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FRAME SYNCHRONIZATION IN MULTICARRIER TRANSMISSION SYSTEMS 

This invention relates to transmission systems using multicarrier modulation, and 

is particularly concerned with frame synchronization in such systems, referred to below 

for brevity simply as mUlticarrieri~ystems. 

5 Background of the iu:!ention 
.··: 

The principles Of multicar.tier modulation are described for example in 

"Multicanier Modulation For Data Transmission: An Idea Whose Time Has Cornett by 

John A. C. Bingham/JEBB Communications Magazine, Vol. 28, No. 5, pages 5-14, 

May 1990. As is known. in a ttansmission system using multicarrier modulation, FDM 

10 (frequency division multiplexed}.sub--carriers spaced within a usable frequency band of a 

transmission channel, forming-a set of sub--carriers, are modulated at a block or symbol 

transmission rate of the system. The bits of input data for transmission within each block 

or symbol period are ~odatett'to the sub-carriers in a manner which is dependent upon the 

signal-to-noise ratios (SNRs) of the sub-carriers, typically so that the bit error rates of the 

15 sub-carriers, as monitored at th~teceiver, are substantially equal. As a result, the 

different sub-caITiers catrf different numbers of bits in each symbol period. With an 

appropriate allocation of bits and transmit powers to the sub-carriers, such a system 

provides a desirable ~rfqpnanc~. 

One particular fo~ of multicanier modulation, in which the modulation is effected 

20 using a discrete Fourier itansibttit, is referred to as discrete multitone. or DMT. 

modulation. The related applications referred to abov~ disclose details of multicarrier 

systems using DMT modulation. 

25 

30 

~ . ~-

As in any ~~p» ~~stem, it is nec~S'HfY to est~lish and maintain 

synchronizatj.on ~~-·~·and recei'7~J# a DMT or other multicanier 

system. Freque~y ~n is convenientl)'jJ'rovided in a DMT system by using 

one of the multiple ton~.,_ a pil<>t tone to control a pc locked loop at the receiver, as 

indicated in Standards <;Qmmi~ Contribution Tl~l_.4/93-022 by J. S. Chow et al. 

entitled "DMT Initiaijzati~: Parameters Needed For Specification In A Standard", 

March 8, 1993. ~s ~e also ou~. other ip.f:tiali7.ation processes of a DMT 

system, including the allocation of bits to sub-carrieff: or tones of the system. 

In addition to this frequency· synchronizatioi: synchronization of the transmitted 

blocks or symbols otdatli"i• itCilllred: This is referreo to hereiri as frame synchronization, 

each frame correspon.:bhe-btoek or symbol Cif the multicarrier system, for 

consistency with the: ~tetfh·as· iised in single earner transmission systems. It should 
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be appreciated that each frame, block, or symbol ·can coniprise a substantial amount of 

information, for example about 1700 bits (providing ~ ·fr~missfon ~ate of about 6.8 Mb/s 

with a symbol pe~od of about 250 µs). 

A single earner transmission system, for exampfo_ a QAM (quadrature amplitude 

5 modulation) system, usually operates enmely in" the: tiln:e domain. In Stich a system, a 

relatively "random" frame synchronization sequen~ R~. ~used to ~~frame 
·synchronization, the sequence being in~erted directly into the time-domain signal sample 

stream at the transmittel" and being ex.tntcted and correla~ with a stored copy of the 
. . 

sequence at the receiver. A large correlation result indicates-that frame synchromzation 

10 has been maintained, and a small correlation reswt "indicates a Joss of frame 

synchronization, i.e. that there has been a slip by an unknown number of time-domain 

samples; In the latter case.the rec~iver instigates a search proeedure to resynchroniie the 

receiver, i.e. to -re-align the frame boundaries at the receiver to· those at the transmitter. 
. . . ·. . · .. - . . . 

This time doJllain.fram.e syn~hrc>$ation prQvi~s a s4Jiple yes orno answer to the 
. . . . .·: . . ' .. :,. · .. ~. . .... . . . . . . . - . . . . . -

15 question of whether th~ rece,ivei:-is frame synchrolli,z¢. To resynchro~ the receiver 

when frame s}rnchrorrlZati~~ is)o~t. tJie ~y~~m may b~ ~uiied to .corre~~te and search 

thro~gh a large. numb~r of possible fr~ alignments .. This is a time-consuming, and 

hence undesirable, procedure~ 

An object of this invention is to provide an improved Irtethod of providing frame 

20 synchronization in a transmissiQn system using multicarrier modulation, and an improved 

~ansmission system whic~ makes use of this method. 

Sumrmu:y of the IDventiori 

One aspect of this invention provides a me~od of maintaining frame 

synchronization in a niultfcarrier modulation transniission systendn which a 

25 synchroiiiiing frame contaim~g a synchri:>nirlng ptmeili is Perlodic8lly transmitted, 

coniprismg the steps of:_ storing Complex amplitudes c>itlie"synchri>niz~g frame; 

correlating the complex amplitudes of the synchromzm"g ·frame with stored information 

repr~senting the synchronizing pattern, thereby to produ~e a correlation result; and 

determining whether the correlation result falls below a threshold value, indicating a loss 

30 . of frame synchronization; ·and in this event:. performing a: plurality of correlations 

between the stored mfOi'rilation and the Stc)red compfox· amplitUdes in each case multiplied 

by a respective complex v~ue representing a re~~tive compleX: derotation of the stored 
complex amplitudes, each complex derola,tion ce>~sponding to a respective time shift of . .· .. · . . : .... ··.· .. '·. : :- . ·.· .. · .... ·. . ·. ' 

the synchronizing ~. thereby to pro(juc;:e a pluralityQf correlation results each 

35 corresponding to a respective time shift; detennining _fipm the plurality of correlation 
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results a time shift for restoring frame synchronizati.od; and adjusting a frame boundary in 

accordance with the!~termined time shift to restore ~ synchronization. 

