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(57) ABSTRACT

A symbol time synchronization method for OFDM systems is
disclosed. The invention presents a joint maximum-likeli-
hood (ML) synchronization method for symbol time offset
(STO) in OFDM systems. The method is developed in fre-
quency domain under time-variant multipath channels. By
analyzing the received frequency-domain data, a mathemati-
cal model for the joint effects of symbol time offset (STO),
carrier frequency offset (CFO) and sampling clock frequency
offset (SCFO) is derived. The results are used to formulate a
log-likelihood function of two consecutive symbols. The joint
estimation’s method is robust, because it exhibits high per-
formances in high mobility and time-variant multipath fading
channels.

8 Claims, 4 Drawing Sheets
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1

SYMBOL TIME SYNCHRONIZATION
METHOD FOR OFDM SYSTEMS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a synchronization method
for communication systems, and more especially, to a symbol
time synchronization method for OFDM systems.

2. Background of the Related Art

Orthogonal frequency division multiplexing (OFDM) is a
promising technology for broadband transmission due to its
high spectrum efficiency, and its robustness to the effects of
multipath fading channels. However, it is sensitive to syn-
chronization errors. As a result, one has to achieve as good
synchronization as possible in OFDM transmissions.

Like other communication systems, there are many syn-
chronization issues should be taken into considerations in
OFDM systems. First of all, unknown signal delays will
introduce symbol time offset (STO) and require coarse sym-
bol time (CST) and fine symbol time (FST) synchronizations.
There also exists carrier frequency offset between a transmit-
ter and a receiver so that fractional cartier frequency offset
(FCFO), integral carrier frequency offset (ICFO) and residual
carrier frequency offset (RCFO) have to be eliminated. In
addition, the sampling clocks mismatch between DAC and
ADC will introduce sampling clock frequency offset (SCFO).

InJ.J. van de Beek, M. Sandell and P. O. Borjesson’s “ML
estimation of time and frequency offset in OFDM systems,”
(IEEE Trans. Signal Process., vol. 45, no. 7, pp. 1800-1805,
July 1997), STO and FCFO are jointly estimated by a
delayed-correlation algorithm. It is an ML estimation and
only good for AWGN channels.

InT. M. Schmidl and D. C. Cox’s “Robust frequency and
timing synchronization for OFDM,” (IEEE Trans. Commun.,
vol. 45, no. 12, pp. 1613-1621, December 1997), a new
method making use of training symbols in time-domain was
proposed. However, its correlation results exhibit uncertain
plateau in multipath fading channels.

Some techniques, for example in H. Minn, V. K. Bhargava
and K. B. Letaief’s “A robust timing and frequency synchro-
nization for OFDM systems,” (IEEE Trans. Wireless Com-
mun., vol. 2, no. 4, pp. 822-839, July 2003), produce good ST
(symbol time) performances. However, extra time-domain
training symbols are needed.

The techniques mentioned above are applied to AWGN
and/or static multiple channel condition, thus will not be
suitable for real environments.

Although the technique in K. Ramasubramanian and K.
Baum’s “An OFDM timing recovery scheme with inherent
delay-spread estimation,” (GLOBECOM’01. IEEE. vol. 5,
pp. 3111-3115, Nov. 2001.7) can identify ISI-free region in
multipath fading channels, for accurate ST estimation, it may
involve too many symbols.

InM. Speth, S. Fechtel, G. Fock and H. Meyer’s “Optimum
receiver design for OFDM-based broadband transmission-
part II: a case study,” (IEEE Trans. Commun., vol. 49, no. 4,
pp- 571-578, Apr. 2001.8), for FST, channel responses must
be estimated first, IFFT is then applied to get the channel
impulse responses (CIR) and adjust the symbol boundary.
Hence, its computational complexity is high.

The work in D. Lee and K. Cheun’s “Coarse symbol syn-
chronization algorithms for OFDM systems in multipath
channels,” (IEEE Commun. Letter, vol. 6, no. 10, pp. 446-
448, October 2002), treats CST in multipath fading channels.

