
In  order t o  ' kne f  i~ f r tm e x ~ e r i e n c e  ga.~neci f rum the  
synchreniza% i on opers.'~i(~rial. v:i.de'r?,znd digii:al net- 
works, a. SWVL?~ was :mde of t h r e e  511c.h syst.ems : 
Data 'LVztnsmission Gdnpany ; Western Eaiorl Telei;-raph 
Ccxnpany , and t h e  Ernpuxer Cmmlnir.a~ions Sro i~p of 
-the Trans-Canada Tel.epnone Systc?n. 4ddi-L iona; i n  for- 
mat ion ms abtained :irm AT&T rel::i-tivc t o  -!:.heir 
Switched Digital.  Xetwrk . 
The f o c ~ i s  oi xhe survey was on  deplo}menr md opera- 
t ional  experlcnce from a ?rhztcticai (3s oppcscd tc: 
t heo re t i ca l )  vzewpoint . The c>bject~ve w a s  tc prc,- 
vide n report  on t he  r e s u l ~ s  of deploynlent-n(~h the  
systems per formd and wherein t he  performnnce 
d i f fe red  f r m  tha t  predicted o r  ir~tended irl t he  
design, Y t  also at tmpted t o  determine hut t he  
various system designers :muld use t h c  benefit  of 
hindsight i f  they could d e s i ~ m  those same s v s t e n ~  
today. 

conclusions or evaluations of tile iietwork per- 
formance are provided in the r e p o ~ t .  However, 
scme of t h e  dif ferences  i n  requirenlents between the  
ccmnercial networks surveyed and tilose of s t r a t e g i c ,  
survivable networks, such as the  Defense Comnunica- 
t i o n s  System, are noted. 

There are (were) several  sideband d i g i t a l  m u n l c a t i o n s  network 
operating whk ch incoi-porate syncllroniza t ion systenls . \lost 91 these net  - 
mrks were o r ig ina l ly  conceived and developed i n  the  l a t e  s i x t i e s  and 
ear ly  sevent ies ,  and i n i t i a l l y  deployed in  t he  ea-1~- seventies.  'This 
paper describes the  r e s u l t s  of a survejr which zttempted t o  l ea rn  of 
p r a c t i c a l  aspects and experiences i n  t he  design, deployment md operation 
of these networks. 

W e e  s p e c i f i c  system surveyed ,are t he  s-witched d i g i t a l  network 
developed by t he  Data Trmsniss ion Cclmpany and now operated by SP Carl- 
rrmications (hereaf te r  ca l led  the  Datran System), t h e  d i g i t a l  network 
deployed and operated by t h e  C a p u t e r  Cammicat ions  Group of t he  Trans- 
Canada Telephone System (Dataroute) and a d i g s t a l  system developed by the  
Western Union Teiegraph 01, (hereaf te r  ca l led  t he  WU system). With t h e  

*Dr. Mitchell  was with Electrospztce Systems, lnc.  when the study ims 
conducted ulrder a subcontract f r an  t he  Harris Corpora i i o n  , 



exception of the WU System, these networks are i n  se rv ice  today. The 
Western Union system was put into operation in late 1971 and field trials 
conducted for several  months. The system was never put i n t o  service, 
and has s ince  been dismantled. 

A brief description of each mjor subsystem of the three networks is 
given. It is followed by a set of questions which were posed to per- 
sonnel associated with each of the networks in the developnent and 
early oprational phases. These questions were posed during meetings 
with the personnel for each of the systems. Original plans were to in- 
clude a section on the private-line Digital Data Systern (DDS) deployed 
by Amrican Telephone and Telegraph. However, due to pending litiya- 
tion, AT&T personnel were unable to provide information on DDS. Ilrl in- 
terview was substitutd which covered 13ellts planning for timing and 
synchronization of the network of No. 4ESS switching centers referred 
to as the Switched Data Network (SDN). 

The paper concludes with a summary of the survey and a general can- 
parison of timinq/synchronization (T/S) considerations for the commeu- 
cia1 netmrks described with those for a strategic military netmrE; 
such as the DCS. Many of the features imprtant to a military systcm 
such as the DCS need not be considered in a comrcial systm. Survi- 
vability m y  bc of interest to a comrcial network, but not enough to 
dominate design trade-offs. Thus, while the engineering, planning, and 
design of the comnercial networks, along with the operational urpezrien- 
ces, are of interest in planning military networks, the two applica- 
tions have distinctions that can heavily sway desip tradeqffs and 
decisions in different ways. 

Questions p s d  to the technical personnel associated with the three 
digital systems (WU, Datran, Dataro~ite) were as follows: 

A. Fundmntal Reasons for Chmsiny Timing and Synchronization 
(T/S) As Irnpl-ntd. 
1. What were criteria used for selecting T/S system? 
2. Were olrher types T/S systcm considerod? 
3.. On what basis was final choice made-performance analysis; 

cost analysis; O/M analysis; simulation; other? 
4. Ts system reference t:o UTC or other smdard  necessxcy =md/ 

or desirable? 
5. How was compatibility with other systems (international, 

military, other corrrtDn carriers, etc.) a factor in the sys- 
tem selection/design? 

B. Theoretical Design of Chosen T/S System 
1. What were the main criteria in specifying the T/S system? 

Did it have to "marry" existing hardware, etc.? 
2. Specifications of Hardware 



(a) St&il . i ty  - lony/s~~or~tr. -tern 
(b) Rel iabi l i - ty  
(cj Jitter reduc-kion 
(d) Cost !pals 
(e! 0/M aspccts 

Idhat were cir?:vl nq c r i  teri.a on trinlir:q d i s  tribut-ior; wavefonx , 
intcr .faces,  e t c .  "downsi~cm" _Frc;x~ clocks, i . e . ,  ketween 
MCTX ' s , from ?.lux ' s t o  user ,  etc . ? 

C . Prac t ica l  Desiqn/Lnginceri nq Cnnsidera triorls 
1. Were any umusucil obstac:les rnet i n  Qlc cl.esj.yrl/'devclopc.nt of 

h,zrdw,xe? 
2. Were specif ica-t ions as f i n a l l y  lret ticql~ter (17- looser than 

originai .  spccif ica-kions? 

D. I n i t i a l  Field Depl.oymcnt, Tcstinq , gLGM 
1. In t he  f i e l d  t r i a l s  Lmd early olxrati.on of t h c  11et~rnrk~ w e r e  

m y  unusual problems enc:ounterecI? 
(a )  Were craftsmen able  t o  i n s t a l l ,  test, trouhleslloot, o r  

was systerrl so forei-qn t h a t  enqinecrs w e r e  n&&? 
(b! Was clabor-ate/non-routine tes t .  ecruir~nent neeclecl? 

2. Are there  m y  changes t o  systan desi.g--i t h a t ,  i n  r c ~ o s ~ x c t ,  
would enhance or ot-hemj. s c  f avorab1.y inf 1-aence i n i t i a l  f i e l  d 
deployment an< t e s  tilyj'? 

E. System Operations Fm>cri encc! 
1. I I a s  systcm o p c r a t d  a s  expected? I f  not ,  what has arisen 

-that was  m e x p c t e d ?  
2. Is performance adccruate i n  retrospect'? 
3. Is r e l i a b i l i t y  adequate i n  rctrosyxct.? Is rcdundcmcy used? 
4. Is naaintainability a d q ~ ~ a t e  i n  rctrospect.i3 What have k e n  

M'ITR -ri.ences? 
5. Is f hex ib i l i t y  fo r  growth/change acceptable i n  r e t r o s p c  t? 

Arc any fu ture  rqu i r em~!n t s  now foreseen t h a t  would have 
influenced dcsiyli? 

F'. Any Other Infommtion i'seful t o  U. S. ( . b v c r m n t / ~ D  in Pl.anni.ncj 
fo r  the  Defense Cnmunicati.ons S ] ~ s t a ~  (KS) ? 

WESTERN UNION DIGTTAL m 1 o m  
.- 

The Western union ~eleq2ar.h Corquily ne tmrk  i n  this survey w a s  op- 
w a t d  as a testbec3 u n t i l  it was di..arnntl.ccl i n  l a t e  1973 or ea r ly  1974. 
The system u t i l i . z d  1i.ne-of -sigh k niicrowave a s  the ks i -c  tnmkinq md- 
i m ~  and p r o v i d d  point-to- mint data services .  TI-le sy:;tm, while nnly 
deploy& over a limited area (Cincinnati t o  A t l m t a )  was conceived and 
designed t o  be eventually expanded on a natiorlwide lxisis. 

The system u t i l i z e d  p a r t i a l  response d i q i t a l  siyr-ials in the lower 



baseband portion of an existing analog microwave radio system. Simul- 
taneously, 600 FDM voice channels occupied the upper baseband. 

The system was originally planned and designed around a five-level 
time division multiplex hierarchy. The fifth level of multiplexing 
(20 or 40 Mb/s output) was never implented. 

Both the planned and implement& systems employed a hybrid synchro- 
nizing arrangemnt wherein the first (or lower) two levels of d t i -  
plexing were synchronous systm-wide while the top t w  (or M e )  lev- 
els of multiplexing employed pulse stuffing. This design, using asyn- 
chronous operation for the higher level multiplexers, minimized the use 
of high speed elastic stores, or buffers. Path length changes and oth- 
er multi-bit delay variations were taken care of by the pulse-stuffing 
capability. Thus, the netmrk was a hybrid, i.e., it was not purely 
synchronous or asynchronous. 

The timing and synchronization system likewise was a hybrid in that 
it was conceived as a mixture of both master-slave and independent 
m s t w  t p s  of systems. The sqmint of the planned system which was 
deployed between Atlanta and Cincinnati was basically operated as a. 
master-slave system, but had the hybrid capability. 

The timing and synchronization subsystem of the Western Union net- 
work was built around a set of redundant Disciplined Oscillators a 
corresponding Interface Unit. The Disciplined Oscillators are basi.- 
cally phaselocked loops (PLL's) and the Interface Unit is a control. 
circuit which selects the reference soume to which the PU's are 
locked. 

For mster-slave operation of the network, a highly stable oscilla- 
tor such as a rubidium standard is fed into the Interface Unit at the 
master station. All other station clocks in the netmrk then receive 
their reference from one or more of the 56 kb/s synchronous data chan- 
nels emanating down from this master. At these slaved stations, the 
Interface Unit selects which 56 kb/s signal is to k>e used as the re- 
f erence . 

For independent master opration, each node in the system where ti- 
mjllg is derived has a I;oran< receiver subsystem. This stlbsystem re- 
ceives a ground wave signal from the Lman-C system and integrates it 
for a long period to provide a highly stable 1 MHz signal to t h ~  In- 
terface Unit and thence to the Disciplined Oscillators. All stations 
deriving timing from the I;oran-C system are thus synchronized. 

