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1.0 INTRODUCTION

The princi pal goa ls of this study were to se lect a preferred timing subsystem for the
future integrated switc hed digita l Defense Communications System (DCS) and to quantitativel y
justif y the selected subsystem . In this introductory section , the out line of the report k discussed
with the primary objective of elaborating on the solution methodolog y that was undertaken to

prov ide the required outputs .

Several techniques for timing and synchronization exist on which to base either
se lected port ions or the entire timing subsystem for the DCS . These techniques are maste r—slave ,

pulse stu ffing, mutual synchron ization, independent clocks and time reference distribution . The

initia l step in the solution methodolog y was to thoroughl y anal yze these techn iques . Section 2.0

presents an overv iew of the techniques stress ing similarities and differences between approache’ .

In addition, this section provides the rationale for addressing some techniques in greater detail

than others . Section 3.0 deals with the baseline designs of the synchronous techniques , the
purpose being that there is great design flexibility within each of the three broad gener ic terms .

A comparative analys is of techniques wou ld not be m eaningfu l if each technique was not itself

spec ifically defined .

As wi l l  be noted in Section 2.0, perhaps the mos t basic function of a timing

subsystem is to ensure that each nodal clock runs at or extremel y close to the same overage

frequency . As a result of an initial examination, it was concluded that a common average

frequency could be achieved by any of the candidate techniques . It thus became necessary to

select a more detailed set of criteria on which to base a comparative analys is of the candidate

techn iques . The discussions presented in Sections 4.0, 5.0 and 6.0 constitute the set of criteria

or test bed in which each of the candidate techniques was evaluated . Section 4.0 defines and

justifies a set of desirable cha racteristics that if provided by the candidate techniques wou ld

increase the overall ut ility of the subsystem . Section 5.0 outlines different network configurations

in which the various techniques were evaluated to determine their relative performance. Severa l

configurations rather than one were selected since the actual network configuration in which the

se lected timing subsystem w ilt operate is not firmly defined. Each network configuration was

selecte d to be realistic and to highl ight potential weaknesses or strengths in the techniques .

1—2



Section 6.0 discusses a numbe r of scenarios and the resultant stresses on the timing subsystem .

It was concluded that the degree to which the candidates provided the desirable characteristics

when confronted with the defined set of scenarios was the best available barometer of subsystem

effectiveness .

Sections 7.0 and 8.0 detai l the techniques used and the results ochieved in

determining the effectiveness of each technique . Specifica lly, Section 7.0 deals with the

s imulation that was generated to provide performance data on each of the synchronous techni ques

w ithin the framework of specific networks . The models used in the simulation are discussed as

well as the results . Section 8.0 utilizes the results of the simulation exercise as wel l  as an

extensive ana lysis effort to evaluate the degree that each candidate technique provides the

desirable characteristics . Section 9.0 ranks these desirable characteristics according to their

importance or critica lity. An appropriate combination of the importance of the characteristics

and the degree of the characteristics are provided by eac h technique can then be used to rate

the techniques .

Section 10.0 provides relative cost estimate s for the techniques to serve as on

input along with the performance evaluations in selecting the preferred timing subsystem .

Section 11.0 presents a discussion of a lternate timing subsystems which in general

are hybrid combinations of techniques .

Section 12.0 presents conclus ions in terms of both techniques and subsystems .

Section 13.0 outlines a suggested test program that could prov ide valuable additional

data.
. 1

Section 14.0, the concluding section , outl ines an additional effort that appears

as the appropriate next step in the development of a future DCS timing subsystem .

. t ~
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~ 2.0 OVERV IEW OF CANDIDATE TECHNIQUES

The basic functions to be provided by a network tim ing and synchronization sub-

system are first to ensure that each nodal clock runs at the same overage frequency, and second,

to ensure a high probability of the maintenance of bit count integrity . It is worthwhile to point

out that the first function is necessary but not sufficient for the provision of the second. The

second function can onl y be provided if sufficient buffering exists to compensate both for —

differences in instantaneous frequency between clocks and for the variations in delay that exist

on the links connecting the nodal clocks . That is to say, w ith enough buffering , any technique

that maintains the nodal clocks at the same averag e frequency w ill also provide a high proba-

bility of maintaining bit count integrity . However , those techniques that require less buffering

for a given bit sli p rate are prefera ble to those that require more buffering . Although not

comp letel y defendable from a cos t point of view (because of the relativel y low—cos t of buffers~,

th is statement is supportable since it is certainl y true that as buffe r size tends to increas e,

espec iall y on a ser ies of tandem links , delay, wh ich is undesirable , also increases . In examining

the techniques , t is apparent that those that maintain closer instantaneous frequencies between

nodal clocks , especially in the face of different stresses , and those that can cope w ith variable

delays on the links wi l l  require less buffering; and therefore , be more desirable.

Severa l timing techniques exist on which a timing subsystem can be based . Five

techni ques we re initially cons idered for examination . These were master—slave , mutual syn-

chronization , time reference distribution , pulse stu ffing and independent clocks . As mentioned

in Section 1 .0 the m~~t prom ising techniques have been scrutinized in order to determine the

degree to wh ich each prov ides the desirable characteristics listed in Section 4.0 . This task

was undertaken because i t  was felt that each of the techniques coul d ensure that the nodal

c locks would run at the som e average frequency under normal operating conditions. However ,

what hod to be exp lored was f irst , how each system would react under stress; second, what

ancil lary benefits would be provided by the techn iques and third, the closeness of instantaneous

clock frequenc ies for each techni que . The remainder of this section wi l l  prov ide an overview

o~ eac h of the techni ques , stress ing the similarit ies and differences between techniques .

Furthermor e, the rationale for pursuing some alternatives in greater depth than others wi l l  be

‘I
.. prov ided.
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The techniques that have been considered can be divided into two general cate—

gor ies , those that are unlocked or undisci plined clock approaches and those that depend on

locked or disci plined clocks . Pulse stuffing and independent clocks belong in the first cotegoiy ;

mutua l synchronization , master-s lave and time reference distribution belong in the second

category . After an initial examination , it was decided that as a category , the disci plined

cloc k techniques held much greate r promise than the undisciplined cloc k techniques . This

decision , wh ich was based in the case of pulse stu ffing from a cos t point of view and in the case

of independent clocks on both a cost point of view and on the necessity of accepting periodic

bit sli ps. This is exp lained in the paragraphs below wh ich summarize these two techniques .

Pulse Stuffing

Pulse stuffing has been widel y applied as an approach for time-division multi -

plexing of asynchronous bit streams . In this technique, the nominal data rate of the output of

the multi plexer is chosen to be higher than the sum of the nominal data rates of the inputs to

the mult iplexer. The data on each of the input data channels is written into an elastic buffer

and withdrawn as required by the mult iplexer. Occas ionally, a buffer wil l be low , and thus no

data wi l l  be read out . Instead , a stuff bit is transmitted . These stuff bits are identified by sync

si gnals wh ich are transmitted with the data . These sync signals are used by the demulti plexer

in removal of the stuff bits . The insertion and removal of stuff bits results in timing ji tter which

must be reduced by us ing a narrow bond phase—locke d loop to generate the READ clock for the

elast ic buffer.

There are four basic steps one must take in designing a pulse stuffed multi plexer .

1. SeIec~ the mu lti plexer data ra te sufficientl y high to accommodate the

expecte d frequency uncertainty of the data channels and the multi plexer

cloc k .

2. A llocate adequate overhead to have a very reliable indicator of framing

and stuff bit locations.
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3. Determine buffe r sizes so that buffer overflow wil l  not occur with worst—case

frequency offsets and worst—case waiting times .

4 . Make the loop bandwidth of the PLL generating the read clock for the

destuff buffer small enough to remove t iming j itter caused by the stu ff—

destuff process .

The disadvan tages of the technique are, first , that i t is inconvenient to use to

synchron ize a large number of lower capacity channels for time division switching . This is due

to the s ignificant amoun t of process ing per channel that is required (such as buffering, stuffing ,

destuffing and filtering to remove timing j i t te r) . Second , a stuff —destuff device would be

required at every dig ital channel terminal , at every channe l termination on a digita l switch and

at every channel input to a multi plexer. Based on these shortcomings , pulse stu ffing was not

considered further as a network synchronization technique.

Independent C locks

Another approach for using unlocked clocks involves using a very stable independent

clock at each node. All subscr bers at a node are then slaved to this noda l clock . Thus, all

data arriving at a node from subscribers wil l  be synchronized. Data arriving via trunks from

other nodes having independent clocks must be buffered . This buffer must be sized to accommodate

the poss ible frequency offsets between the independent clocks and variations in frequency due

to transm ission phenomena.

If the noda l clocks are set to run at a nominal data rate of f and the data rate of

any two nodal clocks s within ~ f of f , then the maximum difference in data rate between any

two nodal clocks is 2.~f .  Assuming that a buffe r size of m bits is chosen (set initially at half

ful l) the time required for a buffe r overflow is at least

T m/2
2M

-~~~~~~ 0

letting

S = (2)
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denote the long term clock stability factor (1) becomes
¶

m
4Sf 3)

0

Then using Equation (3) the buffer size which guarantees that the t ime between overflows or under-

flows is at least I seconds can be computed . If one had an atomic frequency standard with
= 10~ li , then us ing Equation (3) we find that a buffer size of 1040 bits is required

(at f = 10 Mb/s) to guarantee a period of 30 days between buffer overf lows . Thus, one can

see that buffer sizes may be s ignificant with this approach even using atomic clocks.

There are two disadvantages that the independent clock technique has v is a vis

any of the disci plined clock approaches . First , because clocks are not disci plined , ult imate

inherent accuracy must be demanded from individual clocks . Thus , the number of cesium clocks

required in the network will be significantly larger than any of the locked clock approaches .

This results in a significant cost impact. Second, despite the highly accurate clocks , periodic

bit sli ps must be accepted since clocks are not disciplined.

Despite these basic disadvantages , the independent clocks approach was not

el iminated as a viable candidate partly because of certain other inherent advantages and partly

because the effort necessary to ana lyze the network per formance of this basically uncomplicated

techn ique was small as compared to the locked clock approaches which required an extensive

simulation effort.

Synchronous Techni ques

Three techniques bases on disciplined clocks have been exp lored. In thk section ,

a brief overview of each techni que is presented with the detailed in-depth analys is deferred to

Section 3.0.

The inheren t characteristic common to any synchronous clock technique is that the

noda l c lock at each node within the network is disci plined so that its frequency, phase or bath

is maintained within some small tolerance of the like parameters of some reference timing signal.

The fundamenta l differences between the three techniques , maste r -s lave , mutual synchronization

and time reference distribution is the choice of the reference timing signal.

2-5
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Master-slave is a very strai ghtforward approach . Timing is distributed through a

master-slave tree . The nodal clock is derived by lock ing a very narrowband phase—locke d loop

to the rece ived bit timing from one of the incoming trunks . This approach has been used in many

of the commerc ial systems that have been built (Western Union , Datran , and AT&T). Generally,

a hierorchial approach with a number of diverse routes for timing distri bution has been used .

This gives an added measure of survivability , s ince it minimizes the probability that a given

node wil l  be forced to operate asynchronously due to a failure in the particular link from which

it derives timing . An added degree of sophisti cation that is feasible with respect to alte rnate

rout ing is adaptive reorganization. This feature is compatible with either master-slave or time

re ference distribution since both are based on hierarchical tree structures . However , since it

requires a duplex control link and such a link is already part of the time reference distribution

syste m and not a part of mas ter-slave system , this feature has been incorporated in the time

reference distribution approach .

Mutual synchron ization is a synchronous technique where the reference for the

local nodal clock is an average of the timing signals derived from each of the incoming trunks .

Obviousl y, the loss of a sing le ink w ill not necessitate a network reorganization as it might in

a master-slave system . However , unl ike a mas ter—slave system, a link perturbation on any of

the incoming trunks can have an effect on the nodal clock . In general , it can be sa id that a

common average frequency for all nodes in the network is achieved in the mutual synchronization

system at the ex pense of significant variations in instantaneous frequencies between nodes .

Time reference distribution is more closel y related to a master-slave system than

any other techn ique . In fact , it can be described as a double—ended mas ter—slave system that is

• re ferenced to some standard of precise time and includes both an adaptive reorganization

capability and a separation of error measurement and error correction . This point is worthy of

~Iaboration . In order to elaborate on this sta tement, four points mus t be discussed . These are:

. Double—ended versus sing le-ended

• Adaptive reorganization

• Reference to precise time

• Separation of error measurement and error correction

2-6 
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As the techniques have been defined , master—slave is a single—ended system and TRD

k is a double—ended system . The sing le—en ded approach uses a reference timing si gna l loca l to the
cloc k being disci pl ined. That is , the reference signal is the timing signa l derived from one of

the rece ived trunks. This signal is essentially the timing signa l generated at some distant node,

corrupted by the link variations inherent in the media and corrected by the appropriate filtering

in the receive node. Such a system does not require an overhead link for timing information .

The double—ended system attempts to lock the loca l noda l clock directl y to the t iming si gnal

generated at the distant disci plining node . This is accomplished in TRD by measur ing the phase

offset between clocks via a time transfer technique* and correcting the disci plined clock so that

the measured phase difference between clocks iS driven to zero. The time trnnsfer technique

requires an overhead link from the disci plining node to the disci plined node . The reader is

directed to Section 3.0 for a deta iled discussion of the implementation of the technique.

The adaptive reorganization capability included in the time reference distributio~
approach addresses the problem of how nodes within the network attain a timing reference after

the primary reference has gone down . The adaptive reorganization approach essentiall y results

in a rea l-time rating of all  the potentia l timing reference sources available for a node. This

rat ing is based on link qual ities, clock types ~id timing distribution paths to the ultimate master .

The technique guarantees that the best ava ilable reference for each node s selected in case of

failure . The requirement p laced on the network for this service is an overhead channel required

for the distribution of link and noda l rankings . The alternative to the adaptive reorganization

scheme is a fixed reorganization scheme that can result in deleterious timing results in the face of

certain combi nations of fai lures .

A valuable by—product of the TRD approach results if the network master s referenced
to a source of prec ise time such as UTC at the Nava l Observatory . If this is done, the network

w ill now have available at each node a source of prec ise time. A double-ended system such as

TRD is the only type that can provide this characteristic. The resulting benefits are discussed
4 . .e lsewhere in this report .

The overhead link required in the TRD approach for time transfer and adoptive

reorganization can also be used for the transmiss ion of measured but uncorrected clock errors from

* See Paragraph 3.3
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node to node . As is shown in Section 3.0, the TRD approach provides a natural division between

k error measurement and error correction . If the time interva l for error correction is long, the

measured, but uncorrected, error on a ser ies of tandem links may be provided via overhead to

nodes lower in the hierarchy. This permits the simultaneous correction of all clocks in the network

dire~:tIy to the master clock.

This section presented brief overviews of the candidate techniques . Perhaps the

major point being conveyed in this section dealt with the similarities and differences between the

three synchronous techniques . In summary , any synchronous network techn ique must deal with

two spec ific problems: The loss of the reference timing si gna l wh ich if not rep laced results in

asynchronous opera t ion and media link variations which result in a frequency difference between

the transm itted timing signal at the disciplining node and the received timing signal at the

disci plined node. The first problem is addressed similarl y by master—slave and TRD (although in

different levels of sophistication ) by the subst itution of another reference . Mutual synchronization

addresses the problem by at no time having a single nodal input constitute the reference timing

signa l for a node. In case of link variations , master—s lave and mutual synchronization have

s imilar approaches and TRD takes a comp letel y different approach. The goal wUh respect to link

variat ions is to not have such variations affect the frequency of the disciplined nodal clock. If

th is goal is achieved, the buffer requirement on any link in the network is minimized since the

accumulation of frequency errors on a series of tandem links is avoided. The approach token by

mutual synchron ization and master—slave is essent iall y to filter out all but very long term var iations.

The approach taken by TRD is to remove all such media effects via the double—ended time transfe r

approach.

I
”

t
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3.0 BASELINE DESIGNS FOR DISCIPLINED TECHNIQUES

The three disci plined techni ques being considered are master-slave , mutua l

sync hron zation, and time reference distribution . In this section we perform tradeoffs leading

to the selection of a goad approach for implement ing each of these techniques. We do not

make the claim that the design parameters are optimum , onl y that they are “good” consider ing

the environment in which the timing subsystem must operate.

This was done to provide a concrete baseline by which to compare the disci plined

techniques .

3. 1 Master—Slave Tradeoffs

The tradeoffs for a master—slave system involve loop type , loop parameters, phase

detector type , c lock stabilities , buffer sizes , and method of provi ding alternate references

consi dering the expected stress environment in which the network must operate .

3. 1 . 1 Master-Slave Block Diagram

A typical block diagra m of the nodal timing subsystem for the master—slave

technique is shown in Figure 3.1.1. The selecto r on the left selects the source to which the

nodal clock is to be slaved . The inputs to this selector consist of clocks generated from incoming

data links or from external reference sources such as USNO or Loran C. The selector on the

right is used to select one of the redundant nodal clocks as input to the frequency synthesizer .

The frequency synthesizer generates all the frequencies needed for switching and multi plex ing

equipment at the node. Two redundant phase-loc k loops are shown, however , more frequency

sources may be added for increased redundancy. The actual number of frequency sources

is determined by the required nodal availability and reliability of the basic frequency sources .

Redundancy of other noda l timing subsystem hardware is not shown in order to avoid cluttering

the diagra m. All of the frequency sources are phase-locked to the selected input frequency

source. T h s  is done so that in the event of a local clock failure a smooth transition can be

mode from one local source to the next . Each of the VCO’ s can be allowed to coast through

link outages through a command from the control section to force holding the VCO’s control

vo ltage at the same value as immediatel y be fore the dropout for the duration of the dropout .

3—2 

• .-~~~~~~~~ ‘ -~~~~~~ -— - 

_

. _
~~~~~~

_ _
~~~___±_ ___ _  1_~ 

• -



r - -  -
~~~~ 

- -- -
~

- -— ~

4
L~~° .

~~
4 ’  0

-~ -t

_ _  

I
• I~~

1
~~Li~Z 7

-

~H
Z HO~~4 0 —

U -
~~• 1~~~cr~4: z

-~ -. 

4 ’_ J o ~k

I

I
3—3 



~~~-- --~ -~~~—~ 

T he control section provides operationa l contro l of the timing subsystem , reconfi gures the redun —

dant hardware in case of failures and controls selection of different links or referen ces to phase

lock the loca l clock to in case of changes in link status. Its ii~puts consist of noda l fault detec-

tion si gnals, loca l comman d si gnals , link dropout si gna ls , and remote node status si gnals via order-

w ire channels. The input orderwire information can be used to imp lement an adaptive timing

distribution network reorganization scheme for slaving th~ noda l clock to the best available source.

This type of adaptive scheme should be used in large—scale military networks to achieve surviv-

ability in stress situaHons . A discussion of this problem is given in Paragraph 8. 1. Typ kall y, a

network master frequency source uses a primary sta ndard. Thus , three ces ium frequen cy standards

mi ght be used in a tdply redundant confi guration to achieve reUabii ty. To achieve greater sur-

vivabil ty of network synchronization , one might also provide severa l slave nodes with atomic

frequency standards to act as masters if the network master is lost . It is probably desirable to

s lave the network master to a common reference frequency source such as U.S. Nava l Observatory

(USNO) . This wi l l  al low better interoperabilit y with other networks reference d to USNO.

3. 1.2 Design Tradeoffs

Consider the baseband phase-locked loop model shown in Fi gure 3. 1 .2. The close d—

loop transfer function of the phase—loc ked loop may be wr itten as

Q (s) K F(s)
a v (3. 1.2— i)

s~~ K F(s)v

LOOP
I
.- - 

FILTER

01(S) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Fo(5)

Fi gure3. l.2

3-4



The output of the phase detector may be wr itten as

k
E(s) = O.(s) — 9 (s) = (3. 1 .2—2 ,

frequency may be wr itten as

sK F(s) 9.(s)
F (s) = “

s -
~
- K F  (s) 

(3.1 .2—3)

A type one loop is obtained with a simp le low— pass loop filter , i.e.,

F(s) = a/(s a). In this case the closed—loop transfer function becomes

2
9 (5)o 

= 
n , (3. l.2~~~~

2 ~~~~~~~~ s
I S ~~~~~~~ Ct) + W

n n

w here 
~n 

= F~< and E = h/4 K

A type two loop s obtained by using an integra l plus proportiona l loop filter , i.e.,

F (s) = (s + a)/s . Then the closed loop transfer function becomes
- 2

9 (s) 2 s - ~-~~o — 
n n

2 
(3. 1.2—5)

i~~ 5 + 2 4 W s +~ )
n n

where ~ — -~,k~ K 
- 

and ~ 
a -

Phase-locked loops with these two loop types w i l l  be ana lyzed in this section for

app lication to the network synchronization problem . They have considerabl y different properties

in some respects , but one cci n cisc- obtain a blend of the properties of both by using the loop

— a(s~~ b)
fi lter F (s) — 

b7~~4- a)

3. 1 .2. 1 Type One Loop

A linear anal ysis will be presented (no cycle sflps occur in the loop’) . Since it turns

j.. out that this is a desirable imp lementation , the results are valid. Therefore, t s assumed that a

3-5



--—~~~~~~ w~~~~~~~~ --w _ - --- - -- _- -~~ --  ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --- - ----

4

phase detector that s linear over severa l cycles is used (an extended—range phase detector~. ¶
~ e

parameter tradeoffs that will be examined are all closel y interrelated .

The purpose of the noda l synchronizer is to provide a stable noda l clock that closeI~

fol lows the network frequency. Variations in frequency due to path delay variations should be

fi ’tered out. It is assumed that a narrow band loop wi l l  be used for this purpose . Variat ions w i th

a per iod of a few minutes wi l l  be filtered by such a loop . The most troublesome variations are

those w ith a dail y per iod ~~ 
= 73 x 10 6 rad/sec). For cable and microwave the equivalent

frequency offsets due to daily path delay variations would be a few parts in 10
10

. Satell ite link5

present much worse path delay variations (a few parts in 108), but it is safe to assume that Dopp ler

correct ion can be used to provide a reference with much greater stabil ity (even ~f this correction

was in error by 1 percent , the result ing stability would be a few parts in 1010). This could be done

by using the satellite orbital parameters , the 9round termina l locations , ~nd the time to calcu :~te

the impact of the satellite motion on the phase error and to use t h s  result to correct the measured

phase error . Since the network master would be no more accurate than ±10 11
, the effects of

dail y path delay variations need to be attenuated by about a factor of 10 to make them about ihe

same magnitude as the master clock variations . We should point out that t is more important to

mainta in the noda l frequency very accuratel y when a re ference s lost than to heavil y filter these

slow path delay variations when a reference is available. The problem associated wi th try ing to

f ilter these var iations at all times s the long acquisition time and the large steady—sta te phase

error that must be built up to hold th3 VCO in lock . This loop requires a nonzero phase error to

track a frequency offset. From Equation (3.1 .2—2) this phase error may be written as

s(s -
~ 2 ~ w ) 9,(s)

• E(s) — 
I (3.1.2 6’)

~~~ 2~~ ~~s+ w 2
- - • 

n
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For a step in frequency, 9 (s~ = ~ ~/s2 The f inal value thea em shows that the stea dy-state

phase error is

€ = lim sE(s ) = 
2 

~ 
(3. 1 .2—7’)

Thus, the peak phase error that must be accommod ated by the phase detec to s proportional to

~ and inversel y proport ional to the natura l frequency of the loop .

Smaller values of tend to speed acquisition time (dow n to ~ = 0.707) and to

reduce steady—state phase error . However , the value of oi required to provide a given amount

of filtering of the input frequency jit ter decreases for smaller values of ~ w hrc h tends to increase

stea dy—sta te phase error . Thus , one should also examine th is effec t .

- 
•. 

Using a low—pass loop filter

2~ 
~~ . 

(3. 1.2—9)
F (s)o 2

s ~2c Cu s~~~”~ 2
n n

Then

F (s) 
- 

Cu 2 
. (3. 1.2-10’)

Fjs) 2
I s - - 2 g w  s~~cu

n n

This trans fer function has magnitude

• 
- ~F (j w)

~
F i~i w $  ~/ 4 ÷~~~~~ Tj~~02 ~~

2
~~~~

T

• F ( j

To f ilter daily j i t te r  by a  fac tor of ~0 t is required that 
~
. 

d~~ = 0.1 .
F.~j ‘sd ’ J

The value of ~ require d to achieve this i sa  function of E. One can see from Fi gure 3. 1 .2 .1

and from Equatio ~3 .1 .2—7) that as long as the ratio increases linearl y with E as it does for

~ 
> 2 .5  there wi l l  be no change in steady-state phase error . But for ~ < 2.5 the ratiow /con d

increases much more slow ly w ith ~ which ind icates that small values of ~ will result in small
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The value of = 0.707 gives the shortest acciuis tion time for  :onstontw . This s not

exactl y the case here since the value of w required to maintain ~~~ wd)/ F .(j 
~d~L 

= 0. 1

increases as ~ increases. However, the increase is not rapid enough to make hi gher values of

~ give better acquisition time. In addition , va lues of ~ less 0.707 greatl y increase the

oscillatory nature of the loop response , and these variations would be passed on to other nodes.

Finall y, the value ~ - 0. 707 gives t he smallest stead y—state phase error fcr any value of

~ � 0.707. Thus, the value of ~ = 0.707 appears to be the best choice for this loop .

Assuming that the eff ects of dail y path delay variations w i l l  be heavi l y filtered (requiring

C’) = 0.32 wd
) and that ~ 0 .707 wi l l  be used , the requirements an phase detector range can

be examine d. There is a d irect trade between osci l lator stabil i t y and phase d- - ector range . The

maximum phase error is about 1 .05 e due to the sli ght overshoot with ~ = 0. 707. The stead y—

state phase error is given by Equation (3.1 .2—7). From this equation the long term clock stabi !ity

required to keep the maximum phase error less than any amount can be cri?culated (at a specifi c

reference frequency) from

0) = — (3. 1 . 2 — 1 1 )
0) 3. l~~~~cu

where R is the phase detector range (±  R radians). At refer en ce frequencies of severa l megabits
11and ± radian range , this w ill result in a stab i l i t y requirement o~ a few parts in 10 (which

cannot Oe ac hieved by quartz c locks i . One cou ld ease this requirement (to 10 8) by extending

the range of the phase detecto~ ~e requ ired amount . This approach would also require buffers of

similar s ize’, and these wou ld add se - - -~-~ d rn l~~e- ondc of additiona l delay & e-/ery node that would

or herwisc not be e~ ut r ed - Th~ ~~~~ ~ ~e r ~ t ive is to increase w and use a much smaller phase

d~Je tor rc1~ u. l- ~ t h s  ~u-  H . - -!
~~ frequency would be si gnif icant l y af fected by path delay

var iations and this woul d rer~ormance when the ioop must “coast without a reference

s:nce i~ wc~ !d - - cf ;st ” at : h~s - - - u : hed frequency. In contrast , the t ype two loop filter has an

integrc rcr ‘,~,hich ac be d ’sionc c~ to have a v ery  long t ime constant. The integrator output prov ides

i~~~ VCO wi t h  a co~~rc ) voVrgc ’  •v hL-:h i s a  much more accurate measure of the true network

~r~~’~L,ei - y 
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3. 1.2 .2 Type T W O  Loop

k Two princ ipa l differences of this type of loop are that the integrators in the loop

filter provides “frequency memory ’ for use when ‘ coasting ” w ithout a reference and that the loop

bandwidth can be changed as an acquisition aid to speed up acquisition from large frequency off-

sets . The loop parameters used in tracking do not impose a limit on the acquisition time as they

do when using a type one loop . This w i l l  al low the use of very riarrow band loops while st i l l

reta ining good acquisition performance. Severa l approaches have been examined in Appendix C,

and some of the results are used in this section . We wi l l  assume the two—bandw idth approach is

used, It should be rather easy to imp lement in a di gita l loop .

An exten ded range phase detector improves the performance of tne loop si gnifi cantl y

in this app lication by allow ing the use of narrower bandwidths, and it wi ll be assumed that it is

used. The phase detector must have a range larger than the pea k phase error that w ill ever be

seen . This wi l l  ensure that the loop operates in the linear reg ion . The manner in which the

per formance is improved over the phase detector with a one-cycle range is in improved acquisition

t ime and ability to acqu ire greater frequency offsets for identica l E and ~~~. For any frequency

offset outside the “lock range ” of the one.-cycle phase detector , th is loop wi l l  slip cycles and

require longer to acquire. The acquisition time of the one-cycle phase detector becomes poorer

and poorer relat ive to the extended range phase detector as tc e offset is increased until the offset

becomes larger than the loop capture range . At this point , the one—c ycle phase detector cannot

even ach ieve lock . To make this lr~op have ac qu~~it on t imes similar to those of the extended

range phase detector wou ld require a considerab l y larger loop bandwidth , and attaining a very

narrow loop bandwidth s one ot the princi pal goa ls for the network synchronization problem .

There is one other usefu l f ea tu re  of ~~~~ extended range phase detector . Since the type two loop

trac ks ci frequency offset s~~r r a s - ~.c ~y--~tato phase error , and it does not sli p cycles w ith an

extended range phase ae tL ct o r , then erich noda l clock w i l l  stay close in phase to the clock to

w hich i f  is f e -en ~:ed. This hel ps keep the probabilit y of buffer overflows small.

The purpose c~ the usi ccj  the narrow band loop is to heavil y filter the jitter caused by

pertu bations in the netwe k such as path delay variations so that each nodal clock is very stable.

The type two loop has a peaked closed loop transfer function so there wil l  be amplification of
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some jitter frequencies . The amount of amp lification is easy to estimate . From Equation (3. 1 .2—5 ~
we can determine the magnitude of the frequency trans fer function

2 2 / 4 ~~2F ( , cu) 
- 2 ________________________ 

1/2 (3.1 .2-12)
F. (j 0)) 

— ‘~n 0)4 (4 ~~ 2 
— 2) 
‘~n 

2 2  4

The maximum va lue of this transfer function has been determined and s show n in Fi gure 3.1 .2.2.

There is considerable amp lification of some j itter frequencies at the smaller values of ~~. For

examp le, a t  ~ = 0.707 the peak occurs at ~ = 0.78 0 ) ,  and tha t jitter is amp lified by a

factor of 1 .27. For ten such nodes in tandem , th is j itter would be amp lified by a factor of
10(1 .27) = 10.9 . This is clearl y unacceptable , but the problem can be allevi”ted by

choos ing larger values for damping coefficient E. For examp le, at ~ = 4 the peak occurs at

Cu 0.4 0) , and that jitter is amp lified by a factor of only 1 .013. For ten of these nodes inn 10
tandem, the jitter would only be amplified by a factor of (1 .013) 1 .14 . Thus , w ith this b o a

the higher values of ~ w ill have to be used .

In selecting parameters for the narrow band loop, one can exam ine two d fferent
approaches . First , one could attempt to Filter the effect of dail y var iations all the time. This

would require extremel y niarrowband loops, and the loops would be extremel y slow to respond to

any var iations in reference frequency. On the other hand, one cou ld require only that the loop

heavily fi lters the effects of daily var iations on its frequency memory and thus on its frequency

when in the “coast ing ” mode (operating without a reference) . By this , we mean that effects of

path delay variations on the integrator output are heavi ly filtered . To do this one must ensure

that the time constant integrator is long enough for the integrator output to closel y ref lect the

networ k frequency averaged over the past severa l days . This wi l l  allow a much larger o to be

used, and this approach nc-:n~~o l is~’es the critica l task of prov iding a noda l clock with frequency

extreme l y close ~o he r : twor~. frequency during loss o f reference.

~ one desires to heavi ly filter the jitter at all times , the ef fect of the filter is given

by the frequency transfer function Equation (3. 1.2—12) . Assuming that we wish to make

H(~. 0.1 the value of e /c , required to achieve this as a function of ~ is shown in

Fi gure 3. 1.2. ’ . Note the rap idity with which the value of~~ required to achieve the filtering

decreases wi t h increasing E. A large value of~~~ must be used or other jitter frequencies wil l  be

I
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greatly ampl ified . Even at a value of ~ 2. 5 the value of required to attenuate dail y

ji tter by a factor of 10 is U) = 0.02

In contrast , assume that one only attem pts to filter the effects of dail y ji tter on the

integrator output. The output frequency is determined only by the vo ltage on the integrator which

is the integrate d past history of the phase error , E(s) . Then the output frequency iS

aK
F (s) = —

~~
- E(s)

0 S

= 

2 F. ~ 
2 

(3. 1 .2-13)

s ~ 2~~0) S + w
n n

The magnitude of the frequency trans fer function is identical to Equat ion (3. 1 .2—10). The value of~ 
/0)

required to make IH(Cu) ( = 0. 1 has been show n previously in Figure 3. 1. 1 as a  function of~~.

We note that in contrast to the previous example that as one increases ~ that 0) can be increased.
n

In fact , for large ~ one can make H(w,) K by choosing ~ 2 ~ K (u,. If we assumed that

opera t ion w t h  va lues of ~ in the range from 3 to 5 one can increase by a factor of 36 to 100

by only requiring that the effect of daily ji tter on the integrator output be filtered .

Thus , we are recommen ding the use of a type two loop with Cu and ~ chosen to

heavil y f i lter the efFec ts of dail y j tter onl y on the integrator output. As an examp le, if we pick

4, ~, 
— 0.8 0)d 

is needed to attenuate the dail y ji tter by a factor of 10. From Figure

• 3. 1.2. 2 we rind that the peak amp lifi cat ion of any j i t ter frequency is 1.013 and this occurs at

frequency ‘~~ 
-
~ 0.32 .~ ‘wh ich corresponds to buffer f i l l  for the extended range phase detector)

From Fi gure 3. 1 . 2 . 2 .  Sinc : ~k i c  loop is overdamped (
~ > 1), the phase error (in cycles) caused

by a frequency offset is

\ f a
2

t -c~1 t

lb ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

e -e ‘ (3, 1 ,2-14)

r..
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w here a1 
= 0)

n + ~~~~~~~~~~~~ i)

and a2 
= 

(u~~ ( 
~~ 

- - i)

For large ~ , a1 2 ~ and a2 ~ 
0)

n / 2 ~ . The time at which peak phase error occurs

is found to be

m a 1 — m a 2
t = , (3, 1.2—15)
m a 1 a2 

-

and the value of 9 (t ) is

( t )  = ____  

-a
2 / ~a2 + 

a2 ~~~-a1 -a1 / + a1 /~] , (3. 1.2-16)

where o a
1 

- a2, For these loop parameters the phase error gradually rises to a peak w ith

time constant T
1 

. This peak occurs after a little over four time constants or about 2.5

hours . The loop then sloJ,Iy reduces this phase error to zero with a time constant of T
2 

1/

or about 37.5 hours . The second time constant is the time constant associated with the integrc?tor

output. The peak phase error caused by a step in frequency decreases with increasing ~ (for

constant C u ) .  The reason for this is that the two time constants get further apart with Ti 
decreasing

and ~~ increasing . This decrease in allows the loop to more rapidly respond to changes in

reference frequency, there by prevent ing the accumulation of large phase errors . For these loop

parameters perturbations caused by fractiona l frequency steps of 10~~ or less and the typica l path

delay variations mentioned previousl y w ill cause maximum phase errors of no more than about

I ~s , Acquisition from large Fre-~uency offsets of several parts in 10~ w ill cause much larger

peak phase errors and wi l l  be handled by sw itching to a special acquisition mode with a much

w ider bandwidth loop .

The tradeoffs leading to the choice of parameters for the acquisition mode are given

in A ppendix C , but a summa ry of the parameters is given here . Switchover to the acquisition mode

w ill occur when the phase error gets larger than about 2 .s. The acquisition loop wfl l  then have

to respond to a frequency step and a 2 tis phase step. The loop bandwidth should be chosen

3-14 -
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w ide enough to allow a rap id pull—in , but it should not be too wide or the frequency transient

k due to the 2 
~ 

phase step w ill be very large . The peak Frequency change due to a phase step

for the type two loop is

F = 2 ~ o \9 (3. 1 .2— 17)
n

The acquisition mode parameters selected were = 0.707 and 
~ 

- 0 .007 rod/sec . W ith

these parameters and a 2 p5 initial phase offset then the observed \ f  corresponds to a
9 

p
fractiona l instability of 6.4 x 10 . This is about the same order of magnitude but in the opposite

direction as the initial frequency offsets that could cause the loop to go into the acquisition mode .

Of course , if  one desired to have a smaller frequency change due to the phase step , it could be

obtained by using a narrower loop bandwidth for the acquisition mode . One must remain in the

acquisition mode long enough to ensure that the voltage built up on the integrator in the loop

- 
, filter wi l l  hold the VCO sufficientl y close to the re ference frequency to avoid another buildup

of a 2 ps phase error after switchover to the tracking parameters. To be conservative we have

estimated that remaining in the acquisition mode for a tota l of 9 / ~ c seconds is more than

adequate . For these parameters this corresponds to about 30 minutes in the acquisition mode .

One other question that needs to be examined is the behavior of the loop when the

VCO is subject to a linear frequency drift . From Equation (3. 1 .2-2) the phase error of the type

two loop can be wr itten as

2 9s . (s~
E(s) = 2 

(3.1 .2—18)
s ‘ 2  ~ ~~~s

Assume that the frequency drift can be described by

(t)
1 (3.1.2—1 9)

whic h gives

(t) = ~/ s~ . ( 3 1  .2-20)
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The type 2 loop responds to this input with a constant steady—state phase error . This error iS

obtained from the final value theorem as

€ lim sE(s)
ss

= . (3.1.2-21)

IF one uses a very good crysta l VCO as is used in the Bell System with a drift of 10 
10 

parts/day

(or 1.16 x 10 15 
parts/second) with the tracking parameters we have selected , the steady—state

phase error is found to be 0.37 ~ 5. This is small enough so that it does not impact our choice

of the 2 ~5 threshold For the switchover From the tracking to the acquisition mode.

The type two loop is much more suitable for this application than the type one loop .

Its most useful feature is “frequency memory .” The integrator time constant can be selected long

enough to provide heavy filtering of daily ji tter . Thus , the frequency memory provides a very

accurate indication of average network frequency over a period of severa l days . The type two

loop can also be used with a wider acquisition bandwidth which wi l l  allow much faster acquisition

than the type one loop in the presence of barge frequency offsets . This wil l allow much better

performance in a military environment where there may be frequency losses of the reference and

si gnificant perturbations in network frequency under stress condit ions .

A summary of loop parameters for the master—slave approach is given in Table

3. 1 ,2,2.

Table 3.1.2.2. Loop Parameters for the Master—Slave Approach .

Tracking = 4 , w 5.6 x 10~~ rod/sec

For a drift rate of 1 x 10~~~ x F per day, these parameters give a steady—state

phase error of 0.37 
~

s .

Fast Acquis i t ion ~ = 0.707 , w 0.007 rod/sec

The loop w Ill acquire from a combined fractional frequency offset of 2 x io_8 
and a

phase offset of 2 ~s in l800s.
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a s  ~ b~It was mentioned previously that a loop f ilter of the type F (s) 
~b(

_ 
±

w ill give a loop many of the properties of both types of filters mentioned prev iously. By proper

cho ice of parameters the steady—state error con be made considerably sma ller than that obtained

w ith the filter F (s) 
~ 

. In addition, one con also use a two bandwidth filter approach

to prov ide both good acquisition and good filtering performance . However , in order to obtain the

type of behavior which we consider desirable , one wi l l  have to select parameters so that the per-

formance very nearly approximates that of the type two loop and this wil l be nearly identica l to

the behavior just discussed . The parameters for this loop can be chosen such that the closed loop

transfer Function , ~H(w)~ < 1, ~ >0. Thus, no jitter frequencies wil l  be amp lified . This is

significant for mutua l synchronization systems , so this type of filter wil l  be discussed in that section .

3. 1 .3 Survivability

Survivability indicates the degree to which the timing subsystem continues to perform

its function (to provide network timing) during periods of stress . To achieve this , fall—back modes

of operation must be provided so that the timing subsystem itself wil l  not cause significant degra-

dation in capability of the network to provide dependable digita l communications during these

per iods. Network synchronization is necessary because the sl ip rate that two nodes wi l l  experience

in communicating s directl y proportiona l to the frequency offset between ti iir nodal clocks. If

this offset increases in a stressed environment , then sl ip rate increases which leads to misali gned

frames in mult iplexers and switches and a need to resynchron ize cryptos . Since timing subsystem

per formance is directly tied to sli p rate , sli p rate as a function of the level of stress indicates the

surv ivabi l i ty  of the t iming approach.

There are two parts to the problem of minimizing the sli p ra te in a digita l network:

1 . Keep the noda l clocks of all communicating node pa irs synchronous as much as

possible.

2. Minimize the frequency offset between the nodal clocks of asynchronous

communica t ing nodes and minimize the amount of time they must communicate

wit h asynchronous nodal clocks.
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To put these comments in perspective , note that if one uses the independent clock

technique, there ore asynchronous clocks at every node. The sl i p rate due to buffer overflows is

str ictl y a funct ion of the clock accurac~r and the buffer size and wi l l  not change as a function of

stress level. On the other hand, the analys is in Paragraph 8. 1 indicates that one cou ld reduce

the s u p  rate by slav ing these clocks to a common master through some master—slave timing distri-

but ion hierarchy. This wou ld make all noda l cloc ks synchronous and sl i ps due to buffer overf lows

could be avoided entirely prov iding there were no link or node fai lures. If link or node failures

occur , some nodes may lose their re ference to the master . Then some nodes w ith asynchronous

nodal clocks may be commun icating and could experience slips . Such nodes wi l l  be called

“asynchronous commun icating nodes .” These nodes wil l  remain asynchronous unti l they once again

become locked to a common reference.

The results of the ana lysis in Paragraph 8. 1 indicate that some performance improve-

ments over an indpendent clock approach may be obtained by us ing one or more Fixed references

in a master—stave manner , but these improvements are not that great when the link outage probob l—

ity is high because the t iming distribution network is disrupted so frequently. This is the reason F
that- master—s lave systems have been frequently crit icized as not having survivability . However ,

one can make an additiona l improvement in a master—slave system by g iving it the capability of

adaptive ly reconfi guring the timing distri bution network as link outages occur. This techni que

has been imp lemented in the Dataroute network 
92 

and has been proposed for use with Time
169, 170

Reference Distribution . This approach has the properties that:

1 . All commun icating nodes are synchronous in the stea dy state (after a sufficien tly

long period following the last failure) .

2. The only time a nodal clock wil l act as a self—reference is while the timing

distribution network is being reconfi gured .

The use of an adaptive timing distr ibution network gives the master—slave approach a very high

degree of survivability . The system can be desi gned so that no sli ps occur in the steady state .

The only time sl ips can occur is during the transients associated with reconfi guring the network .

Obvious by, one of these transients occurs every time an outage occurs , and any single outage can

cause the network to be recon figured in such a manner that severa l nodes may have to act as a

self—reference during this process . Performance in a stress environment is influenced by both the
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t ime required to reconfigure the t iming distribution network and the length of time a node con

act as a sel f—reference without experiencing sli ps (which is a function of the buffer size and

frequency offset) . There is a trade—off here between time required for reconfi gura t ion , buffer

size, and the fractiona l frequency offset between the nodal clock and the network frequency .

For examp le , a ces ium clock could operate without a referen ce for 24 hours while accumulating

only about 1 ps of phase error relat ive to the network master . In actual pract ice, though it

should be no pr~iblem to accomp lish network reconfi gurat ion in 10 minutes . In this case , even

the phase errors accumulated with quartz clocks wil l  be rather small. The ana lysis of Paragraph

8. 1 indicates the impact of these parameters and for practica l values of them that this technique

w ill have an extremely high degree of surv ivability .

3.2 Mutua l Synchronization Trade- Offs

In this section we address the implementa t ion of a mutua l synchronization approach

for network synchronization . Many of the trade—offs ~,re s imilar to those discussed in the previous

sect ion with respect to the master—slave approach . These include the decisions one must make

regarding loop type, loop parameters , phase detector type, clock stabilities, and buffer sizes.

Additional considerations encountered only with mutua l synchronization include the individua l

phase detector wei ghtings and the system stability.

