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sions at hlgh data rates include multipath propagation, and adjacent channel
interference, where the nearby frequencies have highly correlated signal variations.
.COFDM is particularly suitable for these applications. In practical COFDM arrange-
ments, relatively small amounts of data are modulated onto each of a large number
of carriers that are closely spaced in frequency. The duration of a data symbol is
increased in the same ratio as the number of carriers or subchannels, so that inter-
symbol interference is markedly reduced.

Multiplexing according to COFDM is illustrated in Figs. 1 and 2, wherein the
spectrum of a single COFDM carrier or subchannel is indicated by line 2. A set of
carrier frequencies is indicated by the superimposed waveforms in Fig. 2, where

orthogonality conditions are satisfi ed In general two real-valued functions are
orthogonal if

X .
[whwimat = K (1)

where K is a constant, and K=0if p = q; K #0 if p = q. Practical encoding and
decoding of signals according to COFDM relies heavily on the fast Fourier transform
(“FFT"), as can be appreciated from the following equations.

The signal of a carrier ¢ is given by

s.(f) = A (e ! (2)
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Sampling over one symbol period, then
. (=0, (5)

A ()=A, (6)

With a sampling frequency of 1/T, the resulting signal is represented by

.
5,(0 = (1IN) Y A (el maT ol (7)

n=0
Sampling over the period of one data symbol T = NT, with 0w, =0,

N-1
$,(kT) = (1/N) Y. A e'trei0taxt (g

n=0
which compares with the general form of the inverse discrete Fourier transform:

N-1
g(kT) = (1/N) Y G(n/(kT))e!™*N (g)

n=0
In the above equations A,e®, is the input signal in the sampled frequency domain,
and s,(kT) is the time domain representation. It is known that increasing the size of
the FFT provides longer symbol durations and improves ruggedness of the system
as regards echoes which exceed the length of the guard interval. However computa-
tional complexity increases according to Nlog,N, and is a practical limitation.

In the presence of intersymbol interference caused by the transmission
channel, orthogonality between the signals is not maintained. One approach to this
problem has been to deliberately sacrifice some of the emitted energy by preceding
each symbol in the time domain by an interval which exceeds the memory of the
channel, and any multipath delay. The “guard interval” so chosen is large enough to
absorb any intersymbol interference, and is established by preceding each symbol by
a replication of a portion of itself. The replication is typically a cyclic extension of the
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each symbol, with the same phase and amplitude. In the receiver, these are utilized
for phase noise cancellation, automatic frequency control, and time/sampling
synchronization. Scattered pilot carriers are distributed throughout the symbol, and
their location typically changes from symbol to symbol. They are primarily useful in
channel estimation. Next the complex numbers are modulated at baseband by the
inverse fast fourier transform (“IFFT") in block 24. A guard interval is then inserted at
block 26. The discrete symbols are then converted to analog, typically low-pass
filtered, and then upconverted to radiofrequency in block 28. The signal is then
transmitted through a channel 30 and received in a receiver 32. As is well known in
the art, the receiver applies an inverse of the transmission process to obtain the
transmitted information. In particular an FFT is applied to demodulate the signal.

A modem application of COFDM has been proposed in the European Telecom-
'munications Standard DRAFT pr ETS 300 744 (May 1996), which specifies the
framing structure, channel coding, and modulation for digital terrestrial television.
The specification was designed to accommodate digital terrestrial television within
the existing spectrum allocation for analog transmissions, yet provide adequate
protection against high levels of co-channel interference and adjacent channel -
interference. A flexible guard interval is specified, so that the system can support
diverse network configurations, while maintaining high spectral efficiency, and
sufficient protection against co-channel interference and adjacent channel interfer-

- ence from existing PAL/SECAM services. The noted European Telecommunica-
tions Standard defines two modes of operation. A “2K mode”, suitable for single
transmitter operation and for small single frequency networks with limited transmitter
distances. An “8K mode” can be used for either single transmitter operation or for



signal constellation of its associated parallel stream After outer coding
‘and inter- leaving in block 20 pilot carriers are inserted via a signal
mapper 22 for use in synchronization and channel estimation in the
receiver. The pilot carriers are typically of two types. Continual pilot
carriers are transmtted in the sane Iocgtlon i n each synbol, with the sane
phase and anplitude. In the receiver, se are utilized for phase noise
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disturb neighbor carriers in a multicarrier system are called the “foreign noise contribu-
tion” (“FNC"). Second, a noisy component which disturbs its own carrier is referred to
as the “own noise contribution”. _

Referring to Fig. 5, the position of ideal constellation samples are indicated by
“x” symbols 34. The effect of foreign noise contribution is stochastic, resulting in

‘Gaussian-like noise. Samples perturbed in this manner are indicated on Fig. 5 as
circles 36. The effects of the own noise contribution is a common rotation of all
constellation points, indicated as a d_isplacemént between each “x” symbol 34 and its
associated circle 36. This is referred to as the “common phase error”, which notably
changes from symbol to symbol, and must therefore be recalculated each symbol
period Tg. The common phase error may also be interpreted as a mean phase
-deviation during the'symbol period Tg.

In order for the receiver 32 to process the data symbols in a practical system, a
mathematical operation is performed on the complex signal representing each data
symbol. Generally this is an FFT. For valid results to be obtained, a particular form of
timing synchronization is required in order to ahgn the FFT interval with the received
data symbol.

It is a primary object of the present invention to provide an improved method of
synchronizing a received data symbol with an FFT window in signals transmitted
according to COFDM. :
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Second, arespe@twedys raaohdvlockbeing oo hrgebthart theguarddnterval. For each datal pair a
function is determined, preferably the difference of the pair members, and output as
a first output signal. The dispersion of the first output signals is then measured and
output as a second output signal. The first block and the second block are then
displaced together relative to the stream, and the preceding steps of associating
samples, determining a function, and measuring a dispersion are repeated. The
result is output as a third output signal. The second output signal is compared with
the third output signal, and the result output as a fourth output signal. A predeter-
mined criterion in the fourth output signal, which indicates the boundaries of the
guard interval and the active interval, is then detected. The criterion may be a
predetermined magnitude, a maximum, or a minimum.

