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rubidiumoscillators to track the ensenbled GPS tinme, which serves to
5  Description of the Prior Art
In many communication applications, each node in the network has its own
internal clock running iﬁdependently of the other clocks in the network. Where the
networks are synchronous networks such as in many telecommunications applications
and in high speed wide area networks, however, these clocks must be syntonized or
10 synchronized to each other. In certain networks where the concentration of traffic in
very large central offices permits expensive clocking solutions such as American
Telephone and Telegraph's long distance network, multiple primary reference clocks
(PRC's) are distributed throughout the network. Each of these PRC's ensembles
multiple global positioning satellite signals received by GPS receivers and steers
15 several rubidium oscillators to track the ensembled GPS time, which serves to
represent a universal time scale throughout the network. Since the cost of a PRC is
quite high, for other nodes throughout the network, the local oscillator clock fora
given node is synchronized or syntonized to the PRC clock through a locked loop.
The traceability of the local clock back to universal time depends upon the overall
20  network architecture and the use of expensive oscillators and minimizing the number
of cascaded clocks from the PRC site to the local office. The cost of all of the
supporting processing elements throughout the network is quite high.
For networks having a relatively small number of nodés (on the order of
several hundred) and where there is a high volume of traffic, such costs for
25  maintaining a high degree of traceability may be justifiable. It is more difficult to
bear these costs for lower traffic networks such as privately operated nodes coupled to
long distance switching networks. Also, in networks having many more nodes such
as in digital cellular telejihone networks, data networks such as ARDIS, at least some
~ paging systems and PCS, the nodes should prefex?ably be syntonized to each other.



represent a universal tinme scale throughout the network. Since the cost of
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costs for |ower tfrageable to\uniygrsal §“§d’éﬂ8&§“"ﬁﬂ“¥ﬂ&l terhnigisescatterad fhsepghowtdhp| ed
to | ong di stafefk.SW tching networks. Also, in networks having many
nore nodes such as in digital cellular tel ephone networks, data
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direct source of timing in network applications. While the long term stability of a
signal such as GPS is generally very good, even exceeding the stability of atomic
clocks, the short term stability of GPS sigﬁals makes it totally unreliable. In
10 particular, the short term timing solution recovered from a GPS receiver is impaired
by both linear and non-linear noise components introduced by the source,
communication channel and the receiver. The resuli is that the recovered timing
signal short term stability is characterized by both short term noise such as white
noise phase modulation and white noise frequency modulation and by short outages
15  and phase transients. The short term instability and reliability of such received GPS
signals makes them inadequate for timing a variety of nodes in a network.

To reduce cost, lower cost quartz based oscillators can be used to replace
Rubidium as the local flywheel oscillator in a GPS receiver base PRC. Oven base
quartz oscillators still are relatively costly (several hundred dollars or more) and

20  produce significant timing instability over the flywheel times required to manage and
suppress the short term noise on the GPS timing signal. Other even lower cost non-
oven based oscillator solutions are completely unsuitable because their medium term
stability is even worse. Another fundamental problem with using a GPS receiver with
a single local oscillator is if there is excessive instability in the control loop, there is

25  noindependent means to determine if the source is the GPS receiver or the local
oscillator.

As an alternative clock signal source, timing information can be extracted
from telephony network based reference signals such as received OC-3 or DS-1
signals. However, these signals often have a worse frequency stability than a quartz

30 oscillator for short time measurement periods on the order of seconds while the OC-3

or DS-1 signal has a worse frequency stability than GPS over longer measurement
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Summary of the Invention
These and other objects are achieved by a multiple source frequency locked
loop such as a dual frequency locked loop. In such multiple source frequency locked
loops, one signal such as a locally generated quartz oscillator provides the best
20  stability over short term measurement intervals while one or more received second
signals such as an E1, DS1, or OC3 signal provide the best stability over intermediate
time measurement intervals and a third source such as GPS or LORAN provides the
best long term stability. The multiple input frequency locked loop provides stability
substantially equal to or better than the best of the three sources available for any
25  specified time measurement interval and each of the three sources will be used as
controls for the output.
Preferably, the local reference oscillator, which has the best short term
stability is coupled directly to the output of the control loop. The signal with the best
intermediate period stability should be used as a first reference to steer the output of

30 the control loop for intermediate stability. This closed loop may use'a Type I, Type Il
| S
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3 periods on the order of tens of mnutes. Further, the stability
of the timng signals - extracted frompEl or DS-1 signals over the
medi um neasur enent periods from several seconds to tens of minutes
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Therefore, it is_ a first object of this inyentjon to provide good stability
cl ock sounBRut{ e achally oppyt timing,signal, fram thessingle syhesizer g netpartof the
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stability of the three signals are selected to maximize stability of the output signal.

Descripti fthe Fi
10 FIG. 1 is a plot of hypothetical frequency stabilities of various input and
output signals.
FIG. 2 is a laplace domain model of a first embodiment of the invention.
FIG. 3 is a block diagram of the embodiment of the invention.
FIG. 4 is a plot of the frequency stability transfer response for the embodiment
15 of FIGURE 3.
FIG. 5 is a block diagram of a further embodiment of the invention.
FIG. 6 is a block diagram of a synthesizer that may be used in a further
alternative embodiment.

FIG. 7 is a laplace domain model of a further embodiment of the invention.
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t hroughout an entire network having a | arge nunber of nodes w thout a

substantial per 15 node cost. Summary of the Invention

These and ot her objects are achieved by a multiple sorrcelfrequency | ocked
| oop such as a dual frequency I mul tiple squrce
frequency | ock¥Q 7142710 | oops, qﬁﬁQSh A:é%?% a locally d@ﬂ@ﬁ'ﬁ@&“
quartz oscillator provides the over short term -
measurenment intervals while one or nore receiyed second signal s such
as an E1, DS1, or OC3 S|gnal prOV|de the best stability over internediate
time measurenent ipsiledddeSeriign ¢ Prederfed it dimgils as GPS or LORAN provi des

t he best | ong term stabl I ty The multiple 1 nput frequency | ocked
| oop provides stabilityigurels 0@@931@‘&#9‘1“{%11)’90@%9&] pl@'dhwvewtﬁmuencbratabme
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ne, e Dest SBOr LIk Bt i engrsod B et e Sk
stability shoul d taecemadwﬁﬁa @P$ iecsiver] RERLAVER TiRsSOBRE aIé}ﬁ fidhsahda si%ml%o
the control |oop for _internmed ate Stabl|ltX This control oop may
Type |, Type ||  stabilities using either an Allan or Modified Allan Variance/fkdaNeieR s@bilisT
| PEAI EP measurement statistic with the abscissa representing the log of the integration time
and the ordinate representing the log of the frequency instability noise power. The
10 local oscillator curve 10 shows the local oscillator has the best frequency stability out
to about an integration or measurement constant of about four seconds. Between
about four and about two thousand seconds (two hours), the DS1 or E1 signal has the
best stability estimate as shown by curve 12. Beyond about 2000 seconds, the GPS
has the best stability estimate as shown by curve 18. As can be seen, there are two
15 cross-over stability points, 16, 18 where the curves 10 and 12 and 12 and 14 intersect
respectively, the first at about four seconds and the second at about 2000 seconds.

The object of the dual source locked loop is to provide an output clock signal
having short term stability curve 10, the intermediate stability curve 12, and the long
term stability curve 18. This is shown.by the solid line 19 representing the desired

20  Modified Allan Variance that substantially tracks the optimal portion, of each of the
three stability curves from each of the available sources. Therefore, the dual source
locked loop has substantially the same short term stability as the local oscillator,
substantially the same mid term stability as the E1 or DS1 signal and substantially the
same Long Term stability as the GPS signal. Such selection of the optimal portions of

25  each curve may be accomplished via calculating Allan or Modified Allan Variances
for each curve to arrive at the intersection points.

Further, the Allan Variance or Modified Allan Variance curves for the various
input signals are not fixed but will vary somewhat due to noise and other
environmental factors. Therefore, the dual source locked loop processor (discussed

30  below) may periodically determine the intercept points 16, 18 of the three Modified
Allan Variance curves for the different signals and alters the filtering constants
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4 or Type IIl control loop. The third input signal, which has the

best long termstability such as GPS or LORAN may be used in an open
| oop manner for calibration and steering of the signal of the closed
| oop. The control loop is structured so that only one di qital

synt hesi zer WO |y required no matter how nany networ k ECABEPUO7448, 5
used. A separate dual input control loop is operated in software for each
net wor k i nput. The actual output tim ng signal fromthe single
synt hesi zer is not part of the control "1 oops. The loop filter

constants are chogsen so e ' f , . Stk | i of
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FIG 4 is a plot of the frequency stability transfer response for the
enbodi ment 155 - ainageptgbie level. If the El is declared unacgeptable theatual|inpit coriteod iaomisiio a
further enbodi rrenfﬂ of t | NV

ntiop. . . Fl 6 1S ] QCk
di agram of a synt RERT & tlﬁsé aﬁ’tﬁa?}‘cg'élp ﬁg‘&f (anS npyt oo ?‘ﬁ%ﬁ%op 18 OW%F‘{)@&ﬁ%t Ive
enmbodi ment . background (as described later). The output of this back-up control loop is used when
the E1 is unavailable. If the GPS signal is unacceptable, the dual control loop is

operated with the calibration loop input set to zero. The output of the calibration

10 control loop is the best predictor of the future E1 frequency bias.

Figure 2 shows a Laplace domain model 100 of a dual frequency locked loop.
Three input signals are provided to the loop, a GPS signal Ygps(S), an E1 signal,
Y5, (S) and a local oscillator signal, Y, (S) and the loop provides an output signal,
Your(S)-

15 A calibration loop which operates independently of the local oscillator of NCO
output 105 has a first frequency comparator 102 that measure the frequency or
incremental phase difference with zero dead time between the two external signals,
Yors(S) and Y (S). The frequency or other difference measurements are then
processed by a calibration filter C(S) 107, having a Type 1, 2 or 3 open loop PLL

20  design to provide an estimate of the long term frequency calibration to correct for any
primary rate (E1 signal) frequency offset. It should be noted that this calibration loop
105 uses an open loop frequency measurement for providing the calibration estimate
at the output 103 since the output signal Yq1(S) is not measured in the calibration
loop 105. Also, the filter constants in filter C(S) 107 will need to be adjusted to

25  provide the proper Allan Variance or Modified Allan Variance crossover or
intersection points for the output stability with respect to the E1 and the GPS signais
as the various signals' relative stabilities change in a manner explained in connection
with FIGURE 1.

The primary loop 110 is a closed loop and measures the frequency difference

30 ofthe output signal Yoi(S) against the E1 signal Y,(S) with a frequency, phase, or
other timing difference detector 112. The output of the detector 112 represents a
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frequency or incremental time difference and is summed by summer 114 with the
output of the calibration loop 103, filtered with the P(S) filter 111 and the result is
summed again with summer 116 to provide the control data for the numerically
controlled oscillator (NCO) 118. The selection of the time constants, of the filter P(S)
is done to manage the Allan Variance or Modified Allan Variance crossover point, to
maximize short term stability from the local oscillator and the intermediate term
stability from the reference signal E1. The NCO 118 uses the local osci]iator signal
Y10(8) to provide the output signal. In applications where low phase noise is required
(such as CDMA cellular radio), the output of the NCO is coupled to a phase locked
loop (not shown) to suppress spurious phase modulation introduced by the digital
synthesis process. The output of the NCO (or with optional noise suppression phase
locked loop) is Y ,(S).

It should be noted that the output of the calibration loop 103 is provided twice
to the primary loop 110 at summer 114 and summer 116 to cancel out the negative
feedback of the NCO path so that the primary loop 110 operates independently of the
calibration loop 105. With the calibration loop 105 provided with no NCO feedback,
the calibration loop 105 operates in an open loop, and the calibration loop 105 is
decoupled from the primary loop 110 along with having the output 103 negatively fed
back at adder 105.

FIGURE 3 shows a block diagram implementation 200 of the Laplace domain
implementation 100 shown in Figure 1. The calibration loop 205 measures the
frequency difference between the E1 and the GPS signals at comparator 202. The
frequency difference measurement is then provided to a Type 1 control loop 207 that
filters this first frequency difference and provides a calibration output 203.

