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Abstract - Thispaper discussesarealistic turbo coding system Ill. SYSTEM MODEL
with the signal phase which has not been perfectly estimated. We
propose improved decoding algorithms for the situations when The system analysed in this paper is presented in Fig. 1. A

theresidual phase error can be modelled by the Gaussian proba-
bility distribution and aMarkov chain, amodel which can be used
in many actual phase estimators. It is shown that increasing the
state space of the decoder s can decrease the bit error probability.

typical turbo encoder ([1],[2]) of rate 1/3 generates codewords
consisting of systematic bitsg  and the parity bk§v1 ,
X 2. The stream of code bits is BPSK-modulated and trans-
mitted over an AWGN channel as real-valued signal samples
C, - The encoded signal suffers from a phase noise pragess
(which can be a result of a fading process or oscillator instabil-

One of the most important factors determining the eﬁicienLty) and is cormupted by the white, Gaussian noise. The incom-

cy of a wireless system is the power required for successflll9 ddistortedt_sig?al i?tLed tr? the p_hase Oséynchroni'zA?tr, ng.Ch "
transmission of data. The required power needed to reliab oduces estimates of the pnase noise proeess . Alter adjust-

transmit a signal can be reduced by using special coding techY the phase error, the signal is decoded (the decoded data se-

nigues. One of the latest and the most prominent of such tecpuence can then be used ta refine the phase estimation process

nigues is turbo coding with a performance which is almost abll%Ut this problem IS not addressed in this paper). .

to reach the Shannon channel capacity limit [1]. Eormally, the_S|gnaI after th? AWGN che_mr_1e|, phase es_t|-
The problem lies, however, in the practical applications Orfnatlon and receiver matched filtering (the timing recovery is

the turbo codes. Unfortunately, reducing the transmitted powg]Ssumed to be perfect) can be expressed as

makes it more difficult to estimate the channel and properly

synchronize the phase of the incoming signal.

In our paper we propose algorithms aiming at improvin . . . .
performance of turbo-coded systems with non-perfect pha%\éhere_yk S the CO”_‘p'eX re_celv_ed signal (which can be t_he Sys-
tematic bityg , the first parity bity 1 orthe second parity bit

offset estimation. . X 7 K . .
yP 2) and n, is the white, additive, Gaussian complex noise

with E[|nk|2] = Ny. @ is the residual phase offset estima-

tion error@, = 6, —6, ; its statistics are discussed in the next

In the majority of digital wireless communication systems,seCtion' Note that the amplitude of the signal is assumed to be

the incoming HF signal needs to be downconverted to lowdPnstant, i.e. the fading is compensated by a perfect power

frequency ([3]). The good frequency and phase Synchronizggntrol. The extension of the channel model to the non-com-

tion is therefore essential for the reliability of wireless systemé).ensatefj fading c_hanr_lels is relatively straightforward and will
There exist a number of different techniques estimatinaOt be discussed in this paper.
carrier parameters (such as Phase Locked Loops, Costas loops
etc.) but none of these algorithms succeed to provide perfect
estimation of the carrier signal. One of the reasons for such . .
performance loss is that synchronization of phase is done be- T_he reS|du_aI phase eI czan be modelled as Gaussian
fore the decoding process and cannot use the code propertie ![%tnbuted, with I_<nown variance and zero mean for non-
improve its accuracy. This is due to the fact that most decode sed phase est|matqrs (Wh'Ch are the mo_st common SO“.Jt'OnS
will not work without a proper phase estimation and must rel ). Such an assumption is rather popular in the existing liter-

on some initial estimates of the signal phase. If, on the oth&ture and seems to be quite realistic since typical synchronizers

hand, the phase estimator/decoder knows the structure of tﬂr@duce an error distribution with a similar shape and known

data signal, it can use this knowledge in joint phase and d \{griance (for example, the Tikhonov distribution after the PLL
estimation and improve the system’s performance. We will u?gop, see [5]).

this approach for the algorithms presented in this paper.

|. INTRODUCTION

Yk = ej(pkck’f”k’ (1)

Il. PHASE SYNCHRONIZATION

IV. RESIDUAL PHASE ERRORMODELLING



data bits decoded bits

— Turbo encoder

Turbo decoder

- rate 1/3
- (037,033) component codes
- 1000 bit interleaver

Residual phase error:
Phase estimator @ = 6k—6, = N(0,0y)

