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Abstract

Decoding in unreless rapidly fading channels re-
quires that the receiver has access to explicit or implicit
channel-state information (CSI). This paper presents
a joint channel estimation and decoding scheme for
frequency-flat, time-selective Rayleigh fading with rela-
tively high Doppler, that does not require external phase
information or even pilot symbols. This system outper-
forms a pilot-aided iterative channel estimation algo-
rithm that does not decode and estimate jointly. The
joint decoding algorithm models the phase trajectory of
the channel as a suitable Markov process, the dynamics
of which depend on the Doppler rate. At each iteration
it considers all possible phase trajectories to determine
the mazimum a posteriori probability (MAP) value for
each bit. This decoding procedure is a natural extension
of standard turbo decoding, but introduces a significant
complezity increase. Performance is assessed via an
upper bound to the capacity of a Markov-phase chan-
nel.

1 Introduction

Since the advent of turbo-codes [1], researchers have
been exploring ways to utilize the enormous potential
of the Forward-Backward algorithm (2] to perform joint
channel estimation and decoding (e.g. [3] for the ISI
channel), and thus combat distortion due to channels
more severe than AWGN. Here, we propose an iter-
ative algorithm for joint channel estimation and data
decoding using PSK turbo-codes in a frequency-flat,
time-selective Rayleigh fading channel, whereby signif-
icant time variation of the channel is present within a
packet, without having access to explicit CSI or pilot
symbols [4] at the receiver. This channel arises, for
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instance, in the reverse link of a CDMA system.

In such a flat fading channel with high Doppler and
low SNR, it is no longer reasonable to assume that
perfect CSI is available at the receiver and design trel-
lis codes accordingly, as in [5]. In particular, the low
SNR where turbo-codes operate, combined with higher
Doppler rates, makes it increasingly difficult for practi-
cal channel acquisition mechanisms to accurately track
the channel variations and provide accurate CSI. De-
cision directed phase-locked loops (PLLs) are plagued
by the fast channel phase variation and the noise. Note
that in PSK transmission CSI refers predominantly to
the channel phase, because amplitude fading merely
scales the noise, and a good estimate of the fading am-
plitude is the received amplitude itself, in SNR suffi-
cient for reliable decoding.

For an ideal finite-state Markov chain (FSMC),
(6] and later (7] proposed trellis codes with decision-
feedback-aided recursive channel estimation, but the
recursions are vulnerable to error propagation and un-
reliable when the channel quality degrades. A differ-
ent approach using turbo-codes was presented in [8],
where the a priori statistics of a binary Markov chan-
nel are incorporated into the equations of the Forward-
Backward decoding algorithm, each of the two channel
states being a different level of BSC crossover prob-
ability. We extend this technique to a more realistic
fading scenario, whereby the channel has more than 2
states, which correspond to different intervals of fad-
ing phase. By maintaining a notion of quantized fad-
ing phase at the receiver, phase estimation and turbo-
decoding proceed jointly along a supertrellis via the
Forward-Backward algorithm, achieving communica-
tion with no explicit pilots at relatively high Doppler
rates. Performance is assessed with respect to the same
turbo-code enjoying perfect CSI, and a state-of-the-art
system based on pilot averaging [9], as well as an up-
per bound to the capacity of a Markov-phase channel,
designed to approximate both the values and the dy-
namics of the Rayleigh fading phase.
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The idea of quantizing the channel phase was also
explored in {10], using.pilot symbols and joint decod-
ing and channel estimation on separate trellises, while
work on pilot-aided turbo-codes for flat fading was also
reported in [11], using adaptive Wiener filters.

2 Channel Model

The flat fading channel is accurately modeled as:
Y= G - Ty + Ny, (1)

where z, is the transmitted M-PSK constellation point,
{n;} is an i.i.d. (white) complex Gaussian noise pro-
cess, with variance N,/2 per dimension, and {a;} is
the correlated channel fading process, modeled as a
circular complex Gaussian random process. Assum-
ing absence of line of sight and a continuum of scat-
terers in the vicinity of the omnidirectional mobile re-
ceiver antenna, we write a; = X, + jY; = r,e/% | where
{X:} and {¥;} are mutually uncorrelated Gaussian pro-
cesses, each with correlation properties determined by
the Doppler frequency fp:

R.(7) = E[XiXeys] = E[YiYerr] = ¥* To(27 fp7)

where J,(-) is the zero-order modified Bessel function
of the first kind, and ¥2 = 0.5 for normalized power.
This autocorrelation gives rise to the well-known U-
shaped normalized power spectral density in Jakes [12]:

Seelf) = Spy(f) = ———wu (@)

1- (&)’

This model for the fading process has been found to
quite accurately match field measurements of physi-
cal channels. However, the non-Markovian autocor-
relation properties of the amplitude process r¢, and,
mainly, the phase process ¢¢ are difficult to analyze
and exploit in a practical receiver. Therefore, we de-
rive a suitable finite-state Markov model for the chan-
nel phase, depending on the Doppler rate fpT. A
similar approach, constructing an FSMC to model the
amplitude fading of a phase-coherent Rayleigh fad-
ing channel was demonstrated in [13], while in [14]
a discrete Markov process has been shown to capture
most of the dynamics of Jakes’ fading process. The
receiver uses a K-state Markov model for the quan-
tized version ¢ of:the phase fading process ¢¢, where
{@¢},t = 0,1,2,... is a time-homogeneous, discrete-
time, stationary Markov chain, taking values in the fi-
nite state space @ = {qo,q1,... ,9Kx~1}, a set of “quan-
tized phase distortion channel states” g;:

qiz%;_z‘zo,l,Z,...,K—l, (3)

in the following fashion, introducing a quantization op-
erator II(.):

™ s
Q=g ell(g) =9 ¢ € [qi—-K;,qﬁ—K;)‘
The transition probabilities P; ;, 4,7 = 0,1,... ,K -1
of the Markov chain are independent of ¢ by station-
arity, and can be computed from the joint pdf of two

successive sampled fading phases:

Pj = Pr(Qur=0;1Qt=q) (4)
i K Fheatis K a
ol ST e, Shir)dgiddtr

i+7/K a \
At (e )dey

where the marginal pdf is uniform, and the joint:

—p* | V1~ B? + B(r — Bcos™'(B))

a a 1
P(¢t»¢t+T)= dn2 (1- 32)3/2

where B = p - cos(¢f, 1 — #¢), and p = Jo(2r fpT).

The model described above is an approximation in
a dual sense: First, it maps all real fading angles
¢® € [-m,m) to K “quantized fading phase states” g;,
t=0,1,...,K —1. Moreover, the model approximates
the dynamics of the continuous process {¢¢}i=0,1,...,00
with a discrete Markov chain, with stationary proba-
bilities p; = 1/K and transition probabilities P; ;. In
the above setting, observe that the channel of Eq. (1)
is not quantized; the channel state @, is only meant to
represent intervals of the continuous phase ¢¢, since a
finite-state Markov model is needed for the Forward-
Backward estimation. If K phase states are to effec-
tively represent the rotation of a constellation point
caused by the continuous fading phase ¢2, then it must
hold that:

K22'M9 (6)

where M is the size of the PSK constellation, and
preferably (but not necessarily) that K is an integer
multiple of M. Clearly, K < 2M will degrade perfor-
mance. Finer quantization of the channel phase (larger
K) results in better estimation but also increases the
model complexity for diminishing performance gain.
According to our simulations, the value K = 2M,
e.g. 8 quantized channel phases for 4-PSK, represents
the most reasonable tradeoff between performance and
complexity.

Following Eq. (1), the total received angle ¢] at time
t is the sum of three distinct angles:

br = ¢F + ¢ + ¢ )
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where @7 is the transmitted constellation point an-
gle, as the trellis code transitions from state ¢’ to c,
ie. z;(c’ = ¢) = 1-e/%, and ¢} denotes the noise-
induced additional angle, whose distribution P(¢*) is
given by the formula (parameterized with A = ;lﬂ—ﬁ)

-2

PN = S—[1+VaAcosgretenen)’.

- erfc(— A cos ¢')] (8)

where erfc(-) is the complementary error function and
la| the fading amplitude.