The primary loop 210 measures the frequency difference between the output
signal OUT and the E1 signal at a frequency comparator 212, sums that frequency
difference with the output 203 of the calibration loop at summer 214 and then
performs a Type 2 control loop filter 211 having integration filter constant Spires and a
proportional filter constant Spg,. The output of the filter 211 is coupled to a second
summer 216 that adds the output 203 of the calibration loop to provide the control
data N for the NCO. The primary loop may be of Type 1, Type 2 or Type 3 as



5 Det ai | ed Description of the Preferred Enbodi nents

Figure 1 shows an illustrative hypothetical plot of the overall frequency
stability curves (Allan or Mdified Alan Variance Curves) 10, 12, 14 that
may be neasured for a typical tenperature conpensated crystal |ocal
oscillator, aWOR74@HODS| 5 signal received fromeither a $oIO7448
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FIGURE 4 shows a power spectrum transfer response 250 with the abscissa

representing the log of the natural frequency and the ordinate representing the
magnitude of the power spectra in dB. The primary control loop has a twenty five
15  second and one hundred twenty five second proportional and integral time constants
respectively while the filter constant of the calibration control loop is 10,000 seconds.
The system provides a band pass filter response 254 to the E1 input signal and a high
pass filter response 256 to the GPS input signal. The response 252 to the local
oscillator is 40 dB/decade roll off low pass filter and is determined by the primary
20  loop type (Type 2 in this case). There must be sufficient roll off to suppress the 1/f
noise and the drift processes in the local oscillator.
Of course, as the frequency stability of any of the inputs changes, the response
. to any of the input signals may be altered by changing the filtering parameters. For
example, if the long term stability of the E1 signal improves, the upper limit of the
25  band width of the GPS signal should be lowered. Conversely, if the long term
stability of the E1 signal becomes less, the cutoff of the filter for GPS signals should
be raised so that the GPS signal has more effect on the intermediate term stability of
the signal. Still further if the E1 signal’s short term stability decreases, the higher
frequency limit of the bandwidth of E1 signal should be decreased so that the LO
30  signal has a greater effect on the intermediate frequency stability.
FIGURE 5 shows a further embodiment 300 of the disclosed invention using a
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clock as part of the GPS engine (304) that operates synchronously with thg3 20 MHz
XRS5 time base. The time base may either be directly from the free mnning local
oscillator or after the NCO. The local oscillator may be a TCXO, DHCXO, OCXO
depending on the required cost and performance. The GPS engine 304 includes both a
GPS multi-channe! receiver and a software Kalman filter (now shown) that provides
10 the various time, phase and frequency estimates and measurements for the received
GPS signal and the local oscillator XR5 Time Base 306 including the frequency error
difference measurement between the GPS and the time base 306.
The time base 306 is also coupled to two module 256 synchronous counter
latches 310, 312 to provide the frequency error zero dead time measurements of two
15  received El or DS1 clocks (E1 A and E1B) versus the local timebase. In particular,
each of the E1 clock signals (E1A and E1B) is recovered by a clock recovery circuit
308, 310 such as are available from Dallas Semiconductor through a transformer
coupling and the recovered clock is divided down by (4063) to provide a once per
every nominally 1.98 millisecond strobe to periodically latch the latched count
20  process of the modulo counters 310, 312 at the once per 1.98 millisecond rate. The
counters 310, 312 latched count process track the frequency error of the local XRS
time base signal versus the corresponding E1 signal. The contents of the latch 308 are
sampled by the processor (not shown) in the GPS receiver in synchronization with the
measurement performed in the GPS receiver between the local XRS5 time base and the
25  received GPS signal. The modulo counters are preferably never reset. Any reset
activity will produce dead time and residual frequency error. It should be noted that
the nominal incremental count is fractional; i.e., the resultant count between the XRS5
time base and the sampling interval is nominally not an integral number of XRS5 clock
pulses. Therefore, the quantization noise is dithered. In this particular embodiment
30  the nominal incremental count is 253.73 modulo 256 or negative 2.27 count change
per update. Further, each sample is preferably time tagged (i.e. has the time according



(di scussed below) so that the optimal short, md and long termstability is
sel ect ed. For exanple, if curve 12 deteriorates to curve 12', then
the intercept points 16 and 18 shift to points 16" and 18 . Qutput
curve 19 shoul d become out put curve 19'. The ~ processor nmy determ ne
i f either theWPPT®71@ he GPS signal has degraded to an 5  uf&TCSPIEIS
level. If the E1 is declared unacceptabl e the dual input control loop is no
| onger used. Instead, a back-up single GPS H@put control loop is operafed
in the background (as described | ater). The output of this back-up

control loop is ' | l.£, 4 ﬁ% l.gpal is
unaccept abl e, thgt% %%%?g?ﬁ ?l%‘fk qu]gh(}rlgésesg& s}ymﬂfégig‘l?‘g?’e@e t\}mrh%%ag{] e ng)ﬁ%lggt I on
| oop i nput set t othzesmple shtakenahe storedfalonp evithahe leatwementl0 control loop is
t he best predictor of jhe future E1 frequency. bias. Figure 2
shows a Lapl ace domain F_alf%th&m&g@gﬁfm&rf@&h@ﬁegmf’ﬁ%w‘? eygter, the
Three input si gna&ﬁn%rﬁ fRE 4 Bifornftibl) #hl1ORBuciAy ﬁegﬁamoisg&fs%@oman El
si gnal , Ylerr](S) and a local oscillator signal, Y and the | oop
provi des an oft pupotes rces of errors iypgfollpws) This algorithm is independentlyi vakid foaron

| oop whi ch operat gs,. | he | ocal oscillator of NCO

out put 105 has a ﬁ%})?{l‘%ﬁ?@%gﬁ%iﬂgon%%r ator 102 that neasure the frequency
or | i ncrenent al mm&eﬁﬁiéésah@mwgmbmomemmaﬁﬁstdrm nRQENPAEFIRTE t WO
externa and Y

si gnal s, Ylerr](S) _[err]_éé). The frequency or_ other
di f ference neasur%ﬁf‘geﬁ‘?}@fﬂFelflﬂlAandElBﬂg%s anasiregengly stoppdalus CIND pf er
C(S) 107, having ﬁleaﬁﬂﬁer%{)??s&h ARG thORor Fhikie €ON-1) bl Gibiud 'r{g%&ﬁ{a;ﬁ&"ﬂiﬁnan

estimate of the long termfrequency calibration to correct fo
primary rate l0El thedomiey. M thecoagnitydeodfithecdifferenceghasiyloa?56detvesen thetchunt valves

: lib [ I 105 . . f
orovi di ng the onl PiSFls SO BfiRiniad BRE indGle oA it TR TR Yhor B
out put signal Y[ e¢urtenfanipte 8 discar@eds UKssaining than all 6Pdifferendes Bétween the sarhsledof105.

Al'so, the filter constants in filter C(S .107 wi|l need to _be adjusted to
25  provide the ES7ss withinthe Rysdstermined dimit gherer Widlbe aemingily 128 samplesevedsover
or :

250 ms integration interval.

15 The following pseudo code describes the function of checking of data and
filtering:
Step 1:
Every 250 ms perform the following until
there are no samples in the FIFO:
20 Get Current Count C(N) /*Caliculate ditTerence from prior value
={C(N) - C{N-1)] Modulo 256 { note A is a 32 signed integer)*/

It [A] <A, the discard A /* s the A greater than the predetermined
limit (less than 16 in this application) */

Else I* Current delta sample is within
acceptable limit*/

A=A<<22; *Multiply (using arithmetic shift) by
large gain 22 to prevent numerical round
off during filtering operation */

25 N=N+H, /¥ Increment number of valid samples¥/
AT(N)= (AT(N-1)<<5 -AT(N) +A)/32; | /*First stage of a binary low pass
ANssmN= Aft=m(N- 1)+ AR(N) smoothing filter and integrator before

second stage*/ -
Every fifth count: /* Decimate output of first filter
APN)= (A Z(N-1)<<4 -AB(N)+ stage and update second binary filter

30 A 8=m(N) /16; every j* count (j=5) reset integrated
Aftsm(N)=0; output of first stage after update to

second stage*/




I ntersection points for the output stability with respect to the E1 and the

GPS signal s as the various signals' relative stabilities change in a
manner expl ained in connection with FI GURE 1. The
primary |oop 1 cl osed | oop and neasures the frequency pdi e 30
of the output ‘égﬁ'ﬂ% ﬁ’Y[err] (S) against the El signal Y[err]( ﬁkﬂﬁﬁ%
frequency, phase, other timng difference detector 112. The-

out put of the det ect or 112 represents a 11 WO 97/42710
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frequency or incr )T T erence and [i/Hntegrate Bodthed del@iie! 114 W | h
t he out put |of the calibration | oop 103 gederdtd etunchlardditimetehror dve:S)
filter 111 and the result is sumed gd@ainihal250 ms ditegration ihfebral Note

provide the contr¢l data for the nunerically ] XN)isadablpraisioadlogtingi | | at pr
(NCO) 118. The sellection of the tine constantjpoinofaristle*/filter P(S) 5 |is

done to nmanage t he t¥tepar i ance or _Mbdified Allan Variance crossover
point, to maxi m ze short termstability fromthe |local oscillator
and the internedi erm stabil jty fr t he reference. signal El.
The NOO 11 8 uses Hirabptsalgorisug shivi gpbodiment of gy efipiepigiial Pispess i

the out put signal .rehide BRRboUfE! da@ aﬁ’%ﬁﬁnﬁseh@%n%@&ﬁh@&ﬁcﬁﬁu!aﬁdﬁ%ﬁgver the
(such as CDMA cellular radio), the output of the NCOis coupled to a phase

| ocked 10 | o%p (250 msdntsgration intervalp Theuseof binhuy filterstin sithensiogle ar Faseaded (i.c.,
introduced by the sgh&ﬁ B@es is the preferred embodiment.

If the number of bad values in any given computational period such as 0.25
seconds exceeds a predetermined value, then a given E1 clock for a channel such as
E1A is unstable. In that case, the system can go into a hold over mode, the E1A clock

10 can be disregarded, or the other E1 clock E1B can be used.

Once every 250ms, the accumulated time error estimate X(N) needs to be
converted into the zero dead time estimate of the frequency difference between the El
and the local oscillator (either before or after the NCO). In this implementation
example, the 20 MHz time base is after the NCO. First X(N) must be divided by the

15 nominal integration time and scaled to units of fractional frequency (sec/sec). The
microprocessor clock is the basis for time tagging each sample in the FIFO. The
nominal integration time AT is the difference between the last good sample time tag
and the first good sample time tag in the FIFO. (In the following formulae the capital
letter Y representing frequency difference measurements, a subscript such as E1-NCO

20  meaning E1 compared with NCO, and the letter “s” as part of a subscript meaning an
smoothed estimate and the letter (i) in parenthesis meaning the current value.)
Assuming the units for AT is milliseconds, the conversion formula should be as

follows:

Biased Ygnco(i) = (X(NYAT) * 50e-9 (sec/count)* 1000 (ms/sec) / (5*2%2 )(Overall Filter
25 Gain)

X(n) is then reset to zero.



synt hesi s process. The output of the NCO (or with optional noise

suppressi on phase | ocked loop) is Y[err](S) It should
be noted that the output of the cal bﬁ.ﬂéls@.f’EEl]-(p%éé@qls provided tw ce

to the primary loop 110 at summer 14 andgspiRip 116 o cancel out the

negati ve 15 WOSBM¥HeK of the NCO p mary. | R§FUSPIpp448
operates independently of the calibration 1oop 105. Wth the
calibration | oop 105 provided with no NCO f back, the calibration

| oop 105 operates in an open | oop, and the ca ibration | oop 105 is

decoupl ed fromthe prigar %ggg Vi n

negatively fed ﬁg% éﬂc& %’Lﬁ&t@?mmﬂ)ﬁ%%%&)%k F]ovxs a

bl OICk di agram i ngdgmrﬁhdtaeedao b%ﬂ-mntedtﬁmﬁmﬂmmeoﬁb]mme nominal negative 2.27

i mpl enentation 100 sho in Fi ratiaqn,lo res the
frequency di ffere??@@ctﬁm%‘“tq%gﬂﬁe%mf t‘iﬁéﬂt@:ﬁ s@?“@ﬁw‘é?"é"“gg @Jr‘?‘ﬂgﬁ?‘g{‘ € 202.
The freque c&iletﬁ&fﬁasees ARG S 4418 FE orhiRal ST Q0065675 pHIAGfis& tiat TtiBEhe!
control |oop 207 t ilters this first frequency difference and
provi des a calsi br addedm thabpmd ‘éﬂaco(QSThe second source ghumalltiiasgresplts Gom the offset
measures the frequ fere. and
the El signal at g'gﬁ?‘ tm eCt;e/m %Q%%g@ﬁt%?@fyﬁ%@%% g}] © lra seesuek%g&LCte

difference with thﬁfawvﬁﬂgfo?ﬂﬁlaof the calibration | oop at sumer 214 and
t hen perfornms a_Type 2 control loop filter 211 having integration
filter constant Slerr]l and a proportional filter constant|S[err].
The output of the fil tleCompgted Yepaui)leBiasedYa gelond 30 summer P16 that
adds the output 203 off the calibration LoUPsice provide the contr ¢l
data N for the NCO THe primary loop nmay be of Type 1, Type 2 orfjType 3 as

