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ABSTRACT

This paper proposes an adaptive RSSD receiver, which is a suboptimal altemative to the adaptive maximum
likelihood detector and is able to track the time-varying ISI channels in the mobile satellite channel. The
structure of the proposed adaptive RSSD is a modified RSSD utilizing a per-survivor processing as well as the
symbol-aided method and a channel estimation using the tentative data sequences with a small decision delay.
The complexity and performance of the proposed adaptive RSSD are controlled by the number of system states
and ISI cancelers and the inserting period of the known symbols. The simulation results show the fact that the
proposed adaptive RSSD obtains excellent tracking performance over time-varying ISI channels.

I. Introduction

It is widely known that maxirmum-likelihood
sequence detection(MLSD) is the optimum detec-
tion technique for a digital signal corrupted by
intersymbol interference(ISI) and additive white
noise(AWGN). The time
characteristics of the channels require adaptive
operation of an MLSD receiver. Various kinds of
adaptive MLSDs have been developed. The

Gaussian variant

adaptive MLSD generally consists of a channel
estimator and an MLSD implemented by the
Viterbi algorithm(VA). In the adaptive MLSD, a
transmitted information sequence is estimated by
the MLSD based on a channel impulse response
(CIR), and the CIR is estimated by the channel
estimator using an estimate of the transmitted
sequence derived in the MLSD™ > 8

The use of the conventional MLSD receiver
can bring problems. As the complexity of the VA
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grows exponentially with the number of states, it
becomes difficult to implement the case of a
large number of states. And as the decision delay
is inherent in the VA, the adaptive MLSD cannot
avoid a channel estimation delay on time-varying
channels. The decision delay is a variable and its
amount is unbounded. However, it is known that
the decision delay is less than 5L, where L is the
channel memory length. The decision delay causes
a channel estimation delay, eventually resulting in
a poorer tracking performmance on time-varying
channels® 4,

A great deal of research has been undertaken
to reduce the complexity of MLSD while retain-
ing most of its performance. One approach is to
use a prefilter to shape the CIR into one having
a shorter length and then apply MLSD with a
smaller number of states. Another method is to
simplify the VA by retaining a small number of
likely path.

Recently two sequence estimators which provide
a good performance/complexity trade-off have
been proposed. Reduced-state sequence detection
(RSSD) is useful for a system with a large signal
constellation, and delayed decision-feedback se-
quence detection (DDFSD) is useful for a system
with a long CIR. Both sequence detection tech-
niques use the VA to search for the more likely
path. In these schemes, a feedback mechanism
must be introduced in the calculation of the
branch metrics because of the reduction in the
number of system states. The feedback introduces
error propagation. However, the effect of the emor
propagation was shown to be much smaller than
that with a decision feedback equalization(DFE).
For channels with a finite CIR, DDFSD can be
conveniently modeled as a special case of RSSD.
Symbol-aided method has been studied in refer-

MO The common idea in these papers is

ence
that one out of every group of transmitted
symbols is known at the receiver and can be
used to wipe out the modulation from the corre-
sponding signal sample. This provides periodic
measurements of the fading process, from which
channel estimates at symbol-ratc are derived
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through filtering and interpolation.

This paper proposes an adaptive RSSD utilizing
the symbol-aided technique for the purpose of
reducing the complexity and tentative decision
delay of the MLSD. Sectionll describes the sys-
tem and channel model. The conventional RSSD
structure is described in sectionll. In section]V,
an adaptive RSSD algorithm is presented in the
mobile satellite channels. Finally, in sectionV, we
offer some conclusions.

I. Transmitter and channel

Since the pioneering work of Ungerboeck in
1982, trellis-coded modulation(TCM) has become
an effective coding technique for bandlimited
channels. Using the TCM approach with
memoryless modulations, such as M-ary phase
shift keying (MPSK) or quadrature amplitude
modulation(QAM), significant coding gain can be
achieved without bandwidth expansion. Approaches
which combine encoders with modulators that
have memory have also been studied. One of the
modulations, continuous-phase  frequency  shift
keying(CPFSK), is very useful for digital trans-
mission systems due to its constant envelope and
small RF bandwidth requirement, Cormbining
coding with CPFSK to achieve coding gain is,
therefore, of practical interest'”.