-I
3.2. 1 Mutua l Synchronization Block Diagram

A block diagram of the nodal timing subsystem for the mutua l synchronization

technique is show n in Fi gure 3.2. 1 . A dua l redundant clock system is show n but more than two

cloc ks can be uti lized to increase reliabilit y if required. The blocks labeled “Phase Detectors ”

conta in a phase detector for each input frequency source. The sources are obtained from incoming

data links or from externa l references such as USNO or Loran C. The phases between each of the

incoming frequency sources and each loca l clock are then weighted according to some relative

quality measure of path and ultimate source. Those wei ghted phase differences associated with a

part icular VCO are then summed in order to obtain a composite phase difference. This composite

phase difference is then smoothed , filtered and amp lified by the loop filter circuit having frequency -

domain transfer function F (s) is selected to filter out path delay variations of the incoming links

3-19 
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and thereby provide a stable loca l source that k phase locked to the long term average of the
network frequency. The outputs of the voltage controlled oscillator are fed back to the phase
detectors and also app lied to the input of a selector switch which serves to select one VCO as
input to a frequency synthesizer (which generates all the frequenc ies needed to operate the nodal
sw itching and multi p lex ing equipment ). The control section provides a means for controlling the
opera t ion of the noda l timing subsystem , for reconfi gur ing in case of noda l hardware failures and
for controll ing the wei ght ings of the various link clock/ loca l clock phase differences . The inputs
to the control sect ion include loca l command si gnals , nodal fault detector si gna l, and link drop-
Out indicators from link receivers . The mutua l sync timing subsystem is quite similar to that of

— the master—slave techn ique . In a manner similar to the master—slav e technique , the redundant
loca l clocks are all phase locked to the network Frequency so that smooth transitions can be mode
from one loca l clock to the next . In case of long term loss of links the control section wil l  de~r--
mine a new set of phase error we ight ings .

3.2.2 System Stability

Constraints on system parameters required to produce a stable mutua l synchronization
between have taken two forms. First , one must ensure that the relat ionshi p between path delays
and loop gain is proper . This results in upper bounds on gain—delay products (loop gains and

107, 40, 115, 45, 46link delays) that have been derived by many investi gators . These
stability bounds are dependent on the spec ific network confi gura t ion . However , the maximum
va lue of ga in—delay product that can typ icall y be tolerated is on the order of 1 . Since very
narrowband loops (implying very small loop gain) wi l l  be used , link delays of many seconds would

-: be required before there would be a stability problem . Thus, in a rea l network one would not have
to be concerned about the gain-delay products being large enough to cause network instabilit y.

The other constraint needed to ensure stability is on the loop fi lter parameters .
Stability ana lyses for s ingle—ended mutual synchronization systems have show n that in order for a
mutua l synchron ization system to be stable requires a closed loop phase response that satisfies

~ 
J~~( ( ~TJ I H ( w ) i < 1 , w > 0 . (3 .2.2-1)

L 
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It can be show n that type two loops with filters of the for m F (s) (s + a) / s never satisfy th is

k condition (we note that H ( o ) I  > 1). This means tha t phase jitter at the natural frequency ~j

will be amp lified each time it passes through the timing regeneration circu itry at a node . Since

this is a closed—loop system of many interconnected PLL’ s , one can see that the amp lification of

phase jitter is the source of the instability . Thus , the designer is restric ted to type one loops .

One could examine severa l type one loops for use in this system . If no loop fi lter

is used , a first—order loop results . It is obvious from the transfer function that such a loop satisfies

condition Equation (3.2.2—1).  If the loop hasa sing le low—pass filter of the form F (s) = a/ (s a),

then one can show that the closed—loop transfer function Equation (3.1. 2—4) satisfies condition

Equation (3. 2.2— 1) providing that the damping coefficient , ~ , is greater than 1// ~~~This is

the loop ana lyzed in Paragrap h 3. 1.2 for the master—slave system , and many of the same conclusions

app ly here , but to use this loop we must simp ly ensure that the damp ing coefficient is a lways large

enough to give a sta ble system .

Another loop fi lter that one could use is of the form F (s) — o(s + b~ / b(s + a). This

fi lter gives a type one loop, but its performance can be made to approximate that of a type two

loop by making the pole be very close to the origin re lative to the zero . However , the require-

ments for sta bility in a mutua l sync system are more severe than those for the simp le low — pass

fi lter. The closed—loop transfer function can be found from Equation (3. 1 .2—1) as

- 2
~ (s~ (2~~ — c ) c ~~~~~~a — 

n n , (3.2.2—2 ’
— 2 2

I ~ n n - -

w here ~,j Jo c ~ / K , and ~ c(K + b) / 2. The magnitude of the transfer

function is then found to be

I. I

,~

~IW

(2~~~— 2 2 2 4 1/2
/ °~ ~~0)~ . (3.2.2—3)

4 + ( 4 e
2 _ 2 )~~ n

2 W 2
~~

W n 4
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To find the conditions under which a mutua l sync system w ith this filter is stable we must determ ne

the conditions under which H( c~) <1 for U > 0. Since both numerator and denominator

of Equation (3.2. 2—3) have an U term , the condition Equat ion (3. 2.2— 1) implies that the

requirement for stability reduces to

(2 ~ 
- c)

2 2 2 w~ + (4 ~ 2 
- 2) U 

2 
~~~~~ 0. (3.2 .2-4)

This in turn reduces to the requirement that

> (c2 
+ 2) / 4c . 

(3.2 .2-5)

Thus , the sta bility requirement leads to a lower bound on the acceptable valu’~s of the damp ing

coefficient , ~ . Another consideration is that one must place the pole of the loop f ilter closer

to the or igin than the zero , i.e., this requires b > a. This condition leads to an upper bour-~

on the acceptable values of ~

One can write the parameter b as

U
b = ,

~~~ 
. 

(3.2 .2—6 )
— c

b > a requires that

< (c2 
+ 1)/2c . 

(3.2.2 7)

The desired range of operation of this loop is for very small values of c. Unfortunatel y, one can

see from the upper and lower bounds on the allowable values for ~ that asymptot ically at very

small values of c both the upper and lower bounds on ~~. approach 1/2 c. In fact , even for

c 0.1 the allowable range for ~ is found to be 5.03 < < 5.05 . Of course , this range is

much too small to a llow pract ica l u~nplementat ion of the loop.

Thus, because of stability considerations we will consider only loop Filters of the

Form F(s) = o/(s + a) for use in mutua l sync systems . Design considerations for this type of loop

are discussed in the following subsection .

r
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3.2.3 Desi gn Considerations

Desi gn cons iderations for a loop with a fi l ter of the form F(s) = a/(s + a) were

treate d in considerable detail for use in a master—slave system in Paragraph 3.1.2.1. Many of

the same results app ly to t his problem .

In that anal ys is we found that one cannot use a fast acquisition strategy such as a

two—bandwidth filter , but one can make good use of an extended range phase detector to aid the

acquis ition process and prov ide more tracking range. We also found that if one specified the

amount of attenuation at a fixed j i t ter  frequency then the stead y—state phase error and acquisition

time are best at low values of ~ . The value ~ 0.707 was picked as the best for this loop .

Since this value of ~ is at the lower bound for stable values of ~ in a mutua l 1nc system , it is

obvious that a larger value wi l l  have to be picked . One should increase ~ by enough to ensure

that with the desired hardware imp lementation one cannot have changes in ~
‘ that wi l l  a llow ~ e

system to become unstable. In addition , larger va lues of ~ are desirable because the transient

res ponse of a mutual synchronization is more oscillatory than that of a single loop . We wil l

tentativel y pick ~ 
= 1 being a value that should be close to the proper value. One can show

that the steady—state phase error for this value of ~ is only about 37 percent higher than that

needed for ~ 0.707 (to attenuate a specified litter frequency by a factor of 10) . From

Equat ion (3.1.2’o) the transform of the phase error (at ~ = 1) may be written as

s (s - - 2 U  )
E(s) ~

- 8.(s) . (3 .2.3—1)
(s i - U )  I

n

The phase error due to a step in f requency, ~~U, is then found to be

, 2~ w 
[ 

, — U tl
e(t~ 

- — — 
- 1 ( i  + U t/ 2) e n I (3.2.3—2)

(1) - n 
Jn L

It is easil y veri fied that the phase error sett les to within 1 percent of the Final steady—st ate error

a Fter six t ime constants (at t 6/w ). This wi l l  be defined as the acquisition time , If one tries to

attenuate dail y j i t ter by a factor of 10, then the va lue of U needed at ~ 1 is found from

Fi gure 3. 1 .2 .2 to be 
~~n 33W d 2.41 x 10 5 rad/s . Unfortunatel y, t his gives an acquisi tion

time of about 69 hours. This would be an undesirable feature in a military environment. While a

part icular node is attempting to acquire , other nodes are also locking to its frequency which is
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c ifferent from the network frequency. Thus , during the acquisi tion period its frequency wi l l  tend

to pul l the network frequency to a different value wh ich , of course , is undesirable. Speeding up

the acquisit ion process may help t his problem. This is rather important , and this is the type of

behavior one must be concerned with in evaluating the performance in a stress environment where

l ink and node outages may occur frequent l y. A better choice might be to reduce the acquisition

time to 1 hour. The value of 
~ 

req-~ red is 
~ 

1 .67 x 10 ‘~ rod/s . The stead y—state phase

errors For these two loop bandwidths are 830 and 12 ps , respective ly, for a fractional Frequency
-8

offset of 10

The above discuss ion approached the desi gn problem princi pall y on an individual

node basis , but this approach is not reall y adequate . There are some rather ~ gni ficant difference s

between the behavior of master—slave and mutual sync systems which lead to different desi gn con-

s iderations. One such considera tion is system stabil i ty discussed in the previous subsection .

Another difference is that a mutual synchronization system does not settle down to a prede ter-

mined sy5tem frequency. The f inal system frequency is determined by factors such as the

individual ‘ICC center frequencies , changes in l ink delays , loop parameters , and the manner

in which the network is brought into operation . Unlike the master —slave system , the system

frequency of a mutual sync system can be permanentl y changed by a change in a link delay.

One can see this from the following examp le. Suppose we have a mutual sync system where the

error signa l app lied to the loop fi l ter is the average of the phase errors measured on all links to

ot her nodes. If a step decrease in link delay, ~~r, occurred on eac h link s multaneousl y, t hen

all phase errors measured w~ H ~cri tareous l y increase by f .~r . This error signal wi l l  be

fi ltered and then used to r~~uence the VCO frequency, but the \/CO’ s at all nodes will change

dentica ll y. Sinc’. all  \‘CO ’s a~ ~hnng ing in t he same direction , we can assume that the

increase in error ~ignal wH be rn~ rt o i ned at ~ 7 . Thus , one can determine the change in

VCO frequency h7

/
0

“ E(s) , (3.2.3 3)

w here ihe errol si gnal L(s) f .~~ /s. Then the change in VCO frequency at all nodes are the

same and i.~ equa l to

~~f(t ) = (1 - e ° t

) , (3.2.3-4)
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and the steady—state fractional change in system frequency due to t he change in delay is

= Kv~~
T (3.2.3-5)

If one knows the maximum amount by which any l ink delay may change , then Equation (3.2.3—5)

can be used to determine the value of loop gain required to keep the fractional change in system

frequency less than a predetermined amount . This estimate should be rathei conservat ive , t hough,

since Equation (3.2.3—5) was computed assuming that all delays change simu ltaneousl y by t he

max imum amount. Obviously, th is wi l l  not happen in a large network. Some delays wi l l  be

increasing and others decreasing resulting in a cancellation effect on system frequency. For ‘~ - e

examp le j ust considered with the 1—hour acquisition time (U = 1 .67 x 10 ~~/s) we find that

the fractional change in system frequency due to link delay variations computed irom Equation

(3. 2.3—5) is equal to 8.3 x 10 10 for a max imum path delay variation of ± 1 ~s (this is a good

“ball park ” estimate for the links on the DCS with the except ion of satel l i te hnks). The ca l-

culated stability of the system frequency is adequate , and the actual stabil i t y should be much

better than this bound . This trade—off and other similar trade—offs are discussed in a paper by
133Moreland .

Another difference with a master—sl ave system is that the error signal app lied to

the loop fi lter is an average of the phase errors measure d with all of the links at that node . Thus ,

for the loop with Un 
= 1 .67 x 10 rad/s t e maximum error signal was calcu lated to be 12 is.

The worst—case would be if all links but one had significant phase error but opposite in si gn from

the ot her link which required a large phase error to generate the proper error si gnal. Thus , the

requ ired range on the phase detectors (and hence the buffe r sizes) can be considerabl y diffe rent

¶ from the maximum error si gna l that must be app lied to the loop f i l ter. Unfortunate ly, there does

not seem to be any way o calc uicte the maximum phase error on eac h link . Moreland
133 con—

sidered this problem from the viewpoint of how much the phases of nodal clocks wi l l  change

relat ive to each other due strictl y to changes in path delays . He presented the dumbbell con—

figurat ion as the worst—case topology for this problem. The dumbbell topology has the nodes

se parated into two groups (each group be ing highly connected) wi th onl y one link connecting the

two gioups. He claims the worst—case occurs when all links connecting one of the groups of

nodes experience an increase in delay while the links connecting the other group experience a

decrease in delay. This can cause a much larger change in phase difference between the clocks
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on e ither end of the single link connecting the two groups of nodes. However , once aga in this s

a rather extreme case . In addition, what we are reall y interested in is the peak phase error that

w ill be observed on any link relative to the maximum required error si gnal (which is 12 j~is in our

example). This peak phase error is probably influenced more by the relative offsets in VCO

center frequencies at each node than by path delay var iations.

Another importa;~r ~er of parameters are t he phase detector weig ht ing coefficients.

Each node wei ghts the phase errors measured by a set of relative we ightings. Suppose node k

has N re ferences available. Then each of these references wi l l  be assi gned a relative we i ght ,

the we ight from node i being denoted by W ki. At any given time , only some of these references

may be available. Of course , the actual we ight ing of those re fe rences should reflect only the

act ive references. Assuming a subset s of these references are active , then the active nodes

shou ld be weig hted by a we ight of the form w. = wk ./w , where

w =~: w k. . (3.2.3—6)
5 $ I

If the phase error measure d on link i is denoted by 6 ,, then the error signal app lied to the

loop filter is

— ••
~~~~~ ~~~ 9 . . (3.2 .3—7)

For examp le , one possible weight ing is to weight all references equall y. In this case , if there

are n act ive references , each w ill be wei ghted by the factor 1/n. Equa l wei ghting has one

significant advantage in that i~ provides an added measure of survivability. The system frequency

is not heavil y influenced by a smal l f raction of all the nodes. One might try to obtain a more

sta ble network frequency by more strongl y we ighting the most accurate clocks and the links least

affected by path delay var iat ions. This does work , but the network frequency wil l be more

strong ly perturbed by fa ilures of these more strong ly wei ghted nodes and links . Determining the

best trade between these properties is somewhat subjective and thus diffi cult to do analytica lly.

3.2. 4 Simulat ion Results

Some simulation results wi l l  be presented in this section to illustrate the behavior

of a mutua l synchronization network . These simulations were performed using the dumbbell
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topology, and most used the topology shown in Figure 3.2.4. The initial simulations were done

to de te rmine acquisition behavior and to choose ~. The parameters discussed in the previou s

Fi gure 3.2.4. Eig ht—Node Dumbbell Network

sect ion (~ 
1, Un 

= 1 .67 x 10~~ rad/s) were chosen as a baseline . Damping varied about

= 1 while chang ing U sli ghtl y to keep the —20 dB point on the closed loop response at the

same litter frequency wit h ~ 1. The nominal frequency was chosen to be 1.544 MHz with the

i nitial VCO fractional frequency offsets being .,.io 8 for Nodes 1—4 and +10 8 Hz for Nodes 5—8 .

Phase error weight ings were equal. It was found that increasing ~ increases acquisi tion time and

the penalty by using ~ 1 rather than ~ near 0.707 is about 30 percent (steady—state phase errors

wil l  also be higher by about the same amount) . This seems like a good trade to obtain better

stability . The very narrow loops prevent the network from exhibiting any tendency to osc illate .

Thus , the values of ~ = I and U = 1 .67 x 10 ~ rod/s were chosen for the remainder of the

simu lations. It was found that for ~ = 1 the initial acquisition required 11 .7 hours compared

w ith the acquisition time for a si ng le loop of only 1 hour . One would expect the acquisition

t ime for any topology to be severa l times that of a sing le loop. However , this topology extends

the time considerably due ~o t he fact that the nodes on the right—han d and left—hand sides affect

eac h other only through a s ing le l ink 4 5. It is also for this reason that the steady—state phase

errors build up in an unbalanced manner. The worst cases are at Nodes 4 and 5. At Node 5 the

phase errors with respect to Nodes 4, 6, and 7 are -107, 36, and 36 lAs , respectivel y, giving an

average phase error of 12 F~
5
~ 

The difference between the magnitude of the individual phase

errors and the average phase error indicates the difficulty of making a good estimate of the size

of the individual phase errors (and thus buffers) . They will be a function of both network

topology which is always subject to change and the nominal center frequencies of the VCO ’s at
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each node. Another simulation was performed to observe the change in behavior if the VCO

- I nomina l center frequencies were more randomly chosen. The VCO fractional frequency offsets

were changed to +10 ’8 at Nodes 1 and 2 and to ~10~
”8 at Nodes 6 and 7. As a result , the

acquisition time was improved by about a factor of two, and the peak with respect to other

nodes is considerably reduced. Node 5 is connected to three other nodes (4, 6, and 7) each

w ith the same nominal VCO frequency so the steady—state phase errors wit h respect to each

of those nodes is virtuall y identical at about —12.3 is. However , Node 4 is connected to nodes
with differing nominal VCO frequencies. In this case the steady—state phase errors wit h respect

to Nodes 2, 3, and 5 are 26.5—2.6 , and 12.3 ~~ respective ly. We note that the peak phase
error does not occur on the dumbbell link .

The response can be speeded up by hav ing more coupling between the two halves

of the network . This can be done through a change in the phase error wei ghtings. A simulation
was performed identical to the previous simulation, but with a different phase error we ighting

sc heme . Nodes 2 and 3 weighted the phase error w ith respect to Node 4 twice that of Node 1.

Likewise , Nodes 6 and 7 did the same in the other half of the network . In addition, Nodes 4
and 5 wei ght the phase errors measured relative to each other twice that of other nodes to which
they are connected . T his allows nodes at the center of the network to have more influence than
those on the extrem ities. Thus, the system w ill tend to behave more like a master—slave system.

In this case the acquisition time and the phase error between Nodes 4 and 5 were reduced by
about a factor of 2 by changing the phase error we ight ings. Obviously, Further improvements

can be obtained by chang ing the weighting coefficients by a factor greater than 2. The penalty

one pays in doing this is that the system will be strong ly influenced by a small number of nodes

and links , and thus outages on these nodes and links can cause severe perturbations in nodal

frequencies.

Anot her simulation was done to illustrate the impact of a link dropout . Each node

had the same loop parameters and VCO offset as in the previous simulations with equa l phase

error we ight ngs. After acquisition was comp leted, Links 5—6 drop out. Before the dropout
the system frequency had a very small fractional offset (2 x 10 10) from the nominal system

frequency. After the transients due to the dropout settle out (about 12 hours) the system fre-

quency had a rather small negative offse t (— 10 9) for a net fractional change of -1.2 x 10 in

the steady—st ate system frequency. However , the trans ient frequency changes were an order of
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magnitude higher. The reason is that when Links 5—6 drop out, Node 5 then obtains its average

phase error from only Nodes 4 and 7 and Node 6 obtains its phase error onl y from Node 8 . This

causes a large step change in the average phase error driving the loop at each of these nodes.

The frequencies at these nodes are most severel y affected by this transient. At Node 5 the

max imum value of the trans ient fractional change in frequency was — 1.4  x 10 8 while at Node 6,

the max imum value was +1.4 x 10 8 The magnitude of these transients ore roughl y the same as

those encountered during initial acquisition except at the nodes far removed from the location

of the outage .

Simu lotions were also performed using 6 and 10 node dumbbell networks to determine

the effect of network size . As one might expect , we found that the acquisition time and individual

phase errors increased with N, the number of nodes. For the frequency offsets we used, we found

that the steady—state phase error between the two dumbbell nodes behaved as

= 31 N°9  
~s (3 .2.4-1)

This could not be interpreted as a general rule since the phase error would depend on both topology

and phase error we i ght ing coefficients, but it indicates again the diffi culty of estimating the

individual phase errors.

The most severe problem observed thus far is that link and node outages can cause

severe perturbations in nodal frequencies. If the nominal frequency of the VCO at a node is

significantl y offse t from the network frequency, then any outage that causes removal of one of

its re ferences causes a step change in the phase error driving the loop filter. This , in turn, causes

a si gnificant change in the nodal frequency which eventually impacts the frequencies at all other

nodes. However , one can probab ly reduce the magnitude of this transient by not allowing such

a large ste p change in phase error be applied to the loop fi lter . This mi ght be done by s lowl y

forcing the phase error due to the lost link to approach zero . In addition, the we ight ing

coefficients shou ld not be abruptly changed but should be graduaiiy changed over a period of

t ime to the desired value . The time frame over which this should occur has not been determined

at this point but should be a significant fraction of the network settling time which for this

example was about 12 hours. A similar approach would be required when the link becomes

operational and its reference is used again. Of course , implied in this approach is that the

phase error stored due to the lost refe rence is accurate . One would hove to provide measures
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to ensure that the phase error did not drasticall y change just prior to the outage . However , even

if this approach could virtuall y eliminate the severe transient , then one woL Id still have the per—

manent change in system frequency caused by the dropout. The magnitude of this change was

about an order of magnitude less than that of the transient . This technique above for reducing

the magn itude of the transient wi l l  help to some extent , but it must be evaluated further before

good estimate of its value can be obtained.

A summary of loop parameters for the mutual sync approach is given in Table 3.2.4.

Table 3.2.4. Loop Parameters for the Mutual Sync Approach

~ = 1 ,c j = 1 .6 7 x 10 ’
~
3 rad/s

For a fractiona l frequency offset of 1 x 10 8
, these parameters give a

steady state phase error of 2 
~s.

3.3 Time Reference Distribution Trade Offs

In this section we address the implementat ion of a time reference distribution

approach for network synchronization . Conceptually, the approach is quite similar to the

master—s lave approach, and some of the trade—offs are similar to those made for the master—

slave system . A TRD—t ype system has been imp lemented in the Canadian Datoroute and is

work ing quite well.
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3.3.1 Time Reference Distribution Block Diagram

A block diagram of the noda l timing subsystem for time reference distribution is

shown in Figure 3.3.1. Again, a dua l redundant clock system is shown but more than two c locks

can be ut ilized to increase reliability if required .
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~~~~~~~~~~~~~~~~~~ 
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EXTERNAL
REFERENCE ~~643 l

Fi gure 3.3.1. Time Reference Distribution Timing Subsystem Block Diagram

An error measurement device is shown which performs the function of measuring the

t iming error (or difference in precise time) between the loca l clock and each of the N incoming

re ferences . This is done using the fo l lowing double—ended technique . First , each reference

carr ies periodic timing marks , e.g., the framing pulses on a multiplexed data stream . Assume

that Node b is measuring its erro r with respect to Node a. The time of the c locks at these nodes

are I and Tb, and the link delays from a to b and from b to a are D b and Dba, respectively.

Then the time differences measured at each of these nodes between the loca l clock and the

rece ived timing marks are
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~T I - I + D (3.3.1-1)
a a b ba

and

= T - I + D (3.3.1-2)
b b a ab

These measured timing errors contain an error term due to link delays , but they can be used to

find the actua l timing difference between Nodes a and b. Thus , these measure d quantities are

trans ferred to their respective TRD control elements which then exchange this data . This is done

at all nodes for the measured timing errors on all incoming references .

The IRD control element is also shown accepting TRD orderwire information

assoc iated with each oFthese references . This information allows the processor to adaptivel y

se lect the best one of the incoming references. Assume that Node b has selected to use Node ~
as a reference which , in turn , is referenced to the network master through another path . Then

the control element at Node b can compute its actual timing error relative to Node a as

(~ T - LITb )/2. A unique feature of TRD is that Node b can then calculate its timing error

relat ive to the network master if it knows the error of Node a with respect to the master (the

measured but uncorrected error at Node a). The negative of the timing error at Node b with

res pect to the network master is estima ted by

M A~T + ( ~ T - M  )/2bm am a b

= AT + I - T
b 

+ (D b 
- D b )/2 . (3.3.1-3)

This is equal to the desired clock correction term if all link delays are equal in both d irections

and time difference measurements are perfect. Al l  that is required ~o imp lement th is is that eachond

every pa ir of nodes exchcn9e their c lock correction term with respect to the master (Mb ). The

correct ions 
~~

Tbm~ 
are processe d by an error processor wh ich determines how fact , clock correc-

t ion shou ld be made . Numerous approaches for imp lement ing the error processor could work . We

have taken the approach that since TRD prov ides closed loop contro l of the nodal frequency, one

can des ign the error processor as one would design a loop filter in a phase—locked loop. It is

chosen to behave like a very narrowband loop . The output of this filter provides the correction

voltage for the clock. Any type of clock (either atomic or quartz) may be used in the configurat ion
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s hown. The onl y functions that would be different wou ld be different fi lter parameters and a

different technique for c lock correction . With an atomic clock one could provide the clock

correct ion by either frequency adjustment of the clock or by an outboard phase sh ifter . From a

performance point—of—v iew it does not matter which approach is used; they accomp lish the same

resu It.

The rest of the system is very similar to the master—slave system except that precise

t ime is provided . The control section provides operational control of the timing subsystem and

reconfigures the redundant hardware in case of failures.

3.3.2 Time Reference Distribution Tradeoffs

Ihe time reference distribution technique is basica lly a doub le—ended master -s Ic- ‘e
system with reference to th~ absolute phase of the master . There are severa l unique advantages

to th is approach. The double—ended feature eliminates the effect of path delay variations on

noda l frequencies. In addition, by supp lying neighbors with information about the measured but

uncorrected error in the local clock each nodal clock is corrected based on an estimated error

with respect to the network master. This can eliminate the effects of instabilities in c locks in the

path between the loca l node and the master. Finally, clock correct ion based on ATbm a l lows the

difference between absolute phases of the local clock and the master to be kept small , and hence

prec ise time can be distributed . ‘Many of the tradeoffs one must make in selecting a design for

such a system are s imilar to those discussed in Paragraph 3.1 for the master-slave technique while

others are ent irely different. Some of the more si gn ificant areas where imp lementa t ion decisions

must be made are the fo l lowing :

• Adaptive timing distribution network organization approach

• Overhead data communication requirements

• Transmission of the periodic timing mark

• Measurement of timing error

• Processing of timing error measurements and clock correction

• Clock stabilities
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We have not hod time in this stud y to perform all of the tradeoffs associated w ith

these areas to allow a deta i led design to be made. We have onl y performed tradeoffs in those

areas which would significan tl y impact the comparison between TRD and the other approaches.

T he purpose of the cdaptive timing distri bution network organization technique is

to allow each node to select its best reference and thus provide TRD with a high degree of

surv ivability. The first approach for accomp lishing this was proposed by Darwin and Prim.

Modifications of this technique have been proposed by Stayer . 205 The Canad ian Dataroute

network uses a similar organization technique . Thus, th is problem has been rather thoroughl y

invest igated, and we did not see the need for additiona l work . We have selected the update

counter approach recentl y presented by Perreault. Differing approaches to thc problem may

organ ize or reorganize with different degress of rap idity. However , the effect of a change in

the approach on performance of TRD would be minor .

Based on a roug h exam ination of the overhead requirements associated with TRD

they appear to be rather smal l. At the samp ling rates envisioned, a few hundred bt  per second

w ill be required for transmission of timing error measurements and identification of timing marks.

In addition, a few hundred bits per second will be required for data transfer associated w ith the

adaptive reorganization technique (200 b/s were required for this in the Canadian Dataroute).

Thus , the overhead requirements are in the neighborhood of 1 kb/s for each reference available

- 
-

The periodic timing marks could be imp lemented most convenientl y by ut ilizing a

mult ip lexer framing pattern as the timing mark and identifying the precise time of each mark

through data transmitted on an overhead channel. One good candidate is the framing pattern

that w ill be most widel y ava ilable, that of the Ti data stream . One bit of the frame sync pattern

is transmitted every 193 bits (or every 125 ms) in the Ti data stream . If better resolution in

est imating the timing error is desired , a framing pattern from a higher leve l mult iplexer could

easil y be used .
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3.3.2.1 Timing Error Processing and C lock Correction

Stayer 205 has suggested that the timing error samp les (AT b ) as g iven in

Equation (3.3.1—3) measured wit h respect to the master clock be processed and used to correct

the phase of the loca l c lock. As mentioned previousl y, we have chosen to imp lement the error

processor as one wou ld imp lement a loop fi lter. Although we believe our approach to be a very

good one , we are not arguing that it is optimum. One could use other approaches for error

processing that wou ld work very wel l .  The filter we have chosen has characteristics very similar

to that we have chosen for the master—slave approach. This approach allows a frequency offse t

to be trac ked with zero stead y—state timing error , and a linear frequency drift to be trac ked with

a constant error proportiona l to 1/w 2 . In esta blishing the parameters for this techni que, we wil l
use muc h of the ana lysis deve loped in Paragraph 3.1.

T he following anal ysis assumes an ana log imp lementation . Actuall y, the timing

error sompies wfll be token at discrete intervals , but they wil l  be taken so frequentl y re lative to

the loop time constant that the behavior will closel y approximate that of an ana log system. After

estab lishing the desired parameters , we wi ll determine how often phase error samp les must be

ta ken .

The error processing fl lter we have selected is shown in Figure 3.3.2.1. It is just

an integra l plus proportiona l filter. If timing errors AT b measured in NS are fed to the fi lter, a

SHORT TERM
CORRECTION

CORRECTION

B9643-2

Fi gure 3 . 3 . 2 .1.  Error Processing Fi lter for TRD
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correction term C in nS/s appears on the output . As indicated the proportional term performs the

k short term phase correction while the integra l term performs the correction for a frequency offset

between the loca l clock and the master. The time constants for these two correction terms can be

made considerab ly different by choos ing a <<k  (i.e., select ing a large value of 4 ) .

We have determined two sets of fi lter parameters , one set for cesium c locks and

another set for quartz clocks . The accuracy of cesium c locks is typ icall y I part in 10
11 . The

network maste r w ill be cesium, and, therefore, the nominal frequency of any other cesium c lock

in the network wi l l  be offset from the frequency of the master by at most 2 parts in 1011 . Thus ,

the inherent high degree of accuracy of cesium clocks ensures that they wi l l  not have to acquire

from large frequency offsets . Since these clocks are highl y sta ble , the param~:ters w ill be chosen

such that the nodal frequency wi l l  not deviate much from the frequency of the network master

(b y no more than a few parts in 1011 ).

• We are principally concerned with the behavior of this system acquisition from

phase and frequency offsets . This behavior is identica l to that of a type two phase—locke d loop .

The peak frequency change , Af , due to a step change in phase is given by Equat ion (3. 1 .2—17 )
N P

Step changes in phase can be introduced by a change to another reference link , but these should

be much less than 1 .is. Rapid changes in link asymmetries and measurement errors can a lso cause

phase steps at the input to the loop, but the magnitude of these should be much less than that

caused by c change in reference . Assume , for the moment , that the loop parameters used in the

master-slave system are chosen (4 = 4 and w 5.6 10~~ rad/s). Then

-

~~~~ 4 t  6 1K 4.5 x 10 s anda 7 x  10 s

The peak frequency change due to a 1 ~js phase step is a fractional frequency change of KM or
10 bm

4.5 x 10 . It would be desirable to reduce this frequency swing by about an order of magni—

tude. This can be done by reducing the product K by an order of magnitude . The large value of
- 

.. 4 was chosen in the master-slave system to prevent a large accumulation of ji tter due to path de lay

variations . Since these variations are removed by TRD we do not need to make 4 so large. From
I’ Figure 3.1.2.2 we see that if ~ 2 is chosen , we can st ill keep the peak value of H(L) I  < 1.05 .

T hus, 4 2 can be chosen without causing much jitter accumulation . Assuming this value of 4 is

chosen , then by reducing W~ by a factor of 5 to I .12 x 10 rod/s the fractional frequency

L 

~
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instabi lity caused by a 1 ~s phase step can be reduced by a factor of 10 to 4.5 x 10
_ i  1 Of

course , sma ller phase steps will cause proportionate ly sma ller swings in frequency.

To see if these parameters were entirel y satisfactory, we a lso checked the peak

phase error that occurs during acquisition from a frequency offset. The peak phase error for the

overdamped loop is g iven by Equation (3.1 .2—16) . For a large value of damp ing, this is

approx imate ly

AT peak Af/K f (3.3.2- 1)

The loop should not have to acquire from any fractional frequency offset greater than

2 x i0~~ since the master wil l  also be cesium. Then from Equation (3.3.2~.1) the peak timing

error during acquisition is

AT peak O.44 1.is

• This is well within the goal of keep ing a ll nodal clocks within ±2 ~.js of the network master .

TRD can a lso be used with quartz c locks , but the lower stabilit y of the quartz
c locks wil l  force a change in filter parameters . The principal problem is frequency drift . Assume
for the purposes of this discussion that the crystal VCO has a drift rate of 1 part in 1010 per day.
For the loop parameters found above for the cesium clock , the stead y—state phase error caused by
the drift is found from Equation (3.1 .2—2 1) to be c 9.23 ~.is wh ich is unsatisfactory. This

stead y—state error can be reduced by a factor of 100 by increasing w by a factor of 10 to
= 1.12 x 10~~ rod/s . Wit h this value of 

~ 
we find that the peak frequency swing due too

one cycle phase ste p has increased by a fac tor of JO to a fractional instability of 2.9 x 10

• 
over that obtained wit h the cesium c lock. This is still good frequency stabi lity. However, the

8
• crysta l clocks may have to acquire from Initial frequency offsets as high as a few parts in 10

Fro m Equation (3.1. 2—16) we find tha t during acquisition from a fractional frequency offset of

2 x io 8 the peak phase error with these loop parameters is 39 ~is which is too high. A wider

bandwidt h fast acquisition mode for crysta l c locks is desirable . The same strateg y used with the

mast er-slave approach shou ld be adequate for IRD . If the phase error gets larger than 2 F’~ then

the loop wil l  switch to an acquisition bandwidth with loop parameters 4 0.707 and 
~ 

=0.007

rod/s . The initial phase offset on the acquisition loop wil l  cause a peak frequency swing of

6.4 x 10~~. C lose Jock will be achieved in 30 minutes .
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Table 3.3.2—1.  TRD Error Processing Filter Parameters

Ces ium Clocks

Onl y track ing parameters are used

= 1.12 x iO~~ rod/s, ~ = 2

These g ive K = 4.5 x 10 1 
and a 2.8 x 10 6 

s

This g ives a peak frequency error of 4.5 x 10
_ i 1 when a step oF 1 ~s of phase offset

is app lied . They give a peak phase error of 0.44 ps when a fractiona l frequency step of
— 1 1

2x  10 is app lied.

Quartz Crysta l Clocks

Tracking 
~n 1.12 x 10 rad/s , 4 = 2. This results in K = 4.5 x 10 4s

and a = 2.8 x 10~~ s 1 . For drift rate of 1 x io 10 
per day, these parameters provide a

stea dy—state phase error of 0.09 ps.

Fast Ac quisition 
~ 

= 0.007 rad/s, 4 0.707. This results in K = 0.001 s 1 and

a O.005 s

These parameters were used in the simulations for comparisons with the other

techn iques . It is possible that one could make severa l improvements on this approach. For

examp le, Stover 170 has indicated that it w i l l  probably be desirable for a node initially
enter ing the network to make a step phase correct ion to ts clock . This con easil y be done
and wi l l  avoid the transient associated with acquisition from a phase offset. In addition, it

may be desirable to use a much longer time constant on the integrator for cesium c locks
(decrease a). This wil l have the effect of making frequency offset corrections as a result of a
much longer averag ing t ime. An averag ing time of several weeks could be used . Then if the
reference is lost , the clock correct ions wil l  continue to be made by the integrator outpu t and
they wil l  be the result of estimating the frequency offset between the local clock and the net—
work master over a severa l wee k period . Of course , this change in the value of a can be made
w ithout chang ing the value of K so the short—term phase correct ions would not be changed much.
Al l  that has to be done is to increase 4 and decrease 

~ 
by the same factor .
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These loops are dig ita l loops and thus the samp ling rate must be chosen higri enough

t relative to the fi l te r time constants . The shortest time constant in the system is that of the

acquisition mode for crysta l clocks . The time constant is -
~~~~~~~~ 

= 202 s. Six to eight phase

error samp les per t ime constant is adequate to approximate analog performance . However ,

assume that we oversample and input a samp le every 20 s to the loop filter . Each samp le shou ld

be as accurate as possible , so to ach ieve greater accuracy it should be an average of many

samp les . It is well known that if one is try ing to estimate a quantity from independent noisy measure-

ments that the standard deviation of the average value of n measurements is 1//n times the

standar d deviation of a sing le measurement. If we assume that each timing error measurement

can be made to within 100 ns, then by making 10 measurements per second and averag ing 200

suc h measurements every 20 s to obtain an average timing error , the measurement error can be

reduced to 7 os. While these numbers may not reflect the system one might desi gn, they ind~cofe

the tradeoff between measurement error and samp ling rate . If measurement error is greater , i~ en

one con increase the number of samp les/second to obtain the same accuracy of phase error

samp les at the input of the loop filter . The penalty one would incur by increasing the samp ling

rate would be increased overhead data transmission.

3.3.3 Effect of Link Asymmetries

One of the sign ificant advantages of TRD is that being a double—ended system, it

removes the effect of path delay variations on nodal frequencies. However , in doing this , it

does become sensitive to asymmetries in reciproca l path delays . The link asymmetries may be

c lassified into three groups.

• Fixed asymmetries in equipment delays

• Variab le asymmetries in equi pment delays

• Variable asymmetries in path delays of transmission links

The phase error measured at any node with respect to the master is given by

Equat on (3.3.1—3). The effect of an asymmetry is the change the phase error est imates by t he

quontity (Db 
— Dab )h/’2

~ 
Thus, the e ffect on IRD of a change in link asymmet ry by a certa in

~mourt is identical to the effect on a master—sl ave system (with the same loop parameters) of a

c hanne in path delay of the same magnitude.
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Fixed as’ m-nt ti i t - ~~ in equiprn€ et  delays for ~ h~~
- t v - ; i ;~-~ or- ; ~ a Unk are due to

sli ghtl y different s gnal transit time t~ ’oug F. h~ ~wc~re suL h as t ians m ttei , reCe ivers , mu lti p lexer s ,

and demult p lexers . One should consider these effects when dt  c id i t i g wh e re to make t i e  pha~.

error meosurement. Thus, making this measurem ent at the hi ghest multi p lexing level may be best.

Althoug h they ai typ ica lly c’~ht- r ;rna I, i XL ‘~~ -‘ 
- r -  ‘i t r i~ - i -~ r~u pmer it de lays

wi ll cause a one—time t ieq ue r- ;s trcj r,s ient Jur~ng a- r~ui;i t ion as a ‘~~~~~~ t 01 ~av ;T 9 to acqu ire a

phase offset . This w i l l  cause a permanent error in the pcJ s e  ti rn~ kept at ~ie node equa l to

half the magnitude of the asymmetry, ‘u~ it w i l l  riot affect the noda l f requ~~n / ~ f t ~ ~ n€- i n i t i n l

tran ent .  However , f t he nOdL needs ‘n a - c ~L i r e  a ce eif  R ~- -‘n  Oi iO t I - , €  l i ’~i~~ , -~er t h~~ di~fere nt

asymmetry w i l l cause t i e  oc,~. to ~-av~ ccqui~ d f ’ o m  anothei pho~i. a ”f s~- t w ’ - h u~ ciin -;c ;;es a

one—t ime frequen;y t r an s ie nt  . these ~~i~~~- - ‘ s t Q f l  be e L r n n i r ~ b y rneu u ernen ’ ot ~t s i -  a~ y r r -~~~
- P

and a llowing the phase error estimato i to ac~our - r foi t hem i i -  i lculatir ig t h e abase error .

To optimize per rormance -ci j bie os , rnrN-~’ i e s  in Q;iorne r r ~t~~n ‘ shouid be

accounte d For in est ma in~ p~’a:c error . C~ne ~;e ot ~ gnH m -:t- i s  w k~~n a TRD node is

re ferenced to another TRD node tk,ou~~ an intermediate node w h i r h  does MUX— DEMUX opera-

tions but does not have a TRD nodal t min-J ~ub;ystem. As t.,me , ~ t he moment , that the

framing bit on a Ti data stream h used as the Hrnirrn mark. Then tH~ de lay through t he node in

the b~o directions m a y  i lL ,ne’-’ uc l due to d ic ~e ~rit cu~~~r ~( C / S  in the wo directions. One can

env ision ~
e- - -~~~~~a~ opprO3cnr- ~ 

tor handling th~ problem . the c r ~‘ur l~~r delays should be measured

~~~~~ ‘n l lv  at  ~hr- in~e n~ —c i- - t n  nr :~e c ar id I ~por ed via a’ ove r s - i  n~’anne I to the other nodes

concerned so r~int cor e C o r s  to ‘ ie ~hc c - ’ r o r  est imate can be made . Another approach ,

wou Id be to provide et ~r - ~f ic. bulfe. in ‘he transmit c.h cn re l  and p o~’i-J e t he necessary control

~rir en;uHno rn~ C ~~~~ 
-
~~ 

c r~~ -~ t r rt r . ;n- i r  char nel s such that the delays in both

d i r c .tk.rs of o f I T i~ ~ 
- 

~
- ‘ c . ~ ie are cc ~ua l.