The Disciplined Oscillators are the heart of the Western Union 1 5 -  
ming and synchronization system. They were designed using a voltaqe- 
controlled crystal oscillator and a third-order feedback loop with 



three tjlmc consizalts. The t h u d  time constant of approximately 200,000 
secmnds provides a hiyhly stable output for  several days in absence of 
an input reference. The t l i r d  ordcr loop remembers the r a t e  of chagc 
of the difference i n  frequency ktwcen the internal  VCXO and the re' L C ~ -  

ence frequency. When the input siqinal is removed, the feedback loop 
continues to  correct for  t h i s  difference. Thus, i f  the reference has 
remined unchanged, whe~  it is  reappiled, the d r l f t  r a t e  of '& VCXO 
w i l l  have been compensatd as i f  the rcfercncc had not k e n  l o s t .  The 
other tm t i rne  constants a re  50,OOC seconds fcr the second loop and 
(switch selectable) 5, 25, o r  500 seconds fo r  the f l r s t  loop. 

Because the Western Union systw! was never fully o p r a t i o m l ,  
smie of thc questions ask& were 11ct directly aiswerable a s  ~ l o t d  below. 
A. Eundmntal  Rer.sons -- for  Choosing W T/S Systan as hplemcnted 

There were severai c r i t e r i a  used i n  selectinq the Western Union sys- - 

ta as i m p l . m n t d .  Cost was a primiy consideration in choosing a 
synchronous systcm i n  that it was f e l t  tha t  the re la t ive ly  large nm- 
krs  of lowr  level  multiplexers could be much simpler. The reason for 
choosing asynchronous higher level mul.tiplexers was ko avoid -the re- 
la t ive ly  large msts of high speed e l a s t i c  stores.  A synchronous d e  
for  the lower level multiplexers muld  also allow switched c i r c u i t  op- 
eration, and this was the prirrm] reason for  selectiny a synchronous 
network. 

The master-slave tcchniguc, aucpllaItd by a n  i lde~EIdent  n ~ s t e r  cap- 
ab i l i ty ,  was chosen for i t s  sirrplicity of dcsig~l and oyxration. A t  the 
h, it apwared that t h i s  tcclmique, along with indepr,cient: clocks, 
w a s  well wi*n the state of the a r t  m d  achievable i n  practice,  where- 
as systems such as  mutual synchronization w ~ c  considered (by Western 
Union) as unproven and questionable. 

The indepdent clocks s y s t m  w a s  also considcrcd, but it w a s  con- 
cluded tha t  +be cost of avoiding ~ r i o d i c a l l y  overflowing buffers was 
lm enouyh tc bc well worthwhllc. Proqrammcdi o r  schcduld, Pxror 
bursts associateci with reset t ing buffers was judcjd unpalatable frm a 
m k e t i n g  p i n t  of view. 

The f ina l  s y s t m  choice m s  mde on the b s i s  of e~lgineering judg- 
ment about pract ical  a s p c t s  and as,sociateci t c c h i c a l  r i sks .  I ~ l i c i t  
in this judgmznt w a s  a p%fommce, cost ,  and maintainability assess- 
ment. SirmiLations were not us&. 

Som brief consideration of using- the netmrk T/S system t o  d i s t r i -  
bute precise time was yiven. It  was judged, however, that no market 
existed t o  jus t i fy  the e-se. Eking able t o  syncl~onize the systan 
to another systen was judqod desirable a d  w a s  a factor i n  chmsing 
the master-slave t shnique .  It was f e l t  a t  Westcrr, ilni.on that evcntu- 
a l l y  it muid  be desirable to synchror~ize w i t h  (slave to)  other U . S .  



common carr iers .  

R. ~heorect i-cal  Wsiyn of WU T/S System 
Several m m r t a n t  aspects w e r e  considered when specifyinq the W e s -  

tern Union T/S system. It was i n i t i a l l y  planned t o  use a data sicrnal- 
below-analog technique on existing analog radio systems and/or group 
band Mmdems and/or leased T-1 facilities a s  the transmission media be- 
tween nodes. Thus the system design, including the T/S equiprent, had 
to be compatible w i t h  these transmission methods. The capabili ty of 
the Interface Unit t o  accept 56 KHz, 1.544 -MHz and 1 MIlz reference sig- 
nals r e f l ec t s  this requirement. 

Another irtprtmt cr i te r ion  i n  specifying the T/S system was the 
required mean time to  loss  of b i t  count in tegr i ty  a t  a node when the 
source of timing reference was los t .  It was f e l t  tha t  b i t  count inte- 
g r i ty  should be maintained f o r  up b several days i f  possible. TCI pro- 

9 vide t h i s ,  a s t a b i l i t y  of one part i n  1 0  per day was chosen as  the de- 
sign goal. 

Cost was also an important design cr i ter ion.  In conjunction with 
the necessary r e l i a b i l i t y  it was decided t h a t  the master-slave sys- 
tem augrrented with a back-up I;oran-C receivcr/rmnitor was the most cost  
effect ive way t o  provide s ta t ion  timing throughout t h e  netmrk. An 
ovcrall  goal of Western Union w a s  to develop the  d i g i t a l  system t c ~  per- 
m i t  service a t  ra tes  below the correspnding analog derived channels. 
The s ta t ion  clock system cost  approximately $25,000 i n  1972 dol lars  
which was f c l t  t o  bc c o n p t i b l e  with overal l  cost  goals. 

Thc following specif i ca t io r s  w e r e  used for the d e v e l o p a t  of the 
Western Union T/S equipment. 

a. S tabi l i ty  - long/short tc . 
Design goal of tl x 10' hours 

b. Reliabi l i ty  - no r e l i a b i l i t y  numbers such as MTBF w e r e  used. 
However, Western Union engineers f c l t  t h a t  the T/S equ ipen t  
should be of such r e l i a b i l i t y  that overall  system r e l i a b i l i t y  
muld  be determined by the radio system's MTBF and p r o m a t i o n  
path avai labi l i ty .  

c. Jitter Rcducticin - no j i t t e r  reduction specifications were 
given. 

d. Cost Goals - an approximate capi ta l  expenditure goal of 
$25,000 per s ta t ion  clock was used , not including s w e s  pro- 
visioning or maintenance costs. 

e. O/M Aspects - no JTlTR o r  other maintenance related goals were 
specified. 

The design of the signal/clack wavcfonns bctwen the T/S system 
and the multiplexers and between the various multiplexer levels wa.s 



driven prfincipally by the desire  tc) be eon-pati-ble wi- th  existing stan- 
da_rds. In mos t  cases, the standarcis wcre not formally s p c i f i e d  i n  the 
ear1.y 7 0 ' s  but w e r e  de facto standards as pe rce ivd  by the Western 
Union engineerilly s t a f f .  T h i s  basi.cally led t o  cisincr khc T-l b i lx lar  
f o m t  without scparate clock s i ~ m c ~ l s  w l ~ c r e v ~ r  :mss&le i n  the system. 

C. WU Practical Desiyn/Enf-jineer.u~ci Corlsidcrations -- 
The only unusual or  unfor~sc~11 obstacles cncoun k c r d  i.n t h ~  devclop- 

rilcnt of the Western Union systal-I d1.d not relatlt! spcci.Eically t o  the '1;/S 
s y s t a ~ .  I n  t%ic olde~: radio system used k I : vv '~ :cn  ilt-lanta and i 3 i  r;cimati, 
son12 of thc klystrorls used a s  trmsnuttcr osci.llators LUK! as  receiver 
local osci l la tors  were m.icrophonic. I.lecha.ril. ca l  vibrations were trans- 
lated t o  e lec t r ica l  noise on the hseband i n  the lower frequency ,spec- 
tra, which causal  poor perfonwncf of the dj g i t a l  sys-1x1~. It was also 
found t h a t  phase and q ~ l i t u d e  1i.nz:arity of the radio system were c r i t i -  
cal ,  especially as the 600 channel voice system dmve the d i g i t a l  siq- 
nal (on the baseb2,nd) was loaded with t r a f f i c .  I f  the phase/mpli,tude 
character is t ics  were :lot. very w e l l  al.iqned, intemdulatj .on products 
from ,the voice signals f e l l  i n  the baseband uscd 1y +he digi. tal  signal 
and dccjraded wr f o m c e  . 

All. specifications on the T/S systcn-i were n ~ t  i 11  the dcslyn of the 
equipment. It 1s not Laown w h a t  marcjil-I w a s  achieved, i .em,  how ~rruc~ 
performance excedcd specif icatiori . 
D. WU I n i t i a l  Field Dcplnoymnt, Testing, 06;M --- 

No musual problcms were encountered inVFicld deploymmt other than 
those of the microphonic klystrons and the exacting phase/lineariky 
requirements. The s y s t m  was k i n g  operated a s  a t e s t - b d ,  and enyi- 
neers were used mtals ive ly  tr pct it in to  operation. No lecjitimte 
masurc of how well OUT craftsmen or other lower ski l l - level  personnel 
could handle the systern w a s  obtainoil. 

Digltal t e s t  e c p q m n t  w a s  not kt7~dely avail-able a t  the tune, e s p -  
c i a l ly  b i t  error  rate t e s t  ~ p i ~ x r e r l t ,  but tllese problem were not -p- 
culiar t o  khe T/S system. Mn-routine t e s t  ecpqxnent was not r e p i r e d  
for the T/S equiFt, and i n  today's env~.rorment, one wou1.d not e ~ c t  
b i t  error  r a t e  equipmnt t o  present a problml. 

In retrospect,  no changes to  mi.. ?'/S s y s t a ~ ~  desiqn which wwld en- 
hance or  otherwise favorably influejice the f ield depLoynxmt 3ncl testing 
are known by the Western Union jxaple, 

E. WU System Operations Eqzrience --- - 
The Western Union system did no-t cjo into r q u l . a r  c m r c i a l  service 

so questions a b u t  oyxrationai expe:cia~ce generally arc not alswerab1.c. 
Based on the several mnths  of :Fi.eld t r i a l s ,  khc syst-en w a s  judqed tc 
be prforming as  eqxXc~lrec1. Technical perf o m n c e  , reli ,ahili ty,  and 



mintxiinability are f e l t  to  have been as  designed and no readily obvious 
change muld be apparent. No f lexibi l i ty  for growth or change require- 
ments have keen identified. When queried a b u t  requirments now fore- - 
seen that  muld have influenced design, the Western Union engineers re- 
sponded that  the deployment and growth of AT&T1s Digital Data System 
(DDS) would probably influence any such systm they would design t d a y .  
For interoperability reasons, and for cost/simplicity considerations, 
a design today would probably take a timing/synchronization reference 
signal from DDS a t  one o r  m r e  locations and then distribute this over 
the Western Union network i n  the master-slave fashion. The .mran-C 
capability would not 1.ikely be implemented. 

F. Other Information Useful t o  DoD Planning of DCS 
The Western Union d ig i ta l  systems design/deploym~nt experience did 

not result  i n  s p c i f i c  T/S informtion other than that described abve .  
An opinion was ventured by the Western Union engineers w i t h  regard to 
overall d ig i ta l  system, hwever: i f  possible, DoD would be w e l l  advised 
to avoid trying a hybrid system such as  the dig i ta l  MUX'S on an analog 
radio. 'They feel  that the mst cost-effective, Least troublesme route 
tm follow today would be t o  i n i t i a t e  any such system as a pure d ig i ta l  
ne-Mrk, and not attempt t o  incorporate existing hardware. 