For a discrete multitone modulation transmission system, the method preferably 

includes the steps of: using a tone ha~g a predetennined frequency for frequency 

5 synchronization between a transmitter and a receiver of the system; at the transmitter, 

converting complex amplitudes in the frequency domain into time domain values using an 

N-point Inverse Fast Fourier Transform; sampling time domain values at the transmitter at 

a sampling :frequency which is j times the predetermined frequency, where j is an integral 

power of two; and at the receiver, converting time domain values into complex amplitudes 

10 in the frequency domain using an N-point Fast Fourier Transform; each of said complex 

derotations corresponding to a respective one of N I j time shifts within the duration of 

one frame. This is particularly advantageous if the synchronizing frame is periodically 

transmitted once every Q fraµies, where Q is an integer greater than N I j, because it · 

enables frame synchronization to be restored between two consecutive synchronizing 

15 frames. 

Preferably each correlation result is produced by multiplying each complex 

amplitude by a corresponding complex amplitude from the stored infonnation representing 

the synchronizing patteb:4 and summing the real parts of the complex products. The 

method preferably includes the step of weighting the complex amplitudes being 

20 multiplied, the weighting for each complex amplitude being multiplied preferably being 

dependent upon a signatJto..noise ratio of a multicarrier channel associated with the 

respective complex amplitude. 

Another aspect' of this invention provides a n:mlticanier modulation transmission 

system receiver comprising: a Fast Fourier Transform (FFf) unit for transforming time 
25 domain values into complex amplitildeS in the frequency domain; a buffer for supplying 

received time domain 'Values to the WI' uilit in accOtdance with a frame boundary; a 

correlator for correlatfnA complex amplitudes of a synchronizing frame of the system with 

a synchronizing pattern: stored at the ~iver to p~ce a correlation result; and a control 

unit responsive to the c0rrelation resUit being below· a threshold value to adjust the frame 

30 boundary by a time shift .. detennined by performhl~:.~ plurality of correlations between the 

stored synchronizing p~ttern and the complex amplltudes in each case multiplied by a 
respective complex value representing a respective ·Complex derotation of the complex 

•. l 

amplitudes corresponding to a re~pective time shift of the synchronizing frame, and 

selecting the best correlation result. 

35 
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Brief ~scription of the PrawiniS 

The. invention ~ill~ tuftii~f tih4~i$tood from the. following description with . 

reference to the accomp81lying_ ~\Y~S~t ~whiclir, . : , 
. . 

Fig. l illustrates paitS ~f' ~ ~s~J~i~n system ~ing multicarrier modulation, in 
5 which frame syncbrOrrlzation i~,~~¢.''~cf~~to~ ~accordance with an 

embo~ntof this invention; ~cj , , ·. . . . . .. · . : . 

10 

' .. ·;·I." .. -; . 

. Fig. 2 is a flow chart iliusq.atjrig -~t¢ps f6fin3:iritaming and restoring frame 
syncbrQnization in the transrtlissitj1i $ys~m of Fig. 1. , ·. 

Detailed Description _ 

Refenmg to the drawing, a Jtiultic~er systerp !~eludes-a DMT (discrete multi- -
- . · .. ,·..... •. •_:.· ·,.·_.-·\·'::_-~(·": .···=~_ .. :···=· ~./ ':·:·'' , ... _·. ~-:·: ·.· .. . . 

tone) transmitter 10 and a DMT rec:eiver l~ whicb ~ cc;>upled via x-espective hybrid 
circuits 14 and 16 t~ -~ trarismis~i~~ p~$ i 8. fo~ ~xampl~ a t\\10-wife tel~hone subscriber 
line, for communicating signals in what-~ n;ferred to here as a downstream direction from 

the transmitter 19 to tile receiver.Ii· ·AP.· ll~tream ~~,lllitter (not shown, but which can 
15 be simil3l' to the transmitter .l 0) ,~ gq~p,~. t9·_the )lybrid.·.Circuit 16; and ~ upstream 

.... . . . . .. ·: ... -·· ... . . . 

receiver (no~ shown, but which c81l·l>~,~im,U.-.to the.:l'C'(!eiy~r 17) is coupled to the hybrid 
. . .· ... ~· ... ·. . ... 

circuit 14, for colJlIIl~nicating ~P.~ h,t ~ ppposi~, .UPSt1'eaJl1; diiection via the path 18. 
For ~xample, the system inay be. an AP~~ (~YIDIJletri.C ~gim.l subscriber line) system in 

' .. . .. •·. . . ·.· ··' . . 

which the ,transmitted bit rate is gre~r m.~ dow~tream direction than in the upstream 
20 direction. 

. The transmitter 10 is supp~e,4 via a, path 20 with claUl tQ be tnmsmitted, and 

comprises a ,coder 22? a frame syn~~~~$. seqqence. ~~urce 24, an IFFf (Inverse FFT, 

or Inverse Fast Fourier Transfon;n) .. µni~ ~~:w!Jich fol'_example implements a 512-point 
. IFFT, a cyclic prefix ~.28, and~ qnit ~Q~omprjsing a, PAC (digiW-to-analog 

25 converter} anc:l filters whose outpµt is ~oµplc;.~ to the ~Ybrid ch"cuit 14. 

Conversely, the ·ree~iver 12 ~OP1Pn~$ ~ unit 32 which is supplied with a received 

signal from th~ hybrid.clreuit 16 an4 ~oqipd~ ftlters,~d ~ADC (analog-to-digital 
·· conve~r), a time dolnaiit equalizer ($Qj ,34;. a buffer 3·6, .a unit 38 ·which implements a 

512-point FFI'~ and a .freq~ency· do~ _eqli~iizer(FEQJ and decoder unit.40 which 
30 reprociucesthe ringm~fci~m ~n ari·q~1ptifp~th42. Th~ buff~r-36,serves for serial-to­

parallel conV:ersi~n ~f signals fo~ sqpply t~ i~e ~ iln!t ·38, 'the ·cyclic prefix not being 

supplied to the FFr unit 38 and thereby behi$ ~~~ved. Other p8rts of the receiver 12 
illustrated in the drawing relate to fn:quency ~d frame synchronization and are described 

below~ 
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. . The downstream signal~·~ is divided into frames and encoded by the 

c~ 22 into frequency doniam~itCarrier:Symbols which are supplied 'to the IFFf unit 

26. Each frame of data is represented by a respective multicanier symbol, which 

comprises a complex amplitude (i.e. two amplitudes~ for real and imaginary signal 

5 components) for each of a nuuiber of sub-carriers or tones of the system. For example, 

the system.may use 256 discrete tones or sub-carriers with frequencies of 

n x 4.3125 kHz • ._ n is a number bf the tone or cani.er from 1 to 256. Each tone 

amplitude is allocated a variable number of bits of the signal, in accordance with a bit 

allocation scheme which for e:atnple can be as described in the related application 

10 by R.R. Hunt et al. referred to~above. The number of bits allocated to each tone 

amplitude in eachmultiearrier'.symbol period of for example about 250 µs can be zero 

(i.e. the tone is not being used for the signal) or can vary from a minimum number, for 

example 2 bits, to a maximum nuJ'.llber. for ex8mple in a range from 10 to 16 bits. 