Preferably the modulus of the samples is calculated. However according to an
aspect of the invention only the real or the imaginary component of the stream need
be sampled.

The F ratio is used to compare the second and the third output signals of two
comparison blocks. Preferably the logarithms of the numerator and denominator of
the F ratio are subtracted to evaluate the F ratio. The F ratios of succeeding sets of
combarison blocks are evaluated for peaks which are indicative of guard interval
boundaries. The determination of the peaks may include tests of statistical signifi-
cance.

In a first operating mode the evaluation interval has a fixed first value, and in a
second operating mode, the evaluation interval has a second value, allowing
adaptation to changing signal conditions. According to an aspect of the invention in
the second operating mode a dispersion of the location of the guard interval in
successive symbols is stored, and the value of the evaluation interval is adjusted in
response to the memorized dispersion.
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obj ect of lator fonlocatinga boungary\ofdke guardiintetvalpphe sircuit has afinst delay circuit,
preferably realized as a first-in-first-out memory (“FIFO”), connected to the input
signal s, which preferably can store L samples, where L is the size of the FFT
window, for delaying the input signal s; by an interval equal to the FFT window. This
delayed version of the input signal is then subtracted from the input signal. The
modulus of the input signal or the difference signal is computed. The circuit has a
second delay circuit, which delays the modulus for a first predetermined interval. An
adder/subtracter subtracts the delayed modulus from the modulus and adds a
feedback signal taken from a register that accumulates the resuit of the ad-
der/subtracter. A lookup memory, addressed according to the output of the ad-
der/subtracter, holds the logarithm of the result produced by the adder/subfracter. A
third delay circuit, which provides a delay for a second predetermined interval, has
an input connected to the lookup memory. A second subtracter has a first input
connected to the lookup memory, and a second input connected to an output of the
second delay circuit. A comparison circuit is connected to an output of the subtracter,
for comparison thereof with a threshold value.

In one aspect of the invention, the circuit has a fourth delay circuit connected to
the input signal s, which preferably can store fewer than L samples, while providing a
delay for the active interval. A selector selects the first delay circuit or the fourth
delay circuit.

According to a fuither aspect of the invention there is a module for computing a
modulus of the input signal which is connected to the first delay circuit and the
adder/subtracter.

According to ancther aspect of the invention a control circuit selects predeter-
mined samples of the input signal for processing in the timing synchronization circuit

allowing for selection of the evaluation interval relative to the symbols in the data
stream.



reception of COFDM signals. These and other objects of the present

I nvention are attained by a nethod of decoding a stream of data synbol s
havi ng a synbol period T[err]. The synbols define an active interval and a
guard interval wherein the guard interval is a replication of a portion of
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Fig. 10 is an electrical schematic of a synchronization circuit according to an
alternate embodiment of the invention; and

Fig. 11 is an electrical schematic of a synchronization circuit according to
another alternate embodiment of the invention.

Referring again to Figs. 3 and 4, according to the invention a statistical method
is applied to COFDM signals to find the end of the guard interval 10. This method is
explained with reference to the above noted European Telecommunications Stan-
dard, but is applicable to many forms of frequency division multiplexing having
prefixed or postfixed guard intervals. It allows the receiver 32 to find the end of the
guard interval given only the received sampled complex signal ( solid line 12) and the
size of the active interval 6 . The method relies on the fact that the guard interval 10
is a copy of the last part of the data symbol 4. In the receiver 32, due to echoes and
‘noise from the channel and errors in the local oscillator, the guard interval 10 and the
last part of the data symbot 4 will differ. if the errors introduced are random then a
statistical method can be applied. According to the invention, the received complex
signal is sampled at a rate which is nearly identical to that used in the transmitter. A
difference signal is found for a pair of received samples which are separated by a
period of time which is as close as possible to the active interval 6. This period
should be equal to the size of the fast fourier transform (“FFT") being applied (i.e.
2048 or 8192 samples). Let



conpari son bl ocks are eval uated for pea"ks. V\:hl chare N hdi cative of guard
Interval boundaries. The determination of the peaks may include tests of
statistical signifi- cance. In a first operating node the eval uation
interval has a fixed first value, and in a $Second operating node, the
eval uation interval has a second value, gllow ng adaptation to changi ng
signal conditions. According to an aspect of the invention in the second
operating node a di spersion Of—tGe't I ocatilon of the guard i ntﬁrval in
successive synbols is stor ec?,l An@ T Me-msed 'ue of the evaluati dA® nterval is
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where L i Steénd bftheQYuard thtErval, the dispersion of the difference signal S, is monitored to
look for a significant increase which will occur at the boundary of the guard interval
10 and the active interval 6. The inventors have also observed that a large decrease
in dispersion is seen at the start of the guard interval 10.
According to a preferred embodiment of the invention samples of the input
signal are stored over an interval which includes at least one symbol period T,. The
dispersion of the difference signal S, is calculateg over a block of samples. The block
is moved back in time over a number of samples, n, and the dispersion is recalcu-
lated. These two blocks are referred to herein as “comparison blocks”. The ratio of a
current dispersion in a first comparison block to the dispersion in a previous compari-
son block is found. Then, the F ratio significance test is used to find significant

differences in the dispersions of the two comparison blocks. The F ratio is defined as

r—_VAR()

" VAR(i-n) an

where n is a positive integer, i indexes the input samples, and VAR(i) is the variance '
of a block of values of length N samples. Variance can be defined as