C A N A D m  DATAROUTE - 
The Trans-Canada Telephone System (TCTS) is an association of eight 

of the largest telecommunications companies i n  Canada. Within TCTS, 
the Camputer Comnunication Group (CCG) is dedicated. to  data communica- 
tions services. After i n i t i a l  exprinental mrk i n  1971 with a syn- 
chronous d ig i ta l  network, CCG announced the d e v e l o p a t  of a much more 
expanded synchronous d ig i ta l  netwrk called the Dataroute. The system 
provides p i n t - t o - p i n t  service t o  f if teen metropolitan areas i n  Cana- 
da. It is presently i n  service carrying customx t raff ic .  Its timing 
and synchronization system is basically a variation of t l ~ e  master-slave 
technique. 

The Dataroute sys tm was designd t o  u t i l i ze  existing long haul 
f ac i l i t i e s  of the member c m n  carriers  of TYXS. M o s t  of the long 
haul f ac i l i t i e s  of these carriers  are 5 Mz microwave radio systems. 
Group band (12 equivalent 4 &I2 voice channels) modems are the basic 
mkhd employed i n  tl-e Cataroute system t o  u t i l i ze  these microwave fac- 
i l i t i e s .  These mdems, used over the analog system, provide a 56 kbis 
channel which is the basic t rvnk for the digi ta l  system. The madem 
typically interfaces w i t h  group level equiprent i n  a FDM carrier  sys- 
tcm. 

An alternate way of provi-difig 56 kb/s trunks for Dataroute is by 
use of a Time Slot Access Unit on T 1  facil i- t ies.  This equipent con- 
verts the 56 kb/s signal to a 64 kb/s data stream suitable for inser- 
tion directly into a PCM voice channel. This type trunkin9 is used i n  



Dataroute where T I  fac i - l i t ies  are available. 

Channelizing for Da,taroute is  provided by a two-level time division 
multiplex system, The highest level multiplexer is b i t  interleaved and 
synchronous on both the input and output. It provides channels for  a l l  
c i r cu i t s  of 2400 b/s or greater spseds. It c m  hc p r o q r , d  for  hry 
anhination of input channel s ~ ~ s  w b c h  a re  rnu1tipl.c~ of 200 b/s, The 
multiplexer i n  c~njunctiori  w i t h  the T/S subsystem . ~ n i n ~ z e s  delay 
through the network by tine aligning- a l l  transmit and receive frames a t  
a ride. This capabili ty to al ign the transmit md receive f r m s  a1.- 
lows channels t o  mntain submultiplex& channels which neeti not kc de- 
multiplexed as the c q s i t e  channel is  patch03 through a node on a 
drop-and-insert hasis. This is achieved without addinq framing 0:-ex- 
head t o  multiplex the sutxhanncls. Thi.s t i m e  alignment also allows 
p t c h i n g  data signals only (no clock) between multiplexers. 

The second level  multiplexer 1.s nornnlly proqm-rmcd t o  accept b t h  
a b l t  clock and a f r m e  c l ~ k  from an external source ('he T/S system) . 
T h i s  confiqurat~on is us& a t  nodes where a stat1011 cloclc is  us& - 

normally wherever two or  m r e  links cane togc~er. However, a t  t e d -  
nal s i t e s  which connect t o  a single other locacion , Ye multlpl exer 
can be proyr- t o  slave t o  a b i t  clock and frame c lock  derived di- 
r ec t ly  f r o m  the incoming kine. 

The lower or f i r s t  Level multiplexers used i n  Dat%route are char- 
acter interleaved machines which provide asynchror~ous low spd  chan- 
neis. The high speed sides of these multiplexers are owrat& synchro- 
nously and fed into the low slxd p r t s  of thc synchronous second le- 
vel  inultiplexers described. &ve. 

From the keginning of the TCTS data cmw-rications network, the 
T/S system has evolved through th~ee stages. Cricjinall-y, a very surrple 
mster-slave system was used wi.th a. rubidium master l o c a t d  i n  Toronto. 
The next stage, and t h a t  which is primarily in opxatiori now is  a 
mas-ter-slave augmented wicA extra ctipabiiities. T l v s  T / S  system has 
M i n  o p r a t i o n  since early 1974 i n  conjuncti-on wi - t k  the subsystm 
previously d e s c r i b d  and today forms the heart of the Dataroute. Data- 
route p p l e  refer t o  the auqmented master-slave systm as Iliera-chical 
Master Slave (EDIS). 

Plans are presently wderway i n  the CCG kc! add a third level  of 
multiplex lm the Dataroutc ;md. with it t o  o v a l a y  a higher level '?/S 
subsystem. This "new" T/S network w i l l  again ke essential ly a pure 
mster-slave typc which w i l l  obtair, i t s  refereme £ran the s m -  basic 
source as the present iW system. A new t5ircl level mltiplcxcr and 
the new T/S system w i l l  o v a t e  a t  1.544 PIbj's and will provide channels 
for the existing 56 kb/s Dataroute. The two timing systerrs (new MS and 
old HMS) w i l l  organize and ;run independently except for +_he c m n  



rrraster reference. 

The new higher level  MUK and T/S equ ipen t s  are presently i n  the 
early f ie ld  t r i a l  and d e p l o p n t  stages and a re  not discussed further 
in this report. 

The HMS system is discussed i n  what follows and is referred to sim- 
ply as the Dataroute T/S system. 

The Dataroute T/S system is irnplemmtcd by a mster-slave systen~ 
in which double endedness and self-organization are incorporated. 
(Directed control is of course used a s  it is inherent i n  master-slave.) 

The HMS system is l i k e  a conventional master-slave system i n  that 
netmrk timing m a t e s  from a s table master source located somewhere 
near the geographical center of the network (Toronto i n  this case).  
This timing is fed down the network i n  tree-like fashion. Self-organ- 
ization is accowlished i n  a hierarchical fashion hence the HMS name. 
Accompanying the timing signal. is a ranking, or  figure of m e r i t  signa- 
ture whose value a t  any location is generally dependent on how rerrmtre 
the location is from the master source. Th i s  signature is carried on 
a 400 b/s overhead channel. The signature is carried a s  a three d i g i t  
n m h x  where d i g i t  one designates the node from which the cl.ock f i r s t  
oriqinates. Digit tho s igni f ies  the n-r of links that have been 
traversed from the ncde having the original  (master) clock, and the 
third d i g i t  ca r r i e s  the value of the in-nnediately pr ior  ncde. As the 
timing reaches each node and is passed on,the l a s t  two d i g i t s  a re  up- 
dated. A t  every node i n  the netmrk each incaning 56 kb/s stream car- 
ries such a signature. A t  a node with several incaning channels, the 
stream with the lowest valued signature is chosen as the one f r m  which 
to derive timing reference. Continued mni tor inq  w i l l  -it the  net- 
m r k  t o  automatically reconfigure i n  event of loss  of master o r  a l ink  
fai lure;  timing loops w i l l  not be set up i n  the remnf_iguration. Auti- 
mtic reconfiguration without se t t ing  up unstable timing loops was the 
primary reason for  using the IW system a s  opposed t o  a s t ra ight  MS 
system. 

Another s y s t m  feature incorporated i n  I3aWout.e is called Master 
E r m  (W). This concept i s  basically the dissemination of a framirlg 
epoch marker by the timing supply a t  each node i n  addition to a b i t  
epoch marker. In the 56 kb/s system, the basic frame is 280 b i t s  
long, and the fram epoch occurs a t  a 200 Hz rate. Thus the nodal tim 
ing supply, o r  s ta t ion  clock, delivers to each multiplexer both a b i t  
clock a t  56KHz and a frame clock a t  200 Hz. This delivered frame 
clock is the Master Frame. &is cmmn frame marker is obviously time 
aligned a t  a l l  multiplexers i n  a given s ta t ion  and is useful i n  m i n i -  
rruzing delay through the network for  a channel patched through a sta- 
tion. This minimization comes about because the low speed input buffer 



requirements are  minimized 011 each multiplexer. T.hc Master Frame con- 
cept also al.lows drop and, inser t  of subrultiplex&. c l - ~ a ~ c l s  without re- 
quiring overhead frar,i.nq b i t s  f c r  t:hc subsrrultipl.exirr$ 

Wlothcr feature called Univcrsa:l. T h e  Frzw 1s irrpiesnented in the 
Dataroute T/S system. Universal. T : k  Frme (UTT) is an embdirnent of 
double enddess .  This errMiment actually involves an interfunction- 
incj of the T/S subsystem with Lk,e second lcvcl ~rrul.kiplexers (56 kb/s) . 
The designers of Dataroute incl-udecl UlT t o  further riunirnize network 
user delays. They recapizad tha t  t h s  feature ~mul-tl a lso allow prc- 
c ise  time dj.ssemination; howeve-, fit i s  not exploit KI i n  tile sys tm.  

Universal Time Frarne operates a; follows. Coiisider the case where 
one of t m  communicating nodes i s  :;laved. t o  thc: other for  timing diss-- 
emination purpses  . The two mul.ti.plexers wjien i n i t i a l l y  put i.nkc:, ser  - 
vice, w i l l  k p r o q r m d  such tha t  each txmsmitted f r m  i s  advanced 
in time ( re la t ive  to  local master " ram)  by X I  munt which s l ight ly  
exceeds the propagation delay. T h i s  delay rs known from thearet ical  
or  mpi r i ca l  (or both) considerations, Because the f r m s  are  advanced 
a t  the transmitter, they ar r ive  a t  the f a r  end of -Ihc l ink  (nearly) i n  
phase with master f r m .  The receiving multiplexer a t  the master sta- 
t ion of the mmmunicati~~g pair  measures the time a1ignmen.t of the re- 
ceived f r m  by measurinq the operating position of i t s  high spccd in- 
put huffcr. This buffer positi.on :is the11 m u n i c a t e d  -to the slaved 
n d e  via the overhead, channel prev.iously mention& iwith regard tc the 
HMS signature information). A t  tlle slaved node, Llis i d - o m t i o n  is 
used t o  generate a11 error  sicjnal t c n  the local s-tation clock. This sig- 
ml causes the clock t o  adjust ii:s fr-ency so as t o  advance or  retard 
the time alignment of the frame mxrker. Correcting 'die slaved clock 
obviously adjusts its m s t c r  f r , m  e p c h  re la t ive  t o  the master sta- 
t i o n .  This continuing, dynamic co:rrection of the slaved s t a t ion ' s  mas- 
ter frame obviously serves t o  keep the s l a v d  frame marker tirne a l i q n ~ e  
with the mster s ta t ion  marker, and the alicpment passes down throuqh 
the network. 

The transmittal  of buffer p s i t i o ; ~  informtion t o  t-he other ncde 
cclnstitutcs a form of double cndedncss. 