The calculation of the smoothed estimate of the NCO bias (Ygyco) is described later.
10 In the case of only a system single having a primary rate input such as an E1
or T1 signed input, the corrected Y, nco(i) can be used directly as the primary loop
feedback error measurement. However, as described later, when there are multiple
primary rate inputs, there are multiple dual input frequency locked loops operating in
parallel. In this more generalized case, the hardware NCO is being controlled by a
15  weighted average of the output of each dual control loop “software” NCO, which is a
virtual NCO. Because a hardware NCO is intrinsically linear (i.e. the NCO offset is
known and repeatable as compared to the variable offset of a variation to a varactor
controlled oscillator), the primary loop feedback for each dual control loop can be
easily recovered. For example, with two primary rate inputs: E1A and E1B, there is a
20  “software NCOs” associated with each input: SNCO, and SNCOg . The actual
hardware NCO correction value (HNCO) at any time is: HNCO = & SNCO,, +f
SNCO, where ¢ + B =1. Since the hardware NCO controls the measurement time
base, both the E1A and E1B inputs are measured with respect to the local oscillator
corrected by the hardware NCO. For example the corrected estimate of the fractional
25  frequency of E1A with respect to the hardware NCO can be expressed as:
Yeia- nco= Yeia - (HNCO+ Y )
However the value of the HNCO correction is known and can be added to both

sides leaving: _
cet Has Been Replaced -

T
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required by the application. In ge er IS 5 A% sepdegluate with oveni zed

oscillators while Type 3 is Us A0 bd oscCi ch as
TCXGs. WO 97M2MOThe control | oops are = preferggﬁyg%@%ge

fractional frequency measurenents instead of phase or tinme error .,
Phase | ocked | ooped are normally based 5 ofy usi ng phase or tinme error
measurenents. Since there is only one input In a sinple phase | ocked
| cop the phase error measurgnent ispfidyer.t,eward zero. In this dual

control |loop structure the p 48 %rvor 1 n the imary | oop is not bounded.
Si nce the f r equebis yieldsar“open loopirrstimate iof the Sractiamalsfresfuencycd thend inputr r or
measurenment to preugnt unerical, roun ffr truncation.enr.ors. The
frequency error or"\"ﬁ’rﬁ%ﬁéﬁfl‘g:}"‘f’ %‘%Oca?gsfﬂ%?msﬁgﬁm%??&fgﬁbgﬁ‘\ﬁlith zero
dead tinme so that oblathet by eghtrabtinpithé figreht RuesiTehe software NCO for thes* A Xchahnel
equal to the tine error plus a fixed constant. FI GURE 4 shows
a power spect rlum Oiclginger response 250 with the abscissa representing
the log of the natural freqgyency ang the of ghjras e resenting the
magni t ude of the power spec?‘?'é[sf\:‘ﬁ‘d .EMT%O-EI’I marySIggﬁf‘rol | oop has a twenty
five 15 second and oiTke puimahydobpt feetbagk for the “B2 dual donrod pop tcambaderivadlin a

i ntegral tinme constant . respectively while the filter constant of
the calibration c&H’?’PaG?aSMBp i s 10, 000 seconds. The system provi des

a band pass filter resgagsgibiiviénicopt inputlel o)s LPHS oBhigledis aaWe s@p Pro@bss. The first
pass filter response 256 to the GPS |g£ut signal. The response 252 to the

| ocal Wi ci Istepipio calsulatsy agstiraate o thedraptionpl freavangypftsetrafitheqorrgeted josal
determ ned by the | . I n thi r st
be suffi ci en%/ r ol Itﬂ%‘%‘@{%ﬂ%%ﬁ erckagﬁﬂﬁ ﬁggﬁﬁyﬁg(ﬁ“"%ﬁ’?gfﬁ%‘%ﬁ?#gdéﬁ?P?}@
processes in the leogiatinchdes maltipie. measurement channels andCf state estisation algbtithm. The

frequency stabl [ty g reiiehts Sharndl§ plovid what 1 3HeS pseuilsirangs Bt The pseudo-range

is a measurement of the current delay offset required to lock the local code of the GPS

15  code and carrier generator of the received satellite signal. The general state space for a
GPS algorithm includes position, velocity as well as clock states. The state update
algorithm (typically a Kalman filter) recursively updates the state estimates using the
pseudo-range input and associated data from the GPS system. The clock states include
a bias term Ximco.aes for the current time error offset of the local time base with

20  respect to the GPS time scale. In the XRS5 GPS engine, up to four state updates are
calculated once per second based on using different sets of satellites, and a single
weighted average clock bias update is determined. Yypco.ps is calculated from this
single, weighted average clock bias as follows:

Calculate the Delta clock bias over the 1 second update interval:

25 Ay = Ximvco-ors( 1) Kinco.aes( i -1)

1) Qualify the current A, as good based on predetermined threshold for
magnitude and slew rate as well as an acceptable clock bias confidence
interval estimate from to Kalman or other state estimation algorithm.

If the Ay, good, then calculate the unbiased estimate of Yyyeo. gps by

30  compensation for small bias in the local corrected time base:

Yinco- aps = Apins / (1 - Y(i dsnco )- -

Been Replaced

"



to any of the input signals may be altered by changing the filtering

paraneters. For exanple, if the long termstability of the El signal
i nproves, the upper limt of the 25 band wi dth of the GPS signal should
be | owered. Conversely, if the long term stability of the El signal

becones | ess, WO/3TIPof f of the filter for GPS signals shoul BCT/USI70744$e
rai sed so that the GPS signal has nore effect on the internediate term
stability of the signal. Still furtheL if the El signal's short term
stability decreases, the higher frequ ‘hcy limt of the bandvvi dth of

Ch, amal Shoul o, be doRARaRSAGEotBE bt 3 or B BSY (T los

shows a further eobatbwipass fiR&Qstihate b Yiis Glp0 SGideri thitahd lofif) te ifitguehcy offset VO
97742710
PCT/ US97/ 07448 of GPS is very small (less than le-12), the average Yy co. gps is 2 good egtimate of the Gps

receiver. An anteggg é@?oda?&s%ill\éﬁﬁ ty 6i |
coupl ed to a GgS engi ne 304 suc %S%?E%Q@Fgggp\%@ ﬁ@tmaﬂlavstar
of Nort hanpt o1, lmplemtimdad'ollowsgdom The GPS receiver includes a software

GPS engi ne (not shown) ipl egent.ed v of fware gn.for exanple a
Mot orol a 68020 (303) with a ﬂimt:{ﬁé ]§SN°° éﬁgé{) g"ﬂS‘aﬁ’S(d Tt he GPS engine

(304) that operates syWhefeG)isihd smouthi ﬁiﬁecé’r@taﬁﬂ‘ﬁxdshouldbt?@fbcfddrf@réfﬁ&qhe The
time base nmay either be direct] from he free running | ocal

oscillator or aftBpmingleminimumyylan|ViagianceSieauancy stabilitydytegration tiraxor tietiopab,
OCXO oscillator with respect to GPS.

10 Once Yinco. grsis calculated, the second step is the derivation of Yy;; . gps for
each E1 input. For each input, a corrected estimate of the fractional frequency error of
the input with respect to the hardware NCO is already determined as previously
described. The calibration loop input is easily derived as shown for the “A” input:
Yeia-ars = Yeia-anco + Yinico. aps.

15 Or the E1 “B” input, this can be obtained as follows:

YEIB-GPS = YEIB -HNCO + YHNCO—GPS. )
Thus, having obtained the corrected fractional frequency inputs for multiple

dual loop control systems, the update of the “software” NCO may be implemented by

a software algorithm performing the foliowing pseudo code operations. (Note that (i )

20  is the index for the current value and “+=" is the C programming operator for
accumulation.) The following example shows the implementation for a type 1

calibration loop and a type 2 primary loop for the “A “ input.

IC;"PSProponbnﬂ_sm-(i) += -{*(Corrected Yeya ynco (1 Yinco.ors (i1 GPSproportionst_state{i-1))"To
ors

E1Asoportionar_siell) += (GPstpoﬂiomLSMQ(i) + Corrected Yeqa sncon (i)- SNCOL(i) )1,
Foraponons




depending on the required cost and performance. The GPS engi ne 304 incl udes
both a GPS nul ti-channel receiver and a software Kalman filter (now
shown) that provides 10 the various time, phase and frequency estimates
and neasurenents for the received GPS signal and the | émgaﬁkklator
XR5 Ti me Base ¥88"#HW udi ng the frequency error differ

measur enent between the GPS and the tine base 306. The tine
base 306 is al so coupled to two nodul e 256 sygchronous counter

| at ches 310, 312 to provide the frequency error zero dead tine measurenents
of . two 15 received E1 or DS1 cl ocks (EL1A and E1B) versus the | ocal

ti mebase. In particular, each of the El clock signals (ELA and E1B)
is recovered by a clock recovery circuit 308, 310 such as are

avai | abl e fron1DaIIasteniconductor t hrough a transformer cougl i ng

and the recovered cl ock SNCOL@FES 6l okl *EINGR) siie()13R% Laoa sa(de [per

every nomnally 1.98 nillisecond strobe to periodically latch the |dtched
count 20 process of the ng
mllisecond rate. The

the once per 1.98
counters 310, 312 | atched count pgrocess track
the frequency error of the !O(%MQGREU-(D+=(E1%%LM@E-TO§T|@H&| ersus the
corresponding E1 signal. Th sanpl ed by
t he processor (not shown) in the GPS receiver in synchronization with the

and the 25 p?éiif%ﬁ%ﬁgsﬁa gpfeyare S e i e PRSP BBt or

reset. Any reset mﬁﬁmwﬂamwd Emnsxéctﬁﬂsdﬂ&dvsﬂmp@pdm afldiittegral
frequency error. It s oul d be noted that t he nom_nal increnental

count is fracti onaSonstants(Taest Freponcd® Taumis) @F&ﬁﬁlﬁcﬁémﬂd?ﬁ'@ degigsd crossovet | g
b dth | R5
ase an € sanp Sﬂcﬂ%}hﬂfa Vcﬂ'ste quaE@ eh cﬁ‘i’}‘ie ﬁ":'%g lﬁer eﬁ{ ofkalX

cl ock pul se erefore, t1on n |se Inthis
particul ar enb8di nMndlﬁBQAllauHenmm nal increnental count is 253. 73 m)dul o]

256 2.27 le i
pr ef g; alr)llegat:\r/rg taggeg ghﬁoggsa}ﬂ%ck[qx?éugeﬁgfygﬂhﬁalzer%%&ea;ma euse W€ 'S

implementatxon A local 10 MHz time base 504, which may be generated by a free

running oven crystal oscillator is frequency multiplied by an LC phase locked loop
502 to provide a 125 MHz signal that is provided to a balanced modulator 506 to be
10 beat against the output of a 120 MHz VCO 508. The output of the modulator 506 is
low pass filtered to provide the nominally 5 MHz signal for phase comparison by a
phase detector 510 with the outpﬁt of a NCO 512 as smoothed by a reconstruction
filter 514. The NCO 512 may be an AD7008 CMOS DDS chip available from
Analog Devices of Norwood, Massachusetts. The phase detector output is filtered by
15 aloop filter 515 and provided to the 120 MHz VCO 508. The output of the 120 MHz
VCO 508 is divided by six to provide a 20 MHz signal to a XRS time base generator
513 for the GPS receiver (not shown) and to the NCO 504. This hardware synthesizer
has the following relationship between output and input fractional frequency:
Y. = (25%y), - 4*r, )/(25 + 4*1,) Eq. NCO-1
20 The NCO by itself has the standard relationship between input and output
frequencies of:
f,=f, * K2*%
The term K/2%2 can be decomposed into fixed and incremental terms. For this

implementation:
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to the real time clock of the prodg

10
getdiit o the ti nebase

ées%@? hners

recorded) when the sanple isilta red &l ong with the

measur enent . WO 97/42710 The bas e..: ------ ener at i IRETVYSOHRTgthe
contents of each counter, the change in frequency information while
reducing the effects of noise, offsets and ofher 5 potential sourcés of
errors is as follows. This algorithmis i ndelg;ndently valid for each
El-clock, be it E1A or E BK/232—025 r The successive sanpl ed val ues
from each latch is stored in"a separéte FI FO queue for each of the

E1A and ELB si gnaivhere I7eARBaind Ads thetihdrerfidntl NCO/@dntie] #oX) Thé hardware t he
counter 308 is conpared with the prior_ val ue N-l) b subtracting the

latter from 10 %M*P@‘eF‘é?"nsB?“ldPPer{‘tﬁ@tWQWQ@G@ jenshi: ence nodul o 256
bet ween the count val ues W predet ermned limt,
i ndicating that the current sgﬁ’pl e | S then the current sanple

i s di scarded. SAssumi ngThdmhtlmShlpdiemehWaamNCQahm@éGOﬂie siaplified in siéady
Sampl o5 every e SBERTEhPRRaRY i st Gp g 2FINCO 8 eoAton NCAL1 refjges
foll owi ng pseudo gpde descri bes the function of checking of dat a and
filtering: (25*-HNCO - 4%, J(25 + 4*1,)~0
The above equation is only satisfied when the numerator is zero therefore:
10 (25*-HNCO = 4*r, ) and finally substituting for r, yields:
A= -25 * 2% * HNCO Eq. NCO-3
Equation NCO-3 provides the required hardware NCO control word to obtain
the desired hardware NCO correction. Note that in this implementation the NCO
control word is update every 250 ms. The actual update interval to the hardware NCO

15 can be much faster. For example the XRS5 processor can support an update every 1 ms.
Dithering of the least significant bit of the A word is used to extend the resolution of
the synthesis process. With dithering, the 3.8e-11 resolution of the hardware
synthesizer is improved to an effective resolution of better than 5Se-13.

The phase noise and spurious phase modulation for this synthesizer is not

20  limited by the performance of the NCO as is the case with pure direct digital
synthesis. The phase noise and spurious modulation of the NCO is translated to the
120 MHz output carrier. However the output frequency required in standard telephony
applications is nominally 10 MHz. When the 10 MHz is generated with a divide by 12
operation, the NCO phase noise and spurious modulation is reduced by 21 dB.

25 As noted earlier the selection of the control word for the hardware synthesizer
can be from one of several operating control loops as well as based on a weighted
average of each software loop SNCO control state. As already discussed a dual input
control loop is associated with each input E1 or T primary rate signal. In addition a
standard single GPS input control loop is always operated in parallel. The single input

30  control loop has the calibration loop disabled. The primary loop is operated using a

Y ors.snco feedback error signal derived in a manner similar to the other primary loops.

This Sheet Has Been Reﬁaced .
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Step 1: Every 250 ns performthe follow ng until there are no
sanples in the FIFO 20 Cet Current ~Count C(N)
/*Calculate difference fromprig C(N - C(N-1)] Modulo

256 note [err] is aj?3 I ifs egek) [/ <
Alerr] the di sﬁ’é’r’a"R‘L gbeat erf/than the préércliﬂes?@é‘;r‘h“ned
limt (less than 16 in this application El se -

/* Current delta sanple is within 17
acceptable limt*/ A= A <<22;

[*Multiply (using Fhérbforein the sdak bf t)wotm or T1 inputs, there will be three control loops
| arge gain 222 to prevent nuneri cal round

of f during filteri PRpraipgimpiraliel {twoziyal input gad pne single input).

er RS, AT O R APl op S S oo,
[err]n=[N (N)= [er g@demge\thhmmﬂqmpcmecﬁoncanbedesmmmera@chﬂmmscwnqbarts:

| ntegrator bef %r © I)Everl}et?‘mi'ferif the sprent Software NCO state for each }ogp isdptheat e

second stage*/

output of first filter nomﬂ[s%a&}ét&&—([err](Nl)<<4 [err] [err] (N +
stage and update second binary filter 30 [err;{ [err]"(N) /16;
every j[err] count (j=53) redetermine-yeightdactors for each Safiwarq Ne ]%lm}!f:tbatlsm

out put of first stage after &&Qﬂt&eo%mnon
second st age*/ )

The determination of steady state operation is based on multiple criteria. Both

10 the calibration loop and primary loop inputs are checked for the following:

a) Is the current fractional frequency level within an acceptable

predetermined level?

b) Is the rate of change of the fractional frequency (i.e., drift) within an

acceptable predetermined level?

