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Abstract—This paper addresses the design and performance channel estimators. Although proven to achieve the capacity of
evaluation with respect to capacity of M-PSK turbo-coded systems the Markov channel in the absence of error propagation, those
operating in frequency-flat time-selective Rayleigh fading. The o eivers are vulnerable to error propagation and unreliable

receiver jointly performs channel estimation and turbo decoding, .
allowing the two processes to benefit from each other. To this end, when the channel quality degrades. Recently, the advent of

we introduce a suitable Markov model with a finite number of ~turbo codes [1], whose impressive error-correcting capabilities
states, designed to approximate both the values and the statisticalin AWGN permit operation at low signal-to-noise ratio (SNR),
properties of the correlated flat fading channel phase, which poses coupled with new applications in channels with higher Doppler
a more severe challenge to PSK transmission than amplitude calls for the problem to be considered anew. The reason is

fading. Then, the Forward—Backward algorithm determines - . . . -
both the maximum a posterioriprobability (MAP) value for each that traditional channel estimation techniques, such as a deci-

symbol in the data sequence and the MAP channel phase in Sion-directed phase-locked loop (PLL) or pilot symbol assisted
each iteration. Simulations show good performance in standard modulation (PSAM, in [6]) may fail to cope with a high-noise,
correlated Rayleigh fading channels. A sequence of progressively fast changing channel.

tighter upper bounds to the capacity of a simplified Markov-phase | yhig context, research has explored ways to utilize the enor-

channel is derived, and performance of a turbo code with joint . .
iterative channel estimation and decoding is demonstrated to mous potential of the Forward—Backward algorithm [7]—the

approach these capacity bounds. basic tool for turbo-decoding—in concatenating two or more
Index Terms—Capacity, flat Rayleigh fading, Markov channels, estimation schemes [8], and thus combating distortion due to
turbo codes. channels more severe than AWGN. In [9] turbo-code operation

in a rough approximation of a fading channel with a two-state

Markov model (with a“Good” and a “Bad” state) was presented.

|. INTRODUCTION The ISI channel was treated in [10] by exchanging soft informa-

ODING can help combat the adversities of multipattion between a soft “equalizer” and “decoder,” while [11] deals

propagation and scattering in a wireless fading channalith the frequency-selective fading channel of GSM or IS-54

In particular, when the transmission rate is relatively slow, thapplications. Also, [12] and [13] explored pilot-symbol-assisted

channel typically exhibits little frequency selectivity but ofteriurbo codes in flat fading, where the pilot-averaging filters pro-
significant time variation within a packet, depending on thduce refined channel estimates as the turbo-decoder iterations
relative velocity between the transmitter and receiver. Thigoceed. Part of the present paper may be considered an ex-

paper concentrates on the design of efficient joint turbo-coditgnsion of [9] to more complex Markov channel models, rep-

[1] and channel estimation schemes that achieve relialbgsenting the real world fading more accurately. Also, it may be

communication in such frequency-flat time-selective Rayleigtonsidered similar to [12] and [13] with the Forward—Backward

fading channels, arising for instance in the reverse link afgorithm used instead of optimum filtering to perform channel

CDMA systems. estimation.

Early coding work for flat Rayleigh fading, comprehensively To facilitate the use of the Forward—Backward algorithm, a
summarized in [2], assumed the availability of perfect channihite-state Markov model approximates the values as well as
state information (CSI) at the receiver and designed trellise statistical properties of the channel phase, similarly to [14],
codes accordingly. A more sophisticated coding strategy namellere a Markov model was proposed for the amplitude fading of
Bit-Interleaved Coded Modulation (BICM—in [3]) offers a phase-coherent Rayleigh fading channel. Our Markov channel
better performance in flat fading, but also relies on CSlI. In [4hodel is designed to match the phase process, a choice justi-
and later [5] the emphasis is on joint estimation and decodifigd from simulation results which show that amplitude fading
for Markov channels via decision-feedback-aided recursivéth PSK turbo codes is adequately estimated from the received

amplitude with a simple affine estimator. The approximation of
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by pilot symbols periodically injected in the coded data strearti.{ X, } and{Y;} are zero-mean (worst case), the marginal dis-
At each iteration, the soft-input/soft-output (SISO) modulesibutions of|a;| and¢¢ are Rayleigh and uniform respectively,
[8] running the Forward—Backward algorithm produce and ekence the term “Rayleigh fading.”
change soft information about the channel phase as well as th€larke’s model for the channel fading process is realistic and
data, allowing the decoding and channel estimation procedutes been found to quite accurately match field measurements
to benefit from each other. With this approach, as the reliabilityf physical channels. However, the non-Markovian autocorre-
of the correct data increases with successive iterations of théon properties of the amplitude procegs:|} and, mainly,
decoding algorithm, essentially every coded symbol graduatlye phase process?}, which poses the primary problem in
comes to serve as a pilot symbol. Performance is checked bB®8K transmission, are difficult to analyze and exploit with the
in flat Rayleigh fading and in a simplified finite-state MarkovForward—Backward algorithm. Therefore, we derive a suitable
channel, for which we develop a sequence of progressivéigite-state Markov model for the channel phase, depending on
tighter bounds to capacity and show simulations that approatie Doppler ratefp 7", similar to the one in [14] for the fading
those bounds with reasonable complexity. amplitude.