Specific answers t o  the set of questions follow: 

A. Fundamental Reasons for dioosin~g Dataroute 'Ti/S Systesn as I m p l m t d  -- - 
~fficiency ( ra t io  of data b i t s  to  dab-plus-overhead bits), ease of 

sukmultiplexillg many different  ra tes  of uspr channels, and system sim- 
p l i c i t y  were the chief reasons for chmslnq a synchronous d i g i t a l  net- 
w r k .  The c r i t e r i a  for choice of which type synchronizing system w e r e  
largely bas& on the Canadian nctmrk topology. It was mvisioned t h a t  
a long t h in  netmrk muld initially lx deployed b ~ ~ t  t h a t  a highly i n -  
terconnected topology muld evolve. Fl.exibi1 i ty 110 accmmk%late rela- 



tively unpredictable growth was also consida-ed essential. 

The Dataroute T/S system is mster-slave augmented by douhle ended- 
ness and self-organization. A straight master-slave system as well as 
a mutual synchronization systm were also considered. The choice was 
mde on grounds of enhanced security, ease of network expansion, and 
relative insensitivity to link failures. The choice was also tempered 
by a desire to retain shplicity to the ext~nt possible. Thus perfor- 
mnce was directly factored into the choice; costs and O/M influences 
ere indirectly factored in. 

Referencing the system directly to UTC or to a national standard was 
not considered as needed for Dataroute, but it was recognized that the 
Universal ~ i r n e  Fram feature allows distribution of (relatively) pre- 
cise the. CCG did not foresee a need or market for this service to 
the extent that the additional hardware would have been cost justified. 
On the other hand, compatibility with other systems was felt to be a 
future need mrthy of factoring into the choice of T/S system. It was 
expected that interfacing with other synchronous digital networks would 
be needed and it was recognized that a master-slave t y p ~  system allows 
this simply by using a c o m n  reference as the primary master source. 

B. Theoretical Design of Chosen Dataroute T/S Systm 
ater the choice was made as to the type of T/S system, a n h r  of 

factors constrained the design of the hardware. This basic tsunkiqq 
rrredium was primarily to be over existing 4 GHz microwave systems and 
the desigri had to account for the characteristics of this trmsmission 
channel. The rate of delay variations due to the transmission mdia, 
the inducd jitte.r on the timing signals, the probability of outages 
and link failures, and the probability/frequency of re-routing of 
transmission channels were amng the factors mnsidered. 

Other factors which led to specifications on the T/S hardware in- 
cluded: the desired t h e  to loss of bi-t count integrity in case of 
failures in the timing dissemination chain, the reliability budget for 
the overall system, and cost goals throughout the systm. 

C. Practical l&sign/Engineering Considerations for Dataroute 
No significant obstacles were encountered in the dcsiqn/development 

of the Dataroute T/S system hzrdware. Bch node in the system contains 
tsm station clocks. Basically these clocks are made up of a highly 
stable VCXO configured in a phase-locked. loop. The loop is designcd 
with a very narrow bandwidth (nominally specified in microhertz) and 
with variable slew-rate controll. Each clock also contains the logic 
circuitry to accept and compare up to 32 incoming reference signals 
plus signatures and. the logic circuitry to compute its own outgoing 
signature. Additionally of course, there is digital frequency syn- 
thesizer circuitry for deriving the various clock and frame rate sig- 
nals. 



None of the a b v e  c i r cu i t ry  pr-esentcd inordinarily d i f f i c u l t  design 
problexis . The logic  speeds invohr& w e r e  not extreme and the usual pre- 
cautions i n  h a r d  layout, wiring procedures, etc. , were suff iciellt to  
ensure y oocl perf ormancc . 
I3. I n i t i a i  Field Dcploymcnt, T e s t 2 n ~ ~  O&M 

Spx5f i c ,  ident i f iab le  ins-tall-ation problems were not encountered 
in the early f i e l d  ins"ca1iation of' Z a t a r o u t e .  AS is  descr- l a t e r ,  
s o m  d i f f i c u l t i e s  were rwt that car: generally ix traced . p r t i a L l y  to 
the c q l e x i t y  of the mthd of intplemcnting the c'oubie endd  T/S sys-- 
tern c o n e p t .  These are discussed rmrc fu l ly  below :mder S y s t e n ~  W x a -  
t ions Experience. 

Because the deploymen-t cf Dataroute was p l m d  to bc carr ied gut 
a s  a field trial, enqineerkg-1cvc:i prsonnel  from both CCG an& hard- 
ware contractor orqanizations were used extenskvely, The fact +&t the 
f i e l d  craftsmen from the consti-tut~ent T Y S  orgmizc?tions =re m s t l y  
experienced i n  FIM-FT.3 analcq - t c c h ~ ~ l o c ~  t l r c  decision .ta re ly  
heavily on engineers for initial cley:laymcnt. 

No specializeci or  otherwise non-coutirlc test. equipnents  =re re- 
quired i n  the  early f i e l d  deploprent of Datarudtc. Ps with mst diqi- 
tal sys t~ms ,  the ind ispnsahie  tool u t i l i z d  mis an oscil.ioscope that 
could be externally synchronized. A l q i c  anaPY7zer type instrument 
designed t o  interface with the rn.u!u:Ltiplexers, was used i s  of course 
a specialized iten. This hagever, was not necosssli iy required, i .e . ,  
the system cculci have k e n  put i r l i x ~  service without i ts  use. mre k- 
portantly, the use of this ins t rmmt .  was not inf luencecl by the 2spe of 
T j s  system in use. The u t i l i t y  w x l d  have *en the ssme with indepn- 
dent clccks,  mutual synchronizatj.on, ST whatever a t  the T/S ~wthod. 

E . Sys tans Opxatiorz c q ~ r i e n c e  
The Dataroute T,/S sys tm has opra ted  as e q ~ c t e d .  Pasic syxcifi- 

cations have ken m e t  and no prcblrms d i rec t ly  reiated t o  concepts o r  
theory have been encounter&. Hodever, two ~ S S U C S  havc x i s e n .  Cne of 
these r e l a t e s  to  a practiccxi p r b l m  317 ?lock d ~ ~ s t r i b u t i c n  in khe ter- 
ndnal. 'The other r e l a t c s  rare to  system desiqr, philosophy. 

The clmk (and f r a m j  s i q ~ a l s  i n  a Dataroute mde are dist-xibuted 
from the st.ation cLa-k e q ~ . i p n t  :rack t.o eacl-i rack : ~ f  multiplexing 
cqu ipen t  by means of a r&mdcmc, bussincj s c h m .  TJG busses, one frm 
each of the (redundant' statLon c.lmks, dishrihu-t-e siqrlals tc sac? rack 
of multiplex equipment. %;is dis-tribution i s  accapl i shed  via d i s t r i - -  
Sutiorr modules muntecl an +he top of cach h y  (rack: 3F mltipl . .ex 
~ i p w n t .  Several probl~m halie ar isen w i t h  th:is., It. was found t h e  
although up tc six mltiplexers add -k driven in t a~den~ ,  thi-s 



was insuff icient  i n  s m  rides and further expansion was not easi ly im- 
plemented. The lesson in t h s  is t o  plan that the clock distributiorl 
system be eas i ly  expanded and that ideally,  the expansion capabili ty be 
unlimited i n  s ize.  

I n i t i a l l y  the clock signal w a s  a current source-to-ground f o m t .  
This con t r ibu td  t o  the l imitations on the n m h r  of multiplexers t o  be 
driven. It a lso  gave rise t o  interference problems through noise pick- 
up, and c o m n  m3de coupling. This problem was e l imina td  by redcsiqn- 
ing w i t h  a format using a transformer-coupled, bipolar, balanced siqnal 
of several vol ts .  

The second (philosophical) issue re la tes  t o  the capabili ty of the 
T/S system. A s  has been described, the Dataroute T/S system is basic- 
a l l y  a master-slave with three c q l m t i w  features. 

1. Hierarchial Master-Slave (self-organizing) 
2. Master F r m  clock along w i t h  b i t  clock 
3 .  Universal Time F r m  - a form of double cr:dedness 

In Dataroute, the reason fo r  using Hierarchial Master Slave was  to 
allow automatic reconfiguring of the netmrk, without se t t ing  up unsta- 
ble  closed t h i n g  paths, i n  the event of l ink  o r  master clock f a i l u r ~ ? s .  
However, experience has shown t h a t  network reconfigurations are so rare 
that the u t i l i t y  of HPllS is questionable. In other words, the self-or- 
ganizing feature is so se ldm used t h a t  a cost/baefit  analysis based 
on t h i s  experience would l ike ly  d ic ta te  not incorporating it i n  the de- 
sign i f  the choice were to  be mde again for Dataroute. 

Note: The r a r i t y  of fa i lures  has other implications for  military 
systems. Because of the ra r i ty ,  it is possible, even probable tha t  
personnel may be so "out-of-practice" t h a t  they cannot diagnose and 
correct T/S systesn problems i n  a t k l y  manner and may actually com- 
pound the problem through incorrect ac t iv i t i e s .  Th i s  of course coulcl 
be disastrous i n  a w a r t k  si tuation. Thus a u t m t i c  self-correction 
m y  be much more desirable. 

The second feature, Master Fram, was i m p l m t e d  t o  allow cross 
patching between multiplexers without the need fo r  ( low spzd channel.) 
input buffers. In retrospect, the Dataroute operators now question 
whether or not the a b i l i t y  tcl d i s ~ n s e  with the low speed buffers is a 
significant advantage. W i t h  LSI and VLSI usage growing exponentially, 
the cost  of adding buffering t o  channel cards is not large. The sim-, 
p l i c i t y  of channel cards is a positive feature however, and the a b i l i t y  
t o  patch channels w i t h  only signal leads (i.e., without separate clock 
signals) is a p s i t i v e  feature. This reduces the problems t h a t  arise 
when large nzrmbers of channels in a single rack make physical room for  
the signal and clock cables scarce and the oppr tun i ty  for  wiring err- 



o r s  x c  cmpunded.  

Thc Lhird sicpi.f icant fed-tme I.R the  Dataroute T/S systerr~ is  Univcr- 
1 I r a w  ( . The i?ri$lj.iilal reason far 1.m' was t o  rnirlimizc user 
delsy tllrouyh the lzctwcjrkj ! . J W  does tkus by assurir~i]  t h a t  ';he high 
s~xedl frame alicgrrmlt buffers i:-1 the synch~-onous Lmiltiplexcrs rerrain, 
on averaqe m d  i n  absence .=~f n r ~ ~ ; a g a t i o n  dclay vczriations, a t  t h e i r  
center o r  null. p s i t i o n s .  i-iowever , with the  hindsight t h a t  has accrued 
through s ~ v e r a l  years oT opera-tin9 expr ienc,  i t  i s  now f e l t  by the  
i3ataroutc operators t h a t  user delaj7 '-Lhrouqh the :letwork is  nat  c r i t i -  
c a l ly  ~mportant .  This i,s incrc2sinqly t r u e  as <a-ta users bqin to  mvc! 
away from pro-tocols t h a t  emplolT a c k ~ o w l e d y m n t  i;~~?x i-_r,u~dssions 
(such a s  Binary Synchrono~ls protoco.l) . Delay cnnsiderations a r e  a l so  
less i=r i t i c a l  t o  users who contiuu.e t o  cqloy ach-0~7ltdcjma1t protocols 
but who take advantage of the b e t t e r  cha.nncls (lower e r ror  r a t e s )  in- 
creasingly available.  Longer data block :<i zes are feas ib lc  ( t o  a ;x~ in t )  
on the ktter channels m c l  with the L~ncjcr bli;cl.;s,/fewer e r ro r s ,  t~m- 
around time, o r  dclay,  is  l e s s  degrading t o  overa l l  throughout. 