_ " 4N 2
VAR()=— 2: (s,_l )2 - _.2 s._, (12)
N =0 N]=o

While the F ratio significance test is used in the preferred embodiment, other
functions of the two dispersion values which give a signal relating to the Change in
dispersion could be used. There are many such functions. An advantage of the F
ratio is that for a random input signal it has a known probability distribution, allowing
convenient statistical analysis for purposes of performance analysis and system



wi ndow, for delaying the input signal s[err] by an interval equal to the
"FFT wi ndow. This del ayed version of the input signal is then subtracted
fromthe input signal. The nodulus of the input signal or the difference
signal is conputed. The circuit has a second delay circuit, which delays
the nmodulus for a first predeternined i Merval. An adder/subtracter
.subtracts the del ayed nodul us fromthe nodul us and adds a feedback signal
t aken frdesign; é@ﬁ%é@rﬂf&m indtinsically-neralizesithe signalf makingthe result inde-

der/subt pa t ofA } ry, addressed according to the output of the
ad- der/E @??gc?epbﬁ%ﬁﬂ e Ia%%rlthm of the result produced by the

adder / subt r adhérmethad, HSrQ!SQI@%Q/ refarencefte Fig. &, v winich a figst mentber of a
second pg§ @bﬁlrriﬁ‘é ¢mréﬂtwaxudlm #Bck iyomeasafébesfﬁé tsa Waeiageqif%ermw y.
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there is bdnoludllésteﬂcat dauqlm step 46.Thie size affthelevalugtion blogk shoukdi mdt i s
anot ner - Sxbed io lercih of & dlard 1RGNV, B mialfbd SEREIBNY Sridiler, (THE'CU | ©
sanpl es cﬂne end afthe cumegh blockdhasnatyet been reached, anotheysampleiscacquiredoat
circuit ﬁéé)%pgn@ %nﬁ'ﬁi Fe%t‘n‘é%‘gteﬁ 53. evaluation interval relative to the
synbol s in'the' data Sstream

If the end of the current block has been reached, the dispersion of the current
block is measured in step 50, and is treated as one of two comparison blocks of
data. A test is made at decision step 52 to determine if a group of two comparison
blocks have been evaluated. If this test is negative, then another block of data is
acquired in step 54, after which cbn_trol returns to step 38. The other block of data
need not be contiguous with the block just completed.

in the event the test at decision step 52 is positive, the F ratio is computed for
the group of two comparison blocks at step 56. The results obtained in step 56 are
submitted to peak detection in step 60. Peak detection optionally includes statls'acal
tests of significance, as is explained hereinbelow.

If peaks are detected, then the boundary of a guard interval is established in
step 62 for purposes of synchronization of the FFT window which is necessary for
further signal reconstruction. If peaks are not detected, the above process is re-
peated with a block of samples taken from another portion of the data stream.

Referring now to Fig. 7 a complex signal was generated according to the above
noted European Telecommunications standard using a random number generator,
and transmitted across a Ricean channel model together with added white Gaussian
noise (SNR = 3.7). Data symbols were then analyzed according to the above
described method. The results 6 data symbols are shown in Fig. 7, wherein the F
ratio is plotted for convenience of presentation on a logarithmic axis as line 64,
because the spikes 66, 68, at the beginning and end of the guard intervals respec-
tively, are very large.



7 For a better understanding of these and other objects of the present
invention, reference is nade to the detailed description of the invention,
by way of exanple, which is to be read in conjunction with the foll ow ng
drawi ngs, wherein: Fig. 1 illustrates the spectrum of a COFDM subchannel ;
Fig. 2 shows a frequency spectrumfor miiiple carriers in a COFMM signal ;
Fig. 3 is a diagramof a _signal according to COF-DM and shows a data synbol
format; Fig. Althoygh ibisyitegegdentirom figurent ithat the ends of tbeguard intesvals e m
Fig. 5 ildrelahsptefindisirg) Bnpof sevéal wellkriowrrpéak Blettarsalt is pessibld @ | on;

Fig. 6 is a flow. di,agramof a nethod of ti m ng, synchroni zati on accor di to
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synchr onistructedhHg is expected ¢o bei true for comparisondblocks lying entirely within the t he
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i nt er val straddienadboundanyat the start or end of the guard interval. If comparison blocks of

random samples are drawn from the same population then the probability of F is

given by

QF|v, v =11 2) (13)
1Y T x 2'2

where |() is the incomplete Beta function,

v2
X = —— (14)
v, + V,F
and v, and v, are the number of degrees of freedom with which the first and second
disperéions are estimated. In this example v1 = v2 = (N-1) if n >= N. The shape of
the function is shown in Fig. 8. From a statistical point of view n should be suffi-
ciently large so that the two blocks do not overlap, i.e. n >= N. If the blocks do
overlap, then the calculation of the second dispersion will use samples used for the
~ calculation of the first dispersion. This effectively reduces the number of degrees of
freedom and hence the significance of the result. It has been determined that setting
=N works well. - | |
The function Q() in equation (13) actually gives the one-tailed probability. H,
could be rejected if F is either very large or very small, and so the two-tailed testis’
required. Actually the two tails are identical, so for a two-tailed test the probability is
double that given in equation (13). However, this results in values of probability
greéter than one for F<1. The probability, p, is therefore calculated as follows:

=21 (2, %2y s)
P=%%2



explained with reference to the above noted European Tel econmuni cations
+ Stan- dard, but is applicable to many forns of frequency division

mul ti pl exi ng having prefixed or postfixed guard intervals.
receiver 32 to find the end of the guard interval
sanpl ed conpl ex signa
6 . The nethod relies on the fact that the guard interval
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As used hacesptancecthreshald and peparameterand é,h@%&eﬁnﬁ Ry upper angd loer limit for
F. Itis then only necessary to calculate F and compare it with. the limits. In order to

simply find the end of the guard interval it may be safely assumed that F>1. Only
the upper limit on F is needed. To calculate the limits on F accurately, a suitable

root-finding method, such as Newton-Raphson may be utilized. Typical values are
given in Table 1. '

Table 1
p threshold vi=v2=31
F_lower F_upper
0.2 0.627419 1.5693832 | 0.722591 1.383909
0.1 0.548808 1.822132 0.658620 1.518326
“ . 0.0 0.488143 2.048582 0.607525 1.646022
0.01 0.386894 2.584689 0.518205 1.920738
n 0.005 0.354055 2.824422 0.487936 2.049448
0.001 0.293234 3.410251 0.429794 2.326695
10+ 4.337235
10 5.393528
10¢ 6.605896
“ 107 8.002969
| 10 0.616664 1

This method has been successfully tested using the specified channel model
with additive white Gaussian noise (SNR=3.7).



of values, and is not restricted to a particular mathematical definition.
- I'n general the active part of one synbol is not related to the active part
of the next synbol. Qutside of the guard interval S[err] will be random
with a nuch larger dispersion. In order to find the end of the guard
interval, the dispersion of the differepge signal Slerr] is nonitored to

| ook for a significant increase which wll occur at the boundary of the
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size. But there still remains the division of the two dispersions and the squaring
required. These can be tackled using logarithms to the base 2. Substltutmg from
Equation (16) into Equation (11) gives

