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Introduction

As the performance of microwave radar and communication systems
advances, certain system parameters take on increased importance. One
of these parameters that must be measured is the spectral purity of
microwave signal sources.

In the past, many techniques for measuring spectral purity have used
complex, dedicated instrumentation, often cumbersome in both size and
operation. The broadening focus on spectral purity has created a need for
measurement techniques that provide the high performance necessary
for R&D requirements, and that can be automated for production envi-
ronments. Also, service applications require a versatile system with a
broad frequency and performance range.

The Hewlett-Packard 11729B Carrier Noise Test Set is a key element of
a system that provides convenient manual or automatic phase noise and
amplitude noise measurements. With appropriate companion instru-
mentation, noise measurements can be made on a broad range of sources,
5 MHz to 18 GHz.

This product note discusses phase noise and its effects on modern
microwave systems in Chapter 2. Chapter 3 describes a sensitive tech-
nique for measuring the phase noise of sources. The implementation of
this technique in the 11729B is shown in Chapter 4. Chapter 5 outlines
the measurement steps needed to make a phase noise measurement, and
the resultant measurement accuracy is derived in Chapter 6. Finally,
Chapter 7 presents a way to automate the 11729B in an automatic phase
noise measurement system.




2 Phase Noise and its Effect on Microwave Systems
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2.1.b. Phase noise sidebands.

Figure 2.1. CW signal sidebands
viewed in the frequency domain.
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What is Phase Noise?

Frequency stability can be defined as the degree to which an oscillat-
ing source produces the same frequency throughout a specified period of
time. Every RF and microwave source exhibits some amount of fre-
quency instability. This stability can be broken down into two compo-
nents — long term and short term stability.

Long term stability describes the frequency variations that occur over
long time periods, expressed in parts per million per hour, day, month, or
year. Short term frequency stability contains all elements causing fre-
quency changes about the nominal frequency of less than a few seconds
duration. This product note deals with short term frequency stability.

Mathematically, an ideal sinewave can be described by

V(t) = VosinQTTfot
where V= nominal amplitude,
27 fot = linearly growing phase component,

and fy = nominal frequency.

But an actual signal is better modeled by
Vit) = [V +et)] sin | 2rfot + Ap(t)]
where €(t) = amplitude fluctuations,

and Ao(t) = randomly fluctuating phase term or phase noise.

This randomly fluctuating phase term could be observed on an ideal
spectrum analyzer (one which had no sideband noise of its own) as in
Figure 2.1a. There are two types of fluctuating phase terms. The first,
deterministic, are discrete signals appearing as distinct components in
the spectral density plot. These signals, commonly called spurious, can
be related to known phenomena in the signal source such as power line
frequency, vibration frequencies, or mixer products.

The second type of phase instability is random in nature, and is com-
monly called phase noise. The sources of random sideband noise in an
oscillator include thermal noise, shot noise, and flicker noise.

Many terms exist to quantify the characteristic randomness of phase
noise. Essentially, all methods measure the frequency or phase devia-
tions of the source under test in either the frequency or time domain.
Since frequency and phase are related to each other, all of these terms are
also related.

One fundamental description of phase instability or phase noise is the
one-sided spectral density of phase fluctuations on a per-Hertz basis. The
term spectral density describes the energy distribution as a continuous
function, expressed in units of energy within a specified bandwidth.
Thus, S_\d,(f) (Figure 2.1b) is defined as
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Sagh =
BW used to measure A¢ymg Hz

Ifthe modulation sidebands are such that the total phase deviations
are << 1 radian (A¢pk << 1radian), then another useful measure of the
noise energy is £ (f), which is then directly related to S y(f) by

1
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L (f) is an indirect measure of noise energy easily related to the RF
power spectrum observed on a spectrum analyzer. As shown in Figure
2.2,the U.S. National Bureau of Standards defines L(f)astheratioofthe
power in one phase modulation sideband, on a per Hertz of bandwidth
spectral density basis, to the total signal power, at an offset f;, Hertz
away from the carrier, where f;, = the Fourier frequency or offset
frequency.