15 If the above tests fail then a transient event is likely on the inputs. An
important example is a pointer phase transient event on a Sonet or SDH based
network input. In the case of such an event, the primary control loop input is
temporarily set to zero. This prevents the pointer transient from impacting the primary
feedback loop. Since pointer events are ignored, the primary loop is extracting the

20  medium term stability from the Sonet or SDH carrier and not the payload.

A leaky bucket algorithm is associated for both “a” and “b” type events. [f the
event rate is too high and alarm is triggered. The leaky bucket is asymmetric so that
once an alarm is triggered it will not clear until the control loop is given sufficient
time to settle.

25 The determination of weight factors is based on medium term stability of each
of the control loops. Since the local oscillator is common to all three control loops,
they all have the same short term stability. Also since GPS is the calibration input to
both dual control loops and the only input to the single control loop, all loops have the
same long term stability. The medium term stability of each loop is directly related to

30 the medium term stability of primary loop inputs. The medium term stability is
calculated for each input with respect to the others and the local oscillator. The

This Sheet Has Been Replaced
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X(N=X(N- 1 )+ [err][err](N); /*I ntegrate snoothed delta to
generate accunul ated tine error over

nom nal 250 nWOIMYE® ati on i nterval Note PCT/US97/07448
X(N) is a double precision floating

poi nt vari abl e*/ Repeat Step 1 The above al gorithm shows a

particul ar enbodi nent of an efficient digi talls process to reduce the

counter data to ' i h ccunul ated. tine.error over the
5 250 ns int egﬁ;al?#ggd ?ﬂﬁg‘r’g‘i‘#ﬁc glafhlgeﬁélé{hgg arglﬁigfq]@?qﬁntq'&esmﬁﬂe ﬁﬁef’?ﬁgf“%i ngl e
or cascaded (i . e.stability regiteofites duil@eatpolilops (ternpdal, y: The thr& Pt (BN, E1B and

| f*the nunber of bad val ues in any given conputational period such as 0.25

seconds exceeds aCpPicuith e lncakescillator providewsix relative measmreraentiof MYARET.dhannel
h E1A 14 . . . ] hol d
such as Auing ¥ SShdR Recoldr %Ael%étllﬁéé fecor g%‘ﬁ%"?&gﬁ‘e&%{&ﬂ g%hﬂé?& gf the 10

over node, the E1A clTock 10 can sregar ock E1B
can be used. 5  variance of eachOnpus and/the jocabnidlator tam t@aeleniated timeh the six relativer
estimate X(N) needs. to

be nverted into Lhe zero dead ti estimate
of the frequency W@r%ﬁéﬂ&?ﬁﬂ"ﬁw © pylance “&mﬁ‘r‘?ﬂ%&‘@e‘el&%ﬁmrg?@ieﬁ?}ht or
(ei ther before orinphttaad adsbéiattedntrol Ibop Butput daR be BB ETAddOPor exampleSfallirEe t he
20 MHz tinme base is after the NCO. First X(N) must be divided by the 15

noni nal i nt egr at i ¢8trel leppsarviingiognal gteady state pperationtthencthe weight datculation isyas

(sec/sec). The g ;Fn croprocessor clock is the basis for tine tagging
each sanmple in the ETV The
10 Stabilitygps = 1/ MVARGs(T,,)-

Stability, , = 1/ MVARg,,(T,,).

Stabilityg,y = 1/ MVARg5(%,,).

Weightgps = Stabilitygps /( Stabilitygps + Stabilityg,, + Stabilityg,g)

Weighty,, = Stability, , /( Stabilitygpg + Stabilityg, , + Stabilityg,s)
15 Weightg,, = Stabilityg,, /( Stabilitygs + Stabilityg, , + Stabilitygs)

As further noted above in connection with the discussion of Figures 1 and 2
and the ability to change the filter constants for the calibration loop (GPS) and the
primary loop integral and proportional constants, based upon the stability of the input
signals is desirable. Preferably, this is done by calculating the Modified Allan

20  Variance to determine the stability of the local time base, the El signals, and the GPS
signals. This permits maximizing the stability of the overall output signal as the
various sources change.

As already described the controls system determines an estimate of the current
fractional frequency error of the following basic inputs: |

25 Yimco.grs (Fractional frequency of the corrected local time base with
respect to the GPS time scale)
Yeia-inco (Fractional frequency of the E1A input with respect to the
corrected local time base )
Yem.amco (Fractional frequency of the E1B input with respect to the
30 corrected Jocal time base )

From this basic set a number of related estimates can be easily derived:



nom nal integration tine AT is the difference between the |ast good sanple
time tag and the first good sanple tine tag in the FIFO. (In the
following formul ae the capital |l etter Y representing frequency

di fference nmeasurenents, a subscript such as El-NCO 20 meani ng_El
conpared with WEI™2EMY the letter "s" as part of a subscript 97744
snoot hed estimate and the letter (i) in parenthesis neaning the current_
val ue.) Assum ng the units for AT is myg iseconds, the conversion
formul a shoul d be as fol | ows: Biased Y[err] (i) =

(X(N)/Terr]T) * 50e-9 (sec/ %XFraét%QlﬁétﬁEé&?QGi’S(vﬁﬁl% Ee%dt&(h@i&raﬁ”

Filter 25 Gain) X(n) is en‘reset to z . .
12 error thescilla®sy to be corrected. The first source of bias is the

nom nal negative 2.27 xpe . Ch e in a.ever _Ia&% updat e.
This bias is intentionally f&ﬂ\éﬁﬁ%gf%%“emyd’ggy\% rﬁ%’%‘?‘& E ss and
results in a nom naskillatbr)l 0066675 ppm of f set that nust be added to the

bi ased Y[err]-Nco(i). The segond source, of snmall _bias results fromthe
offset 5 inferent in the simma(gae@%muwnghﬁmhm@%.trgﬂcharrhe

bi ases may be corrgefiger)
Ygia-ops (Fractional frequency of E1A with respect to GPS)
Yeis-ops (Fractional frequency of E1B with respect to GPS)
Yeiazie (Fractional frequency of EIB with respect to E1B)

10 The above six relative measurements are required to manage the three control
loops for this application example. Each of these fractional frequency estimate inputs
can be converted to a time error estimate by digitally integrating:

Xorsro+= Yapsi0* % _
The Modified Allan Variance (MVAR) can be directly calculated from the
15 time error estimates using the direct form of the algorithm:
MVAR(7) = E[ { Z(Xien -2X 10X )}
Where E[] is the expected value operator and the summation is from i=1 to
i=n. Note T =nt,. ' _
However,l a much more efficient algorithm can be achieved by dividing the

20  above process into two steps:

D Operate with a linear digital finite impulse response (FIR) filter on
X(nt,)

2) Calculate the sample variance of the output of the abbvc filtered
process.

25 The above two steps need to be performed for each desired value of nt,. Fora
given value of n, the FIR filter requires that the previous 3n+1 7, samples be stored.
One implementation is to utilize one single store large enough to accommodate the
largest n required. However it should be obvious to one skilled in digital filter design
that a decimation process can be used for larger values of n. For example, a first store

30  can be set up to accommodate n=16 at the T, update rate. 3N-1 or 49 time error

samples must be stored. A second store can be operated at decimate rate of once every



by the follow ng fornula: Corrected YElI.Nco(i) =

Bi asedY[err]-Nco(i) 1 -Y(i)SNCO
The cal cul ation of the snpothed estimate of the NCO bias (Ysnco) is
described | ater. In the case of only a system single having a
primary rate Wp¥¥428¢ch as an El 10 or T1 signed input, thBCEESYTOM4EJ
Y[err][err](i) can be used directly as the primary | oop f eedback
error measurenent. However, as described |latg, when there are nultiple
primary rate inputs there are nultiple dual "1 nput frequency Iocked | oops

Klpcgr ?tsi Bgi Ing cont ro ggé L@httolﬂ%gt&%wel gﬁ]}?e e@%ﬁ% ?%F%?ﬁlg,las{% efds\eggjgh

dual control | oopfits stbtwﬂhegecmommm seSu;atothommadatmaﬂlﬁJ‘lﬁDlheBﬁemm a

hardware NCO i s |ntr| S|caII near NCQ .of f.se own
and repeatabl e as E’(‘I’ﬁg" dtst?é V&ﬁigﬁ'cﬁezé thﬁg& S‘f‘gg‘exﬁg?‘feé\pf’%"}l@c
var act or COBfofapk L-@dlrékﬁ&ité 4ré gRtatly reédi@dRhd FRLYdahORkring %Hélﬁﬁdﬁsfa&r each

dual control |oop can be easily recovered. For exanple,
primry rate ihpuehmingted Bosexample, sivenithat the MVAR is requised fonnFet M" 2"

associated with e t hatr d e NCO

correction val ue ?ﬁ%&&wmg %ﬁﬁ&eﬁlﬁ‘?{gﬁ%% IB%S?S&}&MEER}]“@

SNCO err] where [ stores and@mimz}uonlhe éﬁomgaeq\ki&rﬂmr d\twueed‘{ﬁiﬁmaﬁh Elemnsntk. he

nmeasurement tine both the ElA 05 are neasured with
olhs ml aa

respect to the | ocal t5F process 0"0%“? %‘Yﬂmre NCQO. " For

exanpl e the corrected estinpte thvéﬁ"@né\iﬁﬁébﬁ&adampleatmde{j'ﬁ%@ﬁ&lf of E1A
with respect to the hardware NCO can be expressed

Yierr]-[err] ¥ Y[err] ( HNG+ Y[Undajethe current moving averaaemnesmpiemmemf
t he HNCO correction is known anqocﬁg,ﬁl%omqw to both si des | eavi ng:

3) Update the lag moving average using samples from index (j-
n)mod49 to (j-2n+1)mod49.

4) Update the double lag moving average using samples from

15 index (j-2n)mod49 to (j-3n+1)mod49.

5) Update the second difference output to be: Current moving
average - 2 * Lag moving average -+ Double lag moving .
average.

The MVAR for the given value of n is update as follows:
20 1) The current MV AR single sample variance is given by: MVAR
sample = (Second difference)’ * 3.0/( 1)

2) The average MVAR power is obtained by using a binary filter
to calculate a running estimate of the average MV AR from the
sample MV AR for the given value of n. The averaging 1 is

25 selected to yield good confidence and convergence time.
An alternative embodiment 600 (shown in Figure 7) to the embodiment of
Figure 2 that provides for better operation in the event that the El or T1 link is lost.
In particular, in Figure 7, the fractional frequency difference between the local
oscillator (LO) and the GPS signal (Ygps o) is provided as a first input to the dual
30  input phase locked loop 600 and the second input comprises the fractional frequency
difference between the E1 (or T1) and the local oscillator Yg,, . The two inputs are



Y[err]- Herr] + HNCO = Y[err] - Y[err] ~ This yields a "open
| oop" estimate of the fractional frequency of the A input

AVENDED SHEET I I . {PEAJ_I%E

13 with respect to the free running |ocal oscillator e prinmary
| oop feedback WOT42T0 oht ai ned by subtracting the current va‘Tq}'@@’Fm‘{‘fﬁa
software NCO for the "A" channel yi el di ng: . .
YEI' A- SNCOA = YEI AL HNCO + HNCO = SNCOA 5 o _ The primary | oop
feedback for the "B" dual control |oop can be derived in a simlar
fashi on. provided| ﬁ@pe‘éﬁ%lf’fo&hé Qﬂ)trh&@ﬂg 12 Rl 6d2¥£§)5£tiveﬁ[o? iHel hbl%uon
obtained is a two step ﬁrocess first to“calculate an
estimate of the frigeppb mdthnmmarmdtyop(ﬁlﬂsa‘he cahbtdtlen tnopnmmtdesja kadibedtion filter

o 2 L | SB BE n sn n SE bR,
state estimation atalibfatibhBop BiPEand the primary loop 601 while the primary loop 601 has a filter
5 604 that processes the differences of the Yg,,, and the output of the primary loop fed
back from output node 606. The outputs of the two loops 601, 611 is summed at an
adder 608 to provide the fractional frequency Yy, for a numerically controlled
oscillator (not shown) to provide the local oscillator output after further filtering. By
selecting the local oscillator LO as the comparison signal for these two loops (and
10  possibly additional calibration loops) the comparison signal that is used (the LO) is
the most reliable comparison signal available.

The output of the primary loop 601 is the numerical correction to lock the
local oscillator onto the E1 (or T1) signal. The calibration loop provides an output to
steer the local oscillator output over the long term to the phase or the frequency of the

15 GPS signal. If the primary loop however, fails in the embodiment of Figure 7 (or
goes into holdover), the secondary loop in essence becomes a simple phase locked
loop.

