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Time and frequency (T&F) are fundamental and pervasive pararricters of telecommunica- 
tion technology. Advancing development of digital communications uslng data modulation 
rates above 2400 baud and time-division multiplex in coniplex network configurations is 
now requiring more accurate and precise T&F reference information for efficient operation 
of telecornmunication systems. Past papers that 1 have presented addressed the concept 
of T&P facilities at tclecommunication statiorls in the field' and a system concept for 
distribution of'T&F reference information via telecommunication and navigation systems 
to  users in the field.2 l 'he question that is most often asked, "Why is T&F reference 
information necessary for the operation of digital telecommunication systems?" I will 
answer this question by discussing here the fundamental ideas of processing binary digital 
signals, the operation of time-division multiplex, and digital network synchronization. 

A schematic diagran~ of a general communication system as conceptualized by Shannon and 
Weaver3 is shown in Figure 1 .  This diagram IS very general and can depict any type of 
con~rnunioation. The information source selects a specific message which is encoded and 
sent through a communication channel. Enroute, the signal is subjected to  perturbations 
from environmental noise. The received signal is then decoded and delivered to  its destina- 
tion. Through the process, the message may undergo many spurious changes, resulting in a 
loss of information content in the delivered message as compared to the original selected 
message. In digital telecommunication systems, loss of information content of the signals 
can be attributed t o  noise, distortion of waveshape, and loss of synchronization. 

Digital signals are basically a series of binary digits (bits) occurring at a lixed rate of time, 
As shown in Figure 2, each bit represents one of two possible logical states ( 1 or 0) and is 
held for an equal time interval (t). The seclucntial combinations of logical states represent 
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Figure 1. Schematic diagram of a general communication system. 
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Figure L. I3as1c digital signal 

the encoded ~rlformation of the selectcd rnt.\sagc. 'Ttlc rcciptocal of  the tirne intcrval of a 

bil gives the rnodulat~oli ratc in bauds lor tr:insn~isslon of the d ~ g ~ t a l  s~gtlal. 

Therc are also digital sigilals that may contain bits of different tir-nc i n t e~v~ i l s  for identifica- 
tion o f  groups of bi 1s as inf'orma ti or^ ch;~rr~ctcts. This is nor~nally associated with corlven- 
tional low-spccd elcctron~cchanical tclutypc operation 2nd has  r ~ o  hignit'icance in this drs- 

cussion. U1;dcr consideration hcrr :lrc the scrial digital signals with bits of constant timck 
interval 3s ~xormslly used for data c~or~ir-ni~nic.atior~s at  a ~nodu l ;~ t i on  rate of 2400 bauci o r  
highcr. 

The generation of' n dlgltal slgrial rcquires .I wurce of  til-ne-lntrrval ruf'ercnce ir!forrnatluti 
(oftcn called 1.1oi~X) for tlrning tht* slgllal dt a given rnodulatlon rate. Normally the tlnling- 
signal tnodulatlon ratc is twice that of the associatcd digital signal. l ' l ~ e  rclativnship of the 
tinllng arrd digltd s~gn,lls is showrl in Flprre 3. The timing \ignal is a series of alternating 
logic states of cqual time ~rlterval Onc tlnlrng perlod uonslstrng of a "1"  and a "0" detcr- 
m n e s  the intcrv:ll dura t~ol i  oi orlc b r r  In  thc dlgrt,rl r ~ g n , ~ l .  I'hc l o g ~ c  statc of the cnuodcd 
inlormation 1s drtcctecl  by the ''0" to " I "  t r i ~ n s ~ t l o r ~  of t l j~ .  tlrnlrlg slgrial This statc i \  t f i ~ n  
reflected a< o r ~ c  bi t  111 Ihc rcsul t~ng dlg~t,ll s1gt1;11 for tllr d ~ ~ r , r t ~ o r l  o f  utlt' tlming pcriucl 

The cletection of a digital signal also recluirec n suurcc of tirnr intcrval rcferencc i n f o n a t i o n .  
As shown in Figurc 4, thc received timing sigr:al is r-iorrnally twize tliC r n o d u l a t ~ o ~ ~  ratc ~71' 

the digital sigtlal and in Zhc samc phasc rt.l:itionship as  a t  the digital signal source. Iiowcver, 
thc sampling of  the digital signal is accornplisl~eri hy t11c " 1 "  t o  "0" transition of' tlitl timing 
s~gnal ,  which is co i~ l c idmt  wilh the cet1tt.r of the  bit. 'T'his portion of thc bit has tlle lcast 
probability ol 'being perturbed by the transniission uhanncl. 'I'l-luscfore, thc c\hsni.c. of' 
detcating the wrong logic stntr is rninini i~rd.  