Fig. 1. System model

Moreover, since the phase estimation is usually an effect of The most commonly used decoding algorithm is the BCJIR-
some kind of non-perfect averaging of the initial signal, the reMAP algorithm ([6]) which computes the soft bits using the
sidual phase error values may remain correlated to some extéwy likelihood ratio (LLR) (see [2])

(with a perfect phase estimation there would be no correlation dp(uk: +1]Y)

between residual phase error). A new approach to solving this L(uk|Y) = log O
problem is to model the actual sign of the phase error (which

tends to remain constant for a number of samples) as a simpihereY is the whole received code sequence. The LLR is cal-
Markov chain. This way we introduce a simple memory modetulated as

P(u= 1) @

to the channel which is relatively easy to incorporate into the ~ , N
turbo decoder. EZ a-1(S)Yi(s ’S)BK(S)E
By using the above unified framework (graphically shown L(uk|Y) = log S — - E 3)
in Fig. 2.) to model the phase error, our approach can be tai- Ezdk_l(s')yk(s' S)By(s)0
lored to many existing phase synchronizers, just by applying S O

the actual phase error variance and the crossover probability
for the phase error sign change in the Markov model. The prewhereak(s ) anch(s) are the recursively calculated proba-
ence of a channel interleaver can be also included by setting thiities of arriving at states' (computed from the start of the
cross-over probability of the Markov model to 0.5, i.e., removtrellis) and states (computed form the end of the trellis), re-
ing any statistical correlation between the consecutive phaspectively (for details see [2]). The tergp(s',s) s the proba-
errors. Even though more complicated models can be used, daility of the transition between statss asd and is given by
approach achieves quite good results without increasing the ,
decoding complexity too much. Vi(s'8) = puy) p(yk|uk)

L, (e )

V. TURBO DECODING ALGORITHM 0 expesu (L5(uy) + Lcyk)%exp@ YR XkD

Due to the presence of the interleaver in the decoder, tehereL®(u,) and.. = 4E_/N, are the extrinsic information
optimal decoding of turbo codes would be very complex. Thabout bitk (calculated by the first decodecf,(u,) , or by the
practical sub-optimal implementations split the process intsecond decodet,$;(u,) ) and the channel reliability factor of
two separate processes, in which both component codes are te decoder .  is the code bit energy), respectively. The nu-
coded independently ([2]). The connection between the codeterator of (3) includes all the transitions which correspond to
is implemented by exchanging soft extrinsic information andata bitu, = +1 §" ) and the denominator all the transitions
using a form of the MAP decoding (minimizing the probabilitywhich correspond toy, = -1 § ).
of the bit error) for each component code.

VI. LARGE PHASE ERROR CORRECTION
Phase error distribution ~ Phase error sign model : .
In general, the main performance loss is caused by large
phase errors which result from long tails of the error distribu-
tion. Luckily, the large phase errors are easier to detect than
small ones, which suggests that the synchronization algorithm
can concentrate primarily on reducing them instead of trying to
correct all phase errors ([7]).

Correcting phase errors is equal to rotating the received sig-

Fig. 2. Phase error modelling nal samples in the opposite direction of the actual phase error.




The two parameters which must be known prior to such correc-

tion are the size and the sign of the actual phase offset. Assum- Deinterleaver<—
ing that the size of the rotation is fixed to be the expected value, D e o -
of the absolute value of the residual phase error, the remainirlrgll(uk) v L31(90)

inty i i ) 2
_ur_1certa|nty is the sign of the offset. One of the ways to detect APP Dec. 1 |<a—YF YR >
it is to create two sets of samplgg+) and-) as

| L2,(®) T
= | 12
yk(i):ykeil\(ﬂ, (5) L — g | | I _f
> nterleaver _

wherejgl = E[|@|] is the rotation size, and use the decoder to

compare their metrics. ys Interleaver
\

VII. TURBO DECODERMODIFICATION

Fig. 3. Modified decoder architecture with additional soft

To detect the sign of the phase offset, (2) can be reformu- phase information exchange

lated in the following form

Lo = lo (P(p > 0|Y)B " To fully represent such a situation, we have to split each
(@]Y) = log (@< 0|Y)D’ ©) original state of the code into four different states, one repre-
: " . A
which s the LLR of the probability that theh code bit had the Sc1und WO positive shifts denoted henceforth as (+,+), one

