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Abstract this contribution we consider turbo codes and low-
density parity-check (LDPC) codes. Turbo codes were
This contribution introduces a novel maximumintroduced in [3] and have been widely investigated ever
likelihood (ML) frame synchronization technique fosince. One of the key aspects of these codes is that
coded systems that exploits the code properties by #wey consist of two convolutional encoders separated by
cepting soft information from the MAP decoder. Simuan interleaver. A MAP decoder decodes each of the
lation results are presented for turbo and LDPC codesnstituent codes in an iterative fashion, with exchange
and are compared to performance results of a frame sgfsoft information between constituent decoders which
chronizer that does not use the code properties. \§eerate according to the BCJR [4] algorithm. LDPC
show that code-aided frame synchronization is requireddes were originally investigated in [5]. Iterative de-
for turbo codes and LDPC codes, in order to avoid eitheoding is performed using the sum-product algorithm
very long pilot sequences or a considerable overall BH&.
degradation.
In order to combine frame synchronization and de-
coding, various approaches have been proposed: [7]
1 Introduction uses a list-based synchronizer and makes the pilot se-
guence part of the codeword, thus forcing the coder in
In packet-based communications frames arrive at the eesequence of known states. The decoder verifies this
ceiver with random inter-arrival times. This implies theequence to determine whether or not frame synchron-
start of each individual packet must be determined. Thistion is achieved. In [8] the so-callgmhth surface
problem is referred to as frame synchronization. Theetric, based on on the forward and backward metrics
most common approach is inserting known symbols in the BCJR algorithm, is used for frame synchroniz-
the (unknown) data sequence. A Maximum Likelihooation. The properties of this metric change when the
(ML) or Maximum A Posteriori (MAP) method maydecoder is not synchronized. Yet another approach is
then be used to determine the frame starting point. Amentioned in [9], where it was observed that a frame
suming an additive white gaussian noise (AWGN) chagsynchronization failure reduces the amplitude of the so-
nel and uncoded random data, the ML rule reduces [1&lled extrinsic log-likelihood ratios as compared to a
to the well-known maximum correlation rule when theynchronized decoder. In [10], termination symbols in
SNR is low. the convolutional codes are taken into account in deriv-
The frame synchronization problem is an example #fg the ML frame position.
hypothesis testing, requiring an exhaustive search. As a
frame synchronization failure gives rise to the loss of In this paper we introduce a code-aided frame-
entire packet, its probability of occurrence should keynchronizer which accepts feedback from the decoder
made sufficiently small. This is different from othein the form of a posteriori probabilities. This frame
types of synchronization, such as symbol synchroniggnchronizer operates according to the ML principle,
ation and carrier synchronization, which astimation and therefore minimizes the probability of a frame syn-
problems, with small synchronization errors giving risechronization failure. We show through simulation that
to small BER degradations. the performance of this frame synchronizer for turbo
Generally data is not transmitteer se, but encoded codes and LDPC codes is superior as compared to more
by means of a channel encoder with error-correctidgraditional frame synchronizers that make no use of the
capabilities to protect against transmission errors. tode properties.
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Figure 1: proposed frame synchronizer

2 Frame synchronization for 22 ML estimation and the EM algorithm

AWGN channels Assume we want to estimate a (discrete or continuous)
parameter vectob from an observation vectarin the
presence of a so-called nuisance veatohs these nuis-
ance parameters are of no interest in the estimation pro-
cess, we integrate them out. A maximum likelihood es-

We assume data symbols transmitted in framgsof timate ofb maximizes the log-likelihood function:
N symbols. Frames consist of a pilot sequensedf
b)} @)

lengthZ and a coded data sequendg ¢f length N — L. bar = arg max {lnp (r
The pilot sequence does not necessarily belong to the b

same alphabet as the data sequence. Some form ofveimere

ergy detection is assumed to roughly determine the ar-

rival of a burst. The exact arrival time is assumed to P (r B) — / P (r

be unknown up to a number of symbol intervald). a

The interval between bursts_ exceeds’ (_wherel_/T 'S often D (r B) is difficult to calculate. The EM-
the symbol rate) and contains only noise. This permits ) T )

frames to be treated independently. Since this contrit]gorithm [11] is a method which iteratively solves

tion does not deal with symbol and carrier synchroniz&)- Defining the complete data = [r, a], the EM-
tion, these are assumed to be perfect. algorithm breaks up in two parts: the expectation part

) _ )  (Eqg. 3) and the maximization part (Eq. 4):
The received signal, at the input of the matched filter

can be written as

2.1 System description

a, B) p(a)da.