The organization of the paper is as follows. Section Il dis- The receiver forms d(-state Markov model for the quan-
cusses the channel model for flat correlated Rayleigh fadirtized version @), of the phase fading process?, where

followed by the Markov model for the phase process. Section {p; }, ¢ = 0, 1, 2, ... is a time-homogeneous, discrete-time,

presents the algorithms for joint iterative decoding and chanrsthtionary Markov chain, taking values in the finite state space

estimation and their performance for various Doppler rates. S&2-= {qo, ¢1, --., gx—1}, & set of “quantized channel phase

tion IV derives capacity bounds for a simplified discrete Markodistortion statesy;

channel closely connected to the real-world fading channel of o

Section Il and assesses the performance of the proposed iter- G =—, t=0,1,2,..., K-1 4)

ative schemes in the light of those bounds. Finally, Section V K

concludes the paper. in the following fashion, where we introduce a quantization op-
eratorII(-):

Il. CHANNEL MODEL a a T s
) o ) ) ) QtIQi<:>H(¢t)IQi<:>¢tE[Qi—anZ‘—i‘E)-
A widely accepted statistical model for nondispersive wire-
less fading channels has been introduced in [17] and is cofke transition probabilitie®, ., 4, j = 0,1, ..., K — 1 of
monly referred to as Clarke’s fading model. According to thithe Markov chain are independenttddy stationarity and can be

model, after matched filtering and proper sampling, the discretemputed from the joint pdf of two successive sampled fading

representation of the received signal at titrie phases
Y = ay - Ty + N, t=0,1,2,... (1) Py, q; = Pr(Qu1 = 4|Q: = @) ()
¢+r/K  pgi+w/K
where ) - p(¢F, Biya)ddtddiy,
x;  transmitted constellation point (in this paper from an _ Jai=m/K Jg—m/K _ (6)
M-PSK constellation); aitr/K (65)dee
{n¢} i.i.d. (white) complex Gaussian noise process, with m /K PPy 0%

variances? = N, /2 per dimension; ' o o _

{a;} correlated channel fading process, modeled as a Jybere the marginal pdf is uniform, and the joint pdf is [18]:
cular complex Gaussian random process. o [ /—53 -1
Assuming absence of line of sight and a continuum of scatteregg ¢7, ¢7, ) = 1- 2p l 1- B2+ B(r ;5;08 (B))

in the vicinity of the omnidirectional mobile receiver antenna, dm (1-B?%)

; _ iV, — Jéy
we writea; = X; + jY; = |ay|e?®, where{ X, } and{Y;} are whereB = p - cos(¢%,, — ¢7) andp = J,(2x fT).

mutually uncorrelated zero-mean Gaussian processes, each W|qnh . . X o
correlation properties determined by the Doppler frequefig e model described above is essentially an approximation in
prop y PP q Y adual sense: First, it maps all real fading angléss [—=, 7)

see [18] to a finite number of “quantized fading phase statgs” =
0,1, ..., K — 1. Moreover, the model approximates the dy-
namics of the continuous proce§$y t1—o.1,..., o With a dis-

: e . crete Markov chain, taking values in the finite-state spaesd
where 7,(-) is the zero-order modified Bessel function of th%aving stationary probabiliies; — 1/K and transition prob-

f|rs_t kmd, an(_jfy2 = 0.5 for normalized power. This autocorre- ijiies Py, 4;- It should be noted, however, that the channel
lation gives rse t_o the well-known U-shaped normalized POWELtimation algorithm in Rayleigh fading does not perceive the
spectral density in Jakes [15] channel phase as quantized to thievalues of (4); the algo-
1 rithms of Section Ill remain aware of the continuous nature of
Sax(f) = Syy(f) = = (3) % but are based on the assumption thatis uniformly dis-
mfpTy /1 — <L> tributed in a sector of lengtdw / K, given that it belongs in that
T sector. Hence, the finite-state Markov model is merely a way to

Ro(7) = E[X:Xi1r] = EMYeys] =2 7,2afo7)  (2)
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Fig. 1. BER of turbo code in different,T" and for different pilot insertion Fig. 2. MSE of channel estimation for a Rayleigh fading channel yiitfi” =
ratios. Performance with affine fading amplitude estimation from the receivéef5 under two scenarios: thin lines represent MSE after Wiener filtering of 10,

amplitude is very close to the case when the receiver has access to ge#fle,0r 40 pilot symbols spaced one evdbydata symbols, while thick lines
provided channel amplitude.|. show the MSE resulting from simple affine amplitude estimation using only

the received amplitude and uniform phase uncertainty within a secfor/ak’
radians,/ = 8, 16, 32, given that the correct sector is known. Note that this

reduce the infinite cardinality of the set of possible phase® 'tﬁgefg’rclgxe;ﬂ%ngitgéggfjg’;g:f;cﬂr%csg;:: followed in the sequel. Observe

K “phase states,” such that reliabilities can be assigned to them

by the Forward—Backward algorithm. i parts of the section describe the FSM-model-based receiver
A Markov model closely related to the one described aboyg,qithms in detail and present simulation results.

was derived in [14] to model the amplitude fading of a phase-co-

herent Rayleigh fading channel. Here we recognize the phageQuantized Phase Estimation

distortion in a Rayleigh channel as a more severe problem for.l_he performance of turbo codes in flat fading was examined

PSK transmission than amplitude fading. This qualitative obser-

vation, along with the difficulty of obtaining coherent phase refr—n [19]. In [12] and [13] it was recognized that additional per-

erence in a high-Doppler low-SNR environment, indicates th gmance benefits are possible when moving from “one-shot

the main channel estimation effort for PSK turbo codes shoul annel estimation g, frpm p|Iots)_ to Iterative estimation,
.- integrated with turbo decoding. Specifically, Valenti and Wo-
be devoted to acquiring phase coherence rather than exact es

timates for the fading amplitudie,|. Thus, the two receivers efner in [13] perform channel estimation via optimum (Wiener)

derived in the next section create the finite-state Markov (FSI\]]}termg of symbols at each iteration (only pilots at first, and

. : ) all symbols in subsequent iterations taking into account their
model outlined above and use it to estimate the channel pha " I R :

) ) : reliability), thus exploiting extrinsic information produced by
with the Forward—-Backward algorithm [7]. For the fading M e turbo decoder about coded symbols. In this paper, we also
plitude estimation they rely on a simple MMSE symbol-by- y ) baper,

symbol affine estimator from the received amplitude of the forr%pply.the. pr|nC|p_Ie of iterative channel estimation, but not
S - . . with filtering of pilots and coded symbols. Instead, we em-
|a:] = Aly:| + B. As shown in Fig. 1, this method for ampli-

NI ) . loy the Forward—Backward algorithm for “quantized phase”
tude estimation, combined with Forward-Backward phase eglli 1\ ~tion based on the FSM model derived in Section I
mation on the FSM phase model, performs only slightly worsg e tion 1i1-c joint phase estimation and turbo decoding

than when having perfect channel amplitude knowledge at t Bceed along a supertrellis, constructed by merging the

receiver. This resqlt supports the decision to use a simple llises of the code and the Markovian channel state structure.
timator for the fading amphtude and reserve th? power of ﬂ?ﬁ Section 11I-D we demonstrate better performance by using
Forward-Backward algorithm for phase estimation. a separate Forward—Backward algorithm to estimate the phase
state, operating on the trellis of the FSM phase model and
exchanging soft information with the constituent decoder SISO
[8].