For frame synchronization as further descn'bed below, a synchronizing frame 

15 containing a synchronizing sequence generated by the source 24 is periodically inserted 

into the data flow from the coder 22 to the 1FFf unit 26 (a time domain version of the 

synchronizing sequence could alternatively be inserted between the units 26 and 28). For 

example, a synchronizhlg frame is provided as every Q = 69-th frame or multicarrier 

symbol, so that each synchronizing frame is followed by 68 data frames. The 

20 synchronizing sequence is for example a pseudo-random sequence as described further 

below, the same sequence being provided for each synchronizing frame. 

At the input to the IFFf unit 26. one specific tone in every frame is reserved as a 

pilot tone and carries no information, thereby pro'1.ding a transmitted pilot tone which 

serves for frequency synchioriization as described further below. 

25 Each frequmtey'-Oomam multicanier symbdJ·is transformed into a time domain 

multicanier symbol by the 1PPT unit26. The time domain multicanier symbol thus 

comprises 512 real-valued time domain samples, Which are supplied to the cyclic prefix 

adder 28. For each multicarlier symboi the cyclic tJretix adder 28 supplies a resulting 

serial stream of for example544 reul-valued time dbmain samples to the DAC and filter 

30 unit 30, which converts these samples into filtered'iJWog signals which are transmitted 

via the hybrid circuit 14 to the transmission path 18. The 544 samples are constituted by 
. ,, . ·fl•' 

the 512 samples supplied by the IPFr unit 26, prefixed by a repetition of the last 32 of 

these smnples added by the cyclic prefix adder 28. The use and benefits of a cyclic prefix 

added in this manner are known for example from" A Discrete Multitone Transceiver 

35 System For HDSL Appll~~ti~ns0 by J. S. Chow etal., IEEE Journal on Selected Areas in 
.. . .. . . ' ..... ~ '(1 

Communications, Volume ~.No. 6, pages 895 to 908, August 1991. 
. . . -v 
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In the receiver 12, the sign~ ~~\l'~d via:the transmission path 18 is supplied by 

the hybrid circuit 16 to the flI~i ~4.AP¢ ~nit 32,. to.rqn:od~ce the 544 serial samples per 

multicarrier syn;ibol which~ ~9P.~l.i~·tQ:~ tjme domain equalizer ~Q) 34. The TEQ 

34 is a finite impu~ resP<>"1se t'Pt~r Whiql,l-~rve& Jo limit most of the impulse response to 

5 less than the duration of the cy~\i~ p~ff:x;, ~:that subsequent removal of tlte cyclic prefix 
. . . . 

reduces interference between cop~ti.Y~:~l~lltic~er.symbols. The equalized serial time 
. ·. . . 

domain sample streaJI1-is suppli~Q ~Q:.t4~ puffer 36, .which produces at its parallel output 
. .. : .:·,: '·' . . 

the 512 time domaln S8Dlples of~~-~µJtj.9~er $}'1llQQl, the 32 bits of the cyclic prefix 

thereby being remov~ .... The5e ? ~2 .~e-~Q~n-sampl~~are supplied to the 512-point 

10 FFf unit 38 and.are tr~fo~g PY .this µ¢t to .a freq~ncy domain multicarrier symbol, 

comprising 256 complex tone aw.plitudes~· wllich is supplied to the frequency domain 

equalizer (FEQ) in the. unit 40. 4 
The FEQ comprises a complex sig;~~ one~tap ldaptive equalizer for each of the 

256 tones. The FEQ an<l ~~r 4n\t 4Q q~ for example: be of the. form illustrated in· 

15 Fig. 3. of the related application by R. R. ff.tjnt et al. referred to above. The unit 40 
. pi:oduces the resulting decoded rec"iv~ s.i~al on the .outgoing· data path 42. 

Although not described ftµ-th~ Ile~. the tranmdtter 10 and reeeiver 12 can also 
implement ·v~le delay buffe.ru.ig" ~d-~lli~ ooded m~cfuiation, as described for example 

•. . ... ... .. ..· . . - . · .. · ... 

in the related awlication.by J. ~:qiof~ e~ aj, referred to_ above. Apart from the functions 

20 of the hybrid circuit~ 14 and 16, ~ost ot a}l ~f the fun~tions at eiU:h" of the transmitter 10 

and the receiver 12 can be imple~ented by one or more ·digital signal processors. 

The DAC in the traiismitter un,it 30 1~ ~upplied via a line 44 with a clock signal at a 

desiled sampling frequency for Openltjo~ of ~e DAC .. · The .Ar>c in the ~iver unit 32 is 

required to be synchrmrized to a related ~qqency" (~ t\V~ frequencies can be exactly the 

25 same, or one can be an inte~r mqltiple gf ~ other, .or- Urey ll)ay be related in a manner to 

accommodate rate conyersion tlJrough ~p~~- stuffing, interpolation, or decimation). It is 

. assumed here .for simplicity that tl)e ~c;:: 4i me unit 32 operates at the sampling frequency 

of the DAC in the unit 30. To pn.>vid~-the .freg~ncy sy~llronization, as indicated above 

one of the 256 tones is used ~~cb.~~ivc;_ly ~~a pilot tone. · Thus the allocation of bits of the 

30 signaI on the path 20 .tQ t1lls tone js ~I'Q for ~~h µi.ulticarrier symbol. . 

