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ABSTRACT 
/$7# 

Frequency standards are used in most navigation and 
position location systems to provide a long term 
memory of either frequency, phase, or time epoch. 
From a systems point of view, the performance as- 
pects of the frequency standard can be weighed 
against other systems characteristics, such as 
overall performance, cost, size, and accessibility. 
A number of areas of navigation and position loca- 
tion are very briefly reviewed from this point of 
view.  The theory of phase lock and frequency lock 
systems is outlined in sufficient detail that one 
can easily predict total oscillator system perfor- 
mance from measurements on the individual compo- 
nents.  As an example, details of the performance 
of a high spectral purity oscillator phased locked 
to a long term-stable oscillator are given.  Re- 
sults for several systems, including the bast sys- 
tem stability that can be obtained from present 
commercially available 5-MHz sources, is shown. 

INTRODUCTION 

Frequency standards are used in most navigation and 
position location systems to provide a long term 
memory of either frequency, phase, or time epoch. 
These quantities form a hierarchy, so that, in 
general, systems which depend on minimum time dis- 
persion for their operation place more difficult 
requirements on the system oscillator than those 
which only require phase coherence or frequency 
stability.  We will begin by very briefly examining 
some of the major applications of frequency stan- 
dards and consider some of the possible tradeoffs 
between oscillator performance on the one hand, and 
the performance of other system components on the 
other. 

Doppler Radar: 

The simplest radars are CW Doppler devices uhich 
determine the radial velocity of a target by homo- 
dyne detection of the return signal with the trans- 
mitted signal.  The range and detectability of tar- 
gets using such devices is limited by the phase 
noise of the oscillator.  Phase noise on the car- 
rier* in the Doppler band of interest is reflected 
from nearby "clutter", having very large cross sec- 
tion, and cannot be distinguished from the Doppler 
shifted carrier reflected from a small distant tar- 
get:  Decreased phase noise therefore results in 

'""See Appendix A for definitions, specifications 
general discussion of phase noise. 
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extended range and/or better contrast, without 
resorting to more complex signal analysis such as 
time delayed cross correlation.  Very low phase 
noise can be obtained with a high drive level 
quartz crystal oscillator» Devices with white 
phase noise below 10"^ rad^/Hz at a carrier 
frequency of 100 MHz are commercially available.. 
However, such oscillators have much degraded long 
term performance compared to low drive level quartz 
oscillators or atomic frequency standards. 
Consequently, in order to satisfy the spectral 
purity requirements and the long term stability 
specifications it may be necessary to adopt a 
systems approach to the oscillator, e.g., a high 
drive level crystal oscillator"~locked to a low 
drive level crystal oscillator or an atomic clock. 

Doppler Navigation: 

Present day navigation systems both for satellites 
and for deep space tracking utilize two-way or co- 
herent measurements.  A signal is transmitted to 
the spacecraft where it is transponded for Doppler 
detection on Earth.  The velocity error is propor- 
tional to the frequency change of the oscillator 
during the round trip to the spacecraft and estab- 
lishes the requirement on the medium term stability 
of the frequency standard. 

Coherent Doppler tracking has the disadvantage that 
a significant amount—approximately one-third—of 
the time is spent tracking the spacecraft and this 
requires the largest, most accurate radio antennas 
available.  The inclusion of an onboard frequency 
standard reduces the need for the large antennas 
because the uplink is eliminated.  By differencing 
two one-way Doppler signals, it would be possible 
to use smaller antennas for shorter periods, thus 
considerably decreasing the initial capital ex- 
penses.  The stability requirements of the space- 
craft beacon are quite modest; the range informa- 
tion is contained in the differential Doppler sig- 
nal, causing the noise of the onboard oscillator to 
cancel to first order.  However, to achieve track- 
ing accuracies which are desired for the 1980's — 
less than 10 cm range error and less than .05 rad 
angular error—it will be necessary to synchronize 
independent clocks at the ground stations to better 
than I ns.  Since the best existing commercial 
clocks cannot achieve 1 ns tine dispersion for more 
than one day, either daily resynchronizations or 
new clock systems will be required. 