The signal produced at the output of an M-ary
CPFSK modulator can be described by

(@) =| £ cos@afyt+ Bt @)+ ), £20 (1)

where E is the symbol energy, T is the symbol
interval, £, the carrier frequency, and ¢, the
initial carrier phase. The transmitted information is
contained in the phase

K1, @) =2zh Sya; Ki—iT), 20 @)

The parameter h is called the modulation index.
When this parameter is a rational number, the
number of states in CPFSK is finite. Thus it is
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customary to assume that h is the ratio of two
integer numbers, and, in particular, that it has the
form

®

=
]
il

with P, K relatively prime integers. Otherwise,
the CPFSK system has an infinite complexity.
The information sequence

a=(a0,al_...,),

[aiE{'—"l,i&---.iM—l), M even, i=( @
a0, x2,...,tM-1}, M odd, 120

is an M-ary sequence.
The function A ) is the phase response of
CPFSK and is given by

0, =<0
Rt )y={42T, 0¢<T (&)
/2, &T

The minimal implementation of the modulator
given the minimum number of states in the
corresponding  trellis diagram is obtained by
defining the frequency

f = fy=AM=Lh ©

and rewriting the signal s(f) as
s, U)=| 2E cos@rrit+ W1, U)+6) (D)
where
Wi, U) =4k 2 U; A1=iT), 20

and g= 2 H=D)

The information sequence U= (U, Uy,...),

U={0,1,...,(M=1} is an M-ary sequence. The
transmitted signal (7) of CPFSK can be generated
from a system composed of a continuous phase
encoder(CPE) and an memoryless modulator(MM)
as shown in Fig.l. The physical tilted-phase of

CPFSK over the nth signaling interval as a
function of the MM input is

W, U) =Rl ¥(2, U)]
= Rl 2K o, 4 X0, D] (8)

aT<st=(n+1)T
with X, ,=U, ©
and X, ,=V, (10
where  V,=Rp [ U ] (11)

is the state of the encoder.

From (8)~(11), it is easy to sec that over the
nth symbol interval the initial value of the
physical tilted-phase is proportional to the state
Vn of the CPE whereas the slope of the physical
tilted-phase is proportional to the current CPE
input digit U,

e | x‘.h {’—‘
a(t,U)
[Mod P ' Xon | MM

Un —b(3) D T+
b [

Fig. 1 CPFSK decomposed into CPE & MM

The CPE of Fig. 1 cannot be combined in a
natural way with an external convolutional
encoder(CE). The combination of a CE with rate
r=(logz M - 1) / logz M and the CPFSK system
described in Fig. 1 requires a mapper between the
CE and the CPE to transform the CE outputs into
an M-ary alphabet. Because of this mapper and
of the fact that the CE has modulo-2 adders
whereas the CPE has a modulo-P adder, the
combination of the CE and the CPE is no longer
a combinational encoder. An equivalent CPFSK
model can be obtained by placing a scrambler at
the CPE input. Consider the lincar device with
M-ary input sequence {U,} and M-ary output
sequence {U,'} where

U/ =RylU,— Rp (U.—1 1 (12)

This inverse operation is given by

197

www.dbpia.co.kr



7B T3 =a] 992 Vol.24 No2A

Us=RylU,’—Rp (U, 1 (13)

If we feed the scramble output Uy’ into the
CPE with transfer function (9) and (10) we obtain
the new input/output relations

X1,,=U/ =Ry lU,~R, [U,, 1] (14)

and
Xy, =R [QU 1=Rp Uy ] (15)

The equivalent encoder with (14) and (15) as
transfer function is shown in Fig. 2.

In this figwre the memoryless mapping
represented by the dashed box can be introduced
into MM to form an MMM(mapped memoryless
modulator).

Fig. 2 Equivalent CPE & MM

The input to the MMM is
Zn:"_'(Zl.n , ZQ,)«) (16)
From Fig.2, we have

Xin=Ry 2,2, ] (17

and X, ,=7;, (18)

We obtain the physical tilted-phase in the nth
interval as a function of Z,,

T (4, U)ZRzn[‘MPf{’(ZZ.n"' R 21 =2y, t_Tn 1
ATSK(n+1)T (19

In this paper, the 2/3-rate convolutional code
for an 8-ary CPFSK with modulation index h=1/4
is used. The design of this trellis coded 8-ary
CPFSK scheme is based on the CPM decompo-
sition technique. Fig.3 shows the block diagram
of a wellis-coded 8-ary CPFSK system.