Optimal decoding in flat fading (either maximum likelihood Notice that in both approaches the Forward—Backward algo-
sequence detection (MLSD) or minimum bit error rate-maxithm operates on th& -state Markov phase model and obtains
imum a posteriori (MAP)-decoding) requires either explicitsoft phase estimates in the form of a probability distribution on
or implicit estimation of the channel. In the first part of thighe K phase states at each time instant (implicitly in the su-
section we compare iterative phase estimation via the F3Mrtrellis, explicitly with the separate trellises). Fig. 2 demon-
phase model developed above against other channel acquisiitrates the rationale behind this choice of “quantized phase” es-
methods, such as optimum filtering of pilots. The remaininggmation: at the low SNR where turbo codes operate, it is advan-

[ll. JOINT DATA AND CHANNEL ESTIMATION
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tageous to have a phase estimate with small precision but high a T =|a| ¥+
reliability (as is possible with the Forward—Backward algorithm
on a finite-state phase model) rather than continuous valued es-
timates of limited reliability, like those provided by optimum
filtering, which exhibits higher mean-squared error (MSE).
Under the assumption of knowing the correct phase state
(i.e., sector), which is a reasonable assumption with the For-
ward—Backward algorithm, Fig. 2 indicates that at low SNRig. 3. Addition of angles in fading.
and high Doppler (or, equivalently more sparse pilot spacing
under the chosen Doppler ¢ip?" = 0.05) the “quantized .., vy
phase” estimation approach outperforms Wiener filterin E{ ENCOTER

{Bits)
solutions in the estimation MSE sense, even with the coar )5 }
symbol-by-symbol amplitude estimatidﬁ] = Aly| + B. el |t E

In fact, it is this amplitude error that accounts for most of the

estimation MSE, as seen from the fact that bey@hd= 32 Fig. 4. Block diagram of system employing iterative decoder.

no additional MSE gain is obtained by increasing the number

of “quantized phase states.” Of course, at high SNR optimu|r5A|t| = Aly| + B (with coefficientsA and B depending only

linear pilot filtering works better than our nonlinear “quantize@p, the SNR of operation). Then it is straightforward to compute
phase” estimation, even if this is assumed to always identifife desired likelihood

the correct sector. However, “quantized” estimation seems to
have an advantage in the very noisy region of operation of turlitx: (,|Q; = ¢, z; = (¢ — ¢))
codes, insofar as the channel estimation MSE is an indication Y N - ,

of turbo-code bit error rate performance. For a fixed SNR the = £'T (@ = OIL(g) = a: A = A, ¢f = La(d — ) (9)
sequence of thin curves shows decreasing MSE from lineardef (6lg, A, ) (10)
filtering for increasing pilot density. This can be thought of as T

the improvement to channel estimation expected as the Wiener= Pt (¢} + ¢f + ¢y = 0|LL(¢7) = g, A, ¢F = Zz)  (11)
filter acquires more knowledge about the transmitted data - -
through the turbo iterations. Even in this case, (e.g., when every= Y’ (W + =0 Lalgy ~ U [q 9T ED
third symbol becomes perfectly known, i.&),= 2, the lowest

thin curve in Fig. 2) if the nonlinear phase estimation guesses _ K )
the correct sector it promises slightly less MSE at low SNR. 2m

y=a-z+n

FORW-BACK
ON SUPERTRELLIS

W~ Lo—q+(n/K)
/ P(6™; N)dg* (12)

6—Lz—g—(x/K)

B. Joint Phase Estimation and Decoding whereP(¢*; A) was given in (8) and is approximated by

For “guantized phase” estimation with the Forward—Back- 5 _ Aly| + B
ward algorithm either on a supertrellis or on separate trellises, vt a2
the basic quantities needed are the probabilifigs, of the _
channel phase transitioning from state (seciotp ¢ [given in  11US, UsingFy: , from (6) andf(6lg, A, x) from (12) we pro-

(5) and (6)] and the likelinoodB (y;|Q; = g, ; = z). Attime ceedto derlw_e the joint algorithms on the supertrellis and on the
t, the received complex symbol is = |y - <! where the separate trellises for the code and the channel.
total received anglé? is the sum of three distinct angles

(13)

C. Supertrellis Algorithm

Y= o7 + ¢F + o 7 An initial approach to joint estimation and decoding is to
combine the Markov model for the quantized fading phase dis-
as shown in Fig. 3. In this figures; is the transmitted constel- cussed in Section Il with the trellis describing the code, to form
lation point angle, as the constituent trellis-PSK code transi- asupertrellis In essence, the receiver observes the output of a fi-
tions from state’ to c, i.e.,z:(c’ — ¢) = 1-¢/% . The fading nite-state machine (i.e., the encoder outpytmultiplied with
angleg? is defined from the fading scale facter = |a|-¢’**, the output of a Markov process (i.e., the “fading phase state”
andgy is the noise-induced additional angle, having probabilit),) under AWGN. At timet, the stateS, of the supertrellis

density function (pdf)*(¢*) is an ordered pair consisting of the channel st3teand the
code stateC, giving S; = (Q¢, Ct) = (g, ¢) = m, with
P(¢™;:A) m=20,1,..., 2K — 1, for a code withy memory elements.
A2 Fig. 4 shows the block diagram of the turbo-coded system.