p The m~~rit ude o ia*iLsie -i;~ rnrnet iL - i pat h a r lays of transmission links shou ld

he rn:j ch l”;s r run ~C mO 9rri~ u~~e of one—way path de~o~ var iat ions . For a satellite link , there

is ;oii - - i - ; - ’ ri h!c; ‘ -  nria~ on Ii t ) V ~ I pat h drr ~~~~ , r r ~t sLice the link is LOS , there wi l l  be no

~~~
- .rnrn~~r . ’ in p~~rh de ny. A rci crowave lini< is also LOS , arid there wi ll be very litt le variation

in ni~n ~~il i i  CIrICJ / as we b OS ir1k n’-vmr netr - .’ . Cable is subjec t to path delay variat ions due to

temperature changes . Howe- ’e r , ‘~
-
~~ delay is affecte d in the same manner in both directions
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and there are no Lnnyes in link asymmetry. For each of these types of links , the TRD syst e m

k should perform much better than the master- slave system. In a link with scattered propagation

suc h as a tropo asymmetries may occur , but no measurments of reci proca l link delays for tropo

have been made . However , consider a link where the path delay of a link can vary by ±~ D

about the nominal delay, D. T~1~! worst—case asymmetry occu rs when the path delay in one

direction is D ~XD while the delay in the other diiection is D — .~ D. ~~ne tota l asy rn m€- t i v is

2 .~D. The tota l asymmetry is 2—D and contribution of this a;ymmetry to measurement error is

.~D. Note that this wi ll affect the noda l frequency for TRD in rhe same manner as a change in

path delay of .~D would affect the master- slave system. However , to have t his occur would

require that the delay in one direction of the link change by -~D whil e thc ‘ elay in t he other

direction of the link changes by — 
~~D. Thi s situation is much less likel y to occur than havir~

a s ing le link change by .~D wh ch would affect a mas ter—slave system in the same manner .

In Summary, fixed asymmetries which are not calibrated out cause a stead y—state

error in the precise t im L of nodal clocks . These erro is can cause transien ts in nodal frequencies

during acquisition but no perturbations thereafter . Variable asymmetr ies which are not calibrated

out can cause pertur bations in nodal frequencies in much the same way that path delay variations

can cause pertur bations in nodal frequencies in a master-slave or mutua l sync systems . However ,

since the magnitude of ~hr- asymmetries is much lecs than the magnitude of path delay variations ,

the resulting perturbations are less.

I,
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4 .0 DESIRABLE CHARACTERISTICS

A number of characteristics have been identified that if possessed by a timing sub-

system would be considered advantageous from a system viewpoint. These desirable character-

istics , although not necessary for the provision of a minima l level of per formance , do enhance

the overall ut ility of the timing subsystem . The desirable characteristics are survivabilit y,

limited error propagation , compatibility with other global timing subsystems , prec ise time

availability, stability, monitorability, minimum susceptibility, flexibilit y, interoperability and

max imum availability . In the paragraphs below , eac h of these characteristics is defined and is

justified as being important in the overall subsystem evaluation . In a subsequent section , each of

the alternat ive techniques is evaluated with respect to th~ degree to which it provides these

desirable characteristics .

4.1 Survivability

Survivability indicates the degree to which the timing subsystem continues to per-

form its function (to provide network timing) during periods of stress. Fallback modes of operation

shall be provided so that the timing subsystem itself wil l  not cause si gni ficant degradation in

overall DCS network capability during these periods.

There are two main reasons why this characteristi c is important t

1. One of the primary goals of the DCS is to provide dependable digital communi-

cat ions for its users during periods of network stress .

2 . The network timing subsystem must be operationa l to provide acceptable

digita l communication during such periods.

Of course, the reason that network synchronization is necessary is that the sli p

rate that two nodes will experience in communicating is directl y proportional to the frequency

offset between their nodal clocks. If this offset increases in a stressed environment, then bit

slips increase which lead to mis ali gned frames in mul ti plexers and switches and a need to

resynchronize cryptos. If the sli p rate becomes excessive, data traffic will experience an

unacceptably high error rate and the quality of voice transmissions wil l  degrade significantly.

4-2
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4.2 Error Propagation

It is desirable to prevent disturbances (such as stresses or path delay variations) in

one part of the network from propagating and influencing the phase of nodal clocks in other parts

of the network .

This is an important characteristic because in preventing the propagation of per— si

turbat ions in nodal frequencies from node to node throughout the network one maximizes the

stability of each noda l clock and minimizes the buffer size required to achieve a desired slip

rate. The parameter that will be used as a measure of error propagation is the offset in phase of

each nodal clock from their steady state values as a result of certain network stresses .

4.3 Compatibility With Other Globa l Timing Subsystems

This characteristic refers to the degree with which the DCS network frequency and/

or prec ise time agrees with that provided by other global Navigation/Timing Systems such as

Loran-C , Omega and GPS .

There are two princip le reasons why th is characteristic is important:

1 . The navigation system timing could be used as an externa l reference in a

fallback mode thus increasing the survivability of the DCS timing system .

2 . The precise time or frequency provided by the DCS timing subsystem would be

available to the navigat ion system to increase its reliability or capability.

4.4 Precise Time Avai lability

Precise time can be defined as the correct absolute time as kept by a sta ndards

laboratory such as the USNO . The timing subsystem could be designed to acquire and dissemi-

nate precise t ime from the USNO within some margin of error . The availability of and accuracy

of the prec ise time thus distributed throughout the network is a characteristic by which we shall

evaluate the timing subsystems .

There are four main reasons why this characteristic is important:
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1. The network is automaticall y referenced to UTC and has the advantages of

better interoperability with other networks referenced to UTC and compati-

bility with other global t iming systems .

2. Precise time is usefu l in assisting synchronization of spread spectrum equipment

and in providing synchronization for TDMA networks .

3. Precise time would be more widel y ava ilable to those users of precise time

w ithin the government. This will simp lify their problems of updating the ir

precise time standards .

4. Navigation systems could use the DCS timing to increase their reliability and

capability.

4 .5 Stability

The DCS timing subsystem must be a stable system (as a feedback control system) .

This is important because if the system were not stable , then a number of bad

things could happen such as noda l clocks being continually pulled off in one direction or simp ly

b&ng unable to maintain network synchronism . The result of such an occurrence would be

buffer overflows and therefore, cont inual bIt slips.

The mutual synchronization approach has closed feedback loops and stability is

of concern here . However , stab ility can be nominally guaranteed by proper select ion of the

loop filter in the phase-locked loops . The question of whether stability is a problem under

certa in network stresses for this technique or whether it is a problem for the other approaches

wh ich transmit control information from node to node (for example , to modify the t iming dis-

tr ibution chain) does need to be examined . We must prove the stability of each alternative .

If there is any possibility of instability , we must determine what can be done to ensure that

this does not happen.

4.6 MonitorabiDty

Monitorability is the level to which the timing subsystem can provide data used

in assessing its own performance. It is apparent that monitorabilit y is valuable at least to the
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extent that an opt ion such as a redundant piece of equipment or an alternate link is ava ilable

and can be utilized as a result of decisions made on the basis of monitored information .

Monitorab lity is a si gnificant characteristic because it can lead to greater availa-

bility. If potent ial ‘~ iIures can be identi fied prior to failures actuall y occurr ing, these situat ions

can be remedied on an off—line basis. The result is therefor e bath an increase in MTBF and a

reduction in MTTR and therefore a greater availability.

4.7 Susceptibility

Susceptibility is the degree to which the timing subsystem may be spoofed, jammed

or disrupted by an enemy v ia electronic means as well as disrupted due to natura l phenomena .

Because of the critical nature of the DCS mission , it is apparent that it could be

a foca l point of enemy action during conflict . Therefore, susceptibility is a key characteristic.

Any timing subsystem that by its nature increases the susceptibility of the DCS as a whole repre—

sents a sgn ificant handicap . Slip rate will again be the measurable quantity in evaluating

suscept ibility. The evaluation consists of measuring the rate of accumulation of phase error

between the nodal clocks (slip rate is directly proport iona l to the rate of accumulation of phase

error between the nodal clocks at two nodes and inversely proportiona l to the buffer size) under

a var iety of possible stress scenarios .

4 .8 Flexibility

Flexibility is the degree to which the timing subsystem is compatible with the

orderly imp lementa t ion, growth and extension of the future synchronous switched digita l DCS.

Flexibility is an extremel y important characteristi c as a result of both the time

frame For eventua l utilization and the transition period during which the system must operate

effectively. The timing subsystem itself is aimed at a system to be operationa l in the l980’ s

and unti l then, daily tra ffic consisting of voice and data must be accommodated by the system .
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4 .9 lnteroperability

Interoperability is the degree to which the timing subsystem influences the traffic

interface between DCS and other military and commercial communications systems .

interoperabilit y is a si gnificant chara c teristic since a portion of the DCS traffi c

w ill traverse both DCS as well as other systems (i .e., Tri—Tac) between originat ion point and

destination point. Furthermore , the DCS consists of both leased facilities (CONUS) and owned

facilities (OCONUS) . The degree of desi gn independence and control is far greater in the owned

facilities than in the leased faci lities . Thus, there w ill be a major interface withi n the DCS

itself.

4. 10 Availability

Ava lability is the quotient of mean-time-before-failure (MTFB) and the sum of

mean—time—before— failure (MTBF) and the mean-time-to-repair (MTTR) . Availability is a si gni-

ficant characteristic for all major systems and its importance is apparent for the timing subsystem

by nature of the mission of the DCS.
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5.0 NETWO RK CONFIGURATIONS

This section delineates the network confi gurations that wi l l  serve as the test beds

in w hich the performance of the alternative timing techniques w ill be evaluated . Each network

configuration has been chosen to combine realism with relevance. Realism meaning t hat the

configuration represents an interconnection of nodes that is representative of a world wide

commun ications network or portions thereof. Relevance being defined as aiding in the selection

process between alternative timing techniques. That is, the network configurations have been

chosen with the purpose of highlighting strengths and weaknesses of the various timing

techniques.

To comp letely spec ify the-network configuration for the simulation the followin9

parameters have to be defined: the connectivity arrangement between the nodes, the distance

between each pair of connected nodes, the bandwidth of each link , the type of transmission

media used between each pair of connected nodes and an indication as to which nodes are

externa l to the DCS (and therefore links to these nodes constitute interface links) .

The method that has been selected to specif y these configurations is to initially

choose a set of connectivity patterns . These patterns are each appropriate combinations of the

subpatterns (ring, full y connected, star ) discussed in Section 11.0. The connectivity patterns

that have been chosen are shown in Figures 5.1—1 through 5.1—5 and are described in following

paragraphs.

5.1 Network Connect ivit ies

a. Dumbbell Node Confi gurations

The Dumbbell Node Configurat ion (Figure 5.l— l ) i s  so called because of its

pecu liar shape . It consists of two relativel y congested commun ications areas interconnected

by a re lativel y small number of links. In Figure 5 .1—1 , the left—hand grouping of nodes is

primar ily interconnected to the right hand group of nodes through Nodes 14 and 16 . A second-

ary interconnection between the two group ings is mode through Nodes 15 and 16. This partic-

ular type configurat ion is primaril y found where large bodies of water or uninhabited land are

crossed by communications systems . Across a body of water , for instance , the interconnecting
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links would be satellite or undersea cable. Across a body of land, it may be a microwave

link or tropo or landline in place of submarine cable. The right—hand congested network is

typ ica l of a lattice—t ype networ k while the left—hand network is more random.

b. Meandering Node Configuration

The Meandering Node Configuration (Figure 5. 1—2) is so named because

of the backbone node path consisting of Nodes 5, 8, 14, 18, 20, 23, 24 and 29 are inter-

connected to a meandering path similar to a river. Each backbone node has clustered around

it a number of concentrated nodes. The two extremes of the meandering configuration have

little in the way of direct communications paths between them except the satellite . This

configuration shows the availabilit y of a satellite communications path connecting, for
instance, Nodes 8, 18 and 29.

c. Lattice Node Configurat ion

The Lattice Node Configuration (Figure 5.1—3) is typical of a highl y
deve loped and congested node configuration such as would exist in CON US or in some of the

highly congested European area . It illustrates a great many interconnecting paths available

between nodes. This configuration has a fluency of alternate routing paths that are beneficial

in peak traffic periods and to circumvent equipment outage . In this particular figure, the
large majority of nodes can easi ly be made to belong to the highest level in the nodal hier-
arc hy. This results from the equivalent amount of connectivit y for these nodes.

d. Ladder Node Confi guration

The Ladder Node Confi guration (Figure 5. 1—4 ) gets it name from the fact
that sublevel nodes are arranged in the form of a ladder . To illustrate this, look at Nodes 23,
27, 29, 24 , 28 and 30. These form the sides of the ladder and the interconnections between
the nodes such as 27 to 18 and 29 to 30, form the rungs of a ladder. There are two ladder
confi gurat ions shown on this diagram; one on the left side consisting of Nodes 1, 2, 3, 4, 5,
and 6 and the one previousl y discussed on the right. The remaining nodes have been added
arbitrarily, This configurat ion can illustrate the problems encountered when two of the lowest—
level nodes (i.e., 29 and 3 or 1 and 29) attempt to communicate through a number of

ascending order nodes.
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e. Loop Node Confi gurat ion

The Loop Node Configuration (Figure 5.1—5) consists of a number of cross—

connected loops. This particular configuration would be emp loyed in a packet—switching type

system w here the links looping several nodes together would acts as a bus to carry information

around the loop. In this node configuration, the loops are cross—connected such that the loss

of any one link wi ll not isolate any node and the loss of two links wil l not isolate more than

one node. In this particular configurat ion, Nodes 8, 10, 18, and 25 have more interconnecting

links terminating at these nodes than the other nodes. This would indicate these nodes originated

more traffic than the other nodes.

5.2 Other Network Configuration Parameters

Each of the network configurations consists of thirty nodes . The choice of 30 node

networ ks was mode as a realistic compromise between computational capability (in the simula-

tion) and the achievement of relevant results.

The network connectivity patterns described above are key elements in specifying

network configurations but they do not comp letel y spec ify the configuration . In order to

accomp lish this, the type of link, link bandwidth and link distance must be specified foi- each

pair of connected nodes. The types of links that wil l  be inc luded in the network configuration

ui-c LOS Microwave , cable and wire line, tropospheric and satellite .

Each is characterized by different propagation delay variations. The link distances

wi ll vary from approximetely 44, 000 miles for a sa tellite link to perhaps 10 miles for the wire or

microwove link between a lower level node and the node to which it is slaved . The pilncipal

bit rate for the various links wil l  be 1 .544 Mb/s.

For each of the connectivity diagrams shown, appropr iate combinations of link

media, bit rates, and distances have been chosen . These are described in the section on

simulation . Thus, a single connectivity diagram may define, by changing these parameters ,

one, two, three or more network configurations. Each network confi gurat ion so defined will

serve as a test bed in the computer simulation to aid in the evaluation of the performance of the

candidate timing techniques.
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6.0 OPERATING AND STRESS SCENARIOS

k
6.1 Introduction

The ultimate objective of the scenario approach is to provide ri gor to the process

whereby a candidate technique or combination of techniques may be selected on the basis of

performance , cost and other parameters for dep loyment as a prototype timing subsystem with

reasonab le assurance that the proper parameters have been addressed with appropriate emphasis.

The ground rules for the general scenario development program include:

1. Scenarios wi l l  postulate an initial benign environment and progress through

discrete changes in environment to maxi mum levels of antici pa~eJ ~rress .

2. Scenari os wi ll be designed to address a limited number of parameters at any

one time , holding all other parameters constant — thereby addressing a

limited number of variables at any one time.

3. Scenarios must accommodate a dynamic environment w here stresses cause

transition (or no transition) from a prestress steady state to a poststress state,

which may be stable or unstable.

4. Scenarios must pose stresses that are relevant and representative and approach

the real world environment.

As indicated by the ground rules above, it is appropriate to evaluate the relative

performance of the timing schemes intitiall y in a peacetime environment and progress from the

most minor perturbations on simp le network configurat ions to more dramatic perturbations on a

more complex network. In order to address a limited number of parameters at any one time, it
-
. 

.~~ is furthe r proposed to place geographical constraints on the scenarios, with geographicall y—

or iented grows of scenarios being exercised prior to attemp t ing to assess interarea operability
- ,‘~, of the NTSS.  The geographical constraint leads to the three main areas of the CON US , Europe

• ~
- and the Pacific region.
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One group of scenarios then , wil l  consider operation within the CONUS in

peacetime in what is considered a situation of normal stress. Equipment failure and natural

phenomena cause node outages, weather causes microwave fading, lightning is an ever—

present source of power outage or line surges , and maintenance problems , aging dev ices,

etc ., introduce degraded operation.

6.2 Types of Perturbations

Three types or categories of perturbations wil l  be examined . These ore the loss

of a node, a change in clock frequency and link anomolies. For each category there are at

least two and perhaps several specific perturbations within the category . With respec t to the

loss of a node either a major or an intermediate node may be considered . For changes in

clock frequency, an implus ive change, a step change, or a change in drift rate may be

considered. In the case of an impulsive change it may take place at a single node or simu l—

taneously at a large number of nodes. The link anomolies category would include fading

on a microwave link , path delay variations and jamming .

Perturbations that can impact the primary and/or secondary t iming standard and

assoc iated circuitry in the peacet ime “normal operation ” mode include problems of routine

operat ion and maintenance and the inherent stability (drift , aging) of the devices involved.

In addition, the effects of direct nuclear radiation (X—rays , neutrons, and gamma—rays)

as well as the electromagnet ic effects of the electromagnetic pulse (EMP) must be considered .

Those perturbations that impact the communications node itself and which can

cause a collatera l effect on the timing device or NTSS technique include lightning, w ith

assoc iated power related and computer operation problems , and other natural phenomena

- 
- (flood , fire, etc .) leading to more catastrophic impacts . Also, prime power supply maintenance

-~ 
- 

con impact the operation of the node as well as poor technical contro l orderw ire procedures .

With reference to perturbations occurring external to the node, the most dramat ic
ii’ impact is expected to result from links interconnecting the node under evaluation with the

rema inder of the system and at nodes directl y linked to the node in question . In terms of the

linking problem, loss of timing information can result from natural fading phenomena in the

peacet ime “normal operation ” scenar ios.
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The loss of a node, in the majority of the NJTSS techniques , w ill require the

exerc ising of predetermined operations, possibl y to choose an alternate route to derive timing,

call upon the use of the local timing source for a temporary period of time , etc . The loss

of an adjoining node may cause either a degraded mode of operation for a period of time or

initial acceptable performance which degrades with time.

6.3 Scenarios

The subsect ions that follow list the scenarios that were considered . In each sub-

sect ion the scenario is described by the event or ser ies of events that take place; the resultant

stress that is placed on the timing subsystem and the rationale for the inclusion of the particular

scenar io.

Scenario A

This scenario is node oriented and applicable to peacetime , CONUS, operation .

Assume that improper maintenance procedures on a cesium beam tube primary standard at a major

node result in the failure to degauss the electromagnetic shield.

Stress

The aging rate of the cesium standard changes over a period of 1 day to a fi gure

of 5 x 10 10 
per 24 hours, the ag ing rate of the associated quartz osc illator .

Rationale

1’ In order to isolate the c—field from the earth’ s magnet ic field and external

electromagnet ic environments (radar , commun ications , transmitters , etc.,) it is necessary

to enclose the tube of the standard in electromagnetic shielding material and degauss the shield

at periodic intervals to guard against saturation . Failure to do so wil l  impact the c—field and

cause a change in frequency of the primary standard . It is assumed that as soon as the threshold

of electromagnetic isolation is reached, i.e., saturat ion, the c—field wil l be impacted by the

surrounding electromagnetic environment with a resultant change in basic frequency . As the

external env ironment changes, the frequency of the atomic standard will change and the crystal

oscillator will track within its limits of control . If these limits are exceeded, the assumpt ion is

made that the aging rate of the device becomes the aging rate of the associated quartz oscillator .
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Maintenance problems are realistic to assume and some will surel y cause a change

in the frequency of the primary standard . This scenario should exercise the effectiveness of all

of the timing schemes anticipated for possible employment.

Scenario B

This scenario is node oriented and applicable to peacetime , CONUS operation.

Assume that a majo r node of the DCS emp loys a cesium standard in which corn—

ponent parameters in the dc supply change w ith age.

Stress

The inherent stability of the standard changes from ±1 x 10
_ i l  

for the life of the

beam tube to ±1 x l0 ’l per month.

Rational

The output of the primary atomic standard is derived from a highl y stable 5 MHz

voltage controlled crystal oscillator whose frequency is locked to the invariant resonance of the

ces ium atom undergoing a change in atomic state in the beam tube . The change in atomic

state is highly dependent upon the application of a very precisely controlled magnetic field

which, in turn, is set up by a prec ise dc supply. Any stress applied to the power supply which

degrades its performance wil l impact the precise frequency of the cesium beam tube, thereby

chang ing the error signal fed back to the voltage—controlled crystal oscillator and impacting

the output frequency. For purposes of this discussion, we w ill assume aging of components in

the dc supply as the perturbing source which results in an aging figure more appropriate to a

rubidium secondary standard .

Aging of components can be expected even in very precise and well controlled

equipments such as the cesium primary standard. Normall y, an alarm would show this out of

specification condition, however , poor maintenance procedures could subvert this safety

feature .
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Scenario C

This scenario is system oriented and is applicable primari ly to wart ime; however ,

it could occur in peacetime or as a precursor to war . In this case , there would be no wartime

collateral effects .

Assume that a nuclear device is detonated exoatmospher icall y. All satelUtes

within direct line—of—si ght of the burst wi l l  be perturbed by the effects of direct radiation and

all ground—based electronics will feel the effects of the classical electromagnetic pulse (EMP) .

Stress

All unhardened satellites will be rendered inoperative and will not return to

operation . The minimum impact to ground—based facil ities is assumed to be random pulses

of voltage and current on signal lines, power lines, computers and peripherals such that every

node is rendered inoperative for a period of a few hundred milliseconds. All buffers are

scrambled and all crypto synchronization is lost simultaneousl y over the ent ire system. No

permanent damage results to nodal equipment .

Rationale

This scenario can exist either as a result of a nontreaty member testing a nuclear

device exoatmospher icail y in peacetime or the U.S. or an adversary detonating such a device

“for effect ” as a precursor to warfare . The low level of stress assumed for the ground bosed

system is a minimum stress scenario for high alt itude EMP effects . Satellites will survive or

be lost depending upon levels of hardness and specific satellite links wil l be designated as

lost in the scenario. Reconstitution time of the ground based facility timing subsystem and the

ease of resynchronization wil l be evaluated .

Scenar io D

This scenario is node oriented and is applicable to wartime .

Assume that a backbone node is attacked by a team of saboteurs. The communica-

tion facility is comp letely and permanentl y disabled . Alternate routing capabilities exist for

information transfer to all other major nodes of the system .
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Stress

The loss of the node wil l  require rerouting of traffic , traffic de lays and may

require a lternate paths for the distribution of t iming.

Rationa le

This is a minimum stress scenario when taken in context with an entire commu-

nication system. Many nodes cou ld be lost nearl y simu ltaneousl y as a resu lt of sabotage and

direct attac k.

Scenario E

This scenario is system oriented and is app licable to wartime — OCONUS .

Assume a determined jamming attac k by the enemy which initiall y disab les one

bac kbone node, fo llowed by a multiplicity of nodes as time progresses unti l 25 percent of the

nodes of the system are inoperative. At a predetermined time all jamming ceases and all

nodes return to norma l operational capability simultaneousl y.

Stress

There is gradua l increase in stress on a system with time until the system reaches

the maximum degree of inoperability. The system is agcin stressed as relinking occurs at the

end of the jamming attack.

Rationa le

This is a routine wartime stress on any communication system located within

range of ground based enemy jammers . The perturbations to the nodal timing at nodes not

~;rectl y affected by the jamming will vary between timing subsystems. The magnitude, dura—

‘~r~ ~r~d rec .’very from this perturbation is of concern .

Scenario F

This scenorio is link oriented and is app licable to peacetime .

- ... me ?hat as a result of atmosp heric phenomena, a microwave communications
- .. -

~ ri ockbone nodes of the DCS experiences typ ica l signal fading such that bit
• ,nchon of time until suc h time as the errors become excessive.
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Stress

The random variation and gradua l increase in bit error rate will result in errors

in timing subsystem control information and will ultimatel y resu lt in loss of the link.

Rationa le

This problem must be addressed routinel y by any communications system using

microwave links; however , its effect on the system wou ld be much less pronounced than the

loss of a physica l communications node.

Scenario G

This scenario is link oriented and app licable specificall y to time reference
distribution . Assume that a malor node of the DCS transfers time through a sate llite link and

the satellite fails. The node then shifts to a backup mode of access to UTC, i.e., LORAN—C.

Stress

The accuracy with which absolute time can be transferred from this node through—
out the system c hanges from a figure of 100 nanoseconds for the satellite path to 50 microseconds

for LORA N-C.

4 
Rationale

This scenario is important to an assessment of the Time Reference Distribution
Technique for peacetime eva luation . The tolerance figures would change since the access
route to UTC would change from a satellite link tr~ OMEGA , a future OCONUS LORAN—C ,
etc . It is rea listic since many stresses will cause changes in the choice of paths through
intervening nodes and links to a source of UTC . Each of the paths will offer a maximum

optimum figure for absolute synchronization.

We antici pate showing that the inclusion of Prec ise Time Avai lability causes no
added vulnerability to the system; on the contrary, it adds on important capabi lity to the DCS,
both CONUS and OCONUS . This scenario will hel p determine the applicabilit y of an

o 
externa l time reference as a backup to a time reference distribution approach.
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Scenario H

k This scenario is node oriented and applicable to peacetime, CONUS operation.

Assume that within a specific level in a nodal hierarchy VCXO’s are uti lized

as the clocks at each of the nodes . The short term stability of these clocks is I x 10
_ i

Due to a local electrical power transient the short term stabilit y of one c lock degrades to

1x 1 0 6 .

Rationa le

Suc h changes in crystal oscillators ore possible as a result of both electrical

and mechanical transients . How this perturbation at this single node is manifested in the

c locks at other nodes will vary according to timing technique. It is these variations that

w fll be examined .
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7.0 SIMULATION

7.1 Goals

The purpose of the simulation is to provide a means for study ing the reaction of a

comp lex interconnected network to various disturbances and stresses . It is mainl y due to the

numbers of nodes and links that must be used in a representative model that a computer simula-

tion is deemed necessary . The two or three node case can be anal yzed wit hout such aids .

Normal disturbances include clock litter , c lock drift , initia l frequency and phase offs e ts and

normal link delay variations . Abnormal stresses include clock failures , node fai lures , link

fai lures and abnormal link delay variations . The simulator can also be used as a design too l

by obtaining fine grained information for se lection of phase—lock loop parameters , buffe r sizes

and c lock stabilities . Further , the simulator can be used for com paring the performances of

various timing techniques . The major parameters used in such comparisons include the

fo llowing:

1. The speed with which the network disposes of a transient condition

2. The degree of closeness that the nodal clock frequencies are held together

3. The amount of phase error that can be found at the variou s nodes

During the period of recovery from a disturbance occurring somewhere in the network , the

timing subsystem is more vulnerable to any other disturbances that might occur. During transient

conditions , error detection equipment has a degraded frame of reference and reconfiguration

apparatus is more susceptible to error in the worst—case and, at best, is subject to a de layed

• response . Thus, shorter transient time is a desirable feature . The ideal condition is that all

c locks in the network remain exactl y together. By providing receiving buffe rs on each link ,

some to lerance to temporary differences in c lock frequencies may be obtained . However , any

two communicating nodes must have an average difference frequency of zero if finite size

buffers are used and loss of data is avoided . Thus , clocks held closel y together is a desirable

attribute . Sma ll phase error at any instant of time is desira ble because phase error represents

a diffe rence in c lock time readings and is stored potentia l which may be converted to a

kinetic change in clock frequencies as a result of some future disturbance .
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7.2 Models

The simulato r is designed to model master-slave , mutua l sync , independent c locks ,

and time reference distribution techniques . Each model consists of a set of nodes connected

together by a set of communications links . The major differences between the techniques are

the manners in which reference information is obtained at each node from other nodes in the

network. Secondary differences are concerned wi th the manner in which this information is

fi ltered and compared with the local clock on an instantaneous basis. The characteristics of the

noda l clocks and communications links are the same no matte r which timing technique is uti lized.

Therefore, these wil l be discussed separate ly from the individual techniques .

7. 2 . 1  Timing Tec hniques

7.2.1.1 IndependentClocks

The independent clocks technique uses no reference information , hence , the name.

Since no two rea l clocks can remain together for more than a short period, occasiona l buffe r

overf low or underflow is assured with this technique . Thus, the major thing of interest under

this sc heme is the rate at which buffers overflow . This information can then be used to set up a

convenient periodic interva l within which data buffe rs may be reset at all nodes of the network .

In the simp le case in which each clock in the network is assumed to be a constant frequency

offset from any other clock in the network , the amount of time to overflow a buffe r of a given

size between any two communicating nodes can be readi ly determined wi thout the aid of a

simu lator. Actuall y, this might approximate the typica l situation for this technique since high

stabi lity clocks would probably be used with this scheme , and hence would remain essentiall y

constant over a period of time required to fi ll up a data buffer. Let f 1 and f2 be the frequencies

of two c locks whose nodes are assumed to be communicat ing and assume f 1 is the reference .
Then,

1~ N (~~ !_ - (7 .2.1.1-1)
2 /

or
‘

1
’ 2 N ‘

2N = 

~ — f  x Ø ~~~ .r— = 

~ - f  x c / i  (7.2. 1.1—2)
2 1  1 2 1
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where N is the number of cycles of f 1. Letting f2 
= (1 + ~

) f 1 we obtain

N ( l + 8 ) f 1
= 

T 
= 

(1 + 8 f
i ~i 

x ~ 
= ( 1  

~ 
) x . (7 . 2.1.1-3 )

But now for I 8 I < < 1 this becomes approximate ly

I = /~— 
~ 

—~~~—- (7.2 .1 .1—4 )
1 8

7.2.1.2 Master-Slave

7.2.1.2.1 Dissemination of Reference Information

The master-slave technique has , super imposed on the communications network , a

subset of links in the form of a tree structure over which reference information for timing

purposes is disseminated . In the model being descri bed, this reference timing information is

assumed to be obtained from the bit transitions of the incoming data stream . However , this is

not a necessary restriction on the timing technique since one data channel could be reserved

to carry the timing information in some other form . Under this scheme , the amount of variation

in the reference information received at each node from that of the maste r clock should increase

as the tree level number increases due to intervening link delay variations . Some attenuation

or amplification, depending on nodal fi lter characteristics , is app lied to the variations in the

reference information at each node as it progresses to succeeding levels in the timing tree .

Thus, the aggregate variation seen at a particular node is that due to the immediate ly preceding

¶ 1  link , plus that wh ich leaked through the preceding node’s fi lter plus high frequency variations

from the previous node ’s c lock .
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7.2. 1.2.2 Organization/Reorganization

Network organization refe rs to the structure of the tree over which the reference

timing information is disseminated . For a given network , there may be a very large number of

different trees which can be formed . The goal of network organization is to provide the best

reference information to each node . Thus , the parameters of the organization scheme are link

quality and nodal clock quality . Fortunate ly, the operat ions necessary for organization can be

distributed over all the nodes of the network . This is true since each node and link can be

ass igned a normal qua lity factor and monitors can be provided to detect deviations from the

norm . A given node may then either reference itself or obtain its reference information from

one of its immediate neighbors via that neighbor ’s communicating link . The choice is for

highest c lock qual ity , link qual ity product. Reorganization refers to imp lement ing a timing

tree structure change afte r some change in status of a node or link of the network . In order to

give the simulato r user comp lete contro l of the organization/reorganization process and to

simp lify the simulation model, the tree structure is specified by the user v ia the input data

stream . This is not a particularl y burdensome requirementon the user since he must already spec ify

the original structure and condition of all links and nodes and any changes thereto that are to

take place during each simulation run via the input data stream .

7.2. 1.2.3 Processing the Timing Information

A block diagram of the master-slave node is shown in Figure 3. 1 .1.

7.2.1.2.3.1 Loop Filters

For slave nodes, the model prov ides for either Type 1 or Type 2 filters . The

Type 1 filter is a sing le pole filte r with transfe r function of the form a The Type 2

fi lter is an integral plus proportional type with transfe r function of the form ~ ÷ a 
• Use of

either of these filters in a phase—lock loop arrangemen t results in a second order loop . The major

difference is that the Type 2 filter is able to track a constant offset between the re ference signal

frequency and the natural value of the loca l clock frequency with a zero average phase error ,

whereas the Type 1 fi lter requires an averag e phase error that is proportional to the amount of

frequency offset .
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7.2.1.2 .3.2 Phase Detector

The model uses an extended range linear phase detector . Rea l imp lementations of

this might utilize the receive data buffe r or an up/down counter. Some performance comparisons

are made between a 1 cycle nonlinear sinusoidal phase detector and the extended range linear

phase detector in Appendix A.

7.2.1.2.3.3 Acquisition Mode Switching

In order to quickl y acquire frequency lock from a large frequency offset as might

be experienced when switching from one reference source to another and also provide some

attenuation of dai ly path delay variations , two sets of loop parameters are provided for use with

the Type 2 filte r, one for tracking and one for fast acquisition . The method for switching from

tracking parameters to acquisition and vice versa is as follows: each node is normally in its

tracking mode unti l its phase error exceeds a threshold value 
~ th whereupon it automatically

switc hes to its acquisition parameters . It then remains in the acquisition mode for a period of

time Tacq that is equal to several times the acquisition phase—lock loop ’s time constant. It then

switc hes back to the tracking parameters. When the switch is made from tracking to acquisition,

a step change in frequency of magnitude 2
~~°n~~th in the direction opposite to that which

orig inally produced 
~ th is experienced . Norma lized plots of the output frequency and phase

error of the second order phase-lock loop using an extended range linear phase detecto r and the

Type 2 fi lter for initial phase error and frequency offset are shown in Appendix A. A lso, the

scheme does not ensure zero phase error and zero frequency offset before switching from

acquisition back to tracking parameters . However , this wi l l  be approximated to a sufficient

degree provided no large disturbances to the reference information occurs during the acquisition

interva l. The major advantage of this mode switching scheme is its simp licity and hence, the

ease wit h which it may be implemented .

7.2.1.3 Mutual Sync

‘~ 7.2.1.3.1 Dissemination of Reference Information

- - The mutual sync technique was orig inally proposed to avoid the prob lems of network

reorganization . The method used at each node is to obtain some weighted average of the

7-6



reference information from all of its immediate neighboring nodes . Thus , no reorgan ization is

required except for removing any failed references from the composite error signal.

7.2.1.3.2 Processing the Reference Information

A block diagram of a mutual sync node is shown in Figure 3.2 .1.

7.2. 1.3.2.1 Phase Detector

The mutual sync node is quite simila r to that of a master-slave node except for the

method of obtaining the phase error voltage. In its simp lest form , a separate phase detector is

used for each of the incoming reference signals . The individual signals are then weighted in

some fashion and the weighted signals are summed to produce the composite error signal. The

simp lest we ighting scheme is to weight all s ignals equally, i.e., 
~ e 

= 

~i 
.-

~~~~~ 

4’ei
The model utilizes extended range linear phase detectors for obtaining the phase error est imates .

7.2.1.3.2.2 Loop Filter

Since all the nodes of the network are connected together in a feedback arrange-

ment , one must be careful in selecting the loop filters in order to avoid problems of instabi~~ty.

Basically, one must ensure that the closed loop gains of the individual nodes are less than 1 ~nd

that the gain-delay products are less than 1. The stability problem is discussed more full y in

Section 3.0. The Type 2 fi lter does not meet the stability criteria but the Type 1 does for loop

damping ratios greater than 1/~T~ . Thus , the model utilizes Type 1 filters . Since the Type 1

filter requires a phase error proport ional to the offset between the reference frequency and the

local clock frequency, and individual error signal may be weighted by some factor considerably

less than 1, phase error much larger than required for master-slave may exist in the mutual sync

system . Should a reference source fail which has a large phase error , simp le remova l of this

source from the composite error signal without careful reweight ing of the remaining sources can

result in a large change in local clock frequency . It should also be noted that because the

entire network is interconnected in a feedback arrangemen t, it requires considerabl y longer for

steady-s ta te conditions to be reached following network disturbances than with the master—slave

technique if the same fi lter time constan ts are used .
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7 .2 .1.4 Time Reference Distribution (TRD )

7 .2 .1.4.1 Dissemination of Reference Information

The TRD technique ut ilizes the same kind of structure for disseminating reference

information as is used for the master—slave technique . However , it is a double ended scheme ,

i .e •, there is a two way exchange of information between adjacent nodes in a chain such that

the effe c ts of transmission delay variations are removed. In this manner the nodal clocks may be

held as closel y togethet as two way pat h de lay asymmet ries , and measurement errors al low . The

model assumes t hat a specia l overhead channel is utilized for carry ing the reference information .

A further difference between the TRD and master-slave techni ques is that reference information

concern ing an estimated error between the ultimate reference source and each node in the chain

is added in and passed on to each succeeding node in the chain. This information is not filtered

before being utilized .

7.2. 1. 4 .2 Organization/Reorganization

The mode l utilizes an adaptive se l f—organ izing scheme based on a system of clock

qua lity factors and link demerits . The reference information is passed down each chain at discrete

t ime intervals. Thus , the information becomes progressivel y older as it ascends to higher levels

of the distribution tree . This is a source of a problem for the reorganization and clock correction

schemes called the obsolete data problem . In order to avoid errors due to this phenomenon, the

reorganization and correction schemes must examine enough information samp les to be sure of its

validity before utilizing it. The effects of this problem on clock correction can be miti gated

somew hat if correction extends over many more samp les than there are intervening nodes between

the node in question and its ultimate reference .

7.2. 1.4.3 Processing the Reference Information

A block diagram of the TRD node is shown in Figure 3.3 .1.

j  
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7 .2 . 1. 4 .3. 1 Phase Detector

The TRD technique ut il izes a discrete form of double ended linear phase detector .

A special overhead channel is assumed to be available for periodically exc hanging a set of

reference information messages between adjacent nodes in each path of the tree . The exchange

sequence is described as follows : let A and B be nodes in the some timing chain and let A be

closer to the ultimate reference source than B. Node B sends a message to Node A containing

the t ime T 81 
on Node B’ s clock. Afte r a delay of D~~~, the transm ission delay from B to A ,

Node A receives this message . Upon rece iving this message Node A notes his own time TA1

and forms the quantity KA 
= TA 1 

- (1
81 

- DBA
). Node A then transmits a message to Node B

conta ining the reading on Node A’ s clock TA2 and the quantity KA
. After a de lay DAB s the

transm ission delay from A to B, Node B receives this message , notes his own c lock reading 182

and forms the quantity K 8 T 82 
— 

~
TA2 

— DAB
). Node B then calcu lates the quantity

KA - 
K 8 

= 

TA1 - CT 81 - 
DBA) LT B2 - ~

TA2 DAB
)]

= 

(T A 1 - 
T

B1~ 
+ 

~
TA2 T B2~ 

+ D
BA - 

DAB

Now , s ince the clocks are assumed to drift very little during the exchange interva l,

(T AI 
— T

BI~~~~ ~
TA2 — 1 82) are approximate ly equa l to each other. Thus

KA
_ K

B 
D

BA
_ D

AB
2 = TA~~

T B 2

- ~~- - Therefore 
— —

T - T ~~~ 
A B 

+ 
AB BA

A B = 2 2

If the term (DAB 
— DBA )/2 which represents the asymmetry in the two directions of the communi-

cat ions link is ignored, then the error of this process is that due to this asymmetry plus the error

in recognizing the epochs at which messages are received plus any clock drifts during the exchange

interval. Node B may use the estimated value 
~
TA 

— T B
) in order to correct his own clock so tha t

it corresponds to tha t of Node A.  The mode l takes into account all three of the above error

sources by allowing for specification of a sing le asymmetry term for each communicating link.

- 
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In addition to the error between Node B’ s clock and that of Node A , obtained

from the above exchange of messages , each node in eacfr chain , beginning from those closest

to the ult imate network master , ma intains an instantaneous estimate of error between its clock

and the ultimate reference which it passes on to al l  nodes at higher branches of the tree . Thus ,

Node A also passes on to Node B an instantaneous estimate of Node A’ s error w ith respect to the

ult imate master which Node B adds to the error just calcu lated between B and A.  Node B is then

able to track the ultimate reference without having to follow perturbations occurring at interveri —

ing nodes . The mode l takes this error with respect to the ultimate reference into consideration .

7.2.1.4.3.2 Clock Correction

There are a number of techniques for processing the phase error samp les in order to

obta in a correction si gnal to be app lied to the loca l clock. The type of process ing of the samp les

depends somewhat on the characteristics of the loca l clock. For examp le, ces ium clocks may

require a highl y filtered correction signa l in order to take advantage of their excellent long term

frequency stability. Two cesium clocks operating with a constant frequency offset from each

other of 2 parts in 10 11 accumu late phase error at the rate

= 2 . 10~~ 
. t

e

Thus , two suc h c locks wil l require 50,000 seconds to accumulate a phase error of 1 is. In light

of the required response time it is conceivable that the phase error of such clocks could be main—

tam ed within acceptable bounds by a human operator . However , it is believed that an auto—

mate d scheme is preferred . On the other hand, high qua lity quartz crysta l clocks have a fre—

quency drift of approximate ly 1 part in 10
10 

per day . If a node having a quartz clock with this

drift rate were communicating with a node using a cesium clock and they were started at time

I = 0 with zero frequency and phase error then phase difference would accumulate as

= 1.157 . io
15 . t

2

One microsecond of phase difference would accumulate in 29,400 seconds . Thus , one difference

in the requirements for correction si gnals for the cesium and quartz crysta l clocks is tha t the

quartz cloc k wi l l  require both phase and frequency correction while the cesium clock may require
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only phase correct ion . It is believed , however , that frequency correction can improve the

per formance of the cesium clock .

The method of application of the correction si gnal to the local cloc k depends on

whether a re ference is presentl y ava ilable and whether or not one was avai lable in the immediate

past. The conditions of interest in regards to the re ference are as follows:

1. Have one now and have had same for some time .

2. Do not have one now but hove had one recentl y.

3. Have one now but have not had same for very long .

The correction procedure for 1. was covered above . In case 2. it is desirable that the nodal

clock should have the ability to coast through certain re ference outages without accumulating

appreciable phase error . For the cesium clock this means that a long term average , A, of the

previous samp les should be app lied. This same technique does not work as we ll with the quartz

crystal clock because of its drift. What is needed with the quartz crystal clock is a long term

4 
average of the slope , S, of the previous samp les as wel l  as knowledge of the value B of the

correction signal at some t ime I. During the coasting period the correction si gnal B + S . (t  — I)

can then be app lied .

I; In case 3. the ability to quickl y acquire from fairl y large offsets is desired . This

mode is used when switching references or when bring ing a node into the network when the node

has been off for some reason .

Except for case 2. with quartz crystal clocks , a phase-loc k loop emp loying an

integral plus proportional filter can be confi gured, by su itable choice of fi lter parameters , to

satis fy most of the above requirements . The following discussion is intended to show how one

might be led through a success ion of refinements to such a scheme .

205
In order to make phase erro r correct ions , part icularl y for cesium clocks , Stover

- - 
initiall y suggested measuring phase error at each node with reference to the master clock and

It’ then prov iding a discrete step correction after the error had reached some threshold level. The

correct ion could consist of either a step change in the local clock frequency for some period of

time or a ramp phase change at the output of the clock for the same period of time. The latter
‘ - method’ s advantage is that the clock is not disturbed . This scheme is similar in operation to a
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discrete type of first order phase—lock loop since it wi l l  result in a stead y state average phase

error different from zero when a constant offse t exists between the reference si gna l and the

natura l frequency of the local clock . A block diagram of this system is shown in Figure

7.2. 1.4.3.2—1 . It should be noted that this scheme has no provision for systematic frequency

error.

Since systematic frequency error is one of the major contributors to the need for

phase error corrections , it is believed that , as suggeste d by Stover 205 particu larl y for quartz

crysta l clocks , the above simp le scheme may be improved by making provisions for systematic

frequency error correction . This may be accomp lished by taking a discrete derivative of the

phase error samples and applyng this derivative signa l permanent ly eac h time a phase correction

is made . Figure 7 .2 .1.4 .3.2—2 shows a block diagram of this techni que.

