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ABSTRACT

Today’s telemetry specifications are requiring electronic systems to not only survive, but operate
through severe dynamic environments. Pyrotechnic shock and Random Vibration are among these
environments and have proven to be a challenge for systems that rely on highly stable, low phase noise
signal sources. This paper will mathematically analyze how Pyrotechnic shock and Random Vibration
events deteriorate the phase noise of crystal oscillators (XO).
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INTRODUCTION

A design for a telemetry system was needed to provide a 2.2GHz. synthesized source for a Quadrature
Phase Shifted Keyed (QPSK) transmitter. Part of the specification required this telemetry transmitter to
operate, with minimal degradation, during high level Pyrotechnic Shock and Random Vibration
environments. Given that the modulation scheme relies heavily on the phase of the carrier, phase noise is
critical to the system performance. Before a design concept could be developed a good understanding of
the problem needed to be understood. The question arose: How does Pyrotechnic Shock and Random
Vibration effect a XO? Experiments were conducted utilizing an existing XO design and mounting
techniques while monitoring the frequency output. This paper will address the theoretical aspects of
calculating these effects.

ANALYSIS

A majority of design engineers view high vibration and pyrotechnic shock environments as abnormal.
These engineers usually design system to survive these environments rather than operate through them.
In today’s telemetry systems (launch vehicles, aircraft, automobiles, and etc.), the design engineer must
recognize the importance of system performance during these environments. Random Vibration and
Pyrotechnic Shock have an enormous impact on the phase noise of crystal oscillators. Phase noise
results from random fluctuations in the phase of a signal. These fluctuations are time-domain
instabilities that are normally a function of semiconductor noise, resonator drive level noise, and the Q
of the resonator. A crystal resonates at a given frequency based on its unique physical characteristics. An
XO is truly an electromechanical device. This is true because the thin slab of quartz does exhibit
mechanical deflection. This mechanical deflection occurs at the rate of the resonance frequency.
Figure 1 illustrates how typical quartz blanks are mounted.



Figure 1 Typical Quartz Blank Mount

The crystal resonator can not oscillate by itself. An external stimulus must replenish the energy lost by
the resonator during the mechanical deflection. Typically, the external stimulus is an electrical amplifier.
The crystal resonator is placed between the input and output of the amplifier. The point at which the
phase and gain response of the XO meets the requirements of the Nyquist (Barkhausen) criteria
determines the frequency of oscillation. The Electro-mechanical nature of an XO implies that external
mechanical forces will change its performance. The external forces cause the crystal resonator to deflect,
therefore frequency modulating the XO output. The FM appears as side-band spurs in the frequency
domain. These side-band spurs are generated at the repetition rate of the external mechanical force.
Figure 2 shows the side-band spurs from a 35MHz. crystal oscillator exposed to a 500Hz. sinusoidal
vibration profile.

Figure 2 Side band spurs generated by 50OHz. Sine vibration



The design engineer must ask how to correlate this external force to the side-band level. This
correlation is found in the following formula:

Gamma (Γ) is a term that expresses the acceleration sensitivity of a quartz resonator. The
term is generated by the following equation:

Equation 1 and 2 allow evaluation of the phase noise effects associated with exposure to Random
vibration. MathCAD was used to evaluate a typical XO under a standard pyrotechnic shock
environment. The pyrotechnic shock parameters used in the analysis were as follows:

Figure 3 is a graphical representation of the above pyrotechnic shock parameters. Prior to evaluating the
effects on the crystal oscillator the shock event had to be converted into an equivalent power spectral
density profile (g2/Hz). The conversion was accomplished using the Miles equation.



Figure 3 Pyrotechnic Shock Profile

The equivalent power spectral density plot can be found in Figure 4. Now that the environments are in
units that support equation 1, they can be used to determine the level of the side bands generated during
the pyrotechnic shock event.

Figure 4 Equivalent Power Spectral Density Plot



Typical XO phase noise parameters were plotted in MathCAD to illustrate the increase associated with
phase noise during the pyrotechnic event. The typical XO phase noise values as entered in MathCAD
are below:

The above values are represented in Figure 5. The side-band levels were calculated using a Gamma of
6x10-9 ∆f/f per g. This value of Gamma comes from measured data, supplied from a vendor, of a
previous XO design. The center frequency of the oscillator analyzed was 35MHz. Now that the induced
side-band levels have been calculated a comparison can be made between the static and the induced
phase noise. As you can see from Figure 6, the pyrotechnic shock event has increased the XO’s phase
noise considerably. The integrated phase noise for the static condition is approximately 3.721Erms. The
integrated phase noise during the pyrotechnic shock event is 5.496Erms.



Figure 5 Crystal Oscillator Static Phase Noise

Figure 6 Crystal Oscillator Phase Noise during Pyro-Shock



The analysis above can be repeated for Random Vibration by skipping the conversion step. A typical
Random vibration profile and plot (Figure 7) can be found below:

Figure 7 Typical Random Vibration Profile

The same XO parameters from the pyrotechnic shock analysis were used for the Random Vibration
analysis. The Static phase noise of the XO is 3.721Erms. The induced phase noise during Random
vibration is 6.217Erms (See Figure 8).



Figure 8 Crystal Oscillator Phase noise during Random Vibration

CONCLUSIONS

The analysis presented in this paper gives a method to theoretically predict the levels of sideband spurs
induced by Random Vibration and Pyrotechnic shock. Once the induced phase noise of the crystal
oscillator has been identified the designer can use the information to analyze the effects on the telemetry
system performance. While papers have been written to describe the effects of Random Vibration on
crystal oscillators, authors have not addressed the effects during Pyrotechnic Shock events. As telemetry
systems migrate to phase modulation techniques, design engineers must be aware of the increased
effects of Random Vibration and Pyrotechnic Shock. The results found in the above examples show a
considerable increase in phase noise during Random Vibration (2.496Erms) and Pyrotechnic Shock
(1.775Erms). Phase noise measurements performed on flight hardware support the theoretical
predictions presented above.
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