?'he r e l i a b i l i t y  of the T/S syst.6~1 on Dataroute has proven t o  k c3e- 
graded by the corrplexity of the  st.ation clock. The lDIS function plus 
UTF are m p l m t c d  a t  the cos t  of' increased cmplex.ity . ?'his increased 
corrrplexity serves t o  cause increased hardware f a i l u re s  plus contributes 
to maintainabi1i.t~ problems as discussccl below. 

The maintainabil i ty of the T/S system on Dataroute has proven t o  lx 
s iqn i f ican t ly  m r c  of a ~~rob lem than a n t i c i p a t d .  This is  p a r t i a l l y  
duc to the  complexity of the  double ended, self-rqanizinq system and 
partial1.y due t o  the mthoc'l o r  q:~lementation. The systern has been i n  
operation over 5 years now and min tenmce  craftsmen do not ye t  t o t a l l y  
comprehend the synchronizing hadware. mlcjineerincj l eve l  psrsonnel are 
heavily involved i n  T/S system maintencvlcc and operation. L%en p p l e  
with t h i s  l eve l  of training/con~~x.t.er~ce lack i n  unclerstarding the sys- 
,tern. This corrplexity a id  the  attendant lack of fami l ia r i ty  by the  
field people serves t o  reinforce the skept ical  a t t i t ucks  a s  t o  the cost  
benef i ts  of UTF and HM,?. Considerable e f f o r t  has been e q ~ n d d  t o  
witc ;uld rewrite q u i p s n t  manuals ad t o  ulqrade t-raining, but a s  a 
p rac t ica l  rmtter ,  the maintenance p ~ : ) l e  continue t o  r q a r d  the 'T/S 
cquipwnt with considerable conlrusion. 3luch of these coq~rehension 
d i f f i c u l t i e s  can be a t t r i b u t ~ l  ti, tlie srxtcific mcthod of hplementing 
the double endedness. I f ,  f o r  example, tlic inf omlation ~mssed from 
one e d  of the  l i nk  to  Lhc o f f l e ~  h7ere available t o  maintenance/opera- 
t i a n  personnel i n  famil iar  un i t s  of time (seconds or microsamnds) , 
much of the d i f f i c d t y  w u l d  probably Ix overconie, (Note t h a t  the in -  
f o m t i o n  is  presented as a d ~ . m n s i o n l e s s  number referred t o  a s  "Diff" 
in the present unplemntatior,) . 

The f l e x i b i l i t y  of the  Datarout-e T/S syster-I i s  ludycd t o  k a c c e p  



table. No restrictioris on growth or change to the netmrk are imposed 
by the synchronizing system. Tt is notab1.e however that in the plannir~g 
for the 1.544 Mb/s netmrk, which is a growth step for Dataroute, a 
straight mster-slave technique for T/S is planned. Future requirements 
appear fm be for a longer, less interconnected netwrk - one wherein 
closed loops are less probable. 

Advice to be offered to U.S. Governmnt/DoD in planning for T/S of 
the future DCS was succinct: simplicity should be watchword. To the 
extent that survivability, security, and other spcializd military con- 
siderations allow, the simpler the T/S system, the better. will be the 
performance. Maintainability will be a strong function of simplicity 
a d  reliability/availability will probably re related to maintainability 
mre than any other system parameter. 

RATRAN DIGITAL SYSTEM 
Data Transmission Company (Datran) was a specialized cammn carrier 

company forred in the late 60 ' s to design, build, and operate a nation- 
wide netmrk for data conmunications. 

The system designed and built by Datran is distinct frm the others 
surveyed in this report because the btal netmrk was newly conceivai, 
designed, and built as a digital system. There were no constraints of 
having to utilize existing plant or equipent; nor was the design 
forced into compr&se in order to have a voice channel or other malog 
transmission capability. It was therefore feasible to consider tech- 
niques, including the T/S systm, which perhaps =re not feasible as 
candidates for the other systenns surveyed. 

The radio equipment in the Datran netmrk is a digitally modulated, 
line-of-sight microwave system which uses 8-level PSK modulation. Fully 
loaded, it accepts tm, phase-synchronaus 21.504 Mh/s data signals as 
well as a coherent 21.504 MHz clock signal. 

The timing signal is recovered and the data regenerated at every re- 
peater in the Datran systm. Timing recovery is accanplished in 
14.7456 MHz phase-locked loops. The loop bandwidth (3 dB) is 1 KHz in 
the radio system. The free ryninq stability of the oscillators in the 
timing recovery loops is 1 : 10- (short term) . 

A three level rrrultiplexing system is used in the Datran network. 
All three Datran multiplexers are synchronous machines. Each utilizes 
bit interleaving to combine parallel low rate channels to a higher 
speed serial bit stream. Every multiplexer features buffers on both 
the high and low s p d  input ports for jitter reduction and to accom- 
date propagation delay variations. 

The system which provides timing and synchronization for the Datr,m 



network is a stxaightforward application of master--slave techniques. 
The T/S hardware is primarily made up of an equipent called the Datran 
Station Clock (DSC) which supplied bit rate clock to all levels of mul- 
tiplexers- However, the overall netmrk timing subsystem is cowred 
of functions in the multiplexers, t-he DSC's, the microwave radj-os (as 
a timing dissemination chamel), a d  one or mre rubidium standards 
which provide the basic reference signal (master sourcej. 

The DSC basically is a highly stable, highly rel~~able discipli~led 
oscillator with the ability to "rem&rl' an input reference frequency 
after loss of the reference. It includes a frequency asynthcsizer for 
deriving various systen clock rate signals from the basic oscillator 
frequency a d  line drivers for distributing these dock rate sigmls. 
It also includes logic hardware for interfaciny with the multiplexers 
on a systems basis and for contr~lling its c)wn functioning. The DSC 
provides clock signals at 21.504 MHz, 2.688 MHz, and 168 Icilz. 

The heart of the DSC is a triplicated set cf dules call& Timing 
Generators. The~e are highly stable 's,  each in a phase-locked 
Imp configuration where the loop error voltage is simultaneously fed 
to the VCXO and also digitized, filtered to an effective 0.04 Hz band- 
width, and stored in m r y .  The digitizing is done to a 12-bit accu- 

which translates to a frequency accuracy at the VCXO of a 5 x ;iY1. This stored error voltage is applied to the V M O  in instances 
when the station clock transitions E r a  slave operation to master. Be- 
cause of the narrow bandwidtll of the digitized error f&ck lmp, in- 
put jitter with frequency content down to much less than 1. Hz is fil- 
tered. By virtue of this jitter reduction, when thc clock &canes a 
local master, frequency differences between it ;md the n o m l  master 
will remain sufficiently mall ta mintain bit count integrity for mre 
than 30 minutes (based on the buffers used in the C-MJX'sj. This is in 
the presence of up to 5 percent rms jitter with a bandwidth from 0.1 ta 
1000 Hz. 

The bandwidth of the (undigitized) error voltage in the phase locked 
Imp is 4 Hz. This transiates to a capture, or pull in range for the 
slave ~ ~ d e  of ' 1 x lo-'. 

In the following, answers are given to the set of (questions as they 
pertain to the Datran System. 

A. F w l d ~ ~ l  Reasons for Chasing D a t r a n  T//S Systm. ds Irrtplmted 
The criteria used for choosiny the T/S mthd for the newrk Ere . . 

principally perfomce, cost, and state of the art (practical state as 
oppsed to theoretical) prevailing at the tire of system design. M e -  
thods other than master-slave were considered. Nonsynchronous opera- 
tion using independent clocks a r d  various types of pulse stuffing w e r e  
evaluated as pssible candidates. Synchronous techniques consider& 



mdjority votinq logic for controlling the t r ip l ica ted  fwlctions in the 
DSC r awi red  close at tent ion t o  signal delays, b a r d  Payouts, etc. ,\d- 
herencc to  good engineering practices commn t o  nanoscmnds speed logic 
dcsicp ensurd a minimum of problem i n  this area. 

h e  ~r-oblem was encomtered i n  a systems level test of the T/S equip- 
rents .  The problem related t o  the  a b i l i t y  of the DSC t o  p r o ~ r l y  hold 
the system frequency when a j i t t e r  corrupted reference signal was los t .  
It was found that the frequency spectrum of the jitter on the reference 
was of critical importance i n  how w e l l  the system frequency was main- 
tained. The overall spzcification required that when using 32 b i t  
buffers, b i t  count in tegr i ty  would be assurd f o r  a t  least 30 minutes 
when a reference with 1 0  percent ms j i t t e r ,  with a E r q c n c y  spc-t-rum 
ktween 0 . 1  and 1000 Hz ,  was lost. Recall tha t  the bandwidth of the 
loop in the DSC which held the er ro r  voltage, o r  "rcmcmbered" the sys- 
t e m  frecpency, is 0.04 Hz. However, it was fourd tha t  i f  the j i t t e r  
spctrm was  concentrated near the  lower a d  of the specified bmd- 
width, the loss  of reference would sometimes leave the remembered fre- 
quency deflected enough to  cause buffer overflow i n  l e s s  than 30 min- 
utes. If the jitter spctrum were spread unifomily over the 0 .1  t o  
1000 HZ band, or- concentrated near the high end however, the specifi-  
cation was  easily m e t .  

This problem of minta in ing b i t  count in teqr i ty  i n  the presence of 
low frequency j i t t e r  was never manifested i n  actual f i e ld  operation but 
only i n  lab tests where j i t te red  references w a e  synthesized. 

W i t h  the exception of the above described p h e n m o n ,  a l l  specifi.- 
cations an the T/S systcm w e r e  m e t  or exceeded by the completed desi-gn. 
For example, a j i t t e r  reduction r a t i o  of greater than 20 t o  1 was mea- 
sured in thc f i e l d  fo r  the DSC whereas the specification was  6 t o  l. A 
mean time between maintenance repairs  of greater than 22,000 hours was 
a lso  masurd i n  the  f i e l d  on the  T/S equipent .  This compares t o  a 
design calculation of 6700 hours, As for mean time t o  catastrophic 
failure, no such fa i lures  had been encourltered a t  l a s t  check so that. a 
manir,gful quantikative statement cannot be made. 