The transmitted signal passes through a slow
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fading Rician channel with AWGN. Here, w(t) is
the zero-mean white Gaussian noise and c(t) is a
complex-valued process that describes the multi-
plicative distortion of the mobile satellite channel.
The slow fading Rician channel is discussed in
detail Appendix A of reference™, For our purpose
here it is sufficient to assume that the effect of
the fading on the phase of the received signal is
fully compensated by tracking it with some form
of phase-locked loop. Thus our results will reflect
only the degradation due to the effect of the
fading on the amplitude of the received signal.
This amplitude is rmodeled by Rician statistics
with parameter K representing the ratio of the
power in the direct or line-of-sight plus specular
components to that in the diffuse component. If
shadowing is severe, or if we are dealing with a
terrestrial channel, a Rayleigh statistical model
becomes appropriate, which can be locked upon
as the limiting case of a Rician channel when K
approaches zero, Of course, the case of no fading
corresponds to a Rician channel with K ap-
proaching infinity. Mathematically speaking, the
statements correspond to a pdf for the normalized
amplitude fading random wariable, p, given by
20 =20(1+ K) expl — (K+ D)p*— K 20V K +K));
=0, where [(x) is the zero-order modified

Bessel fungtion of the first kind.

Ui L,
l.l
¥(t)
- Mapped
° m S H Oy Memoryless —
Modulator

Fig. 3 A trellis-coded 8-ary CPFSK system (h=1/4)

. Reduced-state sequence
detection

A digital transmission system operating over a
time-dispersive channel is shown in Fig.4. The
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complex symbols x; are modulated, filtered, and
transmitted over a time-dispersive channel cor-
rupted by AWGN, The system employs a
whitened matched filter whose outputs, {yx}, are
applied to a sequence estimator to obtain an
estimate {x;} of the transmitted sequence. The
transmit filter, channel, matched filter, and noise
whitening filter can be modeled by the L+1 tap
symbol-spaced transversal filter shown in Fig.5.

Xk Modulator Demadulater
i and —| ODlspersive . @_ and
Filter Channel Matched Fitter
e
ﬁ . Wi Noisn_i
Estimator Fitter

Fig. 4 Transmission system model

With this model, the received signal yi is
9i= B pitnnt 1 o)

where {7} is a sequence of iid, zero-mean

complex Gaussian random variables with variance

=LEUIni?1=N @

T B

L1

Fig. 5 Discrete-time white noise channel model

If the signal constellation has an alphabet size
M, the channel is an M-state finite state
machine. The system state at the time k is

defined by S()_(xk_l,xk_z....,xk_l) for i~0, ...,

M'“1. To reduced to number of system states,
each x, ; in s, is associated with a set partition
in which the signal constellation is partitioned
into J, subsets, according to set partitioning

principles. The system subset-state is defined as

te=[ay-1(1), a,-x2), ..., as-AD ] (22)

where g,.(7 is the subset to which the
transmitted symbol x,_, belongs. Since ;-7

can only assume [, possible values, there are
n J, states in the subset-trellis which could be

much less than ML, Note that J,<(M, there are
parallel transitions associated with each subset-
transition. The VA can be used for searching the
subset-trellis as in MLSD, except for a different
branch metric and possibility of parallel transitions
associated with the subsettransitions. The perfor-
mance of RSSD is worse than MLSD, because
the reduction in the number of system states
results in early merging. However, since an
Ungerboeck-like set partitioning scheme has been
employed, a good performance/complexity trade-
off can always be expected. With RSSD, the
branch metric given is not uniquely deternmined by
the associated pair of subset states in the reduced
state trellis, because of the reduction in the
number of system states. To solve this difficulty,
a decision feedback mechanism is introduced, and
the branch metric for a particular parallel transi-
tion associated with subset transition (#,#4) is
calculated by

N W el L )

where x, is the source symbol corresponding
to this particular paralle]l transition, and {x,_;} is
the sequence corresponding to the path leading to
subset-state £,

IV. A proposed adaptive RSSD
receiver

In order to overcome the previously mentioned
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problems of the conventional MLSD, an
alternative algorithm is proposed in the following,

1) An adaptive RSSD with per-survivor method
is used for the purpose of reducing the
complexity and tentative decision delay of
the MLSD.

2) A symbol-aided method is used for the
improvement of tracking performance on
time-varying channel estimation.

