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The Short Time Stability or Allan variance (AVAR) is a measurement of the short time 
frequency variation from an oscillator signal. Generally AVAR is specified relative to a 
particular gate time. For example, a 20 ms gate time be selected and 100 samples 
taken and applied to the following formula where f(i) – f(i-1) is the difference be-
tween successive frequency measurement: 
 

                         
 
The result provides an approximation for how stable the oscillator is reading to read-
ing at the given gate time. By lengthening the gate time, the oscillators Allan vari-
ance decreases showing it is more stable over longer averaging periods. 
The measurement shows that the instantaneous frequency of the oscillator is not 
constant, but varies slightly about the nominal frequency creating an uncertainty in 
the frequency at any given point in time. The frequency change can be viewed as as 
a change in time of the waveform edge from the ideal nominal frequency edge. This 
change in time of the edge is called jitter. The following figure illustrates the jitter 
effect on a square wave: 
 
 

                         
 
 
Jitter can be measured in the time domain and is expressed in peak to peak time 
variation of the edge. However, this method may not be very useful in some applica-
tions because the variations in the edges are coming from the entire band of fre-
quencies and exaggerating the magnitude of the jitter. Most real world applications 
will operate within certain band of frequencies and therefore the jitter effect only 
needs to be measured in that band. To effectively see and measure jitter over a par-
ticular frequency band, conversion to the frequency domain must take place. 
 
The conversion to the frequency domain results in a measurement called phase 
noise. It is expressed as a graph of power versus frequency. To understand this 
measurement the jitter to phase noise conversion must be explored. One way to 
measure jitter is to measure the variance of each period from the average period 
such that    
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This RMS cycle jitter can then be used to calculate the phase noise at a given fre-
quency, as              
 

                            
where  
 
fosc = frequency of the oscillator 
f      = frequency offset of carrier 
 
This computation can be done at many discrete frequencies and compiled into 
graphical form as shown in the figure below: 
 
 

                     
 
The spikes in the phase noise plot of the particular oscillator are caused by a noisy 
power supply. Such plots are an excellent tool for troubleshooting on MTI stalo’s and 
coho’s. 
Measuring phase noise is not an easy feat. Most spectrum analyzers do not have the 
resolution to measure the close in phase noise directly, as necessary for the require-
ment of the radar MTI Doppler processing. 
 
Note: The Doppler frequency of the typical aircraft echoes tracked with a typical L-, S-, or  
          X-Band radar can occurs in a band between approximately 20 Hz and 10 kHz. 
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The most common measurement technique compares the phase of an oscil-
lator under test to a reference oscillator with similar or superior noise per-
formance.            
An ordinary PLL can make the measurement easier by holding the relative phase of 
the two oscillators at quadrature which is usually the best point for converting small 
phase variations into voltage variations. Although the PLL is constantly working to 
eliminate these phase variations, the time constant can be set long enough to pre-
serve the slowest phase variations of interest. A typical block diagram is shown be-
low where the oscillator under test and a reference oscillator are directly connected 
to a double-balanced diode mixer.  
 

                       
 
The mixer output is connected through a low pass filter to block the RF frequencies 
to a phase lock amplifier. The resistors and capacitor are selected to give a loop 
bandwidth well below the lowest frequency.  
The noise output is typically sent to a low noise amplifier followed by an base band 
spectrum analyzer, FFT analyzer or wave analyzer. A low noise amplifier may not be 
necessary if the analyzer noise floor is sufficiently low. 
 
The first commercially built instrument for Stalo and Coho phase noise measurements was 
the PITLOG 800 STALO TESTER introduced by the Pitometer Corporation, New York, N.Y. in 
the early 1960’s.  
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Copy of the Pitometer brochure with a short form description and the specification  
 

 
 
 
An other critical parameter of the early MTI systems was the pulse timing 
and pulse width jitter. Some of the instabilities were frequently caused by 
the imperfect delay lines utilized for the trigger generation in those days. 
For an MTI improvement factor of 30 dB, it had to be less than ± 2/100  µs.  
 

 

The Tektronix model 545A as shown on the photo was 
introduced in the late 1950’s, it was the first commercially 
built Tektronix oscilloscope with two time bases. The 
sweep delay for the second time base was continuously 
variable from 1 microsecond to 10 seconds by a jitter not 
more than 1 : 20’000. The 545A became an important tool 
for the measurement of the pulse timing and pulse width 
jitter on radar MTI systems.  

 

 

 

MTI systems for radars with amplifier chain transmitters. 
  
