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Abstract

Coherent symbol by symbol detection using fractionally
spaced samples in a time-varying frequency flat Rayleigh
fading channel is presented. The proposed detector incor-
porates a decision feedback (DF) maximum a posteriori
(MAP) channel estimator that can be applied to a time-
varying flat Rayleigh fading channel with an arbitrary but
known spaced-time correlation function. The best achiev-
able bit error rate performance for this detector is obtained
by assuming correct bit decisions while performing channel
estimation. Differential encoding is used in order to pre-
vent the phase reversal phenomenon during the estimator’s
operation in a decision directed mode. Numerical results
suggest that with only a few samples per symbol and with
a short memory estimator depth, most of the gain due to
oversampling can be achieved.

1. Introduction

Radio channels in mobile communication systems exhibit
time varying fading, the rapidity of which is quantified by
the Doppler spread. Differentially coherent PSK schemes
employed in such channels will-whenever the assumption
of a nearly constant channel gain over two adjacent sym-
bol intervals does not hold—exhibit an error floor [1]. If
more power-efficient coherent PSK signaling is employed

instead, channel estimation (i.e., carrier recovery) is needed.

A systematic approach to carrier recovery is given in [2],
while a minimum mean square error (MMSE) channel es-
timator with decision feedback (DF), in particular, is used
in a number of references on coherent detection (e.g., [3],
[4]). Perfect estimates, however, can be obtained only if
the channel is noiseless and time invariant, whereas chan-
nel estimation errors in coherent detection will cause an
error floor. For fading channels modeled by a discrete time
autoregressive (AR) process, the Kalman filter is the opti-
mum MMSE DF channel estimator [2]. In [5] it was shown
that the error floor 1s the same for both coherent and dif-
ferentially coherent detection when the Kalman filter is
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used for performing first-order AR fading channel model
estimation for the former.

Fractionally spaced sampling (multi-sampling) receivers
in time-varying fading channels have the potential to al-
leviate the error floor. Differentially coherent detection of
PSK signals in a time-varying flat Rayleigh fading channel
is presented in [6], in which K samples were obtained in
each symbol interval. Maximum likelihood detection was
then applied on the 2K-sample snapshot over two con-
secutive symbol intervals, resulting in a significant reduc-
tion of the error floor. In [7] and [8], the same multi-
sampling technique was applied for sequence estimation of
a PSK signal, and significant performance improvement
over the symbol spaced sampling approach was observed.
Fractional sampling was also used in [9] for a time-varying
dispersive statistically known channel for improved error
performance.

This paper proposes a fractionally spaced coherent sym-
bol by symbol detector with MAP channel estimator that
can be implemented in a time-varying flat Rayleigh fading
channel with an arbitrary but known spaced-time correla-
tion function. A lower bound on the error probability is
derived analytically and differential encoding is employed,
resulting in a more robust coherent detector. Numerical
examples for different fading rates and the detector’s pa-
rameters are presented.

2. Detection

The received baseband equivalent complex signal r(¢) in a
single path Rayleigh fading channel is expressed as

o(0) = Y VEM@s(t = T)elt) 4 mu(t), (1)

where F, b(i) € {—1,1}, s(t), and ny (¢) denote bit energy,
the information bit, unit energy pulse of duration 7', and
an additive, zero-mean, complex white Gaussian noise with
the one-sided power spectral density Ny, respectively. The
fading channel process ¢(t) is modeled as a normalized,
zero-mean complex-valued wide-sense stationary Gaussian
process.
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We obtain K samples at the matched filter output at
time instants (i—1)T+7, ..., (i—1)T+7x over the i bit
interval'. Such a K-sample snapshot of y(¢) is expressed
in a vector form as

[y @), .., g E@)T
= VEEC(H)b(i) + &(d), (2)

& = diag[Vel), ..., VeE)],

)= / Sydt, j=1,...K,

[D@), ..., )T
= [e®li=¢-1)r4m> - c(t)|t:(i—1)T+TK]Ta
[

¢y = [EVG), ., €T

In (2) we adopted a discrete-time fading channel formu-
lation in deriving the detector structure. Specifically, the
channel is assumed to be constant during one sample in-
terval, but it changes from one sample to another. The
covariance matrix of £ 1s

Ry = E{E()E(0)T} = No, (3)

Q
=
=

(

where I is a K x K identity matrix. Given (AZ’(Z), the
estimate of the channel vector C(7), the decision variable
for b(¢) can be obtained by combining the K elements in
(2) according to the maximal ratio combining (MRC) rule?
as

d(i) = Re{C ()" y(i)}. (4)
Hence, to coherently detect the information bit b(¢)

from the received vector in (2), we need to provide a pro-
cedure for channel estimation.

