory-grade

signal of well-known frequency, or a low-frequency signal of
precisely-known period. Automatic correction for ageing and
environment could be included in a future development. The
devices look attractive and tell the time without either primary
or rechargeable batteries or resetting of the time with modest-
duration power outages.
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