Quantization errors in the scheme of Fi gure 7.2.1 .4.3 .2—2 can be reduced by

making more frequent phase error measurements and lowering the phase error threshold above

which corrections wil l  be made . There appears to be no theoretical limit in the smallness of

step size of the corrections. Thus , this scheme can be made to appear to the user of the local

j clock as a continuous process . However , the same result can be accomp lished at reduced

samp ling and processing cost by removing the phase threshold detector and the frequency cor—

fection threshold enable gate and leaving phase error corrections app lied permanent ly, i.e.,

pass the phase error corrections through an accumulator (discrete type of integrator). What was

a frequency correction in Figure 7.2.1 .4.3.2 2 now becomes a proportional term and the

accumu lated phase error becomes an integral term with these modifications , as shown in Figure

7.2.l.4.3.2 3. Scrutiny of Fi gure 7.2.1.4.3.2—3 reveals that it has the form of a discrete

phase—lock loop emp loying an integra l plus proportional loop fi lter. A more conventional

drawing of this scheme is shown in Figure 7.2. 1.4.3 .2—4 . Some advantages of this scheme

over those from which it was evolved are the cost of its imp lementation and its recognizable

• potentia l for performance anal ysis by we ll known techni ques. Three parameters completel y

describe the performance of this scheme . They are:

a. Samp ling rate of the phase error estimator

b. Scale fac tor on the integral term (as in Figure 7.2. 1.4.3.2—4)

c. Scale factor on the sum of the integral and proportional terms (K in Fi gure

7.2. 1.4.3.2—4)
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Parameters a and K can be translated into fami liar second—order closed loop damping (~~) and

undamped natural frequency 
~~~~ 

parameters of feedback contro l theory . The samp ling rate of

the phase error estimator must be consistent with the loop filter characterktics , i.e., the values

of a and K. A discussion of the required samp ling rates was given in Paragraph 3.3.2.1 of

this report . If quartz crysta l clocks are used in the TRD network then a set of acquisition param-

eters are required in addition to tracking parameters due to the inherent instability of these

devices. Cesium clocks need only be provided with a set of tracking parameters because their

intrinsic stability is quite high. The wider bandwidth in the quartz clock acquisition mode sets

a lower bound on the samp ling rate of the phase e rror estimator . The drift rate of the crysta l

c lock sets a lower bound on the loop bandwidth in the tracking mode . Normally, this bandwidth

is made as narrow as possible in order to maintain a good estimate of overage re ference frequency

so that the local clock never tracks very far from this long—term average . Thus , it is better able

to coast through a reference outage with lower probability of bit s li ps. The bandwidth damping

ratio product should also be kept small so that initial phase offsets expe r~enced w hen entering the

networ k or switching references do not cause large peak frequency transients of the local clock .

Large peak frequency transients are particularl y to be avoided in case the local clock is a cesium

standard. On the other hand, extreme ly narrow bandwidth wili cause the bufldup of large peak

phase errors as a result of step changes in reference frequency such as might be experienced when

switc hing from one reference to the next . Thus, it appears that the quartz and cesium clocks

require different sets of trac king loop parameters. The quartz crystal clock also requires a set

of acquisition parameters in order to rapidly acqu ire from large offsets. Sets of parameters

w hich take into account the far tors discussed are shown in Table 3.3 .2. 1.

7.2 .1.4 .3.3 Acquisition Mode Switching

I’. The TRD mode l uti l izes the same scheme for switch ing from tracking parameters

to fast acquisition as descri bed for the master/slave technique in Paragraph 7.2. 1.2.3.3.
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7.2.2 Normal Link Variations

The discussion in this section is aimed at obtaining some reasonable descri pt ions

of path length variations . However, very rough assumptions are made in order to keep the

models as simp le as possible. The fact that values chosen may not meet some particular situation

does not necessari ly invalidate the model since results can be scaled in accordance with the

rat ios of the correct values or parameters to those assumed in the model. The discussion s are
206,207,208,21 1based primarI ly on re fe renced information .

7.2.2 .1 Cable

Assume buried coaxial cable with polyethelene disk spacers occupying 10 percent

the length space . The cable is assumed to be buried at least four feet deep. At this depth, it

is believed that year ly var iations in temperature will almost never exceed ±300 F. However ,

the perkds of interest for the timing subsystem are daily var iations. We will assume a dail y

peak to peak temperature variation of 0.6° F. The two major contributors to propagation delay

var iations through the cable are those due to linear expansion and contraction of the len~~h of

the cable and changes in the dielectric constant both due to temperature. First , let us cons ider

changes in the dielectric constant (permittiv ty ) of the polyethelene spacing disks versus temper-

ature.

Propagation velocity V is given by

V =
[~~.~~ (7.2.2.1-1)

w here c s the Free space veloCity of light and 
~r is the relative dielectric constant of the

‘I medium . Let 6 be the magnitude of the per unit change in E r per unit change in temperature.

Then

L~V =  C 
— 

C (7.2.2 .1-2)

~~
‘I C ( ~\1~7 \  1 1 + 6
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¶ Then

_____ = 1 — 
1 (7.2.2.1— 3)

For polyethelene 6 is approximately 1 x JØ
—5
/

O C. Using this value 0f ~ 
we Find

~ 5 x 10~~/°C. (7.2.2 .1-4)
V

This is the proportional change in the spacer medium . Under the assumption that only 10 percent

of the total length of the cable is occupied by pol yethelene and the rest by air and that the

ve locity in air is approximatel y equal to c then the composite variation is

_ _ _ _  = 0.9x0+0 .l x5 x 10~~ 5 x 10 7/°C. (7.2.2.1-5)

The peak to peak dafly proportional variation in velocity due to dielectric changes is then

approximately 1 .6 x

Copper has a linear expansion coefficient of approximatel y 10 x lo
_6
/
0 F.

Then with the assumed temperature variation the peak to peak cable length variation

4 L/L = 6 x 1 0 6.

Thus we see that the contribution to delay variation made by dielectric change s

can be neglected in comparison to that made by the length change of the inner and outer

conductors . In the remainder of the present derivation this will be done.

IF the length is assumed to vary in a sinusoidal manner with a period of one day,

then the variation in length Li L is given as:

Li L 3 x 10 6 x L x sin 
~~d ~ ~~

‘r~ 
units (7.2.2.1—6 )

where L is the nominal length of the cable , 
~ d is the daily angular velocity = 7.2685 x 10~~,
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and 
~ 

is some arbitrary phase angle. The time rate of change of this length variation (speed) is

= 3 ~ i0 xL x cos 
~~d 

~ 
~~ 

) units/sec (7.2.2.1 -7)

Letting V represent the nominal velocit y throug h the cable , the Doppler frequency shift

seen at the receiving end of the cable is

F
5 ( ~ 

) (7.2.2.1-8)
nom

where F is the frequency of the reference source. Substituting Equation (7.2.2.1—7) into

Equation (7.2.2.1—8) we obtain

- 

3x 1 O 6
xL xw

d
cos(w d

t+
~~
) (7.2.2.1-9)

F
5 V

nom

7.2.2.2 Satellite

Orbital variations in 24 hour synchronous artificial earth satellites caused by the

earth’s gravity field have been studied in some detail.210’
209 Equations descri bing the

motion of the satellite with respect to a point on the earth due to this cause are quite compli-

cated. Inclusion of such expressions in the simple model being deveIoped in this study would

undul y complicate this portion of the model but would produce no discemable enhancement

to the results of the simulation. On the other hand, a rough estimate of perturbations that

the timing network may expect to see due to satellite motion can be obtained from geometrica l

considerations of eccentricity of orbit , maximum angle of inclinatkn of plane of orbit with

respect to equatorial plane, phasing of the periods of motion due to these two causes , and

location of earth terminals. A computer program has been written at Harris ESD which takes

these Factors into consideration and calculates maxi mum and minimum ranges between satellite

and earth terminal as well as maximum range rate. A selection of outputs from this program is
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shown in Table 7.2.2.2 for a satellite assumed to have nominal pos ition in the plane of the

equator at 00 longitude and earth stations at 0° lat tude, 0
0 longitude and 800 latitude,

~ O longitude. Actuall y, instead of showing maximum and minimum ranges the table shows

the difference between the dail y maximum and minimum range. Military satellites are expected

to have an orbital inclination of less than 3
0
•
212 It is generall y believed that eccentricity

will be quite small but values are shown for 0.001, 0.003, and 0.010 in Table 7.2.2.2.

The terminal at 80° latitude is at a very high latitude for the app lications under

consideration, but it appears to be close to worst—case. Thus, it appears that daily path

variation may range from approximately zero at zero eccentricity and zero degrees elevation up

to 4,919,000 feet at 0.01 eccentricity and 3.0 degrees elevation when the ground terminal is

at 80
0 

latitude. The maximum range rate may also vary from zero to approximately 180 feet per

second . However, if it is assumed that the range difference varies in a sinusoidal manner with

a daily per iod the model becomes extremel y s imple. This simp lifying assumption will be made

in this study. Using a nominal two way range, L , of 248 x 106 Feet between the earth terminal

• and sate llite, the path length variation equation then becomes

Li L K L sin 
~~d 

~ 
~~~~ 

(7.2.2.2-1)

where 0 � K < 3.97 x itf2 and

Under these assumptions the dail y fractional Doppler frequency change is

L i f  
= 

~n~ m 
(7.2.2.2-2)

where F is frequency of incoming bit strea m, LiL is the time derivative of ii I and Vnom
is the propagation velocity between satellite and earth terminal.

Due to the large changes in dail y path length of satellite links in relation to that

of other transmission facilities , it is antici pated that Doppler tracking and remova l techniques
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Table 7.2.2.2. Sample of Range and Range Rate Variations
Between Earth Terminals and Satellite

k
Lat. Long. Lat. Long.

0
0 

0
0 

80° 00

A rg .  of Eccentricity Inclination
Perigee M ax-m m Max range Max-rri in Max range

range rate range rate
( fee t )  (f e e t / s ecj  ( f e e t )  ( f e e t / s e c )

90.0° 0.001 0 . 0  277000 10.09 273000 9. 97
0.001 1.5 276000 10.09 1366000 49.80

‘I 0.001 3.0 277000 10.98 2457000 89.60
0.003 0.0 930000 30. L6 821000 29.92
0.003 1.5 830000 30.26 1913000 69.75
0.003 3.0 830000 30.47 3005000 109. 50
0.010 0.0 2767000 100.90 2735000 99.73
0.010 1. 5 2766000 100. 90 3828000 139. 60

II 0. 010 3. 0 2767000 100. 90 4919000 179. 40

45° 0.001 0.0 277000 10.09 273000 9.97
0.001 1. 5 276000 10. 70 1292000 47.15
0.001 3.0 284000 12.55 2377000 86.8
0.003 0.0 830000 30.26 821000 29. 92
0.003 1. 5 830000 30.88 1865000 64. 50
0.003 3.0  830000 32.73 2820000 103.10
0.010 0 .0 1767000 100.90 2735000 99.73

~ 

0. 010 1. 5 27 66000 101. 50 3588000 131. 00
Q.010 3 .0  2767000 103.30 4534000 165.70

0.0 0 0. 001 0.0 277000 10. 09 273000 9 .97
0.001 1. 5 277000 10. 09 1126000 41.13
0.001 3.0 277000 10. 98 2184000 79.79

~ 

~~~
• I 0. 003 0. 0 830000 30. 26 821000 29. 92

0.003 1.5 830000 30.26 135 6000 49.64
0 .003 3.0 830000 30 .47  2322000 85.13

• .4 1 0.010 0.0 2767000 100.90 2735000 99.73
0. 010 1. 5 27 67000 100. 90 2924000 106. 70
0. 010 3. 0 27 67000 100. 90 3478000 127. 70

I I
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may be appli ed prior to obtaining reference signals via satellite links for the nodal timing sub-

system. Actuall y, the length variation of a satellite path is quite predictable from knowledge

of a part icular satellite ’s orbit . It s antici pated that this knowledge can be used to advantage

in such a Doppler removal device although this has not been investigated in this report.

7.2.2.3 Microwave

There are several factors which affect path delay variations of microwave links.

These factors include temperature , humidity, atmospher ic pressure , and ra in or fog. The first

three of these terms can be expressed in terms of “so ca lled N units. ” The N unit is related

to the index of refraction n (ratio of radio wave propagation velocity in vacuum to that in the

medium) by

N = (n — 1)106. (7.2.2.3—1)

From this value of N we may obtain an equivalent change in path length LiL,

Li L = N x 10 6 x L f(t) (7.2.2.3—2 )

where I is nominal path length and F(t) is a function of time which describes the manner in

time in which the variation takes place. The time derivative of Li I may be obtained in order

to ca lculate the amount of frequency Doppler caused by the delay variation, i.e.,

L i L N x l O x L x F ( t )  (7.2.2.3-3)

and

~~~~~ ~ / 
L i L  (7.2.2 .3—4 )

s~~~V )nom

Daily temperature changes may account For the most rapid fluctuation in the value of N. With

constant pressure and humidity a daily temperature var iation oF 20°C peak to peak about a

nominal 20°C results in a change in N of about 18 peak to peak. Largest monthl y mean

var iation of N is about ±25 units. Yearl y temperature var iations over the U.S. resu lts in

. ::~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ j~
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variations in N From 230 to 400. Rain at approximately six inc hes per hour results in N

changes of about 14 units . Thus , for simu lation purposes, the following will be assumed:

Dail y variations:

~ L = lOx  1O x L x sin (cu t f 4  ) (7.2.2.3-5)
o d r

• w here 
~°d 

= 7.2685 rod/sec

Stress due to ra in or fog on selected links:

~ L 14 x R x 10 x 
[~~(t - T) - p(t - (T + D))] (7.2.2.3 )

w here ./i is a random phase between 0 and 2 ~~~,

R is a random number between 0 and 1 ,

D is a random number between 1,800 and 43,200 s,

T is the time in seconds at the start of the simulation at which the rain is

to start , and

O fort <x
— x) = 

1 for t >x

7.2.2.4 Tropo

Tropospheric Refraction

The troposphere is that area of the atmosp here extending from the ground to a

height of approximatel y six miles. On difference between the troposphere and the ionosphere

h the Fact that there is practicall y no ionization of the Ok molecules in the troposphere. The

troposphere can act as a smooth refractive medium due to variation with altitude of the

die lectric constant of the air. The water vapor content of the air will also change the dielec-

tric constant . This smooth model gives rise to beyond the horizon reception due to tropospheric

refract ion.

Knife Edge Diffraction

According to Huygen’s principle, e lectromagnetic energy is emitted by means of

wavelets that start at every point along the beam and are transmitted in every direction. Thus ,
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points which lie in a reg ion of geometric shadow may receive some of the energy. Obstructions

which give rise to the knife edge effect are mountains , hills , trees and the earth’ s horizon. In

the shadow region the beam is refracted by the change in dielectric constant of the troposphere.

This principle is commonl y observed at night when two cars meet each other on opposite sides

of a hill.

Troposp heric Scattering

The major contributor to dependable long distance communication (approximate ly

300 miles) is caused by tur bulence and is known as tropospheric scatter ing . According to one

theory of scatter , the earth’ s atmosp here is in a constant state of motion. Because of this

mot ion with respect to the earth, sma ll turbulences or eddies are formed. These eddies are

similar to the whirl pools in a rapidly moving stream of water . In the atmosp here, however ,

the eddies form spherical turbulences rather than the two—dimensional whirlpools in a stream.

These spherica l turbulences are called scattering blobs and are responsible for the scatter effect .

The turbulent motion of air at each blob results in a variation in dielectric constant within the

blob and a small amount of energy is scattered away from the incident beam . The effect is the

same as iF each blob received the signa l and reradiated it . Figure 7.2.2. 4— 1 depicts this

ef fect . The scattering blobs move through the common volume of space defined by transmitting

and rece iving antenna beams due mostl y to the horizontal component of tropospher ic winds.

The geometry of this effect is shown in Figure 7.2.2 .4—2 . The energy reaching the receiving

antenna is a compos ite of that gathered in From all the scattering blobs in the common volume

of the transmitt ing and receiving beam space.

- ~• The problem at hand is to determine the maximum path length variation and the

F ~ rote at which it may vary. The related problem of frequency of signal strength Fades has been
208 . .discussed by Crawford , et al. In the extreme case when only one scattering blob is in

the common volume , we see from Figure 7.2.2 .4—2B that the maximum path length variation is

~
s L =  L0 ( cos

1

—~ -— i) . (7.2.2.4-1)
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Fo twa rd

I ~~ ~~~~~~~~~~ Scat te r  Ang le
Incident  Plane

Fi gure 7.2.2.4—1. Directional Pattern of Scattering Blob

Scatte ring

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

a - V e r t i c a l  C ros s  Section

b - H o r i z o n t a l  C r o s s  Section

Figure 7.2.2.4—2. Geometrical Model of Tropo Path
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In this same case from (CW 59 ) the Dopp ler frequency is

d~~ = V sin ~ (7.2.2.4-2)

Where A = wave length of the carrier signal , V horizontal component of tropospheric wind
ve locity, ~ = angle between wind direction and line joining transmitter and receiver , and

/3 = rece iving and transmitting antenna beam widths (assumed to be equal). However , the
model can be simplified if a suitable sinusoidal motion is assumed . If it is assumed that movement
of the scatter ing blob from center beam to half power point of the beam represents one—fourth

cyc le of the length variation and a sinusoidal variation is assumed , then the period of this
var iation s

4 L 0 s in /3/2
T = v . (7.2.2 .4—3)

From Equation (7.2.2 .4—1) and Equation (7.2.2 .4—3) the maximum amount of path length
var iation and the minimum frequency with which the variations can occur may be obtained.
However , it is believed that the path length is hig hl y uncorre lated over much shorter intervals

of time than the period obtained from Equation (7.2.2.4— 3) with reasonable values of V . This
is consistent with numerous scattering blobs being in the common volume at a given time.
Nevertheless , this equation will be used to obtain on upper bound on the period of the path
length variation . On the other hand, the frequency of the path length variation iS not expected
to be as great as that of the highest frequencies of signal strength fades. It is believed that the

L signa l strength Fades are caused by multipat h signa ls arriving at the receiver with phases of
such value as to subtract from each other. From 208 signal strength fade frequencies varies from
approx imatel y .1 Hz to 10 Hz . This frequency depends on antenna beam w dths. Narrower
beamwidths will also reduce the peak amplitude of the length variation . The minimum period

- 

-~ OF signa l strength fades will be taken as the minimum period of pat h length variations. Using
300 miles , /3 1.80

, and V = 50 miles per hour, we obtain I I I = 195 Feet and
9.26 x 10 rad/sec . Therefore , for purposes of simulation , let us assume that the tropo—

spheric path length variation is given as follows:
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~~I K L s i n (w t+ 4~~) (7.2.2.4-4)

where O S  K � 1.23 x 10

9.26 x � w �  2~ x 10~~63

and r is a random phase angle.

With K = 1 x 10 8 and co 3, peak proportional frequency Doppler would be

I S —8
~ f l  ~~L 3 x 1 0  —13

F L 
= 

V
nom 

= 
186000 

1 .61 x 10 parts/mile

7.2.3 Statistical Clock Model

Three types of t iming clocks may be used in the DCS network. These include the

ces ium beam controlled oscillator , the rubidium gas cell resonator controlled oscillator and the

quartz crysta l oscillator. The cesium beam frequency reference is a primary standard . It has

an intrinsic frequency which can be set up independent of any other source and has no systematic

dr ft . The rubidium frequency standard is a secondary standard . It requi res calibration against

another oscillator and is then subject to a small amount of drift . The amount of drift is typicall y

10
_ i 

to io 2 times that of the best quartz crystal oscillator . The quartz crystal oscillator is

a lso a secondary standard and is utilized in those app lications which do not require the extreme

accurac ies and stabilities obtainable from the rubidium or cesium standards. No matter which

of these types oF clocks are utilized at any given time at any node, its essential properties may

be described by a list of parameters whic h are controlled by random number generators . The

parameter list should contain four parameters for each nodal clock . These parameters include

frequency, short term stability, accuracy or long term stabflky, and dr ift rate. Frequency

re fers to nominal frequency . This parameter is generated for each node from a random generator

at the beginning of eac h simulation run and is modified during the run by the accuracy random

number generator or by the drift rate parameter . At each simulation step, a short—term stability

offset is generated and added to the current value of nominal frequency to provide the mean
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frequency for t he simulation step. From H.P. literature , it appears that short term stability (up

to approx imately .4 second) is essentiall y the same for all three types of frequency standards if

drift rates are not included for rubidium and quartz. H.P. literature shows measurements for

square root of the sum of the squares of successive differences in average Frequency measurements

for measurement intervals from 1O~~ to io+4 seconds . Thus , the short term stability random

number generator may sample from a normall y distributed variable with zero mean and standard

deviation equal to the ~ (2, r )  given by H.P. where r corresponds to the simulation

step interval. These deviations are given as piecewise functions of r For each clock type in

Table 7.2.3.

Initial nominal frequencies may be selected from a normally distr ibuted random

var iate with mean F and standard deviation equa l to 1 x 10 12 x F.

Systematic drift or aging for quartz crystal oscillators after an initial operating

per iod of days appears to be in the range of ±1 .57 x 10 ’5/sec but is usually expressed in

fractional parts per day, i.e., ±1 x 10 10
/ day.

A similar systematic drift may be observed for rubidium, but it is 10 to 100 times

less than that of quartz. DriFt rates for rubidium are usuall y expressed in fractional parts per

month, e.g., ±1 x 10 11/month. These drifts for quartz and rubidium are normally taken to

be the long term stability of these devices. Cesium beam standards do not exhibit systematic

dr ift . Thus , a guaranteed long term stability or accuracy over a range of temperature and

magnet ic Field intensity may be stated for this standard. The fractional long term stability for

severa l of H.P. cesium beam standards is approximately I x 10

it should be noted that the information given in Table 7.2.3 includes the system—

I ~ atic drift in the short term stability data . Thus , if the short term stability and long term drift

r ~ 
• are to be applied separatel y, then the long term drift component should be subtracted from the

data given for values of r for which the drift component is an appreciable part of the values

given.
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Table 7.2.3. Short Term Stabi l i ty Standard Deviations as a Function
of Samp le Time (From HP Data)

Quartz

- 3 log10 i. � - .55 log 10 ~ 
- log10 T 11. 7049

- . S S < l og10 r~~~~4 a 7xl0~~
2 

or log10 a -ll .1 549

Syiternatic Drift ± 1  x 10
10
/day -. 1 .57 x lO~~

5
/sec

Rubidium

• - 3 � log10 T � - I. , log10 a - log10 - 11. 7049

- 1 < log 10 ~ 
-
~~ 2 log10 a - . S log10 ‘r - 11. 1549

2 < log10 ~ < 4 , = 7 x 10 ’s or log10 ~ - 12.1549

Sys temat ic  D r if t ± 1 x l0~~~ /mon th -. 3. 858 x l0~~
8

/ sec

• Ces ium

- 3 � log 10 T - . 55 . log 1~ a - lug10 - 11. 7049

- . 55 ~ log10 ‘r — .6 • a = 7 x l0~~~ or log 10 a = - 11. 1549

6 � log10 T < 4 , a - . 5 log10 ~ - 11. 04

Sys temat ic  D r i f t  - None . thng T e r m  Stabili ty ± i x io~~.

i~~
tr ~ -
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7.3 Simulation Results

7.3.1 The Simulation Plan

A p lan was drawn up at the midpoint of t he stud y w hereby t he simulator could be

used to test the sensitivity of the master-slave, mutua l sync and TRD techniques to various d is—

• turbances and stresses . Since initial startup with a set of random phase errors and frequency

offsets generates poss ibly as severe a transient as the network wi l l  ever see , it was decided that

a set of runs for each of the network configurations should be made w ith onl y the initial condi-

tions app lied . Next the same set of runs were to be repeated but this time with the norma! link

de lay variations app lied. A third set of runs were then to be made with initial conditions, norma l

link delay variations and stress events applied . Finally, a set of runs were to be made with one

of t he network configurat ions for each of the timing techniques using identica l initial conditions,

link delay variations, stress events and duration of run in order to get a direct comparison of the

d ifferent techniques under the same network configuration and inputs . The objective of the f irst

three sets of runs was to test for sensitivity as a function of network topo logy, as a function of

place of origin in the network at which a stress orig inates, i.e., near the conne...tivity center of

the network as opposed to the fringe of the network and as a function of the type of disturbance ,

e.g., change in clock frequency or phase , change in link delay, loss of link and loss of node.

In order to access these sensit ivities , the p lan called for observation of peak frequency offsets ,

phase errors , propagation distance of disturbance from place of orig in measured in nodes, and

how long it takes initia l and transient conditions caused by the various stresses to die out.

Some of the above parameters were actuall y ana lyzed under more carefull y con—

• tro l led conditions with limited network structu res in the discussion on error propagation in Section

8.0. However , the overall objective of the simulation plan was to see how the larger network

behaves.

The plan proved to be overl y ambitious in that all the simulations imp lied by the
• plan could not be obtained and comp letel y ana lyzed in the limited time available , however some

very usefu l information concerning the behavior of the timing techniques under what is believed

to be rea l wor ld conditions was obtained via the simu lation effort . In working with the simu lator ,

it was found that perhaps the true value of a simulation lies not so much in providing answers to
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preconceived specific questions but rather more in causing the user to ponder his situation in

sufficient detail that he, of necessity, discovers what the real questions are .

7.3.2 Network Configurat ions

The Four network configurations used in the simulations are shown in Figures 7.3.2—i

through 7 .3 .2—4 . When referring to these figures in the remainder of this section, they wi l l  be

referred to simp ly by their alphabetical symbols , inc luded on the figures. The overall charac-

teristics of these network confi gurations are discussed in Section 5.0. The initial timing hierarch y

for master—s lave and TRD are indicated by arrow heads . The initial master node is denoted by

the letter M above the node number . The links are marked according to type and distance.

The nomenclature is M for line of si ght microwave , C for coaxia l cable , S for satellite and T

for beyond the horizon tropospheric. The distances are in kilometers . Thus the Label C 660

indicates a cable link of distance 660 kilometers . Due to the limited storage availability on the

Datacraft computer used in support of the simu lation effort , all nodes and links cou ld not be

monitored . When monitoring a mutua l sync node, a ll the incoming links to this node must be

monitored . Thus , onl y a subset of the nodes were monitored . These are marked with a 11* U 
for

master s lave and TRD and with a “+° for mutual sync. The monitored nodes were composed mostl y

of the backbone of the network with a few other nodes at Levels 2 and 3.

7.3.3 Loop Parameters

The values used in the simulations for nodal loop fi lter parameters were the same as
• those derived in Section 3.0.

7.3.4 Input Signa ls

7.3.4 .1 Initia l Conditions

Most of the noda l clock initia l frequency offsets were set to zero, but a few nodes

were chosen at random and assigned an offset from a norma l distribution with zero mean and

- . 
~~ j x 10 8 x f0 . The initial phase 

~I at the receiving end of links was computed as

foll ows:
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= (ND 4 ir) mod 2ir -

where ND in the nomina l link delay in radians of the basic c lock frequency, f .  The initial

va lue of nomina l link disturbance is then added to this value .

7.3.4.2 Normal Link Disturbances

Norma l link disturbances of the maximum amp litude as discussed in Paragraph 7.2.2

were app lied to all links except tropospheric variations were not app lied . The tropospheric model

indicates that the frequencies of the disturbances are sufficientl y high that they would be attenu—

• ated enough by loop filters to be unnoticable due to scale resolution of the output plots . Link

asymmetries for TRD runs were adjusted to 1 percent of peak delay variat ion.

7.3.4.3 Clock Drift and Short Term Jitter

Clock drifts and jitter were not app lied. With quartz c locks drifting in frequency

at a rate of ±1 x 10 10 x f per day, the total amount of drift would not be great enough to cause

apprecia ble error if neg lecte d. As indicated in Section 3.0 the Type 2 loop tracks a constant

• drift of P Hz/s with a phase error of 
~~~n

2
• The tracking loop parameters utilized with the

maste r—s lave configuration w ill produce a constant phase offset of 0.39 is with ~ = 10~~~ x f

per day. For the Type 1 filter , constant drift will produce, in steady—state , a constant ly increas—

• ng phase error of the form

\w
2 ‘

~n /
For the mutual sync nodes using 4 = 1 , w,.~ = 1 .67 x 10~~ and P = lO~~~ x f0 per day this gives

~ 0.117 Js accumu lated per day.

Since simulation runs were limited to approximate ly 3 days or less , drift terms were d iscarded .

T he clock models indicate that short term c lock jitter will be filtered sufficientl y by loop fi lters

t hat ft wi II be of no consequence in the simu lation results .
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7.3.5 Stress Events

The stress e’rents for r.,aster-s lave and IRD runs are shown in Figures 7 .3 .5—1 through

7.3.5—4 . The events for mutua l sync are shown in Figures 7.3.5-5 through 7.3.5-8 . In addition,

master—s lave and TRD 3!S0 utilize the stress event of Figure 7 .3.5—9 . In observing the results of

the stress events, it should be ~.ept in mind that the individual r.od’~ 
trequeI~cy response to step

changes in reference frequency or phase error will have shapes like that shown in Figure A6 and

Figure A7 of Appendix A . The phase plots wil l  show responses to step ~hc~ .~~s in reference fre-

quency and phase error sim iiar to those 3hown in Figure AE ~r.d Fig~~e A9 o~ poendix A. How-

ever , the curves become more difficu lt to evaluLre when ~~l’;p!e forr ng func. :ons combine to

cause a composite time response from the connected netwo rk .

it!

I-
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F _EVENT TIME (s~ EVENT

23000 Node 15 fails

• 23600 Node 9 slaves to Node 13

26000 Node 17 fails

26600 Node 21 slaves to Node 19

Node 24 slaves to Node 25

30000 Node 18 fa i ls

30500 Node 21 slaves to Node 24

Node 19 slaves to Node 21

Node 20 slaves to Node 21

31100 Node 25’s clock frequency changes

by + l x i O 8 x f 0

Fi gure 7.3.5—i . Stress Events for Mastet-S lave and TRD; Configuration A
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EVENT TIME (s) EVENT

11000 Link (18—14) fails

12000 Node 8 slaves to Node 18

12400 Node 14 slaves to Node 8

15000 Node 18 clock frequency changes by

+1 x 10 8 x f

16000 Node 14 free runs

18000 Node 8 slaves to Node 14

20000 Node 18 slaves to Node 8

22000 Link (18—23) fails

23000 Node 23 slaves to Node 20

Figure 7.3.5— 2 . Stress Events for Master-Slave and TRD; Configuration B
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EVENT TIME (s) EVENT

10000 Node 8 fails

11000 Node 20 fails

14000 Node 21 slaves to Node 19

Node 24 slaves to Node 21

Node 7 slaves to Node 22

Node 23 slaves to Node 22

22000 Node 5 slaves to Node 7

Node 6 slaves to Node 5

Node 16 slaves to Node 6

Node 19 slaves to Node 16

5.

it?

Figure 7.3.5-3. Stress Events for Master-Slave and TRD; Confi guration D

~~~~~~~~~~~~~~~~~ •~~
_
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EVENT TIME (s) EVENT

11000 Link (10— 14) fai ls

12000 Node 15 slaves to Node 12

Node 14 slaves to Node 15

13000 Node 14 fails

16000 Node 18 slaves to Node 19

• 18000 Node 10 fails

20000 Node 19 slaves to Node 18

Node 13 slaves to Node 16

Node 11 slaves to Node 13

Node 8 slaves to Node ii

Node 2 slaves to Node 4

Node 3 slaves to Node 2

Node 6 slaves to Node 3

Node 15 slaves to Node 19

Node 12 slaves to Node 15

Node 9 slaves to Node 12

Figure 7.3.5—4 . Stress Events for Master—S lave and TRD; Configuration E

7-40



EVENT TIME (s) EVENT

10000 Clocks at Nodes 18, 25, and 2 1 experience

a step increase in natura l frequency of

• -8l x i O  x f
0

20000 Clocks at Nodes 15, 13, and 14 experience

a step decrease in natura l frequency of

—8l x l O  x f
0

40000 Link (16-18) fails

60000 Link (17—18) foils

100000 De lay on Link (14—16) increases by

l x lO 6
x D nom

140000 Link (15—16) fails

180000 Node 17 fails

220000 Node 24 fails

5.

4

Fi gure 7.3.5—5. Stress Events for Mutua l Sync; Confi gurat ion A
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L EVENT TIME (s) EVENT

k 10000 Link (8-18) delay decreases by 1 x 10-6 x

Dnom

20000 Node 20 fails

40000 Node 5 fails

80000 Link (23—24) fails

120000 Clock at Node 18 experiences a decrease in

natura l frequency of 1 x io 8 
x F

0

180000 Link (8— 18) fails

—

4

F ~ Fi gure 7.3.5-6. Stress Events for Mutua l Sync; Confi guration B
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EVENT TIME (s) EVENT

k 10000 Node 20 fails

Nodes 7, 8, 19, 21 , 22, 23, and 24 remove

Node 20 From their reference

20000 Node 20 is restored and Nodes 7, 8, 19, 21,

22, 23, and 24 place Node 20 into their

reference signa l

30000 Node 4 fails and Nodes 1, 2, 3, 6, and 16

remove Node 4 from their weighting funct ions

40000 Node 4 is restored and Nodes 1, 2, 3, 6 and

16 rep lace Node 4 back into their reference

signa ls

80000 Links (2—4), (4—s ) , (6—8), (8—20), (20—24),

(24—28), (28-30) experience a ramp increase

in de lay of 1 ~ 10 ~ Dnom/hour

100000 Delay in above links becomes stationary

it!

r Figure 7.3.5—7. Stress Events for Mutual Sync ; Confi guration D
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EVENT TIME (s) ?€VENT

10000 Node 22 fails and Nodes 23, 25, 26, and 27

remove Node 22 from their reference signa ls

20000 Node 22 is restored and Nodes 23, 25, 26,

and 29 rep lace Node 22 back into their

reference si gna ls

40000 Node 10 fa ils and Nodes 2, 6, 8, 9, 12, and

14 remove Node 10 from their reference signa ls

50000 Node 10 is restored and Nodes 2, 6, 8, 9, 12 ,

and 14 rep lace Node 10 back into their

reference signa ls

80000 Node 14’ s c lock experience a step increase of

I x TO x in natura l frequency

120000 Links (8-10), (10-14), (14-18), and (18-25 )

exper ience a ramp increase in delay of

1 x x Dnom/hour

160000 The delay of the above links become stationary

Figure 7.3.5-8 . Stress Events for Mutua l Sync ; Confi guration E
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EVENT TIME (s) EVENT

10000 Link (8-18) delay decreases by 1 x 10-6 x

Dnom

20000 Node 20 fails

40000 Node 5 fa ils

80000 Link (23—24) fails

Node 27 slaves to Node 18

Node 24 slaves to Node 27

1 20000 Clock at Node 18 experiences a decrease in

natura l frequency of 1 x io
_8 

x

Node 14 free runs

124000 Node 18 slaves to Node 14

180000 Link (8— 18) fails

I

it!

1. Figure 7.3.5—9 . Comparison Stress Events for Master—Slave and TRD for Configuration B
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7.3.6 Simulation Run Results

Although all the runs imp lied by the simulation plan were not obtained, con-
siderable more result data was produced than could be included in this report in a comprehen-
si ble form . Therefore , runs that appear to be representative of the timing techniques , network
configurat ions, disturbances and stress events wer e selected . F rom each of these selected runs
link to node phase errors and nodal frequency errors for a few of the links and nodes experi-
encing perturbations most representative of the general network behavior , or w hich could serv e
to illustrate particular relationshi ps between stimulus and response were plotted . Sets of runs were

actua lly mode consisting of initial transient only (IT), init ial transient plus norma l link disturbances
(IT + ND), and initia l transient plus normal link disturbances plusstress events ( IT+ND+SE), but in
orderto reducet he volume of materialonl ythe IT + ND + SEruns from each set are shown in this

report . The entire mutual sync networks were perturbed by norma l satellite link disturbances
but the effect was mostl y swampe d by the response to stress events as shown in the (IT + ND + SE)
plots so the amp litudes of the phase and frequency errors due to normal link disturbance are shown
in tabular form for mutual sync runs involving networks with satellite links.

7.3.6.1 Mutual Sync

Configuration A — Norma l Link Variations

The loop time constants for the mutual sync nodes were chosen considerabl y s horter
than those for the tracking mode of the master/slave or TRD techni ques in order to provide a
comparable response time on a node for node basis to transient conditions . The resulting magnitude
of nodal gain for dail y pa~h delay variations turned out to be 1.0019. Thus , these variations
passed through each node without attenuation . These variations can be observed on the initial
transient plus normal link disturbance plots. There was only one sate llite link , (14— 16C), in
this network confi gurat ion . This link was responsible for almost all of the dail y variat ion in the
network. The peak variation on the ink was 1 .2 x 10 s/km. The length of the link was set
at 96,800 km. This gives a peak variation of 11.62 x lO 6second. Since the variation was
assumed to be sinuso idal with a period of 1 day, the resulting peak frequency doppler was

_______ = 8.5 x 10 ~o Some of the nodes peak—to—peak frequency variation s were as follows:
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I
Daily peak—to—peak

Node ~ f/f 0 ( x  1010)

14 5.63
15 5.44

16 4 . 5 3

17 2.53

18 2.78
25 2.53
29 2.46

From this data , it is observed that the amount of frequency variation diminishes as

the distance from the disturbance measured in nodes increases but this is not the only factor w hich

must be taken into account. The number of connected neighbors and how far they are from the

source of the distrubance also influences the amount of variation in the nodal frequency.

A few of the peak-to—peak phase errors between the receiving end of the indicated

link and node were as follows:

Link to Node Daily peak—to—pe ak phase variation (microseconds)

14-15 15 1 .69

16-18 18 4. 77

16-17 17 4.44

15—16 16 0.90

16-25 25 4.69

25—29 29 0.98

25—27 27 0.32

14— b C 16 13.68

14—b A 16 1 .63
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Composite Plots

Figures 7 .3 .6.1— 1 and 7.3 .6 .1—2 show composite initial transient , norma l link

disturbance and stress event plots of link to node phase errors for Links 14—15 , 16—17 , and

16—25 and nodal frequency errors for Nodes 15 ,1 7, and 25.

The step change in Nodes 18,21 and 25’s frequencies of i x 10 8 x f at time

10,000 seconds caused Node 17’ s c lock to change by 32 x 10 10 x f but had little effect on

the nodes in rie left half of the network. The change of 1 x 10 8 x f  in clocks 13, 14, and 15

at 20,000 seconds had little effect on the nodes of the ri ght half of the network . Node 16 acted

as a buffer during the period from 10,000 seconds to 20,000 seconds. The net result of these two

c hanges was almost zero by 40,000 seconds. At 40,000 seconds when Link 16—18 failed Node

15’ s c lockdecreased in frequency by approximate ly 27.6 x i0~~° x f .  Loss of Link 17— 18 at

60,000 seconds caused Node 17’s c lock frequency to decreased byaboutb7 x 10 10 x f .  The

increase in delay on Link 14— 16 at time 100,000 seconds caused almost no change in any of the

three plotted nodes’ frequencies. When Link 15—16 failed at time 140,000 seconds, Node 15

decreased in frequency by approx imatel y 73 x 10~~~ x f .  Failure of Node 17 at 180,000 seconds

caused Node 15’s c lock frequency to decrease by approximate ly 17 x 10~ x f and Node 25’s

by approx imatel y 11 x 10 l O~ f .  The smaller change in Node 25’ s frequency is attributed to

the larger number of nodes connect to 25. Failure of Node 24 at 220,000 seconds caused 25’s

frequency to momentar ily decrease by approx imate ly 32 x 10~~~ x f .

Configurat ion B, Normal Link Variations

Although this confi gurat ion shows three satellite links , the simulator only uti lized

the two satellite Links 8—18 and 8—27 . When the input was generated for this simulation

run t he satellite link between Nodes 18 and 27 was inadvertentl y rep laced by a cable link of

length 660 km. Nevertheless , the two satellite links we re the source of most of the daily

var iation seen through the network. The doil y pea k—to—peak frequency and phase variations

observ ed are as follows:
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Dail y peak—to—peak

Node 
Frequency Variation (~L x ~ io)

8 7.51

18 6.48

• 14 5.70

23 5.44

20 5.44

• 24 5.63

27 6 . 2 2

29 6.48

22 5.44

1 !
10 7 .12

17 6 . 4 1

Dail y peak—to-pea k
Link to Node Phase Variation (Cyc les of f0)

27-29 29 1.18

~~~~~~ 18—14 14 4.21

18—20 20 5.73

18— 23 23 5.46

18—27 27 0.86

23—24 24 0.08

8—14 14 8.23

8—18 18 22.20

27—8 8 15.00
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Composite Plots

Figures 7.3 .6 . 1—3 and 7.3 .6 .1—4 show composite initial transient , link disturbance

and stress events plots of link to node phase errors for Links 8—14 , 18—23 , 27—8 , and 27—29 and

nodal frequency errors for Nodes 8, 14, 23, and 29. I

The initial frequency transient at Node 8 is caused mostl y by the combined initial

frequency error at Node 10 of 26 x i0 1° x f and initial phase errors between Node 8 and the

sate llite links . Each of the nodes plotted experienced a daily frequency variation of approxi-

mate ly 9 x 10 10 x f due to sate llite links between Nodes 8 and 18 and between Nodes 27 and

8. The link delay change on Link 8—18 at time 20,000 seconds was not noticeable except at

Node 8 w here it appears to have caused an increase in fre quency of approximate l y 2 x j o 10 x F .

The failure of Node 5 at 40,000 sec•onds caused a c hange in Node 8’ s frequency of approximatel y

4.8 x b0~~~ x f0. Failure of Link 23—24 at 80,000 seconds caused a change in Node 23’ s frequency

of 16.25 x 10 10 x f .  The change of 1 x 10 8 x f in Node 18’ s nomina l clock frequency at

120,000 seconds caused Node 23’ s frequency to c hange by approximatel y 26 x io bo 
x f and

Nodes 8 and 29 by approximate ly lb x 10 10 x F .  Failure of Link 8—18 at 18,000 seconds caused

a c hange in Node 8’ s c lock frequency of 15.6 x 10~~~ x f and approximate ly 2.6 x 10 10 x f

in those of Nodes 14 and 29. The change in Node 18’ s nomina l clock frequency at 120,000

seconds appears to have changed the system frequency by 9 x 10 10 x f .  A lthough the link

fai lures caused momentary transients in particular nodal frequencies whose amplitude were

com parable to those caused by a c hange in nominal cloc k frequency of 1 x io 8 
x the link

fai lures do not appear to have caused a change in system frequency.

7-52

i 1 ~iui~a~ 
- 

_ _ _
_ _ _ _ _ _ _ _



• 

•

* I
• •

• J I I iI
_ _ _ _ _ _ _

• 
• 

S~ IV~ (91-9) ~NI1 —‘
I 

>

I I

+
C,

~~~~~~~~
-__-‘~ 

.—•‘N Z
I +

I 
•

I N U —

H
.2

X
/ O

~X v..O 1X 1A9 NMOQ J w 2
A DN3flO3IIJ ~V HflJ.yp~ )I3O~3 S.$1 3~3ON

c

I S~iiV~ (Ps-U) )INI~ -
~ g

H •

—

~ S~ IV~ 9 300N —.

I c’~
)

N.

I S1IV~~O~~3aON —’/ 1VNMONX9-O IX I
N 

~~ A9 NMOO AV~ 3O ( 9I8) )INI~~ ’

~‘

I ~ 

(01o L x ° O d d o~IW 3 A3N~ f lo3W~ I

• 1111 :i ~. - - -~~~ — - ~~:: ~~~~~~~ -
~~~~~~~ •_ ~~~~~~~~ ~I~•-. ~~~~~~~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~1~L:



HI  I : . :  ~I~~~~~~c v ~H • : - ~~~~• ~~~~~~~

_ _ _ _ _  _ _ _ _ _  

: 1 : 1  ~~ “\ :  : I ~t ~
~~T~1

_
IT(

~~~~~~~~

(

~~~~

H1L
_ _  _ _  _ _  _ _  -

• • • • • • • • • 

~‘1 Zbaj 3~~~*4d • • $ • 

I

1

~~~~~~~ 
_ i~ _~

__
~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~~~~~~~

--



7.3.6.2 Master-Slave

Under the master-slave scheme , each node is slaved to the timing received via the

communications link . Thus , it sees all link pertur bations in this reference information . However ,

by making individua l node ’s loop time constants long enough, these perturbations can be filtered

sufficientl y that only the long term average reaches the VCO control signal.

7.3.6.2. 1 Confi gu ration A

Figures 7.3.6.2.1—1 and 7.3 .2 .6 .1—2 show s composite initial transient — normal

link disturbance — stress events plots of link to node phase errors for Links 14—15 , 16—17 , 16—25 ,

and 25—29 and noda l frequency errors for Nodes 15, 17, 25 and 29.

This run show s a transient and a step change in the natural frequency of a clock in

the timing chain. Node 25 starts at time 0 with a frequency error of approximately -2.7 x

• x f and a phase error wit h respect to its reference via Link 16—25 of approximatel y —0.47 .~s.

These errors are cancelled by 6000 seconds . The other nodes experience similar initia l transients .

The time scale is broken at 6000 seconds and picks back up at 30,000 seconds. At 31 ,100 seconds

* Node 25’s c lock natura l frequency makes a step increase of 1 x 10~~ x F .  At 31 ,300 seconds

Node 25 has built up enough phase error with respect to its reference via Link 16—25 to trigger

into its acquisition mode. This causes a frequency jump from approximately F (1 + 91 x 10
_ 1 0

)

to F (1 — 91 x 10 
10

) at 31 ,300 seconds . The accumulated phase error and frequency error is

then reduced to close to zero by 35,000 seconds . At 31,100 seconds Node 29 begins to fo llow

Node 25 up in frequency but the phase error does not quite reach a high enough value at 31 ,300
• seconds to trigger into acquisition mode . The errors at Node 29 are also reduced to zero between

31 ,300 and 35,000 seconds . The phase error of approximatel y 0.4 js associated with Link 14—15

is between two communicating nodes in separate timing chains with each node one level from the

master .

7.3.6.2.2 Configuration D

Figures 7.3.6.2.2—1 and 7.3 .6.2.2—2 show composite initial transient — normal

link disturbance — stress events plots for link to node phase errors for Links 5—7, 6—16 , 22—23 ,

and 24—28 and nodal frequency errorfor Nodes 7, 16, 23, and 28.
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This run shows an initial transient p lus a major network reorganization. The initial

trans ient is onl y shown out to 4000 seconds . The time scale then resumes at 14,000 seconds . The

vertica l scale of the frequency p lot is also broken below -6.5 parts in 1010 
of F and picks up

again at -.130 parts. The initial transient shows that all nodes begin with initial frequency

err ors of less than 1 .8 parts in 1010 
and are close to zero by 4000 seconds . The phase errors

shown except for 24—28 are with respect to nodes in different timing chains during the initial

transient and do not appear to have settled out by 4000 seconds, but errors are all less than

0.5 ~
js. At 10,000 seconds Node 8 fails. Node 20 fails at 11 ,000 seconds. The first part of

reorganization then begins at 14,000 seconds when Node 21 slaves to 19, Node 24 slaves to 21 ,

Node 7 slaves to 22 and Node 23 slaves to 22. This causes a step change in Node 23’s frequency

of +2.93 parts in 10
10
. Nodes 24 and 7 experience smaller steps. The plot shows Node 16 with

approximately +2.3 parts in 1010 of error at 14,000 seconds but the difference between its

initial value and this va lue is only the smallest increment of the computer output . The second

port of the reorganization occurred at 22,000 seconds when Node 5 slaves to 7, Node 6 to 5,

Node 16 to óand 19 to 16. This left the remaining network comp letel y linked in a timing sense

with Node 22 , the new network master. Of those nodes shown only Node 16 changed references

at this time . Since Node 16 had a phase error with respect to the new reference signal via Link

6—16 oF greater than —2 is when the switch occurred it immediatel y went into its acquisition

mode. This caused its frequency error to jump from +2.3 parts in 10
10 

to —194 parts in 1010
.