o
27

[1 + /T cos ¢* P erfie(— X cos d)*)} (8) Each constituent encoder at the transmitter prodlicesM

bits, mapped onto ad/-PSK constellation. The symbols are
where erf¢-) is the complementary error function and the paransmitted into the fading channel in blocks¥f to preserve
rameter of the distribution depends on the fading amplitudehe fading phase correlation for the receiver supertrellises. Thus,
A = |a|/oV/2. Since the true fading amplitude is unknownthe switchesA and A’ flip every NT seconds, wheré/ is the
the receiver uses the symbol-by-symbol MMSE affine estimatturbo-code blocklength arifi the baud period.
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The receiver consists of two identical modules that run the
Forward—Backward algorithm and exchange soft information
about the data through a uniform interleaver—deinterleaver pair. 10 "f:::¢
Each of them performmint data and channel estimation inter- ot
nally but provides the other estimator with extrinsic information [~y
only for the data, since the two blocks of constellation points 10 piiy
(pertaining to unscrambled and scrambled data) are transmittecf4
successively into the channel and undergo independent fading.m . 5| ¢
Thus, information about the channel produced by one of the es- il
timators would be irrelevant to the other. However, within each
block of N symbols, the channel is correlated, which facilitates e
the joint estimation of channel phase and data.

For iterative decoding [8], the crucial quantity to be computed
in each supertrellis is 10

’Yt(mlv m) =Pr (yh Sy = (% C)|St71 = (q/, CI)) (14)
=Pr (St = ((L c)|St—l = (qlv C/))

. Pr (yt|5t_1 = (q” c/), S, = (q’ c)) . (15) Fig. 5. Supertrellis and noniterative pilot filtering performance in Clarke’s
. channel withf, 7' = 0.05. The dashed curve shows performance of the same
For the first term of (15) we have turbo code in the same channel with ideal interleaving and perfect CSl at the
receiver. The dashed vertical line marks the capacity in this ideal case.
Pr(S; = (g, 0)|Si-1 = (¢, ¢))

-©- iterative jdiht estimator, correl. Rayléigh
== same turbo—code, i.i.d. Rayleigh, perf. CSI
.| =@~ same turbo—code, correl. Rayleigh, pilots

I
-5 t i
0

Ey/N,, in dB

= Pr (1I(¢}) = qlll(¢_1) = ) in Section IV-B. To demonstrate the difficulty of obtaining ac-
-Pr (uy such thatCy, = ¢|C,_; = ¢) (16) curate CSlin a practical system at high Doppler, we also simu-
lated a pilot-symbol assisted system with the same turbo code.

=Py q - Plu; D) (17)  specifically, a more sophisticated variant of pilot averaging in

whereP(uy; I') denotes the extrinsic information about the inpJ20], using three pilot symbols every five data symbols performs
u; provided by the other soft decoder. The second term of (1&)most 4 dB worse than our joint iterative estimator with no pilot
is clearly f(8]q, A, ) as defined in (10)—(12). symbols at all. Even if we plot against, /N, disregarding the
Note that the algorithm described above can be used wihcrifice of3/8 = 37.5% in the rate of the pilot system [20], the
or without pilot symbols. The transition metrig(m’, m) of supertrellis system is still almost 2 dB better. The reason is that
(14) connects only superstatés’, m) with valid code state essentially every coded symbol with the supertrellis iterations
transitions(¢’ — ¢). In the case of pilots injected in the codedecomes somewhat a pilot, as its reliability increases.
data stream, the code state does not change, and the only valithe supertrellis receiver designed and simulated in this
supertrellis branches are those witk ¢’. Here we only present section has advantages and limitations. An obvious advantage
simulation results with no pilot symbols. is its ability to work without external acquisition circuitry or
Fig. 5 presents the simulated BER performance of the systg@itot symbols at relatively high Doppler rate. The low rate of
depicted in Fig. 4 under Rayleigh fading wifl3 I’ = 0.05. The each constituent code (here 1/2) compensates for the absence of
constituent codes are identical, eight-state, recursive systematiot symbols, allowing the supertrellis algorithm to determine
rate-1/2, Gray-labeled 4-PSK codes, with maximum effectiwehether a change in the received phase is due to the code or to
Hamming distance. They are fully described by the octal paritychange in the channel. Thus, although this scheme does not
polynomialshy = 15 andh; = 17. The number of quantized lose rate directly because of pilots that bear no information, it
phases wa# = 8§, resulting in 64-state supertrellises, and this the rate reduction inherent in the constituent encoder design
blocklength wasV = 5000 symbols. For this relatively high that makes channel estimation possible. On a higher level this
Doppler rate the performance is about 6.5 dB worse than whean be viewed as incorporating the training in the code design,
the same turbo code operates under the ideal assumptions of patead of explicitly injecting pilot symbols in the coded data
fect interleaving and perfect CSI. However, this gap is not vesgream of a higher rate code.
informative, since the constrained capacity of the two channelsThe main limitation is computational complexity, since the
considered with uniform i.i.d. 4-PSK inputs is quite different atumber of states in each supertrellis is the product of the code
this high Doppler. The vertical dashed line marks the capac#yates and the number of phase intervdldf A/-PSK is used,
of the idealized scenario of perfectly known at receiver. It then K > 2. M for reasonable phase estimation. This leads
is simply I(X;Y|4), a weighted average of the AWGN ca+to at least 64-state supertrellises with 4-PSK and 128-states
pacity under the Rayleigh distributign, () = 2qe™, giving with 8-PSK for 8-state constituent codes. Another limitation
E,/N, = —0.08 dB for the ratel /2 of interest. The capacity is concerns diversity. The channel estimation procedure along
smaller when CSl is unavailable at the receiver and has to be & supertrellis precludes channel interleaving, because the
timated from received values (much smaller for larger Dopplatgorithm relies on the correlation between successive phases.
rates and zero in the limit of i.i.d. fading). A more detailed disHence, only implicit diversity, due to the interleaver between
cussion about constrained 4-PSK capacity under fading followsnstituent codes, is provided.
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4-PSK
MAPPER

