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Resource Letter: TFM-1: Time and frequency measurement

Christine Hackman and Donald B. Sullivan

Time and Frequency Division, National Institute of Standards and Technology, Boulder, Colorado 80303
(Received 26 August 1994; accepted 5 December 1994)

This Resource Letter is a guide to the literature on time and frequency measurement. Journal articles
and books are cited for the following topics: frequency standards; methods of characterizing
performance of clocks and oscillators; time scales, clock ensembles, and algorithms; international
time scales; frequency and time distribution; and applications. [The letter E after an item indicates
elementary level or material of general interest. The letter I, for intermediate level, indicates material
of somewhat more specialized nature, and the letter A indicates rather specialized or advanced
material. The designations E/I and I/A are used to indicate that the article contains material at both
levels, so that at least part of the article is written at the lower of the two levels.]

L. INTRODUCTION

Archeological evidence indicates that since prehistoric
times man has been devising progressively better means of
keeping track of the passage of time. In the earliest stages
this involved observation of the apparent motion of the sun,
but finer subdivision of the day later involved devices such
as water clocks, hourglasses, and calibrated candles. After
long development with many variations, mechanical methods
for keeping time, in the form of pendulum clocks, achieved
excellent precision (a fraction of a second per day). How-
ever, with the invention of the two-pendulum clock in 1921
by William Hamilton Shortt, the practical performance limit
of such mechanical clocks was reached. The distinction be-
tween frequency standard and clock (between frequency and
time) is easily recognized in the pendulum clock. The con-
stant frequency of oscillation of the pendulum constitutes a
frequency standard. The mechanism used to count the ticks
and display their accumulation as seconds, minutes, hours,
days, and years converts this frequency standard into a clock.

The modern era of timekeeping began with the develop-
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ment of the quartz crystal oscillator. In a 1918 patent appli-
cation, Alexander M. Nicholson disclosed a piezoelectric
crystal as the control element in a vacuum tube oscillator.
The first clock controlled by a quartz crystal was subse-
quently developed in 1927 by Joseph W. Horton and Warren
A. Marrison. Since the introduction of the quartz oscillator,
the performance of frequency standards has advanced by
many orders of magnitude, and industry and science have
come to rely on the timing made possible by them.
~ Many modern technological applications require that geo-
graphically distributed systems have the same time (synchro-
nization) or run at the same rate (syntonization). Thus, an
important consideration in time and frequency measurement
has been the precise transfer of timing ‘between separated
stations. This has led to an interplay between the develop-
ment of the two key technologies, (1) frequency standards
and clocks and (2) methods of time and frequency transfer.
Comparisons between early quartz timepieces were accom-
plished with adequate precision using signals transmitted by
terrestrial radio waves.

Quartz crystal oscillators remained at the performance

306