3 Capacity of an FSMC

We compute an upper bound to the constrained ca-
pacity of the FSMC with constant amplitude and K
discrete phases given by (3) under i.i.d. M-PSK in-
puts, and use it to assess the receiver performance in
the next section. For any stationary, ergodic FSMC,
the capacity defined in Gallager [15]:

.1
Crsmc = Jim —-I(X™;Y"), ©)

where XV and YV denote sequences of N channel in-
puts and outputs respectively, is impossible to compute
via the algorithm in [7] (a generalization of [6]) because
of the computation needed for any number of states K
in the Markov model beyond K = 2 or 4, which is in-
sufficient for our purposes, as pointed out before. An
obvious but very loose upper bound on Cggpc is the
constrained capacity given the current channel state:

Crsmc < lim I(Xn;Yn | Qn), (10)

which, for the Markov-phase channel, is the PSK con-
strained AWGN capacity. But it is possible to compute
a tightér upper bound on Crg)yc, from the following
proposition:

Proposition 1 For any finite-state Markov channel
(FSMC) with states QQ, a sequence of progressively
tighter upper bounds to the capacity Cpgpc 1s:

nlglgoI(Xn;Yn | Qn—lan+l) (11)
Jm I(Xn; Y | @n-2, Xn-1,Yn-1,@n+1) (12)

Proof : By the chain rule for mutual information:

I(X™Y™) = i.r (X5Y™ | XY (13)

i=1

For each term in the summation of (13) consider two
chain-rule expansions:

(XY™, Qio1,Qivr | X*71)

I(XuY™ | X7 4+ 1(Xi5Qimh, Qi | X1, Y™)
I(Xi;Qiz1,Qiv1 | X*71)

+1 (Xu Yy l X! b Qi—-lu Qi+l)

Note that I (Xi;Qi—1, Qi1 | X*™1) = 0, since current
input X; is independent of the previous and the next
channel states Q;—1,Qi+1, even conditioned on previ-

ous inputs. Also, I(X,--,Q,-_l,QH.] | XL v") > 0,
hence:

I( XY™ | X7 < T (XY™ | X Qicr,y Qi)

= EI()(“}/] I Xi-layj—l)Qi—laQH-l) (14)
i=1

I

All the terms in this sum with j # ¢ vanish. For j =1,
XY | XELY5 0004, Qin) = T(Xis Vi | Qiny,
Qi+1), which, combined with (14) proves (11). The
other bounds are shown similarly. a

Upper Bounds to Cra: for +-PSK inputs

o]

Figure 1: Bounds on Cpgpmc for 4-PSK inputs

In Fig. 1 we plot the loose upper bound (10) and
the tighter bounds (11), (12) against SNR for the
FSMC with K Markov phases, derived from Jakes’
channel with fpT = 0.05, as in section 2.- For rate
0.5 bit/sec/Hz, the overall rate of the turbo-code used
n the next section, Eq. (12) gives the tightest bound to
the FSMC capacity:

=

SNRy 5 bit/channel use = ~3 4B 2 Ch. (15)

4 Data and Channel Estimation

The system of Fig. 2 is a parallel concatenated (turbo)
code [16]. Each constituent decoder runs the Forward-
Backward algorithm on a supertrellis, whose state S;
at time t is an ordered pair consisting of the “fad-
ing phase state” Q. and the code state C;. Hence
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St = (Q:,Ct) = (g,¢) =m,withm =0,1,... , 27K -1,
for a code with v memory elements. The need to pre-
serve the channel correlation in order to estimate the
fading phase precludes the use of channel interleaving
with our iterative scheme. This leads to lack of diver-
sity. However, implicit diversity exists due to the uni-
form interleaver connecting the constituent codes, two
identical 8-state, rate-1/2 Gray-labeled 4-PSK codes,
optimized for effective Hamming distance.

{Bits) 4-PSK FORW-BACK

TRELLIS o Q 0N SUPERTRELLIS
ENCODER
NT o ol
4-PSK FORW-BACK
4 3

TRELLIS ON SUPERTRELLIS
ENCODFR

Figure 2: System block diagram

For iterative decoding [16], the crucial quantity to
be computed is:
1(m',m) = Pr(S; = (g,¢), ¢; = 0] Se—1 = (¢',¢))
= Pr(S: =(g,¢)| Si-1 = (¢',¢)) -
F(#F =61 Se = (g,¢), 51 = (¢, ) - (16)

For the first RHS term of Eq. (16) we have:

Pr(S: = (g,¢) | Si-1 = (¢',¢))
= Pr(l(¢}) = ¢ T(¢f_)) =) -
Pr (u; such that C; = ¢ | Ci—; = ¢')
= P Pugl) (17)

where P;; was derived in (4)-(5), and P(uy; 1) is the
extrinsic information about wu; provided by the other
soft decoder in the iterative structure of Fig. 2. For
the second RHS term of (16):

£ (g,¢),(q',¢"))
S Pr(¢ =] St = (¢,¢),Se-1 = (¢, ¢))
D pr () +¢] =8~ Lzi( = ¢) |

-

™ k
o ~ulo-gargl)
K B~ La(c' ) —g+F
- p)ds (18)

é——é:c(c’-vc)—q—ﬁ-

where P(¢*) was given in Eq. (8), where for A\ we use
the approximation |a;| = |y;| (true for PSK and high
SNR), since the true |a| is unknown.

This system relies on the joint estimation of the
channel and the data, and does not require explicit CSI
or pilots. However, if periodic pilots are available, the
adaptation of the algorithm to take them into account
is straightforward. Fig. 3 shows the simulated BER

performance of the system of Fig. 2 in Jakes’ fading
channel with fpT = 0.05. As a benchmark, we also
plot the performance of the same turbo-code enjoying
the benefits of ideal channel interleaving (infinite diver-
sity) and perfect CSI, along with that of a sophisticated
pilot-averaging system in [9), employing 3 pilots every
5 data symbols, just to demonstrate the difficulty of
obtaining CSI in a practical system operating in mod-
erate to high Doppler rates such as fpT = 0.05.

BER ve. SNR. fuT = 0.03

= o z g
|5 SRESTEREL)

Figure 3: Iterative estimator in Jakes’ fading, com-
pared with that of the same turbo-code with perfect
CSI and interleaving (left) and with 3 pilot symbols
for every 5 coded symbols (right).

BER ve. SNR. Markov phase chanuel desved with fpT = 0.05

oL T8 derstve ointesmator. Quanszed Prases
3 same code.,

ises, pert. CS)

g
SNR. in ¢D

Figure 4: Performance in Markovian quantized phases,
matching the FSMC.

In this fast fading channel, even with the signifi-
cant sacrifice in rate by 3/8 = 37.5%, the pilot-aided
system cannot perform as well as our joint data and
channel estimation with no pilots at all. The intuitive
explanation is that with joint iterative estimation every
data symbol essentially becomes a pilot symbol, as its
reliability increases with successive iterations. Fig. 4
shows the performance of the iterative decoder in the
FSMC with constant amplitude and Markovian phases
(3), whose capacity is bounded by C; = -3 dB. Al-
beit performing better overall than in Jakes’ fading by
about 1.5 dB (as expected in a more favorable channel),
the joint estimator still performs about 6.5 dB worse
than with perfect CSI, and 7 dB from C; = -3 dB.

Regarding the constituent code selection, the rate-
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1/2 encoders chosen are suboptimal from coding per-
spective, because of the systematic bit repetition. How-
ever, this choice of low-rate encoders is unavoidable to
maintain reasonable complexity. Their rate has to be
"Jow enough for a given constellation size, so that the
algorithm can distinguish whether a change in the re-
ceived phase is to be attributed to the code or to a
change in the channel. For 4-PSK and our current en-
coders, only two possible outputs are possible at any
given time, and one is always more likely given the
previous channel phase state and the transition prob-
abilities. If, on the other hand, each constituent code
has two input bits (i.e. four possible outputs), then at
least 8-PSK must be used and K > 16, which yields
a supertrellis with at least 128 states. Therefore, al-
though our scheme does not lose rate directly because
of pilots that bear no information, the rate reduction
that makes channel estimation possible is inherent in
the requirements of the constituent encoder design. On
a higher level, this can be viewed as incorporating the
training in the code design, instead of having higher
rate codes and then explicitly injecting pilot symbols
in the coded data stream.

5 Conclusion

This paper proposed a PSK turbo-coded system that
operates in the flat correlated Rayleigh fading channel
and requires no CSI or pilot symbols. The data es-
timation is performed in an iterative (turbo) fashion,
jointly with channel phase estimation along a supertrel-
lis, formed by combining a Markov model, designed to
approximate the values and dynamics of the channel
phase, with the code trellis. The performance for mod-
erate to high Doppler rates is assessed via a capacity
bound and demonstrated to be superior to a system
using -a large number of pilots for channel estimation.
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