For convenience and simplicity, *~ _s~pllDg frequ~ncy and the pilot tone 
.frequency are selected 5o ~t the sariipli~g f~uency is ah integral power of two times 

the pilot tone frequency. For· exariiple, th~ 4th t~~e (n 7 64.> having a ~quency of 

64 x 4.3125 = 276 kHz is used~ ~epil~t tm~e, ~4 ~~--~amplliig frequency is 8 times 
35 · this pilot tone frequency, or 2.208 MHz. T~ relationslµp p~vides a particular 

advantage for the framC synchronizirtion as d~scri~d rtirther below. 
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. . The pilot tone can have.· . . , or it can carry over successive 
.. ,~ '.~L. 

multicarrier symbols·a specific e pattenlor long pseudo-random sequence which is 

known to-both the ~mitter and the receiver .. The 1FFf unit 26 is supplied with a 

complex amplitude for. the pilot tone which represen.ts the desired contents of the pilot 

5 tone. For simplicity and conveniencet it is assumed here that the pilot tone has a constant 

phase, and accordingly the lFFr unit 26 is supplied with a constant complex amplitude, 

representing this ~t phase, for the pilot tone. r.:: .. 

The receiver 12 includes a voltage controlled crystal oscillator (VCXO) 46 which 

produces on a line 48 a sampling clock signal for the ADC in the unit 32, synchronized to 

10 the 2.208 :MHz sampling frequency of the transmitter 10 by a control loop which includes 

a phase comparator 50 and digital and analog control loop filters represented by a unit 52. 

The FEQ and decoder unit 36 supplies the phase infonnation of the received pilot tone via 

a line 54 to the phase comparator 50, and a stored reference phase is also supplied to the 

phase comparator 50 from a store 56. The phase comparator 50 produces at its output a 

15 digital phase error control signal which is filtered by digital and analog filters in the unit 

52 to produce. an anaiog control voltage; this is used to control the VCXO 46 to maintain 

frequency syncbro.nization. 

As explained in the background of the invention, frame synchronization of the 
, .... 

transmitted multicanjer ·symbols. of data must also be maintained between the transmitter 

20 and receiver. In other words, the same frame boundaries as are used for the multicarrier 

symbols at the input to the IFFf unit 26 in the transmitter 10 must be used for the FFf 

unit 38 in the recoi~ 12. In the receiver 12 the frame boundaries are used by the buffer 

36 to determine whl,ch sequences. each of 512 time domain samples, are supplied to the 

FFr unit 38 to be.~foaned into the respective frequency domain multicarrier symbols. 

·" •. ·i- . '• 

25 As describe? a~e, in the transmitter 10~-~yery 68 d~ frames are supplemented 

by a synchronizing. rmme, thereby forming a supe¢.'ame of Q = 69 consecutive frames or 
. . . ~~ 

multicanier symbols. ·This number Q is selec~ t~.pxovide a balance between data 

carrying capacity of the system (for whi.Ch a high value of Q is preferred) and frame 

resynchronization time (for which a low value of Q is preferred). The synchronizing 

30 frame contains p$CUdo-random data which can be applied to the tones of the 

synchronizing ~ multicarrier symbol in any of a variety of different ways. A 

description of one qf these ways. given for example, follows. 

In the tranSmitter 10, a binary pseudo-random sequence of length 512 is produced 

by the source 24 in acc;:()fdance with the equations: 
; • : : ~ ! ~""' • > • • "'! 

35 x[p] =l for p = 1 to 9 

x[p] ~ x[p-41 $ x(p-9] for p = 10 to 512 
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where x[p] is the binary value oft* p ofthe sequence and ED repre8ents modulo-2 

addition. The bits.of this sequeJic~ are gro~ped intcf2S6-p8its:ofbits, of which the first 

pair of bits is used for the d.c. and· Nyqui~t~ub-cartiers (for· which the allocated energy is 

zero so that this pair of bits is effeetively ignored) and the renlailling 255 pairs of bits are 

5 assigned to respective tones ofthe·multic~er symbOl ofthe synchronizing frame in order 

of increasing frequency,' the four possibl~ ~ombinations·(O,O), (O;l)~ (1,0), and (1,1) of 

each pair of bits being mapped ~ctly to 4-QAM point$ "<>f tile· respeetive tone of the 

synchronizing frame. In other WQrds, each pair of bl~ Provides a complex amplitude 

which is supplied to the IFFr urtit 26':for' Ute re~pec~ive fun~ Qf the synchronizing frame. 

10 The pilot tone is then overwntte~ ~iih iis'own appropriate cbmpiex.amplltude as 

described above. 

. ·Tones which may be allqcated fewet than two bits· per symbol in accordance with 

the bit allocations established .for th~ system either·can··be discartted at the receiver or can 

have their amplitudes suppressed: at the transJili.tter. so that they are not transmitted, thereby 

15 conserving· power at the transmi~r and. avoiding possible interference among tones due to 

imperfect equalization or filterin$·. In the latter respect, the bit allocation table which is 
provided at both the transmitter an<J the receiver can be used· to·provide an energy scaling 

vector for each tone, by which the comple~ amplitude provided for the tone in the 
. . . ~ . . . . . . . . . ·~ . ~ . . . . 

synchronizing frame is multipliecl before be~g ·supplied to the· IFFr unit 26. A 

·20 complementary scaling can be effeeted in tl1e receiv~r' 12 ... 

· As an alternative,· a storect pseudo.:randoin sequence from the source 24 could 

simply be allocated to those tones for whic:h the bit ailoeatimt"table indicates: that there is a 

·sufficient SNR•(signal-to-noise ~tio), the sequence being truncated when all of the tones 

which are being used in the synchI'Onizing· frlUJle have been allocated pseudo-random data. 

25 Again, the receiver stQres the same.l>it aU~atjontable.as the transmitter, so that the 

desired correfation c~ be pexfo~d~o~tl~. As a.furth~r alternative, it is observed that 

not all ()f the available tohes ne'cessaruy ~eed.be used in the sy11~hronizing frame for the 
. . 

purposes of frame synchronization. 