D. Datrarl I n i t i a l  Field Deployment, Testinq, O&M 
In  the i n i t i a l  deployment an2 opera,tion of the  D a t r a n  netmrk,  al.1 - - 

Eicld personnel w e r e  given comprehensi.vc, but extremely the-compressed 
trainin9 on all equipnents. By and large, the persorinel werc experi- 
enced i n  FDM-m analog systems a s  oppsed t o  d i q i t a l  systems; thus m y  
of them encountered and proyressed throuqh a d i s t inc t  learning ~ r i d  
on the c ~ t i r e  network. Whilc the T/S s~hsystcm presented no more pro- 
blems during this learning period than did the other equipments, ncver- 
theless  the  nonfaniliarity was of siqnilicance. 'The t r i p l e  redundancy 
of the Station Clock added t o  the  nonfamiliarity problems t o  such an 
extent t h a t  it considerably cmp3licated the understanding of thc equip- 



Dab-3i.1 procurd severzl  i - t c ~ ~  of test w.~ai{m-~ent r c l a t d  t o  the T/S 
system that w e r e  nomotzki.ric, :u~x-)n(~: ti?esc Lvere i;r:r-t<d~le rl&idi.:-m s'm~-- 

, , 
dXds, frequency $;TI tlicsizers . r i d  73hase 7 .~k?:cr ;ret.ers. .I13 reti^os~~= b , 
it is apparent that  -these e?:r~~::'-ui:ents id4:c?rc iiot ; - ~ e c e ~ s ~ ~ ~ ~  for opc~atincj 
and maintaining -the nctv~grj;. :I 'hcy wfxe cisef 11 .l ir; ~:x:,n~tol: ri nq the net- 
bnrk ~ ~ r f o m r l c e  f roil? -the ~ m i n  t--of-\<m of an c?;it.efidc:~j "ielG trial 
where con ti.nclcd u?gineerl ; i~~ 5a ta was iieslrL&ic . i JO~.L~<~\ 'C:~ f ro111 a s tm-~i!-- 
p i n t  of routine,  day---' 111, )- Gcly-~ut s*)-'s~w.~ oLx7:rat.ior: i~ilr*: p i -eve l -~ t i~r~  r.13 j. 11- 
tenance, m osci.lloscoyx i n  coil junction with built-ii-; test '~xictricns on 
the DSC is  adequate. 

No s l q n i f i c a ~ t  chcjcs i n  s y s t e ~  dcsicyl, -?re obvlc)us 1r1 retrospect 
that mul.? cshance o r  otherwise f avorahly inf l umce  f l e l d  dcpl oyment 
m d  t es t iny .  

3. Datran Systems Q ~ r a : t i  ny - Ezperience 
The TI'S subsystem ir, the D a t r m  network ilas oyxra.te3 s b s t a n t i a l l y  

a s  qxfctcd. No s i y n i f i c m t  nroblecc~s 1-1a~c Ixen encount-erd that. m~d-c? 
givc reason t o  r-eevaluate t h c  hasic conccpt.~ c;r u ~ q r a d c  thc sys-tem. 
However, it i s  probablc that. a si irpler,  l e s s  carl~>le:< systcm m u l d  bc 
desiqned i f  -l5e task were t o  SC. C J O ~ C  again. ,C;oixe rcasons for t h i s  arc 
noted below. 

The f ~ ~ l l y  triplicated, highly r c l iL31e  (and r e l a t i v e l y  expensive) 
DSC was deployed by Ijatran a t  every thrce-way junction statj-on ~md a t  
every terminal. I n  rc t rcspec t ,  such reliability anrl exymse i s  proh- 
bly only ju s t i f i ed  a t  rm,te three  way s ta t ions .  Even there ,  t he  need 
f o r  t r i p l i c a t i o n  i-s quest-ionahle. 'The DSC 's provicic qu i t e  long man- 
tirre between maintenance repa i r s ;  and the na t~_rc  of f a i l u r e s  mcou~i- 
t e r e l  Lo date i r d i c a t e  .that clo~fi~le rdundancy !,md the  s q ~ l j  f i ed  con- 
t r o l  hxclwa~e inherent in this) wc-)uld have suff iced.  

Likewise, cxpcrience gain& in actual  oy~ra-ti.12ns of Lhe s:fstem ten- 
ded -to ind ica te  t h a t  e a r ly  concerns olTer j i t t e r  on the recovered timing 
si-qnals was not w x r m t e d .  I n  the  act-uaily i:eployd Dat:rm ne-kmrk, 
the lclnyest span between DSC ' s w a s  eleveri rnicrr3wa~rc h o l . ~ .  I.i;zd - t k  sys- 
t a n  k-e~ deployed t o  the wcst coast  as plzmlai, s:ja:ls of over t h i r t y  
.hops muld have been cnco-a-ltered. Nevertlieless, e q ~ r i e n c e  with the 
e l ~ v e n  hop system indicated. - t m t  j i t t e r  buil.duj3 was xuch less than ex- 
pctEr3. The worst masur-unent for khc z l e v m  hop s\lstem was j i t t e r  of 
less than 4 percent ~rllt? w'nlic!~ would extrap1at .e  t o  ~inzctl :less thLm 1 0  
p r c e n t  j i t t e r  on a 30 (+) hop span. 

The Datran network ac tua l ly  depl.osrcd was ;i tn :mlo( j~cal ly  t h ln ,  long 
l i n e  i letmrk wltl-1 no closed c l r c u i t  conf i c j~ ra t l ons  . '~'hlzs 110 opp r tun -  



i t y  ever arose t o  evaluate b i t  count integrity type questions on loss of 
continuity of the timing dissemination chain. 

P e r f o m c e  of the D a t r a n  T/S system was judged adquate, and relia- 
b i l i t y  was mre than acceptable and perhaps over designed in  scme appli- 
cations. 

The maintainability of the T/S s y s m  probably should be judged ac- 
ceptable to slightly mrqinal.  The only questionable area muld be in 
the use of tr ipl icated functions as  noted hove. This tended to oh- 
scure c r a f t m  understanding of the equipment and t o  render trouble 
shooting m r e  dif f icul t .  It was certainly not a severe problem parti- 
cularly for the better qualified, m r e  industrious f ie ld  pmple who 
muld put forth the effor t  t o  understand thc hardware. 

The Zl&ili'cy for grmth/change of the Datran Station Clock is 
judged acceptable. It was found that in one instance, added driver 
ports w e r e  needed to enable clocking additional multiplex bays in a 
station. Careful, tedious work was necessary to add the capability t o  
an on-line DSC without disturbing custmer t ra f f ic ,  but it was a c m -  
plished. Should a redesign ever occur, it would be desirable to pm- 
vide for easier (physical) expansion of the drive capability; t h i s  was 
not a major problm, h m v e r .  

F. Any O t h e r  Information Useful t o  U.S. Government DoD in P l m h g  -- 
Defense Cmunications Svstm 
The s m ~  advice regard& simplicity of equiprents as offered by 

Canadian Dataroute operators would be evidenced by the Datran experj_- 
a c e .  The less cmplex the system, the better w i l l  be the re l iab i l i ty  
and mintainabil i ty.  And, i n  the absence of major design errors, main- 
tainability w i l l  probably impact p e r f o m c e  more than any other single 
factor. 

One other c m n t  is pertinent. Ckmpard to  the lace sixties/early 
seventies when the D a t r a n  network was designed, there is a plethora of 
data on digi ta l  systans available nm. Fach succeeding conference or 
symposium on broadband ccarnrrunications provides additional experience 
docxmzmtation (as be11 as theoretical mrk)  . N o t a b l e  useful e x q l e s  
are ZOS micrcrwave delay data and multipakh fading degradation experyi- 
a c e .  Obviously, a l l  these sources should be used in planning the fu- 
ture DSC timing a d  synchronization systems, 

TIMING/SYNCHRONIZATION PLANNTNG FOR NO. 4 E S  
A s  noted i n  the in t rduct ion,  original plans were t~ include infor- 

mation on the i r r rplmtat ion and operational experiences of Bcll Sys- 
tem's  Digital Data System in t h i s  report. (This system is a privake 
l ine  synchronous network put in to  operation in the U.S.  in 1974). Un- 
fortunately, this information i s  not available; Bell off ic ia ls  d ~ l i n e  



t o  provide such data dl~e t~ the extensive prading l i t igat iorl  revolvinq 
around the Digital Data System (LIDS). These o f f i c i a l s  w r e ,  however, 
willing t o  provide infonmtion on the current planning and engirleerjllcj 
e f fo r t s  related to spchronization of a network of large d ig i t a l  .wit- 
ches presently being inpl.mcx1ted throuyhout khe U.S. This i n f o m t i o n  
w a s  providd by way of i n t e r v i e w  with several enyineers currently in- 
volvcd i n  the engineering and planning ef for ts .  In  this section, this 
information is d e s c r i w .  

The No. 4ESS is  m e l ~ t r o r r i c ,  sofkarc-controllm! t o i l  switchinq 
center design& t o  t i e  .local f a c i l i t i e s  t o  the nationwi.il,c long distance 
network. The switchir-167 center is  hasically a di.git;l.i. machine which in- 
terfaces both dig i t a l  aiialw tnu-3:s. A t  +hc inccp tion of No. 4ESS 
deployment, ancl a t  thc present time, m a l q  trunks predcarinatc i n  n w  
ber. As d i g i t a l  trunks b ~ ~ m  increasingly malilable however, (a t r e n ~  
t h a t  is growing rapidly) , the interconnected No. 4ESS systans take on 
more and mre a t t r ibu tes  of large k k q r a t d  d ig i t a l  networks. 24s this 
happens, the advantages of rel iably synchronizing thc whole network are 
c h i o w .  This is remgnizecl by kli and consider:&le e f f o r t  has k e n  
exyxndd t o  plan for  this synchronization. Yuch nf t h i s  planning is 
hex-t-ricabiy inknuoven w i t h  planning and analysi:; t l ~ a - ~  has k e n  yoi.ng 
on a-t kll Labs since the early s ix t ies .  Tliis early planninq was  the 
in i t i a t ion  p i n t  i n  thc discussions w i t h  &ll engineers, 

In the early s ix t i e s ,  various users of thc Bell 'Telephone System lw- 
gan to i m p l m n t  digital nctvmrks. A t  f i r s t ,  relat ively elaborate word  
s tuff ing was u s d  to provide a synchronizing nechanim for the nehmrks, 
The cost (at that time) of s h i f t  regis ters  caused a change t o  bit-by- 
b i t  pulse stur'finq techniques and zventually to  consideration and ma- 
l y s i s  of other synchroniziny r c t h c d s .  Considerable attention was fo- 
cused on the concept of mutual synchronizatior,. l%ly mvestigators,  
both inside Bell  L ? s  and elsewhere, studied and publ.ish& papers on 
the teclmique. One of the advantages a s c r M  to irutual synchroniza- 
t lon  was that it was  "administration frec".  Hodevert ~t 1 3 s  decided 
by the No. 4ESS nctwork planners that t h i s  is  not,  in rea l . i ty ,  the 
case. Rs aii exanple, it was r m t d  tha t  q~ to 20 ,OUO T.S-l (1 :544 %ps\ 
trunks can anverge  afl .i No.  4ESS. To choose whkc11 of lkhese w m l d  :TO- 

vide the timing reference patLLs for R r n ~ t ~ ~ a l l ~ ~  sy~icilro~zlzed sysbxn i s  a 
considerable problem. This is  esmcia l ly  true cdlel-1 +hc dyrlanuc nature 
of the tqpology of these trunks i s  c ~ n s i d e r d .  