@ (550 =

= p (xIr,b™ ) In p(x[b)dx 3)
r(t)=Y awp(t—7-nT)+n(t) (1) /x ( )
n=0

) ) bt = arg max {Q (f), B(")> } . 4)
wherea = [pd] is the vector of transmitted sym- b

I = kT is th i I - .
bols and7 IS the propagation delay € It can be shown thab(™) converges to the ML estimate

{0,..., M — 1}. The transmit pulsep (¢), is a square- _— . . o
root cosine-roll-off unit energy transmit pulse with rollvhen the initial estimate is sufficiently close to the ML

off a and one-sided bandwidtB — (1 + )/ (27); estimate. Ir_wthe_ special case tmnda are independ-
n (t) is a complex AWGN process with spectral den&t the estimation step becomes:

ity No/E,, with E, the energy per symbol. An M-PSK

constellation is assumed though the results can easilybe ¢ (f), f)(n—l)> -

extended to other constellation types. Let us denote by

r a random vector obtained by expandin¢t) onto a /p (a r, B(n—l)) Inp (r

suitable basis. a

a, f)) da. 5)



2.3 EM frame synchronization i (r, k) can be interpreted as a soft symbol decision:

The goal of our frame synchronizer is to determine tHeiS @ weighted average of all possible constellation
frame starting positionk) by means of the ML criterion, Points. The symbol posterior probabilities in (10) can
which is known to minimize the frame synchronizatioR€ Provided by the MAP decoder. A conventional max-

. - ) imum correlation frame synchronizer would only calcu-
error probability P [k # k}

late the term<”, (fc) and determine the frame starting

k= argmax (lnp (r\ l%)) (6) point according to:
keU
where U is the set containing théd/ possible frame k = arg max Cyp (l%) . (11)
starting points, which are assumed to be equiprobable. _ k _ _
Let us define the complete data=s= [r,d]. Taking EQ (7) can be interpreted as a generallzed.correlatlon
(1) into account, we obtain, with?> = Ny / (2E;) rule: (y;;a o Yo L1 YhgLo s y,;+L+N,1) Is cor-

related with(pg, ..., pr—1, oy - - - UN—1)-

Inp (r‘ k, d) 2.4 Solving conver gence problems
According to the formulation (3)-(4), we should start
with an initial frame position estimaté(®), perform

1 [T -
oc—2—2/ r(t)—Zanp<t—kT—nT)
o? | — T
an exhaustive search to obtain a refined estink&te

+oo
o Zm {/ 7 (t) anp (t kT — nT) dt} ) and further continue this procedure until convergence
n —oo occurs. However, depending on the initial estimate,

the EM algorithm might converge to a local instead of
the global maximum of the likelihood function [12].
This convergence problem can be avoided by noticing

2
dt

Sinced andk are independent, Eq. (5) then becomes

0 (,; k) that the ML estimate satisfigs"t!) = k(™ = ky;.
’ Hence, the ML frame position estimate satisfies the fol-
=Eq [lnp (r\ k, d) k, r} lowing relation:
:Z%{Ed [an\l;,r} y:,-HE} kvt :argm]?xQ(ic,I;:) . (12)
' ; The corresponding synchronizer is shown in Fig. 1. It
wherey, . i = ff;’: r () p* (t — kT —nT) dt is the performs a single exhaustive search according to (12).

matched filter output corresponding to time instafit+  The advantages with respect to the formulation (3)-(4)
ET. We break um (,; k) as follows: are that convergence to a local maximum is avoided and

only one exhaustive search is required.