Fig. 6 shows the block diagram of the

transmission model and Fig. 7 draws the
flowchart of the proposed adaptive RSSD receiver.

Randorn Data Muttiplexer Trellis-coded
Source 1:p B-ary CPFEK

known ___ |
symbols Fading ¢t —-

AWON w

AMaodified
RSSD Demoduiator

Channegl
Estimator

Fig. 6 The block diagram of the transmission model

Make the reduced trellis states

Decide the C best Make the tentative data
sunivors ] decision
[ Extend the C su ‘ Plﬂu:l’“ t':o mr::‘annol

1 l
SR

Dacide the qurdng |
symbol in each state |

Fig. 7 The flowchart of the proposed adaptive
RSSD receiver
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Among the various suboptimal methods to
reduce complexity of the MLSD, we concentrate
on the RSSD combined with a per-survivor
processing. The RSSD can nearly obtain the
performance of the MLSD at a significantly
reduced complexity. The ptimary idea is the
construction of trellis with a reduced number of
states. These states are formed by combining the
states of the maximum likelihood trellis using
Ungerboeck-like set partitioning principles. The
RSSD is then implemented using the VA to
search this reduced trellis, By using the RSSD,
the trellis states are reduced in size by partially
representing the ISI characteristics into the trellis
diagram. Note that in MLSD, path histories
usually contain the surviving state sequences
leading to the current states, In RSSD, however,
it may be more appropriate to store the actual
surviving symbols since there is no one-to-one
correspondence  between state and  symbol
sequences.

Fig. 8, 9, 10 show the subset trellis diagrams.
The procedures of an adaptive RSSD technique
are described as follows :

) A tellis diagram with reduced states is

made by the Ungerboeck-like set partitioning

principles.
2) A decoding process is performed through a
per-survivor processing using the

symbol-aided method.

Let 8§ denote the number of survivors and C
denote the number of ISI canceler. At each step
of the decoding process : -

@ determine the C best survivors among the S

survivors;

@ extend each of the C best survivors;

@ extend each of the remaining S-C survivors
in accordance to the code sequence of the
best survivor.

@ make the tentative decisions for the channel
estimation after the reception of a known
symbol.

To be specific, comsider the Fig. 11 which

shows a few signal constellations at consecutive
symbol intervals.
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At t=#kT, we have S candidate sequences, say
a; (9, i=1,2,...,5, which rcpresent best

guesses  about  true  transmitted  sequences

a; =(ay, ay, as ... , 2. A metric is
associated with each &, (2.

The &; () = [a(d, 61D, ..., c(D 1 is the set
of fading predictions corresponding to z; (7). For
example, the last component of ¢, (i) is
& (D = fla(d 1. The cumulative metric of

ay (i) is defined as

Ila ] = )gl ri—o(Dafiy |t ,where 7, is

the input sequences of the MLSD.

Extend the survivors to t=(k+1)T. We should
distinguish according to whether time (k+1)T
comresponds to a data symbol or a known symbol,

Bo Bo={0,4}
B 4, B1=(2,6)
B2 / B2={16,20}
By , N&S<7/ /iy Ba={18,22}
AN i/
Bs N e Ba=(8,12)
Bs \\\ JXi0» Bs=(10,14}
Bs Bs={24,28}
B7 & B7={26,30}
Bs {50 Be={1,5)
Bo AN Bo=(3,7}
Bio/ > B1o={17,21}
B11 agd_ /%) B11={19,23}
B2/ } \\or B1z={9,13}
B1a :‘. B13={11,15)
B14 B14={25,29}
B15 47 - O B15={27.31}

Fig., 8 Subset trellis diagram of the RSSD (16 states)

Co xee_ 5 Co={0,4,2,6}

C1 ~7 C1={16,20,22,28}

C2 SN0 7 Co=(8,12,10,14

s S5 oo

Cs ‘g?,iegg C3={24,28,26,30}
S v Yo

C4 .. Ca={1,53.7}

Cs 7 JASS Co={1721,23,29)
AN

Ce A7~ N> Ce={9,13,11,15

C7 C7={25,29,27,31}

Fig. 9 Subset trellis diagram of the RSSD (8 states)

- Do=(Co,C1}

D1={Cz,Ca}

4 D3={Cs,C7}

Fig. 10 Subset trellis diagram of the RSSD (4 states)