~%ot.her aspect of mutual spclYoni zation mt.4 as s.icrnif i cmt  w a s  
the ~ ~ l l  ef fed. This situatioxi 'arises ~41c;-I two sepLarat.e, relative- 
l y  cmtplex, intercorslected areas a-e corulectd by 3 t h i r ~  'ad< s t r ~ c -  
,ture. In this case, the input t o  the TI'S sys ~~s =ch of the crlds 
of the d&ll rmst z a n y  heavily wicjhtec? inprtance. ? h i s  kencis ,to 
d i s t o r t  the s u n i v a b i l i - t y  of the :ri~~txal s1.n~: nethior!c t o  q m w ~ c i  
administration problems, par-ticularl.y when the exact carrpositi-on of the 



Mutual synchronization was eventxally discarded 2s a candidat2 syn- 
chronizing method for  three s iq l i f i can t  reasons. A s  indicakd,  it was 
determind t h a t  its main attr ibute,  i.e., admhistration-free opxat ion ,  
was not a practical r ea l i ty .  "r~is was the primary reason for rejecting 
the technique. A l s c ,  evolution in crystal oscil.lator technology in  thc 
late 6 0 ' s  was a factor  in m v h q  away from mutizal syntbonization. D m -  
ble ovm crystal. osc i l la tors  with miklidegree t e q ~ r a t u r e  s t a b i l i t i e s  
became cconomic realities. The r e s u l t i r l ~  frequency s t a b i l i t i e s  added to 
the case for i a sb r - s l ave  techniques. Additionally, d ig i ta l  phasc- 
locked l a p  (DPLL) technology p r q e s s e d  to thc pint that  economic 
prac t ica l i ty  was acl~ieved. The significance i n  this was that DPLL's 
with "automatic" intqral-plus-proportional feedhclr was then achiev3- 
ble. Note *at intcgral plus  proportional f c e b c k  had long k e n  us&, 
but the in tg ra l .  feedback had been a mchanical screwdriver adjustment 
(to osc i l l a to r  frcc-run~ing frequency). "Feedback" of course was a 
techniciar, periodically nulling laop stress voltages. Digital implertlen- 
tati.on of this function mant qrcater autmtic 1.q-term s t a b i l i t y  in 
the osc i l la tors  since d r i f t  duc to crystal  aqing collld be ccanpensated. 

Another irlfluencfng factor on synchronization planning was that the 
DDS net-work k g a n  t ~ 3  be engineered. A t  f i r s t ,  the objective w a s  t~ 
build a to ta l ly  s l i p  frec network f o r  DDS. However, the No. 4ESS plan- 
ners tdc. the p s i t i o n  tha t  a to ta l ly  s l i p  free DDS was not pract ical ly 
achievable. A5 an example of the several reasons, mst of which are of 
an administration/opration origin, it was p i n t e d  out that there a r e  
some 60,000 separate yroup channel trunks i n  the Eel1 System. Of thlese, 
an averaqe of 20,000 yearly a r e  dynm,ic in & sense t h a t  they are rc- 
mved and subsequently returned t o  service for one reason o r  another. 
S i n e  these trunk assets werc t o  provide transmission channels f o r  
DDS, it was f e l t  tha t  such a dynamic makeup would prohibit  pract ical  
opcration of a slip f ree  network. 

For the DDS, it w a s  eventually agreed tha t  fhree system inpai .mnts  
would be f a r m s t .  were i) b i t  e r n x s ;  ii) misframing where md- 
t iplexers  lose £ram2 synchronization cmd iii) s l i p s  w h e r e  single eight- 
b i t  bytes are lost/yaincd. Mdit ional ly of course, timing jitter 
duc to a c c m ~ l a t i o n  on the transmission l ines  and duc to pulse s tuff-  
ing/dcstuffing is  encomte~ed.  O f  these impainwnts, the mst siqnif i-  
cant i n  terns of timing and synchronizatior~ is s l i p  and the byte inter- 
val defining s l ip .  Of mursc, the longer the byte interval, the l e s s  
the  frequency accuracy requirements on a timinq sotirce fo r  given slrip 
rate. An upper l imi t  is placed on byte length i n  the Bell System Ise- 
cause the byte buffers give rise t o  cross-officc delay in patching 
channels. A t  a point, this excessive delay k g h s  t o  cause echo sup- 
pressors i n  the c i r c u i t s  to hang. 'This led t o  the 8-bit byte which is 
125 microseconds i n  a 64 kb/s channel. 
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It was noted by !:hc Zci?. s~ic~i!?ccrs that. 6-1:: f o;?rtll ei:T-cS; zX the 3-.- 

k - v e  specification l is t  is estcmel\- . z T ; x ~ ~ ~ - J x > ~  ~s con-krasted to i- 
-. , fimoc=uous apparance. .it- has i i i  s tor ica 11.1~ lx?c:l f o ~11~3 t h ~ ~  t m a i n  tenancc 

ac t iv i t i e s  are aswalfs ref lei7 Led 1-;eija i l i \ rz : i~  i~: re l iA2i . l i?>r  ;xrf orm?ce 
f jgmes f ~r c ~ ~ m u n i c s  Lions nehwior:.rs . S i q n i  f ii~ait :.~ircc.rlt;rqes o f  c)LI~-.  

aqes are -&aceable to ~ ~ ~ i n t e n a ~ c c  !;srso:zize:. acti.>it:.iies Since +he ti- 
ming sources for diqita.1 nehmrks a re  so ::crLtral. 1.1: oser.ationp ~ 7 3  

.Ildc the stls-uctWed outages w e  r.tcnti;il:l.;y so catastl-ophic, -1t is fci.-t -IT - .  



maintenance philosophy is critical. In general, alarming and alarm rc- 
action plans for the timing and synchronization hardware on No. 4ESS 
will have long time constants. A loss of reference alarm will, for ex- 
q l e ,  be considered only a minor alarm for up to several minutes. 
Other reaction times n m r e d  in hours arc planned. The central admin- 
istrator with netmrk-wide status visibility will be consulted closely 
on all alarm respnses and maintenance activities. 

The phase-locked loop in the TSU incorporates integral-plus-propor- 
tional feedback. The integrated co~pnent of the loop feedback has a 
t h  constant of approximately 2 days. The time constant of the propor- 
tional factor is approxhtely 2 hours. ~dditionally, a mnually acti- 
vated Fast Start m e  allows rapid acquisition when the TSU is first 
put into operation or following a major reconfiguration or outage. Au- 
tomatic phase buildout is also desiqed into the TSU hardware. 

The above briefly describes many of the factors which have atere3 
in the planning for No. 4ESS timing and synchronization. The Bell PA- 

gineers emphasized that many of the choices and trade-offs made were 
dominated by netmrk administration considerations. This of course 
reflects the culmination of nlany years experience in oprating the lar- 
gest c o m n  user comunications netmrk in the world, Little or no 
consideration has been given to some factors important to military 
strategic comunications systems. Survivability in the presence of 
hostile activities is an irrprtant consideration in evaluating timing 
and synchronization techniqyes for the DCS. Understandably, this has 
had li-ttle or no influence on the k11 designs. Likewise, interopera- 
b i l i t y  with tactical systm is a consideration for the DCS not dealt 
with by Bell. 

A last topic discussed with the Bell engineers during the interview 
concerned the distribution of precise time. The T/S system being en- 
gineered for the No. 4ESS netmrk docs not incorporate double endedness 
and thus does not readily a-t of precise time dissemination. How- 
ever, mnsidaation has been given to this by Bcll engineers. In gen- 
eral, the s m  concern for netmrk administration considerations in- 
fluences time dissemination that influenced T/S system design. In 
fact, the Bell engineers expressed the opinion that administration pro- 
blems would so adversely effect tirw distribution as to make it .;nPrac- 
tical in the Bell System. Tbm examples noted were network toploqy 
dynamics and emergency restoration. The statistic previously described 
wherein 20,000 of the 60,000 group trunks in the system are taken ou-t 
of service and restored each year was pointed .to as an ~xmplc of th12 

dynamics. 

mgency restoration, and "the tcmpo of activities that exist during 
outages was mentioned as the other prominent example of administrative 
problem in time dissemination. During outages, especially tbse that 



ef fec t  large cross-section trunks, intense e f fo r t  is involved. Custo- 
mers and m i a g m t  arc usually demanding quick res tora l  and lit-tle 
acceptance of procedures which would inhib i t  o r  delay restoration w u l d  
he anticipated. Coordination of clocks, and of new +mik path delays, 
e tc .  is seen by F e l l  engineers as j u s t  such a procdure. It was noted 
however, tha t  autom,tion of such ;,rccedures k~y use of microprocessors 
might become economically f e a s h l e  i n  the future. 

SLJMMARY OF SuRbTY --- 
Each of the system surveyil is a w~chronous nctwork, and each uses 

a T/S technique that is essenti.ally of the basic ;raster-slave cateqory . 
'13e Datran netmrk T/S system m d  the plannecl No. 4ESS netowrk T,/S are 
straightforward applicaticns of mster-slave. The Western Uriion net-- 
mrk and part icular ly the Canadian "vabroute ne twrk T/S =are nlaster- 
slave with added features. 

Retention of bit-count-integrity , i. c-. , the avoidance of s l i p s  was 
the forcmost c r i t e r i a  i n  the deslqri u,f +&e netwnrks. F lur&i l i ty  and 
adjudged pract ical  s t a t e  of the art i n  T/S techmlo- aiso weighed 
heavily iq the i n i t i a l  system designs - ;nrticul,arly i.n tile case of 
tile FJcst.ern Union and Datran netw~rks. Minimization of ilser delays 
over the n e W r k  w a s  a s trorlg factor- i n  the Dataoute system design; 
recognition of netmrk adrrinlstration problew strongly infl.uenc& 
Bell System plans and choices. 

Only the Canadian Dataroute system provides for  zutomztic network 
reconf iguration (and autorrwtic network i~ i . t  iaiication ) f 01 lowing f a i l -  
ure or  other perturbations. Helatecl t o  tlhris j.s the fact that m n y  
the four system6 surveyd, on117 the Dataroi.lte rec~uir-es an overhead 
channel. 