For frame synchronization~ as shown ~n Fig. lthe receiver 12 includes a 

30 syndhronizing sequence source 5~ w~ch corresponds to aild produces the saine 

synchronizing sequence as the source "24 in the transmitter, and a eorrelator 60 and store 

62 to which the contents of each received syn~hronizin~ frame (or what the receiver 

understands to be each received synchronizing frame, i.e. every Q-th frame or multicarrier 

symbol) are supplied from the outpt.lt ofthclfuQ in the l1riit 40. ·The FEQ coefficients 
·; '. .·.· ·. . .·· .. . ... 

35 which are used for the synchronizµlg frallle ~Y be different from those used for the data 

frames. The receiver further inclu~s a weighting multipli~r 64 via which the 
. ·. : . :,: ' _. 

4 
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synchronizing sequence from~~ supplied to the correlator 60, a complex 

demtation multiplierJ66 for supptfhtg to the 6orrerat6r 60 the received synchronizing 

frame contents multiplied by complex derotation values as described below, and a frame 

synchronization decision unit 68. The unit 68 is responsive to correlation results 

5 produced by the c:onelator 60 to determine the presertce or absence of frame 

synchronization and, via a path 70t to make corrective changes to the frame boundaries 

used by the buffer~hen necessary as described·tielew. 

When the transmission system including the transmitter 10 and the receiver 12 is 

initialized, frame synchronization is established in a manner for example as discussed 

1 o below. In subsequent normal operation, frame synchronization is maintained without any 

change of frame boundaries being required. As deseribed below, in this normal operating 

situation the correlator 60 and decision unit 68 monitor the frame synchronization. In the 

event of a loss of frame syncbronnation (in the pre5ence of frequency synchronization, 

indicating that the·reccnver 12 is receiving a signal via the path 18), frame synchronization 

15 must be restored. While this can be done (as in the prior art) by re-initializing the system, 

this is very undesirable because the initializing process is relatively slow, for example 

taking about 20 secon~ resulting in a substantial interruption in the operation of the 

system. 

An actual Joss of·frame synchronization may arise for example as a result of a 

20 printed circuit card containing the transmitter 10 being pulled from an equipment rack 

(resulting in a loss of signal, and frequency synchronization, at the receiver 12) and then 

being reinserted ·(the signal and frequency synchronization thereby being restored at the 

receiver). A loss of frame synchronization may also be indicated by the monitoring in the 

event that there is ~ive noise which produces ·a poor correlation result, even though 

25 there is no actuaUoss of frame syncln:onization. In: this case, no frame resynchronization 

is necessary or desired~ 'The invention permits a distinction to be made between these 

situations, and in the-event of an actual loss of frame synchronization generally enables 

frame synchronization to be restored, and thereby mamtained without any re-initialization 

of the system, within a very short period for example of less than about 100 ms. . . :)·~ 

30 The operation of the components 58 to 68'iS described further below with 

additional reference to the flow chart in Fig. 2. 

In a frame synchronized state. as shown b.y a block 80 in Fig. 2 the received 

contents of each synchronizing framet i.e. each 6~ frame or multicanier symbol, are 

supplied from the outppt of the FEQ in the unit 40ad stored in the store 62. It is 

35 observed that the~~~nts are com.ple~ amplitQ~ in the frequency domain, 
representing the complex amplitudes of the tones of the synchronizing frame. As shown 
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by a block 82 in Fig. 2, these sym;hron~ng frame :contents are· also supplied, either 
directly or from the store 62, to th~ cp~1~C9r 60 where they are correlated with the 

synchronizing sequence supplied froin ~e :$~Qre 58 via the weighting multiplier 64. This 
. . . 

correlation consists of a.multipij~pop. of ~ach complex .amplitude supplied from the 
5 output of the FEQ in the unit4Q1>y a·Co~ponding,·complex amplitude of the 

synchroniZ;ing. sequen~e·f~Pl.D the StQte $8,, weighted by the multiplier 64 in accordance 
with a respective weightingfaciQtasde,sc;riped below;·and a· summation of the real parts 
of the complex amplitude products to produce a single real correlation result at the output 

of the correlator 60. 

10 In the si~plest ~e. the weightin~ c~fficients used by the weighting multiplier 64 

comprise either ~ binacy 1 Of 0 for ~ach to~~, or complex amplitude, indicating that the tone 
respectively.is or is not.~ng llsedto c<m~l?.ute to.the cOITelation. Thus.for example the 
pilot tone .always has_~ weigllti~g ®Cffiqient, of 0, Qec:ause 1t is the reference for frequency 

sync~nization, the control \<>91? fqr wbion ·removes any phase errors from the pilot tone. 
15 Similarly, any other ton~ not ~ntl.y J:>ein~ used:(i.e; -with a bit allocation of zero) can 

h.ave a weighting coefficient of(), -~4 ~µe.s ~ing,·used for transmission can have a ·. 
weighting coefficient.of 1.: It can -~·~n ·tha~ the. weighting c0efficients can be readily 
derived from the bit allocation table which is provided at the receiver 12. 

More desirably, each coeffi~ient us~ by tbe. weighting multiplier 64 provides a 
20 weighting for the comp~ex ampli~qe .o.f tll~ l'eSP.-'ctive tone depending on the SNR (signal­

to-noise ratio} of the ~pective t()~~· TIµs weighting.can be based on the SNR for each 
. . . 

tone as detennin,ed during i,niti~tion of~. system (this being used in determining ~e 
bit allocations for the toJ;J.es), ori~ ca.n ~based on the adaptive .mean squared errors of the 
tones (which can be updated.~ frequ~ntly ~every multicarrier symbol) which provide a 

25 measure of the current SNR for e~b toQc;:,. wbereby the weighting .coefficients are also 

adaptively upda~d. The use of mean. sg\lared errors: and their association with bit 
allocations and SNR are <re.scribed in the ~ated applications by R. R. Hunt et al. and 
P. S. Chow et al. referred to above:. · .. 

