Joint estimation of path delay and complex gain
for coded systems using the EM algorithm
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Abstract— We investigate the performance of a turbo P'Eymbms
estimation scheme based on the Expectation Maximization ~_| ctamwer | | | | it ®
(EM) algorithm for M-PSK modulation and a convolu- b, | S e oo P
tionally coded system. Estimates of the path delay and Valt)
the complex gain are updated jointly by combining the  pegisions pa— ot p—
training sequence and the soft information provided by the < —1= = Demapping & Decoding |~ | adt 7
MAP channel decoder. Initial estimates may be obtained
through either a Data Aided or a Non Data Aided algorithm. D, 6

We show through computer simulation that the iterative
process between turbo detection and estimation leads to
performances close to those obtained for Perfect Channel
State Information in terms of Bit Error Rate (BER).
On the other hand, the Mean Square Estimation Errors Fig. 1. transmitter and receiver front-ends
(MSEE) of path delay and the complex gain reach the

classical Modified Cramér-Rao Bound. Comparisons with

EM-based
Channel estimator

~=— Pilot symbols

conventional estimation schemes are carried out. terms of mean-square estimation error (MSEE) and BER,
no comparisons with conventional estimation algorithms
. INTRODUCTION were performed.

The excellent performance of turbo codes [1] has in- N this paper, the issue of joint estimation of the
duced a lot of research dealing with more complex digit&°mplex gain.a, embedding the phasé)(and the am-
communication systems. One of the important topics Rlitude (4) of the useful part of the received signal,
turbo channel estimation and/or turbo synchronizatiognd the timing £) is considered in an Additive White
The performance of coded communication systems §@ussian Noise (AWGN) channel. Hence, the set of
very dependent on the quality of the channel estimat&dlannel parameters to be estimated{is, ¢, r}. Soft
In classical systems, the channel estimator can be eit#fgfermation is exchanged between the demapper, the
Data-Aided (DA), Decision-Directed (DD) or Non DataBQgR-based [8] decoder and EM—based_char_meI estimator.
Aided (NDA). A new alternative for coded systems iBit-interleaved M-PSK coded modulation is assumed,
called Soft-Decision Directed (SDD): instead of hard daf@ough the proposed scheme may be easily altered for
decisions, soft information based on the A Posteriofther const_ellation_s. The_ soft information required by
Probabilities (APP) of the data symbols is used in tH&€ EM estimator is obtained by the turbo detector [9],
estimation process. These APP are computed by the tuf@fforming joint demapping and decoding. We compare
detector. Such ideas were explored in [2]-[4] for phad8® MSEE of the complex gain, the carrier phase and
recovery. In [2], the SDD mode in a turbo coded scheniBe time delay to the corresponding Modified Cramér-
using the APP of data symbols is considered to refifg@0 Bound (MCRB). We show that although EM turbo
the phase estimate at each iteration of the turbo decogB@nnel estimation may reduce the MSEE as compared
for 16-QAM. In [4], the so-called extrinsic information, to a conventional estimation scheme, for certain channel
extracted from the turbo decoder, is used by the cd@rameters this does not translate in a BER performance
rier phase synchronizer. The same ideas can be foud@n-
in [5]: the authors consider a synchronous DS-CDMA
system with iterative turbo processing that includes a soft
interference canceler, a Soft-In Soft-Out (SISO) single The communication system, as depicted in Fig. 1, con-
user decoder and EM-based channel tap weight estimagists of the following blocks: a frame d#f;, information
The turbo estimator combines the soft estimates of BP3Hts enters a convolutional code of raleand constraint
symbols and the training sequence for multiuser compléength v. The M. = M,/R coded bits, after random
gain estimation. A more general theoretical framework fanterleaving, are mapped to complex symbols belonging
Maximum-Likelihood (ML) estimation in coded systemgo the alphabe{Q,...,Qo} where@ is the size of the
is provided in [6]. Simulations were reported for carrieconstellation and; = log,(Q) is the number of coded
phase estimation. In [7], the same techniques were uddts per symbol. Hence, the number of complex data
to tackle the problem of timing estimation. Althoughsymbols per frame equale/, = M../q. The total number
[2], [6] and [7] reported very good performance both irof symbols per frame i/, = M; + My where M, is the

II. SYSTEM MODEL



number of pilot symbols. The complex symbals are log-likelihood of the complete data. Aftef iterations
shaped by a normalized transmit pulgg). The frame between turbo detection and estimation, this means:
propagates through a channel with an impulse response
h(t) = ad(t — 7) wherea and r are the complex gain
and the path delay, respectively. The transmitted frame
is corrupted by a low-pass AWGN process,(t), with
power spectral densit2Ny. The received signal can be
expressed as

E-step:U (@, é(g)) = Epr.o( {108 (7 ©)}

M-step: © (¢ + 1) = arg {m@axU (@, e (5))} .