The loop filter function in the primary loop P(s) may be a class 111 filter having
time constants of forty seconds, one-sixtieth of a second and 800 seconds while the

20  calibration loop filter function C(s) may be a class I filter having a time constant of
about 2,000 seconds. Thus, the calibration loop is only sensitive to long term changes
between the LO and GPS while the primary loop is only sensitive to shorter term
changes of differences between the LO and E1 (or T1) signal. Further, extremely
short term changes in the GPS and E1 signals has little or no effect on the changes on

25  the output of the local oscillator in the manner discussed above.,

In the first embodiment of Figure 2, the two loops were completely decoupled
while and in the embodiment of Figure 7, the calibration loop is not decoupled from
the primary loop. Nonetheless, since the calibration loop’s time constant is much
longer than the time constants of the primary loop in this second embodiment, short

30  term effects from the loss of the primary loop will have substantially no effect on the

secondary loop since the time constant of the class III filter is generally at least about



measur enents channel s provide what is ternmed pseudo-range data. The

pseudo-range Is a nmeasurenent of the current delay offset required to
| ock the | ocal code of the GPS code and carrier generator of the
received satellite signal. The general state space for a GPS

al gorithm i ncwode#27ppsi tion, velocity as well as clock stat ®CTUBHIM4%t e
updat e 15 algorithm (typically a Kalman filter) recursively updates the

state estimtes using the pseudo-range_i nput and associ ated data from
the GPS system The clock states include 22 3 pias term XHNCO Gps for
the current tirreterr.or of fset of the |ocal tine balse W th respect to

the GPS time scalflye timesgrrater han thetime constant of the firskloon st at e updates are

cal cul ated once per seopERthenBsHIRABNt Edcddedh @?Isd%ﬁiﬁ:&d%tlﬁ%ﬁl%étes’ and
a single 20 weighted average clock bi-as updaie is determned.” Y[err]co -

GPS i s cal cul at edransfgrmithess of ordinary skilhin the apmiillreadily undenstapd how trimpbémaent as

foll : . I | ' d
ugda::) \gs i nterval : the d:sclos%ﬁ eﬁn%&ﬁneeg{ ée}@?][ﬁk:&g%gl? g ?%&"E A"%ﬁtf’ %ﬁéﬁbg&r i:b-y i;ac o
1) Qual i f y5t hdmpleafentihg thb istacture digitallyl Fersnysle, the entidandtit Bepigwag gshg) d

for 25 ma9nitude and slew rate as well as an acceptabl e_cl ock
bi as confi dence one ol ordinary skill copld.proxide thefrequency pr Phase epmparaters thy GBS time

state estinmation ' : : f: ' al cul ate
the unbiased est i%ka?gﬁ%ft'ﬁ%ﬁ%gtmﬁé%mwwwrm m&%&%ﬁ%ﬁggﬁ Fpltaed S B0 e
in the |ocal cor rmaistoptbcessarorfaSR one could use the-1GEe des@il®d-prigpamiing dechhigués
(1-Y( i )SNCO 3Q.. The cal cul ati.on. of . t hed esti mate of
the NCO bias (Y( % implegnent the logp Sy urd Shotm i Figgre %&?‘Bg@&’r’r e SobabedpiY o of
YHNCO - GPS. S1( v edppareatthoivwditiongl calibratidil 166ps0aM berdadity added for additional timing

sources by summing separately the output of the primary loop to the output of each

calibration loop for feeding back to take the difference and then summing the outputs
of each calibration loops with the output of the primary loop to drive the NCO. By
selecting appropriate time constants for each calibration loop differently, no weighting
15  of the sums is required or alternatively weighted summing to drive the NCO may be
“used to maximize the controllability of the NCO.

To further improve the performance of the system, the El or T1 can be passed
through a delay line of about five to twenty seconds before being coupled to the phase
or frequency comparator for the pnmary loop. If transients are detected in the timing

20 information in the delay line, the integrator states for the E1 or T1 signal from the
filter in the primary loop can be substituted for the actual data points of the input
signal representing the transients. This will effectively remove the transient from the
system and permit a more accurate time base.

It will further be understood by those of skill in the field that other

25  embodiments of the invention are also possible such as using OC-3 links or other
links for extracting the intermediate signal. Further, in coastal areas to reduce system
cost, LORAN may be used in lieu of GPS. Other system parameters may be changed
such as sampling intervals of course. The scope of the invention should, of course, be

measured by the claims.
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The cal cul ation of the snoothed est{f ?‘g (Y( i )snco) is
based on a low pass filter & ' fAIACERNCO- (RS. G v e
| ong term fred¥@ATHRTH f set "L GRS ~—~---"“"'"-/’ (1 ess?’?ﬁéﬁﬁm&- 2),

t he average YHNCO. GPS is a good estrm mate of t he corrected Iocal

oscillator frequency bias. The snoothing fil §§>r to obta

i npl emented as foll ows: Y(i )SNC&II%“‘ Illlim l,m”m
i -.1) SNCO*- (1- 1/ T §lgfakey: + YHNCO-GPS (i )/ T ere femr| sis+t
snoot hing tine constant and shoul d be selected to reflect the

nomi nal mi ni mrum Alllan Wanuhlpb@omelqmpmxmsham hii least twqmgna@daand adpcdlor t he

| ocal osci |l I at or ct t Once Y[err]-GPS
is calculated, the sec8§ﬁ5ﬁag? ‘ﬁ%ﬁ%ﬂls hgving 3 frequencyass L‘G{ed

each El input. For eac Iﬂxdréirﬁtﬂ each sfgﬂmaeﬁlgmm&g fRGRn6Y sthkiftylch@Gétb:iios such
frequency error of t he H;gut wWith respect to the hardware NCO i s

al ready deternfned as éonotigna)nominally hpsdhe hestchort wmm stabilithaescsd sigadlp
input is easily derived,am.H) a4 nt Bést inttmedtate teHh Yability and a third signal having

nominally the best long term stability, the dual source loop including:
first difference detection means for detecting a first difference between
two of the three input signals, the first difference comprising one of a group of
10 frequency and phase differences,
second difference detection means for detecting a second difference
between two of the three input signals, one of the input signals being different
than the two input signals coupled to the first difference detection means, the
second difference comprising one of a group of frequency and phase
15 differences;
an oscillating means to provide the output signal having short term,
intermediate term and long term stability characteristics;
filtering means responsive to both of the differences to control the
oscillating means such that the short term stability of the output tracks the
20 short term stability of the first signal, the intermediate term stability of the
second signal and the long term stability of the third signal.

2, The loop of claim 1, wherein the filtering means comprises:
a first low pass filter responsive to the first difference detector and
having a first frequency response;
a second filter responsive to the second difference detector and having
5 a second frequency response; and

the oscillator being responsive to the output of both of the filters.

///
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YEI A - GPS =YEI A. HNCO + YHNCO. GPS 15 O the EI "B" input, thi m\\“\
obtai ned as foll ows: YEI B- GPS = YEI B- HNCO + YHNCO- “\“\m‘“

Thus, having obtai ned the correct ency |

mul tiple dual | oop control {SYHISSEEET hes @pgRt g of t he "softwar e" NCO
may be i npl enmdyR EW2m10 a sof wareREPgACEDhm pejfif or m ng PEBUSYION48i ng
pseudo code operations. (Note that—try—20 t ndex for the current
value and "+=" is the C progranm ng operator for accurul ati on.”J The
foll owi ng exanpl e shows the inplenentation % a type | calibration

| d t 2 f, t "AC
o9 and 2 VP 24P iR AT Sk ol Bl pepscrmpss e

GPS[er] _w I'stm (i-1))signal with the secon CSgnal and the sEéoﬁB%ﬁfe}encbaéteduoﬁmeans

(GPS[err](i) + Corrected Y[err]_-SN 2h SNCOA(i) ) Prom
compares the first signal with the third signal. _
4, The loop of claim 3, wherein the filtering means further includes means for

determining one of the phase and the frequency difference between the second
and the third signals. -

5. The loop of claim 2, wherein the output of the first filter is coupled to the input

of the second filter.

6. The loop of claim 5, wherein the output of the first filter is coupled to the
output of the second filter.

7. The loop of claim 2, wherein each filter has at least one parameter that alters

the frequency response of the filter;
means for determining the relative stability of the signals with respect
to each other; and means for altering the filter coefficients to maximize the

5 overall stability of the output signal.

8. A method for providing a clock signal having a stability characteristic curve
based upon the three separate input signals, each of the three signals having its
own stability characteristic curve, each of the stability characteristic curves of
the input signals being alterable in response to environmental conditions, the

5 method comprising:
comparing at least one for the frequency and the phase of each input
signals with at least one of the frequency and the phase of another of the input
signals;
filtering the comparisons with alterable filters;
10 outputting an oscillatory signal based upon the filtering; and
adjusting the filters such that the frequency stability for the output is

maximized.
This Sheet Has Been Replace
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SNCOA( i) El[err](|)+E1[err](|)+G3 J

i += (ELA L5 the softyar
correction sta‘FQ"Eﬁ’t’?qmte updat ed I n ¥ sﬁmg)m

application exanple [err] = 0.25 sonds The vari ous proportional and

i nt egral constants ([err]GPs, [err][ernf and ru) &
provi de the desired crossover points in terns of Smum"lﬂ“@gp””m l
frequency of the output to provide the | owest overall Msdi

Vari ance.

9. The method of claim 8, wherein the stability cures of the adjusting of the
filters tracks causes the stability curve for the output for the oscillator to
substantially track the most stable portions of the stability curve for each of the
three input signals.

10.  The method of claim 8, wherein the outputting of the oscillatory signal is done

through one and only one synthesizer.

11. A loop apparatus for providing an oscillatory signal having a frequency
stability based upon at least three input signals having different stability
characteristics, whereby combining the stability characteristics of the three
signals provides an optimal stability characteristic, the loop apparatus

5 comprising:
comparison means for determining one of a phase and a frequency
difference for two different pairs of the input signals;
filtering means responsive to the comparison means to generate control
information;
10 no more fhan one synthesizer, said synthesizer having a frequency
stability characteristic and responsive to the control information to provide an
output signal such that the control information causes the frequency stability

characteristic to substantially track the optimal stability characteristic.

12.  The loop apparatus of claim 11, wherein each of the signals includes noise and
biases, the loop further including estimation means for estimating corrections

of at Jeast some of the differences.

13.  The loop apparatus of clam 12, wherein the filtering means performs filtering

on the differences with altering filtering parameters.

-
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Figure 6 shows a bl ock diagram of a synthesizer 502 that | ' .
I npl ementation. A local 10 WHz tine base 504, which _my bm‘mg\lwmﬂ‘mﬂm‘\
free runni ng oven crystal osci 5] -= cy m'H* I'el'1ed by san *LC

I'ghal that is provided to

phase | ocked | oop 502 to pr
a bal anced nowolowgzme 506 to be 10 el out put PEE/USITIOIRSVHZ
| ow pass filtered to

VCO 508. The out put of the nodul atie:
provide the nomnally 5 MHz signal for phase conparison by a - phase
detector 510 with the output of a NCO 512 a£bsnoot hed by a reconstruction

filter 514. The NCO 5 be an AD7Q08 DPD: I p avail abl e from

Anal og Devi ces ofk}orV\xj;@ﬁfi[“"51 B%fﬁ‘l"lﬁgg‘ilflgl.I%Wge‘iﬁﬁ’égﬁgﬁeétpé@ﬂﬂer%?ﬂlt‘ﬁmqo@
filtered by 15 a | oQpydiniz: @i B b 120 MHz VCO 508. The
out put of the 120 MHz V&%O%&?gag?@?/dﬁgg%ﬁﬁg%@?o provi de a 20 MHz

signal to a XR5 tinme base generator 513 for the GPS receiver (not

shown) and to the, NCO 504 Ls _hardware t.nesi zer has_,the
following relati olrgs\;lhi B‘&%‘\Rgg‘%f %ﬁ?’ﬁtﬁ nc’(':llﬁ?G Eﬂg?ai?‘?g'&?gﬁ%ﬁmﬁyr%ﬁb&gxgﬁed
The NOO by 1Lo6l T has ‘£he St atbre T ol oL oot b het gaon | noul andoul put

e y itse as e standard rel ati gnshj p, bet ween i nput and out pu
frequenci es of: and a signal received °"‘F"[aéPﬁ?‘Pi"Pk’*th?@12@2d comprising: The term

K1232 can be deconposed i Nigehiediyncabitlingdné SFPREqHendySnt hask Afffdrdtice

i npl ement ati on:
5 information between the locally generated signal and the landline signal to

provide first differences;
repeatedly measuring one of a frequency and a phase difference
between the radio link signal and one of the locally generated signal and
landline signal to provide second differences;
10 filtering the first differences with a first filter to provide a first filtered
differences;
combining the first filtered differences with the second differences to
form a first combined differences;
filtering the first combined differences to provide second filtered set;
15 combining the first combined set with the second filtered differences to
form second combined differences; and
controlling an oscillator with the second combined differences to
provide an output clock signal having a frequency dependent upon at least the

landline signal and the radio signal.