Each of the system designers r-qnizeci thc crucial in-prtance of 
r e a l i b i l i t y  i n  the T/S hardwarc /x~bsys ta~ .  Cxttngc:s due t o  lack of 
timing supply are ~ t e n t i a L l y  c a t a s t m p h c  and muid  disrupt v e q  l a r g e  
nunbers of users. Thus, consic!crL?le e f f c r t  mcl c 1 o l . i ~ ~  w e r e  expnded 
to  build high availability i-ntc: the T/S q i p n t .  Western Union and 
Canadian D;lltaroutc sy s t m  arc!utects a c m q ~ l i s h d  thi s by using double 
redundancy w i t h  a u t m t i c  switch.ovf?r. 'Rie - t ~ a r ?  systan i ~ t i l i z c d  tri- 
pie redundancy i n  the s ta t ion  clock with al' t.biree ; ~ , r t i ~ . n s  cor;t~ibo- 
t ixg in the u n f a i l d ,  Dr normi ,  ; : ~ e a t i n q  nxic .  Yfijfiritv votiny i q i c  
in effect. witches out t h .  f a i l s - i  i7h~i l i t :q  i d l e r 1  grobl.wifi arise. 

The f ie ld  deployn~ent edxria\cr-.s o-t' t"l eorqaz iza t io r?~  s u v e y ~ l  were 
r=~k&l\i similar, EJach of khc :.Jester-r, U r ~ i c l ~ .  , Li:~-ta;:c~~~i~, a d  rhtrm 
init-.ial d~ployn~ent cf for*: s wa.e ~ r e ~ ~ s u n a b i y  st?:?? i q h t f  G I T I : X ~ ,  bdt exten- 
si.ve w e  wss ;in& of erqlneer-ing-levc;~ ~~~~~~ncl ( 3 s  opy~skd t~ -tech- 
rrrl~ians or craft-). Thc lack of a ready suyp;y of digitai1.y ori~n- 
t& f i e l d  personnel was notd. I n  aach case, ho'dcver. L\e T/S systerr, 



type or  i ts features had l i t t l e  or no influence on deployment difficul- 
ties or lack thercof. 

In  the area of operations experience, only Datran and Dataroute were 
able t;o contribute infonmtion., The Western Union network never went 
opxational and the Bell .  System s deploynent of No. 4ESS is only now 
underway. The IBtaroute operational expriencx has k e n  adversely ef- 
fect& t o  some extent by the ca?ceptual (and hardware) complexity of 
the T / S  system and t~) i r p l m t a t i c n  proced~lres. To date, f ie ld  per- 
s o n r ~ l  are not to ta l ly  camfortab1.e with their  knowldye and understan- 
dinq of t l ~ e  method of timing and synchronizing the systm w i t h  the ex- 
t r a  features of t h  master-slave systerr~. Notably, the next. edu t io rz  
of the Dataroute system is planned to bc an unadorrled master slam. 

In the case of D a t s a n  operational e q r i c n c e ,  no significarzt pmb- 
lems arose which were attribut.3ble t o  the T/S concept. However, the 
t r i p l e  redundancy in the hardware did mrrplicate craft- understand- 
ing and troubleshosting. Failure rates were so l o w  as t o  call into 
question the need for trip1.e as opposed t o  double redundancy. 

The above briefly smmrizes  the informition gained i n  the surv12y of 
c o m r c i a l  d igi ta l  netmrks. It s h u l d  be noted t?i~a-t several key cri- 
teria which greatly inf l~tence the design and (satisfactory ) operat.i.on 
of a strategic militaxy netmrk such as the Defense Cammication Sys- 
t a n  are absent from the list of c m e r c i a l  net~mrk c r i t e r ia  examri.n~%i. 
h n g  these are: 

1. Survivability 
2. Compliance with Federal Standard 1002 
3. Intersystem W r a b i l i t y  
4. Self-reorganization 
5. Precise Tittie Availabi1i.t:~ 

In  the above list, scrwiv&ilj.ty is the mst siqnificant entry; the  
fact that  a nebmrk plays a central role i n  national defense that 
survivability must be as pivotal i n  desrign trade-offs as  are any other 
parameters. This,of course, can completely a l t e r  the conclusions of 
a cost-effectiveness study. 

Precise time availability is another feature that  might be of ctm- 
siderzble value i n  a defense cmunications scenario but of lesser 
i n p r t m c e  i n  the comnercial wrld. Covrzt mrrununications require-- 
mnts  lead t o  spread spcctrum and cryptoqaphic system use. Precise 
knowldge of a coordinated t h e  standard, o r  course, greatly facilr~- 
tates the synchronization of s~zch s y s t a ?  by reducing acquisitio~l 
search windows. Likewise, a knowledge of relatively precise time fat- 
ilitates navigation and position fixing - another dis t inct  advantaqe 
i n  a military environmnt but of lesser h p r t a n c e  for comr-cia1 tip- 
plicatioris. (Although the comercia1 need for- precision navigatiorl 
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OUESTIONS AND ANSWERS 

MR. THEODORE FRENSCH, Hewlett-Packard: 

Can you e labora te  on the  double o r  t r i p l e  redundancy? I can see f o r  
ca tas t roph ic  f a i l u r e s  t h a t  double redundancy works where, s imply,  
t he re  i s  no output .  But what i s  t h e  p r a c t i c a b i l i t y  f o r  frequency 
s h i f t s  i n double redundancy? 

MR. MITCHELL: 

That cons ide ra t i on  i s  one o f  t he  t h i n g s  t h a t  l e d  t o  t r i p l e  redun- 
dancy choice i n  DATRAN, the  idea be ing  t h a t  f o r  ampl i tude f a i l u r e s ,  
c e r t a i n l y  double redundancy a l lows you t o  decide which one has 
f a i l e d  and which one i s  ope ra t i ng  normal ly  so you can sw i t ch  appro- 
p r i a t e l y .  But f o r  phase-type changes, i f  you have a phase s h i f t  i n  
one o f  two sources, i t  i s  d i f f i c u l t  i f  n o t  impossib le t o  determine 
which one i s  r i g h t  and which one i s  wrong. Whereas, i f  you have 
th ree ,  you can do m a j o r i t y  vo t i ng .  

That i s  w e l l  and good. Our experience, again from a pract , ica l  
p o i n t  o f  view, was t h e  c l o c k  as i t was b u i l t .  Admit tedly ,  we spent 
an appreciable sum t o  make i t  r e l i a b l e .  But i t  was so r e l i a b l e  t h a t  
t h a t  came i n t o  p l a y  so i n f r e q u e n t l y ,  never i n  my experience w i t h  
DATRAN, t h a t  t h a t  almost fell i n t o  the  realm o f  an academic con- 
s ide ra t i on .  Does t h a t  answer your  quest ion  o r  address what you a re  
d r i v i n g  a t ?  

MR. FRENSCH: 

Are you saying, then, you a c t u a l l y  d o n ' t  need any redundancy o r  are 
you saying t h a t  ca tas t roph ic  f a i l u r e s  were more common than 
frequency s h i f t s ?  

MR. MITCHELL: 

Yes, i n  our case we d i d n ' t  have e i t h e r .  When you have a network 
t h a t  p o t e n t i a l l y  has 8,000 channels on it, you c a n ' t  a f f o r d  t o  have 
no redundancy, even i f  i t  on ly  happens once every 30 years. F i r s t  
o f  a l l ,  if you had t o  ge t  ou t  and t r y  t o  market t he  network and 
somebody s t a r t e d  ask ing  quest ions about t he  market se rv i ce  on t h e  
network, i t  would cause you problems. 

I n  f a c t ,  some o f  our s t a t i o n  c locks  i n  the  three-way repea~ters 
were 60 m i les  from the  maintenance center .  So you are  t a l k i n g  about 
hours be fore  the  se rv i ce  cou ld  be res to red  i f  you d i d n ' t  have some 
k i n d  o f  backup the re  and the  c l o c k  d i d  f a i  1. So I t h i n k  you c:anl t 
a f f o r d  t o  go w i t h  no redundancy j u s t  from a p r a c t i c a l  p o i n t  o f  view. 

But  as f a r  as going t o  t h e  expense, and I would guess that,  t he  
expense o f  the  DATRAN c locks  went up 50% due t o  t he  t r i p l e  redun- 
dancy, and c e r t a i n l y  the  development problems were increased by a t  



l e a s t  50%; you know, t h e  des ign  problems f o r  t h e  peop le  t h a t  p ro -  
v i d e d  it. Had t hey  n o t  had t h e  t r i p l e  redundancy t o  contend w i t h ,  
t h e  des ign  would have gone a l o t  more smoothly;  n o t  t o  say t h a t  i t  
d i d n ' t  go r e l a t i v e l y  smoothly anyway. Yes, s i r ?  

DR. C.  C .  COSTAIN, N a t i o n a l  Research Counci 1  : 

Data Route has i n s t a l  l e d  a  t e r m i n a l  i n  our  l a b o r a t o r y  and we 
c o n t i n u o u s l y  mon i t o r  t h e i r  f requenc ies .  We a re ,  i n  f a c t ,  go i ng  t o  
f eed  back t o  them d i g i t a l l y  on t h e  network t h e i r  o f f s e t ,  which t hey  
can use as t hey  w i sh  o p e r a t i o n a l l y .  But I j u s t  wanted t o  ment ion 
t h a t  a f t e r  we were m o n i t o r i n g ,  t h e r e  was a c a t a s t r o p h i c  f a i l u r e  o f  
t h e i r  master  i n  Toron to ,  o r  t h e i r  sync channel ,  whatever,  or some- 
t h i n g  i n  t h e  loop .  Montrea l  t ook  o v e r  arid t hey  were r a t h e r  
p leased  t hey  had i t  because i t  was a ho l  i day  weekend w i t h ,  o f  
course,  t h e  l e a s t  exper ier lced, most j u n i o r  engineer  i n  charge. The 
system d i d  e x a c t l y  what i t  was supposed t o  do i n  case o f  a f a i l u r e  
o f  equipment. We mon i to red  i t  b e a u t i f u l l y  and we were r a t h e r  p leased  
t o  have t h e  exper iment ,  which you wouldn '  t c r e a t e  normal 7y. 

MR. MITCHELL: 

Very good. You touched upon a p o i n t  1 neg lec ted  t o  ment ion t h a t  d i d  
come o u t  i n  t h e  survey.  The f a c t  t h a t  these  t i m i n g  and synchron iza-  
t i o n  systems seldom f a i l  can be i m p o r t a n t ,  pa r t ; i cu l a r l y  i n  a  m i l i -  
t a r y - t y p e  env i ronment ,  because i t  means t h a t  t h e  people  who have t h e  
r e s p o n s i b i l i t y  f o r  m a i n t a i n i n g  them when t h e y  30  f a i l ,  have f o r g o t t e n  
what t o  do because i t '  s been s o  l o n g  s i nce  they had a s i m i l a r  prob-  
lem. So i f  you have a network t h a t  a u t o m a t i c a l l y  hea ls  i t -  
s e l f  i n  some sense, t h a t  i s  an advantage, I t  i s  p robab l y  even more 
so an advantage i n  a  m i l i t a r y  network o r  c r i t i c a l  network t han  i t  
would be i n  a commercial network.  