T. Lv, H. Li and J. Chen’s “Joint estimation of symbol
timing and carrier frequency offset of OFDM signals over fast
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time-varying multipath channels,” (IEEE Trans. Signal Pro-
cess., vol. 53, no. 12, pp. 4526-4535, December 2005) and J.
C. Lin, “Maximum-likelihood frame timing instant and fre-
quency offset estimation for OFDM communication over a
fast Rayleigh-fading channel,” (IEEE Trans. Vehicular Tech.,
vol. 52, no. 4, pp. 1049-1062, July 2003) assume that normal-
ized Doppler frequency (NDF) is known. This restricts their
applicability.

SUMMARY OF THE INVENTION

In order to solve the problems mentioned above, the
present invention provides a symbol time synchronization
method for OFDM systems. The present invention provides a
joint maximum-likelihood (ML) synchronization method for
symbol time offset (STO), wherein the method is developed
in frequency-domain under time-variant multipath channels.
By analyzing the received frequency-domain data, a math-
ematical model for the joint effects of STO, CFO and SCFO
is derived, thus the present invention is suitable for high
mobility and non-line-of-sight (NLOS) applications

To achieve the purpose mentioned above, the present
invention provides a symbol time synchronization method for
OFDM systems, which includes: receiving frequency domain
data from a plurality of channels, and analyzing the frequency
domain data; generating a probability density function from
the frequency domain data; establishing a log-likelihood
function from the probability density function; making maxi-
mum-likelihood estimation according to the log-likelihood
function; and generating symbol time offset (STO) from the
maximum-likelihood estimation.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the accompanying
advantages of this invention will become more readily appre-
ciated as the same becomes better understood by reference to
the following detailed description, when taken in conjunction
with the accompanying drawings, wherein:

FIG. 1 illustrating three consecutive symbols’ ST in an
OFDM system;

FIG. 2 illustrating an OFDM system according to one
embodiment of the present invention;

FIG. 3 illustrating a symbol time synchronization method
for OFDM systems according to one embodiment of the
present invention; and

FIG. 4 illustrating architecture of the joint ML, estimator
according to one embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Symbol time (ST) estimation is usually the first step in an
entire OFDM synchronization process, because it provides an
estimated OFDM symbol boundary for the remaining syn-
chronization steps. As shown in FIG. 1 is three consecutive
symbols’ ST in an OFDM system, three consecutive symbols
are (1-1)th Symbol, (1)th Symbol and (1+1)th Symbol. Every-
one has a guard interval (GI), and an estimated ST generally
falls into one of the three defined regions, where Bad ST1 and
Good ST3 are in the guard interval (of length N) of an
OFDM symbol. In the figure, Bad ST1 region and Bad ST2
region for the Ith symbol has inter-symbol interference (ISI)
from the (1-1)th svmbol and the (1+1)th symbol, respectively.
On the other hand, in time-invariant channels, if ST is located
in Good ST3 region, there will be no ISI but only phase
rotation in the demodulated frequency-domain data, which
can be simply compensated by single-tap equalizers.
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The FIG. 2 shows an OFDM system according to one The estimated ST will be located in one of three different
embodiment of the present invention. In the transmitter side, regions as depicted in FIG. 1, where STO is with reference to
the baseband digital signals go through signal mapper21 and  the ideal ST of the 1th symbol which is marked by the time
processed by N-point IFFT 22, the Inverse Fast Fourier Trans- index at zero. Detailed analysis of the received frequency-

[

form, then inserted the CP (cyclic prefix) in the guard interval domain data in these three regions is omitted and the result is
23, performed D/ A conversion in DAC 24, and finally deliver shown below.

them to the channel 26. Case 1: In Good ST3 region.
In the receiver side, the radio waves are received from the Step Al:
channel 26, they are demodulated, and sampled in the ADC
36 to convert to digital signals. The CP in the digital signals Ko, X W e ep ol
are removed in CP removal 35, then processed by N-point
FFT 34, equalizer 33, and signal demapper 32, finally the where

receiver derives serial digital signals.