The errors at this node were then rapidly reduced during the period 22,000 to 26 ,000 seconds .

7.3.6.2.3 Configuration E

Figures 7.3.6.2 .3— 1 and 7.3.6 .2.3—2 show composite initial transient — norma l

link disturbance — stress events plots for link to node phase errors 10—8 , 14—15 , 14—1 8 and

18—25 and nodal frequency errors for Nodes 8, 15, 18 and 25.

This run show s an initia l transient , a lInk failure, two node failures and subsequent

reorganization Following these failures . The initia l transient is shown out to 4000 seconds after

w hich the time scale is broken . The peak frequency errors of the nodes shown during the initial

transi ent were less than 3 parts in io 10. Peak phase errors were a ll less than 0.6 ,s. All

depicted nodes had reached approximatel y steady state conditions wit h close to zero frequency
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and phase errors by 12,000 seconds . At 11 ,000 seconds Link 10-14 failed and Node 14 coasted

without reference until 12,000 seconds at which time Node 15 changed reference from 14 to 12

and Node 14 began referencing Node 15. This reorganization caused a step change in Node 15’ s

frequency of approxima te ly -1.4 x 10 10 x F . Nodes 18 and 25 followed Node 15 via Node 14.

At 13,000 seconds Node 14 failed and Node 18 coasted until 16 ,000 seconds at which time it

began to re ference Node 19 . Th s  caused a step change in Node 18’ s frequency of approximatel y

—3.25 x 10 10 x f ai~~ to the phase error between Node l8’ s c lock and that at the receiving end

of Link 19—18 of approximately 0.15 ps. Node 25 began to follow this change. At 18,000

seconds Node 10 failed and Node 12 began coasting. At 20,000 seconds Node 19 began to

reference Node 18 with 18 still referencing 19. Nodes 18 and 19 then referenced each other

for the remainder of the run . Also at 20,000 seconds much of the remainder of the network

changed references but the changes of most interest were that Node 15 referenced 19, 13

referenced 16, 11 referenced 13 and 8 referenced 11 . This caused a step change in Node 151 s

frequency of approximatel y +0.65 x 10
10 x F after which it then approached Node 19’s fre-

quency. Node 8’s frequency changed by approximately -1 .3 x 10 
10 

x f . Since Node 8 was

then four nodes awa y from its ultimate reference and this entire chain was undergoing a transient

it was still I~eading away from its ultimate reference ’s frequency at the end of the simulation.

After a node fails, the simulator stops updating the nodal frequency, i.e., the nodal frequency

remains at the last value before the failure . Thus, phase errors may increase rap ic l y as shown

for 14— 15 and 14— 18 after 13 ,000 seconds or 10—8 after 18,000 seconds.

7.3.6.3 Time Reference Distribution

It should be noted that what is p lotted as phase is the phase error between the

local node and the received phase . The nominal delay of the link s taken mode lTand then any

• delay variation and/or difference between the reference node’s cloc k phase and the loca l clock

phase s added to this module value to obtain the phase values that are plotted. This value is

actual ly the error signa l of the phase—locked loop in the master—slave scheme. On the other hand,

the TRD scheme tends to adjust each local clockt s phase so that it corresponds to the phase of

the master clock without regard for link delays or var iations thereto . thus, there is no f ixed

re lationship between the error signa l which is fed into each of TRD node’s phase-locked loops and
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• the values that are plotted as phase . Thus , the phase plots for the TRD scheme wi l l  not in genera l

be zero in the steady state . One consequence of this is that , to the degree that the TRD scheme

accomplishes its purpose . the tota l link pertur bations should show up in the TRD phase plots .

7.3.6~.3.l Configuration A

Figures 7.3.6.3. 1—1 and 7.3.6.3. 1—2 show composite initial transient — normal

link disturbance — stress events plots for link to node phase errors for Links 19—13 , 16—17 ,

16-25, 18—19 , and 25—29 and noda l frequency errors for Nodes 13, 17, 25, 19 and 29.

This run show s an initial transient and a step change in natura l frequency of one

c lock in the network . Other events occurred but no perturbations were observed on the links

or nodes w hich are shown . Due to an initial frequency error at Node 13 , a phase error sufficient

to trigger into the acquisition mode (2 js) s acquired by 1300 seconds at which time Node 13

switched to its acquisition mode. This resulted in a step change inNode l3’s frequency of

— 11 1 x 10 10 x f . These errors then quickl y return to close to zero by 2200 seconds . Similarl y,0 
-10Node 17 had an initial frequency error of approximate ly +12 x 10 x F .  Consequently, it

built up enough phase error by 2450 seconds to switch to its acquisition mode . This caused a

step change in Node 17’ s frequency of -150 x 10~~° x F . The reason for the difference between

these two changes in the graph is that the step size of the computer output was too coarse to

catc h the actua l peaks . At 31,100 seconds Node 25t 5 clock made a step increase in frequency

of 1 x 10~~
0x F . At 31,300 seconds the phase error between Node 25 and the ultimate reference

reached a sufficient value (2 (.15 ) to cause Node 25to switch to its acquisition mode. This caused

its frequency to change by approximately 175 x 10_ ic x F to an error of —85 x x f .

• These errors were then reduced to approximatel y zero by time 32,000 seconds. Node 29 which

was slaved to 25 saw the sum of the error between itself and Node 25 and the error between Node

25 and the master node . This would be zero during the entire transient except that the informa-

tion that it obtains about the error between Node 25 and Node 16 is one sample period older than

that between itself and Node 25. Thus, it saw a small error si gnal and remained fairly c lose in

phase and frequency to Node 16, the ultimate reference , table 7.3.6.3. 1 lists the times at which

the various nodes made transitions from tracking to acquisition mode and vice versa . Nodes 21 ,

24 and 30 were not monitored .
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Table 7.3.6.3.1. Track/Acquisition Mode Changes

Run i

Node Track to Acg. Acg.  to Track

9 1155 2310

• 13 1305 2460

17 2445 3600

21 262 5 , 4095 3780 , 5250

24 2640 , 4110 3795 , 5265

10 2640 , 37 95 , 31500 , 33000 3795 , 4950 , 32655 , 34155

25 31305 32460

Run Z

Node Track  to Acg . Acg. to Track

13 1380 2535

9 1440 2595

17 2550 3705

21 2730 , 4200 3885 , 5355

24 2730 , 4200 3885 , 5355

30 2730 , 3900 , 31500 , 33000 3885 , 505~~, 326 55 , 34155

25 31305 32460

‘I

I.-
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7.3.6.4 Simulation Run Results Summary

A tabular summary of the simulation run results is shown in Table 7 .3.6.4.

A link dropout or node failure results in changing references in the TRD and master—

slave techniques. It results in reaveraging phase errors from the remaining references in the

mutual sync tec hnique. As a result of these types of stresses the master—slave technique showed

peak frequency errors up to 3.25 parts in 10 10 . The mutua l sync techni que showed peak frequency

changes of from 10 to 20 times that of master—slave while no variation in nodal frequency was

experienced with the TRD technique due to these stresses .

The response of the TRD node to a VCO center frequency cha ge was due to a

time skew in the components that make up the tota l time reference si gna l with respect to the

master at nodes further dow n the timing chain than where the stress occurred . This time skew in

error components was a result of the method of implementation of the simulator but is not inherent

• to the TRD technique. This response does not die Out in going further out the chain as with the

master—s lave technique because with TRD each succeeding node receives the same error due to

the skewed samples .

The master—slave and TRD techniques experienced the same change in noda l

frequency w hen switching from trac king to acquisition mode . However , this is strictl y a Function

of the loop parameters and phase threshold at which the switch occurs .

I-
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Table 7.3.6.4. Summary of Generalized Simulation Results

DISTURBANCE PEAK FREQUENCY CHANGE ( 1 sf / f  x 10
10 )

NODES M U T U A L  MASTER- TRD
AWAY SYNC SLAVE

LINK DROPOUT 1 MAx. - 65 MAX. 3 .25  0
OF NODE
FAILURE NOM. - 20-30 NOM 2

2 MAX - 30 MAX 2 0
N OM 3-1.0 NOM 1

~HANGE IN 1 10-33 81 7
VCO CENTER
FREQUENCY
OF 1 ~ io 8 2 0-10 10 7

SWITCH FROM
TRACKING TO o 192 192
ACQUISITION “- ..~~~~~~~~ ~~~~~~~~~~~~~~

MODE
[2( ~~A w A 

- 5 T~ nT
) A

~1

SATELLITE
LINK 1 MAX 7 . 5  0 . 6  0

DISTURBANCE 2 2 . 5  - 5 .5
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8.0 EVA LUATION OF TIMING TECHNIQUES

In the paragraphs that comprise this section each of the four timing techni ques,
• independent clocks , mutua l synchronization , time reference distribution and master—slave are

ana lyzed in order to determine the degree to which each techni que provides the desirable char-

acteristics discussed in Section 4.0.

8. 1 Survivabilit y

Survivability indicates the degree to which the timing subsystem continues to

perform its function (to provide network timing) during periods of stress . Faliback modes of

operat ion shall be provided so that the timing subsystem itself wi l l  not cause signif iant degroda—

tion in overall DCS network capabilit y to provide dependable digita l communications during

the se periods. Survivabilit y is important because:

1. One of the primary goals of the DCS is to provide dependable digital

communicat ions for its users during periods of network stress .

2. The network timing subsystem must be operational to provide acceptable

digital communication during such periods .

Network synchronization is necessary because the sli p rate that two nodes will experience in

communicat ing is directl y proport ional to the frequency offset between their nodal clocks. If

this offset increases in a stressed environment then sli p rate increases w hich leads to misali gned

frames in mu ltiplexers and switches and a need to resynchronize cryptos. Since timing subsystem

I ~~• performance is directl y tied to s lip rate, we wi ll measure sli p rate as a function of level of

stress to indicate the survivabilit y of each timin g approach.

There are two parts to the problem of minimizing the sli p rate in a di gital network:

1. Keep the nodal clocks of all communicating node pairs synchronous as much

as possible.

2. Minimize the frequency offset between the nodal clocks of asynchronous

communicating nodes and minimize the amount of time they must communicate

w ith asynchronous nodal clocks.
U
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To put these comments in perspective we note that the independent clock tech—

nique uses async hronous clocks at every node . The sli p rate due to buffer overflows is strictl y a

k function of the cloc k accuracy and the buffer size and wi l l  not change as a function of stress

level. On the other hand, one cou ld reduce the sli p rate by s laving these clocks to a common

master through some master—slave timing distribution hierarchy. This would make all nodal clocks

sync hronous and sli ps due to buffer overflows could be avoided entirel y providing t here were no

link or node failures. If link or node failures occur , then some nodes may lose their reference

to the master. Then some nodes with asynchronous nodal clocks may be communicating and

cou ld experience sli ps. We wi l l  call such nodes “async hronous communicating nodes .” Such

nodes will remain asynchronous until they once again become locked to a common reference.

It is very desirable that the timing approach minimize the period of time during which such

nodes are async hronous .

From these comments one can see that we take issue with the common misconcep-

t ion that the independent clock approach offers the ultimate in survivabilit y. We wi ll argue

that a disc iplined techni que with a fixed timing distr ibution network has better survivabilit y

because nodes will not experience slips as long as they can obtain a reference , and w hen a

reference is not available, they revert to a self—reference approach which has performance

equivalent to an independent clock approach. However , the improvement in using this approach

is not great because of the significant probability that a node will lose its reference. This is

the reason that master—slave approaches have been criticized for having poor survivability .

However , there is a better way for distr ibuting timing. In fact , a dramat ic improvement in

survivability can be obtained by using an adaptive timing distri bution network approach such as

has been imp lemented in the Canadian Data route 92 and has been proposed for use with TRD . 205

This is due to the ability of each node connected to the network to find another reference

after the loss of a reference.

We have performed some anal yses to demonstrate t he points discussed in the pre—

ceding paragraph. This wi l l  allow suitable comparisons to be made and wi l l  demonstrate signif i—

cant c haracteristics of each approach.
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The independent clock approach is the easiest to anal yze. All communicating

nodes are async hronous. The time between sli ps (or buffe r overflows) at a node can be calculated

from

I = 8/o , (8.1—1)

w here 6 is the frequency offset (in Hz) between the two noda l clocks and B is the buffer size

(buffer fill may change by up to ±B bits before an overflow occurs) . The perfo rmance achieved

w ith this approach is simp ly a function of the ratio 8/6 . There is a direct trade between buffer

size and clock accuracy. One may reduce the clock accuracy by a factor of K if the buffer size

is increased by a factor of K, and the value of T wil l  be unchanged . Note also that the per-

formance is independent of network stress level.

The performance of several approaches for imp lementing a disc iplined timing

distribution system wil l  be evaluated . The parameter B/a is considered to be one of the

• fundamental design parameter for each of these approaches. In this case the clock offset , ö ,

refers to the offse t between any two nodal clocks that wi l l  occur if they lose their references.

Normall y, all nodes will have a common reference. Sli ps will not occur in this case . The only

time that s lips wi l l  occur is when one or both of the nodes loses its reference and has to run

“asynchronous ly. ” A good disci plined approach wil l  attempt to minimize the product of the

amount of time any node must run asynchronousl y and the offset , ö ,  that wi l l  occur during

this time .

The first approach to be considered is the use of a fixed timing distribution net—

work . That is, even though each node may have several links over which it is communicating ,

it wi l l  only have one link from which it may derive a reference. If that reference is lost, the

node must run asynchronousl y. This approach wil l  have the poorest performance of the disc i-

plined approaches in terms of minimizing the amount of time each node must run asynchronousl y.

However, it performs better than the independent cloc k approach. The performance wi l l  be

dependent on topology of the network . Because of this , comp letel y genera l results cannot be

obtained . However , by assuming a specific topo logy that can be anal yzed, one can obtain

results that indicate the important characteristics of this approach. The topoiogy that wfli be

used is the “starred polygon ’ with connectivity 4. This topology for an 8 node network is
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show n in Figure 8.1. Node 1 is the master , and timing is distributed via the routes ind icoted

by the arrows. Note that there are four independent timing chains that distribute timing

(1 .’2—4 ; 1—3; 1—7—5;  1— 8— 6 ) .

1 ( R I )

Fi gure 8.1 . Starred Polygon With Connectivity of 4 and 8 Nodes

This topology was chosen mainl y for convenience in anal ysis. This particular

problem is very tedious to analyze for any genera l topology. However , resu lts can be obtained

for regularl y structured topologies such as that show n in Figure 8.1. Thus, the results wil l  serve

main ly to demonstrate important characteristics of the approaches being anal yzed rather than

provide highly accurate comparisons which wil l  be valid for general network topologies. Such

result s cannot be obtained .

The details of the analysis are presented in Appendix B. The anal ysis wi ll consider

only link failures for purposes of simp li city . Addition of node failures to the model would odd

significant comp lexity to the anal ysis ef fort without significantl y improv ing the results. The

average fraction of asynchronous communicating node pairs was calculated and is given by Equation

(B.3) . Asymptoticall y, for small p, 17 Fac kp, w here p is the probabilit y of link outage .

Thus, as one might expect since sing le link outages can cause many nodes to lose their timing

references this term dominates Fac. The worst case i5 for large p—l for which Fac is almost

0.5. This is shown in Figure B.2. These results were related to the time between slips by

observing that slips only occur on that fraction of the nodes that are asynchronous . Then

1=  B/a Fac . (8.1—2)

Since the worst—case Fac 0.5 then t 28/6 . Thus, this approach has an average time

between sli ps of about twice t hat of an independent clock approach with the same value of B/S.

However , at sma ll values of p the time between sli ps improves dramaticall y as shown in Figure

8.3.
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Next , we anal y zed a system with a primary reference and a fixed alternate

reference. The same network topology was used, and the primary reference was the sa me as is

shown in the figure . It was assumed that each node took its alternate reference from the node

adjacent to it looking back toward the master. Again , Fac was calculated and is given by

(B.5) . Asymptoticall y, for sma ll p, we find that Fac kp2 . This is consistent with our approach

of providing two available references per node. Then two link outages can cause a node to lose

its reference to the master and become asynchronous with respect to the rest of the network .

The worst—case occurs for p 0.5 for which Fac ~ 0.11 for a 20 node network. At this value

of p , T ~~~ 9B/S w hich is a considerable improvement but still does not offer dramaticall y

higher survivability than the independent clock approach. These results are also shown in

Figures B~2 and B.3 .

The final approach considered was a disc iplined system with the capability of

adaptive ly reconfiguring the timing distribution network as link outages occur . This technique

has been imp lemented in the Dataroute network 92 and has been proposed for use with Time

Reference Distribution .205 This approach has the properties that:

1 .  A l l  commun icating nodes are synchronous in the steady—state (after a

sufficientl y long period following the last failure).

2. The onl y time a noda l clock wil l  act as a self—reference is while the timing

distribution network is being reconfigured (which is a relativel y short period

of time) .

This approach has a high degree of survivability. The system can be desi gned so that no sli ps

occur in the steady—state . The onl y time sli ps can occur is during the transients associated

with reconfiguring the network . Obviously, one of these transients occurs every time an outage

occurs , and any single outage can cause the network to be reconfi gured in such a manner that

severa l nodes may have ~o act as a se lf—reference during this process . Performance in a stress

environment is influenced by both the time required to reconfi gure the timing distribution

networ k and the length of time a node can act as a se l f— reference without experiencing slips

(which is a function of the buffer size and frequency offset).
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There is a trade—off here between time required for reconfi gurat ion, buffer size ,

and the fractional frequency offset between the nodal clock and the network frequency. For

examp le, a ces ium clock could operate without reference for 24 hours while accumulating

only about 1 ps of phase error relative to the network master. In actual pract ice , though it

should be no problem to accomp lish network reconfi gurat ion is 10 minutes. In this case even

the phase errors accumulated with quartz c locks will be rather small.

The onl y way that this approach can encounter a problem is if it must spend all

of its t ime attempting to find a suitable reference without ever obtaining a reference for a

period long enough to allow it to resynchronize . In order for t his to happen the reference must

fail soon after the node tries to lock to it. A rat her crude, but conservative , ana lysis was

carried out to re late I to link failure rate as a function of certain desi gn parameters . The results

are shown in Figure B .4. This approach is many orders of magnitude better than the independent

c lock approach with the same value of B/S even at very high failure rates. In fact , the larger

the value of B/S, the greater the advantage of using this adaptive approach. For examp le, for

B/S 24 hours this approach is 7 orders of magnitude better than the independent clock approach

even wit h Fd = 10 (i.e., 10 link failures per day per Unk). One would expect at most lust a

few failures per day per link even under severe stress because a high level of stress would imp ly
greater difficult y in making repairs . Certainly, there would be many failures caused by physical
damage w hich could take days or longer to repair. Thus, the nature of most failures is not such

that a link may fail , be repaired in a few minutes, then fail again a short time later followed

by a quick repair , etc. Certainl y this type of failure mechanism which could lead to a higher

va lue of Fd poses the only threat to a disc iplined timing subsystem with adaptive reorganization .

The reason for this is that links which behave in this way cause the network to have to reorganize

too often . Such behavior could be caused by a link which was frequentl y jammed for short
per iods of time . Thus , an enemy coul d try to disrupt the synchronization subsystem by frequent ly
jamming a number of links. However , this tactic can be effectivel y countered by not a llowing

any node to use a link as a reference which has failed more than a few times a day .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  j



These results indicate that the performance of master—slave timing subsystem with

adaptive reorganization is greatl y superior than that of an independent clock timing subsystem

at v irtuall y all stress levels even using much smaller values of B/6 . One might add that pre-

cisely the same comments could be made about the time reference distribution approach because

it also uses the adaptive reorganization technique. This is the key to ac hieving a high level

of performance under stress. In fact, the TRD approach should perform sli ghtl y better than the

master—slave approach because of its abilit y to remove the effects of path de lay variati ons on

noda l frequencies. This will allow it to operate at a sli ghtl y better offset, 8 , from the network

master.

The mutua l synchronization approach also achieves a hi gh degree of survivability .

In fact, one might even think that it should perform better under stress than the adaptive reorga—

nization approach since , if a node has at least one operational link it has a reference. Thus, in

a pure mutual sync network nodes never communicate asynchronously. In actuality, though , the

master—slave and TRD systems with adaptive reorganization can be designed so that even under

severe stress, the probability that node pairs have to communicate asynchronousl y for long enough

to result in slips ~or buffer overf lows) is extremel y small. Thus, the mutua l sync approach would

offer no measurable advantage . In fact, it is likely that there wi l l  be more variation in nodal

c lock frequencies (or more error propagation) with the mutual sync approach under stress which

is an undesirable characteristic.
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8.2 Error Propagation

One of the princi pal oblectives of a network synchronization scheme is to maintain

very stable nodal frequencies at each node in the network . Thus, it is highly desira ble to prevent

perturbations in the frequency of one nodal clock from propagating and influencing the frequency

of nodal clocks in other parts of the network . By minimizing such perturbations of nodal clocks,

one maximizes the stability of each nodal clock and minimizes the probability of a bit sli p.

The degree of error propagation for several types of disturbances will be evaluated

for each of the synchronous timing techniques, master—slave , mutual sync , and time reference

distribution . Four types of disturbances wi l l  be evaluated. These are a link dropout , a step

change in nominal VCO frequency, a step change in path delay, and sinusoidal path delay

variations. The disturbances will be applied at one point in the network and the effect on other

nodal frequencies will be measured as a function of distance (in number of nodes) from the dis-

turbance . This wil l be evaluated entirel y by simu lation . The results of the simulations wil l be

summarized in tabular form for each type of disturbance . In addition , p lots of nodal frequencies

as a function of time after a link dropout wil l be shown for the three timing techniques.

Two network configurations wi ll be used in these evaluations . The ne twork shown

in Figure 8.2—1 will be used to evaluate master—slave and TRD . Node 1 is the master, and the

Maete r

• Dro
~~~~~~
\

N~~~~~~~~~~~~~~~~
_  _  _  _

Figure 8.2— 1. Master—Slave and TRD Error Propagation Experiment

timing distribution chains are 1-3-5-7-22-23 and 1-4-6-8-20-24. The disturbances will occur

on the second of these two chains and will propagate down the chain . The first chain will remain

undisturbed , and comparisons between the two can be made. One could also use this network to

test mutual sync by placing a disturbance at the left end and determining the degree of
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propagation . However, this configuration is probabl y not representati ve of how errors wi ll

typicall y propagate in a mutua l sync network . For this reason , we have chosen to use the more
fu lly connected network of Fi gure 8.2—2. Propagation of disturbances to distant nodes can occur
over many parallel paths. In general , there will be multi ple nodes at distance one, two, three,
etc . The results presented wi l l  disp lay the average effect on all nodes at distance one, two,
t hree , etc .

i

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

13

i