Geodesy: 

The determination of baseline coordinates over geo- 
dynamically interesting distances is being done 
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using remoce very long baseline interferometry 
(VLSI) stations.  Quasars are used to establish a 
sparse grid system which may then be filled m by 
satellite radiointerferometry.  The role of fre- 
quency standards in VLB! is to establish phase re- 
ferences at each station which are coherent with 
eac . other for the duration of the measurement. 
The standards are used to independently determine 
thp phase of the received signal, thus permitting 
subsequent cross correlation of the signals.  The 
maximum duration of the data stream.which may be 
cross correlated is small—approximately one- 
tenth—compared to the correlation time of either 
reference oscillator.  The correlation time, Tc, or 
an oscillator is defined so that the integrated 
phase noise for frequencies greater than 1/TC is 

one rad2, that is 

<$2> 
1/T , » 

For an oscillator at frequency v0 whose long term 
fractional frequency stability,** ffy(t), is domi- 
nated by a flicker noise level, a/flicker), the 
coherence time is l/(2ay(flicker)v0).  For example, 
let av(flicker) =■ 10"^ and v0 - IQ10 Hz; the 
coherence time is 5000 s and the maximum duration 
of the date stream is approximately 500 s.  The pri- 
mary tradeoff is time spent for «synchronization 
versus a more elaborate clock system. 

When satellite signals are used for geodetic base- 
line measurements, there is a tradeoff between an- 
tenna and oscillator performance.  If a suitable 
phased arrav antenna can be built which hops from 
one satellite to the next once each second, then 
frequency standards at the independent ground sta- 
tions having stability of only 5 x 10~11 are re- 
quired for sub-decimeter accuracy.  However, it 
dishes must be used, the cycle rate between satel- 
lites would be approximately one hundred times 
slower and the oscillaEors would need to be one 
hundred times more stable. 

Time Code Navigation: 

The Global Positioning System will function by the 
transmission of time and position data from an en- 
semble of satellites. By observing four satellites, 
the observer can solve for his three position coor- 
dinates and the time.  Since the solution depends 
on the range to a satellite being proportional to 
the time of flight of the signal, the errors in the 
coordinate solution are directly proportional to 
the time dispersion of the onboard clock. The sat- 
ellite clocks must be regularly «synchronized be- 
fore the range error due_to time dispersion exceeds 
the system accuracy specification. 

Fig. 1 shows the time dispersion of a clock, using 
optimum prediction techniques, due to white fre- 
quency noise and flicker frequency noise (see paper 
by Allan and Hellwig, this proceedings); the as- 
sumed time domain stability is "y (T) 
= (5 x 10-12T-l/2)2 + (3 x 10-1M2.  The rms 
prediction error, xtos(T), is <*2(T)>^/2TVQ „here 
?(T) is the difference between the oscillator s 

**Sae Appendix B for a precise definition and dis- 
cussion Of Oy(T). 

actual phase (time) and the predicted value after a 
time interval T.  For the assumed oscillator per- 

formance 
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Fig. 1.  Time dispersion of a clock with 
stability, 

using optimum prediction techniques. 

and the value of the rms prediction error at one 
day is 4 ns, almost entirely due tc the flicker 
frequency noise.  After a sufficiently long time 
this model will no longer apply because deter- 
ministic effects will dominate over the random 
noise term». The dominant deterministic term 
results from a lack of knowledge of the true fre- 
quency drift and causes time dispersion which is 
quadratic in the prediction interval, i.e., x^s 
- (D/2)T2 where D is the frequency drift per unit 

times 

The inclusion of a frequency standard on board a 
satellite or space vehicle results in several 
favorable features.  In the case of GPS, it permits 
an unlimited number of users to simultaneously, 
passively access the system and eliminates the need 
for the user to have a transmitter and to track the 
satellite.  However, to satisfy these requirements 
in a system which is capable of 3 m (10 ns) accur- 
acy 10 days after the last satellite clock «syn- 
chronization requires a spaceworthy clock with per- 
formance which has only been demonstrated in the 

laboratory. 