20 16.  The multiple source loop of claim 1, wherein the oscillator means generates
the local oscillator signal and the local oscillator signal is provided to both the
first and the second detection means, and the filtering means further includes:

a primary loop having an output and being responsive to the difference
between the differnces determined by the first difference detection means and

25 the output of the primary loop;

a calibration loop having an output and being responsive to the

difference between the differences determined by the second difference

-This Sheet Has Been Replace
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16 K22 = 0.25 + ra where r,
the increnental NCO control word. The hardware synt Imu "ﬂa I IHE

oper at ed to achieve the follow ng e B:EN
yl[err] = y[er + HNCO Eq. NCO- 2 {I57h relationship
1‘1’9 kR 16 st at ggg&\ﬁ%@q Werr]

equation NCO- WRAWARKO 2 i s sinplilfied [
is nomnally zero therefore y[err] NCO and equation NCO 1 reduces _,
t o: (25*-HNCO - 4*r[ernp) /(25 + 4*r[err])=0

The above equation is only satisfied when the nunerator is zero therefore:

iio'el . (25%- HNCO = girler &,LAag} ﬁﬁg@%g” oﬁfﬂﬁ%&é&%ﬁhgﬁﬁ&

Equati on NCO 3 provi dedodpscthe espillatiog meamscheingssteri@dbessd tiperi thesumnl of the obtpat of
t he deswedh dware N ctio Note that in this inplenentation the
NCO rol wor ergts{fﬂﬁ g\}% ™ 250 ns. The actual update interval
to the hardware NCO 15 can be much faster For exanple the XR5 processor

can support an update every hering of the |east significant
bit of the [err] wdord Qled%@cpftcbne%ﬁewr@h@erlemﬁlﬁbqr@wlqslpsadelay ling qeupled

Synt hosi zer 1 1 mpr oved ke e SR st AL 4k Rl 0 57 ©

The phase noi se and spuifferamsceple@etor, lsmluhaatattaastﬁmetrhns&msymﬁ:hetgniléiavmgﬁmt
20 limted by the perfar.manc as,is ure direct
di gi t al synt hesi st i %??g%tgnﬂﬁﬁagj‘gga‘f‘i‘ﬂ bg ﬁ?i@%ﬂqﬁgﬁﬁ%ﬁﬂ WYY he

puar—— =

NCO is transl gsed to thgop. 120 MHz output carrier. However the output
frequency required in standard tel ephony applications is nomnally
10 MHz When the 10 MHz is generated with a divide by 12 operati on,

t he NCO phase noi se and spurious nodul ation is reduced by 21 dB. 25
As noted earlier the selection of the control word for the hardware
synt hesi zer

/.
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can be fromone of several operating control |oops as well as based on a
wei ght ed average of each software | oop SNCO control state. As already
di scussed a dual input control loop is associated with each input E1-
or T1 primary rate signal. In addition a standard singl e GPS input
control | oop i¥O3Y yg operated in parallel. The single i nputtCEES¥7¥4%: r ol

| oop has the calibration |oop disabled. The, primary |oop is operated using

a YGPs- SNCO f eedback error signal derived in a manner similar to the
ot her primary | oops. AVENDED SHEET

| PEW AV_ - 17
Therefore, in the case of two E1 or Tl inputs, there will be three control
| oops operating in parallel (two dual input and one single input).

Using the three control | oop application as an exanple, the algorithmto
generate the Hardware NCO correction can be described. The al gorithm has

two parts: 5 1) Determne if the current Software NCO state
for each loop is in the normal steady state.
2) Det erm ne wei ght factors for each Software NCO outpdt that is in

FIG.1

SUBSTITUTE SHEET (RULE 26)



steady state operation. The determ nation of steady state
operation is based on nultiple criteria. Both 10 the calibration | oop and

primary |l oop inputs are checked for the follow ng: a) l's
the current fractional frequency |level within an acceptabl e

predet er mi ned VERZY43710 b) s the rate of chang%cwsgt"ﬂé“s
fractional frequency (i.e., drift) within 20

acceptabl e predeterm ned |evel ? 15 |f the above tests fail then a
transient event is likely on the inputs. An i nportant exanple is a
poi.nter phase transient event on a Sonet or SDH based net wor k i nput.

In the case of such an event, the primary control |oop input is

tenporarily set to zero. This prevents the pointer transient frominpacting
the primry f eedback | oop. Since pointer events are ignored, the
primary loop is extracting the 20 mediumtermstability fromthe Sonet or
SDH carrier and not thé&3payl oad. o Aa eaky bucket algorithmis
associ.ated for both "a™y{nd "E? " ts. If 0 event rate is
too high an al ar S trlgger . The | efky bucket i9q asymmetric so that

once an alarn1isnéﬂ gered i ear until the control loop is

gi ven sufficient \\

The determ nati on of

wei ght factors is bas " M I VARSY, r-Y-YaY 2) of the
control |oops. Since t IS connnn to all thrjee control
| oops, they & | t termstability. A since GPS
is the calibration th dual control |oops a the only
input to the singlefc oops have the me long term
stability. The nedi ili gach loop is directlyfrelated to 30
t he nedi um term st indry | oop li nputs. The nediu rmstability
is cal cul at ¢ 'hput with rgspgct to the ot the | oca
oscillator. The Iz AVENDED SHEET
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nodi fied Allan Variance is used for the earliest integration tinme inside

t he nedi um s‘§?ility region of two dual control |oops (terned
///////////////"Y??‘{’ The three inputs (ElA, E1B and PCHEST0G448 1
the local oscillator provides six relativg,geasurements of MVAR([err][er]).
Usi ng a standard N-corner hat variance deconposition technique an estinate

of the 5 vari-ance of each input and the local oscillator can be
calculated fromthe six relative vari ance neasurenents. Fromthese
variance estimates, the weight factors for each | nput and associ at ed

control |oop output can be determ ned. For exanple, if all three
control loops are in nornmal steady state operation then the weight
calculation is as foll ows: 10 Stability[err] = 1/
MWAR err]s(1,). § abilityBlD = 1/ MAREI B(rn.

. '\ o+

g
N

1/5t6PS
M

|
[} £ g .S
= 3 g g
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Wi ght OPS = Stability03S /( StabilityGPS + StabilityE | A+ StabilityEl B)
WeightEIA = StabilityElA A( StabilityGRS + StabilitYEIA + StabilitYEl 9) 15
WeightEIB = StabilityEIB /( StabilityGps + StabilityEIA + StabilityEl B)

As further notqg ggaﬁg’in connection wth the discussion of Figures | and 2
and the ability P57¢ nge the filter constants for the cali br RETEEIVIMS
(GPS) and the primary | oop integraulgnd proportional constants,
based upon the stability of the input signals is desirable. =

Preferably, this is done by calculating the Mddified Allan 20 Vari ance
to.determne the stability of the local tinme base, the E| signals, and the
CPS signals. This permts nmaximzing the stability of the overall

out put signal as the vari ous sources change. As

al ready described the controls system determ nes an estinmate of the current
fractional frequency error of the follow ng basic inputs: 25

YHNCO GPS (Fractional frequency of the corrected local tinme base with

respeet to the GPS tinme scale) YEI A- 1 f NCO (Fracti onal
frequency of the EIA input with respect to the

corrected local tine base ) YEIR-. nto (Fractional
frequency of the E1B input with respect to the 30

corrected local tinme base) Fromthis basic set a nunber of related
estimates can be easily derived: WO 97/ 42710

PCT/ US97107448

-2.00

~3.00
log NATURAL FREQ.
FIG.4

~4.00

-5.00
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19 YGPS. LO (Fractional frequency of GPS with respect

to the | ocal oscill ator) YElI A-LO (Fractional
fiequency of EIA with respect to the | ocal oscillator) 5

YE. B-LO ( Fract i‘gnal frequency of EIB with respect to the | ocal

oscillator) 097142710 YEI A-GPS (Fractional frequeREUSITEHMER
W th respect to GPS) 5,;(EI B{. PS (Fractional frequency
of EIB with respect to GPS) YEI A-EI B (Fractional =
frequency of EIl B with respect to EI B) 10 The above six
rel-ati ve neasurenents are required to manage the three control | oops
for this application exanple. Each of these fractional frequency estimte
i nput s can be converted to a tinme error estimate by digitally

i nt'egrating: XGPS-LO + YPs-LO *o The
Modi fied Allan Variance (M/AR) can be directly calculated fromthe 15
tinme error estimtes usingtédi rmof th | gorithm

MWAR(,) = E { E(XmM+2. -2X 1 Where Et] is the

expect ed val ue operator and the to I = Not e

"r = nOr. However, Ja nuch nore ef al gorithm be
achi eved by dividing the 20 abgve proc “intjo two fst eps:

1) perate with a linear digifal finit® i npdl se rdsponse (FIR) kLl ter on
X(n-r) 2) Cal cufate the W

anpl nc§ of the output of

BED
&
§

t he above filtered
gl
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process. 25 The above two steps need to be perforned for each

desired value of n'r0. For a given value of n, the FIRfilter

requires that the previous 3n+l sro sanples be stored. One

i npl enentation is to utilize one single store | arge enough t at e
BRI

t he | arY@4H% equi red. However it shoul d be obvious | | ed
in digital filter design that a dgghmation process can be used for

| arger values of n. For exanple, a first store 30 can be set up to
accomobdate n=16 at the ro update rate. 3N-1 or 49 tinme error sanpl es
nmust be stored. A second store can be operated at decinmate rate of once
every WO 97/ 42710

PCT/ US97/ 07448 20
32-[err]. The input to the store is sinply the noving average of the | ast
32 sanples in the first store. Tle second store can be set up to

accommodat e n=16, but the integration tymes for the second store are
from32[err] to 512[err]. Using theramovre=gopnoacH~rf——= storage _
requi renents are greatly reduced and redund fillterddeng dperations are 5
el im nated. For exanple, given that}jth rdquigeed ffor n = 1,2,4,8
2[err] a single buffer i wqul ¢, reqyte 29] 153 data
el enents. By using three

LOOP FRLVER
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FIG.6
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stores and deci mation the storage requirenent
The FIRfilter

el ement s.
as foll ows:
i ndex |

(j - n+l) nod49.

in the store:
average usi ng WadK¥0from i ndex |

10

usi ng sanples fromindex (-

0- 2n+1) nod49.

average using sanples from 15

is reduced to 147 data

process for a general value of nis

Gven a new tine error sanple at

2)

Hgdate the | ag

Update the gﬂﬁﬁgg%wﬂaying

novi ng aver age .

n) nod49 to

Updat e the doubl e | ag noving

i ndex (-2n)npd49 to

(j -3n+l)nmd49. Q 5) Update the second difference
output to be: Current nov%?b ' average - 2 * Lag
novi ng average + Doubl e | novi ng aver age.
The MVAR for the given v of nis update as follows: 20

1) The current MVAR siindgl e sanpl e variance is given by: MAR

sanple = (Second differencg)2 & 3.0/ ([err])2 2) The
average MVAR powgg, i s obtlailnedgby using a binary fil ger

to calculate a rungi ng egtT™Rate of the average MVAR romthe

sanpl e WAR for Hren va ' . i i

selected to yield onf i An
alternative enbpd| nent 6 shown in Figure 7) to th mbodi meht| of

Figure 2 that ptoVides fQr [Petter operation in the eyent thqr'thb El or T1
link is |ost. In parfticular, in Figure 7, the{ftacti @al frequency
di fference betweeh the | ocdl oscillator (LO an¢d the GPS kigna
(Y[err]-Lo) is prpvided as ja first input to the dual |3 i npuf phase

| ocked | oop 600}apd téme seciond input conprises the fra¢tional frijequency

di fference betweeh tNEl| (lor T[err]) and the local ¢s¢illator| YEl-LO The

two inputs are

N
W
4
=
2 z o
o /ﬂ & w
-9
@©
o
o
©
o~ o~
» ‘8 8 !

GPS10
YEl-LO
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provi ded respectively to the subtractors 612 and 602 respectively of the
calibration | oop 611 and the primary |oop 610. The calibration | oop
includes a calibration filter 610 that processes the differences
between YJ err]Lo and the sum of the output df the calibration | oop

611 and the primary | oop 601 vvhile'th_e primary loop 601 has a filter 5
604 that procegeaeds bmtidi driler afitemssofahinutes. YErthen therstiatility afubgtiming sighals

AL A ok b e
frequency Y[er rslevérQT se@oﬁﬂérfﬁ b finGRe id I?Aﬁrfaﬂ?' bettﬁretpa.:? i@?S' drd lg{:al shown)

to provide the local oscillator output arter furt tering:

sel ecting the loscilllatons @isld result, thére &snd tite signab didt sambe uspdads aftimingheatcetfop
| oops (and 10 possi bly additional calibration | o%ps) t he corrfgari son
si gnal thatd i s frpguenqy siability) thropghout short; intermediate and lapg teraosighilityseanstaigtsal

avai | abl e. . . | of the primary loop 601 is the

nuneri cal corrég%til%ﬁcqngn}lgag@%‘ggﬁg' . local oscillator onto the El (or
T1) signal. The cal iAfdthérGiltetmfive ¥ Q\ise af eAsenlé BF lochPoscillators t& irfftové AR

| ocal oscillator output over the long termto the phase or the frequency of

the 15  GPS sistability of thet éwergll quartzoscilatoriresourcerandfpmovide faulttdetectiono Haveaver
BLC g Imggr : Zi grg |rtléls Hﬂ}g’xgs %’8@%}' nto og logcqﬁgt%zd attegc% o%gt?gnd\%ﬂ%hlig 8 giglmr}ic%g’? gorls% ©
10  issue.

Therefore, it is a first object of this invention to provide good stability clock
source for the short term, intérmediary and long term measurement intervals. It is yet
~ another object of this invention to provide such a timing source that is rebroducible
throughout an entire network having a large number of nodes without a substantial per

15 node cost.