As shown by a block 84 in°Fl~. 2~ .ttie ~ision unit 68 determines whether the 

30 correlation result produ~ed bytbe'con-elator.60 exceeds a threshold TL. In the normal · 
situation of frame synchronization this \\fill be the :case, and no further action is taken. 
Fig. 2 shows a return path 86 to the block 60 for the next synchronizing frame, and 
meanwhile data is supplied"from the other:trafues or multicamer symbols via the units 38 
and 40 to the output path ·42 m .Fig. 1. The'th'reShold?i'L is 5et at a relatively low value. 

35 so that the correlation resiilt will ·generally e~ed dliS;~veti· in the presence of substantial 

noise, so that false detemiin8.tioriS Of a ioss of frame' s}11ichr0mzation are substantially 
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avoided. In addition, aldiough ~ig. 2. a counter may be provided for 

reqttiring repeated failures of the~lation ~ult to exceed the threshold TL in 

successive synchronizing frames before a loss of frame synchronization is determined. 

In the event that the correlation result does not exceed the threshold TL (in the 

requisite numbe~ of, e.g. 2, successive synchronizing frames). a block 88 in Fig. 2 is 

reached. 

As represented by the block 88 and further described below. in each of the next 64 

data frames, following the synchronizing frame for which a loss of frame synchronization 

has been determined, the correlator 60 perfonns a correlation of the received 

10 synchronizing fraille contents from the store 62, multiplied in the complex clerotation 

multiplier 66 by a rCspective set of complex clerotations. with the synchronizing sequence 

from the source 58 weighted as d~cribed above. Consequently. the correlator 60 

produces 64 correlation tesults. one in each of these 64 data frames. As shown by a 

block 90 in Fig. 2, the decision unit 68 determines a best one of these correlation results, 

15 and as shown by a block 92 in Fig. 2 detennines whether this exceeds a resynchronization 

threshold TH. The threshold TII is set at a higher level than the threshold TL, for 

example at about half the maximum possible correlation result for a frame synchronized 

state, so that false resynchronization results are substantially avoided. Again in this case, 

but not shown in Pig. 2, a ci>unter may be provided to require repeated similar results 

20 from the processes of the :blocks 88 to 92 in successive superframes before a 

resynchronization is effected. 

In response ti> the correlation result exceeding the threshold TH as determined in 

the block 92, a block 94 in Fig. 2 is reached in which the unit 68 changes the frame 

boundary in a single step. by Control of a pointer in the buffer 36 via the path 70, as 

25 described further below. This change can be effected during the remaining 68 - 64 = 4 
··.· .. ,, . 

data frames, so that resyttcbronization is effected before, and can be confirmed with, the 

next synchronizing rraltie· a8 shown in Fig. 2 by a path 96 from the block 94 to the block 

80. Thus resynchlonl~on iii response to a dete~ loss of frame synchronization can 

be effected in a single superframe, or in a few superframes if the counters mentioned 
. . .. 

30 above are also provided, whereby frame synchronization is substantially continuously 

maintained. For example, with the sampling frequency of 2.208 MHz, 544 time domain 

samples in each frame, and 69 frames in each superframe as described above, the 

superframe period is 17 ms. If both of the counters mentioned above are provided to have 

a required count of 2, the loss of frame syncbroniz~tion is detected and resynchronization 

35 as described above is completed within four superframes, or 68 ms. 
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If in the block 92 it is determined that no correlation result exceeds the threshold 

TH, then a block 98 in Fig. 2 is ~acb~. In this bloekca variety of possible actions can be 

taken. For example, the value of th~ tlJres~old TH can be reduced to increase the 

likelihood of an affirmative result in th~ blqck 92, or a frame count can be changed by 

changing the pointer in the bUffer 36' t~ ex~ne a different frame for the synchronizing 

sequence, ~r the system may ~ ~~initializ¢. In }>raciice,. it h8s been found that the 
processes of blocks 88 and 90 invariably result in an affirmative result in the block 92; 

thus the resynchroniz~on process is ~ghlY effective.: .. , : 

·' '"·: · .. · ,· .... 
If the discrete Pourier transform of a finite ·1ength discrete sequence is defmed as 

10 F(n) = l::.:-~f(k)WNkri ~ whe~ WN ::;.ej~"n/N"is tlie:~cipf -N.~th root of unity, and the 

finite length sequence is then re~ted periQdically to form an.N'."periodic sequence, it can 4 
be shown that the time shift p~~~ is. s~ti~fied, i.~. fC!t, 7 . ~) < DFr;N > WNmnF(n). _ 

W N is a complex rotation, and. ~µs ~ t~ shift of th~ perio.ciic sequence f(k) results in 

complex rotatjons of the frequency domain samples ofF(n}, the amount of rotation 

15 depending on th~ freq~ncy n 8lld. ~ time s.hift m.-· . . >': . 

_; :·:·· .. 

ID. the traiismission system,.-~· ~scri~ above,,_ -th~ synchrqnizing sequence is not 

perlodi~ally repeated as ~ N-~ri~~c ~~quence, bot ~th,er is p~ceded and followed by 

data from the Pa~ 20 as deseri~d ~boVe. ij~w~yer, the &bi has ~ random nature relative 

·to the synchronizing sequence, and tile al>{)ve ch~te,ri~cs can be applied to the 
. 20 synchronWng frame with reasonably accurate resuJ,ts ..... 

A loss of frame synchr9nization in fu,e system, while freq11ency synchronization is 

present as discussed above, ~rresponds to ~-time, E;hlft ~f th~. data :samples supplied to the 

buffer 36 relati.v~ to the buffer pointer. In~~ ~ys~~ as ~$Cribedherein, in which the 

sampling frequency is 8 times the pilot t()[lC. used for'f~quency synchronization, this time 

25 shift ~an ~Dlybeby an 4tteg~r m~tiple 9f~ samples. )Vitll_~sYmix,l size ofN=512 

(512 point IFFT uni~ '.26 and FFT ~t 36,). there are th1.1~ ~12 i 8 ~ 64 possible time shifts 
• . . c • . - • 

per frame or multicarrier symJx:>l. ]3,ac~ of th~se,pos$ib·~ time. shifts is compensated by a 
·-. . . . .. . . . . . . . . . . 

respective one of the 64 sets of c~mplex derQtations Used by the .multiplier 66, in . . . . .: . :>· .:· · .. - : . .· ... 