As mentioned the earliest microwave radars used magnetrons to generate the power 
required for the transmitter. It was the limitations of magnetrons that eventually 
pushed radars to use amplifier chain transmitters as soon as suitable microwave high 
power amplifiers were available. In the early 1950’s the Varian Associated in collabo-
ration with the Physics Department of Stanford University supplied the first S-band 
amplifier klystrons for to generate 1 Megawatt of peak power and 2 Kilowatt of aver-
age power.  
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The amplifier chain transmitters were more stable, but also more complex. Amplifier 
klystrons have a stable gain in the order of magnitude of 60 - 80 dB with an rms 
phase fluctuation as low as 2.5°. The key difference is that the transmitter signal is 
generated at low level, as precisely as desired, and is amplified all the way from 
there to the required peak power level. An amplifier chain system can generate its 
stalo and coho signals with precision, for instance with crystal controlled oscillators 
followed by frequency multipliers. As shown in the figure below the transmit signal is 
derived from the sum of the stalo and the coho frequency, so the amplifier chain can 
readily achieve full coherency from pulse to pulse. The amplifier chain can provide all 
features that pulsed oscillator systems (usually magnetrons) cannot provide: true 
frequency agility, coded pulses and combining and arraying.    
 

 
 
Amplifier chains also allow full coherence, in which the PRF, IF, and RF frequencies 
are locked together, this is sometimes necessary to keep PRF harmonics out of the IF 
Doppler bands.  
 
The sources of instability on amplifier chain transmitters are typically as follows: 
 
                                                                                                
                                                                                                        
Final Power Amplifier (typically Multicavity Klystron or TWT)  52 dB 
                                                                                                Power Summation       
Driver Amplifier (typically TWT or Klystron)                        58 dB            50 dB 
  
Frequency Generation (typically Crystal Oscillator and Multiplier)  57 dB  
 
 
Because power amplifier klystrons are velocity modulated tubes there is a 
phase dependency of the high power output signal from the cathode volt-
age, heater effects and focus coil modulation of beam. 
 
 
The final power amplifier is the most significant source of instabilities on the amplifier 
chain transmitters. The transmitters employing a klystron or travelling wave tube 
(TWT) have typically a heated cathode, are cathode pulsed, and solenoid focussed. 
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The typical MTI Improvement Factor limitation of a klystron final power amplifier re-
sults from the following contributors: 
 
Cathode voltage effects * 54 dB 
 
Heater effects                  65 dB 
 
Focus coil modulation       61 dB 
 
RF drive level variations   62 dB  
 
Resulting MTI Improvement Factor limitation 52 dB                      
 
 
* Example: 
 
   The power amplifier klystron performance is typically specified as not to exceed 
    0.175 radians phase change per kV cathode voltage change, at a cathode voltage 
    of 100 kV. So for a maximum voltage variation at any part of pulse of 0.0115 kV 
    results a total phase variation of 0.0020 radians  
 
    This translates to an MTI Improvement Factor limitation of 
      
    20 log 1/0.0020   = 54 dB 
 
 
The impact of heater voltage variation on the stability is much less. If switching tech-
nique is employed in the filament supply the heater voltage can be synchronized with 
the system prf and held within a ± 3 volt range during the transmitted pulse. With a 
dynamic heater sensitivity of 0.01°/volt, the final amplifier phase distortion due to 
heater variations will be less than 0.00052 radians yielding an MTI Improvement Fac-
tor limitation of 65 dB. 
 
If a current source type is employed as focus coil power supply the focus coil current 
can be held constant within 0.01 %. This translates to a phase variation of 0.0079 
radians or an MTI Improvement Factor limitation of 61 dB.  
 
The klystron RF drive level phase sensitivity is 10°/dB. If variation of the input from 
the driver is held at least 30 dB below the drive level the MTI Improvement Factor 
limitation will be at least 62 dB. 
 
With the introduction of amplifier chain transmitters and the microwave frequency,  
phase coherent with stalo and coho, typical MTI improvement factors of 40 – 50 dB 
could be realized. 
  
As we have seen pulse to pulse phase and amplitude instability is a major contributor 
to clutter residue at the output of any MTI or Doppler processor, however, stability 
can be degraded by a variety of components in the radar. Time jitter of the transmit-
ted pulses results in degradation of MTI systems too. Time jitter results in failure of 
the leading and trailing edges of the pulses to cancel, the amplitude of each uncan-
celed part being ∆t/Ţ, where ∆t is the time jitter and Ţ is the transmitted pulse 
length. 
Phase noise measurements are helpful for localizing specific problems in the fre-
quency generation, oscilloscopes with two time bases and sweep delay can be used 
for test of pulse jitter, but In addition an overall stability test on system level is nec-
essary.  
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The functional diagram shows the configuration for such a test who conducts using 
all elements of the radar except the scanning antenna. 
 