3. Channel Estimation
Define M K x 1 vector
YVior=[gi—M)" gi—-M+1)" . yli— 1),
where y(i — m) = y(i — m)@(z— m), m=1,...,M, and

3(2 — m) is the decision on the information bit b(: — m).
By defining the (M 4+ 1)K x 1 vector

y=pL e, (5)
the covariance matrix of ) can be written as
R R
Rv— E Hy _ Y11 Y12 ] 6
Y {yy } |: 1{)}21 1?0}22 ) ( )

1Tt is not necessary for the time instants to be uniformly dis-
tributed over the " bit interval, but it is required that 0 = 79 <
T < ...<TI(:T.

?Due to the assumption that the channel changes from one sample
to another, the elements in (2) will not be fully correlated, and the
MRC should provide performance improvement.

where
Ry, = E{Vi1 Y1}, (MK x MK) (7)
Ry, = BE{Vio1w(i)"}, (MK x K) (8)
Ry, = E{w(i) yﬁﬂ’a (K x MK) (9)
Rys, = Flw() wi}. (K xK) (10)

The covariance matrices (7) - (9) depend not only on the
channel spaced-time correlation function, but also on the
previous bit decisions. From the practical point of view,
for a reliable communication the decision error is usually
small enough, so these matrices can be calculated by using
channel correlation information only; that is, previous bit
decisions can be assumed as being correct for computing
Ry11, Ryi» and Rya1, although the matrices depend on
Y;_1, which is data-decision dependent. Given this ap-
proximation, the matrices are assumed decision indepen-
dent and can be calculated a prior:.

The MAP channel estimates of C(7) can be obtained
by maximizing p{C(¢)|Y;-1}; i.e.,

maz  p{C()|Vi-1)
i . (11)

The estimation procedure is illustrated in Fig. 1.
According to (5), because both ;1 and C(%) are com-

plex Gaussian random vectors, so is ). The conditional

probability density function in (11) can be written as

plCEYio) = p{Yi-1, C(O}

p{Yi-1}

1 -Y'R3'Y
I
o -VHE RS Vi

-1
MK Ry | €

By using the partitioned matrix inversion from [11], R)_,1
can be expressed as

R)_,l _ [ gyn g)ﬂz ]_1 _ [ gyz:n gyz:u . (13)
yo1  Ryo vior  Ryioo
where
Ry;i1 (Ry11 — Ry12 Ry, Ryn1) ™"
Ry;s = (Ryz — Ry21R3_;%1Ry12)_1
Ry;1o _R)/illR)/IZR)_}%Q
Ry;»1 = —RyizzRymR)_;h.

Maximizing the conditional probability density function is
equivalent to minimizing the following quadratic function:

Forcing the derivative of | with respect to C(i) to a zero
column vector gives

C(i)

—R§}22Ryi21yi—1
= Rys Ry iy, (15)

0-7803-4201-1/97/$10.00 (c) 1997 IEEE



where, as mentioned before, (AZ’(Z) denotes the estimate of

C(i).

4. Error Performance

As pointed out in the previous section, we will derive the
error probability lower bound for this detector by assum-
ing that the previous bit decisions are correct, and, without
loss of generality, that the transmitted bit is 1. The analy-
sis 1s similar to that of the error performance of quadratic
receivers in [13] and [14]. For simplicity, the time index ¢
will be omitted whenever possible.