[ N-1 )2
Z; s, s \2
P

\ /=0

Taking logs to the base 2 gives

logF = 2(logs, -logs,) =Y | (18)

it is then only necessary to calculate y and compare it with the logarithm to the base
2 of the F upper limit. The comparison-can be made by subtracting the log of the limit
from 2(log2sa-log2sb) and comparing with zero. The factor of 2 can be ab_sorbed into
the limit.
Calculation of the logs to base two is relatlvely straightforward in hardware if the
numbers are stored as fixed point fractions. The fractions can be split into an
~ exponent and a fractional mantissa: x = A28, Taking log base 2 gives



9 design. Also the Fratio intrinsically normalizes the signal, making the
‘result inde- pendent of the signal level. The nmethod is disclosed with
reference to Fig. 6, in which a first nmenber of a sanple pair in a current
eval uation block is measured at step 38. A delay of one active interval 6 (
Fig. 3) is experienced in step 40. Thisqgay -be acconplished with a digital
del ay such as a FIFO or equivalently by buffering sanples for an active
interval logxe= lquDi-B Sinteoh t=fractionahio fy practicdl ¢o Gad lits ledaritive usimgpa

Jookéip
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di sper si O’Qp@ﬁc&d&ﬁ é‘égrf]é%?’ycﬁ ¢5| s nmeasured in step 50, and is treated as

one of t orrparr ‘data. A test is nmde at decision step 52 to
deternine if Hwbgs atedythase skilled intheartthat vadaus measwesad. (f this
test is nefispersion nidyebe ammeh%itﬁ&wﬂb aftin ﬁdfommasiﬂwmﬂd mvarmbﬁprom after.
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step 52 i calewddtions&knowhdnthe attio i s conputed for the group of two
corpari son bl ¢¢4k¥irétalfehtite Ynboldiientsithe nvetish e dudve delciedfriéthod is
employed using either the real or the imaginary parts 'of the signal instead of the
modulus. This embodiment achieves economy in hardware.
In a second alternate embodiment of the invention, the n parameter of equation
(11) has been optimized. At the end of the guard interval, the two blocks straddle
more of the fransition to the active interval, giving a well-defined increase in the
dispersion. Using any value n>2 has the drawback that several successive points will
give significant increases as the later block travels up to the boundary. This small
problem is easily overcome by introducing a dead period after detection of the
boundary. That is, once a spike has been detected a set of samples equal to the size
of the FFT window is accepted before further attempts are made to locate another
spike. The dead period has the added benefit of not introducing false spikes. When
~ using larger values of n the spikes 66, 68 ( Fig. 7) increase, whilst the H, noisy F
signal remain much the same.
Example 2: -
The maximum F-spike height as a function of n has been measured systemati-
cally together with the background variation in F. The results are shown in Table 2.

Table 2

“ (1) = (2 | (3) (4) (5)
L_» <F> _Fyy _Frg 4)1(3)

3 1.0009 007 7.5 107

5 1.0012 0.10 10.7 107

i 10 1.0011 0.14 12.9 92

| 15 1.0014 0.17 16.7 98
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subn1tted to peak detection in step 60. "Peak detection optionally |ncludes
statistical tests of significance, as is explained hereinbelow If peaks
are detected, then the boundary of a guard interval is established in step
62 for purposes of synchronization of the FFT wi ndow which is necessary for
further signal reconstruction. |If peaks are not detected, the above process
Is re- peated with a block of sanples t¥ken from anot her portion of the
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affect the values o mean and standard deviation even though they are from a

different statistical population.

The results indicate that the background variation in F, F, 4. , was affected by n,

increasing asymptotically to a value of approximately 0.28. It is likely that this is the

effect of overlapping blocks. For example, for N=64 and n<64, the blocks over which

the dispersions are calculated will contain some of the same values and therefore be

correlated. To test this theory Fs.d. was evaluated for n>N, and the results are

shown in Table 3.

Table 3 __
n Fig
| 60 0.258
. 70 | 0.266 |
II - 80 0.270
' 90 . 0278 I
n 100 | 0.285
128 - 0.207 ﬂ
256 | 0.366 |

The dependence becomes linear at n >= N/2. If F is calculated every n
samples, rather than every sample, then this dependence may be reduced. How-
ever, this creates a risk for small guard intervals of not having the first block wholly
within the guard interval and the second wholly within the active interval.

A third alternate embodiment of the invention is disclosed with reference to Fig.
10, which schematically illustrates a timing synchronization circuit 70. The circuit
accepts a complex input signal 72, and includes a circuit module 74 which develops
the moduius of its input, which is taken from node 83. The circuit module 74 insures



the start or end of the guard interval. Fromthe way the COFDM synbol is
»con- structed Herr] is expected to be true for conparison blocks |ying
entirely within the guard interval or within the active interval, but false
when the conparison bl ocks straddl e a boundary at the start or end of the
guard interval. |If conparison blocks of f@ndom sanples are drawn fromthe
same popul ation then the probability of Fis given by QF|v[err],v[err])
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21 [err] (delay,) whichris b}efeééﬁly |mplemented as a FIFO 78. When the FIFO 78 is fuII a
signal SIG1 80 is asserted, and the output of the FIFO 78 becomes available, as
indicated by the AND gate 82. An adder/subtracter circuit 84 is also connected to
the node 76, and its output is stored in a register 86. A delayed version of the output
of the adder/subtracter circuit 84 is taken from the register 86 and fed back as a
second input to the adder/subtracter circuit 84 on line 88. In the event the signal
SIG1 80 has been asserted, a version of the output of the circuit module 74, delayed
by a first predetermined interval N, where N is the number of samples in the compari-
son blocks, is subtracted from the signal on node 76.

The signal on line 88 is an index into a lookup table, preferably implemented as
a read-only-memory (“ROM"), and shown as ROM 90. The address of the ROM 90
contains the logarithm to the base 2 of the magnitude of the signal on line 88, which
then appears at node 92. The node 92 is connected to a subtracter 94, and to a
delay circuit, shown as FIFO 98, which is used to develop the denomlnator of the
middle term of equation (17).