positive phase error and the probability of the negative pha%eFc:?ziegnrflsn?:\i\;oaﬂzg(?tlv)e transitions (-,-) and two with mixed

error. One ofthe ways to s_olve (6) is FO use the tu_rbo t_echnique, Fig. 4. shows the construction of the trellis for one bit tran-
i.e., use two decoders to iteratively improve estimation of thgition. The probability of the transitions are defined as

rotation signs. (+4) = S > P>
The proposed decoder architecture is shown in Fig. 3. Two Pk P> 0 &¢>0)

specially modified APP decoders are connected in a feedback p|£+") = p(g$>0, P <0) 8)
loop, exchanging soft data information and soft phase error () = S

sign information (discussed later in the paper) for all symbols. Pk = p(@g <0, P > 0)

The two streams of soft messages are properly interconnected pl((-,-) = p(gS <0, gP <0)

using interleavers and deinterleavers.
In order to incorporate the phase rotation algorithm, the

i . ; i Th iliti initiall I flecti
transition probability from (4) is redefined as ese probabilities can be initially set to values reflecting

the a-priori information (when the Markov model is used) or be
Vi (S S| 03, @P) = p(uk)p(yk|uk, @5, 9P) p(®S, @P) set equal (if no initial phase correlation is expected when, for
example, a channel interleaver was used).
The enhanced APP decoder works in a usual way using the
BCJR algorithm except that four times as many states have to
. i <] be included in (3). Moreover, the transition probabilities are
bepEELCyE((plE)foexpEEukLcyk((pk)D calculated using (7) and (8). In this way, the extrinsic informa-
tion about phase offsets can be calculated after a decoding
ass, hopefully with the majority of the rotations correctly de-
ected.

0 p(g5, op) expEu,Le(u) @

where the received samplg8  ayjl  are conditioned on't
offset sign eventsp? angf , respectively, having the joi
probability distributionp(@g, @?) . Such a modification sug-
gests that additional states and transitions are needed in the de-

coder to detect the sign of the offsets. N N o tI?]otation_s 0(]:1 i
++ e received bits:

VIIl. M oDIFIED APP DECODER Q O 7 O <) (eJW, em)
In general the phase error sign can vary from one signal :\: o4 T (em, e—iW)
sample to the other. Even if it can be modelled as the Markov OF% o s (e_j@ ej@)
chain, the use of channel interleaver (a widely used solution O :- O s-) —W, i
aiming at combating the burst errors, common in wireless \—) "/ - — - (79, ei®)

channels) may effectively remove the correlation between con-

secutive phase error signs. Fig. 4. General modification of the trellis transition



After the decoding pass, each component decoder produces (13)
soft information about the information bits and, in addition to exp(L exp(L
that, phase information about systematic bits as pirh) = PLT(9) ALT(0)) , (14)
O & . AN 1+ exp(LEr(@)) 1+ exp(LTr (@)
El; a,_1(s)y,(s ,S)BK(S)D
5o

L& (@) = log exp(L
5 G 1(SW(S BT o) = —PLT(®) : . (15)
2 O 1+ exp(LT(9)) 1+ exp(Lix (@)
where S+ are transitions between all tg€+*)  a®d-)
states andS")  are transitions between 8fe") &) p(+)
states. The soft phase information about the parity bits is pro- p|(<‘v') = (16)
duced as exp(LE5(@) + LE(9)
. - () = 1 plH) — plH) _ plo)
Eéz ay 1(Sr)yk(sr ’S)Bk(s)% Pk 1 Pk’ Pk Pk’ (17)
L& P(q) = IogD D (10) whereL$,(q@) is the soft phase value of the systematid,bit
%Gk 1(8)y, (s S)Bk(S)D corresponding to the systematic Witafter interleaving as
0 LT,(@) = M(LT,(@)), wherel is the interleaver function.
where S("*) are transitions between all tg€*)  a®d®) Also the feedback phase information message from the sec-
states andS(")  are transitions between 8fe") &)  ond APP decoder to the first APP decoder has to be modified.
states. This is done by combining the information about the systemat-