N o w  ~t bucorr~cs readily apparent that ~f thc tlme ~ r l t c r ~ d l  (or f ' rcqi i t . t~~y) ~f the tlmlng slgrldl 
1s different from that of the recr~vcd d ~ g ~ t a l  s~gnal tlicrt. wlll br  rt.lat~ve contlnuoirs ch,irlge 
in phase bctween the two stgnals. Therefore, the po111t of detection will shift cither towdsd 
the leading o r  thc trillllrlg edge of  the hlt. Eventually the detection point could ch;ltlge ovur 
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Figure 3, Generation oS a digital signal. 

to  an adjacent bit. This would cause what is known as loss of bit-count integrity and result 
in loss of the information content of the signal. Even before loss of bit-count integrity, as 
the sampling point drifts into a perturbed portion of the data bit, the wrong logic state may 
be sensed. 

A number of digital signals can be combined into a single digital signal by a time-division 
multiplexer (TDM). This is accomplished by reducing the time duration of the bits of the 
input signals and interleaving the bits (or groups of bits) into a single serial signal of a higher 
modulation rate. The rotating selector shown in Figure 5 functionally illustrates the process 
of time-division multiplexing. Rotating at a rate of one revolution per input-channel-bit 
time interval, the selector samples each channel sequentially for one quarter of a revolution. 
The resulting output signal has a modulation rate of' four times that of the input channels. 
The f in t  four bits of the n~ultiplexed signal are the first bits of each input channel in the 
order that they are sampled. This sequence is then repeated as the selector continues to 
rotate. 

Dernultiplexing the signal is just the reverse of the multiplexing process. Functionally, a 
rotating selector in synchrony with the multiplcxer distributes the bits of the incoming 
multiplexed signal to their respective output channels. 
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Figurt. 3 .  I>etcctio~~ of a digital signal. 

A rnajor problcm in the dcsign of digital cornl-nunications is synchronization of' thc  TDM 
and thc terminal cquipmrnts .  TI-ic: syncl1roniz3tiot1 problem for  point-to-point operation 
as rnost cornmonly ascd up tc? this point in time, is relatively s i~nple.  However. this problt'111 
becomes acute with tht: evolution of uon~plcx nc3rwork ~:onl'igurativns. 

Point-to-point synchrol~izatior~ rcqilires orily t h a t  thi. r-cc,cjvcr by synchronizcti with thc 
transmitter. This is typically achievcri as shown ill I:igurc t; hy rccovcring thc tirne itltcrval 
informstion from thc rfceivcd signal to phasc lock a local oscillator which provides the 
timing for  sampling the incoming digital signal. Th r  rccrivt. timing is. tliereforc, slavctl t o  
thc send timing, but contains a n y  tir-ning p c r t ~ ~ r b a t i o r ~ s  :hat rllah liavc occurrcri to the 
digital signal during tr:~nsmissio~i through the c o n ~ n ~ ~ i n i c : t t i o ~ ~  c l ~ a n n e i .  

This basic schcrl-le, howevcr, is not adcquijtc for network tir-nirig. ,411 rnajor nodcs shown i n  
Figurc 7 must bc synchronized wit11 each other.  W i t h i n  :I nodal facility, the digit;rl s i g~~u l s  
must be exactly synchronous in  order ro allow interchange of signals bctweetl i:liannels of 
various interconnecting routes. The synchronization rnust be accu~nplished in a manner 
that will prevent any instability throtrghout the network resulting from fcedhack of tirnilig 
perturbatioris through network loops. 
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Figure 5.  Time division rnu1tiplext.r 

There are two basic factors that create the prgblems in synchronization. The first is that 
of maintaining a frequency coherence between the transmit-timing signals and the receivc- 
timing signals. As discussed earlier, a difference in the time interval (the reciprocal of 
frequency) between thc receive timing and the receive digital signals can cause the point of 
detection t o  drift into adjacent bits, resulting in a loss of bit-count integrity. 

The other problem is due to a phenomenon associated with the transrnlssiun media. As 
discussed by R. Day4 last year, communication circuits "breathe" by effectively changing 
length over a period of time. ' i 'hs  produccs a dopplcr effect on thc signal by increasing or  
decreasing its f r equen~y .  This problem is most acute with satellite circuits where a few 
rnilliscconds of cyclic drift over a period of 12 hours may be expericnced due t o  the movc- 
ment of the satellite. On cable or  microwave c i r~ui t s ,  this may be only a few microseconds 
at  the most. When operating at  modulation rates in the megabaud range, however, this 
could cause a slip in the detection of several bits in the digital signal. 
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There have bcen scveral synchronizing tcchniqucs proposcd,s~b but there has been no  
general agrcemcn t as t o  the best approach lo bc taken. The various proposals include use 
of nodal prccisu titnillg Sacilitics ticd into a 'T&I: distribution subsystem, digital buffers, 
atornic clocks, pulse stufling, frcqiicncy avcraging, and discrete control correction. 