· aecorciance with ·the above equati9ns. T() accommodate time shifts in either direction, the 

30 64 pos~ible time shifts are used t~ ~pres~~t tin'.ie shjfts ·b~up t() half a frame in each of the 

· positive and negative directions~ . yl. other W()~~. each set of c~mplex derotati.ons by the 

multiplier 66 corre$pond~ to ~ resPect.iY.e tjm~ shift of daUt samples in the buffer 36 by ±8, 
±16, ... ±256 sample~. :Because, the ~tatj()nis rec~i~e. only one set of complex 

derotations nCed be stored at tiie receiver 12. 
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Thus for the block 88 in ~f the 64 data frames referred to above is 

used forcalculationof a correlatiOn result for 'll respective one of the 64 possible time 

shifts m. In the multiplier 66, the complex amplitude for each tone n supplied from the 

store 62 is multiplied by the respective complex derotation W"Nmn, and the resulting 

5 products are correlated in the correlator 60 with the weighted complex amplitudes of the 

synchronizing sequence supplied from the store 58 via the weighting multiplier 64, the 

real parts of the corallen products being summed to ~roouce the correlation result for 

the respective time Shift m. The correlation process is sufficiently accurate that, in the 

event that the loss of frame synchronization is due to one of the possible time shifts m 

10 being evaluated, the cerrelation result for that time shift exceeds the threshold TH whereas 

the correlation results for all other possible time shifts are much less than the threshold 

TH. The decision unit 68 thereby reliably determines the time shift m which has produced 

the loss of frame synchr~nization, .and Via the path 70 as described above adjusts the 

pointer of the buffer 36 iii a single step to correct this time shift, whereby frame 

15 synchronization is restored. This resynchronization is effected without any searching 

process for the synchronizing sequence. 

In the event that no correlation result produced at the block 88 exceeds the 
:, . 

threshold TH, then as indicated above this threshold can be lowered, or it can be 

concluded that a lafger tixp.e shift has caused the loss of frame synchronization. In the 

20 latter case, time shifts greater than one frame can be accommodated by changing the frame 

count to examine a different fraine for the synchronizing sequence, the above steps then 

being repeated for the different frame count. and this search being continued for different 

ones of the 69 frames Untii the threshold TII is exceeded. Alternatively, the system may 
be re-initialized. In either case a significant time delay is involved in restoring frame 

25 synchronization, but as stated above this event is unlikely in practice. 

Frame syncliionization must be established on initializing the system, as indicated 

above. The initral~~'Piocess includes a training method for the TEQ 34 in the receiver 

12, as described in an article by- J. S. Chow et al. -~titled "Equalizer Training Algorithms 
• i I: 0 0 

for Multicarrier Modulation Systems", 1993 International Conference on Communications, 

30 pages 761-765, May 1993. At the end of the training of the TEQ 34, an equalized channel 

response b and an ~ualizer response (i.e. equalizer coefficients) w are obtained in the time 

domain by transformation by an IFFf. The relative offset between the starting locations of 

b and w in the time domain determines the desirable delay for the received signal, which in 

turn determines the 11).ulticanie.r symbol or frame boundary at the receiver which is used to 

35 provide initial frame synchronization. 
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Alte~atively, the correlation process described above can also be applied for 
initially establishing frame synchronization, each frame being used (during initialization) 
to cany the synchronizing sequence and a time shift bejilg; performed as described above 

· in order to establish frame. Synchronization .. As this process .makes use of the F.EQ 
5 coefficients (i.e. the correlation .is ofinfonnation derived from the output of the FEQ in 

the unit 40, and thus presumes appr<>priate s.ettings of the ,fEQ~coefficients), it is in this 
case necessary first to compute an appropriate set of ~Q coefficients. This can be done 
from tbe ch.annel response which is identified. during .Ul~ :initializing process, the FEQ 
coefficients being determined so that the d:emodulated signal constellation is scaled and 

10 . rotated into grids of fixed distance for ease of dec.oding.. · 

As ~ furth~r altem~ve, frame syncbrOnization can iriitially be established from the 
synchronizing sequenc~ and the .channel res~~~~ ck:te~ed durlng initi8lization by 4 
measuring the SNR for ~adh ~one f~r ali 'of the 512 possibl~ fr~e boundary alignments, . . . ,·.· ' . '.. "•• .. ··,. . .· . 

and selecting as the frame boundary th3.t alignment which results iii the best SNR . . . : .. ·- ·. . .· .· .. : :··· . . 
15 performance. 

The particular numbers, inter-relationships, and details given above obviously 
may all.~ -v~ed to ~uitparticular ~uire~nt~·.·. For ~~ple, ajthough as described 
abo~e th~ saillpling fu;cj~cy ·~ 8 times th~ pilot ton~ fteq~ency, thi~ need not be the 
case, but is prefe~d because thls i~~eg~-P<>wer-of~nv~ ~l~tionship considerably . 

. 20 simplifies th~ 'digibtl ~ignal p~essing which·m~stbe ~rl~rm~d in the receiver 12. 
·similarly, the s~'oiQ ~ 69 frames per sul'enrame cori~~~ntly accomm~ates the 
correlation fo~ th~ re~ulting 64 po~sible ti~, shif~. ~p t~ ±25(isainples, at a rate of one 
per frame, witlilii the superfnllne~ ailo\\'iilg' additlo~al ·ti~e to implement the frame 
boundary shift before the ne~t: s~chroiiizing frame as de~~ribecf above. . . . ·. . . ' : . : . •' ~ . -~ ~ .... 

25 · · In addition, although the .invention has been described for only the downstream 
direction ~>itransmi~loii, it ~Y e~ually be a}lplied to ~ ~ps~am direction of 
transmission, us ins eitb:~ tI1e s~ or <~speclaily i or ari'. Ai:>~i ·system having different 
rates of translliission and different IFFT and FFT sizes,for the two transmission 
directions) different par~eters.' Again, although th~-i~ventlo~·has been described in the .··'.. . . .... ·, ;,' .. ' . 

30 speCific context of DM'i' modulation, it may also be applied to. transmission systems using 
other forms of multicarrler modulatj.~n • . ·. ·;. 

