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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 and often 
limited to narrow bands of operating frequency. The broadening focus on spectral 
purity has created a need for measurement techniques that provide the high perform­
ance necessary for R&D requirements, and that can be automated for production 
environments. Also, service applications require a versatile system with a broad 
frequency and performance range. 

The Hewlett-Packard 11729C Carrier Noise Test Set is a key element of a system that 
provides convenient manual or automatic phase noise measurements. With appro­
priate companion instrumentation, phase noise measurements can be made on a 
broad range of sources, from 10 MHz to 18 GHz. 

This product note discusses phase noise and its effects on modern microwave systems 
in Chapter 2. Chapter 3 describes a frequency discriminator technique for measuring 
the phase noise of sources. The implementation of this technique with the HP 11729C 
is shown in Chapter 4. (See HP product note PN 11729B-1 for phase detector 
method.) Chapter 5 outlines the measurement steps needed to make a phase noise 
measurement, and the resultant measurement accuracy is derived in Chapter 6. 
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L Phase Noise and its Effect on Microwave Systems 
W H A T IS PHASE NOISE? Frequency stability can be defined as the degree to which an oscillating source 

produces the same frequency throughout a specified period of time. Every RF and 
microwave source exhibits some amount of frequency instability. This stability can be 
be broken down into two components—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 frequency changes about the nomi­
nal 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) = VoSin (27rfot) 

where V0 = nominal amplitude, 

27rf0t = linearly growing phase component, 

and f0 = nominal frequency. 

But an actual signal is better modeled by 

V(t) = [v0+e(t)] sin [27rf0t + A<ftt)] 

where e(t) = amplitude fluctuations, 

and A</>(t) = randomly fluctuating phase term or phase noise. 

This randomly fluctuating phase term A<£(t) 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, com­
monly 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 commonly 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. Essen­
tially, all methods measure the frequency or phase deviations of the source under test 
in either the frequency or time domain. Since frequency and phase are related to each 
other, all of the terms that characterize phase noise are also related. 

One fundamental description of phase instability or phase noise is the 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 phase variance per 
unit bandwidth. Thus S^fj,,) (Figure 2.1b) may be considered as 

A4>L(fm) rad2 

BW used to measure Ac/^ Hz 

where BW (bandwidth) is negligible with respect to any changes in S^ versus the 
fourier frequency or offset frequency fm. 
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Figure 2.1. CW Signal sidebands viewed in 
the frequency domain. 

A. 
2.1.a. RF sideband spectrum. 2.1.b. Phase noise sidebands. 

Another useful measure of the noise energy is J?(fm), which is then directly related to 
S^(fm) by a simple approximation which has generally negligible error if the modula­
tion sidebands are such that the total phase deviations are much much less than 1 
radian ( A $ p k « l radian). 

J^(fm) is an indirect measure of noise energy easily related to the RF power spectrum 
observed on a spectrum analyzer. Figure 2.2 shows that the U.S. National Bureau of 
Standards defines J^(fm) as the ratio of the power in one phase modulation sideband 
to the total signal power (at an offset fm Hertz away from the carrier). The phase 
modulation sideband is based on a per Hertz of bandwidth spectral density and fm 
equals the Fourier frequency or offset frequency. 

■S?(U 
power density (in one phase modulation sideband) rssb 

total signal power Ps 

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

J?f (fm) is usually presented logarithmically as a spectral density of the phase modula­
tion sidebands in the plot of the phafrequency domain, expressed in dB relative to the 
carrier per Hz (dBc/Hz), as shown in Figure 2.3 

Figure 2.2. Deriving i?(fm) from a spec­
trum analyzer display. 

Figure 2.3. ¥ (im) described logarithmi­
cally as a function of offset frequency. 

Caution must be exercised when :/'(fm) is calculated from the spectral density of the 
phase fluctuations S,̂ (fm) because the calculation of .'J (fm) is dependent on the small 
angle criterion. Figure 2.4. the measured phase noise of a free running VCO described 
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in units of jSf (fm), illustrates the erroneous results that can occur if the instantaneous 
phase modulation exceeds a small angle. Approaching the carrier, =^(fm) obviously 
increases in error as it indicates a relative level of+45 dBc/Hz at a 1 Hz offset (45 dB 
more noise power at a 1 Hz offset in a 1 Hz bandwidth than in the total power of the 
signal); which is of course invalid. 

Figure 2.4 shows a 10 dB/decade line drawn over the plot, indicating a peak phase 
deviation of 0.2 radians integrated over any one decade of offset frequency. At 
approximately 0.2 radians the power in the higher order sidebands of the phase 
modulation is still insignificant compared to the power in the first order sideband 
which insures that the calculation of -5?(fm) remains valid. Above the line the plot of 
Jz?(fm) becomes increasingly invalid, and S^(fm) must be used to represent the phase 
noise of the signal. 