~~~~~~~~

19

~~~~~~~~~~~~~~~

2 6Z

4- Dropout

14 18 23 Offse t

Fi gure 8.2—2. Mutual Sync Error Propagation Experiment

• Two simulations were performed to compare perturbations due to path delay varia-
tions. In the first , a step change in path delay with a magnitude of 0.65 ps was introduced on

r ~ one link (Links 1—4 in the master—slave and IRD simulations and Links 23—24 in the mutual sync
L simu lation). The peak Fractional change in noda l frequency as a function of distance from the

dkturbance for these simulations is shown in Table 8.2—1. The results indicate that mutual sync
is relative ly less affected by the step change than maste r—slave . The reason is that the link w ith

• de lay variation is only one of several being averaged to obtain a reference at the nodes nearest
• the disturbance . However , there are two undesirable properties of mutual sync which are not

ref lected in Table 8.2—1 . First , the disturbance causes a sli ght permanent change in system

• j 8—1 0
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Table 8.2—1. Error Propagation Due to a 0.65 ps Step Change
in Pat h Delay

Distance Peak M/fo
(Nodes) Master—Slave Mutual Sync TRD

1 3 x lo
_ 10 

10 10 
—

2 io iO 3 x lO ll 
—

3 ox 10~ 2.5 x lO~~ -

—11 —114 4 x 1 0  2 . S x l O  —

frequency . Second, the disturbance wil l  propagate to a ll nodes in the network in a mutual sync

system , but the disturbance wi l l  propagate only to nodes lower in the timing distri bution chain in

a master—s lave system thereb y affecting only a sma ll fraction of all the nodes in the network . The

simulation of IRD disp layed no measurabt e effect on nodal frequencies due to the step change in

path delay. This indicates the advantage of using a double—ended system to eliminate the effect

of pat h delay variations.

Rap id path delay variations are effectivel y attenuated by a ll three techniques, and

there is very little effect on nodal frequencies. However , very s low path delay variations wi l l

pertur b the nodal frequencies. A typica l case is that of variations with a period of I day. This

case was simu lated with the variation placed on all links in the network . The magnitude of the

variation was 0.65 
~

s (peak—to— peak) on each link. The results of the simulations are shown in

Table 8.2—2 .

Table 8.2—2 . Error Propagation Due to a Sinusoidal Path Delay
Variation on All Links With a Magnitude oF 0.65 u s

Pea k—to—Peak and a Period of 1 Day

Distance Peak zlf/fo
( Nodes) Master—Slave Mutua l Sync TRD

—1 1 —101 2 .5x  10 1 .4x  10 -

2 S x  10
_ l i  

1.4 x 10-10 
-

-11 -103 7 x l O  1 .4 x l O  —

4 9 x lO~~ 1.4 x 10-10 -
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Neit her master—slave nor mutua l sync successfull y attenuates t he effect of the path delay var a—

tions. The distance shown for master—slave refers to the distance from the master. The node that

is distance one away receives the effect of onl y one link variation , the node at distance two

receives the effect of two link variations , etc . Thus , the perturbation of nodal frequencies due

to path delay variations grows as a function of distance from the master. Of course , this result

is to be expected, and typ icall y the requirements for stable nodal frequencies are less severe at

the tails of the network . In contrast , we note t hat all nodes in a mutua l sync system are perturbed

to the same degree. The amount of the perturbation at all nodes in a mutual sync network is about

twice that experienced at the third leve l of the master—slave network . Thus , one wou ld expect

that the perturbation in a master —slave network would not be worse than that in this mutual sync

networ k until the sixth or seventh level ot the network . The mutual sync network of Fi gure 8.2—2

cou ld have been confi gured as a master—s lave network with al l  timing chains of length three or

shorter , and thus master —slave would perform considera bly better than mutual sync on it . One

• wou ld expect similar results for larger networks . The effect of pat h delay variations on a mutual

sync networ k wi l l  grow as a function of network size since these perturbations propagate throug h—

out the network .

We note that once again TRD is unaffected by pat h delay variations. The magnitude

of the fractional frequency variations r~ master —slave and mutuaJ sync networks due to path delay

variations is severa l parts in 1010. Because of this , one cannot take advantage of the inherent

sta bility of atomic clocks at nodes other than a master node using these techniques. However ,

by using the double—ended technique of TR D, one can use more stab le clocks and improve the

stability of nodal frequencies by an order of magnitude to a few parts in

The third disturbance s mulated was a link outage . Link 23—24 was removed in the

mutua l sync network . For master—slave and TRD Link 1—4 was removed and Node 4 then slaved

to Node 3. The results of the simulat ion are summarized in Table 8.2—3 . The output from the

simu lation runs is shown in Fi gures 8.2 3, 8.2—4 , and 8.2—5 . Note that the sca le for fractional

frequency offset is different for mutua l sync than for master—slave and IRD. Several observations

can be made . First , mutua l sync is much more severel y affected by a link dropout than the other

approac hes. T he reason is that the VCO at each node must be held to the network frequency by

a nonzero stea dy—state phase error. If a node is averag ing the phase error on n links to provide

8—1 2
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Table 8.2—3. Error Propagation Due to a Link Outage

Distance Peak M/fo
(Nodes) Master—Slave Mutual Sync TRD

-10 -9 -111 1.7x 10 4 .5x  10 O .5 x  10

— 11 —10 —112 6.5 x 10 8 x 10 6.5 x 10

-1 1 -10 -113 4.5 x 10 4 x 10 0.5 x 10

—11 -10 -114 4 x 10 4 x 10 6.5 x 10

an input for the loop fi lter , then it must average the other n—i Finks when one of the references

is lost . At that instant , the average of the phase errors on the n—i links can be considerabl y

different from the average of the phase errors on the original n links . Thus , the loop can be

hit with a large phase step. The magnitude of this effect can be quite variable , and one princi pal

• contri butor is the offset between the syrtem frequency and the nominal VCO center frequency at a

node w hich loses a link (since bigger offsets resu lt in bigger phase errors). In this simulation the

fractiona l offsets at Nodes 23 and 24 (Curves 1 and 2 in Fi gure 8.2—3) were approvimatel y 10 8

w hich is normal for good quartz crysta l VCO ’s. As we discussed in Paragrap h 3.2.4 one could

possi bly reduce the magnitude of this transient by not a llowing such a large step change in phase

error be applied to the loop fi lter but making it occur more slowl y. Even if this were successfu l,

one wou ld sti l l  have permanent changes in the stead y—state system frequency due to link dropouts .

Suc h a change was not observed in this simulation because the scale chosen for the printout was

not adequate , but in previous simu lations the stead y—state frequency has changed by an amount

about an order of magnitude less than the peak frequency change .

We note that the perturbation on master—slave is about a factor of 20 less than tha t

of mutua l sync. The reason there is any perturbation at all is that the references arriving on

Links 1—4 and 3—4 are not in phase with each other. Thus , the loop must recover from a phase

step after the switchover to the alternate re ference.

During the switc hover to an alternate reference with TRD , t he fact that the re fer—

ences arriving on Links 1—4 and 3—4 are not in phase wi l l  not cause a transient (because TRD is a

double—ended system). However , if there are constant link asymmetr ies on the two links that are
different , t hen the effect wi l l  be the same as if the loop were perturbed by a phase step. In this
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simu lation, the link asymmetry was 300 ns on link 1—3 and 0 on link 1—4 . Thus , the difference

in link asymmetries is 300 ns. Then the loop responds to a phase step of half this amount or 150

ns. The magnitude of this asymmetry term is probably rat her conservat ive. The peak frequency

change on IRD is about half that of the master—slave approach and about a factor of 40 less than

mutua l sync . If the asymmetry term was different , the peak Frec1uency change would scale

according ly. This simulation run assumed the quartz crysta l VCO loop parameters . Another run

using the cesium clock loop parameters improved the IRD results by another factor of 10.

The fina l simulation was a step in nomina l VCO center frequency equa l to a frac-

tiona l frequency change of 10 8 The frequency steps occurred at node 4 in the master—slave

and TRD networks and at node 23 in the mutua l sync network . Of course , this results in a

severe frequency transient at the node at which the frequency step occurs . The three techni ques

were compared on the basis of how severel y the adjacent nodes were affected . The results are

* 
shown in Table 8.2—4.

Ta ble 8.2—4. Error Propagation Due to a Fractional Frequency Step

of 10 in Nominal VCO Center Frequency

* Distance Peak \f/f0
• I (Nodes) Master—S lave Mutual Sync T RD

* - 10 -9 — 101 B x i O  l.4 . x l O  8 x 1 0

-11 -10 -10
• 2 6.5 x 10 5 x 10 8 x 10

3 1 .3 x 10
_ li 

5 x l0~~~ 8 x 10 l°

4 l .3 x 10
_ li 

5x ~~~~ 8 x l0~~~

t We note that master—slave is better than mutual sync by about a factor of two.

The TRD simulation used the wider band loop used with quartz crysta l clocks. It

had the same peak .~ f as master—s lave at distance one , but its comparison suffered at greater

distances because the transient was not filtered out. All nodes further down the timing chain

behave virtually the same as the node nearest the d sturbance. Normall y, a pertur bation in a

noda l clock frequency in the TRD techni que should not affect the frequencies at clocks further

down in the timing chain since all phase errors are referenced to the master . However , in order

to do this the quantities used to compute the phase error , 
~

Tbm’ re lative to the master
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(i.e., *\T am , ~
Ta~ 

and \T b) must a ll be measu red at the same rime . In our simu la-

tion we did not do this. The quantities AT and \T were computed 1 minute earlier (in

simu lated rea l time) than the value of \Tb to w hich they were added . This introduced the meas-
urement error which allowed the effects of the frequency step to propagate. Had these measure-
ments been perfectl y synchronized no effect would have been observed . obviously, one cou ld

do a much better job of synchronizing these measurements than we did, and the benefi t would be
proportionate ly better performance , i.e., if  they could have been synchronized to within 6

seconds , the error propagation would have been reduced by a factor of 10. Simu lations of the

cesium c lock loop parameters at all nodes following the node with the frequency offset (node 4)
indicate that the transient at other nodes is reduced by another order of magnitude due to the
sma ller value of ~j  . In addition, if the clock at node 4 had been a cesium clock with the
cesium c lock loop parameters , then a frequency step as large as was experienced (one part in
108) cou ld have never happened . Any such Frequency step would have been about one part in
lO u. In this case the transients would have been reduced by an additiona l order of magnitude .
Actua lly, the comparisons between master—slave and TR D are so close on this disturbance that we
wou ld have to say they were even . However , the performance of the TRD techni que can be
considera bly improved as discussed above .

In summary , we have tried to obtain an overall ranldng of the three approaches on
the basis of the four types of distur bances. Fortunatel y, the results were virtuall y the same on
eac h eva luation . A summary of the rankings for each type of distur bance and the overall rankings
are shown in Table 8.2—5.

Table 8.2—5 . Ranking of Timing Tec hniques on the Basis of Error
Propaga t ion for Four Types of Disturbances

Distur bance Ranking

Master— Slave Mutua l Sync T RD
Pat h De lay Step 3 2
Sinusoidal Path Delay Variation 2 3 1
Link Dropout 2 3
Frequency Offset 1 3 1 (tie)
Overall Ranking 2 3 1
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Mutual sync was third in the comparisons . Not onl y did a disturbance typ icall y

affect other nodes at a given distance to a greater degree than the other techniques , but if

affected many nodes since disturbances in TRD and master—slave would affec t only those nodes

in the same timing chain. On the other hand, time reference distribution offers a clear advantage

over the other two techniques in maintaining highly sta ble noda l frequencies under norma l operating

and stress conditions. The reason , of course , is due to the double—ended nature of the technique.

The resulting stability of noda l frequenc ies is a few parts in lO~~ w hich is very close to that of

cesium standards. Thus, one can effective ly uti lize atomic standards in the network at those

nodes where h igh l y stable noda l frequencies are required with the TRD approach . The cheaper

quartz crysta l sta ndards can be used at other nodes with sli ghtl y degraded performance , but even

at these nodes the noda l frequencies wi l l  be more stable than if master—slave or mutual sync were

used .

1•
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8.3 Compatibility With Other Global Timing Sources

The compatibility of the DCS timing subsystem with other globa l timing sources is

a des irable characteristic because it can conceivabl y resu lt in an increase in the availability

of the timing function for the DCS. Such an increase in availabilit y resu lts when the externa l

timing source provides timing for a node after a failure that prevents the node from attaining

timing interna l to the DCS.

In order to compare the alternative timing techniques wit h respect to their compat—

ibility to external timing subsystems , two points must be examined: First , do any of t he timing

techniques faci litate the hardware implementation necessary to provide this compatibility ?

Second, do any of the techniques resu lt in a more effective transfer from primary to backup

t iming sources? By more ef fective , one means; do the buffers at the node switching to the

backup timing source and For that matter , all buffers in the network , f ill or empty more slowl y

• for a timing subsystem based on one specific technique ?

• A third point concerning compatibility with other timing sources is whether or not

it is a cost-effective method for providing additional redundancy for the timing function . Since

this point impacts the overall significance of compatibility rather than the comparison of levels

of compatibility between techniques, it has been addressed in Section 10 .0 dealing with the

ranking of desirable characteristics.

liming subsystems for the DCS based on independent clocks , mutua l synchronization ,

master— slave or time reference distribution can all be designed to utilize an externa l timing
t

source. Timing sources such as LORA N C, OMEGA or GPS can be used as the backup source.

In comparing the requisite hardware necessary to incorporate an external refe rence as a backup

* timing source , t here is little difference between any of the techniques. This is true especiall y

from a cost point of view where the dominant cost by far is the receiver necessary for t he backup

t iming source. The Functional imp lementation for the master-slave technique is merel y to input

the timing signal derived from the external receiver to the switch that selects the appropriate

-• re ference t hat disci plines the local clock. In the mutual synchronization technique, the func—

tiona l implementation merel y requires the addition of a switch to which both the external and

internal timing signals are applied. The selection can then be made as to which timing signal
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to uti l ize in disci plining the local oscillator . In the independent clock approach , a sw itch

would be included to inject the timing signa l derived from the external receiver to the

appropr iate distribution amplifiers that would under ordinary operating conditions accept a

s ignal from the local clock. In the time reference distribution approach , the local oscillator

that had been disci plined via a time transfer technique would now be disci plined via the

externa l timing signal.

In summary, the hardware implementations appear only marg inall y different

and therefore , all four techniques wou ld rate equal in this respect .

The second point to be explored is the transient with respect to buffe r Fill that

results when the backup timing source is used at one or a number of nodes. Buffers begin to

fill or empty relative to their previous fill when the alternate timing source is introduced at a

node becduse the frequency of the new source will not be precisel y t he same as the frequency of

the original source . In comparing the different techniques, the major question to be raised is

the size of the frequency step between primary and backup timing sources . The bigger the

frequency step, the faster the buffers will fill or empty and the greater the probability of bit

sli p. As is mentioned in severa l places in this report , it appears likel y that a time reference

• distri bution approach, if implemented , wou ld be ultimatel y re ferenced to a world— wide time

standard suc h as UTC. Similarl y, potent ial backup timing sources such as LORAN—C are also

referenced to UTC. Thus, it can be antici pated that a switch to a backup timing source in a

subsystem based on TRD will result in a smaller frequency step than any of the other techniques

since both pr imary and backup systems could very well be referenced to the same ultimate source .

The second point to be considered is the degree to which the frequency step at the single node

affects the frequency at the other nodes of the network . This point has been examined in

deta il in the evaluation of other desirable characteristics (see error propagation). Aga in ,

it appears from our simulation results that TRD prov ides superior insulation for the remainder

of the network than do the other disci plined clock approaches. Natura Hy, t here is infinite

isolation in the independent clock approach .

In summary, IRD must be given the highest ranking of the alternative techniques

for compat ibility based on the likelihood of a minimum frequency step when a backup timing

j 
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source is employed. The rema ining alternatives ranked from highest to lowest are independent

clo cks , master-sla ve and mutual sy nchronization with these rankings based on the level of

insulation of the frequency step in the remainder of the network .

8.4 Precise Time Availability

OF the four techni ques being considered , onl y time reference distribution has

the ability to provide precise time. That is, IRD has the ability of maintaining time—of—day

synchronization between each of the network clocks and the internationall y accepted time

sca le, Coordinated Universa l Time (UTC). As is noted in other sections of this report , the

availability of prec ise time is not a prerequisite for network synchronization; however , benefits

do accrue if such a capability is provided.

Since timing subsystems are based on the independent clock technique, master-
• s lave technique and mutua l synchronization technique do not provide precise t ime , and a

timing subsystem based on the time reference distribution techni que does provide prec ise time ,

a comparison of t he techni ques for this particular c iaracteristic is unnecessary . Rather , a brief

exp lanation of why TRD does provide precise time and wh y t he other techniques do not prov ide

• precise time appears appropr iate .

Time reference distribution can provide precise time at each nodal clock because

the timing signal that disci plines the nodal clock is precisel y the timing signal that is generated

at the node to which it is slaved. That is, the disci plining signal has not been corrupted by

the path delay variations inherent in the link connecting the two nodes . By correct ing the

s laved clock so that the phase error between the disciplined and disci plining signals is driven

to zero, and by taking as an ultimate reference a source of UTC, prec ise time is then made

ava flable at each node in the network .

Independent clocks by def inition cannot supply precise time since the clocks are

not disc iplined. Even the most accurate clocks have finite frequency differences and such

4 Frequency differences necessaril y resu lt in an accumulation of phase difference , thus precluding

the availabilit y of precise t ime.
4

Mutual synchronization, similarl y, by def inition cannot provide precise time .

Even if a node within the network was a source of UTC, this is not to say there is a rationale
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for inc luding UTC in a mutual system . The simp le fact that each nodal frequency is determined
by an average of the frequencies received at that node dictates that the system frequency
w ill not be the same as the frequency provided by t he UTC referenced node. Thus , precise

time cannot be available at the nodes of the network .

Master—slave has the hier archia l structure necessary for the distribution of time

and could also be ultimately referenced too source of UTC . However , the master—slave

system is appropriate for the distribution of time since it cannot comp letel y remove the path

delay var iations on the link connecting master and slave nodes . Unlike the TRD technique, the

clock at the slaved node in the master—slave technique is disci plin ed by the timing signal

received at that node. Although appropriate filtering will remove much of the path delay

var iations , over a long period of time , phase error between clocks can accumulate .

8.5 Stability

The DCS timing subsystem must be a stable system in the sense of a feedback

control system . If this were not the case , the nodal clocks would be subject to ever increasing

fluctuat ions in frequency (to the limit of each VCO’s control range) in response to perturbations.

The result would be buffer overflows and continua l bit sli ps. The stabilit y considerations for

eac h of the four timing techniques are discussed below .

Independent Clocks. Since every nodal clock is independent of every other

noda l clock , t here are no closed timing loops. Thus, this technique is uncond itionall y sta ble.

Master- s lave. This technique is unconditionall y sta ble when the timing reference

to eac h noda l clock is distributed via a fixed master-s lave tree network . However , there is

one problem that can occur when an adaptive timing distribution network is used. The config-

urat ion of the timing distribution network is controlled by information transmitted between

nodes. Errors in this data could cause the network to erroneousl y conf igure itself . A sta bility

problem occurs if these errors cause a portion of the network to be configured as a mutual sync

network . For examp le , if Node A slaves to Node B and Node B slaves to Node A, then these

two nodes form a mutua l sync network. Since the loop filters in the nodal synchronizer have not
been designed for mutua l sync operation (they will likel y be type two loops) the synchronizers

* 
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at nodes A and B and will become unstable . Fortunatel y, there is a rather simp le but important

remedy for t his situation , i.e., the use of error detection or error correction coding on this

data to prevent the use of erroneous data . One can make the probabilit y of accept ing erroneous

data as low as desired by add ing the appropriate number of parity bits (by using error detection

one can make the probability of accepting an erroneous message equal to at low signa l —to—

noise ratios by adding p parity bits). Assuming the use of coding , then even on the rare

occasions when erroneous data is accepted , the error will be detected rather quickl y when the

next update of that information is received. Since very narrow band loops are used , the VCO’s

will not be pulled very far during t his period. Thus, t here is no chance that a serious problem

can occur.

• Time Reference Distribution . The only problem that can occur with time reference
• 

- 
d stribution is the same problem that can occur with a master —slave system , i.e., t he adaptive

t iming network configuration can be erroneousl y conf igured into a mutual sync network . Again,
the remedy for this problem is the use of sufficie nt coding to prevent the acceptance of erro—

neous data . Thus , t here is no chance that a serious problem can occur .

Mutua l Synchronization. Constraints on system parameters to produce a stable

mutua l synchronization system have taken two forms. First , one must ensure that changes in

noda l Frequencies at some nodes must not proceed too far before they affect the frequencies at

ot her nodes. This results in the bounds on gain/delay products (loop gain and Unk delay) that

havli been derived by many invest igators for exampl e network s . The bound will depend on net—

wor k configuration , but typ icall y the upper bound on gain/delay product is on the order of 1 .
Since very narrowband loops will be used , link delays of many seconds would be required before

t here would be a stabilit y problem . Thus, in a real network , one does not have to be concerned
H •.~ about gain/delay products. The other constraint to ensure stability is on the loop fi lter. The

loop fi lter must be chosen such that the closed loop transfer function has magnitude les s than

one at a l l  
~~

-‘ > 0. W hen this criteria is satisfied , a ll jitter frequencies are attenuated . This

is rat her important because of the closed loops in a mutual sync network . IF any jitter frequency

• 
were amp lified , then it could cause a perturbation in nodal frequency which would be continuall y
amp lified from node to node in the network resulting in an unsta ble network . Wit h a t ype one
loop using a simp le low pass filter , the stability criterion is satisfied if one ensures that the
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damping coefficient ~>J2/2. Assume that For safety ~ = 1 is chosen . Then the only way

instability could result is if the loop gains at severa l nodes increased , thereby making ~ 12/2 .

For this examp le , the loop gain would have to double for this to happen. A change in the loop

gain by a factor of two is certain ly wit hin the realm of possibility , either through human error

in ca libration or through device changes . Before implementing such a system , one should

devise a technique for detecting w hen the gain gets out of the tolerance range to ensure that

instabiflty will not occur.

In summary, we f ind that the independent clock technique is unconditionall y sta ble .

In addition, the master-s lave and time reference distribution techniques can have stability

problems if certain errors occur in control data . However , th is problem is easil y fixed by the

use of error contro l coding. Thus , we wou ld rank these approaches equall y w it h regard to

stability. By contrast , the mutual sync techn ique normal ly has c losed loops in the network ,

and to ach ieve stabilit y the loop gain at every node must be held within tolerance . This task

may not be easy to ensure , given the possibilities of human error in calibration and device

changes. T hus , we rank mutua l synchronization as less desirable than the other three on the

basis of system stability.
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8.6 Monitorabi lity

r The characteristic of monitorabi lit y is the level to which the timing subsystem can
:. provide data used in assessing its own performance . It is apparent that monitorability is valuable

at least to the extent that an option such as a redundant piece of equi pment , an a lternate link or

another timing source is available and can be util ized as the result of decisions made on the basis

of monitored information .

Monitorability is a significant characteristic because it con lead to greater avail-

ability through prov iding tolerance to failure . If potent ial failures can be identified pr ior to

failures actua lly occurring, these si tuations can be remedied in an off—line basis or more rap id l y

by knowing the nature of the failure before it occurs . The result is , therefore , both an increase

in MTBF and a reduction in MTTR and therefore a greater availability . The parameter that must

be measured is the difference in availability due to monitoring .

This discussion will encompass a comparison of the four timing system techni ques , a

focus on the time reference distribution approach , discussions of several inferences that may be

derived , a representative fault scenario , the relationshi p of monitorability to availability and

some side benefi ts derived on the basis of monitorability .

• 8.6.1 Comparison of Techniques

The four techni ques of independent c locks master-slave , mutual sync hronization

and time reference distribution can be compared wit h regard to their relative monitorability . It

con be seen that all four techni ques have a fundamenta l identical monitorab ht y capability in

that they con see those actions that take place within a given node of interest and at the peri phery

of that node. Thus things as the characteristics of a node ’s c lock , backup cloc k, frequency dis-

semination circuitry, phase— locked loop operation , modem operation and recei pt of si gnals from

adlacent nodes are readil y ava ilable throug h any of the four timing approaches . A significant

addition exists wi t h time reference distribution (TRD).

Generall y, wit h the exception of TRD each of the techniques is limited to data

that exists within a node with the exception of some hybrids which might be defined wherein data

• is shared between nodes of the system as it is in TRD. Therefore , it can be state d that a ll other
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techniques fundamentall y have the some degree of monitorab il ity capabil ity . The differences in

k TRD wil l  be discussed in the following paragraph which sets it si gnificantl y aside and above the

other approaches in terms of monitorability capabil ity.

8.6.2 Time Reference Distribution

The time reference distribution techni que has al l  t he capability of the other tech-

niques in assessing its internal noda l operation . In addition, it has the ability to predict impact-

ing failures, detection of externa l stresses , determination of out—of—specification trends and the

ability to isolate faults .

The enhanced monitorability of TRD is based on the fact that data is shared throug h-

out the network between all of the nodes in the TRD case . Adaptive action such as organization

and reorganization provide hints of other failure or operationa l activit y w ithin the overall network .
• Some of the data that is ava ilable for monitorabilit y purposes includes the time of the loca l clock ,

• time differences between the loca l cloc k and adjacent clocks , measured but uncorrected time

differences between each adjacent node and its ultimate master , measure d time difference

between the loca l clock and its ultimate reference via each adjacent node , propagation time

between the local node and each adjacent node, rank of all nodes and demerits of al l  paths of

the network.

There are a number of sources wherein the above data is derived and these include

buffe r status , t ime difference between transmit and receive multi plexer framing epochs , rece ived

• 
• frequency values , local frequency value , local t ime , rece ived data from adjacent nodes , local

node rank , connect ing path demerits , manua l inputs possibl y inserted to diagnose the system ,

• • update counter contents , the rank and identification of each ultimate reference associated with

e ither the node in question or its adjacent neighbors , accumulate d path demerit , failed nodes and

links and overall network status . These sources provide a picture of the overall network operation

espec iall y from a timing standpoint at any given node in a TRD scheme . The ana lysis job is to

look for unexpected changes from time frame to time frame and assess their importance. In

addition to the discrete values of above sources of data , sets of information are available by
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gather ing groups of information such as link time delays to al l  adjacent nodes or to al l  adjacent

nodes associated with each nearest adjacent node .

• Some of t he information that can be important in assessing TRD operation and

predicting networ k malfunctions which can lead to timing system malfunctions include the

information in Table 8.6.2.

Anot her factor in addition to the above is that of the occurrence and magnitude of

the cloc k corrections. The subscri pts a and b are used to denote pa irs wherein adjacent nodes

may number from anything up to roughl y 10 nodes , each hav ing a set of values corresponding to

items listed in Table 8.6.2. Examp les of sets would be all of the buffer contents at the

adjacent nodes referred to the given node in question or al l  of the buffe r contents at a given node

for the links connected to the adjacent nodes .

T herefore , in summary, it has been noted that such things as the status of all

connect ing buffe r , links , and update counters can be made available at any given node in the

TRD system. From t his data numerous inferences can be made as to just what is happening

w ithin the network.

• 8 .6.3 Inferences

A few representative inferences based on data tha t can be accumulated by a TRD

• node will be discussed in this paragraph.

In the event of a change of the ultimate reference , an inference cou ld be made

tha t 1) the ori gina l ultimate reference fai led, 2) failure or change of a path or node connecting

the original ultimate reference has occured , 3) activation of a better path to a new ultimate

re ference has been determined , or 4) activation of a better ultimate reference has occurred .

Another inference would occur when a change of adjacent node from which timing

is derived occurs and this might denote 1)all poss ibilities in the previous examp le , 2) failure or

c hange in the path to the adjacent node ori ginall y used, 3) activation of a new best adjacent

re ference or restora l of a prior failed condition , or 4 ) periodic maintenance outage is occurring.

A third inference can be derived if a change in path delay or measured time difference over any

one or more connect ing l inks should occur , then it might denote that 1) frequency or phase change
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Tab le 8.6.2. Available Data

B buffer contents — connected to b
ab

~ab 
buffer fi l l/empty rate at a connected to b

K multi plexer frame time difference measured at a re b
ab

F frequency received from

Fa loca l clock frequency

T loca l time
a

R loca l node rank
a

demerit of path between a and b

C update counter contents at aa

K bo mu lti plexer frame time difference measured at b re a

Rb 
rank of node b

Ub ultimate reference node for node b

R rank of ultimate reference node for node bub

Du b  path demerit - node b to Ub

Nf identity of failed node

Lf identity of fai led link

Cb update counter contents at b

Bb buffe r contents at b

t
b 

time at b

Bba buffer contents for the link at node b connected to a

Sba rate of change of Bbo
4:
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of a c lock or clocks along the path to the ultimate reference has occurred; 2) alternate routing

has occurred due to a network switch ing assi gnment; 3) link equipment has failed , or c hanged, or

4) spoofing is being encountered.

Severa l other areas from which one might derive inferences are assessme nts of demerit

values and changes thereto , update counter act iv ity and contents , buffe r act ivi t y and contents ,

a change occurr ing in “local time ” value , rank changes and variations in frequency values . A

synerg ism of available data could be used throug h app lying techni ques of predictive ana lysis to

• groups of data available.

8.6.4 Examp le Fault Scenario

A somewhat typ ical fault scenario w il l  be briefl y discussed to s how simp ly how

networ k failures can be detected at a given node if TRD is utilized. Reference is called to

Figure 8.6.4 which shows two network configurat ions and timing source paths both before and

after failures have occurred. The failures are denoted by the x ’s on the links between Nodes 9

and 13 and 12 and 14. When the failures are introduced in a TRD based timing system the network

must reorganize itse lf per the reorganization rules to a confi gurat ion possibl y like that shown in

the secon d part of the figure which denotes the case after reorganization . At Node i data is

ava ilable or can be made available as to all of the activity in the network through its adjacent

Nodes 1,2, 3 and 4 gather ing data as discussed in earlier paragraphs on monitorability . It is

possible to deduce jus t wha t has occurred and be prepared should a trend develop in fai lures .

8.6.5 Avai lability Impact

• T he characteristic of monitorability is on ly important w hen it can be used to enhance

the availability of the system. This comment app lies to the timing system as such and not to other

benefits of having a very monitorable approach. It is possible to enhance availability through

increasing the time between failures and reducing the time it takes to restore operation after a

failure has occurred. It is possible to determine whether various frequencies in the network are

drifting out of specification f requency—wise and switch to backup thus avoiding a failure where

one wou ld have occurred shou ld such action not have been taken . If a failing time source is

being used it is possible to switch to an alternate source ahead of time avoiding a failure .
-• 8-30 
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Also , sw itching in any available redundancy to hea l a sensed failure or potentia l failure can

enhance the overa ll availabilit y.  The detection of spoofing and deve loping strateg ies to avoid

it can be beneficial from an availability standpoint . The restoral time required to reactivate a

networ k that would have failed can be minimized through a lerting maintenance personne l ahead

of time to the nature of a potentia l failure and thus minimizing MTTR . Se lective redundancy

switc hing can a lso enhance availability.

The data discussed in reference to TRD is available on essentiall y a free basis for

monitorabi lit y purposes . Much of the data mentioned is required just to imp lement TRD as a

t iming scheme .

8.6.6 Benefits

In addition to enhancing the availabilit y of the timing subsystem , side benefits

• w ill evolve that can app ly to the overall DCS network SYSCON . The synerg ism of t he many

data ava ilable can be used to predict other system failures and restoral thereof not di rectl y

assoc iated with timing subsystem . Although this is not fundamentally important to the decision

of a timing approach , it comes along prett y we ll free of charge and can be made use of by the

DCS thus enhancing the desirabilit y of the time reference distribution approach.

8.6. 7 Conclusions

It is evident tha t a time reference distribution technique is far superior to the other

approaches w hen the characteristic of monitorabilit y is considered . Also , it is projected that

the cost of obtaining data for monitorabilif y is essentiall y neg ligible since the information already

resides in the system when TRD is imp lemente d. The cost that would ensue would be the storage

over a period of time of historica l quant ities of the information such that inferences may be made

from the data . Obviousl y there wou ld be some sli ght cost in addition to basic TRD operation

wh ich in itself only requires a limited portion of the data available .
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8.7 Susceptibi lity

Jammer Strategy

A major attribute of a communications network is its connectivity. Thus , an

antagonist would like to disconnect the network into some number of partitions . He may attempt

to do this through physica l destruction of parts of t he network or by producing interfering signa ls

(jamming). In case the network facilities are heavil y protected , in a physica l sense , the antag-

onist may concentrate muc h of his e ffort toward jamming selected portions of t he network . He

wi ll select those portions which he believes wil l  produce the most disturbance. Hopefull y, from

the standpoint of the network , t he j ammer wi l l  not be able to actuall y disconnect t he network

due to inability to locate his jamming emitters in the most strateg ic geographical positions . Thus ,

he may concentrate on jamming selected portions of the network in such a manner as to disrupt

some v ital network subsystem such as the timing subsystem of the TDM network . The different

t iming techniques ma y be affected by different amounts depending on the strategy used by the

jammer. The independent clocks technique is less susceptible to disruption by a jammer than any

of the other tim ing techniques. In fact , under extreme jamming conditions , the network utilizing

other techniques wi l l  appear to tend to revert to an independent clocks configuration when viewed

• externa ll y.

T ypes of Information

Each node of the timing subsystem obtains essentiall y two types of information from

ot her nodes of the network . These include timing information and control information .

Timing Information — For master-slave and mutual sync timing information is con—

ta m ed in the bit transitions of each data stream. As the jamming intensity increases from zero

to the point at which the link is lost , the timing jitter increases until no usefu l timing information
can be extracted with available equipment from the contaminated data stream. It is not antici—

pated that techniques can be developed to significantl y reduce the effects of jamming on timing

information for al l levels of jamming . However , monitoring of channe l si gnal—t o—noise ratio can

g ive some indication of the timing information quality obtainable at a given period from each

incoming link . This can aid in selecting the best timing reference at each node .
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Contro l Information — Adaptive reorganization schemes as wel l  as fault detection

and isolation apparatus at each node may use contro l information obtained from remote nodes.

Control information wi l l  most probabl y be transmitted between nodes via overhead channels

(orderwire). These channels may be protected to some extent by error detection and/or forward

error correct ion encoding . Thus , the problem of incorrect control information can almost be

avoided at the expense of poss ibly no new updated control information during those periods of

most intense active jamming . Aside from error detection and correction encoding of contro l

information messages , the overhead channels are susceptible to the same types of jamming as the

data channels.

Adaptive Reorganization

An intermittent jammer on selective links may cause the reorganization scheme to

rema in in a constant state of reorganization because there is a time lapse between a network fault

and the actual recogn ition at the affected node of the faulty condition. There is then a further

time delay in selecting a new reference and becoming frequency and phase locked to the new

reference. This causes a transient in that portion of the timing tree be low the first affected node.

Concomitantl y, nodes in other timing chains that are communicating with nodes in the disturbed

cha in wi l l  experience effects of the disturbance . Upon remova l of the jamming from a selected

link , t he adaptive reorganization scheme may decide to again select this link for obtaining its

reference and thereb y cause another trans ient in part of the network . Thus , it is easil y env isioned

that a concerted attack by a small set of intermittent jammers might be able to induce the network

to go into a perpetua l state of reorganization . In order to reorganize properl y, each node must

have an adequate amount of correct contro l information . If this is not the case , then one of the

following may happen:

1. The network timing subsystem may become partitioned

2. Portions of the network may become configured as mutual sync

3. Portions of the network may not sync to its best available reference

If none of the above happens , the subsystem w ill sti l l  tend to revert to an independent clocks

system. This is true because during the reorganization process , the individua l nodes must revert

to se lf-reference .
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Aside from encoding of the control information one possible counteract ion against

the intermittent jammer is for each node to maintain a running monitor of the links in question

and refrain from re ferencing any of those whose recent history of outages conform to the inter-

mittentl y jam med conditions descr ibed above. Both master-slave and TRD may be configured to

ut ilize an adaptive reconfigurat ion scheme .

It is believed that coding of control information and carefu l monitoring of links at

each node to detect the intermittent jamming strategy can be used to virtuall y eliminate the

dangers to the timing subsystem via the adaptive reorganization scheme discussed above.

Master—Slave and TRD

The master-slave and TRD techniques are s imilar in that timing information is

dissiminated from a master or ultimate reference node to al l  other nodes in ~be network via a tree

structure of links and nodes. The major conceptual difference is that the TRD techni que attempts

• to remove the uncerta inties assoc iated with link delay variations by tak ing advantage of two—way

liming information whereas the master-slave merel y averages the one-way timing information .

• Thus , loss of links due to jamming affects both techni ques in the same manner but the total effect

can be different depending on how closel y eoch can ma intain the individual nodes instantaneous

frequencies to each other. In either case , chang ing references fo l lowing degradation or loss of

a link due to jamming causes a phase and frequency trans ient in the affected nodal clock . This

trans ient is coup led to all nodes in the chain of the tree be low the affected node .

Mutua l Sync

The mutua l sync configurat ionwil l experience a transient when a link’ s contr ibution

• to the total phase error is removed if that link is being jammed and again if the link is reinserted .

These disturbances w il l  cause a change in network f requency. Thus , a concerte d effort by inter—

mittent jammers may set up a seesaw movement of system frequency. Such disturbances may be

accentuate d by the mutua l sync network because of the longer time constants associated with the

overal l network when compared with that of individua l nodes and the larger swings on buffe r con—

tents at individual nodes when compared with master-slave. The network’ s response to each dis-

tur bance (loss or reinsertion of links fo llowing jamming activation/deactivation) may vary con—

siderabl y depending on where it occurs in the network .. In genera l, the disturbance should be
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more pronounced if i t occurs at nodes that are highl y connected to the remainder of the network ,

i.e., nodes near the connectivit y center of the network . Disturbances occurring at fringe nodes

shou ld have a lesser affect on the overall network than those occurring near the center of the

network. Nevertheless , it appears that such disturbances in the mutua l sync technique propagate

further and require a longer period to settle out than for other techniques.

TRD , master-slave and Mutual Sync can monitor the phase error between the local

clock and each of its actual or potential reference sources. Comparisons can be made between

these errors and abnorma l conditions resulting from jammer strategy may be detectable from these

comparisons . The cost of imp lementat ion of such a scheme is not believed to diffe r sign ificantl y

among the three disci p lined techni ques since eac h techni que must provide buffers between the

loca l node and each commun icating link . However , it is believed that th is scheme would be

most effective with the TRD technique and least effective with the mutua l sync scheme with

master-slave somewhere in between . The reason for this is due to the amount of deviation in

• noda l c lock error phases that is expected to occur throughout the network. It is expected that

the norma l amount of deviation for TRD wi l l  be considerably less than for master-slave since TRD

• attem pts to remove the affect of link disturbances as wel l  as intermediate node perturbations .
j t

Furthermore , the amount of deviation in master-slave phase errors is less than that for mutua l sync .

The simulation results of Section 7.0 support these conjectu res.

In conclusion , t he timing techniques may be ranked from least susceptible to most

suscept ible to jamming (with or without strategy) as fo l lows:

1. Independent C locks

2. TRD

3. Master-Slave

4. Mutual Sync

4 8.8 Flexibil i ty

Flex ibility has been defined as the impact on orderly imp lementa t ion growth and

extension of t he future synchronous switched dig ita l DCS. It would appear that many other

factors have a substantiall y greater effect on the flexibility of the DCS than does the choice of
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t iming subsystem. Furthermore , there is nothing inherentl y problematic from a flex ibil ity point

of view in any of the timing techni ques . Each technique can be imp lemente d on a piece meal

bas is. Each techn ique, once imp lemented, can be exten ded to provide timing to additiona l nodes

in different geographica l areas . Obviousl y a detailed ana lysis would be required once system

specifics are better defined . However , from a broad overview based on the fundamenta l differences

in the liming tec hni ques , there is no reason from a flexibil ity point of view to favor any one tech-

nique over any other.

• 8.9 Interoperabilit y

• The characteristic to be evaluated is whether the app lication of any of the candi-

date timing techniques to the DCS wi l l  substantiall y facil itate the interface between the DCS and
• ot her communications systems . The specific problem of concern exists at the DCS node that trans-

m its and receives data streams from both a node external to the DCS arid other DCS nodes. It

seems apparent that the clock at such a node should in no way be influenced by the received bit

rate on the interface link . Thus, the amount of buffering required on such a link, which is a

measure of unteroperability from a timing point of view , is directl y related to the difference in

clock frequencies at the two nodes on either side of the interface link . The timing technique

that holds promise for minimizing this frequency difference would be preferable. This question is

not unl ike one of the questions addressed in the compatibility of the CDS timing subsystem with

other global liming sy st ems~ Again, one is concerned with the possibility of common timing for

separate systems; and again, the answer is the same . Independent clocks by definition preclude

any advantage that would accrue as a result of common disci plining . Mutua l synchronization

offers no relief because of limited connectivity between systems . Master-slave and time reference

distribution have the potential of supporting timing commona lity between systems as a result of their

hierarc hial structu res. However , t he practicality and probability of a common reference is much

greater in a time reference distribution system where the ultimate reference would be UTC .

Naturally, greater mnteroperabi lit y wou ld not result if systems interfacing with the DCS chose

e not to re ference their timing to UTC; however , based on the potential that exists , time reference

distribution is determined to be the best technique from an interoperability point of view . There

is l itt le to separate the other techniques.
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8.10 Availabil i ty

Availabi l ity is the quotient of mean—time-between—failures (MTBF) and the sum of

MTBF and the mean time to repair or restore (MTTR) . Availabil ity is a significant characteristic

• for a l l  majo r systems and its importance is apparent for the timing subsystem by nature of the

• • 
• misssion of the DCS.

In order to provide an availability number for each timing subsystem alternative,

MTB F and MTTR would have to be calcu lated for each. Th is calculation would follow a paper

• design of the alternatives and therefore the accuracy of the availabil i ty estimates wou ld be a

function of the level of detail undertaken in the paper design. However , it is significant to

note that onl y the relat ive availability of the approaches is of significance in the elevation of

tim ing approches rather than the cbsolute availabilities. The evaluation of relative availability

appears to be ach ievable with less detailed designs than the deta il required to derive absolute

avai lability. Additiona l availability can be built into any of the timing subsystem alternatives.

Relative inherent availability with minimum redundancy for t he alternatives is most desirable

from a cost—effectiveness standpoint.

I ~ In this section the common and unique aspects of each of the four timing approaches

• 
wi l l  be investigated and discussed with respect to their impact on relative availability .

8.10.1 Comparison of Techni ques

T ime reference distribution , mutual s ynchronization, master-slave and independent
• c lock timing approaches are discussed in the following paragraphs.

• 4
8. 10.1.1 Common Factors

In assessing the various timing approaches , severa l constituent elements of each

timing approac h at a given node are considered common to all. These include buffers , c locks ,
• frequency synthesizers and phase—locked loops . The buffers in some cases may have more or less

bits in buffe r capability, but generall y their availability wil l  be roughl y equal. These several

~echn ques cal l  for different degrees of comp lexity in their clocks , and this could be considered

• p a factor in their relative availability, but it isa  rather tenuous one to quantif y. A brief discuss—

• ion wi l l  be included later in this section .
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8.10.1.2 Time Reference Distribution

k The time reference distribution approach has several unique elements that app ly

to its relative availability compared with the other approaches. Also , some devices that are

inherent in all timing approaches impact the TRD node unique ly and w il l  be discussed here . Firs t

the link select ion processor is that element which conducts the evaluation of the organization and

reorgan ization process for a given TRD node. The time interva l measurement unit is unique to

TRD in that it is the means whereby rece ived time epoch is referred to the station time . The c lock

error processo r is also unique to TRD in that it provides a calculated value for c lock compensation

wh ich is the result of shared information between the TRD node and one or more of its adjacent

neighboring nodes .

The highest level multi plexe r and demult iplexer uniquel y impact TRD in that they

are ut ilized to initiate the identification of the station epoch to the neighboring node and to

interpret the received epoch for the purpose of calculating time difference between adjacent nodes

and the TRD node . The modems on the receive side of each interconnecting l~rik are mportant

both for their reception of the carrier which provides the determination of frequency and the

rece ipt of data which is ut i l ized in the process of sharing info miation between the various nodes

of a TRD oriented timing network.

8.10.1 .3 Mutual Synchronization

In the case of a mutua l sync node, the we ight ing and sum circuitry, control , and

mult iple phase detectors represent unique elements applicable to the unique or relative availabil-

ity of this timing approach compared with the others . Also , the rece ive modems are important

in that they must be capable of providing carrier output for the purpose of ascertaining the fre—

quency character istics of the received links. Differing from the TRD modem impact is that data

is not reall y important in a pure mutual sync approach .

8.10.1.4 Master-Slave

The unique aspects of the master-s lave timing node are its contro l and the sing le

phase detector utilized in tracking the received timing signa l. Also , the carr ier detection of

the modems represents an availability oriented need .
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8.10.1.5 Independent Clocks

Based on the statement that the clocks have a unique and very difficult to deter-

mine impact on relative availability, the independent clock nodes would have no other impact-

ing unique relative availability subsystems .

8.10.2 Subjective Evaluation

In order to ascertain qualitatively the relat ive availability of the various timing

approaches, a sca le of one to 10 is posed . This scale is defined as least to most comp lex where in

the complexity should impact both MTBF and MTTR and, thus, the inherent availability on a

relat ive basis for each of the approaches . The comp lex ity factors for the various approaches have

been ass igned as follows . Independent clocks are assigned a comp lex ity factor of unity, master-

slave a factor of five , mutua l synchron ization a factor of seven, and TRD a factor of 10. Thus

it is seen that TRD being more comp lex of the selected approaches for evaluation most like ly

represents the lowest re lative availability of the bunch . The spread of relative availabilities in

the actua l terms probably isn ’t extremel y significant among the master-slave , mutual synchron i—

zat ion, and TRD approaches. However, the independent clock approach which is basically

autonomous shou ld allow the best relative availability . The type of c lock used certainl y must

have some impact on the relative availability . Although the ces ium beam standards have

reported MTBF ’s of 25,000 hours, the other c locks, namel y rubidium and crysta l, represent quite

rel iable mechanisms . Therefore , the spread should not be extreme ly broad in the availabilities of

each of these clocks . If anything, the var ious clocks impacts con be related on a qualitative basis

w ith a scale of one to 10 reflecting least rel iability to most rel iable . An evaluation would show

th is to be unity for independent clocks , 10 for master-slave , five for mutual synchronization, and

10 for time reference distribution . The assumption above is that independent c locks will require

j the most stringent and comp lex c lock, whereas master-s lave and TRD require a fairl y loose c lock ,

and mutua l sync in between. It is possible to use the best clocks in all systems , thus equalizing

the relat ive impact of c locks , but unfortunately, impacting the cost—effectiveness of the system

V . .imp lementation in each case .

8-40

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~.:i:i~~



SECTION 9.0

RANKING OF THE DESIRABLE CHA RACTERISTICS

I
I
I
I
I

I
I 9-1

I I

: ~~~~~~~~~~~ -~~~~ _



9.0 RANKING OF THE DESIRABLE CHARACTERISTICS

Earl y in the study, two efforts resulted in 1) the definition, discuss ion, and

adoption of the various timing schemes to be app lied in combination or individually to provide

the Network Timing and Synchronization function, and 2) the key system characteristics that

would be used for the relative evaluation of the performance of the timing schemes in the context

of certain scenarios and nodal configurat ions.

In this section , the relat ive importance of each of these aforementioned chara c-

ter istics is addressed . These results , when combined with the results of Section 8.0 wi l l  then

enable one to arr ive at a figure of relative worth or utility of the timing subsystem being eva luated .

The Desirable Characteristics Are Reviewed Below

Survivability

The degree to which the timing subsystem continues to perform its function (to

provide network timing) during periods of stress. The measure of survivability is slip rote which

is directl y proportional to the frequency offset between nodal clocks. If offset increases in a

stressed environment, bit sflps increase . Slip rate may be defined as the number of times per

unit that buffers must be reset . This is a factor which is directl y proport ional to the rate of phase

error between the nodal clocks. To evaluate this parameter we must measure the rote of accumu-

lat ion of phase error between nodal clocks under a variety of possible scenarios .

Error Propagation

To prevent disturbances (such as stresses or path delc’v variations) in one part of

the network from propagating and influencing the phase of nodal clocks in other part s of the

network. The measure of error propagation is the offset in phase of each nodal clock from its

steady-state value as o result of network stresses.

Compatibility With Other Global Timing Systems

The degree with which the DCS network frequency and/or precise time agrees with

that provided by other global timing systems such as Loran C, Omega and GPS . Compatibility

w ill be evaluated by measur ing the additional capability provided; the greater availability and

surv ivability of the timing subsystem and the greater availability of prec ise time .
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Precise Time Availability

Precise time can be defined as the correct absolute time as kept by a standards

laboratory such as the USNO. The characteristic to measu e is the avai lability of and accuracy

of prec ise time.

Stability

Stability is defined in terms of feedback control . Either perturbations die out with

t ime and/or distance, in which case the transient interval is of importance , or the system degrades

w ith increasing time , thus const ituting a failure .

Monitorabi I ity

The level to wh ich the timing subsystem can provide data used in accessing its

own performance. The parameter that must be measured is the difference (increase) in system

availability due to self—monitoring.

Susceptibi lit>’

Susceptibility is the degree to which the timing subsystem may be spoofed, jammed

or disrupted by an electr ical means as well as disrupted due to natural phenomena. Slip rate wil l

again be the measurable quantity.

Flexibility

Flexibility is the degree to which the timing subsystem is compatible with the

orderly implementat ion, growth and extension of the future synchronous switched digital DCS .

Interoperability
‘I

Interoperability is the degree to which the timing subsystem influences the traffic

interface between DCS and other military and commercial communication systems. lnteropera—

bility will be quantified in terms of slip rate at the interfaces . It is directl y proport ional to the

rate of accumulation of phase between the timing subsystems of the interfacing systems .

.1~
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Availability

Availability is a defined quantity and equals MTBF divided by the sum of MTBF

and MTTR.

Th is is no unique approach to use as a guide in a characteristics sensitivity study,

i.e. (the sensitivity of system utility to the absence or presence of each of the characteristics)

and the approach can range from a rigorous mathemat ical treatmen t to purely qual itative judge—

ment. As will be pointed out , the approach planned for this phase of the effort lies between

these two extremes hopefull y tak ing advantage of mathematical rigor where rigor is possible and

en lightened qualitative judgement where mathemat ica l rigor is not possible or advisable.

Such a study would be relativel y amenable to mathematical rigor if certain

assumpt ions could be justified . Among these are:

1. The parameters employed in the sensitivity study must be measurable without

ambiguity. Many of the parameters above can be measured as defined and

evaluated on a quantitative basis; however , others requ ire qualitative judge—

ment for evaluation. The requirement for qualitative judgement does not

invalidate the parameter or reduce its importance to the study. It merel y

points out the difficult y of measurement of some important parameters.

2. The parameters employed in the sensitivity study must be independent or

correlatable in a rigorous manner . Monitorability can be considered on

independent parameter; however , the measurement of monitorobility is a

change in availability resulting from the benefits of monitorability . Con—

s derable judgement w ill be required to evaluate how monitorability extrap-

olates into ava ilability. Again, monitorability and flexibilit y are two very

important characteristics of the system . They do not lend themselves to a

mathemat ically rigorous approach in a characteristics sensitivity study however.
‘a

Survivability is also a very important criterion for the system , yet surv ivability

results from a very complex combination of other characteristics. Thus, it

cannot be claimed that the characteristics are — or should be in this portico—

b r  case — independent . As for “correlatable ” in a mathematical sense , con—

s iderable subjective judgemen t would be involved in this approach as well.
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3. The parameters employed in the sensitivity study must const itute a comp lete

set , a fact which is contrary to ease of mathematical assessment.

4. Success or failure of the system must be evaluated in terms of the mission of

the system. The mission of the NTSS is intimately rebate d to the mission of

the DCS and will remain basicall y the same in all scenarios. All parameters

chosen for eva luation of the various NTSS schemes hove an effect on the

accomplishment of the mission; however , the relat ive wei ght to apply to

subsets of the overall misssion , and thereby to spec ific characteristics of the

NTSS , is a comp lex function of emp loyment — peacetime/wartime, CONUS/

OCONUS — and a host of other variables . The evaluation is further comp li-

cated by the fact that the mission statement for the DCS will not be static

but w ill change and evolve with time ,

From the above, we conclude that a rigorous mathematical trade-off ana lysis of

the var ious NTSS schemes, based upon a rigorous mathematical characteristics sensitivity study

is not an advisable route to pursue. Numerical results could be obtained which, on the surface ,

would imply mathematical r igor but which would in fact be based upon sub~ect ive inputs of

quest ionable validity . Further , the implied mathematical rigor wou ld detract rather than

enhance the credibility and net worth of the effort. Thus, we propose to allocate weighing

factors to the system characteristics listed above using judgement and an assessment of the

desires of the ultimate user — the DOD and other government agencies.

The following series of quotations from statemen ts made by government leaders in

discussions of the DCS, WWMCCS , and the interp lay between the two should bear heavil y upon

the judgement applied to this portion of the program. All of the following quotations are extracted

from the March 1975 issue of Signal Magazine, a special issue on Command and Control.

Secretary of Defense , James R. Schlesi gner “Our National Security strategy

places emphasis on providing the President with greater flexibility and selectivity in the nuclear

response opt ions available to him in times of crisis. Implicit in this strategy is the need for

a responsive, flexible and survivable WWMCCS that provides appropriate command and control

not only for the strategic forces but also for the tactical forces as wel l . ”
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Thomas C. Reed, Director , Telecommun icat ions and Command and Control

Systems , OSD. “Implicit to this objective is the recognition that C
3 

is integral to the

full structure and dep loyment; that surv ivability of the functiona l command and control

compatibility is fundamenta l to continuity of operations under stress conditions; and that the

C3 elements must be sufficientl y dynamic to adapt to the rapidly changing environment .”

It. Gen. Lee M. Paschall , USAF , Commander Defense Communications Agency.

“The connect ivity provided by large scale , general purpose communication network such as

the DCS, is essential to the operation of a worldwide command and control system. The DCS

w ith its more than 42M channel miles of various types of circuits interconnecting more tha n

1 ,000 l3caflons throughout the world provides the majority of all WWMCCS communications

requirements ” — General Paschall continues , “It ensures the flexibility, survivability,

redundancy, and finally, the restorab ility the communications network supporting command

and control requirements must have .” — Also , General Paschall states: “The priorities

under which the DCS is engineered, operated, and managed state with unmistakable clarit y

that commun ications which support command and control are examined and wei ghed on the

basis of their survivability, reliability, security and cost — and in that order .” — It is

difficult to predict precisel y at this time the communications requirement s for interconnecting

the WWMCCS and the various tactical command and control systems. However , it seems

certa in that the future DCS wil l be heavil y or iented towards interoperab lity with U.S.

tact ical communications systems and with the communication systems of our major allies. -

The DCS quite obvi3~sI y cannot sat isfy all the command and control requirements inherent

in flexible response strategy and scene of action force control. However , it is the only

system capable of interconnecting the National Command Authority with the communications

serving the operating forces. ”

General Russell E. Dor ty, USAF , Commander in Chief of the Strateg ic Air

Command . “Once a decision is mode to protect or emp loy nuclear forces , the combat

crews must rece ive the validated directives with a degree of accuracy and reliability that

S cannot be compromised or confused . There must be no opportunity for misrepresentation of volid

directives - nor possibility of improper reaction to unauthorized orders from any source ” —

“The attr ibutes discussed earlier characterize the resources of quality that must be realized in

the system; rel iability, survivability, flexibility, speed, and accuracy. Without reliability,
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other system attr ibutes have little meaning. Reliability is a prime concern of the SAC

control system. Survivability is also a crucial objective for any military communication

system, and its importance to SAC is self—evident. Flexibility implies a capability to accommodate

and adopt to the full range of changing environments and unplanned requirements .”

Moj . Gen . Herbert Summers Cunningham, USA , Chairman WWMCCS Council

Support Group. “The basic qualities required of such a system (WWMCCS) were credibility,

flexibility, responsiveness, survivability and securit y. These qual ities must exist to the maximum

extent possible within the restraints imposed by resources and technology.”

Maj . Gen. Thomas M. Rienzi , USA — Director of Telecommunic ations and Command

and Control , DCSO, U.S. Army. “Regardless of the size of the command and control system

or the echelon it supports , such a system must be:

• Survivable—At least to the extent that the peop le it supports are survivable .

• Integrated — With other administrative and management systems outside the

organization chain of command to permit collection , process ing and transfer

of information and decisions responsibil ity without unduly burdening the

tact ical commanders for the reports or reporting.

• Responsive - To provide rapid feedback to the org m o b  source of information

to confirm accuracy of percept ion by the rec ipient.

• Flexible —To provide for the coordination and direction requi red to change
‘I missions or resources allocations. ”

In light of the above and with the goal of not comp licating this process, it

has been decided to divide the characteristics into a primary list and a secondary list . Those

in the primary list will have greater weighing than those in the secondary list . The primary

list consists of those characteristics that directl y relate to the character istics mentioned in

the above quotations. Those characteristics that do not directl y, but rather indirectly provide

the key character isitics , have been placed in the secondary l ist.

;j~.
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Primary Characteristics

Survivability

Susceptibility

Flexibility

Interoperability

Availability

Secondary Characteristics

Error Propagation

Compatibility with Other Global Timing Sources

Precise Time Availability

Stability

Maintainability
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10.0 COST EVALUATION

The analysis carried out in the costing area was not an absolute costing of each

technique. Rather , what was attempte d was to determine if any of the techniques was inherently

more expens ive irrespective of the implementat ion of the technique .

In comparing costs between the candidates there are some significant points to

be cons idered at the outset. First , timing subsystem costs are dominated by clock costs.

An ROM cost for a cesium clock is $25,000. An ROM cost for a good crystal

clock is $3500 . The remaining hardware tha t comprises the timing subsystem , irrespective of

technique and as shown in Figures 10 .0—1 , 10.0—2 , 10.0—3 , and 10.0—4 , has an ROM cost of less

than $500.

Second, only the independent clocks technique must be configured with expensive

ces ium clocks at every node. The disciplined techniques can ut ilize a majo rity of les s expensive

crystal c locks with the placement of the cesium clocks determined by the network connectivit y

pattern.

Therefore , the conclusion has been reached that cost differentials between the

disciplined techniques are not signiflcant . Also , that the independent clocks approach k

inherentl y more expensive.

10. 1 Relative Costs

Relative costs can be exp la ined most easil y by reference to Figures 10.0—1

through 10.0—4 . Figure 10.0—1 is a simplified functional block diagra m of a node in a

network ut ilizing an independent clock approach.

~~ The row of components along the fop shows the flow of data traffic in the node

and is the same For all the techniques. Each demodulator at a node (the ~d demodulator is

illustrated) provides an input to a demultiplexer. The demultiplexer prov ides a number of

lower bit rate outputs , each of which is written into an elastic stores buffer at a rote determined

from the bit sync in the demodulator . Data is read out of every buffer at the node at a rate

determined by the nodal clock and all such data streams are therefore synchronous. The nodal

sw itch and multi plexers ore all t imed by the same nodal clock .

10-2 
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In the independent clock approach, the free running clock provi des this timing to

the buffer outputs, the sw itch and the multi plexers. As stated ear lier , this clock is undoubtedl y

a cesium standard and would, therefore , have an ROM acquisition cost of $25 ,000.

Figure 10.0—2 is a simp lified functiona l block diagra m of a master—slave node .

Aga in, the same components are shown along the top row . Timing as derived in each uf the

demodulator bit syncs is applied to a link selection switch which chooses the appropriate

reference to apply to the phase-lock loop. The loop locks the nodal clock to the receive timing

signal. As mentioned earlier , the nodal clock need not be a cesium standard since it is a

disciplined clock. Assuming 10 percent of the clocks in the network are cesium clocks with a

$25,000 cost and the remaining clocks are crystal clocks with a $3500 cost , the average

nodal clock cost is $5650. The switch, phase detector and loop filter that comprise the remain-

der of the nodal timing subsystem can be implemented for an ROM cost of $300.

Figure 10.0—3 depicts a simp lified functional block diagram of a mutual synchron-

ization node. Aga in, rece ive timing is derived from each of the modem bit syncs . These clocks

are then applied to the phase d~~ector in the loop shown. Phase errors for each of the inputs

are we ighted and summed and then applied to the loop filter . In turn , the output of the filter

provides the disci pline to the local nodal clock.

The nodal clock need not be a cesium standard . IF the 10 percent assumpt ion is

mode as before, the average clock cost is $5650.

The phase detector , we ight and sum circuitry and loop filter could be implemented

for an ROM cost of $300.

- •
- Figure 10.0—4 depicts a simp lified functional block diagram of a TRD node. The

same components shown in the previous figures are along the top row . The components noted

along the second row form the heart of the implementat ion difference between. the TRO approach

and the other discipl ined techn ques. The nodal clock shown below is present in all the

techniques . The nodal frame generator shown at the lower right is also present independent

of timing technique.

r
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The demux provides inputs to each of the three components across the center of

k the figure . The link selection processor on the left receives node and link status information .

It is the basis For the adoptive reorganization feature . It could be implemented with one

microprocessor chip, one interface device chip, five 1024-word Read Only Memories , and

a 1024-word Random Access Memory. An ROM cost would be under $200.

The start/stop counter measures the time delay between the transmitted framing

bit and the receive framing bit . This measurement is required in the time transfer calculation

to be made by the c lock error processor . A binary counter essentiall y prov ides this fun ction .

An ROM cost would be $100.

The clock erro r processor on the right rece ives from the demultiplexer the delays

measured at the adjacent nodes which is the remaining information necessa ry to make the time

trans fer calculation . Based on this calculation and the clock offsets at the adjacent nodes,

also provided by the demux , a local correct ion is generated . It would appear that the clock

error processing can be done by the same components that constitute the link selection processor .

As in the other dic~ iplined approaches the average clock cost is estimated to be

$5650 and the entire nodal timing subsystem to be $5950 .

In summary , acquisition costs for each of the disci plined techniques appear equal.

The independent clock approach has higher acquisition costs .

Nothing was Found to indicate that maintenance costs would be significantl y

different from technique to technique.

Likewise , there is little to indicate that Front-end development costs would be

significantly different For any technique . The master—slave technique has been implemented

by Bell and others . The TRD approach has been essentiall y implemente d in the Canadian Data

Route. The independent clock technique is being developed by Tri—Tac. The mutua l sync

technique , wh ile not implemente d to our knowledge, has certa inly been exhaustivel y anal yzed

in the literature .

r
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11.0 ALTERNATIVE TIMING SUBSYSTEMS

11 .1 Introduction

Each of four techniques have been extensivel y exa mined with respect to the

feasibility of their application to the DCS timing subsystem . A significant conclusion that was

antic ipated earlier and confirmed during this work was that limiting the timing subsystem to the

use of a single technique would be overl y restr ictive . Network configurat ions and the inherent

character istics of each technique guarantee that such a restr iction will only prov ide a suboptima l

sol ution. Discussed below are candidate timing subsystems that are both feasible and not limited

by such a restr iction. Preceding this , the key Factors that impacted the selection of the candi-

date timing sybsystems are discussed . It should be noted that the results of Section 8.0 were not

used to eliminate candidate timing subsystems as such; rather the resu lts of Sections 8.0, 9.0

and 10.0 will be used in the concluding section to select the best of the candidates.

11 .2 Network Considerations

The network configuration influences what combinations of timing techniques

form an appropriate timing subsystem. In turn, the requirements on timing components are

surel y dependent on timing technique. However , due to the relative small cost of the timing

subsystem in relation to the overall cost of the DCS network , it is not feasible that timing

cons iderations should dictate any overriding limitations on the present or Future characteristics

oF the network itself . Thus , the timing subsystem must be made to fft the requirements of the

network and not vice versa .

The network may be thought of as being composed oF a hierarch y of nodes with

different numbers of nodes at each level of the hierarchy and a certain amount of connectivit y

between the nodes at each level as well as some connectivity between levels.

The key Factor which determines the level to which a node belongs is the crUkal—

or importance of the node. In general , th is Factor varies with:

• Amount of traffic handled

• Geographic location of node

• Number of other nodes directly connected to it

11—2
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On the basis of these factors , a number oi levels could be postu lated For the OCS

network , but it is believed that three levels is adequate for representing its essential character-

istics. At each level there ex ists three basic connection types. These types ore: 1) full y

connecte d; 2) ring connection; and 3) star connection. The topologies of these basic connection

types are shown in Figure 11 .2—1 . The actual network connectivity w ill very likel y not Fit any

Fully Connected Ring Connecti on

Star Connection

Figure 11 .2—1 . Three Basic Network Connection Ty pes
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of the three basic types at any of its hierarchical levels. At the highest level , the actual

network may be character ized as consisting of severa l highly connected clusters with a small

amount of connectivity between clusters. An exaggerated form of this type of connectivity is

shown in Figure 11 .2—2 . Even though the highest level of the actual DCS network may not be

fully connected, ft is sufficientl y connected that any of the four generic timing subsystem

configurat ions may be applied at this level.

Figure 11 .2—2. Cluster ing Network Connectivity
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Intermediate level nodes tend to be clustered around the highest level nodes. In

eac h cluster of intermedial level nodes, the total connectivit y may vary cons iderably from one

cluster to the next, but the connectivity between intermediate level clusters k small .

The lowest level nodes tend to be connected directly to only a s ingle intermediate

or highest level node with little connection between other nodes at the lowest level.

11 .3 Major Network Synchronization Components

The major network synchronization components include the Following :

• Stable clocks

• Data buffers at each node

• Phase lock loops

• Transmission media

• Fault detection and recovery protocol

• Maintenance aids

The various timing subsystem techniques place different requirements on these

components , individually and collectively. Distinct possibilities exist for trading severity of

requirements on one component For those on another in accordance with the timing subsystem

that is chosen for the DCS. Requirements on these components may also vary in time as the

DCS is utilized in new applications.

11 .4 Timing Subsystems

From the preceding discussion , it is apparent that any one of the four generic

flming subsystem techniques is applicable at the highest level of the DCS hierarchy. It also

seems that due to connectivity of the network that the lowest level nodes should be slaved to

their corresponding intermediate or highest level node. This results From the limited connectiv—

ity that characterizes the lowest level nodes . Thus , we ore left with deciding which generic

techniques at the intermediate level are most appropriate given that a particular technique has

11—5
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been chosen For the highest level of the network . Some pairings of techni ques at the highest

and intermediate levels are illogical and consequentl y should not receive serious consideration .

For example, non—t ime reference distribution at the hi ghest level nodes and time reference

distribution at the intermediate level is unsuitable because the greatest time and phase

accura c ies should be available at the major nodes and timing inFormation dissemination should

flow from the higher to the lower levels in accordance with the criterion for ranking the nodes

of the network . Another factor which should be kept in mind is that there exists a natura l

tendency to slave lower level nodes to higher level nodes via highest quality links. Due to the

topology at the intermediate level , this in genera l translates into slaving a cluster of interme-

diate nodes to the cluster ’s pr imary higher level node via a highest qualit y link . Fallbock

protocol for first alternate would then involve switching to alternate links and second alternates

would involve slaving to alternate higher leve l nodes. Thus , we see that a natura l tendency is

against progression from tighter coupling to looser coupling when traversing from the higher

level nodes to the lower level nodes, It then follows that given mutual sync or master—slave

at the highest level , mutual sync or master—slave at the intermediate level is most appropriate .

W;th these tendenc es in mind, the following timing subsystems seem good candi-

dates for analys is and simulation:

I. Master— Slave Throughout

A further impetus for including this timing subsystem is that almost all

commerc ial systems will utilize this form of timing subsystem .

2. Mutua l sync at highest and intermediate levels with lowest level nodes

slave d to their corresponding intermediate or highest level node.

3. Time reference distribution at highest level , master—slave at intermediate

level , and each lowest level node slaved to corresponding intermediate or

highest level node.

This timing subsystem will combine the attributes oi time reference distri—

butkn w ith the simp licit y of the master-slave technique applied to the

S majority of the nodes in the network .
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4. Time reference distribution at highest level , mutual sync at intermediate

level and each lowest level node slaved to corresponding intermediate or

highest leve l node .

This timing subsystem should have greater potential for survival than (3) but

w ill retain the attributes of the TRD configurat ion .

5. Time reference distribution at both the highest leve l nodes and the interme-

diate level nodes and each lowest level node slaved to one of the interme-

diate or highest level nodes.

6. Independent clock at highest level , master—s lave at intermediate leve l, and

lowest level nodes slaved to either an intermediate or a highest level node .

~
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12.0 CONCLUSIONS

k The results of both the anal ys is and simulation efforts have led to the recommendo—
V 

t ion of time reference distribution as the technique to emp loy at the ma jor nodes of the future

switched digita l Defense Communications System. The ana lys is effort indicated tha t as a tech-

nique, TRD ranked higher in more of the primary as well as more of the secondary desirable
character istics than any of the other techniques. The simulation indicated that TRD could main-
ta in c loser frequency coord ination between nodal clocks in the face of both stress and norma l

operating conditions . The cost anal ys is indicated that the performance benefits resulted without
an increase in the cost of the noda l timing subsystem equipment.

In examining the resu lts of this study, the high eva luation of time reference

distribution resulted from four key features of the technique. The most significant feature was
the double endedness of the approach. This removed the effect on nodal clocks caused by
var iations in link phase delay. The second significant feature was the adaptive reorganization
capability which assured the utilization of the best possible available reference after a failure .
This feature resulted in smaller differences between the instantaneous frequencies of the nodal
c locks after such failures. The third feature was the natura l separation of error measurement and
error correct ion . This feature which allows simultaneous correction of each clock with respect
to the master c lock rather than the d isciplining clock , a lso results in minimizing the instantaneous
frequency differences between noda l c locks. The fourth significant characteristic was the prov i-
sion of precise time which opens the door For many potential Lenef ts as well as aiding moni—
torab ility, and helping to ensure synchronous operation .

In summarizing the capabilities of the techniques it is worthwhile to reiterate a
point made in Section 2.0 of this report: Any of the techniques, t ime reference distribution,
master-s lave, mutua l synchro nization or independent clocks can be made to work. The differences
in performance capabilities between the techn iques wh ile clear , do not preclude the use of any
of the techniques. Furthermore some of the four key features of time reference distribution dis-
cusse d above can in certain instances be included in a few of the other techniques . To the degree
that they are , the differences in capabilities between the techniques narrows . The approach taken
in this study was to lump the four features strictl y into the time reference distribution approach .
The rationale was tio t each of these features depends upon an overhead link capabilit y for its
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operat ion. Once the overhead link is provided, one is essentiall y settl ing for an inferior subsystem

if all four of the features are not included; and TRD is the only techn ique that can provide all the

features .

Having chosen time reference distribution as the timing technique to be utilized

at the major DCS nodes, it was clear that master-s lave should be imp lemented at the lower level

nodes . (See Section 11 .0). At the lower level nodes in the network which are characterized by

limited connectivity and lower bit rates the benefits of TRD that are highlighted at a highl y con-

nected node are not as significant. Also the overhead channel requIred for TRD would represent

a larger percentage of the data traffic.

Although in Section 11 .0 two such candidates were discussed, differing only in the

technique to be used in the intermediate nodes, one is reluctant to choose between the two . This

is because of the somewhat loose and arbitrary designat ion of three nodal levels. Suffice it to say

that the resu lts of this study shou ld make one very comfortable with 1) the selection of time

reference distribution at major nodes because of its overall utility and 2) the se lection of master-

slave at the lower level nodes where many of the TRD benefits are precluded by network

configurations .
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13.0 TESTING PROGRAM

The conclusions reached in this study we re based on substantial anal yt ical and

computer s imuk~t ion efforts. It is reasonable to expect that a well organized experimental

test effort will provide additional data . Outl ined below is such a testing program. It is

suggested that media and transmission rates included in the test progra m should be troposcatter

to 13 Mb/s, microwave LDS to 20 Mb/s, and satellite to 180 Mb/s .

13.1 Para meters To Be Tested

The Fol lowing paragrap hs describe the appropriate para meters to be tested.

Phase Jitter

Jitter or instability of the phase of the bit synchronizer timing waveform is an

important parameter . The spectrum of this ji tter should be determined under a representative

set oF condit ions; diFferent types oF links, data rates , signal—to—noise rations , jamming environ-

ments , etc. Jitter is an important parameter , affecting bit error rate and the probability oF a

bit sli p in the bit sync. It also affects nodal synchronizer clock stability if that clock is derived

from the bit sync timing waveform, such as in the master—slave and mutual sync techni ques . This

parameter impacts a number of character ist ics by which timing techniques were evaluate d,

including bit count integrity , bit and frame sync performance , susceptibility to jamming , surv iv-

ability, error propagation , and prec ise time availability . In most of these cases , the impact

is on sli p rate wh ich, in turn, impacts quality of digital communication in a digital network .

V For the error propagation characteristic , knowledge of the phase jitter spectrum allows selecting

a design such that error propagation is not troublesome . (For examp le: The proper loop band-

w idth in a master—slave timing subsystem can be chosen.) For the precise time availability

characteristic , phase jitter characteristics must be known to determine the accuracy of time

trans fer techniques such as are used in the time reference distribution approach.

Propagation Delay~

Severa l measurements should be carried out in this area including total propaga—

t ion and equipment delays between two nodes , the var iation in this total delay as a function of
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- multipath or other effects , and difference in time delay between the pat hs in both directions

between two nodes (reciprocal path delays). These parameters cause several eFFects . Variations

in path delay result in additional phase jitter on the receive timing waveform (and the effects

caused by phase litter as discussed above) and cause a requirement for additional buffering at

communication nodes to smooth out these variations . Differences in reci proca l path delays

impose a limit on the accuracy with which time transfers can be accomp lished and, there fore ,

a limit on the accuracy of the time reference distribution technique. These parameters impact

a number of characteristics , including bit count integrity, bit and frame sync performance ,

surv vabfl ity, error propagat ion, and prec ise time availability .

RSL, S/N, and C/N

The quantities received signal level (RSL), signal—to—noise ratio (S/N), and

carr ier—to—nois e ratio (C/N) are indicative of channel conditions. These quantities should be

measured and correlated with other quantities , such as bit error rate , fade rate/duration/depth,

and bit count integrity for each type of link . Certain quantities , such as very small values of

b;t sl ip probabilities, should probably be measured only once on each link as a function of S/N.

The quantities RSL , S/N, and C/N do not all prov ide equivalent information . One could have

both a high RSL and a low S/N if, for example , one were in a jamming environment . These

quantities are not only highly correlated with other parameters that should be measured , but

they impact several key timing subsystem characteristics . These characteristics are bit count

integrity, data rates , bit error rates/signal outages/fading, bit and frame sync performance , and

susceptibilit y to jamming .

Bit Error Rates at Various Transmission Rates

Link measurements should be made to determine bit error rate for various trans-

mission rates on each link as a function of RSL , S/N, and C/N. Thus , bit error rate can be

determ ined For a variety of channel conditions such as fading, ramming, etc . Average bit

error rate is one of the fundamental parameters that determines the quality of digital oommun —

cation in a digital network . In addition to the average error rate , stat istics of the error events

should be determined . This parameter impacts several characteristics , including bit count

integrity, susceptibility to error rate , bit and frame sync performance , and signal outages/Fading .

13—3
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Bit errors can afFect the nodal synchronizer since they can corrupt control information sent

from node to node. This can occur with any technique that requires control information, such

as master—slave , t ime reference distribution, or pulse stuffing .

Bit Count Integrity

Bit count integrity is necessary for maintaining frame sync for multi plexer , sw itches

and crypto sync. This pa rameter should be measured by determining the bit sync s li p rates as a

function of RSL, S/N, and C/N for a variety of links and data rates . Characteristics affected

by this parameter are fra me sync performance , commun ications security, survivabilit y, and

susceptibilit y to jamming .

Fade Rate/Duration/Depth

Fading characteristics of each type of link will be obtained as a function of

frequency, data rate , and distance. These characteristics should be correlated with RSL , S/N

and C/N. In Fact , RSL, S/N, and C/N provide a means by wh ich these fading characteristics

may be measured. The fade rate indicates the rapidity with which a fade occurs , i.e., the

signal level rote of decrease is measured in dB/sec . Knowledge of this quantit y is important

in implement ing hardware for detecting the onset of Fades and prov iding swftchover to diverse

paths not experiencing a fade. Fade duration is the length of an outage (in seconds), and fade

depth is the amount by which the signal level has decreased (in dB) from its nominal va lue (with

no fading). Since each Fade is different , these parameters shoul d be characterized statisticall y,

i.e., a probability distribution of fade rates , fade durations, and fade depths will be obtained

for each case. Characteristics impacted by the fading parameters are bit count integrit y, bit

arid frame sync performance , error propagat ion, and susceptibility to error rate. Any network

t iming technique wh ich attemps to derive the nodal clock from a fading signal will be affected

to some degree by this phenomena. About the only approach not aFfected is independent clocks.

Buffer Fi ll

This is an examp le of a quantity that would be monitored in a network test .

Buffer fill prov ides a measure of the absolute phase diFFerence between the nodol clock and

the rece ive timing waveform . Buffer overflows can be a significant source of bit sli ps. Thus ,
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the buffer size required to make the effect of these bit sli ps on syste m performance neg ligible is

a significant design parameter for all timing techniques. This requirement wil l  vary , depending

on the type of link and data rate . This parameter wil l impact severa l characteristics , including

bit count integrity, frame sync performance , suscept ibility to jamm ing, and surv ivability.

The parameters described above should be measured in severa l different types of

tests including point—to—point , tandem link , and network. The number of parameters measured

in each type of test should get success ivel y smaller . Parameters to be measured on point-to—

p&nt tests involve a variety of link types and all parameters discussed above, including phase

jit ter, propagat ion delay measurements , bit count integrity, bit error rates at various trans-

mission rates , Fade rate/duration/depth, and RSL, S/N, C/N. In proceeding to tandem link

tests , no additiona l information is provided by making further measurements of fade rate/duration/

depth or RSL , S/N, C/N. However , stat istics of severa l para meters change in passing through

severa l tandem links, and measurements of these effects must be made to accuratel y model them .

The parameters measured in tandem link tests should be accumulated phase jitter , propagation

delay measurements , bit error rate , and bit count integrity. Measurements should be made

For simp le IF repeaters and regenerative repeaters that relime the transmitted digital sequence .

Al I tests done to this point involve gathering data that can be used to improve the accuracy

and validity of the analyt ical work . Network tests involve an evaluation of a specific network

synchronization approach . In performing this evaluation, buffe rs at each node to temporaril y

store the rece ived data , and a nodal synchronizer of some type to ret ime the digital sequences

at eac h node are required. Severa l network configurat ions representative of the future DCS

can be used. Basic parameters to be monitored in this type of test are buffer fill at each node

and bit sli ps due to both sli ps in bit syncs and buffer overflows (for various size buffers). These

parameters should be monitored for various network configura t ions , fading environments , and

stress scenar ios. A majo r result of this series of tests should be a verification of the anal ytica l

and simulation results obtained thus far.

13.2 Summary and lest Example

-4 A genera l listing of tests includes media from Table 13.2—1 and parameters from

Table 13.2—2 . Each test should likel y be run as functions of frequency and data rates. Efforts

should be made to require testing to be applied to equipment to be used in the timing system . 
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Table 13.2—1. Communications Media

Ground—to—satellite links

Microwave links

Troposcatter radio links

Wire line links

HF radio links

Table 13.2—2. Critical Operat ional Parameters

Phase jitter

Dopp ler effects

Propagation delays

Differential propagation delays

Reciprocal propagation delays

Received signal level

Signal—to—noise ratio

Carrier—to—noise ratio

Bi t error rate

Bit count integrity

Bit synchronism

Fade rate

Fade duration

Fade depth

Buffer Fills

Synchronism losses (frame and crypto)

Time to establish synchronism (initial and resync)
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Test Example

This paragraph is an examp le test plan included to show how a typica l test should

be documented.

The test examp le is actuall y two separate tests that esta blishes a baseline For a

third test which is of pr ime importance to the Time Reference Distribution scheme For network

t iming . Ultima te ly this test examp le should be worked into three separate subplans which will

define the tests in more detail than presented here . Because of the similarit y of the tests , all

three are discussed here . These tests are: 1) measurement of propagat ion delay, 2) measurement

of differential time delays and 3) measurement of the reci proca l t ime delays (differential delay

between both directions of a Full duplex l ink). This examp le cons iders these delays as associated

w ith a troposcatter radio link.

a. Test Obj ective — To determine the absolute time delay between two tropo-

scatter radio terminals and the frequency dependent differential delays . This

measurement includes both the propagation delay and equipment delay.

Corollary tests should be defined to determine equipment delays and recip-

rocal t ime delays .

b. Definition of Parameters to be Measured

Propagation Delay — The total time differential in nanoseconds required for

the coding, modulation, transm ission, propagat ion, recept ion, demodulation

and decoding of a 13 Mb/s data stream.

Differential Delay — A differential delay expressed in nanoseconds/MHz.

This delay difference is from the nominal 70 MHz carrier for which the propa —

gat on delay was determined.

c. Measurement Technique — A link with the capabilit y to handle 13 Mb/s data

is assumed. At this data rate , the magnitude of the variations is expected to

cover a s ignificant number of bit periods (severa l hundred) and the rate of

var iation is expected to be slow relative to a bit period. A cesium standard

(HP 5061A) clocks a PN generator prov iding a PN sequence of sufficient length

13-7
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to prevent ambiguities over the expected delay variation . A 70 MHz sub-

carr ier is PSK modulated with this sequence and transmitted across the

tropolink .

At the receive end, a convent ional PSK demodulator and bit sync extract the

transmitte d PN sequence . This sequence is compared to an identical sequence

generated in the same manner as the transmitted sequence. The PN generator

is clocked by a second cesium standard. A simp le range extractor c ircuit is

used to determine the time delay between the sequences. A stri p recorder is

shown s ince it will probably be desirable to record variations in propagation

delay over long periods with a stri p recorder .

Note that if both cesium standards are at the wors t limits of their accuracy,

the result ing t ime delay error will be only 72 ns/llr.

Since delay variation as a function of frequency wi l l  be averaged over the

bandwidth of the transmitted signal , two ty pes of measurement are possible. V

By using a relativel y high bit rate the average delay for the whole band of

frequencies may be measured. By us ing a low bit rate (say 10 kb/s) spot

checks of delay may be made at various points across the frequency bond.

Figure 13.2—2 shows how a swept (or stepped) subcarrier may be added to —

provide a means for measuring and recording differential time delay. The

test setup use d For propagation delay (Figure 13.2—1 ) remains intact . In

addition, the ces ium standard clocks a frequency synthesizer HP 8660C which

steps the center frequency across the band (step size and sweep rate are

selecta ble).

At the receive end , an identical sweep rate and step size are generated with

a 140 MHz center frequency . A m xer and bandpass filter are used to extract

the difference frequency which is a constant 70 MHz. A digital delay adjust-

ment and a counter are used to synchronize the sweeps manuall y. Once

adjusted , drift will be insignificant due to the high stability of the cesium

standard . A time marker from the cesium standard is provided to the recorder

to provide a reference for frequency calibration .
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d. Test Stimuli — For the propagation delay test t he cesium beam time standard

driving the PN generator is the prime stimulus for the test . For the differen-

t ial delay the test stimuli are the PN sequence and a stepped range of fre-

quenc ies used to offset the 70 MHz subcarrier.

e . Control Parameters — These parameters include the carrier Frequency and trans-

mitted power level. It is expected that the received signal level wi ll be

maintained sufficientl y high to achieve a low BER during performance of the

test . This test may be repeated for different carrier frequencies if believed

beneficial to support the overall program objectives , i. e., network and link

anal ys is.

f . Test Setup — Figure 13.2—1 gives the test setup for the propagation delay and

Figure 13.2—2 gives the setup for the differential delay test . All of the equip-

ment required for these tests should be readil y ava ilable .

g. Data Gathering - Data gathering on these tests should consist of a plott ing of

t ime delay on a stri p chart recorder. The recorder should have an event

marker capability to mark t ime hacks. Identification of the test and any other

desired information may be annotated directl y on the recorder paper .

h. Performance oF Test — For the sake of brevity the test w ill be broken down

into a few basic steps .

Step 1 — Gathering of Test Equipment. - This consists simp ly of gett ing all

the needed test equipment to the appropriate test sites at the appropriate

t ime . This includes the assembl y of the special test circuits (range extrac-

tor , recorder interface).

Step 2 — Pretest Checkout . — A brief check should be performed to verif y

that each unit is capable of per forming its test function . This includes

verif ying that each piece of equipment has a current cal ibration .

Step 3 — Connect Test Setup. — Hook the equipment together as required

to per form the test . The function of the tes t setup should be verified to

the maximum extent possible prior to start of test (radio transmission).

13-9
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Step 4 — Synchron ize the Cesium Time Standards . — Vlith the standards

side by s ide the two are to be synchronized to precisel y t he same time

sett ing. The standards should then be taken to the test sites and connected

into the test setups . This step may have to be repeated depending on the

tota l t ime span of the testing effort in order to preserve the close agree-

ment of the standards .

Step 5 — Performance of Test. — Using the appropriate carrier frequency(s )

and leve ls the test is run for a TBD per iod. The str ip chart recorder should

be operated for the duration of the test to obtain a continuous time

correlated record of the delays.

Figure 13.2—3 shows the test setup for measuring the reci procal delay over the

troposcatter radio link. A comparison to Figure 13 .2—1 shows that this setup is basicall y a

full duplex vers ion of the propagation delay test . The pr ime concern here is to obtain a simul-

taneous measurement of the propagation delay in both directions so that the delay difference

For the reci procal paths may be computed.

Virtuall y a ll of the previousl y discussed parts of the subplan for propagation delay

are applicable to the reciprocal delay test . The major difference , of course , is the full duplex

radio link and the additional equipment needed for performing two simultaneous propagation

delay measurements . The two radio transmitters must be operating w ith sufficient difference in

their frequencies to obtain the necessary isolation of the local transmitter output at the receiver

input via the duplexer . This difference in frequency will , of course , contr ibute a sli ghtl y

different propagation path and corresponding delay. The remaining portion of the reci procal

¶ delay differential is contributed by the difference in delays through the correspond ing equipment

in each path .

An alternative scheme for making a rec iprocal t ime delay measurement exists which

uses less equipment . For examp le, only one Full duplex P5K modem would be required instead

of two . This alternative technique woul d use a transponder approach and would require separate

measurement of equipment and total propagat ion delays. It is expected tha t this approach would V

y ield a lower accuracy measurement and should be used only if a sufficient amount of equipment

is not available to support the primary test configuration .
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14.0 ADDITIONAL EFFORT

The recommended network synchronization subsystem emp loys time reference

distribution at the highest levels in the network and master -slave at the other levels. An

adaptive timing distribution network organization/reorganization techni que wi ll be used at

al l but the tail ends of the network. Extremel y narrow band loops should be used throughout to

ma intain highl y sta ble nodal clocks. The techni ques being recommended are not entirel y new. -

A cons iderable amount of work has been done on several aspects of these techni ques. This

sect ion outlines additional work that should be done prior to any hardware development .

The app licat ion of time reference distribution on the digital DCS has been studied

for severa l years . One of the more thoroughly studied aspects of this approach is the imp le-

mentat ion of an adaptive timing distribution network orgar.ization/reorganization technique.

The first techni que for accomp lishing th is was proposed by Davies and Prim .213 Modification of

this technique have been proposed by Stover 
170 

and Clarkson College Investi gat ions.

In addition, the Canadian Dataroute network uses a similar techni que. 
92 

Since this problem

has been so thoroughl y invest igated, additiona l work on the problem does not appear. warranted

at this time. Master—slave noda l synchronizers are well understood since severa l commercia l

digita l networks are using this approach . Therefore , si gnificant additiona l work it not required .

Finally, trade—offs leading to select ion of loop parameters for both TRD and master—slave were

presented in Section 3.0, and no si gnificant refinements of these parameters should be required .

However , there are severa l aspects of the implement~ t ion of the recommended

tim ing subsystem which should be addressed prior to any hardware development . The imp le-

mentat ion areas , some of which necessitate the exercising of the computer simulation too l

developed during th is effort , include:

• Transmission of per iodic timing marks and measurement of timing error

• Technique for correction of atomic clocks

• Techni que for measurement of fixed asymmetries and correction of timing

error measurements

• Rate of clock error measurements and criteria for clock correction

• Time reference distribution , master —slave inter face

14-2
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The periodic timing marks transmitted between a l l  pairs of T RD nodes are used to
est imate the phase error between the loca l clock and the network master . The questions that
need to be answered relating to the transmissi on of these marks and the measurement of timing
error are the follow ing.

1 . How should these timing marks be transmitted with in the expected multi p lex
structure of the digita l DCS? Two possibilities are to let frame bits in either
the Ti data stream or the highest available multi p lex level be the timing
marks. The advantage of using the Ti data strea m framing bits would be that
a sing le, common approach wou ld be used at every node , wh ile the advantage
of using the framing bits from the highest availa ble multi plex level is that
better resolution can be obtained .

2. How should one measure the error between the received timing mark and the
loca l clock phase ? Several approaches of vary ing degrees of accuracy and
comp lex ity shou ld be evaluated .

3. Each combination of approaches for transmission of the timing marks and
measurement of the timing error should be compared on the bais of comp lexit y
at the desired level of performance. Each measurement approach wi l l  produce
a measurement error per samp le that is most likely greater than the measurement
error that one can allow to enter the loop filter without degrading the stabilit y
of the noda l clock . The measurement error for each of the measurement
techn iques can be reduced to the desired value by averag ing a large number
of these measurements before allowing the samp le average to enter the loop
filter . The effect of the different requirements on sampling interva l and

:. avera ging time for each techni que shou ld be considered in the comparisons .

The output of the loop filter supp lies a voltage which is to be used in controlling
the frequency of the loca l clock . This voltage can be used directl y to control the frequency of
quartz crysta l VCQ’s. However , voltage-controlled frequency adjustment of available cesium
and rubidium atomic frequency standa rds is not as easy . Severa l alternatives for providing this
frequency control shou ld be investi gated.
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1 . There is a rubidium frequency standard available from Efratom which allows

voltage control of the output frequency . In addition, one could make modifi-

cat ions to HP cesium standards to allow vo 1tage control of its frequency. Thus ,

one option is the direct control of the frequency of the atomic standard .

2 . Another possible solution is the use of an outboard phase sh ifter . The function

of this unit would be to sli ghtl y shorten or lengthen the clock pulses com ing

from the frequency standard to produce a small change in frequency. The

amount of this change should be directl y controlled by the voltage from the

loop filter . The advantage of this approach would be to avoid any modifi ca-

t ions of frequency standards to allow voltage control of frequency. However ,

to ach ieve the very small changes in frequency that are desired may be

difficult to do.

The performance of TRD may be improved by measurement of asymmetries in equip-

ment delays and utilization of this information in correcting the estimated phase error between

the loca l clock and its reference. It would be very beneficial to devote some time to determining

typica l values for these asymmetries , the best techniques for measuring them, and an approach For

correct ing the estimated phase error between the loca l clock and its reference. Fixed asymmetries

wi l l  most likel y be very small , and measurement of them wi l l  be needed infrequentl y. However ,

the removal of these as ymmetries from the phase error est imate can result in better transient per—

formance during acquisition of a new reference.

The rate at which clock error measurements should be made and the criteria for

mak ing a clock correction is a function of the types of clocks in the network , the network con—

nect ivity and the transmission bit rates . The computer s imulation that has been developed wi l l

be a valuable tool in selecting an optimum approach as well as evaluating various options for

process ing error measurements .

The selected subsystem emp loys both the time reference distribution and master-

sla ve techniques . Where one technique leaves off and the other begins is still a loosely defined

point . Obviously this is heavily dependent on network connectivity patterns. Again the computer

s imulation tool should be used to great advantage to evaluate the performance at this interface and

determine criteria for its p lacement.
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It is believed that the areas discussed above should be included in future work on

time reference distribution . Once this work is done, there are also severa l minor problem areas

that should be considered:

• Refinement of design for the TRD phase-locked loop.

• Define interface between master—slave and TRD nodes and the method for

measurement and report of buffer asymmetries of master—slave nodes to TRD

nodes .

• Quantification of data transfer and process ing requirements .

Investi gat ion of each of these problem areas should allow the network synchronization to be

very well-defined .
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A P P E N D iX  A

F R E Q U E N C Y  ACQU I SI T iON

Al Int roduction

One important  aspect of a ne twork  timing subsystem is its response

to t ransient  conditions. The purpose of the present  exercise is to investigate

the response of individual nodes to unit step t ransients  unde r noiseless conditions.

The major pa rameter s  to be observed are  the size of bu f fe r s  needed to avoid

loss of data and the amount of time needed to overcome the transient . A compar-

ison of the relat ive acquisi t ion per fo rmances of a one cycle non linear sinusoidal

phase detector  v er s u s  an extended range linear phase dete ctor such as i-nig ht be

obtained by using buffe r fill will be made.

A2 Non Linear  Noiseless Sinusoidal Model

Block Diagram

A block d iagram of a phase lock loop ut i l izing a non linear sinusoidal

phase detector is shown ii Fig A l .  F rom this fi gu re , it should be observed that

the e r r o r  voltage app lied to the VCO is a sine function of the d i f fe rence  in phase 
V

between the re fe rence signal and the VCO. For this  reason the phase comparato r

is called a non l inear sinusoidal phase detector .  Due to this non l ineari ty,  exact

anal yses are not available and approximations must be utilized.

-
. 

. A2 .2 The Relevant Equations

The following derivations of lock range and capture range are f rom

Mosch ytz [5 4 ) .
I,

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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v~(t) Phase I Low Pass DC Amp~~~7 
V

e
( t )