Q(kk)=c,(k)+ca(kk) @

where 3 Performanceresults
. L—1 The synchronization performance of any frame syn-
Cp (k) = Z R {y;rkpi} (8) chronizer is determi_ned by the _frame synchronizat_ion
i=0 error rate, FSER, being the fraction of frames for which
and the frame synchronization fails. Denoting By¢ R(M )

the BER after frame synchronization when the frame

AN X Y starting position is unknown up td/ positions, then
Ca (k’k> o —~ R {yi+L+f€u’ (r’ k)} ©) BER(0) is the BER under perfect frame synchroniz-
= ation. The resultingBER(M) can be approximated
wherein by [7]:
i I‘,l;: = P dl = O I‘,]AC (07 (10) FSER
( ) {%:} { } BER(M) ~ BER(0)(1-FSER + ST

denotes the a posteriori average of the data symbol
d;. Here {oq} is the set of constellation points.

Q

1 FSER
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Figure 2: normalized FSER for a turbo code Figure 3: normalized FSER for an LDPC code

since in a non-synchronized frame roughly 50% of ot depend on the length of the pilot sequence. We as-
decoded bits will be in error. In order to achieve low"™® the start of the frame to be unknown upfo= 9

overall BER degradation we need to keep FSER aroumymnbol intervals. No optimization of the pilot sequence
or below BER(0). It is important to note that this im- has been performed in term of its correlation properties;

plies that FSER must get smaller when the BER giistead a new random pilot sequence is used for each

creases. Consequently a better code requires a @é{r_st. The performance is evaluated based on the nor-

ter frame synchronizer. Therefore a fair performand@@lized frame synchronization error rate (FSER/BER).
measure to evaluate frame synchronizers is the ratio/Ve have determined the frame synchronization per-
FSERBER(0), which should be around or beloi formance resulting from the correlation frame synchron-

We call this ratio the normalized FSER. In the remaindé2tion algorithm (11) and our new ML frame synchron-
we abbreviateBER(0) by BER. ization algorithm (12) for coded data. The correspond-

ing results are referred to as CORR-L and MLC-L in

To compare the proposed ML code-aided frame SYBigs. 2 and 3, wheré denotes the number of pilot sym-
chronizer scheme to more conventional frame synchro{gwd

izers, we have carried out computer simulations forThe frame synchronizer performance results for the
turbo and LDPC coding, assuming BPSK mapping. The y P

constituent convolutional codes of the turbo code a erbo and the LDPC code are shown in Fig. 2 and Fig. 3,

systematic and recursive with ratg2, generator poly- res pectrl]vely. 'T)S ex][c:)ec_:lted, th% p:er_formance |mprov§s
nomials(5, 7), and constraint lengtB. The turbo code We:/Z ;[hzt Trl:emra?irooFSpIIE(I;tléérlg (c;: dthrIS?eiifé \z;\llsooth-e
consists of the parallel concatenation of two such ed— dati f the BER db f ,h .
coders, which yields an overall code ratelgf8. The egragation ot the caused by frame synchroniza

length of the information word ig5 bits, yielding a tion failures) i_ncreasgs with increasiig/ Np when the.
codeword oft 35 BPSK symbols. The LDPC code (fromCOde properties are ignored by the frame synchronizer,

[13]) is a ratel/3 code with an information sequencéNhereaS the frame synchronizer that exploits the code

consisting 082 bits. The number of decoding iteration:’?ropertles exhibits the opposite behavior. Hence, the

for the turbo code and the LDPC code dfeand200  US€ of the latter algorithm is mandatory to avoid large
respectively. Although we have performed simulatior%ER. degradations. It is mtgrestmg to note .that when
for codes with short block lengths, it should be noted pilot symbol§ are transm@ted, the code-aided frame
that the proposed scheme also works for more powerﬁ?(lmhron'Zer still performs fairly well.

codes working at very low SNR, as these codes inher-

ently provide accurate soft symbol decisiops(r, k) - 4 Conclusions and remarks

The ratioE, /N, varies between-1 dB and+4 dB.
The pilot sequence has a length varying fronto 16 In this paper we have introduced an ML code-aided
symbols. Note that the energy per transmit symbol doeame synchronizer for packet transmission, which ex-
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