The subtracter 94 produces a signal whxch is compared against the log, of a
predetermined threshold value F,,,; in a comparison circuit 106, shown for simplicity
as an adder 108 connected to a comparator 110. The output signal SYNC 112is
asserted when the boundary of a guard interval has been located. |

Although not implemented in the presently preferred embodiment, It is also
possible to configure the size of the FIFO 77 dynamically, so that the size of the
interval being evaluated can be adjusted according to operating conditions. This

may conveniently be done by storing the values on the node 92 in a RAM 114 for
computation of their dispersion.

In a fourth alternate embodiment of the invention, explained with reference to
Fig. 11, components similar to those of the embodiment shown in Fig. 10 have the



2 2 11 and then, if (p>1), p =2 - p. This probability reflects
the viability of Herr]. Thus if pis small, Herr] can be rejected and it
can be stated, with a specified degree of certainty, that the conparison
bl ocks come from sanmpl e popul ations with different dispersion. The noted
European Tel ecommuni cati ons St andard spé@lflcatlon states that the bl ock
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1pthre gam r@source requuremeru§e .anng syhsequent gmeratlon, the approxnmpt,e location
=v[ err] =@$the guard interval boundaries will be known from the history of the previous

symbols. In a second mode of operation, It is therefore only necessary to evaluate a
much smaller interval in order to verify the exact location of the guard interval
boundary. The number of samples used in the computation of the dispersion can be
kept to a small number, preferably 32 or 64, and the much smaller FIFO 77 accord-
ingly selected to hold the computed values. The resources saved thereby can be
utilized for other functions in the demodulator, and memory utilized by the larger
FIFO 100 may also be reallocated for other purposes.

A control block 81 optionally advances the evaluation interval relative to
symbol boundaries in the data stream in successive symbols, and can also be used
to delay for the dead period. Eventually the moving evaluation interval straddles the
boundary of the current symbol's guard interval, and synchronization is then deter-
mined. The size of the evaluation interval is chosen to minimize the use of memory,
yet to be large enough to achieve statistical significance in the evaluation interval.
The size of the evaluation interval, and the FIFO 77 may be statically or dynamically
configured. .

While this invention has been explained with reference to the structure dls-
closed herein, it is not confined to the details set forth and this application is intended
to cover any modifications and changes as may come within the scope of the |
following claims:



F_I~o I r  F_lower F upper 0.2 0.627419
1 59%'”"'"'5"@@@%, 17383909 0. 1 0. 548808 822132 .
0. 653600 ¢ HL yN 0.05 0. 488143 2. 048582 DTIISTSHEET HAS BEEN

1.646022 0.01 0. 386894 2.584689 0. 518205 1. 92?@3@\@5{5)05

0. 354055 2.824422 0. 487936 v 049448 0.001 8293234
3.410251 0. 429794 2.326695 10[err] 4.337235 10[err]
5. 393528 16{aims] ' 6. 605896 10[err] 8. 002969
10[ err] 9.616664 This nethod has been successfully tested

usi ng the gpecifi nel. I W|th ddi S
(SNR=3. 7) . PR i ‘? ﬁ&'x‘i"ﬂ'“ﬂgﬁ &’°EB%? ‘?ftsa\f{"\eﬁ%@i%g é@%%‘?‘. ‘ggﬁ éf%ﬁ‘gom d
r egw re a trahsmmeddhrdugh a ohanned andhamng|a1s\enb¢lmmodmewmremmm symnbal¢ F is
a division tg’iﬁr& ng as
t he two bl 8% k Wﬁ%% éc}ﬂ@e g@bﬁﬁhgﬂaﬂubﬁfrng&%lc QQial L ngtéﬁ/%?beiﬁﬁtal IS’:‘;’g‘tx—sc))'ngcan
be expensi {ien Pﬁasﬁqm‘!!bﬂf said, agtive ‘Bm@r#@d“ﬁwgacﬁq‘ﬁ?ﬂs hﬁ $teps.ati ons have
g [een i mpl enent gampling first portions ©f sakicstreans, wHeseinsaid first peltions arelseparated F.
err] can e cessary to calculate
the nean f PQ%@@@?E‘Q{?M@QO,@ éeg's‘r%‘“? aﬁ?és%bip%lé r%ggggg t he nﬁnber of
sampling second portions of said stream, wherein said second portions are
separated by said active interval to form a second comparison block of data; and
calculating a statistic of said first comparison block and said second compari-
son block.

2. The method according to claim 1, wherein said statistic comprises an F ratio.

3. A method of decoding a sfream of data symbols havirig a symbol period T,,
wherein the symbols comprise an active interval and a guard interval, said guard
interval being a replication of a portion of said active interval, the method comprising
the steps of: | ' '

sampling said stream at a sampling interval during an evaluation interval of said
symbol period T,;

associating samples in a plurality of pairs, each said pair having a first member
and a second member, each said first member being separated in said stream from
said second member by said active interval, wherein said first members and said
second members lie in a first block and a second block respectively, and said first
block and said second block are no larger than said guard interval;

for each said pair, determining a function of said first member and said second
member of each said pair, and outputting a first output signal that is representative of
said function;

measuring a dispersion of said first output signals;

outputting a second output signal representative of said dispersion;

displacing said first block and said second block relative said stream, and
repeating said steps of associating samples, determining a function, measuring a
dispersion and outputting a third output signal; and

comparing said second output signal with said third output signal and outputting
a fourth output signal that is representative of said comparison; and
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deg rom(N-1) to N Instead of calculating variance using
-‘the“mn mmullgmjﬂlmsquar es formula, the dispersion can be estimated by the
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associating samples in a plurality of pairs, each said pair having a first member
and a second member, each said first member being separated in said stream from
said second member by said active interval, wherein said first members and said
second members lie in a first block and a second block respectively, and said first
block and said second block are no larger than said guard interval;

for each said pair, determining a function of said first member and said second
member of each said pair, and outputting a first output signal that is representative of.
said function;

measuring the dispersion of said first output signals;

outputting a second output signal representative of said dispersion;

displacing said first block and $aid second block relative said stream, and
repeating said steps of associating samples, determining a function, measunng a
dispersion and outputting a third output signal; and

comparing said second output signal with said third output signal and outputtmg
a fourth output signal that is representative of said comparison; and

detecting a predetermined criterion in said fourth output signal, whereby said
criterion indicates boundaries of said guard interval and said active interval.