Thus 8.lthough a particular embOdiment of the' invention has been described in 
detail, it should be appreciated that these and numerous other modifications, variations, 
and adaptations may be made without departing frOfu the ·scope of the invention as defined 

35 in the claims. 
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1 . A method of maintaining frame synchronization in a multicarrier modulation 

transmission system in.which a synchronizing frame containing a synchronizing pattern is 

periodically transmitted, comprising the steps of: 

5 storing complex amplitudes of the synchronizing frame; 

correlating the colllplex amplitudes of the synchronizing frame with stored 

information representing the synchronizing pattern, thereby to produce a correlation result; 

and 

detennining whether the correlation result falls below a threshold value, indicating 

10 a loss of frame synchronization, and in this event: 

performing a plurality of correlations between the stored information and the 

stored complex amplitudes in each ·case multiplied by a respective complex value 

representing a respective complex derotation of the stored complex amplitudes, each 

complex derotation corresponding to a respective time shift of the synchronizing frame, 

15 thereby to produce a plurality of correlation results each corresponding to a respective time 

shift; 

detennining from the plurality of correlation results a time shift for restoring frame 

synchronization; and 

adjusting a frame boundary in accordance with the determined time shift to restore 

20 frame synchronization. 

2. A method as claimed in claim 1 wherein each correlation result is produced by 

multiplying each complex amplitude by a corresponding complex amplitude from the 

stored information representing the synchronizing pattern, and summing the real parts of 

the complex products. 

25 3. A method as claimed in claim 2 and including the step of weighting the complex 

amplitudes being multiplied. 

4. A method as claimed in claim 3 wherein the weighting for each complex amplitude 

being multiplied is dependent upon a signal-to-noise ratio of a multicamer channel 

associated with the respective complex amplitude. 

30 5. A method as claimed in claim 1 wherein the step of determining from the plurality 

of correlation results a time shift for restoring frame synchronization comprises 

determining a best correlation result from the plurality of correlations and selecting the 

\ 1111111 1\11\11111\ \1111 tl llll 
* C L M S * 
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time shift corresponding to the best correlation result if the best correlation result exceeds 

a second threshold value. 

6. A methoo as clai~ed in claim 5 wti~rein the S~()nd threshold value is greater than 
. . . : . . . ;., . 

the threshold value for indicating a loss of frame syncill'onization. . 

5 7. A method as claimed in claim .1 for a discrete multltone modulation transmission 

system. including the steps of: 

using a tone having a predetennined frequency for frequency synchronization 

between a transmitter and a receiver of th.e system;. 
- . ·. .-· .·: .. ,_,: .. ·: •·.; ...... . 

at the transmitter, conve~g ,co1111?.lex ampµtllqe~'.~n the frequency domain into 

10 time domain values using an N-poi!lt 1IlY~J'SC fi'ast ;Fourier Transfonn; 
. : . : . . ' ' . . ~ ~ -- - .,;, -~·... . . . . ··. : : . . . . .. 

sampling time doim.in values at t\}e tran~lliitter.~ ~sampling frequency which is j -
' ·.. - - : . .·; -:. .. - . . . -· . ·.. . .. ,: .- . '. ~. .. . ·' . . . 

times the predetermined frequency, whe~ j is an inJegraj power of two; and . 
. . . . . .·: .. . ·: .·.·... . - .. ··.'···· .. . . . 

at the receiver, conveJ:$g time domain values in~ complex amplitudes in the 
frequency domain ~ing an N-point fast Fo.urier T~f~~ .. . . 

15 wherein each of said complex derotations corresponds to a respective one of NI j 

time shifts within the duration of one frame. 
. . . ·.· . ·. . ... ··:··· 

8. A method as claimed in claim 7 wherein the syl}chronizing frame is periodically 

transmitted once every Q frames, where Q is an integer greater than Nlj. 

9. A method as claimed in cl~ 8 wh~rein. said plurality .of correlations comprise 

20 N I j correlations corresponding to tiillC sJ:ii~ in either direction up to half the duration of 

one frame. 

10. A method as claimed in claim 9 wherein N = 512,j = 8, and Q = 69. 

11. A method as clainied in claim 7 wherein the· step of determining from the plurality 

of correlation results a time shift for restoring frame synchronization comprises 

25 determining a best correlation result from the plurality 9f correlations and selecting the 

time. shift corresponding to the best correlation result if the best correlation result exceeds 

a second threshold value . 

. 12. A method as claimed m claim 11 wherein ~e.~nd threShold. value is greater 

than the Uireshold value for ,indi~~ting a loss of frame synchronization •. ~---------

I 111111111111111111 11111111111 
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13. A method as claimed in claim 7 wherein each correlation result is produced by 

multiplying each coifitjtex amplitude by a corresponding complex amplitude from the 

stored information representing the synchronizing pattern, and summing the real parts of 

the complex products. 

5 14. A method as claimed in claim 13 and including the step of weighting the complex 

amplitudes being mwtipJied. 

15. A method as cJaimed in claim 14 wherein the weighting for each complex 

amplitude being multiplied is dependent upon a signal-to-noise ratio of a multicarrier 

channel associated with the respective complex amplitude. 

10 16. A multicarrier modulation transmission system receiver comprising: 

a Fast Fourier Transform (FFf) unit for transforming time domain values into 

complex amplitudes in the frequency domain; 

a buffer for supplying received time domain values to the FFr unit in accordance 

with a frame boundary; 

15 a correlator for correlating complex amplitudes of a synchronizing frame of the 

system with a synchronizing pattern stored at the receiver to produce a correlation result; 

and 

a control unit responsive to the correlation result being below a threshold value to 

adjust the frame boundary by a time shift detennined by performing a plurality of 

20 correlations between the stored synchronizing pattern and the complex amplitudes in each 

case multiplied by a respective complex value representing a respective complex derotation 

of the complex amplitudes corresponding to a respective time shift of the synchronizing 

frame, and selecting the best correlation result. 

17. A receiver as claimed in claim 16 and including a multiplier for weighting the 

25 synchronizing pattern in dependence upon signal-to-noise ratios of the multicarrier 

channels. 

------ ------- -------
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