In addition, the joint ML estimator 38 is coupled to the 1°
output of N-point FFT 34, the symbol time offset (STO) W, & g s
calculated by the estimator, and the STO is then feedback to
the CP removal 35 for symbol time synchronization.

In the FIG. 2, X, , is the transmitted/received frequency- and oy is AWGN;
domain data on the kth subcarrier, x;,, is the transmitted Step A2:
time-domain data sample of the lth symbol, X'(t) is the
received continuous-time signal, N is FFT size, and N =N+
N, is an OFDM symbol length including cyclic prefix (CP); L= et
1/T is the transmitter sampling frequency, and 1/TJ=(1+€,)/ 25 A=y Z Hiw',k)x Wy, 5 and
Tj 1s the receiver sampling frequency, where €, is the SCFO =0
normalized by 1/T, efis the CFO normalized by subcarrier
spacing; { is the carrier frequency, 11, is the estimated ML Step A3:
STO, €, is the estimated ML, RCFO and €, oz 15 the esti-
mated ML SCFO. 30

The FIG. 3 shows a symbol time synchronization method
for OFDM systems according to one embodiment of the
present invention. The method includes: step S1 the fre-
quency domain data is received from the channel, and ana- 55 Z X,
lyzing the frequency domain data; step S2 a probability den- oy '
sity function is generated from the frequency domain data;
step S3 alog-likelihood function is established from the prob- Vi
ability density function; step S4 maximum-likelihood estima-
tionis made according to thelog-likelihood function; and step 40
S5 symbol time offset (STO), residual carrier frequency off- Case 2: In Bad ST1 region.
set (RCFO), and sampling clock frequency offset (SCFO) are Step A4:
generated from maximum-likelihood estimation.

& A
Ny =
N-1

1 n! [m(1-gpk+ 4 INg(mer—e ) i’
NZ o, m)x Wy M xwy I w,s +

=0

. . . . % [7Vs(heregyiona] | Q
Here, h,(n, T) is the baseband time-variant channel impulse X bl X W g,

response of the 1th symbol. It is assumed wide-sense station-
ary and uncorrelated scattering (WSSUS), and can be mod-
eled as a tapped-delay-line channel. A scattering function can
be modeled as a time-varying function of Doppler frequency.

The present invention assumes that the delay power spectrum 5 2o le 7 KXW /o —ker)
follows an exponential distribution of the Doppler spectrum. v '
Based on these assumptions, the cross-correlation of a CIR is

given by Ny=-Ng+7s-ny +1,

where

n'=Ny

oidi,1 & isiL

55 Noy = le—X“ +Xll< ;
Equation (1)

Elly(e 00k, 22)] = Elbuins, el oz, el xSm1 —72) (1) Step AS:
=7 Jo(ﬂ'Aﬂ) : Eir/rd |T:T1:T2 60
oici,l g o [m(1-¢,)- k+sf]
where y is a normalization constant, J,(-) is the zeroth-order K= Z i Z Hiw ) Wy
Bessel function of the first kind, f=2f,;T/N, An=(n,-n,), f, i

represents the maximum Doppler shift in Hertz, T=NT_ is the 45
symbol duration and T, is the maximum delay spread. NDF is
interchangeable with ;T here.
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-continued
W/{/Ns(mgrgf) KW
and
Step A6:
K Ny -1
is 15 N
thl ~ZXH,m Z Hy (W +Ng, m)x Wy e +€f]
m=—K n=0
w T
WN S\ms sf) W kinp NG)_
Case 3: In Bad ST2 region.
Step A7:
Xlk“ﬁs,kxlkw}v[WS(kﬂ/) JmA]"‘Ns,ka
where
N-ny—1 .
A A & p—ke,
Hyy = v Z Hw, xwy
n'=0
2 isi2
’V3k=le_Xl[Ckl X’,S,i ;
Step AS:
Ny -1
o ici2 1 - fm(1-g)-keve ]
Do ~ZX1,m v Z Hy(n', m)x Wy '
ek W =N=rp
Nslmer—eg) g
Wy XWy 2,5
and
Step A9:

K

~isi,2
Xy = E Xerm|

m—K

L (1)K
7 [m(1- +sf] "

N-1
D0 Hial@ = No)y, m)x Wy

n’:IV ny

~k(np—Ng)

LNS\Ims,wsf)
(] X Wy

(From A1~A9, there are approximations “~” because
detailed derivations are omitted.) From Step (A1), (A4) and
(A9), the present invention illustrates that the received data is
multiplied by different time-averaged time-variant transfer
functions. The interferences are also different in different
regions. They can be well approximated by Gaussian random
variables. As such, the received frequency-domain data can
be rewritten as Equation (2).

Xy el X Tl i i=1,2,3 2),

where | is asymbol index; X,  is a received frequency-domain
data on a k-th subcarrier; X, ; is a transmitted frequency-
domain data on the k-th subcarrier; H, 14 18 a channel fre-
quency response on the k-th subcarrier;, W =e 72N, Nz 18
a FFT (fast Fourier transform) of AWGN (Additive White
Gaussion Noise); N is a FFT size; Ns is a whole symbol
length including the cyclic prefix; €, 1s a SCFO (sampling
clock frequency offset); €,is a RCFO (residual carrier
frequency offset); and n, a STO (symbol time offset).
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6
Note that index 1 that denotes the three different regions will
be dropped for clarity.

It is assumed that X, , is an evenly-spaced pseudo random
binary sequence (PRBS) for keP, P is the pilot set. X, ;s are
assumed uncorrelated and zero mean for k&P Therefore
Equation (3) exists,

ook —kz), ®

a8l — L)tk ~ ko),

kl,kzeP

E| X, 4, X i | =
[ b lz'kz] { otherwise

where 0,? is the signal power and 8(+) is Dirac delta function.
By Equation (2) and Equation (3), the correlation between
two consecutive frequency-domain symbols can be written as
Equation (4).

0';“_.],( o+ D-’ZV/( , h=1h )
ki=hky =k
7 o _ —Ny(k
E[Xll,klxlz,kz]_ U—l%]k/u%(wl\’ - gf) L=h+1
k=ky=kkeP
0, otherwise

where Oﬁ,kz and oy, ? are cross-correlation and auto-correla-
tion of time averaged channel time-variant frequency
responses; o,° is a variance of the transmitted frequency
domain data; GN is a variance of the AWGN; and P is a pilot
set. Since Xz risacomplex gauss1an distribution, and Xz rand
Xz;, 1 ;- are joint complex gaussian distribution, f(XZ o X, )
X, k) and £X,,, &) in Equation (5) is described by Equatlon
(4.1) and (4.2) derived from Equation (4).

F(Xups Xenng) = @1
|Xl,k|2—
Nglke,—¢
2kae[WN stery) XlkX1+1A]+|X1+1k\
expl —
Ah, T3+ Ty LD
21T, X m)u—pg)
exp| - \Xlklz “2)
2
) 7(0'91(0'\( +U'Nk)
JR) = —————7
2
271(0'2’:”( 0% +o'§]k H

where Ref[.] is the real number of the quantity; and p, is the
correlation coefficient of received frequency-domain data on
a k-th subcarrier.

Note that X, | - has the same pdf with )N(ZE -

The corresponding log-likelihood function of Equation (4)
can be written as Equation (5).

F(Xue XHI,I:)X ]_[ FXu)f Kieng)

kgP

Alra, &5, 8) = log”_I

\ keP

where f(-) denotes the probability density function (and the
conditioning on (n,, €, €,) are dropped for notational clarity).
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Therefore, Equation (5) can be derived in Equation (5.1).

