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Introduction and Tutorial

AS a result of the steadily increasing congestion in commu-
nication bands of the electromagnetic spectrum, efforts

are being made to utilize new ranges, particularly microwave
and optical frequencies, and to better exploit existing fre-
quency allocations. The latter tasks have led to improvements
in communication techniques (SSB modulation, multiplexing,
digital systems, spread spectrum application, etc.). Simultane-
ously, a perfection of frequency generators has been attempted
in transmitter exciters and local oscillators in receivers, in
most cases with the assistance of frequency synthesizers, that
is, devices changing a given standard frequency, f5, into the de-
sired output frequency, fx.

This approach is preferred to single-frequency oscillators
(Xtals) because of larger tuning ranges, better short- and long-
term stabilities (lower output noise), microprocessor-aided
tuning or programming, and many other advantages.

The present status of frequency synthesis techniques in the
whole range of the electromagnetic waves, from audio and RF
to the visible frequencies, is shown in Fig. 1-1. The lesson one
learns from Fig. 1-1 is that different approaches to frequency
synthesis exist depending on the desired output frequency.
Nevertheless, one basic principle is common to all systems.

THE BASIC PRINCIPLE OF FREQUENCY SYNTHESIS

As we have already mentioned, the task of frequency synthesis
is to generate an arbitrary frequency, fx, from a given reference
or standard frequency, fs, that is, to solve equation

where the factor ^ is the so-called normalized frequency.
The solution of eq. (1-1) is always based on algorithms for

step-by-step approximations of real numbers, as will be ex-
plained in Part XI of this book. In instances where the factor
%x is a rational number, that is, a ratio of two relatively prime
integers

f, = f tI-2]
the output frequency and the reference frequency will be in
harmonic relation. However, in a more general case, ^ can be-
long to a much broader set of real numbers, and in this case we
generally stop the approximation process as soon as the re-
mainder falls below a prescribed or acceptable value.

Practical realizations of different types of frequency synthe-
sizers are discussed in several books [1-1 through 1-6]. How-
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Fig. 1-1. The state of the art of frequency synthesis from the lowest fre-
quency ranges to the optical frequencies [from 1-9].
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ever, direct digital frequency synthesizers (DDFS) were men-
tioned to some degree only by Gorski-Popiel [1-2] about 20
years ago and later by Rohde [1-5]. Otherwise the reader was
dependent on journal articles and corporate literature—Appli-
cation Notes and Technical Data such as [1-7].

Some of the most important papers about DDFS, published
mostly in the last ten years together with a few specially writ-
ten by the editor, are reprinted in this volume.

In this connection, we would like to mention an excellent
survey paper by Reinhardt et al. A major feature of that paper
is the bibliography that lists all important books and papers
published up to 1986 [1-8]. We would also like to mention
three Tutorials read by Reinhardt, McNab, and Gould at the
Frequency Control Symposia in the years 1991, 1992, and
1993 [1-9]. We also must mention two recent books, namely,
that by Crawford (1994) where again only one short chapter is
dedicated to DDFS [I-10]. A different situation obtains with
the Goldberg (1996) monograph [I-11] in which a long Chap-
ter 4 (DDS General Architecture) is dedicated to DDFS and is
based on many of the papers reprinted in the present volume.

One of the latest books [1-12] is an expanded version of [I-
5]; Chapter 3 of this work presents some introductory material
dealing with DDS. Appendix C, the Philips Fractional-N Syn-
thesizer # SA8025A, is reprinted from the company catalog.