One result of an overall systems analysis will be 
the specifications for a frequency standard needed 
to provide reference signals.  If the specifica- 
tions cannot be met by a commercially available 
device, then it may still be possible to meet the 
requirements with a system composed of more than 

one device. 

Systems are useful because the operating conditions 
which optimize one performance aspect of a simple 
oscillator are normally unfavorable to other as- 
pects.  For example, in a quartz crystal oscilla- 
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cor, high power dissipation in Che resonator is 

necessary to achieve the best short term stability 
(averaging times less than .1 s) but, due to the 

piezoelectric nonlinearities, rauch lower power 

levels are required for the best long term stabi- 

lity and lowest drift.I1!" However, a system can be 

constructed consisting of two devices, one opti- 

mized for long term stability and the other for 

short term stability.  The system can have a single 
output «"ich has the best performance of the two 

devices,t2J  A systems approach is also useful for 

optimizing other aspects of oscillator performance. 

Systems can be used to provide power gain after fre- 

quency mulitiplication, to provide filtering func- 

tions which are not possible with passive devices 

and to provide unusual combinations of properties 

such as high tuning rate combined with superior 

long term stability. Equations which permit one to 

predict the noise performance of a system comprised 

of previously measured components are developed and 
several examples are evaluated. 

n„(s) ■ nr * sn0(s) 

vco 

Fig. 2.  Phase or frequency lock loop. 

LOOP frLTE» 

One system will be evaluated in detail, both theo- 

retically and experimentally.  It is an extremely 

important example because of its wide applicability 

and the fact that it can be easily constructed from 

commercially available components.  It consists of 

a quartz crystal oscillator having state-of-the-art 
spectral purity which is phase locked to a second 

quartz crystal oscillator having state-of-the-art 
long term stability.  Data are presented which 
demonstrate the overall system spectrum and time 

domain stability as a function of the IOOD para- 
meters. 

THEORY OF PHASE LOCK AND FREQUENCY LOCK SYSTEMS 

The general problem of the systems designer is to 

improve the stability of a voltage controlled oscil- 

lator (VCO) by locking it to a reference which has 
better performance over some range of interest. 
Two types of feedback loops are normally used: a 

frequency lock loop is required when' the reference 

is a passive resonator; a frequency lock loop (FLL) 
or a phase lock loop (PLL) may be used when the re- 

ference is an active device producing its own out- 
put signal.I2J  It is shown below that the same 

equations can be used to determine the stability 

improvement, independent of the type of loop. 

Fig. 2 shows the general features of the feedback 

loop.  The reference frequency is ßr and deviations 
from the nominal are denoted Kl^t); the VCO has 

frequency Qr and deviations iSl0^K     It is compared 

with the reference in the device labelled detector 
whose output is Vd(s) = Kd(s) [A^ts) -Afi0(s)], 

where AQr(s) and AP.0(s) are the Laplace transforms 
of the corresponding-frequency deviations.  The 
phase and frequency transforms are related very 
simply by the expression 

$(s) = Ail(s)/s 

which makes it possible to distinguish between the 
FLL and the PLL entirely through ehe functional 
dependence of Kd(s).  For Che FLL, Kd(s) is a 

constant, Kv, while for the PLL, Kd(s) = KA/s  where 
K.j is constant.  Thus the detector outpuc for Che 

?LL is proportional Co the phase difference between 

the VCO and the reference, Vd(s)=K<j,[<{,r(s)-^0(s) ]. 
The noise voltage generator Vn(s) represents the 

internal noise of the VCO.  If the tuning rate of 

the oscillator is K0(Hz/volt), then the open loop 
noise of the VCO is given by 

Aß (s) 
n Ko vn(s) 

The closed loop performance of the system follows 
by tracing A£20(s) around the loop: 

AG (s) 
o [sfcr] *>„<•> ♦ [i4Äf] AJ2 (s) , 

r 

where G(s) => K0Kd(s)F(s) is the open loop gain. 

