
Phase Noise in Crystal Oscillators
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he spectrum of crystal oscillator output signals can be made up of various components. Besides
the fundamental frequency that can be seen on a spectrum analyzer, other signals such as harmonics,
sub-harmonics, and spurious signals appear. Ideally we would like to have a single spectral line and

one that does not drift with time.

The harmonic components caused by distortion of the waveform can be filtered to very low levels. The
spurious signals are a result of amplitude and frequency modulated signals from other discrete sources
within the oscillator. These also may to be reduced significantly. Another unwanted contribution to the out-
put could come in the form of phase-modulated signals that can be caused by a variety of sources and may
be random or definite in nature. Random phase fluctuations cause phase noise or short-term instability. Most
spectrum analyzers don’t have the dynamic range or the 1Hz bandwidth capability to measure phase noise
directly. A different measurement system will be discussed later.

What is phase noise?

To describe phase noise, let’s start with the basic sine wave output and a few fundamental facts.

A sine wave oscillator has a frequency specified as the number of cycles in one second. The frequency sta-
bility is the ability of the signal to repeat the sine wave signal each period throughout a specified period of
time. The period of one cycle is the time of one cycle or 1/f. A perfect sine wave oscillator produces a signal
with amplitude and phase, which repeat exactly each cycle. What causes variations in these stabilities?
Generally, sources affect the oscillator to cause small random perturbations in the sine wave from cycle
to cycle.

The composite output consists of components of all frequencies. These noise sources affect the purity of the
signal in two ways.

1. Amplitude fluctuations = AM power spectral density
2. Phase fluctuations = phase spectral density

Normally, the AM fluctuations are less than the phase fluctuations on a plot of power spectral density.
The output signal can be represented by:

V(t) = [V0 + ∈(t)]sin [2πf0t + (t)]

Where ∈(t) = amplitude fluctuations, (t) = phase fluctuations, V0 = nominal amplitude, and
f0 = nominal frequency.

This paper will concentrate on the phase fluctuations, or phase noise.

What causes these phase fluctuations?

One cause is from noise sources, which cause small random perturbations in the sine wave from cycle
to cycle. (See Figure1)
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These noise sources are caused by:
1. Component noise from

a. the noise figure of active components such as transistors, integrated
circuits, voltage regulators, zeners, etc.,

b. thermal noise in passive components such as resistors, or
c. flicker noise in active components, or

2. Noise processes in the oscillator.

Other factors that contribute to phase noise include:
1. Higher “Q” crystals will improve lower offset frequencies of phase noise

generally less than 100Hz offset.
2. As the crystal frequency increases, the “Q” of the crystal decreases, and the phase

noise at lower frequency offsets will increase (see Figure 3).
3. Grounding, impedance matching, careful biasing of active components, and

output level all play a part in the overall performance of phase noise.
4. The crystal has a g-sensitivity that will degrade the phase noise under dynamic

vibration conditions. This topic will be discussed in more detail later.

Other stabilities to consider include:
1. Long-term frequency stability can be affected by a long-term drift caused by crystal and compo-

nent aging assuming the temperature remains constant.
2. Frequency change due to temperature changes can also affect system stability.
3. These parameters will need to be considered when the oscillator is used in a system level. They

can be specified separately and will then be considered separately in the oscillator design. The
temperature stability could affect phase noise only if the oscillator is a TCXO (temperature com-
pensated crystal oscillator) or VCXO (voltage controlled crystal oscillator), as compared to a more
stable OCXO (ovenized crystal oscillator).

Why is phase noise important?

In a receiver, a high phase noise local oscillator may cause the received signal to be below the noise level
and therefore unable to be detected.

Figure 1



n phase-modulated systems, high phase noise may cause errors in the bit data rate. If the oscilla-
tor’s output frequency is multiplied to a higher frequency, as is the case in radar and communi-
cation systems, the phase noise is degraded by 20 log N, where N is the frequency multiplication.

This assumes a perfect multiplier. Some multipliers such as PLLs (phase-locked loops) may cause more
contributions to the phase noise and need to be considered in the system design. This means that the
system performance is dependant on making the oscillator phase noise as good as required. There are
limitations to what is possible, and therefore you need to work with the oscillator manufacturer to deter-
mine what is possible and at what cost, since low phase noise requires more complex designs and
more testing.

How is phase noise measured?

One way of measuring phase noise is to phase lock another oscillator of equal or better phase noise to
the test oscillator mixing the two oscillator signals 90° out of phase (phase quadrature) in a mixer (see
Figure 2 ). This will eliminate the carrier, giving better ability to measure lower phase noise readings. A
lowpass filter is used after the mixer, since the difference frequency is the one we want to measure.
Short-term phase fluctuations between the test and reference oscillator will appear as voltage fluctua-
tions out of the mixer.

Normally, two oscillators of the same design are used. The noise contribution will typically be similar,
and 3dB can be subtracted from the result assuming equal contribution of phase noise from each
oscillator.

The PLL bandwidth is very low. It needs to be lower than the lowest frequency measured. The signal out
of the mixer is amplified and inserted into a spectrum analyzer. By scanning the frequency at various off-
sets from the carrier in a 1Hz bandwidth, a plot can be produced. Other bandwidths can be used in
the measurement but need to be converted to a 1Hz bandwidth with the equation dB = 10 log (1Hz/
measurement BW). The industry standard measurement is in a 1Hz bandwidth. (Greenray uses an Agilent
E5500 Phase Noise Measurement System that employs the measuring technique described above.) The
results are plotted with dBc/Hz on the vertical scale, and offset frequency from the carrier on the hori-
zontal scale. The following plot is an example of the results (see Figure 3). The actual plot is dependent
on frequency and the type of oscillator (e.g. TCXO, OCXO, VCXO, etc.).3

Figure 2
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How is phase noise affected by vibration?

Vibration can affect a crystal oscillator mostly due to the g-sensitivity of the crystal. This is assuming that
no resonance occurs in the oscillator package. AT-cut crystals normally have a g-sensitivity of 2 to 3
E-9/g; SC-cut crystals normally have a g-sensitivity of 0.5 to 1 E-9/g

The phase noise at a particular vibration frequency can be calculated using the following equation:
dB=20 log(dF(peak)/2*Fm)

Where dF(peak) = (Freq. of crystal x g-sensitivity x g-level), and
Fm = offset frequency from the carrier

What can be done to reduce the effects of vibration on phase noise?

A few things can be done to reduce the effects of vibration on phase noise.
1. Isolation systems can be built into the oscillator or in the system that the oscillator is used.
2. Electronic cancellation systems can be designed to improve the oscillator results under

vibration.
3. Crystals can be optimized for low g-sensitivity. Statek, a sister company to Greenray, has

developed a line of low g-sensitivity crystals in a strip AT-cut design that has been measured
in the 2 to 5 E-10/g range.

How do I know what I need when specifying oscillator specifications?

Since there are many specifications to consider when ordering an oscillator, many of Greenray’s
customers work with us to develop the specifications for their oscillators. Making the specification too
difficult will result in additional costs. Your oscillator supplier can assist you in determining what you
need to meet your system specifications.

Reference:
1. Hewlett Packard, RF & Microwave

Phase Noise Measurement Seminar4
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