Introducing
V]
v = ,
Yy

the decision variable in (4) can be reformulated as
ai - | € 1o osr][é
B y 0.51 o y
= o7Qu, (16)

where o i1s a K X K matrix with all elements equal to zero.
Defining matrix

vy =2 {] C "y},

from the results and definitions of the previous section, we
have the following expressions:

E{CC"} = RynR3. Ry,
E{yy"} = aiRysn + Nol,
E{Cy"} = JaiRynRy; Ry,
E{yaH} = \/aRyleg_;hRyu.

Therefore, matrix V', defined above, can be expressed as

o H o
E{ C/(\jH “y }

yC  yy?

VvV =
_ [ Ry» Ry} Ry
\/a1Ry21R3_;hRy12

and matrix VQ can be expressed as

VaiRy: R R
VO-=05 arirys) fiy)) ) fry12
@ [ a1 Ryos + NoI

\/a1Ry21R3_;hRy12
a1 Ryos + Nol ’

21
VarRys1 Ry Ryqo

The probability of error of the quadratic decision vari-
able is the one given in [13]:

2K
P.=P{di)<0}=> T] »y,j# (17)

=1
71 <0 2#

in which vy, ..., 725 are the eigenvalues of the matrix

VQ.

Ry» Ryj Ry, ]

5. Numerical Examples and Discussion

In the numerical examples, we consider the Jakes channel
model [10]. Fading dynamics measured by the normalized
Doppler frequency f47' is the most important factor that
affects the channel estimation error. The number of sam-
ples per bit K and the channel memory depth M are the
parameters that affect the channel estimation accuracy. In
the numerical examples, we will illustrate their effects on
the error performance of the detector. The lower bound
on the bit error rate can be evaluated by assuming cor-
rect previous decisions while performing channel estima-
tion. The phase reversal phenomenon observed with the
Kalman filter estimator in [12] could also occur in the pro-
posed decision feedback MAP channel estimator. For the
purpose of analytical calculation of the error performance
lower bound, we assume that the previous decisions are
correct in (15). In the actual channel estimation, differ-
ential encoding can be employed to mitigate the effects of
phase reversals. Fig. 2 shows the curves obtained both by
numerical evaluation of equation (17) and by simulation,
under the assumption of correct previous bit decisions dur-
ing channel estimation, and by simulation with differential
encoding employed. Two samples per bit interval (K = 2),
the memory depth M = 4, and normalized Doppler spread
faT = 0.04 scenario was considered whereupon differen-
tial encoding demonstrated robust behavior. Results for a
faster fading channel with f;7° = 0.08, the same number
of samples per bit, and the same memory depth are shown
in Fig. 3, with very small performance degradation. For
comparison, curves for conventional symbol spaced differ-
entially coherent detection performance in the same chan-
nel are shown in Figs. 2 and 3. The error floor for the
conventional DPSK was observed while the proposed de-
tector (K = 2) provided much better performance. When
the number of samples per bit is increased, the error per-
formance improves somewhat, as shown in Figs. 4 and 5,
in which the fading rate is f37° = 0.04 and f;7 = 0.08,
respectively.

The detector’s error performance with differential en-
coding is very close to the lower bound, which assumes
that the previous decisions are correct during the chan-
nel estimation. Under the idealized assumption of perfect
channel estimates in the fully interleaved channel, coherent
detection with differential encoding is approximately 3 dB
worse than that without differential encoding. However, in
our more realistic examples, that difference is smaller due
to clustering of errors. Also, even with 2 samples (K = 2)
per bit the detector’s performance is already very close to
that of K' = 4, suggesting that a large number of samples
per bit is not necessary for reasonably good performance.
For both K = 2 and K = 4, the error performance of the
fractionally spaced sampling detector in the numerical ex-
amples considered was almost invariant to the fading rate,
and no error floor was found for both fading rates in the
SN R regions of interest.
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Figure 1: The single-stage DF MAP channel estimator
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Figure 2: Error performance (K = 2, M =4, f4T = 0.04)
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Figure 3: Error performance (K = 2, M =4, f47 = 0.08)
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Figure 4: Error performance (K =4, M = 4, f4T = 0.04)
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Figure 5: Error performance (K =4, M =4, f47 = 0.08)