~~~Compa r ator iFilte r h( t)
j  ~~ G 

vCo 
-

~~

v (t ) L K 2

v .( t )  = E sin (~~~t + ~ .( t ) )

v (t) = A cos (~~~t + ~~ (t )

V
e

(t) = K 1 h(t ) * sin [~~.( t ) - ~~ ( t ) )  . K 1 = (G AE) 12 and

* represents convolution .

Fig. Al Block Diagram of a PLL Using a Sinu soidal Phase
• Detector.
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I t t a n g e  — The d i f f e  r e i i t i a l  equ a t ion  d e s .  r ib in g  the d y n am i c s  of

t he loop of u ig  Al is

d~~. ( t )  d 4 ( t )

d t d t  ~ K h( t )  -:‘ sin4 ( t )  ( A l )

where  4 ( t )  4~~( t )  - 4 ( t ) ,  K is the open ioop gain , h ( t )  is the impulse response

of the low pass filte r and ~ indicates  convolution.  For unit y dc g ain of the low

pass f i l t e r  and ~ d4 ./ d t equation (Al)  has stead y state solution

si n4 ~ -j~~/K (A2)

Thus it is possible f o r  the system to obtain a steady state condition with zero

average  f r e q u e n c y  e r r o r  between the refe rence si gnal and the local VCO

prov ided

I~~w . l  ~~
K T - (A3)

A2 .3 Captu re Ran~~ - The capture  range is that range of input f r equenc i e s

to which the VCO can be synchronized to when initially in the unlocked state . If

the loop fi l ter  were  p er f e c t , i .e .  , passed the low f requency  d i f fe rence  components

without attenuation and re j ec ted  the hig h f r equency  component s f rom the phase

co m p a r a t o r , then the c a p t u r e  range would exactl y equal the lock range.  Since

p rac t i c al f i l t e r s  a r e  not pt r fec t , the capture  range is reduced f rom that of the

lock range.  Dete rmin ing  the actual capture range involve s the solution of a non

li nea r  diffe rential equation. The onl y known method for  doing this  is by means of

a g r a ph c a l  techni que involving a so called “phase plane method . ” However , an

es t imate  of the captu re range  can be obtained by dete rmining for  an input o f f se t

f r e quency  ~ ~~~
. the amount of steady state e r r o r  voltage at the VCO input
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t e r minals under  closed loop condit ion s and com p a r in g  thi s with the peak ac e r r o r

voltage to the VCO input t e r m i n a l s  w hen  t h e  In p u t  t o  t h e  VCO is open c i r c u i t e d

with input of fse t  f r e q u e n c y  also of value 
~~

. 

~~~~~ 

i n  e it h e r  case , the output f r e q u e n c y

~ 
must be equal to A w . . For the open loop condit ion the e r ro r  voltage is

V (t ) K 1 11 A w 1 ~~~~ A (A4)

The peak of thi s voltage is

(t) K 1 H A w 1 (A S)

The closed loop steady state e r ro r  voltage is

V
ec 

= K 1 
~~~~~ 

(A6)

F rom (A2) this becomes

V ec K 1 ( A w i /K T
) (A7)

Then , at the capture f requency (A5) and (A7) can be combined to give

K 1 “Aw 1~ 
1<1 ( A w j C /K T

)

A W ic ~ 
K TH

A w Ic 
(A8)

As it tu rns out , the estimate of (A8) is often not pa rt icularl y accurate for  very

narrow band fi l ters because the associated bandwidth doe s not need to be as large

as (A8) indicate s in order to acquire a f requency offset  of A w t~
.
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A2.3.l Capture Range for  Specific F i l t e r s

For the low pass f i l ter  of Fi g A2-o the attenuation as a function of

radian frequency is given by

1/(1 + w 2 
~ ~ 

2 )  . (A9)

Substituting (A9) into (A8) we obtain

A W . ~~~~ ~~K~~W~~~~
{[

l + (  
~~

)
a]

~~ - ( 
~~~

° 
) } .  

(A lO)

• Whe re is the 3 dB cutoff f requency of the low pass filte r and equals -
~
--

The t e rm inside the braces  is of the fo rm . 12 + 1  - a. But 0 � ~Ja 2 + l  - a � I

f o r  all real positive a. Thus

A ~ ~~
K TW . 

( A l l )

For the low pass filte r of Fi g A2-b the attenuation as a function of

radian f requency  is given by

l + W T 1 ~ 
V

H —
~~~ 

. (A 12 )
W l + ~JJ T~~ j

Substituting A w .  for  .~~ in(A 12)and substituting the result ing f ac to r  int o (A8),

solving fo r  A W ic 
and then  substituting Z ~ = (l+K

T T 
~ 

) / T  
~ 

and W n~ 
= K T / T  ~

in the solution we obtain
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( a )

(a) Low Pass Fit te r

R a l f T 1 S

~~~~~~~~~~~~~~~~~~~~~~ :~ 
T t R I C

= (R 1 F R~ )c

(b)

(b) Lag Network Low Pass Fflter

Hg.  A2
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I

A W i~ ~ ~~~~ 
{ 

12 ~ (-~ - 
a 

~ 
- 2 

( i i  
- . (A13)

W
For -j

~~ 
< <  ~ the te rm inside the b r a c e s  may be approximated by

T

+ .1~z ~~2 )2 + 1

By choosing the time constants T 1 and ~r ~ of Fig A2-b in a

suitable manne r , this c i rcu i t  can be made to approximate that of the in t eg ral

plus p ropo rtional filte r , K + K1
/ s .  This is t rue  provided r >> whe re

K T 
is the open loop DC gain.

For the integral plus proportional fi l te r , the f requency response

function is

{ l + W 3 9 1
2
~~~~~

H = 1  2
W I W -

Substituting thi s factor into(A8) we find that the capture range is given

approximately by

:~ 
~~~~~~~~~~~~~~~~~~~~~~~~~ 

+ 1  (A 14)

A2 .4 Closed Loop Noise Bandwidth

Two sided closed loop noise bandwidth is defined by

W L ~~ i 
d a  (A 15)

One sided noise bandwidth B L ~ W 1 .
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For the basic phase  lock io op ,  the  closed ioop phase t r ans fe r ratio

is g iven by

K i t ( s )
F ( s)  = 

a + K T
I I ( s )  

(Aló)

w h e r e  H(s )  is the low pass f i l t e r  t r a n s f e r funct ion  and K T 
is the open loop DC

gain.  The integral  in (A 15) may be evaluated by the method of complex r e s i d u e s

or by partial  f rac t ion  expansion if F(s)  is a rational funct ion.  A sho rt table of

in tegral  fo rms in the rational case is given in [5 6 ] ,  p. 135. Evaluation of (A 15)

fo r  four  type s of f i l t e r s  g ives  the following r e s ul t s :

i f ( s )  = 1 -~~ W
L 

= K
T /Z

-
I 1< w

I f ( s )  = — -4 W =
l + 1~~~s L 2 4 P

1+ 
~1 

K T
(
~t a + r ~ 

K
T

) / ~ ~ 2 + ~
H(s )  = 

~ + ~ 
. W L 

= 
2 T 

~ 
(K

T T ~ 
+ 1) ~ W

fl
(
\ 

f o r  T 1 >>

I f ( s )  
+ ~ 

~~ W~~ = + 
K

T T I 
= 

~ n ( ~ ~ ÷ 1)

A2 ., 5 Time to A c q u i r e  Synchronizat ion - For a second o r d er  loop with an

integral  plu8 proport ional  loop f i l te r  of the fo rm

,,

i f(s) ) (A17)-~ B

~~~~ ( 1 4 4 ~~~~\ 3  (~~f)2  
-- 

2~~~2 j~~f ) 2
r A f — ~ 4~~ \ 4~~ / 3 3 (A 18)

V L - fl

wh e r e  ~ f is the in i t ia l  o f fset  f r e q u e n c y  in H e r t z
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I

w (4 ~~2 +1)
B = ~ ( l + 4 ~~~~) =  ~~ 

8 
— = one sided loop noise bandwidth

L 4 r ~ --

~ is the loop damp ing ra t io ,

¶ = 2 
~ is the time cons tan t  of the loop f i l te r , and

rjj

is the undamped natural frequency of the second order loop.

Derivations of equation (A 18) can be found in Richrnan [55]

Lindsey [56] chapters 3, 4, and 10. Stiffle r ~57] chapter 5 derives (A18) but

states that there are no theoretical limits  on the capture range. It should be

observed fro~n (A)8) that the time needed to acqui re frequency synchronization

grows as the square of the initial frequency offset A 1~ 
This fact will be used to

obtain an expression for the frequency of the error signal as a function of time

• during the pull in process. Such an equation allows calculation of the buffe r size

requi red to hold all the bits slipped following a step transient in input frequency

to the PLL. After frequency synchronization has been obtained , some additional

time T4, is required to obtain phase lock. T4, can normally be approx imated by

T 
~ 

4 /B
L 

. (A19)

Since T
4 

is small in comparison to that needed for frequency synchronization

when Af is very lar
V
ge and no furthe r cycle s a re sl ipped, this term will norrr.ally

be neglected.

Example of time to acquire synchronization using (A18)

1 -8 - -

Let ~~ 
— -=  , and A~ 

10 f = .01544 Hz 
-

/2 o

- - 01544From (A 14) the capture range is ~ ~~~ ~~~W fl 1.55 X Z r .
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Therefore let us assume that w~~ . 0628 r a d/ s e c .  Then

B 
w~~(4 ~ + 1) . 0628 ~~~ — 033 HzL 8~~ 5 .6 56

and

r 2 
/ l+4~~ 2\

3 (Af)2 2 . 3 8 4 x l0 4
= — i  -

~ 4.16 x -

TAf 4 ~ \~ 4 
~ / B~~

3 
3 .696 x 10 5

= 26 .83  sec .

Actually, in orde r to f i l te r out link d i s tu rbances , a value of W on the order  of

• 5. 6 x 10~~ r ad /sec  would be required.  Thu s , reacquisition of synchronization

following the above step change in re fe rence  f re q u e n c y  would f i r s t  require a

• change in bandwidth of at least . 0 6 2 8/ 5 .  6x1 0 5 1121 time s that of the no rmal

tracking bandwith. Step changes in reference  oscillator f requency of the size

conside red in this example can be expect ed in a timing subsystem when switching

f rom one re ference  oscillato r to another or as a result of abnormal link dis turbances .

A2 .6 Frequency Acquis i t ion Techni ques

F rom the above examp le , it should be apparent that due to the size of

t r ans ien t s  and the requi red  loop time constants for  filte ring out normal link

dis turbances , some scheme is requi red for obtaining initial synchronization and

fo r  handling abnormal t r a n s i e n t s.  Three major  approaches  have been suggested

f o r  accomplishing this objective.  They are as follows:

1. Provide two filte r bandwidth s , a na r row  one for  tracking and a

much w i d e r  bandwidth f o r  initial acquisition.

2 . Use  a sweeping or search technique dur ing acquisition to force

the local VCO to approximate ly the co r r ec t  value pr ior  to final

acquis i t ion.

A-i l
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3. Use an extended range l inea r  phase detector  such as might be

provided by buffe r fill in o r d e r  to develop a large er ror  signal

that is proportional to the numbe r of bits slipped between the

local VCO and the input refe rence.

It may actually turn out that some combination of the above approache s is the

best solution for a p ar t icu la r  timing subsystem. The remainder of thi s section

will investigate the f i r s t  two approaches while the next section will consider the

third option.

A2 .6.l The Sweep Technique for  Acqui ring Synchroniz ation

Thi s technique consists of applying a sweep voltage directly to the

• VCO input and removing it as soon as frequency synchronization is detected.

It may be shown that if the sweep rate is greater  than the total DC gain of the

loop (K T). the system cannot lock onto the refe rence signal , but if the rate is

less than K T /Z . then lock can be obtained. At lowe r signal to noise ratios , the

sweep rate must be smalle r than for  the ideal rate , but for many practical

problems can be almost K T / Z .  For the sake of this discussion, let us assume

that a sweep rate of K T /4w is suitable . Then frequency acquisition time is

given by

4 I f  ________
= ~ 2 sec. (A20)

j 4 ~~ \ B 2
k 1 ÷ 4 ~~ 2) L

with ~ , A f . 01544 Hz and B L 
2.0833 x l0~~ Hz corresponding to

a time constant ¶ of 1 hour

T
A
’
f = 1.2573 x io

6 sec 14. 55 days .

-

- 

- Thus , it appears that the sweep technique alone is unsuitable for  acquiring

A-12
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k
synchroniza t ion  with bandwidths corresponding to t ime constants  on the o r d e r  of

- - -8
an h o u r  if the frequency offset is on the o r d e r  of 10 x f .  Comparison of

equation (A20) wi th  (A 18) ind ica tes  that  the sweep  techn ique  can become e f f e c t i v e  if

~ I t 4 ~~~ ~~L -

A2 .6 . 2 Two Bandwith A p p r o a c h

1~he amount that the loop bandwidth can be inc r eased  is  gene ra l l y

limited by noise cons idera t ions .  H owever , due to the ext remel y n a r r o w  t r acki ng

bandwidths b eing  considered and the high si gnal to noise rat ios that  can be

expec t . d f o r  a communica tion  network timing subsys tem, thi s may  not be a real

problem.  N e v e rt h e l e s s , the acquisition bandwidth must be g rea t  enoug h that the

rnaxiniurn input f r e q u e n c y  deviation f rom that  of the local VCO is within the PLL ’ s

c a p t u re  range if thi s method is to be success fu l .  From (AlO ) , (A 13) . or  (A 14 ) .

depend ing  on the loop f i l t e r  chosen , we may choose values for  ‘:losed loop

p a r a m e te r s w and ~ which will insu re  that the PPL will acqu i re  s y n c h r o ni z a t i on

fo r a g iven r e f e ren c e  f r e q u e n c y  of f se t .  Fi g A3 shows T 
~~

, w and b i ts  sli pped

d u r i n g  f r e quency  acqui s i t ion  ve r sus  ~ when the loop p a r am e t e r s  are  ad j u s t e d

f o r  a cap tu re  value of ~ f S x 10
8 

x f = . 0772 Hz f or  the in tegra l  p lus propor-

t i o r ia l  f i lt e r .  From thi s f i g ur e , it may be observe d that the bandwith r e qu i r e d

by c a p t u r e  equations (A8) and (A 14) is probabl y l a r g e r  than  ac tual ly r e q u i re d  f o r

a c q u i s i t i o n  since u n d e r  this  condition no bits will be sli pped fo r  ~ < 1 . 5 .

An implementation problem for an automatic two-bandwidth approach

is  t o  d ev i s e  a mechan i sm which d e t e r m i n e s  when to switch f r o m  t r a c k i n g  loop

param eters to acquisition parameters and vice-versa. Basicall y ,  t his  r e d u c e s

t o  d e t .  rinining th~ state of the VCO erro r voltage , i.e. , whethe r it is at stead y

s ta te  d . c or r e sp o n d i n g  to a locked state o r  has  an ac component c o r r e s p o n d i n g

to au ~t c q i i i s i t i o f l  s ta te .  This will be pu r s u e d  f u r t h e r  f o r  the extended range

l in e a r  d t - t e~~tor .

A- 13
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Fig. A3 T f . T~~, w~ and bits slipped v e r s u s  ~ with loop bandwidth

adjusted to capture value fo r  A~ = 5x10 8x f  with in tegralr.
plus proport ional  f i l ter .
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F rom Fi g. A3 it is observed that for  ~ = 4 , w ~ .057  r a d/ s  if

the loop is to capture  f rom an input f r e q u e n c y  o f f se t  of . 0772 Hz . In o r d e r  to

adequately filte r out dail y va riations in link propagat ion delays in a long chain

of timing nodes , a value for  w~ on the o r d e r  of 5 .6  x 10 r a d/ s  and ~ = 4

is requ i red .  Thus,  in o r d e r  to be within th , capture  range with an o f f se t  of

5 x l0~~ x f , 
~ 

must  be increased  by a factor  of approximately l0~ if the same

damping ratio is ma in ta ined .