[ ]

[ ] [ ]
m-th n-th

®
k-1 k [$3]

Fig, 11 An example of the extension of survivors
utilizing the symbol-aided method

In the first case, for the C best survivors, we
choose the minimum metric paths at t=(k+1)T.
For example consider the n-th node at t=(k+1)T
and call ap;(#) the associated symbol. The

survivor reaching such a node is both the
extension of 7, (i) which satisfies

ok laddl+

| 71— A2i(D]aze1(n) | 2}

l;;( i) —Min =12 (24)

and the extension of the remaining S-C
survivors in accordance to the code sequence of
the best survivor. The | ry1—Aax(D]zee(n) | 2
is the branch metric for the transition from the
m-th node to the n-th node.

In the second case, the (k+1)T corresponds to a
known symbol. This amounts to knowing the
specific node. Then as the only survivor at
t=(k+1)T ,we choose the best extension of the
@, (9 to the specific node. We choose &; (i)

such that

| 7ee1—AaD]aasy | 3

@3

Through the above mentioned symbol-aided
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method, the tentative data decisions can be made
for channel estimation every period between
lmown symbols,

And by means of a per-survivor processing, the
number of branches calculated in each state is
reduced significantly. The trade-off between the
complexity and the receiver performance depends
on the choice of the number of ISI cancelers C .
The concept of the symbol-aided method
multiplexes periodically known symbols with the
data stream for the purpose of reliable channel
estimation. After the periodic reception of known
symbols, the tentative data decisions of the
Viterbi processor are used to the input of the
channel estimator. The estimator approximates the
actual channel with a linear finite state machine.
The estimated channel path gains are adjusted by
the steepest descent algorithm to minimize the
mean-square error between the actual received
sequence and a received sequence estimate formed
from the output of the finite state machine model.
The channel estimator using these tentative data
decisions can track a time-varying channel fast
and reliably with a small decision delay compared
to using long decision delay sequences. An
insertion period of the known symbols should be
determined so that a time-varying channel can be
tracked correctly.

IR FEH]

100080

Fig. 12 The comparison of the MLSD and RSSD in the
mobile satellite channel

In order to verify the proposed RSSD algo-
rithm, we have been used computer simulations.
For the Rician parameter, we set K=10. Fig12
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shows the compatison of the MLSD and RSSD in
the mobile satellite channel, Through the RSSD
using the set partitioning principle, we can reduce
significantly the complexity of the MLSD. With
16 states, there is no noticeable degradation
relative to the MLSD. With 8 states, a small
degradation is shown.

Fig 13 indicates the comparison of the MLSD
and RSSD with symbol-aided method in the
mobile satellite channel. As the symbol period is
decreased, the improvement of performance is
obtained but the power loss is increased. The
symbol period in this paper is set to five. By
using the symbol-aided technique which exploits
both data and known symbols to estimate
channels, the improvement of the performance is
obtained. With 8 and 16 states, there is no
noticeable degradation compared to the MLSD.

Fig. 13 The comparison of the MLSD and RSSD with
symbol-aided method in the mobile satellite
channe]

[ r .
Fig. 14 An adaptive RSSD without symbol-aided method
in the mobile satellite channel
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Fig. 14, 15 are an adaptive RSSD without and
with symbol-aided method in the mobile satellite
channel. For $=8, the performance of the optimal
(8, 8) receiver is obtained in the (8, 2) receiver
with a degradation of a fraction of dB.

EEREEpEEannd

Fig. 15 An adaptive RSSD with symbol-aided method in
the mobile satellite channel

V. Conclusion

In this paper, in order to overcome the
problems of the conventional MLSD receiver, a
new adaptive RSSD receiver is proposed. We pro-
pose an adaptive RSSD utilizing the symbol-aided
technique for the purpose of reducing the
complexity and tentative decision delay of the
MLSD. The algorithm combines structures of the
reduced-state VA and a decision feedback detec-
tion and provides a trade-off between complexity
and performance. In spite of a suboptimal alterna-
tive receiver compared to the adaptive maximum
likelihood detector, the proposed adaptive RSSD
receiver is able to reduce the complexity signifi-
cantly and track the time-varying channel fast and
reliably. The used modulation method is a trellis-
coded 8-ary CPFSK but the proposed adaptive
RSSD receiver utilizing the symbol-aided method
can be applied to other digital modulation
techniques.
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