Mq—1 The dataD is treated as a probabilistic missing data
re(t) = « Z dmu (t —mTy — 1) + v, (1) in the E-step using the marginal a posteriori probability
m=—M; p (dn\ r,® (5)) [6]. The expectation in the presence of
= s(t,D,P,0)+ v, (1) (1) random paramete® can be written [11]:
whereD andP are the set of data symbols and the set of
pilot symbols, re_spectlvel}@ is the set of complex gain U (@’ @(§)> — ED\r,é(g) {log p(z| ©®)}
and path delay, i.e® = {a,}. To decode the received
signal and obtain the information bits,, we have to - ED\r,é(ﬁ) {log p(r/©, D)}
estimate the channel paramet@s This can be done by + ED‘T o) log p(D)}. 4)
maximizing, with respect ta®, the average likelihood o ) o o
function (averaged with respect D) [6]: Substltu.tm_g equatlon (3)in (4) and, as this will not affect
the maximization step, dropping terms that do not depend
. on O, this yields:
© = argmaxEp[p(ra (1) ©,D)]
= argmaxEp {eAL(D’G))} ) U (9-,@(5)) (5)
€] | [t o
1 2
1 —+oo — W ‘Oé‘ Ms
AL(D,©) = F/ Rra (t) " (,D, P, ©)] dt 0
| s 0 e where D (é (f)) = D, denotes the soft tentative data
— —/ \s(t,D,P,@)\zdt. (3) decisions aftert iterations between the estimation and
2Ny J_ ) ; . o
i turbo detection stages. Using the marginal a posteriori

Note that the last term in (3) does not dependfoor distributions p(dn\ r,® (5)) delivered by the SISO turbo
7, only on A = |a|. The iteration process starts using ) - /A
an initial estimate of the channel paramet@s This detector, the soft estimatels (O (§)> can be expressed
estimate is then fed to the turbo detector. There, saft 4, ((ﬁ) (5)) — ZweQpr<dn —w r’(:)(é:))_ The

tentative data decisions based on the marginal a posteriori o A
probabilities of the coded bits are computed. The tentatifg@ximization oft/ (8’ 9(5)) can be performed as fol-

soft decisions are combined with the training sequence fs:

refine the estimates of the channel parameters. Hence, we FE+1) = argmax|v (7)) (6)
iterate between turbo detection and estimation processes. T

In the next section, we will describe the iterative channel GE+1) = Y(FE+1) )
estimator based on the EM algorithm for our specific M

problem. wherew (1) = 32, d% [ ra(t)u (t — mTy — 7) dt.

Ill. THE EM TURBO ESTIMATOR B. Initialization

A. Iterative estimation Although the EM algorithm converges to a local max-
The derivation of the maximum in (2) is often veryimum under fairly general conditions [10], the initial
difficult to compute. An algorithm that can maximizeestimate,® (0), must be sufficiently accurate in order to
(2) iteratively with less computational complexity is thaeach the global maximum of (2), i.e., the ML estimate.
EM algorithm [10]. It is based on the fact that if so\We consider two initialization schemes: under the first
called complete data were available, the estimationscheme we use (6) and (7) exploiting only the pilot
process would be easier. This complete data consisiambols (i.e., withD = 0 and M, = M,). Consequently,
of the observable data (wherer is the projection of this scheme is purely DA. Under the second scheme we
ro (t) Onto a suitable basis) and the probabilistic missinigreak up the complex gain into a phase and an amplitude
dataD, i.e., z = [r,D]. The estimation of® can be componenta = Ae’’, A > 0. An initial estimate of
performed iteratively, where each iteration breaks up inthe delay may be obtained through the Oerder & Meyr
two steps: in the Expectation step (E-step), we compuf®&M) algorithm [12]. Once the signal is reconstructed
the average log-likelihood of the complete data while iaccording to this delay estimate, the matched filter out-
the Maximization step (M-step), we maximize the averagauts, sampled at the symbol rai¢7,, can be used to
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Fig. 2. The MSEE of the delay estimate (left) and correspogpdBER (right) for DA, NDA and SDD delay estimation as well ai} delay,
phase and amplitude estimation. A frame size of 202 QPSK eigrib assumed, including 10 pilot symbols.