Summary of the Invention
These and other objects are achieved by a multiple source frequency locked |
loop such as a dual frequency locked loop. In such multiple source frequency locked
loops, one signal such as a locally generated quartz oscillator provides the best
20 stability over short term. measurement intervals while one or more received second
signals such as an E1, DS1, or OC3 signal provide the best stability over intermediate
time measurement intervals and a third source such as GPS or LORAN provides the
best long term stability. The multiple input frequency locked loop provides stability
substantially equal to or befter than the best of the three sources available for any
25  specified time r.nea;;xrement interval and each of the three sources will be used as
controls for the output. , '
Preferably, the local reference oscillator, which has the best short term stability |
is coupled directly to the output of the control loop. The signal with the best
intermediate period stabilify should be used as a first reference to steer the output of

30 the control loop for intermediate stability. This control loop may use a Type I, Type II

AMENDED SHEET
IPEAJEP



Ioop _ The loop filter function in the primary |oop P(s) may
be a class Il filter having . | time constants of forty seconds,
orwe-sixtieth of a second and 800 seconds while the 20 calibration | oop
filter function C(s) may be a.class | filter having a tinme constant of .
about 2,000 seconds. Thus, the calibration |loop is only sensitive to |ong

t er m changes bet ween the LO and GPS while the primary loop is only -
sensitive to shorter term changes of differences between the LO and
El (or T1) signsTypedlitdeatrol opr Tielthird input sigdl pwhichdasithettestleng iternt $tabilis
and El signals has little or no effect on the changes on 25 he out ut of
the | ocal osci |Sugh8s GPS ardORANmay bF yeeskian opspdeop manner for calib ration

first enbodi ment of Fi re e S 189

Wi e amaoin T eeingloi thel Sif of Bfe gﬂ&%d‘}&?é) hﬁé&‘%’?g@@%gﬁ%p I%Hﬁh?qmly
decoupl ed fromgpe dl%ltalts ﬂthE‘.ltéfEiE Hcthélﬁpreqbﬁ&?h@ﬁia@t%ﬁhoﬁmg rietworkdhpiits ate on
loop's tine constant is”nuch lgier than the tine constants of the

primary | oop i msedi Asepamtﬁjdlmlrinpm nmtrq edmistopeated mespﬁwerer@csgchmswpﬂhe
| oss of the pri,mar haye hst ta ct on t
secondary | ogp 1§Pw)c/§L‘ler?€“{V‘\’:l H’étpb‘f)ﬁg‘ﬂ%?g I tlhe%/sgégge F’fq szef ésrn‘?q?aﬂeqél?eal ly

at | east about Y/
A tant; chosen so that the predominant effect on
PCT/ USO7/ 07448 control 1oop¥\0rﬂé {o%% fiter constants are P ant

stability of the three signals are selected to maximize stability of the output signal.

Description of the Figures
10 | FIG. 1 is a plot of hypothetical frequency stabilities of various input and output
signals. ' )
FIG. 2'is a laplace domain model of a first embodiment of the invention.
FIG. 3 is a block diagram of the embodiment of the invention._ '
FIG. 4 is a plot of the frequency stability transfer response for the embodiment
15 of FIGURES3.
FIG. 5 is a block diagram of a further embodiment of the inven_tion.
FIG.6isa block diagram of a synthesizer that may be used in a further
alternative embodiment. -

FIG. 7 is a laplace domain model of a further embodiment of the invention.
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five times greater than the tinme constant of the first | oop.

Wi |l e the enbodi nent disclosed in Figure 7 is depicted as the Lapl ace
tkansform those of ordinary skill in the art will readily understand how
to i npl enent t he di scl osed enbodi nent either using anal og conponents
and a VCO or by 5 _inplenenting the structure digitally. For exanple, the
enbodi nent of Figures 3 or 5, one of drdinary skill could provide the
frequency or phase conparators, the GPS tine base, and using either

t he m .cr opr oce$x®siled'DdsbAptidtof the® p€d Binbadiagdms at e m cr opr ocessor
or DSP, one could use the above described programmi ng_techni gues to
i mpl enent the | oop dJtiguretlishews asdhustrgtipe hm@hqt!calspliowfﬂlmvr%@ﬂ, SQUeRFul d be

readi'ly 10 appar,ent _how, addi t i | hbrati.on | u ?ﬁzﬂj
added for addi SHRBHIY cprves Féﬁan or ﬁg?ﬁﬁ?@%‘l&%ﬂ%&‘ﬁﬁ@g% iagellhgh%the oljl’Je%/put
of the primary ghaehrell fort '§pRul RiipefiturdBipensated & btablodiligabillate@ farf BY or DS1
feeding back to take the difference and then sunm ng the outputs

of
e?:CO h cal i brsat i signabrepeived fromt dithena cpaxialair opticaldandiineyor mioypwaye dink wad aKEPS
NCO. B | ecti ' i ' '
Mo a1 r ent Sprao-ar SR SRS ST SRR T o e b
alternatively vwel g . i pa. t i .
maxi m ze the c\gﬁnrgg% %?P%ﬁg% &Pﬁg%kl%%ah% MR AL Yl'atl).la%lﬁ? ﬁ(gjréni&frpr ove
t he per f or mancgtability hteasyreinem statistic bditipthe Bbscissa repregmnting dhe log of the integragiona
delay line of about five to twenty secqnds bFfore bei ng, cogﬁ,l ed to the

phase oitime andl the eydinaiefrpresenting the log of the; fregueneypigstability polse POWEE:

are detected in.the tim. 20 b R ' ' . ' o
"t egr at orltst arbe ipest oftifitosSrye 4SBT e Wod Bsgilof Radthe bt feghlity sibility
prinmary | oop cafReaboubad intar@tbr & médiaredtdnt abnsiditdf Aboutifoursecoiiils. Beputen
signal representing the transients. This will effecti velésrem)ve t he

transi ent fromabbut four and abopttventhensandseeands {tweheurs); ghie A8 b of Ehsigpakhas the
It will further be ynderstood by, th f i1 in,t fA i 25
enbodi ment s of _bFﬁe“q r;?u@ﬁte&séhgwgigﬁggvgﬂg. eéglﬁ’g‘ﬂ a§§u§%®h§s¢%, tﬁ%n S or
ot her ! 'ﬂgﬁle‘(}%ﬁt KaBilif dstiffatd &%hb%?f%h@ Ak ¢hbe séen] thefd are kWo

coastal areas to reduce system cost, may be used in |ieu of
GPS. O herl5ys tceossqpvenstebitityspoints, b 18hwiege the curves 10 and 12 and 12 and 14 intersect

respectively, the first at about four seconds and the second at about 2000 seconds.

The object of the dual source locked loop is to provide an output clock signal
having short term stability curve 10, the intermediate stability curve 12, and the long
term stability curve 14. This is shown by the solid line 19 representing the desired

20  Modified Allan Variance that substantially tracks the optimal portion, of each of the
three .stabili'.ty curves from each of the available sources. Therefore, the dual source
locked loop has substantially the same short term stability as the local oscillator,
substahtially_the same mid term stability as the E1 or DS1 signal and substantially the
same Long Term stability as the GPS signal. Such selection of the optimai poftions of

25 each curve may be accomplished via calculating Allan or Modified Allan Variances
for each curve to arrive at the intersection points.

Further, the Allan Variance or Modified Allan Variaﬁce curves for the various
input signals are not fixed but will vary somewhat due to noise and other

~ environmental factors. Therefore, the dual source locked loop processor (discussed

30  below) may periodically determine the intercépt points 16, 18 of the three Modified

~ Allan Variance curves for the different signals and alters the filtering constants |
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such as sanpling intervals of course. The scope of the invention should, of
course, be neasured by ,the cl ai ns. _

23 [err] | «claim [err] . 1. A nultlple
source | oop responsive to at l‘east a first I nput signal, a second

i nput signal and a third signal, each of the three S|gnals havi ng a
frequency associ ated 5 theremﬁth each ngnal havi ng differing
frequency stability characteristics such that the first input SI nal
nom nal |y has tdreoritkatmeedtogpétcorrectetabhe firs sourbeofbiesiscthe npminal negasive 2.

nom nal ly has the bet I nt er nedi at it dth
havi ng nomi nal |§xpected c anlgﬁé“ ?Itg@%bfaf rb(W%bJH{ﬁ ‘?Stai; mttf:“tzoxHI) rﬂgﬁ%%sr}gﬁr ce
| 00p 1 ncl udi NG: gags collection process'dnfitésufts i #BAAiAx1 39'10066675 JHRA Bfiséthiat must be

detecting a firs eren en the I nput signals, the first

di fference conmidded &Qtlﬂl'bﬁased Ya, 6,(1)i pThé sdcond seurcy ofismialpbias eesults from the offset
di f f erences, second dlfference det ection [@ ns for detecti

a second dif f ericherentjothetme base such gp frog an NEQ signal. Jhg S B3 bs £opEeEts

signal, the segon fere ce nprising one of a ~group of frequency
and phase di ff &‘E%@ﬁ et an oscillating neans to provide the
out put signal having short term

Corrected Yg; nco(i) = Biased Y, ncoli)
1-Y(i)snco

The caleulation of the smoothed estimate of the NCO bias (Ysnco) is described later.
In the case of only a system single having a primary rate input such as an El
10  or T1 signed input, the corrected Yg;.noo(i) can be used directly as the primary loop
feedback error measurement. However, as described later, when there are multiple
primary rate inputs, there are multiple dual input frequency locked loops operating in
parallel. In this more generalized case, the hardware NCO is being controlled by a
weighted average of the output of each dual control loop “software” NCO, whichisa
15  virtual NCO. Because a hardware NCO is intrinsically linear (i.e. the NCO offset is
known and repeatable as compared to the variable offset of a variation to a varactor
controlled oscillator), the primary loop feedback for each dual control loop can be
easily recovered. For example, with two primary rate inputs: E1A and E1B, there isa
.- “software NCOs” associated with each input: SNCO, and SN COg. The actual
20  hardware NCO correction value (i-INCO) at any time is: HNCO = & SNCO, +
SNCO.; where & + § =1. Since the hardware NCO controls the measurement thhe
base, both the E1A and E1B inbuts are measured with respect to the local oscillator
corrected by the hiardware NCO. For example the corrected estimate of the fractional
frequency of E1A with respect to the hardware NCO can be expressed as: -
25 Yeia-mnco = YEIA. -( HNCO+ Yio) |
However the value of the HNCO correction is known and can be added to both
sides leaving: '
Yeia-1vco + HNCO = Yeia - Yio
This yields a “open loop” estimate of the fractional frequency of the A input
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internediate termand long termstability characteristics;
filtering nmeans responsive to both of the differences to control the

oscillating . means such ‘that the short termstability of the output -
signal tracks the short term - stability of the third signal, the
internediate termstability of the second input signal 20 and the long -
termstability of the first input signal. 13 2. The | oop of claim
1, wherein the filtering nmeans conpri ses: a first | ow pass

fi :c ter r fes ponsiwith tedpédieo tlier fiée ninhingrlecat escibistort Theprimarysloap deedback ishavi ng
a first frequency response; 25 a second filter re | ve ta the
second di f f er ernbbained by subiracting the qusrenhyalvs, QP&G sogwgreséégnér aﬁgﬁéﬂwﬁ

response; and . 4. . the oscillating means being responsive to the
“out put of both Yd?ldl% filters. - 3. The | oop of claim2, wherein

the first difference detegtjon Jrea RIENCOReSRICO, first input signal
with the second input si g% A'sgﬁd tggm%g'gzgnd di fferenceA det ection

means conpas es the fTheprimapuloopifepdbackdor the i’ dual cantzoldoep can be derived in a
AVENDED SHEET similar fashion. | : | PEA EP
The calibration loop input (Ygps. E,') is obtained is a two step process. The first
step is to calculate an estimate of the fractional frequency offset of the corrected local
time base with respect to the GPS time scale (Yyyco. Gps); A general model of a GPS
10  engine includes multiple measurement channels and a state estimation algorithm. The
measurements channels provide what is termed pseudo-range data. The pseudo-range
is a measurement of the current delay offset required to lock the local code of the GPS
code and carrier generator of the received satellite signal. The general sté,t_e space for a
GPS algorithm includes position, velocity as well as clock stateé. The state update
| 15  algorithm (typically a Kalman filter) recursively updates the state estimates using the
pseudo-range input and associated data from the GPS system. The clock states include
a bias term XHNCGGPSI for the current time error offset of the local time base with
respect to the GPS time scale. In the XRS GPS engine, up to four state updates are
calculated once per second based on using different sets of satellites, and a single
20  weighted average clock bias update is determined; Yoo - s 1S calculated from this
single, weighted average clock bias as follows: '
Calculate the Delta clock bias over the 1 second update interval:
Ayins = Xivco-ars( 1) ~Xenvco-rs(1-1)
1) Qualify the current A,,,, as good based on predetermined threshold for
25 ' Iﬁagnimdg and slew rate as well as an acceptable clock bias confidence
in'tervai estimate from to Kalman or other state estimation algorithm.
If the Ay, good, then calculate the unbiased estima_té of Yinco- ges bY
compensétion for small bias in the local comctéd time base: '
* Yimico- 6ps = Bvias / q - Y( i )snco )- _ _
30 The calculation of the smoothed estimate of the NCO bias (Y( i )snco) is based

~ on a low pass filter estimate of Yiyco.ges Given that the long term frequency offset
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[efr] 4. The | oop of claim3, wherein the filtering neans further

I ncl udes neans for determ ning one of the phase and the frequency
difference between the second input signal and the third signal.