    
A portion of energy of the transmitted pulse is coupled by a waveguide coupler CP - 1 
and fed to the receiver via a microwave delay line. This sample is processed by the 
MTI and subsequent signal processing. The delayed sample accurately simulates a 
fixed target echo at the range of the delayed signal and avoids measurement uncer-
tainties associated with measuring real clutter. The measurement may be repeated 
without the final power amplifier (FPA) by sampling from the coupler CP – 2, or with-
out the drive and FPA using CP – 3, to isolate the contribution to instability from each 
major component of the transmitting chain. The amplitude of the simulated point 
clutter echo is increased by removing attenuation from the delay line loop until the 
probability of detection (Pd) reaches 50 percent, or the signal limits in the receiver. If 
the latter occurs first, the radar instability is not the limiting factor, but cannot be 
measured by this method. The attenuation reading giving 50 percent Pd is recorded 
(A1).  
The procedure is repeated after converting the test signal into a moving target by 
modulating its phase (0 or 180° on alternate PRT’s). Attenuation giving the same 50 
percent Pd  is recorded (A2).   
 
MTI Improvement Factor limitation due to radar instability is 
 
            A1 – A2 – C 
 
where C is a small correction factor.  
 
 
This factor compensates for the definition of Improvement Factor which is defined for 
the average of all target velocities, while this measurement is made for one specific 
target velocity using the 0/180° phase modulation. This modulation produces an op-
timum speed test target which is amplified 5 dB more than the average of all speeds 
by a four pulse MTI; consequently C = 5 dB. 
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Ideally, the test should be repeated with a wide variety of time delays, because any 
one time delay produces insensitivity to certain modulation frequencies. However, 
the experience with modern crystal oscillator STALO’s indicates that delays of 15 µs 
or more provides consistent stability measurements. A suitable 15 µs delay line for 
S-Band stability measurements is the Model MBE-1000 available from TELEDYNE 
MEC. The typical insertion loss is approximately 60 dB and the bandwidth  260 MHz.  
 
 
Stability requirements for the radar microwave frequency generation chain 
 
The radar microwave signal source includes typically one or several crystal oscillators 
followed by a multiplier chain with a single sideband phase noise spectral density as 
shown in the figure below:  
 

  
                                                                
 

 
One instrument for measuring phase noise is the 
HP Agilent 11729B Carrier Noise Test Set as 
shown on the photo.          
 
 

 
The HP Agilent 11729B Carrier Noise Test Set, combined with an HP 8662A synthe-
sized signal generator and a base band spectrum analyzer, form a complete broad-
band measurement system for phase noise and AM noise testing of microwave oscil-
lators, 5 MHz to 18 GHz. With one versatile measurement system, direct AM noise 
measurements and two methods of phase noise measurements can be made, at off-
sets from the carrier of < 1 Hz to 10 MHz. These three operating modes allow a wide 
variety of sources, from low noise stabilized sources to free-running sources with 
high drift to be measured. 
 
The single sideband noise is increased by 3 dB because both sidebands affect system 
stability and by an additional 3 dB because the oscillator introduces noise in both the 
transmitted signal and the receiver down conversion process. 
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The figure below shows the actual measured phase noise of tree high quality crystal 
oscillators, occasionally a stability evaluation: 
 

     
 
The crystal oscillator in the figure with the red marked phase noise slope was ulti-
mately selected for the particular radar development. The basic frequency of the 
crystal oscillators was approximately 90 MHz. The signal from the stable crystal oscil-
lator is then multiplied to an S-Band frequency using nonlinear devices such as di-
odes to generate harmonics and selective circuits to select the desired harmonics. 
 

 
FD1, FD2, FD3, FD4:  Diode Frequency Doubler 
 
BPFs: 50% Bandwidth Bandpass Filter  
 
A1, A2, A3: Amplifier 
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In such a frequency multiplication process, the phase noise is increased, and this in-
crease is due to at least two factors! 
The first factor that contributes to the increase in phase noise is associated with the 
inherent increase in the modulation index during the frequency multiplication proc-
ess. This produces an increase in phase noise by the square of the frequency multi-
plication ratio, N. 
The second factor that contributes to additional phase noise in multipliers is additive 
phase noise.  
 
As a result of the two contributors it is in praxis a general rule that up to S-
Band frequencies the phase noise increases 5 dB for each frequency dou-
bling. 
 
The figure below is a plot of additive phase noise for a particular series of commercial 
frequency multipliers:    
 

     
 
The use of frequency multiplication provides an excellent method for transferring the 
excellent long term frequency stability of low frequency oscillators to higher frequen-
cies. Unfortunately, the phase noise at higher offset frequencies may become exces-
sive using this approach.  
 
With the improvement in the noise level of the prime crystal oscillators operating on 
frequencies up to 100 MHz and higher, likewise, the multiplier ratio of the wideband 
multipliers could be reduced.  
The use of a phase locked loop oscillator is an other way of avoiding such difficulty, 
however, its application in a pulse agile mode radar can cause serious problems with 
the necessary setting time of the frequency generator. 