where the phase state transition probabily , is precom-
puted for known Doppler via (5) and (6), afids the received
to chanriel angle. The functiorf (6|q, A, x) is defined as in (10). Note that
the Q-SISO operates on the whole received block of symbols,
coded and pilots alike, but only outpul¢; O) for the coded
symbols, because information for the channel state during a pilot
transmission is irrelevant to the C-SISO. Thus, at a time when a

rate 2/2 4-PSK
encoder MAPPER

Fig. 6. Transmitter block diagram for pilot-aided turbo code. pilot is processed, the above summation is trivial (only one pos-
sible z has nonzero probability) anB(q; O) is not produced;
Px: ) Pq;0) P(q; D) P(x:0) just thea(q) and 8(¢) quantities are updated in the channel
—] QSISO —= — ©SIS0 | trellis. For the C-SISO, we proceed with a similar computation,
Pu: D P(u;0) . . . .
simpler in this case, since only coded data are processed and
Fig. 7. Basic SISO building blocks of the receiver. there is only one operating mode
’Yt(clv C)

D. Algorithm on Separate Trellises ,
. . . . = Pr(yt, C = C|Ct—1 = C)
In this section we derive and simulate a better structure for

joint channel estimation and turbo decoding based on the For- = Z Pr(y, Cy = ¢, Qy = q|Ch—1 = )
ward—Backward algorithm running on separate trellises for the q

channel phase and the code. Fig. 6 shows the transmitter block
diagram, where the constituent encoders are the best eight-state,
rate-2/2 code fragments [21], [22], each producing one system- ) Z {Pr(Qt — )

atic and one parity bit per 2-bit input, and their outputs are

mapped onto a Gray-labeled 4-PSK constellation. Notice the

difference between the turbo interleaver (TIL) and the channel Pr(¢? = 0]Q) = ¢, @0 = La(c — C)}
interleaver (CIL), which can be a regular block interleaver. Pi-

lots are injected into the coded data stream at a raté of 1

= Pr(uld — ¢)

q

— . . /
pilots everyD coded PSK symbols, and the blocklengttis= = P(u; ) Z Plg; 1) - f(Bla, A, (¢ — ). (19)
4100. Thus, for even2N input bits, a total 02N (D + Z/D) !
symbols are transmitted in flat Rayleigh fading. Again, here P(u;I) is the extrinsic about the information

Fig. 8 shows the receiver block diagram expanded in tRgmbol (2 bits) passed by the other C-SISO, whilgy; I) is
direction of processing time, only to show the potential for ghe extrinsic information about the channel state, provided by
parallel or pipelined implementation. Each of the two maithe Q-SISO.
building blocks, denotedQ and C, implements the For-  The performance of the proposed receiver has been checked
ward-Backward algorithm (Q-SISO and C-SISO) on a separatetwo flat fading channels, with Doppler rates 0.01 and 0.05,
trellis that describes the Markov channel phase and the cogfd the results are shown in Figs. 9 and 10, respectively, for
respectively, exploiting extrinsic information taken from th&arious pilot insertion rates. For comparison purposes, the plots
other block after the appropriate interleaving/deinterleavingclude the performance of the same turbo code when perfect
operation—T(D)IL or C(D)IL. These two SISO modules aneS| is available at the receiver. The vertical lines show the SNR
their input/output functionality are depicted in Fig. 7. In thevhere capacity equals the transmitted rate, assuming perfect
customary SISO notation of [8](-; I) is extrinsic information CS| at the receiver (which is a lower bound to the SNR where
about a certain quantity (the channel phase stater the capacity equals the transmitted rate when realistic channel esti-
input symbolw or the output symbolr) enteringthe SISO mation is performed through pilots). If not explicitly stated oth-
block, while P(-; O) is the updated extrinsic information aboukerwise, the simulation was performed by considetiig= 8
the pertinent quantity (agaig, «, or x) at theoutputof the channel states at the receiver. From the two cases shown, setting
corresponding Forward-Backward (SISO) block. K = 16 offers no improvement fof ;7" = 0.01, but some im-

The states are quantized channel phasés Q-SISO and provement forfp 7" = 0.05. The solid performance curves with
code states for C-SISO, and the crucial quantity to compute iglifferent pilot spacing? provide some insight into the question

Y (state, 1, state,). Specifically, for Q-SISO of what pilot density is required for a given channel dynamic,
, , as this is expressed by the Doppler réter’.
(s @) = Pr(y, Q= q|Q—1=q) Note that in the slower changing channgh{" = 0.01) the
_ Z Pr(y;, Qr = q, 71 = 2|Qi_1 = ¢) performance is about 1.5 dB away from the case when per-
- fect CSl is available. The performance difference from perfect

CSl is much more pronounced (about 4.5 dB) in Fig. 10, be-

=Pyq Y Prl@=2)-Pr(mlQ =q 2. =2) causethe channel is less strongly correlated whefi = 0.05,
z which makes the estimation task more difficult, so the corre-
=P,, Z P(z;I)- f(B)g, \, z) (18) sponding SNR (or gapacny) penalty resulting frqn_‘n thg !ack of
perfect channel estimates is larger. In general it is difficult to

x
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) ) o . Fig. 10. BER of turbo code, fof , T' = 0.05 and for different pilot insertion
Fig. 9. BER of turbo code, fof T = 0.01 and for different pilot insertion ratios.

rates. Performance lags behind the perfect CSI case by about 1.5 dB. For
perspective, the curve marked with triangles is the performance reported by ] ) ]
Valenti and Woerner, with a similar turbo-coded system with half the spectifl terms of complexity and latency, for every decoder iteration

efficiency as the one presented here.

determine quantitatively exactly how the channel capacity is af-
fected by the channel dynamics in order to quantify the intu-
itive statement made above. A detailed discussion on the effect
of the rate of change of the channel on the capacity for a sim-

plified purely Markovian channel model related to Clarke’s flat

Rayleigh fading is the topic of the next section. Nevertheless,
observe that a small number of pilots permits us to increase the*®
overall rate of the system with separate trellises to 1 bit/s/Hz

(excluding the pilots) relative to the rate of 1/2 bit/s/Hz for the

supertrellis receiver. Furthermore, the complexity of the sepa-

rate trellises approach is much smaller (the Q-SISOHas 8

or 16 states and the C-SISO eight states), and the BER perfor-
mance improves. However, these positive impacts on the rate,
complexity, and performance come at the expense of larger la-

tency, due to channel interleaving.