The transformations between the actual probabilities arid and parity offsets ([8]) to obtain the final soft phase value
soft information can be derived from (6) (see [8]) and, assum:5,(@,) as

ing thfat the phase offsets are independent (i.e., only the sys- 1+ @50+ LEP(9)
tematic phase offsets are common for both component codes), LS,(®) = log s ™ , (18)
are given as L5 (@) 4 M5 (%
exp(Le S(@,)) where Lzells(_(pl) is the soft phasg vglue of th(_a system_ati(t,bit
pith) = pft) = , (11) corresponding to the systematic Bitafter deinterleaving as
1+ exp(L® (@) L5S(®) = ML(LSS(@)) , whereN-1 is the inverse inter-
p{?) = pl) = 1—plhh), (12) Ieaver function.
Finally, the transition probabilities are calculated as
these probabilities are then passed to the second decoder (after e
: _ : : = exp(L5;(¢))
proper interleaving) along with the soft information bits and ~ p{**) = ——————— p{) =1-p{** .  (19)
the same procedure is repeated. 1+ exp(L§1(9)
Using the modified first APP decoder, the complexity of
IX. SIMPLIFIED APP DECODER the enhanced turbo decoder can be reduced by 25% (the second

decoder must have quadrupled number of states).
If no channel interleaver is used, there is a large probability
that both systematic and parity bits (fed directly to the first X. ALGORITHM PERFORMANCE
APP decoder, see Fig. 3.) will experience phase errors with the
same signs. This fact can be used to simplify the construction To test the performance gains and discuss the properties of
of the first APP decoder and improve the performance of thihe algorithm we chose to employ a system experiencing a very
system (the second decoder cannot be simplified, due to the Bevere phase noise. The synchronizer uses a residual carrier
terleaving of the systematic bits). With the above assumptiamhich is Wiener-filtered to track the rapid changes of the
the number of additional states in the first APP decoder can Iphase. Such systems have been proposed for deep-space com-
reduced to only twice as many as the original one. munications ([9]) and their properties are similar to the very
The assumption of the correlated phase error signs can fast fading wireless channels.
extended to the second parity bit as well, which will slightly = The phase noise process is generated by a program reflect-
change the exchange of the phase information between timg actual phase noise characteristics of a deep-space commu-
APP decoders. Since, after the first APP decoding, the safication link (oscillator instability). The parameter of the
phase error sign information has to be interleaved for the syBarkov channel is empirically calculated to be around 0.6. The
tematic bits, the transformation between the actual probabikimulations were conducted with the CCSDS (Consultative
ties and soft information passed to the second decoder will IiBommittee for Space Data Systems) (023,033) turbo code
given as ([20]) and an interleaver size ®=1000. The number of de-
coding iterations was set to 10. All BER calculations were



errors, preliminary results suggest that the soft phase informa-
tion exchange must be terminated when the correlation be-
tween phase samples is low.

Moreover, the discussion of the specific system parameters
such as the rotation value must follow since there exists an op-
timal rotation value, unique for every set of phase error param-
eters. It is, however, relatively safe to say that a lot is to be
gained by incorporating phase synchronization into the turbo
decoder. Such solutions may be the only way to combat heav-
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ily distorted channels.
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behaviour of the simplified phase offset correction algorithm
for different phase error variances. It improves the BER per-
formance of the traditional scheme, introducing a gain of ap-
proximately 0.1-0.2dB. The gain is particularly visible for low[1]
quality phase estimation and in the region of large SNRs.
Initially, the simulations of the system showed that repeat-
ed exchange of the soft phase information leads to convd@]
gence to the incorrect solution. The reason for it is that the
correlation between the samples (high crossover probability) is
rather small and the successive iterations do not contribute a [
of new information to the soft phase information. After notic-
ing this, the algorithm was slightly modified by turning of the[4]
feedback from the second APP decoder to the first APP de-
code, which eliminated the convergence problem. [5]
Moreover, increasing number of iterations proved to fur-
ther improve the performance of the enhanced system. Unfd6]
tunately, due to the time and computer capacity constraints,
these results could not be presented here and will be discussed
in future papers. [7]

Xl. CONCLUSIONS

Phase synchronization is currently one of the biggest problertf]
when implementing turbo codes in real wireless systems. In
this paper, we introduced a general method of modelling the
phase estimation errors, which can be used with different phase
synchronizers. This method was then used to modify the claf$]
sical turbo decoder structure and proved to improve the per-
formance, even in a very severely distorted system.
The analysis of the proposed solution is still incomplet¢10]

and further research is still necessary. It is not quite clear how
the iterative process will proceed with different types of phase
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