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ABSTRACT

Frequency synthesizers are one of the principal building blocks of precise
time and frequency systems, Direct digital synthesizers (DDS) have become
increasingly important as the need for small, low power, high resolution, wide
frequency range, fast settling, high spectral purity synthesizers has grown.
This paper reviews the various types of DDS”"s and the principles of their
design. DDS architectures fall into 6 major categories: pulse output, sine
output, triangle output, phase interpolation, jitter injection, and
fractional divider or pulse snatching DDS"s., The details, design principles,
and performance characteristics of these categories are reviewed and the pros
and cons of one category verses another are presented., Included is a
discussion of the relationships betweeen the design parameters of the various
types of DDS"s and synthesizer performance parameters such as spectral purity,
phase jitter, frequency range, frequency resolution, and settling time. Of
prime importance in the design of these DDS”s are the requirements on spurious
sideband and phase jitter levels. A theory for predicting these spur and
jitter levels and of relating these levels to DDS design parameters is
presented. It 1is shown that DDS spurs can be understood as coming from
harmonic distortion in the DDS output which 1is aliased down to lower
frequencies due to the discrete stepped nature of DDS operation., The
relationship of the sizes and frequencies of these aliasing spurs to DDS
parameters is discussed showing that spur considerations place fundamental
limitations on the permissable frequency range of the DDS. A quantitative
theory explaining how jitter injection reduces spur levels is also presented.

1. INTRODUCTION

Frequency synthesizers are one of the principal building blocks of precise
time and frequency systems. Direct digital synthesizers (DDS), which
synthesize waveforms wusing digital techniques, have become increasingly
important since the advent of large scale integration. Complex DDS$”s, because
of their inherently digital design, can be constructed with exceedingly small
size, weight, and power consumption using digital monolithic fabrication
techniques. Other advantages of DD5"s are their high and easily expandable
frequency resolution, their wide frequency range, their inherently fast
settling time, and for some DDS architectures, their high spectral purity.
This paper reviews the various types of DDS architectures in use today and the
principles of their design. The second section reviews the categories of DDS
architectures in use today. The third section discusses how the various DDS
architectures and design parameters relate to synthesizer performance
parameters. The fourth section summarizes the results and conclusions of the
previous sections.
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2. DIRECT DIGITAL SYNTHESIZER ARCHITECTURES

1
DDS designs in the technical literature fall into 6 major categories: pulse
output DDS"s, fractional divider or pulse snatching DDS“s, sine output DDS”s,
triangle output DDS”s, phase ioterpolation DDS°s, and jitter injection
techniques for reducing spur levels. A brief discussion of each catagory
follows,

PULSE OUTPUT DDS

The pulse output DDS (Kodanev, 1981; Peters, 1982) is the simplest of the 5
catagories of DDS"s, As shown in Figure 2.1, it wmerely consists of an K bit
accumulator set up to add the frequency word, K, to the accumulator value once

every clock period, T . That is, if the register value is R, once every Tc’-

the accumslator performs the operation:
R+K-—>R ‘ (2.1

in modulo 2N arithmetic, Note that for this additionm process, the accumulator
will overflow, on average, once every 2 /K clock periods, so the average
frequency of overflows will be:

f =Ff | (2.2)

o c “
where fc’ the clock frequemcy, is lITc, and where the fractional output
frequency, F, is given by:

F = k/2V - (@2

The frequency output of this synthesizer is merely the carry output of the
accumulator for a pulse output or the most significant bit (MSB) of the
accummlator for an approximate square wave output. A typical example of the
output of a pulse output DDS is shown in Figure 2.2.

As will be discussed later, this type of DDS has the simplest architecture but
the highest level of spurs and phase jitter.

FRACTIONAL DIVIDER OR PULSE SWALLOWING DDS

The fractional divider (Hassun, 1984; Nazarenko, 1982; Nissonevitch; 1978; No
Author, 1982; Schineller, 1892; Rohde, 1981) or pulse swallower (Kohler, 1983)
is a variation on the pulse output DDS. A block diagram of the fractional
divider DDS is shown in Figure 2.3, In this type of DDS, the accumlator carry
output is used to drive the n/n+l control line of a divide by n/n+l counter so
that n+l division occurs on a carry. The accummlator, in this case, 1is
clocked by the output of the divider, f , s0 the carry sets the n+l divide
for the npext output of the divider after the carry occurs. The divider is
clocked by the fc input and the output of the DDS is fo. One can show that,
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on average, the output frequency is: _
£ =£ [ (n+F) : (2.4)
o c :

where F is again given by (2.3), (Notice that, in this case, F determines the
fractional part of the division.) A typical example of the output of a
fractional divider DDS is shown in Figure 2.4.

As will be discussed later, this type of DDS has spurs and phase jitter
similar to those of the pulse output DDS.

SINE OUTPUT DDS

The sine output DDS produces a smoother more sine-like signal by adding a sine
look~up table and a digital to analog converter (DAC) to the pulse type DDS
(Tierney, 1971; Gorski-Popiel, 1975; Rabiner, 1975; Galbraith, 1982; Hoppes,
1982; Kaiser, 1985; Crowley, 1982)., A block diagram of the sine output DDS is
shown in Figure 2.5. The sine look-up table computes Sin(2mr) to the
resolution of the sine table where r, the fractional register value is:

r = r/2Y ‘ ' (2.5)

The output of the sine-table is then sent to a DAC which outputs a voltage
proportional the sine-table value to the M-bit resolution of the DAC., The
result of this process is to produce a stepped sine wave output where the nth
step is given by:

V=A Mod,(Sin(ZnFf nT )) o ‘ (2.6)
cC cC .

vhere Mod, (x) truncates x to M bits. Figure 2.6 shows a typical stepped
output of a sine output DDS,

A good deal of the circuit complexity of the sine output DDS comes from
the sine table. Generating the sine table to full resolution directly from a
read only memory (ROM) wusually requires a prohibitively large ROM, so
techniques have been developed to reduce the ROM requirements by computing the
sine value from several lower resolution tables (Sunderlamnd, 1984). The block
diasgram of a wonolithic Hughes Aircraft sine output DDS which wuses this
technique is shown in Figure 2.,7. The DDS is a 2 chip set consisting of a
Hughes fabricated DDS chip and a coumercial DAC chip. The DDS chip 1is
fabricated using silicon on saphire (S0S) technology and is capable of running
at clock frequencies of up to 10 MHZ, A picture of the Hughes DDS chip is
shown in Figure 2.8,

As will be discussed later, the sine output DDS has oné¢ of the lowest levels
phase jitter, but has the highest level of circuit complexity.
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