(in parentheses the numbers in our 4-PSK simulations):

» Supertrellis: two Forward—Backward algorithms, each
on a supertrellis witl2” - K states (64 states) arkd(
branches (16 here) emanating from each state. This
number can be reduced by pruning less likely transitions
to phase states far apart from the current one, particularly
for small Doppler rates. This receiver suffers no extra
latency from channel interleaving.

Separate trellises: less complexity, four Forward—Back-
ward algorithms in all. Two for the two fully connected
K-state Q-SISOSK = 8), and two for the2”-state
C-SISOs(»v = 3); higher latency because of channel in-
terleaving at the transmitter and de-interleaving at the re-
ceiver. Here we implemented those block interleavers to
be of equal size to the turbo-code blocklengthbut this

is not necessary, particularly for high Doppler rates. The
turbo-code latency is obviously unavoidable.

Specifically, the two methods for joint channel estimation arfinally, for comparison, the complexity of a pilot-averaging
turbo decoding discussed in this section demand the followisgstem obtaining one-shot channel estimates without iteration
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is just two 2”-state C-SISOs per iteration, plus the additionahere is no need for integration as in (12) ant fixed. So for
one-time cost of pilot filtering per block. The latency fromthe FSMC

channel interleaving is the same as in the separate trellises . 1

scenario. Thus, one-shot Wiener filtering of pilots has much f6lg, ) @) = F <¢ =0maminA= 0—\@) 2
less complexity but misses the benefit of interaction of thgith p(¢*; \) as given in (8). Simulating in the pure FSMC
estimation and the decoding procedures, which assist eaghi21) eliminates the (small) discrepancy of the Rayleigh sim-

other in our joint estimation schemes. ulation, in which the channel in fact follows Clarke’s model,
but the receiver models it as having Markovian transitions be-
IV. CHANNEL CAPACITY tween phase sectors. Results from simulations in the FSMC are
A. Simplified Finite-State Markov Channel (FSMC) Model Zhovyn ir:VSgction IV-C, after deriving the capacity bounds in
ection 1V-B.

For Clarke’s flat Rayleigh channel of (1), where the process

{a:} is stationary and ergodic, the definition of the capacity iB. Bounds on the Capacity of an FSMC

Gallager [23] applies For the capacity of any stationary ergodic FSMC the def-

C = lim 1 (XN YN (20) inition (20) still applies. The algorithm in [5] (generalizing
Nooo N the results of [4]) offers a way to compute the capacity of a

whereX ™ andY " denote sequences of channel inputs and olBSMC like the one considered here. However, the compu-
puts, respectively. Here we are interested in the constrained tzdion needed to obtain the limiting distributions of vectors
pacity for inputs from a finite uniform constellation, such as the,, and p,,, wherer,(k) = p(Q, = g |z, y"~1) and
4-PSK we use. If the decoding delay is constrained to be small = p(Q, = q|y" 1), k = 0,1,..., K — 1 (see [5])
enough relative to the decorrelation time of the channel, theninfeasible for a number of statd§ in the Markov model
no positive rate is achievable, and outage probability, not daeyond K’ = 2 or 4. However, this is insufficient for our
pacity, becomes the correct performance measure [24]. In thigposes here, sind€ > 8 for 4-PSK is needed to maintain
discussion decoding delay will not be constrained, hence tfeasonable similarity between the real world fading of Clarke
capacity definition (20) is valid. However, direct computatiomnd the FSMC of (21).
of the capacity of Clarke’s channel (1), with the procéss} A computationally much simpler solution is to upper-bound
having autocorrelation and power spectral density given by () constrained capacity of the FSMC described in the previous
and (3), is an open problem, although work has been done cesaetion. An obvious, easy to compute, but very loose upper
sidering a piecewise constant channel or exponential autocdoound of Crsyic of this Markovian quantized phase-distortion
relation; see [25]. Another body of work has determined thehannel is the constrained capacity given the current §aie
capacity of any finite-state Markovian channels (FSMC) in [4he channel
and more generally in [5]. This is useful, because in practice o 1 N.yN : .
an FSMC becomes a good model that mimics any channel sta- FSMG = Alliréo N X5 YT < n,ll—{r;o I(Xns Y"|Q"2é3)

tistics, if the number of states is chosen large enough. Here

we study the following FSMC—admittedly more benign thafr'€ary this is the constrained capacity of the AWGN channel
jith PSK inputs, depicted in Fig. 11 dg (D = 0) versus

Clarke’s, but largely equivalent and capturing most of the pthV o _
formance-driving phenomena of (1) symbol SNR,ES/J_VO. But it is possible to compute a sequence
) of progressively tighter upper bounds 6fsnic, from the fol-
w=c9 z+ny, t=0,1,2... (21)  lowing theorem.
where {Q; }1—0.1, .. is the discretek -state Markov chain of _Theorem 1:For any finite-state Ma_rkov c_:hannel (FSMC)
Section |1, taking the values (4). In other words, the FSM®ith states®, a sequence of progressively tighter and asymp-

of (21) induces no amplitude fading but rotates the transmittégfically tight upper bounds to the capaciysyc is

phase by a discrete amount, correlated in time according to the . _ 1 D.y D
Markov model of Section II, and adds AWGN. losW) =751 (X5 771Q0. Qo)