A2.7 N u.mbe r of Bits for  Non-L inea r  Model Pul l in Strateg ies

A2.7 .1 N atu ra l  Pull in

If we assume that the f requency  d i f f e r ence  remained at the initial

diffe rence du ring the enti re  t r ans ien t , i . e . ,  numbe r of bits = NB A f .  T 1.

Then our  e stimate would be too large because the local VCO f requency  beg ins

to be pulled toward the input refe rence signal as soon as the t ransient  beg ins.

The rate at which the f r e q u e n c y  changes  accele ra tes  dur ing  the pull in period

as is  ev idenced by the fact  that T f is  proport ional  to (~~f ) 2  . Conversely,

if we assume that NB 1/2 ~ f . T then our es t imate  woul d be too small .
M

For example , if it takes  T
A f  

seconds to ach ieve  f r e q u e n c y  synchronizat ion

‘

V when the initial f r e q u e n c y  o f f se t  is A f  and pull in time is proportional to

• ( o f ) 2  then the time required to pull in f rom 1/2 ~ f is 1/4 T f . Thus the

time requi red to go f rom ~~ to 1/2 ~ f is 3/4  T . We may then wr i t e

T~~f 
- t ~ (~~f ( t ) ) 2  (A2~ )

where  C) is a constant of proportionality.  Then

A- 15
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~ f(t ) - /V

~~~~~~~~~~~~~~ 

T 
-

, 

(A22)

NB = f  ~ f(t )d t  = J ~ f i A 1 dt
0 0 -I ~)

making a change of var iable  y T
01

-t , - d y = dt

T L. 3/2  T 3/ i
( of 

_ _ _ _ _  _ _ _ _ _ _ _  

T
0f

NB = J ~ ~ç—~ 
d 

~~ 
= 

T 

—

~~~~~~~~

. T~~1
. ~ 1 (A23)

A2.7.2 Sweep Assisted

If a sweep voltage is applied that results in a f requency  change

rate that is as high as the PLL can lock to as the phase detector output signal

f requency passes throug h zero , then we may assume that the average f requency

of the e r ro r signal over the acquisition period is ~ ~ f .  In this case

NB = 
~~ ~ f . T 1 

(A24)

A3 Linear  Model With Extended Range Phase Detecto r

A3. 1 Development of the Model and Its Solution

A l inear  model for  the PLL may be obtained by using an extended

range phase detector  such as buffe r fil l  or an up-down counte r provided the

buffe r or counte r is  chosen  l a r g e  enoug h to hold the la rges t  t ransient .  Thi s

will be assumed fo r  the following anal ysis .  Un d e r  thi s assumption , the objective

A- 16
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is to determine the time requi red to obtain synchron iza t ion  and the amount of

buffering required when a step diffe rence in frequency ~~ is applied at the

input.

A3. 1.1 Phase E r r o r  Equation

Using the second o rde r  loop shown in Fig A4 with a propo rtional

plus integral filte r we may obtain

Bf
( 9 )  1 

- 
1

F.( s )  
- 

s + K  K H (s )  
— 

s + K  l + T t s
D V  T

S

a - (A25)
S + K Ti t 8 + K T

where  K
T 

= K
B

K
V 

and ~ is the time constant of the f i l ter .

Thus ,

s F .( s )
B f

( S )  = 
8 2 +l Fw

n
s + W n

2 (A26)

where = and ~ (‘r t ”[i~ ) / Z

Now le tt ing F (s )  co r r espond to a step function of magnitude ~
f starting at

time t 0  we obtain

Bf
( B) = 2 + 2 W n + ~~~~ 

(A27)

The poles of this funct ion a re

8 -~~w ~ w J~~ 2 . .l
n n -
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Fig. M 
PLL With Extended Range Linear Phase Detector
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The following is noted -

( 1) ! > 1, both poles a re  negat ive  and real .

(2)  ~ = 1, the polee are equal , negat ive , and real (s -

(3 )  0 < ~ < 1, the poles a re  complex conjugates  with negative real

parts  (s - 

~ 
± 

~ 
-Jl - 

~~~~~ 
).

(4) ~ = 0 , the poles are imag inary  and complex conjugates

(5)  ~ < 0 , the poles are  in the ri ght half of the s plane.

Cases (4) and (5) a re  oscillatory or unstable and will not be considered fu r ther .

For case (1) the solution is

Of - a t  - b t
bf

(t) = b-a (e - e ) (A28 )

Whe re a - w ( ~ + J ~~ 2 _ l )  , b~~ w~(~ _ .J~~ 2 _ l )

For case (2 )  the solution is

b f
(t)  0 f t e  ~ n (A29)

For case (3) the solution is

b (t) e ~ 
~~~~ t (A30)f W d d

where w d W n ~[l -

A3 .1.2 Output Frequency Equation 
V

F rom Fi g A4

A-I 9
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F ( s )  K K H ( s )

F1
(s )  

= 
e + K B

K V
H ( s )  

(A31)

For the integral plus proportional filte r

F ( s )  K T
(l + ~ ~ a)  K T

(l + ¶ ~ a)

F . ( s)  s
~~

+K T
.r ,~

s + K T 
8 a +z ~~~w 8 ÷ w 2 (A32)

where K T . ¶ ~~ ~~~ , and W~~ 
are  the same as in (A25) and (A26) . Letting

F .( s )  be a step of magnitude ~ f at time t 0  we obtain

ti f K
T

( l+ .r l S)
F ( s)  2 2 

V

o s(s + 2  ~ w s +w

2 l A f w ~~~
= s(s 3 +2~~~ s + W  3) + 

~
2 +2~~~ S + W 

2 (A33)
n ~ n n

The corresponding time domain equations are as fol lows:

> 1, f (t )  t~ t l  ~if~~ - 1  ~~ +~~~~~~~~~) e ~~ ~~~~~ ~
l ) W n

t

- (~ -~~~~~~~l ) e~~~ 
-~~~~~ -l  ) a tJ~ (A~~ )

I , f ( t)  = ~ f 
11  

w fl~ + ~~~ e
~~n 1  (A35)

0 < < 1 , f (t) = ~ f~~1 + e ~ ~~~~ 
1 2  ~~ 

sin w dt - sin(
~~dt + 4 ) ]

}

where  W d w~ ~Jl  - ~~ and 4 = cos ’ 
~ (A36 )

A-20 V

_ V _

.

_ i_



~ --—~ - --_--- - - -  ~~~~~— - _ - V - V V  V~~~~~~~~ V~~~~~~

.A3.2 Time of Peak Phase E r r o r

In orde r to determine the time t cor responding  to the maximum

value of bf
(t)  we take the der ivat ive  of b1

(t)  and set equal to zero  and solve

f o r  t . Thus we obtain:
m

I a
> 1 , t z 

—i L n ( — ~-)  (A37)

where  a w ( ~~~+~~~~
2 1 )  and b w ( ~~~-J~~~ - l )

E 1 , t (A38)
m w n

0 < g < 1 , t cO8 (~~) (A39)
m W d

where  W d 
F 2

A.3 .3 Peak Phase E r r o r

Substi tuting (A37), (A38) and (A39) into (A28), (A29) and (A30)

respec tivel y we obtain peak phase e r r o rs :

a b

- ~ f 1 a~~~b-. a a~~~1~-a
~ > 1 b 1( t )  - b- a b ) 

- ( b ) 
- 

(A40)

where a w ( ~~~+ f ~~~~ 1 ) afld b w ( F . J~~~~~l )

= 1 b (t ) - (A4 1)

0 <  ~ < 1  b1( t )  e~~~~ 
cos~~~~)/ ~~l -  ~~2 

(A42 )
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S

k

- A3.4 Settling Time

The time to settle following a step change in input r e f e r e n c e  f r e qu e n c y

may be convenientl y de f ined  as the t ime  at which the t r a n s i e n t  has died to wi th in

some fractional par t  p of its peak value. In practical situations p is often

chosen as . 01. The desired relations are  as follows:

> ~~~~ , 

- a t 5 - e~~~~
t 8 � p~~(~~~

)
b~ a 

- (
a

)
b

~ a 1 ( A 4 3

where a w ( ~~~+~ /~~~ - l )  and b w ( ~~~~ f~ 2 _ l )

-~~~t p 1 -

1 ~~~t
5 

e n S , t > ~~~~~~~~ (A44)

0 < ~ < 1 , e ~ ~~n~s siflw
d

t
s 

� p ~~~~~~~~~ ~~ cos~~~~~/~~~~~~ (A45) 
-

For ~ ~~. I , the equations a r e  not readi l y solved b y al g e b r a i c  me thods .

V However , simple plots of the left hand s ides  provide answers  for  pa r t i cu la r  cases .

- For  ~ > 1.8 the ra t io  of the two pole s is > 10. Hence , in thi s case the left  side
- 

of (A43) can be approx imated  by the dominant  pole t e rm , e. g. the t e r m  in v o l v i n g

the smalle r of a and b . For 0 < ~ < 1, the s inusoida l  f ac to r  on the lef t  s ide

of (A45) can be igno red  (approximated  by its peak v a l u e ) ,  t he reby a p p r o x i m a t i n g

the response  by the exponential ly clamped envelope .

A3.5 Time Of Peak Output F r e qu e n c y

D i f f e r en t i a t i n g  equations (A34 ) - (A36) and set t ing equal  to z e r o  and

solvi n g fo r  t we find that the time of peak f r e qu e n c y ,  t 1
, is given as fo l lows:

r
- 
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> 1 , t 1 
Lu (

~~~~ s~~~~~~~~ 1 )  (A46 )

~~= l , t (A47)
- p f w

0 < ~ < , ~~~~~~ 

~~~~~~~~~~~~~~~ 

2 t an~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~ 

) . (A48)

A3.6 Peak Output  F requency

•1

Subsitut ing (A46 ) - (A48) into (A34 ) - (A36 ) respectivel y , we find that

peak output f r equency  (f ) is as fol lows:
O~~ Z a w Ii

~ > 1, f ~~f ~~l + ~~~ a( ~~~ ) 
b-a 

b (
a

) 
b-a 

~ 
} (A49 )

w h e re  a U J (~~~ + ./~~~~
1 )  and

= 1 . f = 
~~~

f ( l + e
2 ) ~ 1. 135335 ~ f (A50)

0 < ~ < i , I = ~ f ~~l 
~~~~7{

-

~~~~~~ 

c 
- 

sin $~~~~~~~~~~
2 c08 (A5~~~~

-l
~~~ wh e r e  tan

A3 . 7 E~~an~p le of Set t l ing  Tim e ( L i n e ar  Model )

et~~~~~ 4 , ~~~~= S . 6 X l O , A f = 5 x l 0 x f 0
_ . O77Z l

~
z P a P

From ( A 3 7 )  t —

in a -b  b

a = 5 . 6  

~ 
~~~ (4 + ~~~~~) = 4. 4088 x IO~~

b 5 . 6 x l 0 (4~~~~~~~ )~~~7.1 l29 x lO

H 
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f

b-a = -4 . 3 3 7 7  x l0~~ , a/ b  61.98

then t = 9514 sec
in

From (A4 0) peak phase e r r o r  is

b (1 ) = 163.6 bits
f i n

Using  (A43)  and app roximat ing the le f t  hand side b y the dominant pole ,

t � 6592 79  seconds .
S

F rom thi s example , it is evident that the system will not acqu ir e

sync hronization very  quickl y with the t racking loop p a ramete r s  designed to

fil te r out dail y path de lay  va r i a t ions .  Thus , an invest igat ion of a two bandwidth

scheme fo r  the linear model will be made next .

A3.8 Two Bandwidth Linear Model

A 3 . 8 .1  Motivation

In o r d e r  to reduce buffe r size using the linear model , two band-

widths may  be p rov ided . one for  normal  t racking and one f or fast  acquisit ion.

In the normal t r a c kin g  n ode each  node should t r a c k  the long te rm average of

the incoming f r e q u e n c , ,  but f i l t e r  out no rmal link pe r turbat ions  and clock

j i t t e r s .  It s also d e s i r a b i t -  to provide the capabil i ty of flywheeling th roug h

short link outa ges without  sli pping bits .  The purp o se  of the fast acquisition

modc is to quickl y a cqu i r e  synchronization following large abrupt cha nges in

input f r e qu e n c y  such aB du ring  initi al sys tem s tartup or following fa ilures in

which a new re fe  renc ’-  mus t  be obtained. Once the phase lock loop parameters

have  be en ch osen to accomplish the above system dynamics , the task the n

become s  one of d - t c r m i n i n g  c r i ter ia  for  switching f rom the t racking mode to

the  f a s t  acquisi t ion  mode and v i c e - v e r s a .

A-24
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A3.8.2 A Simp le Mode Switching Techni que

A simp le techni que for accom plishing the mode switching task is to switch from

norma l tracking to fast acquis ition as soon as phase error exceeds some threshold amount 
~th

w hich is above that which con be expected for normal link perturbations and c lock j i t te r and

drifts , and to switc h from fast acquisi tion mode to normal tracking mode after having been in

fast acquisition mode for an interval of time Tf 
sufficient to reduce frequency offset ~o w it hin

a specified tolerance . T f is determined by the acquisit ion mode loop time constants and by

the amp litude of the initial frequency and phase error. The fo llowing anal ysis is made to

determine suitab le values of 
~th and T f .

S tudy line of sight and cable link pertur bations and clock dri fts indicate that the

com bined equivalent normal maximum frequency offsets under normal tracking conditions shoula

be less than 5 x 10~~~ x f. Scaling from exam ple A3.7, th is corresponds to a peak buffe r fill of

1 .09 ps . For larg e short term variations such as w i th tropo , max imum propagation time variation

may be as much as 3.3 ns/mile over a 1 minute interval. For such a short time the loop wi l l  not

respond, so a phase error w ill result. A 300-mile link would then give a tota l time variation of

0.99 is , wh ich would result in 0.99 x 1 .544 = 1.53 bits . A 400-mile link would result in

1.32 ~is. Ex pected maximum tropo link distances are 300 mfles . Norma) satell ite variation

shoul d result in an approximate ly 8.42 psdail y variation clock , but it wi l l  be assumed that

tec hniques are avai lable for removing all but about 1 percent of this variation . Thus , timing

networ k nodes connected to satellite links can expect to see a dail y variation of approximate ly

±8.42 .is variat ion 1.544 Mb/s rate when referenced to the input frequency . If it is assumed

that th is accumulation of phase error occurs at a constant ra te over a 12-hour period , then the

equivalent f requency offset is 1 .95 parts in 10
10
.

C
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This imp lies an instobilit y o f s = 3.009 x 10~~/1 .544 x 10
6 1 .9488 x 10~~~.

Thus , the peak phase error wou ld be less than .673 bits. If the accumulation is over a 4 hour

perio d rather than 12 , then the equivalent instabilit y is 5. 85 x 10 
10 which resu lts in a pea k

phase error of 1 .98 bits .

A3.8.3 Buffe r Fill In Fast Response Mode With N o n - Ze r o  Initial Phase Er r o r

When swi tching f rom the normal tracking mode to the fast  acquisition

mode , af te r  a phase e r ro r  b has been built up following a step change in

frequency ~ f , the response is not the same as it would be with zero phase e r r o r .

In this case

s(F , ( s )  — b ) ~ f - sb

- 
B
f
(5) 

a2 +‘z~~~~~-~~~ 
= 

~~ 4-Z~~ W s + W (A52)

and

b
f
(t) = ~~ e~ ~~~~ sin w ~ t - (a-b) ( a c at

~ b c ~~~~~~
t

) (A5~~

where W d = ~~~~J l~~~
2

a = (~~ +.‘J~~2 _ l ) w

and b = (~ 
- \J ~j 2  

~
l)W n

For ~ l/’JT~ thi s becomes

bf
(t) = ~ ~~~~ gi riw dt + b [c  

- 

~~~~ (~ in~~~~ t - COB w~~t )j  (A54)
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F rom this equation it shoul d be observed that the initial buffe r offset  is

exponentially damped with time constant 1/ 
~ W n which is the same as that

for  the initial f r equency  offset .

A3.8.4 Frequency In Fast Response Mode With Non-Zero Initial Phase E r r o r

In the case of non zero initial phase e r ro r  upon switching to the

fast  acquisi t ion mode , we have

2~~w s + ~~~~
a

F (s )  (F .( s )  - b )  x 
+~~~~~uj 5 + w~~

2 (A55)

Letting f . (t) be a step of amplitude ~ f beg inning at t 0

a
F ( s)  = 

(
~~~~-L - b )  ~ (A56 )

For ~ < 1  and 6 -l

Z ~ w A f  
- ~ w nt + ~ 1w ~~ [ 

I 
- 

1 - ~w~t 8j (  t+~~~)if ( t )  = ~~~ n uj dw u n n

- 2 ~ w b  € 
- ~~W~~t 

~ cos 8w t - f s in B w t]

w 2 b  
- t . 

(A57)
H . 

- — 11 sinw t 
-

H ~ d d

where  W d 
= 

V
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In case = l/’[i this reduces to

1(t) A t  { 1 + € 
- 

~~W t  [ . 
- c~~s

- 2 ~~~~~ £ 
- 

~~~~~ C05 ~~~~~ (A58)

F rom (A58) if A f  is equal to io 8 
x 1~ = . 01544 , ~ = . 707 , and W . 014 ,

then the t ransient  due to the initial f requency offset  has an initial amplitude

of io~~ while that due to the initial phase offset  has initial amplitude of . 02 b

A3.8.5 Strategy for  Changing Loop Parameters

Each node will normally be in its t racking mode , but if phase e r r o r

exceed s 
~ th then the node shall automatically switch to its fast  acquisition mode

and remain so for  a pe riod of time T1 suff ic ient  to reduce the frequency e r r o r

to less than or equal to 1% of the initial f r e q u e n cy  o f f s e t .  A f t e r  thi s elapsed

period of time , T
fa the node will automatically switch back to its normal

t rack ing  mode.

As already observed, the phase error in the normal tracking mode due to norma l

link pertur bations or oscil lato r drifts should be no greater than 1.3 is. Thus , a threshold of 
~ th

= 2 ps is adequate for switching from normal tracking to fast acquisition mode . In this

case , the initial amp litude of the transient due to the initial phase offset in equation (A58)

V may be obtained from (A58) as follows:

r
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—

k

Z
~~~uJ n

b
o £ ~~~~ T

1 ~ .O l x A f

Ln ( 2  ~ w b / . 0 1  x A f )
or T � — 

f l  0
ía ~ w (A59 )

- n

with ~ = . 707 , w = . 014 and 4) = b 3n th o

Ln(384. 72 )
Tfa 

� 
. 0099 = 601 .26 sec. (A60~

A3.9 Comparison Between Linear and Non Linear  Models

In o rder  to get a comparison between the acquisition time of the

linear model and that of the non linear sinusoidal model , we must choose the

same paramete r s  as are  shown in Fi g. A3, i . e . ,  we must choose loop para-

mete rs  to coincide with those required at the capture point of the non l inear

model. Although , as d iscussed in A3.8 .5 , the l inear  model would actuall y

star t  its acquisition process  with a non zero  initial phase e r r o r , a better

comparison between the two can be obtained if it is assumed that the initial

phase e r r o r  is zero.  In this comparison , the settling time for  the l inear model

will be taken to be that value of time for  which the phase e r r o r  has settled to

less  than .01 times the peak e r r o r .  The re sults for the linear model are shown in
t

Fig A5. F rom thi s fi g u r e  we note that the f a s t e s t  settling time o c c u r s  at = . 707

but that the re is little diffe rence in this paramete r for ~ between . 4 and 1. Also ,

the peak phase e r r o r  neve r exceeds about 600
. Thi s correspond s to no cycles

slipped in the non l inear  one cyc le  phase detector  case. On the othe r hand , f r o m

Fi g A3 the non l i nea r  model slips cycle s for  P~ > I . S with about 15 cycles being

sli pped at the ~ 6 point . The ratio of the settling time of the l inear model to

the f requency  acquisi t ion t ime for  the non l inear  model varies  f rom approximately
t
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= 

I 4 4~f4m~ ~ 1 
~~ 1 

— Jt settl ing time
B

H ~ time of peak phase e rro r  - 

: - -

bf (t m ) =  peak phase e r r o r  V

= undamped natu ral f requency  
V

= damping ratio

~ f = magnitude of re4 eren ce  f requency . -

change 5x 10 x f  = . 0772 Hz 
-

- l000s ~ 1 ,-lt; lOs

- 
~~~~~~

¶

t w - b  t
8 n f n-s

I.OOs r .1 r i  ~~~ ls

- - - - - -  

V

~~ t )  - r

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - V f ~
- :  
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0 . 1 1 
- 

10 
-

Fi g. A5 Response  of ~ f of second o r d e r  PLL using in tegra l  p lus
proportional filte r with extended range l inear phase d e t e c t o r .
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8 at ~ .4  to 5 at ~ = 6. Howeve r, settling time includes part of the corres-

pondi ng phase acqui sit ion process  of the non l i n e a r  model . If phase acqu i s i tion

time of T 4 / B  is added to T the rat io t / ( T  4- T ) becomes about
4, L s ‘~f 4)

1.4 at ~ = .4  and 5 at ~~, = 6. It has been sugges ted  that  the point in t ime ,

at which the peak phase error occurs in the linear model is more c losel y

analogous to f requency  acquisition time , T f~ of the non l inear  model than  is

settling time , t .  The reason for thi s is that the point of peak phase e r r o r  is th e

time at which the f requency of the VCO is f i r s t  equal to the r e fe rence  f re q u e n c y

following the step change in re.ference. Thi s is easily shown by subs t i tu t ing

equations (A37), (A38), and (A39 ) into (A34), (A35), and (A36 ) re spect ive l y.

The va l ues of t are shown plotted in Fig. A5 .  A normal ized plot of output

f requency  versus  w~~t in shown in Fig. A6 . From the curve s plotted in thi s

f i g u r e  we see that the above argument is approximately correc t  for  la rge ~ but

less cor rec t  fo r  small ~~~. The output f requency  cu rves  rise ra ther  rap idl y

toward the new refe rence frequency line , cross the line , and then settle at a much

slowe r rate to the new frequency.  For ~ � 1 the output f r equency  curve  c r osse s

the re ference  line , peaks above the line and then aet t les  asymptoticall y to the

r e f e r e n c e .  For 0 < < 1, the peak occurs  between the f ir s t  and second c r o s s i n g

but c rosses  repeatedl y the rea f t e r  with exponentional damp ing. From these  c u r v e s

we conclude that a better measure  of f requency  acquisit ion time for  the l inear

model  is that time , t , required to bring the output f r equency  to within some

small fract ion ~ of t u e  r ef e rence  change A f .  If ~ is la rge  for  all F under

considera t ion , then the rise time constants dete rmine t .  If ~ is small for all

~ 
under  consideration , then the fall time constants determine t .  Howeve r , if ~.

is  em ail for  some values  of ! under  considerat ion but large  for  others . then a

m i x t u r e  of r i se  and f a l l  time constants dete rmine  t ove r the range of ! ‘ a .  For

example,  if ~ . 01 then for  the (w e. ~ ) pa i r s  required  at the capture point of the

non l inea r  one cycle phase detector  with A f  = x 10
8

x I . 0772 Hz , the following

resu1t~ a re  obtained :
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. 4  .4 15 11 ZL . ~1

.70 7 . 286 5 . 5  19 . 2 3

I .Z 2 0 £ .2 5  2 8 .4~
2 . 113 7. 5 . 37

3 . 07 5 f- . 5 F~t~ t 7

5 . 045 .45  10 . 0

Tht ~se resul ts i3how that fo r  ~ 5 the peak overshoot  and hence , the enti re

P fal l  time is within the ~ tolerance chosen. However , thi s doe s not ind ica te

any ~au1t in the choice of 
~~

. Fi g u r e  A7 s h o w s  a p l o t  o f  out p ut !r c q u enL v
w i t h  an m i t  ~ a l  p hase  o f f s e t .  N g u r e  A8 and  F i gu re  A9 s l i u w  o u t p u t

p h a s e  w i t h  ~ ii i t i u  I f r e q u e n c y  o f f s e t  and p has e e r r o r  r e s p e c t  i ~c l y

t o r  t h e  l i f le a r  niode 1.
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APPENDIX B

SURVIVABILITY ANALYSIS

The details of a surviviabilit y ana lys is discussed in Paragrap h 8.1 are presented in

this section . The purposes of the anal ys is we re twofold. First , the advantages obtained by

using a disci plined timing techni que over the independent cloc k approach is shown . Of course ,

the independent clock approach has an average time between sli ps of

Ts = B/~ . ( B.] )

Secondl y, t he performance imp rovement of using on adaptive timing distribution network over

the fixed approach is demonstrated .

The performance of several approaches for imp lement ing a disci plined timing

distributk’n system wi ll be evaluated . Theparameter B/~ is considered to be one of the

fundamental desi gn parameter for each of these approaches . In this case B is the buffer size ,

and the clock offset , ~~~, refers to the offset between any two nodal clocks that wil l  occur if

they lose t heir references . Normall y, all nodes w ill be phase— locked to a common reference.

Sli ps w ill not occur in this case . The onl y t ime t L.at sl ips w ill occur is when one or both of

the nodes loses its reference and has to run “as ynchronousl y. ” A good disci plined approach

w ill attempt to minimize the product of the amount of time any node must run asynchronousl y

and the offset , i~, t hat wi l l  occur during this time .

The first approach to be considered is the use of a fixed timing distribution

networ k . That is , even though eac h node may have several links over which it is communi—

- - i t in~~, it -~,ill onl y have one link from which it may derive a reference. If that reference is

- - - ‘,~ ~kp node must run async hronousl y. This approocl’~ w ill have the poorest performance in

- -, rni n m iz in g  the amount of time each node must run asynchronousl y. The performance

• j . pendent on topology of the network. Because of this~
, comp letel y general results

- . ,t~~~ned . However , by assum ing a specific topology t hat can be anal yzed, one

- i ’ ‘ -  at inaicated the important characteristics of this approach. The topology

•he ‘starre d polygon ” w ith connectivity 4. This topology for an 8 node

- - - - F ~ure B .1 . Node 1 is the master , and timing is distributed via the routes

B—2

_ _ _ _ _ _ _ _ _  - 

- 
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Figure B.1. Starred Polygon With Connectivity of 4 and 8 Nodes

indicated by the arrows. Note that there are four independent timing chains that distribute

timing (1—2—4; 1—3; 1—7— 5; 1—8— 6).

For convenience in anal ysis , we w ill assume that the number of nodes is a mul—

tiple of 4, i.e., m — 4k. We wil l  first calculate the average fraction of communicating

node pairs that are communicating asynchronousl y. Note from the manner in which timing is

distributed that each timing chain contains onl y odd—numbered nodes or even-numbered no~e~~
(other than the master). Thus , Node i is always synchronous with Node i—2 or Node i+2

if those links are operational since they are in the same timing chain. However , Node i con

commun icate asynchronousl y w ith Node i—i if the link from i to i— ] is operational and there

is an outage in the timing chains from Node 1 to Node i or from Node 1 to Node i-i (assume

i � 2k+1). There are a total of i— i links on these two chains. Then the probability that Nodes

i and i—i are communicating asyu.hronous l y as a function of the probabilit y of link outage ,

is

Pr(i to i-i asynchronous) = (~
_
~e) [ 1_ ( 1_ P e) 1 (B 2)

There are 2m links and of these , an average of 2m (1 Pe) is operational.

Since the network is symmetrical , the average fraction of communicating nodes

pa irs that are asynchronous may be calculated by summing twice the contribution s over half

- , 
the network (i”~3, 2k+1) and adding in the contributions from the links connecting the two

halves (Link 2 to 4k and Link 2k to 2k+2) . This fraction

= ..L [pc] _p)2k p3 f 2 p2 +p] 
V

B—3
4.-
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is then given by

2k -f l [ i — I
F = (1~~~) ~ac 2m(1 — p) i 3

+ {i~~(1~~p)2~ + ~ l ( l ~~p)2k]
]

___ 2 k + 1  2 k — p 3
— 

Bkp 2(1 — 
~

) -r (l —

+ (4k+3)p-2 . (B.3)

The examp le just anal yzed hod only one re ference per node with no alternate

references availab’e. We can improve the performance significantl y by using alternate

references. The simp lest case is to have one fixed alternate reference per node. Thus ,

if the link supplying the pr imary reference fai ls , then the timing subsystem wi ll use the

a lternate reference. If both of these references fail , then the nodal clock must run asyn—

• chronously. Note that this timing distribution network cannot adaptivel y reorganize to

ach ieve the optimum configuration . The “starred pol ygon topology ” w ill again be used in

the analys is.

The network topolog y show n in Figure B.] is assumed. The primary reference for

each node is shown in this fi gure , i.e., for right half of the network Node i obtains its

primary reference from Node i—2 . We wi l l  assume that Node i obtains its alternate reference

from Node i— I in the right half of the network and from Node i+1 in the left half of the

network .
41

Aga in since the network is symmetrical we wi l l  treat just the right hal f . When

Nodes i and i— 2 are communicating it is always synchronousl y s ince this link is the first choice

of Node i with which to derive a reference. Node i communicates asynchronousl y with Node

i- i onl y when Node i is deriving its reference from Node i—2 , (i.e., both Links i t o  i— I and

i to i—2 are operational) and Nodes i—I and i-2 are asynchronous . Proceeding back toward

the master we find that Nodes i— i and i—2 are asynchronous if both Links i— i to i—3 and i—I

to i— 2 are down or if Link i— i to i—3 is operational and Nodes i—2 and i-3 are asynchronous ,
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etc . Then for loige m (ignoring end effec ts ) the probabilit y that Nodes i and i-i ore corn-

V municoting asynchronousl y is

Pr ( i t o  i—i asynchronous)

(1 - p2) [ p2 + ( l _~ ) [~~2 + ( 1 )  [~
2 ..

~2 (J ...~ )2 
~~ (J _~ )k

p(l-p)2 [~ ~ (J- P)~~2] (B.4)

Then as before the fraction of nodes communicating asynchronousl y is obtained

by summing over all links and is given by

2k+1

F 2
OC 2m( 1—p )

(1-p) 
[(2k~~1)P ~( 1~ P

3 
+ ( 1 )  2k+2] . (B .5)

If Equation (B.5) is expanded in powers of p we find that the leading term is

[
(2k2 

+ 3k—2)/4k] p2. This is consistent with the approach of having two available

references per node. Then two link outages can cause a node to lose its reference to the

master and become asynchronous with respect to the rest of the network . This term gives

the asymptotic behavior of F0~ 
for small p. In additi on, for small p and large k, Fac t~ p2/2.

The fraction of communicating node pairs that are asynchronous is plotted in

Figure B.2 as a function of p, the link outage probability for networks with 20 and 80

nodes (m = 20 and 80). As one would expect , the performance degrades as the number

of nodes in the network increases because the connectivity of the network is fixed (equal

to 4) and thus the length of the timing chains wil l  grow giving a higher probability that

any cha in will be disrupted due to link failures. This effect is more pronounced in the case

w here no alternate reference is available. However , the worst—case values of Fac are not

* to different for m 20 and m 80.
‘P
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These results con be related to sli p rote by observing that the onl y t ime a node

exper iences a sli p is when it is communicating asynchronousl y w ith another node. In this

case the t ime between sli ps is B/6 . Then the average time between sli ps at eac h node in the

- 
network may be est imated as

= B/~ Fac (8.6)

This quantity is plotted in Fi gure B.3 for m = 20. Note that the performance is better than

the independent clock technique for the same value of B/~ at all vaules of p. We also note

that if one alternate reference is used, the value of B/~ can be reduced to one—fifth that of

the independent clock technique and stil l maintain better performance over all values of p.

Although these results indicate that some performance improvements may be

obtained by using one or more fixed references in a master-slave manner , these improvments

are not that great when the link outage probability is high because the t iming distribution

network is disrupted so frequentl y. This is the reason that master—slave systems have been

frequentl y cr iticized because of poor survivability . However , one can make an additional

improvement in a master-slave system by giving it the capability of adaptivel y reconfigur ing

the t iming distribution network as link outages occur . This approach has the properties that:

1. All communicating nodes are synchronous in the steady state (after a suffi-

c ientl y long period following the last faiiure).

2. The onl y t ime a nodal clock wi l l  act as a se lf—reference is while the timing

distribution network is being reconfigured (which is a relativel y short

period of time).

This approach has a very high degree of survivability . The system can be desi gned so that

no sli ps occur in the stead y state. The only t ime sli ps can occur is during the transients

assoc iated with reconfi gur ing the network. Obviousl y, one of these transients occurs every

t ime an outage occurs. In the following anal ysis the average time between sli ps wil l  be

calcu lated as a function of the rate at which link outages are occurr ing .
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Let T represent the time required to reconfi gure the timing network (a function
of topology) and T * represent the t ime required to bring the nodal clocks back into loc k

after the timing network is reestablished . The average length of time a link is operational

before a failure is denoted by 1/A (second), and the average link outage time is denoted by

l/F~ 
(second). Then the probability of a link outage is

2p = 
A + ~~i (B.7)

Each node needs a reference , a significant fraction of the total time while the network is
under stress if sli ps are to be avoided . If the nodal clock can act as a self—reference for at

most T seconds (T = B/s) without a sli p (or buffer overf low), then w ithin T seconds of a
failure , the nodal cloc k needs to acqui re a reference for long enough (T * seconds) to allow
resynchron ization . Thus, after a failure a total of x = r+ r 4. seconds with no failures is
requ ired to allowall nodes affected by the failure to select a new reference and resynchronize.

The x failure—free seconds must occur within I seconds of the failure or sli ps w ill occur. V

It would be desirable to analytically determine the average time between sli ps as a function
of T, x, A ,  and p, but this is a very unwieldyanalyt ical problem . However, we can make
some rough est imates that wi l l  illustrate the important trade—off s .

To simp lif y the anal ys is the link up times wil l  be considered to be exponentiall y
dktr ibuted, i.e .,

p(t ) = A e A t  . (8.8)

Then the probability that any spec ific link foils during the interval (0, x) is

Pr (link fail ure) ‘- Pf

=

-- 1 - e  
(B.9)

N
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The probabilit y that t here are no link failures in k operational link in (0, x ) is

Pr (no failures in k links) (1_~~f )k

e
_
~
(X  x (B.10)

Finall y, the probability that there are one or more failures in k links is

— k A xPr (one or more failures) 1 — e . (8 .11)

Wewi l lnow proceed through a relativel y crude ana lys is to demonstrate that

w ith an adaptive timing distribution network approach very high failure rates must be experi-

enced before there is any chance of sli ps. A specific network topology is not used . We wi l l

only make assumptions about the length of the timing chains. It wi l l  be assumed in this anal ys is

that the timing chain between any node and its master has k links. Then Equation (8.11) gives

the probabilit y that a failure occurs in the timing chain during the interval (0, 4 when the node

is att empting resynchronization. To obtain a conservative estimate of the probability of not
V ac hieving resynchronization , we divide the interva l (o, 1) into T/x intervals each of length

x J Lx represents the integer part of (x). Each of these J T/x J intervals provides an opportunity

to resynchron ize in. Then the probability that resynchronization cannot be achieved is equal

to the probability that there are link failures in each of these T/x intervals , i.e.,

I - kA x ~~J T/x JRp (no resync) 
\ 1 — e /

= P . (B.12)
n rs

If re synchron ization is not achieved within T seconds , a sl ip is assumed to occur. Then the

nodal cloc k has another T seconds within which to resynchronize or a second sli p wi l l  occur ,

etc . The average number of sli ps that occur before resynchron zation is achieved is 
V

N = P + 2 P 2 
+ ~ 

p +s nrs nrs nrs V

P
nrs 

(B.13)r i_ p 2
‘ nrs
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The average time between failures in a timing distribut ion chain wi th  k links is

If 
= 

k A N (B.14)

where N is given by Equation (B.13).

The average time between sli ps as a function of the number of fai lures per day

(Fd = 86,400 A) per link is shown in Figure B.4 for several values of the parameters . The number

of links between any node and its reference is set a k ’ l O .  Performance is improved by decreas ing

x , the failure—free interval required for resynchronization , and by increas ing B,/~~, the maximum

interval over which a node may act as a self— reference without s1i ps. The values used for the

parameters x and B/~ in this figure are in the range that would probabl y be imp lemented. Note

that the average t ime between sli ps is extreme F~’ long even for very high failure rates . One

wou ld probabl y expect at most just a few failu res per day per link even under severe stress

because a high level of stress would imply greater difficulty in making repairs . Certainly,

there could be many failures caused by physical damage which could take days or longer to

repair . Thus , the nature of most fa il ures is not such that a link may fafl, be repaired in a few V

minutes, then fail again a short time later followed by a quick repair , etc . Certainl y this

type of failure mechanism which could lead to a higher value of Fd poses the only threat to

a master—slave t iming subsystem with adaptive reorganization . The reason for this is that links

wh ich behave in this way cause the network to have to reorganize too often . Such behavior

cou ld be caused by a link which was frequently jammed for short periods of time. Thus , an

enemy could try to disrupt the synchronization subsystem by frequentl y jamming a number of

links. However , th is tactic can be effectivel y countered by not allow ing any node to use

a l ink as a reference which has failed more than a few times a day.

— These results indicate that the performance of master—slave timing subsystem with

adaptive reorganization is greatl y super ior than that of an independent clock timing subsystem

at v irtuall y all st ress levels even using much smaller values of B/8 . One might add that pre-

c isel y the same comments could be made about the time reference distribution approach because

it also uses the adaptive reorganization technique . This is the key to achieving a high level

of per formance under st ress.
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The mutual synchronization approach also ach ieves a high degree of survivabil i ty.

In fact , one might even th ink that it should perform better unde’ stress than the adaptive

reorgan ization approac h since, if a node has at least one operational link it has a reference.

Thus , in a pure mutual sync network nodes never communicate asynchronously. In actualit y,

though, the master—slave system w ith adaptive reorganization can be designed so that even

under severe stress , the probability that node pairs have to communicate asynchronously for

long enough to result in sli ps (or buffer overflows) is extremel y small. Thus,the mutual sync

approach would offer no measurable advantage . In fact , it is likely that there w ill be more

var iation in nodal clock frequencies (or more error propagation) with the mutual sync approach

under stress which is an undesirable characteristic .
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APPENDIX C

IMPACT OF FUTU RE TECHNOLOGY

An activity that was addressed during the course of this stud y was an assessment

of future technology and its impact on the selection of the most appropriate timing subsystem .

It was concluded that several areas of advancing technology would affect capabilities of timing

I subsystems but that no one timing techni que wou ld be more substantiall y af fected than any other

tim ing technique. It was therefore concluded that the impact of future technology would not

influence the evaluations of either timing techni ques or timing subsystems .

J The particular areas investigated are uiscussed in the paragraphs below :

Clocks 
V

J 
In the area of stable clocks the specific point being invest igate d was the possibil ity

of a price breakthroug h that would essentiall y ma ke the independent clocks approach more cost

competit ive with the disci plined approaches .

-

- 

- Clock poss ibilities range between quartz crystal at one extreme through rubidium

gas ce lls , cesium beam devices to hydrogen masers . These clocks at this time provide dail y
10 14

-~ sta bilities ranging between 1 part in 10 through 1 part in 10 . The potential improvement
- 

in these devices is at least one order of magnitude better dail y accuracy, but this is yet to

- 
come. There are severa l new concepts that could be available within the next 10 yeo - . these

include the techniques known as the dual crystal , the cesium gas ce ll , the passive hydrogen

I standar d, a util ity atomic ~tandard and a superconducting cavity osc il lator.
• 

These techni ques

have predicted dail y sta b i l i t ies  that ra’ige between 1 part in 10 to I part in 10 . The

genera l evo lution in cost of all devices is toward cheaper implementat ions, but the cesium and

4 V hydrogen approaches are stil l predicted to be rather expensive. A change of , say , $100,000

to $50,000 for hydrogen devices is a dramatic reduction , but still leaves a lot to be desired from

a s ingle—item cost standpoint . The short—term stabilit ies of most of these devices are roughly

around t he same general order of 1 part in 10
11 t hrough 1 part io 13 even cons idering predictions

-~~~ to the future . No dramatic breakthroug h is expected in this area .
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Integrated Circuitry

Current technology in large—scale integrated circu itry is avai lable in both standard

of f - t he-shelf and custom computer—aided desi gned varieties in a number of technolog ies . In the
1 2 3

high-speed area , these r~’-lude the ECL , IlL , and CCD techniques . Lower speed technologies

that are currentl y ava ilable are meto lgate CMOS, PMOS and SOS CMOS . The trends are to

prov ide possi bly larger chi ps w it h greater density of individual elements and possi bly an evolving

multi level interconnection capabilit y that is producible. Effort will continue throughout industry

to reduce the cost such that competition wil l  drive the per gate cost down on logic—oriented LSI

devices . Computer-aided design, which is used in many organizations throughout industry,

serves to optim ize the total process of design, fabrication , test , and implementation . Hybrid

mu ltilayer th in—film substra tes are currentl y used for extremel y small , reliable and cost—effective

equipments . Evolution in this area would be towards a higher density of large—scal e integrated

circuits implemented on hybri ds with a continuation of individual chip packaging techni ques

w hich foster increased y ield and reliability of the end product.

The advances in this area while most pertinent to t he Time Reference Distribution

approac h did not appear to significantl y impact either the approach or its evaluation .

Microprocessors

There is a current pro’iferat ion of microprocessors available as off—the—shelf devices

w hich already have basic programs developed . These are available in several technolog ies

including Schottk y - f TL , PMOS, NMOS and very shortly, SOS CMOS . The microprocesso r will

become a circuit element used throughout systems as one might use a trans istor or resisto r as time

goes on. The evalution in technology will probably see the same size chips being used but the

number of components per chip increas ing dramaticall y. The IlL technology has the possibility

of 10,000—50,000 components per chi p depending upon fabrication advances. That is . is it not

poss ible to economicall y build chi ps like t h s  today but that limitation could go away with time ?

There would be some increase in speed but there is p’enty of speed capability in the current

repertoire of technology available for microprocessors . IlL should allow operation of 100 MHz or

‘i more. As far as microprocessor architecture development goes, more CPU functions w i’ l likel y

~Em tter Coupled Logk
2lntegrated Injection Logic
3Charge Coupled Devices
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be placed on an individual chip and functions such as multi ply divide wil l be integrated into the

fundamental CPU chip. Many applications now tolerate a slow-speed microprocessor as long as

a high—speed multi ply/divide function is sepa rately assoc iated with sad microprocessor . The

fundamental problem of pin limitation will persist . A breakthrough of some sort is solel y required

in this area in that it is just not possible to physicall y make many more connect ions to an

individual chip. Associated with the basic microprocesso r are memories such as PROM, EAROM ,

RAM, and ROM devices where LSI application could derive a megabit storage capability . In the

area of Charge-Coupled Devices (CCD) , it has been estimated that in the not too distant future ,

as many as two mi llion bits per chi p of storage can be available. Some guesses are much higher.

Bubble memories , although not heavil y in use at this time , could afford an area of breakthroughs

to occur .

The microprocessor also provides the opportunity to design complex sel f—healing or

check ing subsystems that could be integrated into a highly rel iable timing subsystem or , indeed,

any subsystem. Other possibilities are precise clock correction through extreme ly detailed and

comp lex predictive techniques which could be implemented through complex hardware in a cheap

and efficient manner using the microprocessor as the fundamental element.

While microprocessor technology has a direct impact on the implementa t ion of the

Time Reference Distribution approach current capabilities and costs already guarantee cost—

effective implementa t ion of Hming subsystem functions. Future advances while interesting and

applicable w ill be of extremel y marg inal importance.

Opt ical Circuitry

The optical circuits area is rampant with new developments and innovations . Fiber

opt ic techni ques are now being considered for application to long—haul communicat ion systems ,

secure protected communication links , ground—to balloon communication links , instrumentat ion

for equipments in an EMP environment or other hardened requirement , TEMPEST des gn approaches

for RED/BLACK appl ications and internal wiring interconnections which allow fa il—safe crypto-

graphic desi gn and EMC acceptable designs. The advent of an optical switch or computer could

dramatica ll y change the timing needs associated with a nodal switch . The multip lex scheme in

an opt ical environment could require dramaticall y different timing accuracies and organization .

Optical storage media are currentl y available in terms of film and holographic devices .

C-4



The probability of transmitting significantl y higher bit rates puts further emphasis

on the need for accuracy in the timing subsystem . This point has been considered throughout

the study.

I
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