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Abstract— A novel blind equalization method is introduced
for SIMO systems. In the proposed design method, based on
the blindly estimated characteristics of Rician fading
channels, a realizable equalizer which is constructed to
minimize the mean square error (MSE) from the frequency
domain perspective is designed to recover the transmitted
sequence. Diversity techniques and equalization methods are
combined to enhance the performance. Illustrative
simulations demonstrate the improvement in the proposed
method.
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I. INTRODUCTION

The recovery of transmitted signals in the presence of
noise and InterSymbol Interference (ISI) is an important
research topic in digital communications. In low quality
channels, ISI increases Symbol Error Rate (SER)
drastically. In meeting the increasing demand of high-speed
communications, equalizer employed at the receiver plays
an important role in mitigating ISI. So, equalization of
communication channels has attracted intensive research
activity over the past few decades. Particularly in severely
fading channels, Single-Input Multiple-Output (SIMO)
transmission is widely replacing Single-Input Single-Output
(SISO) approach to enhance the performance via diversity
combining [1]. A SIMO system consists of a single-antenna
transmitter and a receiver equipped with multiple antennas.

Frequency domain approach has some advantages
compared to its time domain counterpart. So, it has been
frequently utilized to design optimal equalizers [2, 4-5]. In
[2], a fixed robust DFE which gives an acceptable
performance over a range of perturbations of channel
parameters is proposed. Multipath fading channels with
Rician (or Rayleigh) distribution have been used to
characterize the statistical properties of time-varying
channels for a long time [3-5]. In [4], based on [2], a
realizable transversal filter is constructed to minimize the
MSE from the frequency domain perspective in Rician
fading Channels. In [5], this strategy was expanded to
design an optimal DFE. In [5], a training sequence was used
in order to estimate the statistical characteristics of fading
channels and, consequently a fixed equalizer is designed.
Only SISO systems were considered in [2,4-5]. By
combining diversity techniques and equalization methods in
the frequency domain, a novel blind SIMO equalizer is
proposed.
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Considerations are made to decrease the
implementation complexity as much as possible. One main
advantage of the proposed design method is that only a
fixed equalizer is required to treat the equalization problem.
The organization of this paper is as follows: In Section 2,
the mathematical description of the channels is presented. In
Section 3, based on the dynamics of fading channels, an
optimal and realizable equalizer that minimizes the MSE is
derived. Illustrative simulations are presented in Section 4
to demonstrate the performance of this method. Finally,
Section 5 concludes the paper.

II. MATHEMATICAL DESCRIPTION

In severely fading channels, SIMO transmission is
widely replacing the SISO approach to enhance the
performance via diversity combining. The number of
antennas in the receiver is shown by M. The i.id
equiprobable input sequence y(n) with zero mean and
variance O, is transmitted every T, seconds through a
communication system. The transmitter sends the same
data in different spatial directions and different antennas
capture the signals. The receiver employs all the
information to reconstruct the transmitted data. In this
study, all channels are multipath Rician fading. So, the
mathematical description for one channel (SISO) is
presented. Following the nomenclature, symbols and
procedure of [5], a SISO system for the 7 ™ channel is
depicted in Fig.1. %, ,(7) is the time-varying impulse
response of the overall system including transmitter
filters, receiver filters and fading channel. The received
discrete-time signal from each channel can be written in
the following form:

Vu(n)= ihm,k (mu(n—k)+w,(n) (1

where W, () denotes the additive white circular complex-

valued Gaussian noise with zero mean and known
varianceo >, and L, is the channel order that is assumed

w

to be known [6]. h,, ,(n) can be expressed in the

following form:

hm,k (n) = hm,k + hm,k (n) (2)
where p , is a constant mean and h, . (n) is wide-sense

stationary and uncorrelated scattering (WSSUS) with:
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hm,k(n) = Z ¢m,kjhm,k(n - ]) + vm,k (n)
3)

v,.«() is a white Gaussian sequence with zero mean and

variance O Vzm_k , D is the order of the AR model, and ¢, ;

are selected so that (4) is the specified low-pass filter

having a cutoff frequency equal to the maximum Doppler

frequency [5].

¢m.k(z_l) = 1/(1_27:1¢m.k/'z_j) (4)

Combining (3) and (4) we get (The backward shift

operator is shown by ¢~ i.e. g'u(n)=u(n-1)):

~ v, . (n)

hm,k (n) = +
(1 - z ¢m,qu7/)

Jj=1

The following two assumptions are made:

=v,, (Mg, (q") ®)

As.1: Both w,(n) and j () are uncorrelated with the
input sequence u(n) .