Assuming that the noise in the VCO and the refer- 
ence are uncorrelated, the spectral density of the 
frequency noise obeys the equation 

s to) =ITT-^TTTTI  S to)  +  ijfiff,1]?, s to) r jj 1+G (j(ü)t "J |l+G(j(ü) 

where the y's denote the deviations normalized to 
the carrier frequency, e.g., y0=Aß /.Q . P] it follows 

that S<j>=S (fiVui2), so S$ satisfies the same relation 
as S r 

to) 
1+G(jw) s to)+ 

n 

[G(JM)| 

|l+G(j(i)) 
i2 s, to) 

|G(jü))j generally increases monotonically with de- 

creasing u, making it possible to draw some general 
conclusions about the output spectrum of the ser- 

voed oscillator.  The noise in the reference oscil- 
lator and in the control loop is low pass filtered, 
while the noise in the VCO is high pass filtered. 

This leads to the most common situation—the output 

spectrum is dominated by the reference oscillator at 
low Fourier frequencies and by the VCO at high 

Fourier frequencies.  However, in the event that 
the spectral purity of the VCO, S$ (a>), is much 

worse than Che puricy of the servo or reference, we 
see cha= ^o(ti)  is approximately S<j (u)/ |r,(ja)) | 2. 
If |G(j3)I has a maximum value of 10*, for example, 

then Che spectral density of the locked VCO can 
never be better than S^C^/C 10.000)2, even if the 

servo and reference are much less noisy at that 
Fourier frequency. 
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This indicates that |G(ju)| should be as large as 

possible.  However, the maximum value is fixed by 

the rolloff slope and Che maximum unity gain fre- 

quency which can be tolerated by the short term 

stability of the reference signal.  If the rolloff 
exceeds 12 dB/octave at the unity gain point, then 

the loop will oscillate.  The required shape of 

G(jw) to reduce the effect of the open loop VCO" 

noise below the level of the reference noise for 
Fourier frequencies below the unity gain frequency 

can be determined from the above equation.  For 

example, to transform random walk of phase 

(SA*U> ~2) to white phase noise (.S^0)  requires a 
single integration (i.e., |G(ju)|«l/w). An analogous 

result can be derived for deterministic processes 

which can not be described in terms of spectral 

densities.  For example, the unlocked VCO may ex- 

hibit frequency offset, <f>(0 * t , frequency drift, 

$(t) «tz, or even frequency acceleration.  If the 

parameter to be controlled has an open loop be- 

havior proportional to tP then the requirement for 

the closed loop system to have zero dc error is 

lim [ wP|G(jci>) |]=«!41 
tit*o 
A critically damped second order loop response is 

nearly ideal for oscillator system applications. 

The required open loop gain function is 
,2 

G(j(D) (1 + J2-) 
n 

in which (% is called the natural frequency of the 
loop.151 

In the case of the PLL it can be approximated by 
selecting the filter of Fig. 3a for F(s), while the 

FLL requires an additional integration (Fig. 3b) in 
order to have the same overall open loop gain func- 
tion. 

For frequencies small compared to u„/2, the open 
loop gain increases at 12 dB/octave. However, 
because of the breakpoint at wn/2, the slope is 
only 6 dB/octave at the unity gain frequency and 
the loop is unconditionally stable.  Because of the 
limitations of analog integrators and other cir- 
cuitry, the PLL, which has an inherent pure inte- 
gration, is superior in performance where it is 
applicable.  Errors in such a loop produce a-phase 
offset between the two oscillators whereas errors 
in a FLL result in a frequency offset. The FLL 
must be used with passive resonators and can be 
used to achieve improvements in some PLL character- 
istics, such as pull in range and acquisition time. 

SYSTEMS APPROACH FOR SIMULTANEOUS SPECTRAL 
PURITY AND LONG TERM STABILITY 

There are commercially available oscillators with 
superior spectral purity and long term stability, 
but no one device has the best performance for all 
averaging times. This section will show how to de- 
sign a system which has nearly the best performance 
everywhere:  Data are presented which confirm the 
results of the previous section. 