The solulions to  tl-lc synd~ro~llzlr lg problems can be considcred to fall Into two c:itegones, 
corrective and compensntlve. 'I'he solutton to t h o  difference 111 lirne i~~ te rva l  of tlie transmit 
and recclve tlrning signals can bo onc of a corrcctivc nature, although it ~ o u l d  also be one of 
compcnsatton. The cyclic breathing of a communication channcl rcqujres a solutlon of 
compensation, since little is understood of this phenomenon arid no practical corrective 
solutions arc known. Another fundamental consideration 1s that the breathing phenomcnol~ 
has a ltrnit which can readily be determined for  any particular application. The breathing 
is cyc l~c  over a period of time and will average out  to a mean value. The difference in the 
frequency of the transmit and rcceivc timing signals, howevcr, creates a continuous drift 
in time which docs not have a lirnit. 

A correctjve solution t o  the timing signal frequency difference problem can be realized 
through the implcrnentation of a T&F d~slribution subsystem2 with precise T&F 
f'acilities at cach nodal point in the network. This w ~ l l  ensure mailltcnancc of timing colzer- 
ence throughout the network, while eacli node is indcpcndcnt of each othcr node for its 
reference informaticrl. By retinling tlie digital signals at each node, tiining per t i~rba t~ons  
are blocked and cannot propagate througli t o  othcr nodcs. Therefore, stability will bo 
maintained throughout the network bccausc feedback througl~ network loops will not he 
possible. 

A cornpensatjvc solution to  the timing perturbations due to the t1-ansmission media can be 
achieved by using digital buffers, adaptive quetrcs, or  elastic store devices. These devices 
are essc~~tially the same in operatron. 'The jncoming digital signal is "written" into a tempo- 
rary storage device by tinling recovered frorn the received signal as shown in Figure 8. 
During initial synchronization the storage capacity is generally allowed t o  fill Iialf'w;~y. At 
this midpoint, the timing signal frorn the local station source "rcads" thc digital signal out 
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Figure 8.  Digital buffer. 
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11- t l ~ c  digital buf'i'ur is also i~sc~cl t o  i : O l I l l l c ' ~ ~ ~ i ~ t ~  i ' o r -  t r ~ i ~ i i i g  signal f~-cqirc~ncy iiil 'ft.*rc~~icc~~. 1111. 
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tccliniclrics sirch as bit-stl~fi 'ing 1,cqitirc. uon~i-rlcx anci costly logic. c i r c t~ i l ry .  Also rllany of 
thc blts i r ~  Ihc digital sig~ial  ;~rc. rcbcl~iircci I'or ewn t rol, lcaving orlly part 01' thc  s i p ~ a l  Lc? i;rrry 
thc a c t ~ i a l  mcssngcl' inlornraticjn. (:)llct.* tht, n~odul:r t ior~ ratcs rr\:~ch ; I  lcvcl that cxccc.tls thr 
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techl i iq~rr  ~ l ~ v c l o p c d  by K .  13iltclh :rnd cullc~cl "di\:.rcli, e.ontrol c~urrcctiori" is a good 
cxarnplc ol- w h a t  ma>  he sVc..n i l l  !lit, f ~ t \ t l - i - .  

Kcgardlcsh oi '  tllC type 01' digital-ni3twork s! ni.lir,o~lic.ation t c ~ c l ~ r l i q i r ~  L I \ C ~ .  ;i ~ - ~ . l i ; ~ h l c  l)l-ccci:;c: 
source <>F'I'&;I)' r c f~ :~ -cnce  itifo:in:ltion will I K  seqllircti t o  ~ I I ~ I I I - L '  ~ f ' 1 ' ~ c t i v ~  opr~-;rtioti. l'hc 
~ L ' L : I I I ~ ~ C ~ L I ~ ' ~  ;ire I I O W  av;~il;ll>lc fo r  t~i:ori(:)~iii~;iI tiistribiitit~r! of 'I'LC~:. 'I'l~cn~l'ort:. digital systuln 
dcsicncrs nrli.:t n u i n l a i n  cognizanic' nf 'T&F t c i I l l ~ ~ l ~ g ) i  fc~l- appropri:~tc ;~l~[ilic:iticln ill ~li i ' i r  
cl is~:~plinc.  
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