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The Effects of Crystal Oscillator Phase Noise on Radar Systems 
 

   Why Radar Systems need high performance, low phase noise Reference 
Oscillators to meet the requirements of the new generation Weapons Systems. 

 

Introduction 

Over the last two decades, significant improvements in telecommunications, radar 
systems, and instrumentation have driven phase noise specifications from near obscurity 
to prime importance. Quartz crystal reference oscillators are especially crucial since 
oscillator noise often limits the channel capacity of communication systems, degrades 
the resolution of radar and timing instruments, gives synthesizers wide skirts and 
restricts the resolution of spectrum analyzers.  A growing concern in the radar, ECM and 
communications community is the effect of phase noise of crystal oscillators and it's 
degradation on overall radar system performance. This paper will review what phase 
noise is and why it is important to radar system performance and provide a brief 
overview of the design considerations involved in low-phase noise oscillator design. 

 

What is Phase Noise? 

Phase noise is measured in the frequency domain, and is expressed as a ratio of signal 
power to noise power measured in a 1 Hz bandwidth at a given offset from the desired 
signal (carrier). A plot of responses at various offsets from the desired signal is usually 
comprised of three distinct slopes corresponding to three primary noise generating 
mechanisms in the oscillator, as shown in Figure 1. Noise relatively close to the carrier 
(shown as Region A of Figure 1) is called Flicker FM noise; its magnitude is determined 
primarily by the quality of the crystal. Best close-in noise results have been obtained 
using 5th overtone AT cut crystals or 3rd overtone SC cut crystals in the 4-6 MHz range. 
While not quite as good on average, excellent close-in noise performance may also be 
achieved using 3rd overtone crystals in the 10 MHz area, especially double rotated 
quartz cuts.  Higher frequency crystals result in higher close-in noise because of their 
lower Q and wider bandwidths and is one of the major reasons why 5 and 10 MHz 
crystal oscillators are used as reference oscillators for most radar systems. 



 

 
 
 

 

 

 

 

 

Noise in Region B of Figure 1, called "1/F" noise, is caused by semiconductor activity. 
Design techniques employed in low noise crystal oscillators limit this to a very low, often 
insignificant, value.  Flicker and 1/F Noise (Region A and B) are also affected by 
vibration.  Designing an oscillator to perform well in such environments requires special 
design techniques. One such compensation scheme was developed by FEI, Inc., and is 
discussed later in this paper. 

Region C of Figure 1 is called white noise or broadband noise. Special low noise filtering 
circuits in crystal oscillators offer dramatic improvements (15-20 dB) relative to standard 
designs. 

The implementation of noise reduction techniques and low noise filtering circuits result in 
a higher production cost and are the major contributing factors to the cost of low noise 
crystal oscillators.  The ability to perform design vs. cost trade-offs is often a “black art” 
and is one of the major discriminating factors that determine the ability of a manufacturer 
to produce low-noise crystal oscillators.   

When frequency multiplication is employed to achieve the required output frequency 
from a lower frequency crystal, the phase noise of the output signal increases by 20 log 
(multiplication factor). This results in noise degradation of approximately 6 dB across the 
board for frequency doubling, 10 dB for frequency tripling and 20 dB for decade 
multiplication. 

As shown in Figure 2, the noise floor is almost independent of the crystal frequency for 
oscillators, which do not employ frequency multiplication. Thus for low noise floor 
applications, the highest frequency crystal which satisfies long term stability 
requirements should generally be used. However, when a higher frequency application 
specifically requires minimum close-in phase noise, lower frequency crystals may often 
be multiplied to advantage. This is so because close-in phase noise is disproportionately 
better than the noise performance obtained using higher frequency crystals.  

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Low Phase Noise Crystal Oscillator Design/Applications Considerations  
 
As we have seen, crystal oscillators with significantly improved phase noise can 
enhance a variety of systems. Microwave systems are particularly susceptible to 
reference oscillator phase noise because the process of frequency multiplication 
increases the power in the sidebands by the square of the multiplication factor.   
 
Phase locked loops or filters are often used to clean up the multiplied reference.  In a 
typical system, the filtering bandwidth is set near the point where the microwave 
oscillator’s flicker noise drops below the reference oscillator's noise floor. With a 
reference noise floor of (-)180 dBc at 100 MHz an ideal x10 frequency multiplier would 
exhibit a noise floor of (-)160 dBc at 1 GHz, which rivals the noise floor of many 
microwave sources. Even after multiplication to 10 GHz, the resulting (-) 140 dBc floor 
would remain below the flicker noise of most voltage-controlled oscillators (VCO) out to 
several MHz. In some applications, a simple filter to remove the sub-harmonics without 
any phase noise penalty might replace the VCO.    
 
The combination of low flicker and low noise floor results in small-integrated noise or 
phase jitter. This small-integrated noise or phase jitter similarly improves the resolution 
and probability of detection of radars and enhances the accuracy of distance measuring 
devices. The electronics in these new oscillators is beginning to approach theoretical 
limits so future improvements will concentrate on the crystal resonators with a goal of 
lowering the flicker frequency level.  
 
To address vibration-induced quartz oscillator noise (beyond what good resonator and 
electronics design/manufacturing can accomplish), there are now patented processes for 
quartz crystal oscillator compensation techniques specifically designed for vibration and 
shock sensitive platforms. Such schemes are most effective in reducing the closer-in 
noise, which results from vibration (Region A and B of Figure 1). An example of such a 



technique is shown in Figure 3, (FEI Inc.) showing the X-Axis of an accelerometer-
compensated quartz crystal resonator in a ~4g RMS random vibration environment, 10 
to 200 Hz. The huge phase noise reduction achieved below 100 Hz will significantly 
improve radar performance, especially with radars on helicopters, where low frequency 
vibration levels are dominant. 
 

 

Effect of Phase Noise on a Coherent Radars System (Example) 

Phase Noise has been recognized as the most limiting factor in the performance of 
many sophisticated systems and is assuming increasing significance in their design. 
Figure 4 is an example of how the detection capability of a Coherent Radar degrades 
with a rise in the phase noise of the reference oscillator. As can be seen from Figure 4, a 
(-) 5 dBc improvement at (-) 120 dBc in the phase noise of the system results in a 45% 
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increase in the detection capability of the system.  In order to achieve these levels of 
performance, the 10 MHz reference oscillator for an X-Band radar system operating at a 
frequency of approximately 10 GHz (three decade steps or a degradation of 60 dB) must 
have phase noise performance of (-)180 dBc, which currently is the performance limit of 
most high-cost low phase noise quartz oscillators. 
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