5. Amethod of decoding a stream of data symbols having a symbol period T,,
wherein the symbols comprise an active interval and a guard interval, said guard
interval being a cyclic extension of a terminal pomon of said active interval, the
method comprising the steps of:

sampling said stream ata sampling interval for an evaluation interval of said
symbol period T,;

associating samples in a plurality of pairs, each said pair having a first member
and a second member, each said first member being separated in said stream from
said second member by said active interval, wherein said first members and said
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Tabl e 2
magnitude indicates boundaries of said guard interval and said active interval.

6. A method of timing synchronization for demodulating a signal that is modulated
according to frequency division multiplexing, the signal comprising a stream of data
symbols having a symbol period T, wherein the éymbols comprise an active interval
and a guard interval, said guard interval being a replication of a portion of said active
interval, the method comprising the steps of: -

temporally sampling said stream at a sampling interval for at least said symbol
period T,; |

associating samples in a plurality of pairs, each said pair having a first member
and a second member, each said first member being separated in said stream from
said second member by said active interval, wherein said first members and said
second members lie in a first block and a second block respectively, and said first
block and said second block are no larger than said guard interval;

for each said pair, determining a difference of said first member and said
second member of each said pair, and outputting a first output signal that is repre-
sentative of said difference; _

measuring the dispersion of the magnitudes of said first output signals;

outputting a second output signal representative of said dispersion;

displacing said first block and said second block relative said stream, and
repeating said steps of associating samples, determining a difference, measuring a
dispersion and outputting a third output signal; and
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of said active interval, wherein the improvement comprises a timing synchronization

circuit for locating a boundary of said guard interval, the circuit comprising:

a first delay circuit, providing a delay for a first predetermined interval, and
accepting a sampled input signal; ’

a first subtracter, for subtracting an output of said first delay circuit from said
input signal;

a first circuit coupled to said ﬁrst subtracter for producing a signal having an
unipolar magnitude that is proportional to an input thereof;

a second delay circuit coupled to an output of said first circuit;

an adder/subtracter circuit, having a first input coupled said output of said first
circuit, a second input connected to an output of said second delay circuit, and a
third input; '

a register for accumulating the output of said adder/subtracter circuit, wherein
said register is connected to said third input; '

a lookup memory, addressed according to said output of said adder/subtracter
circuit, for accessing a logarithm of said output of said adder;

a third delay circuit, providing a delay for a second predetermined interval, and
having an input connected to said lookup memory;

a second subtracter having a first input connected to said lookup memory, and
a second input connected to an output of said third delay circuit; and '

a comparison circuit, connected to an output of said second subtracter, for -
comparison thereof with a threshold value.



the di spersions are calculated will contain ‘some of the same val ues and
- therefore be correlated. To test this theory Fs.d. was evaluated for n>N,
and the results are shown in Table 3. Table 3 n

Flerr 60 0.258 70
0. 266 80 0.270 90
0.278 100 0.285 128
0. 297 256 2b. 366 The dependence becones |inear

at n >= N2. If Fis calculated every n sanples, rather than every sanple,
then this dependence nmay be reduced. How ever, this creates a risk for
smal | guard i nt erEMINGSYNCHRONIZATIONCIN | A SRECERIMER \BMPLOYINGt hi n t he guard
interval and the second wholly within the active interval. Athird

al ternat e enbodi nerRRTHOGONAL FREQUENGY | BIVIISEQN, AL THRLEXANGer ence to Fig.
10, which schematically illustrates a timng synchroni zation circuit 70.
The circuit accepts a conplex input signal 72, and includes a circuit

nodul e 74 whi ch devel ops the nodul us of its input, which is taken-from node
83. The ABSTRACTQGTHEDISGLOSMRE: 15 that the val ue bei ng subsequently

processed i s Aafethied HtPApputaRA’are Uistidstd for Hetermining the boundaries of guard
intervals of data symbols being received in a coded orthogonal frequency division
multiplexed signal. Temporal samples-separated by an interval of an active interval
of a data symbol are associated in pairs, and difference signals obtained. The
dispersion of a first comparison block of difference signals is determined, and
compared to the dispersion of a second comparison block of difference signals, the
second comparison block being displaced from the first comparison block by n
samples. An F ratio is calculated for the dispersions of the two blocks. F ratios are
iterated in a succession of comparison blocks, and a signal representing the F ratios
subjected to peak detection. The peaks represent the boundaries of the symbol's
guard interval. This information is utilized in synchronizing an FFT window for
subsequent signal reconstruction.

FIGURE 6



the circuit nmodule 74 is a difference signal which is devel oped by a
‘subtracter 75 which takes as inputs the input signal 72 and a del ayed
version of the input signal 72 which has been processed through a del ay
circuit 79, preferably realized as a FIFO 77 of length L, where L is the
size of the FFT wi ndow. As expl ained above, it is also possible to operate
this circuit where the input signal 72 is real, imaginary, or conplex, or
even the nodul us of a conplex nunber. I.n the case where the input signal 72
is real, or imaginary, the circuit moduté?74 can be nodified, and can be
any known circuit that renoves the sign of the output of the subtracter 75,
or equivalently sets the sign so that |he out puts accunul at e nonot oni cal | y;
i.e. the circuit has a unipolar outpyt.} The output of the circuit nodule 74
is ultimtely clocked into a digitalf dghay, which is preferably inplenented
as a FIFO 78. Wien the FIFO 78 is f a signal SIGL 80 is asserted, and
the output of the FIFO 78 becones a , as indicated by the AND gate
82. An adder/subtracter circuit 84 o connected to the node 76, and
its output is stored in a register [86. -}A\del ayed version of the output of
romthe register 86 and fed back
as a second input to the adder/subfractlr \circuit Sﬂgggt_Lne 88. In the
event the signal SIGL 80 has been t he out put of the
circuit nmodule 74, delayed by a filrsppredeternmned interval N, where Nis
t he nunber of sanples in the conpgri- spn Bl ocks, is subtracted fromthe
signal on node 76. The signal on lfJine 88 iq an index into a | ookup tabl.e,
preferably inplenmented as a read-¢nly-nknory ("ROM'), and shown as ROM 90.