To introduce the reader to the problem of frequency synthe-
sis with the emphasis on DDFS, Part I begins with a specially
written paper by the editor.
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Synthesis Techniques

VENCESLAV F. KROUPA

I. HISTORICAL INTRODUCTION

THE attempt to define particular events in the never-ceasing
flow of time is as old as humankind itself. Daily alterna-

tions of light and dark, seasonal weather variations, and the
like were among the first periodic occurrences met by men.
However, the introduction of the term frequency, that is, the in-
verse value of the duration of one period or cycle,

f = Y HI
* c

is rather recent.
On the contrary, the term angular velocity, connected with

the rotation of the Earth, wheels, and so on is much older. Nev-
ertheless, the physics of both phenomena are the same since
the parametric equations of uniform circular motion (cf. Fig. 1)
are given by

x = r * cos(&>0; y = r * sin(<yf) [2]

where r is the radius and the angular velocity a) is equal to

In
(0 = [3]

Phase Circle Output Wave form

Fig, 1. Uniform circular motion and its projection on the horizontal time

Evidently, devices for changing the angular velocity of the
driving engine into another velocity of the working wheels can
be considered as single-frequency mechanical synthesizers
resting on the same mathematical design principles. The past
and present situation of the mechanical and electronic synthe-
sizers is shown schematically in Fig. 2.

II. GEAR BOXES

A long time before the Industrial Revolution began, mechani-
cal engineers had to solve the problem of changing the input
angular velocity CD5 (i.e., some given input revolutions/second,
minute) into a desired output angular velocity cox, or in other
words, to solve the following basic equation

a>x=$x*a)s [4]

by taking into account several restrictions that will be dis-
cussed later. An example provides the gear ratio of the com-
pound train shown in Fig. 3.

The normalized output angular velocity, in accordance with
eq. (4), is
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Fig. 2. The past and present situations of the mechanical and electronic
synthesizers.
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Fig. 3. Compound gear train.

where tx through t6 are the number of teeth on individual
wheels. Factors in the numerator represent multiplication, and
those in the denominator represent dividers; cf. the equivalent
circuit in Fig. 4.

The difficulty with the solution of the gear box equation is
that only wheels with a limited number of teeth are used in
practice. Furthermore, experience has taught mechanical engi-
neers that a mere expansion of the ratio %x into a continued
fraction (first used by Huygens in the design of his planetarium
[1]) generally does not work; either the approximation error or
the number of teeth is too large.

Because of the lack of an appropriate theory, mechanical en-
gineers compiled tables [e.g., 2,3] that made it possible to
solve nearly all practical cases with sufficient accuracy.

In exceptional instances—for example, the gear-drive for
changing the solar time into the sidereal time—suitable prod-
uct approximations once laboriously found were published; for
example, see [4].

III. FREQUENCY SYNTHESIS

The aim of frequency synthesis is to generate an arbitrary fre-
quency, fx, from a given standard frequency, fs, that is, to solve
equation

in such a way that a practical device could be manufactured
accordingly; note the similarity with eq. (5).

Input

Fig. 5. Single-frequency synthesizer realized by a simple chain of one fre-
quency divider and one frequency multiplier.

The term frequency synthesis was coined in the early 1940s
when the first measuring generators were devised. The variable
output frequency of these measuring generators was always
harmonically related to a submultiple of the driving frequency
/ , [5,6].

A. Single-Frequency Synthesizers

1. In the simplest case t-x is a fraction formed by small, rel-
atively prime integers, that is,

*, = *i/r, m

and the synthesizer is reduced merely to a chain of one fre-
quency divider and one multiplier as illustrated in Fig. 5.

2. If X{ and Yx in eq. (7) are products of small prime num-
bers, that is,

[8]

the synthesizer may be realized by a chain of frequency multi-
pliers and dividers (see Fig. 6; note the similarity to Fig. 4).
Factorization of integers X{ and Y{ is performed either with
the assistance of tables [7] or by using a simple algorithm as
noted in Section C,

3. In instances where Xx but not the denominator Y{ is the
product of small and large prime numbers, we must start by
approximating t-x by a ratio xl/yl and then apply the approxi-
mation procedure to the relative residue X2/Y2, and so on.
Consequently, step-by-step approximations are necessary. The
process is simplified by the fact that basic algebraic operations
(i.e., additions, subtractions, multiplications and divisions) are
easily performed with frequencies, and we are in a position to
propose a suitable mathematical model [8] (the software solu-
tion). However, there are difficulties with hardware solutions,
namely, generation of spurious signals and often enhancement

t« t6

Fig. 4. Equivalent circuit of the compound gear train shown in Fig. 2.
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