As2 : w,(n) is uncorrelated with v , (n) for
k=0,,.., L, . Consequently, w,(n) is uncorrelated with

an,k (n) and hm,k (n) fOr k = 0515“'5 L

m "

w,, (7)

T ) .0
u(n ) % v, (1)

Figure 1. SISO communication system

III. PROPOSED METOHD

A novel equalizer is depicted in Fig.2. For each antenna,
a transversal filter is used. Then, all outputs are summed to
form a unique output. Finally, only a feedback filter is used
to compensate ISI more. Using a single feedback filter
instead of M filters can decrease the implementation
complexity dramatically.

u(n)

Figure 2. The structure of the proposed method

s - L, - - m T —k
Let’s denote #,(¢™") =" h,, ¢ ,H, (g im=2." h,, (mg".

The received signal in each antenna is:
Yu(m=H,, (g u(n)+H,, (g™ smyu(n) +w, (n) (©)

And the input to the decision device is:

i(n) = Fi(q )y (n)+ Fy(q ™)y, (n) + - + (7)
Fo gy, (n)=q'B(gu(n-1)

The error sequence is defined by:

en=0)=u(n-10)—un) (8)

where [ is the number of smoothing lags. The assumption
of sufficiently accurate detection of the transmitted symbol,
i.e. w(n—1)=u(n—-1), is necessary and often is satisfied in

the proposed method at a high SNR. Following the
procedure of [5], all filters are designed so that the
following index is minimized:

J= Eh,u,wﬁe(n - 1)|2] = Eh,u,wﬁ u(n—1) —ﬁ(n)|2] )

By combining H, (¢7';n) = Ziiﬁﬁm’k (n)g™" and (5) we get:

H, (g m)=>"v,, (0o, (a)g™ (10)

By combining (6), (7), (8), and (10) and according to
Parseval’s theorem, the reconstruction performance index

J can be written as (under the condition AS1, AS2 and
WSSUS):

-
C 2 ek
F,(z"YH, (z"Y+z""B(z")x[z'=F (z)H, (") -

[z = Fi(zH,(z)-F(z)H,(z7") = -

F, (z)H, (z")-+=F, (z)H, (z)+z"B ()]0,

FFGOFEN 0, e, (2ol ol +

k=0

Ly * *
Fz(Z_l)Fz (Z*)(Z (pz,k(z_l)¢2,k (Z )0-3“ )O-uz +o
k=0

Ly . .

F, (z7)F, (Z*)(Z (01\4,1((271)(01\4,1( (z )wa )o .
k=0

+F(z)F, (20 +F,(z)F, (2o} +- +

— =+, dz
F,(z I)FM (z )O"ZVM}7

(11)

Authorized licensed use limited to: Isfahan University of Technology. Downloaded on May 22,2010 at 20:18:38 UTC from IEEE Xplore. Restrictions apply.



Where ﬁz‘zl denotes the counter-clockwise integration
around the unit circle. Both transversal filter and single
feedback filter are considered as F (z")=F (z")+&7,(z")
(1sm<M),and B(z")=B(z")+¢,.1,.(z") respectively.
F.(z"), B(z"") are the candidates of the optimal filters.

n,(z")(1<m<M+1) are arbitrary realizable rational
functions with all poles in |z|<1,and £, (1<m<M +1) are
small variational parameters. These forms are substituted

into (11). Let us denote (for I<m< M ):

Y0, N, ()0l =G, (271G, (2) (12)

Based on the -calculus of wvariation technique, the
performance index must satisfy the following conditions:

o
e

m

.66, =0, for 1<m<M+1 (13)

There are M +1 differential equations. Based on the
symmetry property ﬁH[F*(z*)+F(z71)]dz/z:§i sz«‘(z*l)dz/z

[2, 4-5], we get:

£
Jeg,,

%ﬁ: {(=n, (HH, Nx[z" = F(zHH, (=) -
7y Jl=l=

= <m<
ErmEra 0 for 1<m<M=>

Fy(zYH,(z7") == F, (z)H, (") + 2Bz )]o,

FF, ()G, (G (el + By (e 1 E = 0
z
(14)

aJ 2 . .

agM—v—l E1Erai iy _Tﬂ'j |z]=1 77M+1(Z )X

0-z'F(z)H (z7") = z'F,(z7)H ,(z7")

P Z[FM (Z—I)HM (Zfl) + ZilB(Zil)]O'uz dz =0
(15)

0" (z") is defined as follows:

0'(z)=1-2'F(zH (z7)~2'F,(z")H,(z™) (16)