The address of the ROM 90 contain

magni t ude of the sign on line i

92 is conpested to 2/2t55\écter rcyit, shown_as FIFO

98, whichuis Wsed t¢f devel\op the/denom m_dd S\iﬁ:;y6?aégQ§tion
10 5

(17). 15 \/10 5
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The subtracter 94 produces a signal which is conpar

G TR R T R T T

ed'againsf the log[err]

- of a predeterm ned threshold value Flerr] in a conparison circuit 106,

shown for sinplicity as an adder

out put signal

has been | ocated. Although not
| t

enbodi nment
dynam cal |l y,

108 connected to a conpar at or

110. The

SYNC 112 is asserted when the boundary of a guard interval

adj usted according to operating conditi
by storing thesygoesson the node §2MBOLaMRAM 114 f BYMBOIpW-Ali on of their

di spersion. In a fourth alternate enbod
with reference to Fig. 11, g

shown in Fig.
synchroni zat i
circuit 70,
anot her
the FIFGs 77
are.differept
interval

guard interval
of data storage is required,
During subsequent operation

FI FOf 1

egual

10 have the

In-the noted

gnt of the invention,

-4 m ng synchroni zation

i npl enented in the presently preferred
is al so possible to configure the size of the FIFO 77
so that the size of the.in%ﬁ val being eval uated can be
. This may conveniently be done

expl ai ned
to those of the enbodi ment
€qunerals. A tining
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of the guard interval boundaries will be known fromthe history of the
- previous synbols. In a second node of operation, It is therefore only
necessary to evaluate a nuch smaller interval in order to verify the exact
| ocation of the guard interval boundary. The nunber of sanples used in the
conput ati on of the dispersion can be kept to a small nunber, preferably 32
or 64, and the nuch smaller FIFO 77 accord- ingly selected to hold the
conput ed val ues. The resources saved thefapy can be utilized for other
functions in the denodul ator, and nmenory utilized by the | arger FIFO 100
may al so be reallocated for other purposes. A control block 81 optionally
advances the evaluation interval rel@tj to synbol boundaries in the data
streamin successive synbols, and calN hl$¢ be used to delay for the dead

period. Eventually the noving eval uatipkinterval straddles the boundary of
the current synbol's gu f 1 1 is then deter-

m ned. The size of the gval uation ihte inimze the use of
menory, yet to be |arge jenough to achi ni fi cance in the
evaluation interval. Th and the FIFO 77

explained with refaer FIiCe tO Jthe structure dis- closed hedein, it is not
confined to the dehall s<get {forth and this application ig intended to cover

any .nodi fi cations ail cEEnges as may come within the scoge of the follow ng
cl ai ns: L S |*1 17
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Claims 1. A nethod of determ ning the boundaries of synbols in a stream of
‘data being transmitted through a channel and having a synbol period T[err],
wherein the synbols conprise an active interval and a guard interval, said
guard interval being a replica- tion of a portion of said active interval
the nethod conprising the steps of: sanpling first portions of said stream
wherein said first portions are separated by said active interval to forma
first conparison block of data; sanpling second portions of said stream
wherein said second portions are separated by said active interval to form
a second conparison block of data; and calculating a statistic conprising a
measure of a difference in dispersion betgeen said first conparison bl ock
and said second conparison block. 2. The nethod according to claiml,
wherein said statistic npf MERSURE f%{alio. 3. A nethod of decoding a

stream of data synbol s Y&vipg e od—TFrerrt—wheretn—thke synbol s
i nterval
actiye interval,

conprise an active interval" said guard irterval being

a replication of a portion t he net hod fconpri si ng
the steps of: sanpllng.ﬁ@Ld.BEh@éﬁNE“Eh sanpling i nterval duriAg an
eval uation interval of said{s Mleri pd T[err]; associating danples in a

plurality of pairs,
menber,

each said pa

ng a first
barated in

menber and a
said stream f

second
rom said

pherein said first nenbgrs and said
& a second bl ock respectijvely, and

e no |arger than said |guard

a function of said fijfrst nenber
and outputting a first out put

each said first fe A O
second menber by said ™™ i
second nenbers lie in a fir$&—E

said first block and sai dsees
interval ; for each sai4 Q@MEUWEnlng
and sai d second nember of eachMEMBﬂmalr

signal that is representaf(2mi-ofst) MEMBER
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said function; nmeasuring a dispersion of said first output signals;
outputting a second output signal representative of said dispersion;

di splacing said first block and said second bl ock relative said stream and
repeating said steps of associating sanples, determ ning a function,
measuring a dispersion and outputting a third output signal; and conparing
sai d second output signal with said third output signal and outputting a
fourth output signal that is representative of said conparison; and 18
detecting a predetermned criterion in sayfl fourth output signal, whereby
said criterion indicates boundaries of said guard interval and said active
interval. 4. A nethod of decoding a stream of data synbols having a synbol
period T[err], wherein the synbols conprise an active interval and a guard
interval, said guard interval being a cyclic extension of a portion of said
active interval, the nmethod conprising the steps of: sanpling said stream
at a sanpling interval during an evaluation interval of said synbol period
T[err]; associating sanples in a plurality of pairs, each said pair having
a first nenber and a second nmenber, each said first nenber being separated
in said stream from said second nenber by said active interval, wherein
said first nmenbers and said second genbers lie in a first block and a
second bl ock respectively, and sai d§first- bl ock and sai® second bl ock are
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for each said pair, determning a function of said first nenber and said
. second nenber of each said pair, and outputting a first output signal that
is representative of said function; neasuring the dispersion of said first
out put signals; outputting a second output signal representative of said
di spersion; displacing said first block and said second bl ock relative said
stream and repeating said steps of associating sanples, determ ning a
function, neasuring a dispersion and outputting a third output signal; and
conparing said second output signal w t&/%aid third output signal and
outputting a fourth output signal that is representative of said
conparison; and detecting a predetermned criterion in said fourth output
signal, whereby said criterion indicates boundaries of said guard interval
and said active interval. 5. A method of decoding a stream of data synbols
having a synbol period T[err], wherein the-synbols conprise an active
interval and a guard interval, said guard interval being a cyclic extension
of a termnal portion of said active interval, the nethod conprising the
steps of: sanpling said streamat a sanpling interval for an eval uation
interval of said synbol period T[err]; associating sanples in a plurality
of pairs, each said pair having a first nenber and a second nenber, each
said first nmenber being separated in said strean1fron1§gjd second nenber by