Alnp, &7, &) = (6.1

27N, (key —
> {c;ﬂy(mﬂcos[% - 1y - c300m)} -

keP

Z 4 Pnp) + ¢y

k

where

[Zlog(l—pk)] [a- ngzml R

keP
[ 2 2, 2 2
o2k =P&/(U9k0'fv +0'A7k‘)(1 -0
C3j = PeCogs Cag = Copll -0/ pes

where
= [ et 1=
3 k)
C3j = PeCogs Cag = Copl - p
y(ny) is defined as )?Lk)?;ﬂvk;and D(np) is defined as
%“Xl,k r+ |Xl+l,k|2)-

0,is the magnitude of the correlation coefficient between X 1k
and X, , as shown in Equation (6).

P _ HRuRin] keP. (6)
\/E[le,klz]E“XHl,klz]
In addition with Equations (7) and (8),
Q]

P
y(ra) = X g X

1, 2 . 2
() 2 5 (Kual +1%unaal’)

the maximization of the log-likelihood function can be per-
formed in two steps as shown in Equation (9),

max  A(na, &f, &)= max max A(na, &7, &)
(nA,sf,s,) nA (sf,s,

=maxA(na, ef ML, EuL)-
e

Obviously, under the condition of optimal RCFO and
SCFO. ie.,

A
(&r, &) = (ef,ML> EML),
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8
Equation (5) is reduced to Equation (10).

Alnas &5,m00 L) = Z (c2aly(nall = 3, P(na)) — Z a4 ®(na). (10)

keP k

Hence, the optimal ST n, £n, ,,, can be obtained by maxi-
mizing Equation (5), and the joint ML estimation includes
following steps:

Step 1: Estimate by using Equation (11).

fa . mL= argmax[z (crxly(nall = 3, Q(ma)) - Z C4,k®(ﬂa)], )
A iep k

Step 2: Given i, 5,7, estimate (éfML, étML) by using the
constraint in Equation (12).

. . 1IN (12)
k&L — &L = N Ly(Pa L)

Note the present invention assumes that the condition IN,
(ke~€/NI<!2 s satisfied so that there is no phase ambiguity.
The joint SCFO and RCFO can be estimated by Equation

(13).

1 w1 L (13)
S = AN M LZ Xlle+ll< k;:_ Xl,kXHl,k]
&r L= _ZATL(Z XlkXHlk +k2}; XIAXI+1J<]

€

where P*, P~ e P are the set of positive/negative frequency-
domain pilots.

In the present invention, each ensemble average value of p,,
must be found. However, it is impractical to estimate it by
using its time average value. A practical solution to this prob-
lem is that we can reasonably assume a single averaged value
p forall p,’s as shown in Equation (14).

= ZP?:,/( X7+1,/<|/ Z \Xu(l:z IR sl -
T T k

14

That is, the denominator and numerator of p, are replaced
by the averaged values of

Z|Xl,k|22|)~(l+l,k|2 /N and Z|Xl,k)~(7+1,k|//1\/,
\ 5 T T

respectively. Hence, the ML estimation (11) can be simplified
as Equation (15).

nAML-argmax[Z(plynAl— ()= )" (1= p)%)} (13)

keP kgP
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The ML estimations of SCFO and RCFO under the sim-
plified condition are still the same as (13). A realization of
(15) and (13) is shown in FIG. 4.

By approximating interferences as Gaussian distributed
random processes, a joint ML, method for the three major
synchronization errors is presented. The method is robust in
the sense that the estimation’s MSE is low and does not
degrade significantly under low SNR and high mobility con-
ditions in time-variant multipath fading channels. As such,
the proposed technique is suitable for high mobility and non-
line-of-sight (NLOS) applications, like 802.16e. In addition,
the method is efficient in the sense that STO, RCFO and
SCFO are jointly estimated at the same time.

Accordingly, the feature of the present invention is to pro-
vide a joint maximum-likelihood (ML) synchronization
method for symbol time offset (STO), carrier frequency offset
(CFO) and sampling clock frequency offset (SCFO) for
OFDM systems. Unlike most existing techniques which are
time-domain approaches considering only AWGN and/or
static multipath conditions, the proposed algorithm is devel-
oped in frequency-domain under time-variant multipath
channels. By analyzing the received frequency-domain data,
a mathematical model for the joint effects of STO, CFO and
SCFO is derived. The results are used to formulate a log-
likelihood function of two consecutive symbols. Based on the
function, a joint ML algorithm is proposed. The method is
both efficient and robust, because the three main synchroni-
zation issues are treated altogether. Simulation results exhibit
high performances in time-variant multipath fading channels.