_ power density (in one phase modulation sideband)  Pggh

L :
total signal power Pg

= single sideband (SSB) phase noise to carrier ratio (per Hz)

L (f) is usually presented logarithmically as a spectral density plot of
the phase modulation sidebands in the frequency domain, expressed in
dB relative to the carrier per Hz (dBc/Hz), as shown in Figure 2.3. This
product note, except where indicated otherwise, will use the logarithmic
form of £ (f) to describe and graph phase noise.

Another common term for quantifying short term frequency instability
is Sy f(f), the spectral density of frequency fluctuations, related to £ (f) as
follows:

Safif) =22 £(f)

Most common measurement systems measure the terms S -\d>(f) or S f(f)
directly. Throughout this note we shall use £ (f), butif the other terms are
more familiar, they can be related to £ (f) as shown.

Residual and Absolute Noise

There are two different kinds of phase noise commonly specified. For
devices (such as multipliers, mixers, amplifiers) and sources that operate
from a common reference oscillator, the RESIDUAL phase noise is that
noise inherent in the device, regardless of the noise of the reference
oscillator used. The ABSOLUTE phase noise of the source or device is the
total noise present at the output, and is a function of both the residual
phase noise of the device AND the reference oscillator noise. You can see
from this definition that fundamental sources only have absolute noise
associated with them.

The procedures described in this note are for making absolute phase
noise measurements on microwave sources. In general, it is the absolute
phase noise of a source that isimportant in the final systems application.
However, residual noise of devices or synthesized sources is often meas-
ured prior to system integration. For residual measurements on sources
or devices, the HP 3047A Spectrum Analyzer System is a good solution.

Why is Phase Noise Important?

Phase noise on signal sources is a concern in frequency conversion
applications where signal levels span a wide dynamic range. The fre-
quency offset of concern and the tolerable level of noise at this offset vary
greatly for different microwave systems. Sideband phase noise can con-
vert into the information bandwidth and limit the overall system
sensitivity.

This general case is illustrated in Figure 2.4. Suppose two desired
signals f] and f9 are input to the frequency conversion system, where

Figure2.2. Deriving L(f)fromaspectrum
analyzer display.
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Figure 2.4a. Inputs to mixer.
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2.4. Effect of LO noise in frequency

conversion application.
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Figure 2.5. Effect of carrier phase noise in

a doppler radar system.

they are to be mixed with a local oscillator signal f o (Figure 2.4a) down
to an intermediate frequency (IF) for processing. The phase noise of the
local oscillator will be directly translated onto the mixer products (Figure
2.4b). Note that though the system’s IF filtering may be sufficient to
resolve the larger signal’s mixing product (f] - f ), the smaller signal’s
mixing product (f2 - f, ;) is no longer recoverable due to the translated
local oscillator noise. The noise on the local oscillator thus degrades the
system’s sensitivity as well as its selectivity. Three specific examples of
frequency conversion applications where phase noise is important
follow.

Digital Communications System

In digital communications, phase noise very close to the carrier (less
than 1 kHz)is important. Close-in phase noise (or phase jitter in the time
domain) on the system local oscillator (LLO) affects the system bit-error
rate.

Analog Microwave Communications System

In many analog communications systems, modulation information is
placed at least several hundred kHz away from the carrier. Initially, the
signal to noise ratio is always sufficiently high. However, in each
repeater station, the incoming signal is amplified, increasing the level of
broadband noise on the carrier. If the signal passes through several
repeater stations, the level of this broadband noise can increase and start
to mask the information. Too high a level of broadband noise on each
system local oscillator will affect the signal-to-noise (or system sensitiv-
ity) at the receiving end of a multiple hop system.

Doppler Radar System

Doppler radars determine the velocity of a target by measuring the
small shifts in frequency that the return echoes have undergone. In
actual systems, however, the return signal is much more than just the
target echo. The return includes a large ‘clutter’ signal from the large,
stationary earth (Figure 2.5). If this clutter return is decorrelated by the
delay time difference, the phase noise from the local oscillator can par-
tially or even totally mask the target signal. Thus, phase noise can set the
minimum signal level that must be returned by a target in order to be
detectable.