Figure 2.4. Region of validity of 

^[!m)dBc^Hi 

l„, 01 (set from Carrier (Hi) 

Another common term for quantifying short term frequency instability (phase noise) 
is SAf(fm), the spectral density of frequency fluctuations. Again the term spectral 
density describes the energy distribution as a continuous function, expressed in units 
of frequency variance per unit bandwidth. Thus, SAf(fm) can be considered as 

SAKU 
AfUU 

BW used to measure AL 
Hz2 

Hz 

where BW is negligible with respect to any changes in Ŝ , versus fm. 

Because frequency is the time rate of change of phase, the three common terms S0(fm), 
J£(fm), and SAf(fm) can be related as shown. 

S^(lm) — f 2 
SAf(fm) (for region of validity) 

As shown in Chapter 3, a frequency discriminator outputs a voltage directly propor­
tional to SAf(fm)- However, since phase noise is typically specified as <£(fm) or S0(fm), 
the graphical relationship to these other units is shown in Figure 2.5. 

Sv(fm) is the power spectral density of the voltage fluctuations out of the detection 
system. For small BW, Sv(fm) may be considered as 
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Figure 2.5. The phase noise of a synthe­
sized 10 GHz source plotted in terms of 
phase fluctuations, frequency fluctuations, 
andi?(fm). 

Sii ((„,) dBHi/Hi -10 
S., ( W dBr/Hz 

r Hi ill H I IOOHI I hHj 10 tHj 10(! kHi 1 MHi lOMHl 
'm Oltsel from Carrier (Hz) 

AVUU 
Sv(fm) = BW used to measure AVn 

V2 

H7 

Because of the large magnitude variations of the phase noise on an oscillator, it is 
convenient to talk about phase noise in logarithmic terms. 

Af(Hz) 
SAKW expressed logarithmically is S ^ Q [dBHz/Hz] = 20 log . , „ . per Hz 

1 (Hz) 
A<Krad) 

S^(fm) expressed logarithmically is S^f,,,) [dBr/Hz] = 20 log . .,—per Hz 

i?(fm) expressed logarithmically is i?(fm) [dBc/Hz] = 10 log -per Hz 

The relations between S^f,,,), S^(fm), and^f(fm) become 

S^(fm) [dBr/Hz] = S A K U [dBHz/Hz] - 20 log l(Hz) 
and 

&(fj [dBc/Hz] = S ^ U [dBHz/Hz] - 20 log l(Hz) 
- 3 d B 

where dBHz/Hz is dB relative to one Hz per Hz bandwidth, dBr/Hz is dB relative to 
one radian per Hz bandwidth, and dBc/Hz is dB relative to a carrier per Hz 
bandwidth. 

TWO PORT AND 
ABSOLUTE NOISE 

There are two different types of phase noise commonly specified. They are two-port 
phase noise and absolute phase noise. Two-port phase noise refers to the noise of 
devices. Amplifiers, mixers, and multipliers have two-port phase noise. Two-port 
noise results from the noise contributed by a device, regardless of the noise of the 
driving source. Absolute phase noise refers to the total phase noise present at the 
output of a source or system. It is a function of both the device two-port phase noise 
and the oscillator noise. 

The procedures described in this note are for making absolute phase noise measure­
ments on microwave sources. In general, the absolute phase noise of a source is most 
important in the final system application. However, two-port noise of devices or 
synthesized sources might also be measured prior to system integration. For two-port 
measurements of devices, the HP 3047 A Phase Noise Measurement System is a good 
solution. HP application note AN 57-1 provides a comprehensive review of funda­
mentals of noise characteristics of iwo-ptin networks. 
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WHY PHASE NOISE 
IS IMPORTANT 

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

This general case is illustrated in Figure 2.6. Suppose two desired signals f ] and f2 are 
input to the frequency conversion system, where they are to be mixed with a local 
oscillator signal fLO (Figure 2.6a) down to an intermediate frequency (IF) for 
processing. The phase noise of the local oscillator will be directly translated onto the 
mixer products (Figure 2.6b). Note that though the system's IF filtering may be 
sufficient to resolve the larger signal's mixing product (fpfLo). the smaller signal's 
mixing product (f2-fLo) is n o 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. 

Figure 2.6. Effect of LO noise in frequency 
conversion application. 

2.6.a. Inputs to mixer. 

2.6.b. IF output. 

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 (LO) affects the system bit-error rate. 

Analog Microwave 
Communications System 

In many analog communications systems, modulation information exists at least 
several hundred kHz away from the carrier. Initially, the signal-to-noise ratio is 
sufficiently high. However, in each repeater station, the incoming signal is amplified, 
usually with a down & up conversion method, increasing the level of broadband noise 
on the carrier. If the signal passes through several repeater stations, the level of this 
broadband noise induced by the L.O. 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 sensitivity) at the receiving end of a multiple repeater 
system. 