Although the present invention has been explained in rela-
tion to its preferred embodiment, it is to be understood that
other meodifications and variation can be made without
departing the spirit and scope of the invention as hereafter
claimed.

What is claimed is:

1. A symbol time synchronization method for OFDM sys-
tems, the method comprising:

receiving frequency domain data from a plurality of chan-
nels, and analyzing said frequency domain data; and

processing said frequency domain data by using a joint
maximum-likelihood estimator, and procedures used to
obtain the estimator comprise:

generating a probability density function from said fre-
quency domain data;

establishing a log-likelihood function from said prob-
ability density function;

doing maximume-likelihood estimation according to said
log-likelihood function; and

generating symbol time offset (STO) from said maxi-
mum-likelihood estimation.

2. The symbol time synchronization method for OFDM
systems according to claim 1, wherein said frequency domain
data are

Xlkzﬁiﬂg}sWN[mt(kEfEﬂ 7knA]+fvi,k i=1,2,3,

wherelis a symbol index; X 118 areceived frequency-domain
data on a k-th subcarrier X, is a transmitted frequency-
domain data on the k-th subcarrier; H, , is a channel frequency
response on the k-th subcarrier; W,=e7>*"; N, is a FFT
(fast Fourier transform) of AWGN (Additive White Gaussion
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Noise); N is a FFT size; Ns is a whole symbol length includ-
ing the cyclic prefix; €, is a SCFO (sampling clock frequency
offset); €,is a RCFO (residual carrier frequency offset); and
1, is a STO (symbol time offset).

3. The symbol time synchronization method for OFDM
systems according to claim 2, wherein said frequency domain
data is analyzed by a frequency domain data analyzing equa-
tion:

2 22
o +0%
[

ky=ky=k
~ ~k _ N I( _
E[X1y 1, Xy | = ot AWy, dberer) e
&
ky=ky=k,keP
0, otherwise

, where u’f% and a%k are cross —correlation and

auto — correlation of time averaged channel time — variant
frequency responses;

o is a variance of the transmitted frequency domain
data;

0',2\7 is a variance of the AWGN; and P is a pilot set.
k

4. The symbol time synchronization method for OFDM
systems according to claim 1, wherein said log-likelihood
function is

Alma, &5, &) = 10?;{]_[ F(& e Xlﬂ,k)xl_[ SE K )|

kep kP

5. The symbol time synchronization method for OFDM
systems according to claim 4, wherein said log-likelihood
function under optimal residual carrier frequency offset
(RCFO) and sampling clock frequency offset (SCFO) may be
simply expressed in

Ay, ep e o) = Z (canlyna)l = 3, ®(na)) ~ Z cq; B(ny ),
ey %

where ¢4 = py /(Vf;ktf%( +¢Tﬁ~,k)(l - e
C3k = PrCohs
e =l - 00) s

y(ny) is defined as Xl,k +X7+1J<; and

L o
®ny) is defined as ~(|X e+ [Kppral’):

6. The symbol time synchronization method for OFDM

systems according to claim 5, wherein said generating sym-
bol time offset (STO) from

it = o) - S candin)].
N7 HgTAaX[Z(CZ,le(”A)l 3, P(ma)) 204.k (”A)]

keP k
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7. The symbol time synchronization method for OFDM 8. The symbol time synchronization method for OFDM
systems according to claim 6, further comprising using a systems according to claim 7, wherein said maximum-likeli-
single averaged value p for all p,, said single averaged value hood estimation is simplified as:

p may be

Ao = acg rgAax[Z (el () = V) = Y (1= o7 o(na)

keP kgP }

I S
p= Z |Xl,le+1,I<|/ \/Z X1k |22 |X1+1,1;|2 .
k k £