The channel models of (1) and (21) have differences and sim- D=0,1,2,..., 00 (24)
ilarities. For instance, the proce&§; } is not strictly bandlim- where, forD = 0, we define the upper bound to be given by
ited, unlike Clarke’s{a;} process. Moreover, the FSMC only(23), orl;;5(0) = I(X;Y|Q). O

adds discrete phase distortion and no amplitude fading, henc&he proof of this theorem is relegated to the Appendix. From
it is more benign. Despite those differences, results obtainta proof it also becomes obvious how to obtain asymptotically
for the FSMC largely carry over to the more realistic channéght lower bounds 06’rgnc, namely the quantitiek, 5 (D) =
model of Clarke, uniformly shifted by about 1-1.5 dB. The relfy; (D) — (2log K/D), where K is the number of states of
ative ordering of simulations remains unchanged. This, alottge Markov channel. Unfortunately, those bounds are not tight
with the mathematical tractability of the FSMC in terms of caenough to be useful for the first few terms (i.e., for= 0, 1, 2)
pacity bounds, is the reason we focus attention on the FSMitat we evaluate numerically below.
model of (21) in this section. In Fig. 11 we plot the loose upper boudd 5(0) of (23),
Note that to simulate in this FSMC, the only thing that has tas well as the tighter bounds; 5(1) and Iy 5(2) against the
be modified in the algorithms derived so far is the definition athannel SNR, for three FSMCs, with constant unit amplitude
f(8)q, A, ) of (10). Since the channel phase is now discretand X' = 8 phase states, derived from Rayleigh channels with
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Fig. 11. Bounds oCrsmc for ii.d. 4-PSK inputs, for three Markov-phase Fig. 12. BER versu€, /N, for the turbo code in the FSMC with’ = 8

channels derived from Rayleigh channels with Doppler réi€E, as described quantized phases derived frofp 7' = 0.05. The solid vertical line shows the

in Section II. capacity bound;; (2), while the dashed curve and line show performance and
capacity respectively given perfect interleaving (IL) and CSI.

Doppler rates of 0.01, 0.05, and 0.1. Observe the capaci“- T e . . .
reduction with increasing Doppler rates, which demonstrate 107" .¢- 1sy~1NL
the increasing difficulty of reliable channel estimation in fastel =O- 2sy.~1NL

varying channels, even in cases where the noise is negligibl x }3::_1,5;: o
In the limit of the uncorrelated channel (i.i.d. discrete distortior A Ssy.-1pi.
phases) channel estimation is impossible, and the constrain &~ Ssy.-3pi.

PSK capacity is identically zero regardless of the SNR. Corm 107

versely, when the Doppler rate is 0.01, the bounds show sm:@ : =

capacity losses with respect to perfect channel informatio™ Y AR CAREERN 25t B AR

(Iy(0)), indicating that in this case very good channel 0 :

estimates can be obtained due to the strong time correlation. : by
From a different viewpoint the bounds 5(D), D > 0 are B LI L N

not just capacity bounds in a case with no pilot symbols avail

able at the receively z(D) also upperbounds capacity for a

pilot-aided system, whereby groupsof> 1 pilot symbols are 10°

injected into the coded data stream, spatkedr more coded

symbols apart. This is true becausg; (D) decreases i, and E, / N,, indB

no group of pilots can ever offer better estimates of the channel

fort =1, ..., Dthannoiseless knowledge of the channel statéig. 13. Capacity bounds and simulated BER in Markov channel for various

- : pilot insertion rates. Vertical lines labele@,, C;, C; mark the E, /N,
Qo QD‘H at the outer edges of each group@finformation where the capacity boundéy (D), D = 0,1, 2 respectively reach

symbols. rate 1. Simulations with noiseless pilots (exact channel knowledge) every
D = 0,1, 2 coded symbols, for whickl,, Cy, C> are exactcapacities

. . . are plotted with dashed curves, marked with diamonds, circles, and squares,
C. Performance in the FSMC Relative to Capacity respectively. Solid curves are simulations with usual noisy pilots. SNR is

This section presents the BER performance of the algorithif{gtted ast. /V, to keep distance from capacity bounds consistent.
discussed in Section lll, simulated in the FSMC of (21). The
only adaptation needed in the joint phase estimation and tudleaving and CSI performs very close to capacity, which is given
decoding algorithms for the supertrellis as well as the separatel;; 5(0) and marked by the vertical dashed line in Fig. 12.
trellises is shown in (22). In Fig. 13, we show simulation results of the joint estimator

Fig. 12 shows the supertrellis simulation result. Note that botin separate trellises in the Markov phase channel Witk 8
the solid curve (supertrellis in FSMC) and the dashed curdéscrete phases, derived frofip 7" = 0.05. The conventional
(same turbo code and channel with perfect interleaving and Gshulations (solid curves) are with = 5, andD = 1, namely
atthe receiver) are about 1 dB better than their Rayleigh countijecting pilot symbols every five or every other coded data
parts in Fig. 5. Also, the solid vertical line marks thg/N, = symbol. The dashed curves show simulation results when in-
0.2 dB of the capacity bounél; 5(2), at ratel /2 bit/s/Hz. This jecting onenoiselessilot, i.e., exact CSI, every) = 1 or 2
shows that the supertrellis receiver, due to the absence of pilsysnbols. The dashed curve marked wish $hows performance
and channel interleaving performs quite far from the tightest caith perfect CSI everywhere. All three of these simulation sce-
pacity bound. In contrast, the same turbo code with perfect intearios are idealized, since no noiseless pilots or perfect CSI