The low drift 5-MHz oscillator, used as the re- 
ference, is charcterized by the measured spectral 
density, 

S*r(f) 
10 

■11.3 
10 
-13.6 

Fig. 3.   Filters for phase and frequency lock 
loops.  Filter (a) is used to achieve a 
second order PLL response while (a) and 
(b) in series produce a second order FLL 
response. 

while the spectrally pure, 5-MHz oscillator is 
approximately characterized by 

*n 
= 10 

-10.5 
+ 10 

-17.1 

where f-w/2ir is the Fourier frequency offset from 
the carrier. 

A second order -PLL was selected to combine these 
two devices as a system; Fig. 4 shows the major 
elements of the circuit.  A double balanced mixer 
serves as the phase detector.  It is followed by a 
2-pole filter which attenuates the 10 MHz output of 
the mixer, but has little influence on the loop. 
The capacitor shunting the operational amplifier 
and the low pass filter following it limit the 
noise bandwidth of the loop at a sufficiently high 
frequency compared to the natural frequency of the 
loop so that they have negligible effect on the 
loop response.  The resistor and capacitor in the 
feedback path around the operational amplifier are 
chosen to produce critical damping.  The approxi- 
mate system spectral density is 

*o 

10 
■11.3 

+ 10 
-17.1 
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Fig. 4.  Second order phase lock loop. 

Fig. 5 shows the open loop noise of both oscilla- 

tors and the closed loop system output for two 

different unity gain frequencies, 8 Hz (20 as) and 

16 Hz (10 ms).  If the unity gain frequency is too 

high the system spectral purity is degraded by the 

reference noise; the optimum unity gain frequency 
is near 8 Hz in this example. 

\ _\ 

2 -no - 

—- SPECTRALLY Pu«E OSCILLATOR (a) 
  LOW DRIFT OSCILLATOR (b) 

i JTVO OSCILLATOR STS7ES WITH IOKI 
TINE COKSTAMT (c) 

I »TUO OSCILLATOR SYSTEM «IT» 20»» 
TINE COHSTAur (d) 

Fig. 5. 
?,£*""!• densi«:y of phase for (a) 5-MHz 
VCO .having excellent spectral purity, 
(b) 5-MHz VCO having good long term 

stability, (c) system performance with 
16 Hz unity gain frequency, and (d) 

system performance with 8 Hz unity gain 
frequency. 6 

The tine domain stability is shown in Fig. 6. 

The triangles are the system stability with 8 Hz 

unity gain frequency, while the circles are the 

spectrally pure oscillator open loop stability. 

The two horizontal lines are the time domain per- 
formances calculated from the S<j data of Fig. 5. 
The line with slope of T+1 corresponds to a drift 
rate of 3.7 x 10"8/day. 

The results which could be obtained with three 
other systems are shown in Fig. 7.  The stability 

shown for system 1 results from phase locking three 

commercial oscillators:  A state-of-the-art 5-MHz 
oscillator provides the short term stability (T<13) 

and is locked to a low drift oscillator for best 

ntU4i« rn*. r(») 

Fig. 6. Time domain stability of the spectrally 
pure oscillator (circles) and the 

two-oscillator system with 8 Hz unity 
gain frequency (triangles). 

Fig. 7. Time domain stability of (1) a system 
composed of a spectrally pure quartz ■ 
oscillator, a low drift quartz oscil- 

lator and a cesium clock (predicted); 

(2) a system composed of a spectrally 
pure quartz oscillator and a passive 

quartz crystal (realized); (3) a system 

composed of a superconducting cavity 
stabilized oscillator and a passive 

hydrogen frequency standard (predicted). 
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intermediate stability; the long term performance . 
results from locking this pair to a cesium beam 
frequency standard.  This system has the best per- 
formance which can be obtained with commercial 
devices at 5 MHz. 

In the region from approximately .01 s to 1 s, the 
system stability is better than that of any of the 
component oscillators.  This situation occurs in 
the case of white phase noise, because the stabi- 
lity of the long term stable oscillator in thi3 
region is determined by the very high frequency 
portion of the spectral density.  For this reason, 
Oy(T) curves should be used with great caution when 
predicting system characteristics. 