said active interval,'ﬂ1aﬂaﬂr1§n1rﬁ11ﬁn—vmn¢mws~and—ﬂagﬁ 19
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second nmenbers lie in a first block and a second bl ock respectively, and
said first block and said second block are no | arger than said guard
interval; for each said pair, determning a difference of said first nenber
and said second nenber of each said pair, and outputting a first output
signal that is repre- sentative of said difference; neasuring the

di spersion of the magnitudes of said first output signals; outputting a
second out put signal representative of said dispersion; displacing said
first block and said second bl ock rel atizy® said stream and repeating said
steps of associating sanples, determning a difference, neasuring a

di spersion and outputting a third output signal; and determning an F ratio
of a magnitude of said second output signal and a nagnitude of said third
out put signal and outputting a fourth output signal that is representative
of said F ratio; and detecting a predeterm ned nagnitude in said fourth

out put signal, whereby said nmagni tude indicates boundaries of said guard
interval and said active interval. 6. A nethod of timng synchronization
for denodulating a signal that is nodul ated according to frequency division
mul tipl exing, the signal conprising a stream of data synbols having a
synbol period T[err], wherein the synbols conprise an active interval and a
guard interval, said guard interval being a replication of a portion of

sai d active interval, the—method conprising the stepscof: tenporally
sanpling said stream at] a sanpling interval for at |gast said synbol period
T[err]; associating sarples in a pLyrgjity of pairs,feach said pair having
a first nenber and a sqco menber v each said first penber being separated
in said stream from saild cond neﬁber-by said active interval, wherein
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second nenbers lie in a first block and a second bl ock respectively, and
said first blrock and said second bl ock are no larger than said guard
interval; for each said pair, determning a difference of said first nenber
and said second nenber of each said pair, and outputting a first out put
signal that is repre- sentative of said difference; nmeasuring the

di spersion of the magnitudes of said first output signals; outputting a
second out put signal representative of said dispersion; displacing said
first block and said second bl ock relahige said stream and repeating said
steps of associ ating sanpl es, deterninlﬁg a difference, neasuring a

di spersion and outputting a thir tput _signal; and 20 determning an F
rati o of a nmagnitude of said secqgnd outgut signéﬂ and a magni tude of said
third output signal and outputting a fdﬁrtﬁfoutpj£ signal that is
representative of said F ratio; gndodet® Thg a edet erm ned nmagnitude in

said fourth output signal, wherelyy id m-t ude;. i ndi cat es boundari es of
said guard interval and said act“Ve I nt § 1y 7. denodul ator for a
frequency division nultiplexed s”gnal, 15% i gnal; conprising a stream of
data synbol s havi ng sybol perilod T[ ef ,g\,here; n the synbols conprise an
active interval a guard intenvats saiid ard jnterval being a

replication of acgor i on Pof said ac§§ rval,lmherein t he i nprovenent
conprises atigng s nchﬁbnizatiqg}elrcui 1for locating a boundary of said
guard interval L tHe> Frcuit conprising.ed TTTsTdelay circuit, providing a
delay for a fifrst pr ée fﬁined-intervét; and :
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accepting a sanpled input signal; a first subtracter, for subtracting an
*output of said first delay circuit fromsaid input signal; a first circuit
coupled to said first subtracter for producing a. signal having an uni pol ar
magni tude that is proportional to an input thereof; a second delay circuit
coupled to an output of said first circuit; an adder/subtracter circuit,
having a first input coupled said output of said first circuit, a second
i nput connected to an output of said second delay circuit, and a third
input; a register for accunul ating thegggtput of said adder/subtracter
circuit, wherein said register is conneCted to said third input; a | ookup
menory, addressed according to said output of_sajd adder/subtracter
circuit, for accessing a Iogaritﬁﬁ1of said outpul of said adder, a third
delay circuit, providing a delaylfor agsecond predeterm ned interval, and
havi ng an i nput connected to sai H Iookﬁb menory; ,a second subtracter having
a first input connected to said }ookup nory, atd a second i nput connected
1

to an output of said third del ay!circuigtm—and a ¢onparison circuit,

connected to an output of said s%cond qURtiracter, for conparison thereof
with a threshold val ue.
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Claims

1. A method of determining the boundaries of symbols in a stream of data being
transmitted through a channel and having a symbol period T,, wherein the symbols
comprise an active interval and a guard interval, said guard interval being a replica-
tion of a portion of said active interval, the method comprising the steps of:

sampling first portions of said stream, wherein said first portions are separated
by said active interval to form a first comparison block of data;

sampling second portions of said stream, wherein said second portions are
separated by said active interval to form a second comparison block of data; and

calculating a statistic comprising a measure of a difference in dispersion
between said first comparison b_lock and said second comparison block.

2. The method according to claim 1, wherein said statistic comprises an F ratio.

3. A method of decoding a stream of data symbols having a symbol period T,
wherein the symbols comprise an active interval and a guard interval, said guard
interval being a replication of a portion of said active interval, the method comprising
the steps of: .
_ sampling said stream at a sampling interval during an evaluation interval of said
symbol period T,;

associating samples in a plurality of pairs, each said pair having a first member
and a second member, each said first member being separated in said stream from
said second member by said active interval, wherein said first members and said
second members lie in a first block and a second block respectively, and said first
block and said second block are no larger than said guard interval;

for each said pair, determining a function of said first member and said second
member of each said pair, and outputting a first output signal that is representative of
said function;

measuring aﬂdispersion of said first output signals;

outputting a second output signal representative of said dispersion;

displacihg said first block and said second block relative said stream, and
repeating said steps of associating samples, determining a function, measuring a
dispersion and outputting a third output signal; and

comparing said second output signal with said third output signal and outputting
a fourth output signal that is representati\)e of said comparison; and
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