0 1 2 3 4 5
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TABLE | correspondence with the capacity bounds more clear. For in-
SIMULATION RESULTS FOR THEPILOT-AIDED TURBO CODE IN THE FSMC stance, if shown againﬁib/No, row 6 of Table | would be worse
DERIVED FROM fp T = 0.05 . K
than row 5, because a lot of energy is wasted on evidently un-

pilot —, |_SNR Gap From necessary pilot symbols. .
DIZ| e |SNR@10 CsI Cia On a related issue, for the case on the first row of Table |
2 i _ _ 4 ; —
1| 1] noisy | 338dB |258dB|228dB with Z = 1 andD = 1, BER of 10" is reached af, /N, =
. 3.38 dB, or £, /N, = 6.38 dB, since the information rate is
113 noisy 3.26 dB 2.46 dB | 2.16 dB . .
111 | noiseless 9.4dB 1648 | 1L.3dB 1/2 bit/symbol, as reduced by the pilots from the rate-1 turbo
- code. The same BER at the same information rate is achieved
2 | 1 | noiseless 2.7dB 1.9dB | 1.3dB . . . .
- at £, /N, > 7.0 dB with the supertrellis receiver; see Fig. 12,
5 |1 noisy 4.86dB | 4.06 dB | 3.46 dB . .
) because the turbo code there is of rate 1/2. This performance
5 | 3| noisy 4.4 dB 3.6dB | 3.04dB . - "
. improvement of at least 0.6 dB highlights the positive effect of
5 1 1 | noiseless 3.4dB 26dB | 2.0dB . .. . . .
- channel interleaving in providing diversity for the separate trel-
107} 1] noisy 595 dB 515dB | 4.55 dB lises approach, despite the larger complexity of the supertrellis
10| 3| noisy 551dB | 4.71dB | 4.11 dB PP » desp 9 piexity P :
10 | 1 | noiseless 4.81dB 4.01dB | 3.41dB
V. CONCLUSION

Two methods to combat flat fading without having access
can be available, but they are cases where the capacity boutedgxplicit channel state information (CSI) at the receiver are
I;p(D), D = 0, 1, 2 are no longer a bound, but the true cashown. With both methods, the receiver forms a finite-state
pacity of these idealized transmission situations. Observe th4arkov model for the fading channel phase. With the first
the distance of the “noiseless” pilot simulated BER curves f@Pproach, the finite state machines of the channel and the code
D = 1 and2 from the respective capacity bounds (dashed ve#€ combined to form a supertrellis, along which the channel
tical lines marked’;, C) is the same, a consistent 1.3 dB. Als@Nd the data are jointly being estimated, without pilot symbols
note that performance is plotted against symbol SBIRN,, ©' channel interleaving. The second method employs separate

unlike previous curves, in order to show the consistent SNR gif!lises for decoding and phase estimation. This method uses
with respect to the capacity bounds. pilot symbols and channel interleaving with higher rate codes

The results of simulations in the Markov phase channel (tho%gd pfo"'d.es good performance gpproachm'g upper bounds to
. T . . - Capacity with reasonable complexity. The estimation of channel
included in Fig. 13 and others) are summarized in Table I in th% . - .
: : ) phase and data is done jointly, on the supertrellis or on the
following fashion. The first columnip) shows how many con- . . ;
L3 , . . sqparate trellises, via the Forward—Backward algorithm.
secutive information symbols are transmitted into the channe
beforeZ = 1 or more (in the second column) consecutive
pilot symbols are injected. In cases marked “noisy” in the third
column, the pilot symbols are conventional pilots, offering noisy This appendix contains the proof of Theorem 1. Although in
estimates of the channel at the edge-points &f-aymbol in- Section IV we only use the bounds (D) for the constrained
formation block. Cases marked “noiseless” (NL) refer to theapacity with i.i.d. 4-PSK inputs, these bounds are in fact gen-
unrealistic scenario of a noiseless pilot, offerixactchannel eral and also apply for any input distribution, including the ca-
knowledge between groups 6f symbols. For those cases theyacity achieving Gaussian. For this reason, in the following
bounds!y 5(D) are no longer bounds, but the exact capacityroof we use the symbdi(-) for the entropy of the input vari-
for this idealized transmission scheme. The fourth column QBIeX, implying differential entropy, while fo’ coming from
the table shows thé’, /N, in decibels, atwhicha BER of 10 5 4.psK constellation the symhél(-) for the entropy of a dis-

IS regched. The last two columns show the SNR gap betweghie random variable is more appropriate. We first show that
the simulated performance and performance with perfect sequencé (D), D =0, 1, 2 ~ decreases i or

everywhere, and the SNR gap from the tightest appropriate ca-

pacity bound computed in Section IV-B. Observe that the gagv (D) = Iup(D +1)

from the capacity bounds smnallerthan that from perfect CSl, 1

which shows that in this noisy fast-varying channel the perfor- <= D’ h (X1D|Qo, QD+1)

mance with perfect CSl is not achievable. For the first three

rows, the correct capacity bound ¢ = 1.1 dB, i.e., the b(xD yD

E,/N, wherely (D = 1) reaches rate 1. For all other rows, — h (XP]Qo, Y1”, Qpy1)

the tightest bound i€ = 1.4 dB, i.e., the SNR at which

Iy (D = 2) reaches rate 1. > 1
The results in Table | are not surprising. They indicate steady T D+l

improvement as the number of pilot symbols and the rate at

which pilot groups are injected increase. Obviously the sce- —h (X1D+1|Q07 Y1D+17 QD+2):|

narios of the third and fourth row are closest to capacity, and .

the SNR gap increases as groups of pilots are further apart from < D D

each otherD increases). It must be noted that results in Fig. 13 A D h (Xl [@o. Y17, QD+1)

and Table | are in terms df; /N, and thus do not take into ac- 1

count the energy expended on pilots, because this makes their S D+1

APPENDIX

1

: {h (XP*Qo, Qpy2)

h(XPTQo. YT, Qpya)  (25)
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D 1
1 e si— < — - D
= 5 Y h(XilQo, XiTH Y, Qo) <3 H(Qo @palYy7) (34)
=1 )
| Db ‘ < D “H (Qo, Qp41) (35)
< . h (XZ|Q07 Xiilv 1D+17 QD+2) -
D41 pt < 2log K (36)
(26) D

where we start from the definition of mutual information, (25)vhich converges to zero, d3 grows without bound.
follows from the fact that the inpuX isi.i.d. and independent of
all the channel stateg, while (26) is the chain rule for entropy.
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