5 5. The | oop of claim2,- wherein the output of the first filter is
coupled to the input : of the second filter. 6. The
| oop of claimb5, wherein the output of the flibrst filter is coupled to the
out put of the second filter. 10 7. The |l oop of claim 2, wherein
each filter has at |east K@ p@28weirgr that alters t he '
frequency response of the filter; .nmeans for

det ermini ng t hewhere & Fd/251andi A i the dacremental NGQ) eoniyol word: sPagbardare
cverarl a5 " CeyRiEREEel donf b Sised B achiicys The flpling teiftichship: ¢ M 2° 11

met hod of providing an ou%dmgg.l HHNEO BgWEo-2 stability characteristic
curve based upon threé’separate i nput signals, each of the three

signals havd ng its olie relationshiptbetwdentequation NCOet and NCQ-2riy simpiificd in Steady
stability characterjstic, curves of the input 20 | gnal s hei |.t erabl e
in response to %Wﬁ“ﬁ?lﬁeﬁt"gp‘@éhﬂﬁmgﬂ?fg%hw yatipp NCO-1 reduces

conparing at |gqgst one for the frequency and the phase of each input
signal s '

(25*-HNCO - 4*1,)/(25 + 4*1,)=0
The above equation is only satisfied when the numerator is zero therefore:
10 (25*-HNCO = 4*1, ) and finally substituting for r, yields:
A=-25 * 2% * HNCO Eq. NCO-3 |
Equation NCO-3 provides the required hardware NCO control word to obtain
the desired hardwére NCO correction. Note that in this implementation the NCO
control word is update every 250 ms. The actual update interval to the hardware NCO |
15  can be much faster. For example the XRS5 processor can support an update every 1 ms.
~ Dithering of the least significant bit of the A word is used to extend the resolution of
- the synthesis process. With dithering, the 3.8e-11 resolution of the hardware
synthesizer is improved to an effective resolution of better than Se-13.
The phase noise and spurious phase modulation for this synthesizer is not
20 | limited by the performance of the NCO as is the case with pure direct digital
synthesis. The phase noise and spurious modulation of the NCO is translated to the
120 MHz output carrier. However the output frequency required in standard telephony
applications is nominally 10 MHz. When the 10 MHz is generated with a divide by 12
operaﬁon, the NCO phase noise and spurious modulation is reduced by 21 dB.
25 - As noted earlier the selection of the control word for the hardware synthesizer
~ can be from oné of several operating control loops as well as based on a weighted
average of each software loop SNCO control state. As alreaﬂy discussed a dual input
control loop is associated with each input E1 or Tll primary rate signal. In addition a
standard single GPS input control loop is alWays operated in paiallel. The single input
30  control loop has the calibration lbop disabled. The pnxnary loop is operated using a

Y ops.snco feedback error signal derived in a manner similar to the other primary loops.
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with at | east one of the frequency and the phase of another of the input

si gnal s; filtering the conparisons with alterable filters;

out putting the output signal based upon the filtering;, and 25

adjusting the filtering such that the frequency stability for the output
signal is maxi m zed. 9. The met hod of claim8, wherein the
stability curves of the adjusting of the 17 filters tracks
causes the stability curve for the output signal to substantially 30

track the nost Fhexpfore, pothe aase obtwa B op T4 imputs, ghese wikk be dhree gentralfloepse t hr ee
: EE% Ep operating in parallel ftglorqual input an%'g[gi:'t%les lﬁil%% . o5

fone T TS o DU EAr R SibuR R 8 1
generate the Hardware NCO correction can be described. The algorithm has two parts:
5 1) Determine if the current Software NCO state for each loop is in the
normal steady state. '

2) Determine weight factors for each Software NCO output that is in

steady state operation. |

The determination of steady state operation is based on multiple criteria. Both

10  the calibration loop and primary loop inputs are checked for the following:

a) Is the current fractional frequency level within an acceptable

predetermined level? '

b) Is the rate of change of the fractional frequency (i.e., drift) within an

~ acceptable predetermined level?

15 ' Ifthe above tests fail then a transient event is likely on the inputs. An
important example is a pointer phase transient event on a Sonet or SDH based
network input. In the case of such an event, the primary control loop input is
temporarily set to zero. This prevents fhe pointer transient from impacting the primary
feedback loop. Since pointer events are ignored, the primary loop is extracting the

20  medium term stability from the Sonet or SDH carrier and not the payload.

A leaky bucket algorithm is associated for both “a” and “b” type events. If the
event rate is too high an alarm is triggered. The leaky bucket is asymmetric so that
once an alarm is triggered it will not clear until the control loop is given sufficient
time to settle.

25 The determination of weight factors is based on medium term stability of each
of the control lblops'...Since the local oscillator is common to all three control ldops,
they all have the same short term stability. Also since GPS is the calibration input to
both dual control loops and the only input to the single control loop, all loops have the
same long term stability. The medium term stability of each loop is directly related to

30 the medium term stability of primary loop inputs. The medium term stability is
calculated for each input with respect to the others and the local oscillator. The
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11. ~ A loop apparatus.for providing an oscillatory signal having a
freguency stability 5 based upon at leeast tdiree .i,nput S|.gnal.s
havkng different stability characteristics, . 't “ees Mhel éhy .Cb.rrbl nl ng
the stability characteristics of the three signalss ptpv.l.des ah',, .
optimal stability characteristic, the | oop23pparatus conprising:

conpari son.means for determ ning one of a phase and a frequency difference

for two di ffefemimpairs of the input signals; 10 means '

responsive to the conpari son neans to generate control ,"l"”"ll.l Hlﬂ;ﬂ!)ll on;

no nore than one synthesizer, said synthesizer having cequency s

characteristic and ,respons he contr.ol .inf on to pro |de an

out put si gnal L ”*flﬁﬁ?urf:ﬁioo@orﬁfpro&ﬁvf i ﬁtrﬁﬁqacﬁfsgﬁ SFF%‘EﬂJency

stability cha t t ty
irfpfat Sighallang atgn'&@g?ﬁlsé %Icﬁ‘iﬁé fHrée/si #a"gﬁ nid 1SSoeiatdd

characteristic. oop appar at erein each
of the si@nal sherewithickach sighalchawing differing frequency sttbxlﬁyeharamﬂsﬁcs(sncﬁthatﬂﬁ
i ncl udi ng estimati on neans for,_ estimatin correct i gns of

| east sone of figstdnpyt sigarlaaminally s the best long term stability, the %EM'@F%SIMCI a| m

di1terences &Sewﬁﬁlﬁﬁﬂﬂ%bﬁﬁ%%r@%ﬁ%&m&ﬁ’ &cdine third signal having Bbmlslfly

the best short term stability, the multiple source loop including:
first difference detection means for detecting a first difference between the two
10  input signals, the first difference comprising one of a group of frequency and phase

dlﬂ'erences,
second difference detection means for detecting a second difference between
one of the input signals and an output signal, the second diﬁ‘e;rence comprising one of a
group of frequency and phase differences;
15 an oscillating means to provide the output signal having short term,
intermediate term and long term stability characteristics;
filtering means responsive to both of the differences to control the oscillating
means such that the short term stébility of the output signal tracks the short term
stability of the third signal, the intermediate term stability of the second input signal
20  and the long term stability of the first input signal.

2. The loop of claim 1, wherein the filtering means comprises:
a first low pass filter responsive to the first difference detection means and
baving a first frequency response;
25 a second filter responsive to the second difference detection means and having
a second ﬁequehcy i";esponse; and
the oscillating means being responsive to the output of both of the filters.

3. The loop of claim 2, wherein the first difference detection means compares the
30  first input signal with the second input signal and the second difference detection
means compares the first input signal with the third signal.
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[err} 26 . . . 14,. The J,00p.. ..
appar atus of clai m erein t er par artétﬁrs‘are al,teretl.tq *,,;°,.
maxi m ze the freque !gi t he out put Signal2, .. ° o’ 15 _.A’ '
met hod for generating y’ al havinpg a frequency st abi || ty based
5 upon a locally generaf ed" S|sg a signal received over a landline

gg%reicts : ggl and42  The lo8p 8P alaint SCHLY SR tAY Blterdng MEAR fhiithér indiidesTREARS Yor
' determining one of the phase and the frequency difference between the second input

signal and the third signal.

5 5.  Theloop of claim 2, wherein the output of the first filter is coupled to the input
of the second filter.

6. The loop of claim 5, wherein the output of the first filter is coupled to the
output of the second filter.
10 | N
7. The loop of claim 2 wherein each filter has at least one parameter that alters
the frequency response of the filter;
| means for determining the relative stability of the signals with respect to
each other; and means for altering the filter coefficients to maximize the overall
15 stability of the output s1gnal |

8. A method of providing an output signal having a stability characteristic curve
based upon three separate input signals, each of the three signals having its own
stability characteristic curve, each of the stability characteristic curves of the input
20 signals being alterable in response to environmental conditions, the method comprising:
comparing at least one for the frequency .and the phase of each input signals
with at least one of the frequency and the phase of another of the input signals;
filtering the comparisons with alterable filters;
~ outputting the output signal based upon the filtering; and
25 : adjilstipg the filtering such that the frequency stability for the output signal is '

maximized.

9. The method of claim 8, wherein the stability curves of the adjusting of the
filters tracks causes the stability curve for the output signal to substantially
30 track the most stable portions of the stability curve for each of the three input

signals.
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o . c . . . .
repeat edl y neasuri+ng—one—of—afrequency and phase di fference information

bet veen the | ocal hgnal and the lxandlipe srgnal -t osprovede-,
first di fferences‘muﬂzﬂﬁlmmmm_ repeat edl y meaguring-ene :of. .?"f requency
and a phase diffeth sie 10 radi ol i mk signal ame ome of-the
| ocal |y generated signal and |andline signdl to provide second -

di fferences; - filtering the first differences with a first
filter to proVo.de The metliod ofxnlainh 8, wherein thef dutputtiog ©f the output signal is done
conbiining the first filtered differences with the second differences to
formfirst 15  cotispughions andonly,ppe synthesizer. filtering the first
conbi ned . di fferences to provide second filtered differences; '
conmbining the first combined differences with the second filtered

differences tp] A loop @pparats Forchrovidiigchsdillhiory Siafislhavid@ frequency stabilitg
e

controlling an oscillator with the second conbi ned differénces to provi

an 20  ofit put cl obasediupoaiat leastithrge dnput signals bgviug diffevent stability charagterstics;t he
| andl i ne si gnal and he radi o,signal . .. 16 A mul tipl,e input
frequency | ocked | Biggrebs SRmIng the Siablisy eharsteristics of the Hhree signals provides an
signals, a first dj sl 1S R hSl of a group of
frequency and 25 b %@é@%&grﬁ%ﬁ%&é&ét melﬁpgﬁﬁ%}?@? cglﬁgﬁ%ﬁg'and a | ocal
oscillator signal, cémpaisondnelng forrdemminin% one of 4 pluse and a fegoedcy differpndesi ng

one of a group of frequenecy and phase differences bet ween a second
si gnal and t hior twoaliffesenti pairs of thesinpytsignalsach of the first signal, second

si gnal , d | ocal clllator signal hayxing a f.requency assocj ate

Cher evi ¢ B0 each i Blieng s ripfive e brbariict BERHE fo FEAGHS HoRlty!
characteristigf SleBat hat a first signal nominally has 30 the best |ong
termstability, a second signal nomnally has the best internmediate term
stability and a | oaaimors thanl cuesynthesizes) saichsynthesizenhavirlg & fredquenby stabilityor t
termstability, the mul ti pl e i nput frequency | ocked | oop ingluding:
| Yiarsches Flohe ool g B M "

istic and responsive to the control information to provide an ou
such that the control information causes the frequency stability characteristic to
15  substantially track the optimal stability characteristic. '

12.  The loop apparatus of claim 11, wherein each of the signals includes noise and
| biases, the loop further including estimation means for estimating corrections of
 atleast some of the differences.
20 _
13, The loop apparatus of claim 12, wherein the filtering means performs filtering
| ~ onthe differences with altering ﬁlte;ing parameters.
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di f flerence between t”","ﬂ’;@ﬂ""!#ﬂ!ﬂﬁ"fnce si gnal, ahd fhe*qri pary*1 oop*Qutput
si gnal ; | oop havi hg & cgli bratton:bQop out put
and bei ng responsive to the di ff erence® bet weem the firste difference
signal and the sumof the primary | oop out 5 signal and the
calibration | oop output signal; and an oscillating neans

bei ng st eered MasedT ﬁ@lmptmargmﬁqulamé%whmn@pﬂdmpmersare tered4nd

second | oops. . The | o rein the | oop

further includes a wqtihﬁgreggmyéga%ﬂ%wﬂhe outpuq s’ﬁ?@fween t he signal
havi ng the best internediate termstability and the first

di fference detector, such that at |east sonme transients in the signal

havi ng t he 15. A method forsgenerating medutpumlgml lareihg lai frequenayestatiility besggdac ed

with data fromthe p
5 upona local.{m generated signal, a signal recelved over a landline connection and a

signal received over a radio link, the method comprising:
, | repeatedly measuring one of a frequency and phase difference information
between the locally generated signal and the landline Signal to provide first differences;
_ repeatedly measuring one of a frequency and a phase difference between the
10  radio link signal and one of the locally generated signal and landline signal to provide
second differences;
filtering the first differences with a first filter to provide first filtered
differences; R
combining the first filtered differences with the second differences to form first
15  combined differences;
filtering the first combined differences to provide second filtered dxﬁ‘erences
combining the first combined differences with the second filtered differences to
form second combined differences; and
controlling an oscillator with the second combined differences to provide an
20  output clock signal having a frequency dependent upon at least the landline signal and
the radio signal. “

16. A multiple input frequency locked loop responsive to two difference frequency
signals, a first difference frequency signal comprising one of a group of frequency and
25  phase differences between a first signal and a local oscillator signal, a second difference
frequency sigm‘l.!,fc"oir'iprising one of a group of frequency and phase differences
between a second signal and the local oscillator signal, each of the first signal, second -
signal, and local oscillator signal having a frequency associated therewith, each signal
having differing frequency stability characteristics such that a first signal nominally has
30 the best long term stability, a second signal nominally has the best intermediate term
stability and a local oscillator signal having nominally the best short term stability, the
xmxltiple input frequency locked lobp inciuding: .
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a primary loop having a primary loop output signal and being responsive to the
difference between the second difference signal and the primary loop output signal;
a calibration loop having a calibration loop output and being responsive to the
difference between the first difference signal and the sum of the primary loop output
5  signal and the calibration loop output signal; and '
an oscillating means being steered based upon the sum of the output of the first

and second loops.

17.  The loop of claim 16, wherein the loop further includes a delay line coupled
10 between the signal having the best intermediate term stability and the first
difference detector, such that at least some transients in the signal having the
best intermediate term stability can be replaced with data from the primary
loop.

15
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