provide an initial NDA estimate for the phase througla low degradation (less thah25 dB) for all considered
the Viterbi&Viterbi (V&V) estimator [13]. Since there SNR when using the EM algorithm. In the same figure
are no known simple and accurate schemes for ND&e also show BER performance of the joint estimation
amplitude estimation [14]4 is estimated using only the of delay, phase and amplitude. If we use only the initial
pilot symbols. channel estimates, high BER degradations are noticeable
for all SNR. Application of the EM algorithm results in
BER gains for SNR above dB. As the SNR increases we

In this section we will provide numerical results tocan achieve very low BER degradations. In the left part
evaluate the performance of the proposed iterative SIS Fig. 2, it can be seen that jointly estimating phase,

convolutional code are = 9 and R = 1/3 respectively. MSEE.

The polynomial generators af§77,663,711),. Frames

IV. NUMERICAL RESULTS

! : ! Due to a lack of space we are not able to show
consist o0f192 data symbols and0 pilot symbols using simylation results for phase estimation. However, phase
QPSK signalling. The transmit pulse(t) is a square- egtimation suffers from the same problems as delay esti-
root raised-cosine pulse with roll-off factori1. The path mation: both DA and NDA estimates result in high BER
delay an/dg the complex gain are fixed to= T./2 and  gegradations. Application of the EM estimator improves
a = 1¢/7/%. Timing correction is performed by means Of\iSgg and BER. The conclusions are the same as for
a digital polynomial interpolator with 7 taps, operatingje|ay estimation.

at a ratel/T, = 4/Ty. For the maximization of (6), \yhen we evaluate the MSEE for amplitude estimation,
we employ the Newton-Raphson algorithm. To obtain @ e |eft part of Fig. 3, we notice that even for moderate
DA |n|t|<_':1l estw_nate of the c_JeIay, (6) is r_naX|m|zed bySNR (above -1 dB) we again reach the MCRB. Since
performing a line search with a granularity @f;/100. e combination of a convolutional code with M-PSK
We have performed the EM algorithm until convergencrenapping is not very sensitive to the estimate of the

(e, until® (€ +1) = O (€)). amplitude [15], only a very small degradation will occur,

_ The figures below show th_e e_stimation performanc&/en when we do no apply the EM algorithm. Indeed,
in terms of mean-square estimation error (MSEE) a'When we observe the right part of Fig. 3, which shows

BER. We denote by : X, the estimation of a certain geg performance, the BER degradation corresponding
parameter: € © using algorithm, where all remaining to the DA algorithm is very low for all considered SNR.

parameters i®\ {z} are assumed to be perfectly knownHence’ it is not necessary to apply the EM algorithm
In particular,z : EM refers to the performance of the EMyg 4 55 amplitude estimation is concerned. This clearly
channel estimator after convergence. Note that this perfof,irates that it is important to verify the necessity of
mance is independent of the type of initial estimate ("eapplying the EM algorithm on a case by case basis.
DA or NDA) as long as the initial estimate is suf“ficientIyDepending on the system parameters (such as roll-off,

accurate. For the MSEE plots we also include as a point gf, length, length of pilot sequence, type of code,...) a
reference the MCRB corresponding to a known sequengg entional algorithm may be acceptable.
of 202 symbols. We first investigate delay estimation in

Fig. 2. Both the NDA and DA initial estimates give rise to

a significant performance degradation in terms of MSEE
and BER. After applying the EM algorithm the MSEE In this paper we have investigated the performance
improves considerably and even reaches the MCRB fof an iterative turbo detector and channel parameter
SNR above2.5 dB. In terms of BER this translates toestimator for a single user in a single path channel. The

V. CONCLUSION
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Fig. 3. The MSEE of the amplitude estimate (left) and comesiing BER (right) for DA and SDD amplitude estimation. Arfra size of 202

QPSK symbols is assumed, including 10 pilot symbols.

performance degradation due to imperfect amplitude, care] A. P. Dempster, N. M. Laird and D. B. Rubin.
rier phase and/or path delay estimation was tackled. The

iterative turbo estimation scheme presented here is ba
on the EM algorithm and combines SDD and DA oper-
ating modes. We show that the proposed EM algorithm
attains MSEE performances of the estimated parame&:zr]
close to the MCRB, even for moderate SNR. Through3]
computer simulations, we have demonstrated that this
gain in MSEE does not necessarily translate in a gain in
terms of BER: depending on the system parameters, the]
BER degradation due to a conventional (N)DA algorithm
may be acceptable. The proposed scheme is therefore vyﬁj
suited when conventional estimation algorithms fail to
provide accurate channel parameter estimates.
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