System 2 is a prototype; a 5-MHz quartz crystal 
oscillator is frequency locked to a passive quartz 
crystal.  It ha3 the best intermediate term stabil- 
ity ever achieved with a quartz crystal, because 
the passive resonator is operated under conditions 
which ootimize the stability in the 1 to 104 s 
range. U,2]  Eventually system 2 should equal or 
better the performance of system 1 for all times 

shorter than 104 3. 

System 3 shows the results which would be obtained 
if a superconducting cavity stabilized oscillator 
were phase locked to a passive hydrogen frequency 
standard.  The system performance is the best which 
can be achieved with existing devices.I6»71 

SUMMARY 

We have illustrated how composite oscillator sys- 
tems with their increased degrees of freedom, can 
provide greatly improved stability performance 
relative to a single oscillator.  In a completely 
analogous manner an oscillator exhibiting low 
vibration or radiation sensitivity can be phase 
locked to a long term stable oscillator to yield 
improvements in these parameters. 

Simple equations which can be used to predict the 
performance of either frequency or phase lock 
systems have been discussed.  A loop filter for 
achieving near optimum results was described and 
experimental results of one phase lock loop system 
using this filter were presented.  Predicted per- 
formance curves for some other interesting systems 
were presented.  Using.this information, the de- 
signer should be able to tailor the performance of 
an oscillator system to meet the overall frequency 
stability, accuracy or timing specifications of a 
navigation, communications or other large elec- 
tronic system. 

APPENDIX A:  Phase Noise in Oscillators 

The instantaneous output voltage of a high quality 
signal generator may be written as 

V(t) [V + e(t)] sin [Q t + <t>   (t)] 

where V0 and Q0 are the nominal amplitude and 
frequency, respectively, while e(t) and <J(t) are 
random processes representing amplitude noise and 

phase noise.  The objective is to characterize 
<Xt).  Traditionally the measurements have been 
described as being performed in either the fre- 
quency domain or the time domain.  The recommended 
definition for the frequency stability measure in 
the Fourier frequency domain is the one sided 
spectral density on a per Hertz basis, S^(f), of 
the random process <{>(t)J8l  In terms of. the 
spectral density, the mean square phase_fluctu- 
ations within the frequency band fj<f2 is 

-*f z 
<<f2(t)> 

fr,=2 fi 
'df s.(f) 

Phase noise in oscillators is often expressed as a 
ratio of single sideband phase noise power per root 
Hertz to carrier power—»((f)—as a function of 
Fourier frequency offset from the carrier, ^(f) is 
related to the spectral density of phase noise of 
the oscillator by the equation 

<(f) - j yf) for 
fi 
'df s^C« « 1 

Figure 8 shows the typical appearance of the 
spectral density of phase noise of an oscillator. 

- 80 

„  -160 - 

-120 

-140- 

f(Hz) 

Fig. 8.   Typical spectral density of phase for a 
high quality oscillator. 
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element of Che receiver.  Normally, the amplitude 
noise is much less than the phase noise in both 
regions I and II.  In region III, S0 is constant and 
the oscillator is said to have white phase noise. 
This is usually the result of additive thermal 
noise in an amplifier or some other device, "In 
this region, the amplitude noise is generally equal 
in magnitude to the phase noise. Region IV is 
usually due to finite bandwidth of the output 
amplifiers. 

APPENDIX B:  Frequency Stability of an Oscillator 

The instantaneous fractional frequency deviation 
from nominal is defined as 

1     d<Ht) 
2TTV        dt 

y(t) 

The recommended definition for the frequency sta- 
bility measure in the time domain is the two sample 
zero-deadtime variance, commonly called the Allan 
variance, .,- 

o; Ri 

where 
I /-VT 

^ / y(x)dx 

is the average fractional frequency over the kch 

interval of length T, and the angular brackets indi- 
cate an infinite time average.t8'  It is, in gen- 
eral, also necessary to specify the measurement 
bandwidth, fj,. 

Fig. 9 illustrates the typical appearance of the 
two sample deviation for a high quality oscillator; 
power law behavior is also common in this case. 

power level, and aging of components. 
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Fig. 9.  Typical two sample deviation for a high 
quality oscillator. 
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