—=z'F,(zYH,, (z)+z"'B(zT")
By neglecting the coefficient2 /275, (15) can be written as:
ﬁz‘zl M0 (o2 dz=0 (7

From (16), it can be seen that since F(z"),...,
F,(z")>H,(z"),-»H, (z7"),B(z"") are analytic outside the
unit circle in the z-plane, based on Cauchy’s residue

theorem the only choice of Q'(z") satisfying condition (17)

is a polynomial in z with degree /, i.e.,
0" () =qo+qz++q7 (18)

By definingC, (z7)C (") =G, (z7)G, (z )o. + O"i", ,
and substituting (16) into (14) we easily get (1<m < M ):

ﬁz‘zl {(F, (zHC, (z)C. (z) - (19)

T S S
21, ()0 (e, () =0
In (19), a rational function is defined as follows
(1€m<M):

P (z)= (20)
[F,(z"C,(z)C,(z)-z"H, ()0 ("o} /z

Based on Cauchy’s residue theorem, (19) is satisfied only if
P (z") is analytic inside the unit circle in the z-plane.

Multiplying both sides of (20) by the inverse of C, (z"):

P, (z')(C,(z" )" = 1)
F,(z"HC,(z"Y-z"H, ()0 " )C, (z") "o}

We divide z7'H, (z)Q (z")(C.(z"))"o? into the causal and
stable part shown by {}, which is analytic outside the unit

circle in the z-plane, and anti-causal and stable part shown
by {}_ which is analytic inside the unit circle in the z-plane:

2P, (2" )C, ) +z7H, ()0 ENC, ) el = (22)
F,(z)C,(z)—{z"H, ()0 (' NC, (=) " oi}.

Note that the left-hand side of (22) is analytic inside the unit
circle, while the right-hand side is analytic outside the unit
circle. As a result, the only solution to (22) is that both of
them are zero simultaneously. Therefore, F (z™') can be

obtained as follows (1<m<M):

F,(z7)= (23)
{z7H, (20" (" )C, ()" 0}},C,l (=)

We utilize the method introduced in [5] to find optimal
filters. Based on (23), let us denote (for 1<m<M):

S,z ={z"H, (z)0" (" XC, (z") " o7}, 24
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Since the poles of H “(z)Q " (z ) C.(z")) " are in
|z| > 1, the only choice of § (z') is a polynomial in z'

with degree /, i.e.
Sm(Zil):SO,m -'—Sl,m271 +'“+Sl,n1271 (25)

We perform the polynomial spectral factorization on the
denominator and numerator of the C, (z7")C, (z"), and we

get G(z'). By using H(z) and C(z') we get (for
1<m<M):

H,(zHC,'(z) = ir:mz'i (26)

By substituting (18), (25) and (26) into (24) and comparing
the coefficients of orders from z° to z™ we get:

o Tim T2 77 T
So.m 0y Fw ot Fiam q
1 =0l 0 K '
0 0 0 ||
Stom o 0 0 0 g, |
@7
Matrices 4, are defined as follows:
Tow Nim om0 Mim
0 Yoom  Tim 7 Tioim
A4,=| 0 0 - :
o 0o 0 . x5,
0o 0 0 0 r,
(28)

So, (23) can be rewritten in the following forms (1<m<M):
E,(z"=S8,:z"C' (=™ (29)
Base on (16) we get:

BE)=2[0'() -1+ 2 FEH )+ (30)
21172 (™ )H, D+ + ZIFM (z" )H,, (z ]

Since B(z™') is stable and casual, by comparing the

coefficients of the powers z° to Z we easily get:

0
i 0 31)
. =T+ A A+ A A+ + A0 4,D7' ¢
1
0
9o

The whole process is summarized as follows:

Step1: Obtain G, (z’l)Gm*(z*) from (12) for each channel.
Step2: Obtain C, (z"') by performing the spectral
factorization in C (z")C,(z")=G, ("G, (z)o’ +0-.
(for 1Sm<M).
Step3: Drive the impulse response and form 4 by using
(26), (28) respectively for each sub-channel (for 1<m<M).
Step4: O'(z") is constructed by using (31) and (18).

Step5: Obtains,(z™"), s,(z"),.... and §,,(z"")by using
(25),(27).

Step6: Transversal filters and a single feedback filter are
designed via (29) (for 1<m<M), (30).

During the design procedure all parameters of each
channel are considered to be known. However, in a practical
case these parameters must be estimated. In [5], one training
sequence is transmitted and the required parameters are
estimated via the Least-Squares method. However, in some
cases transmitting a training sequence is not possible. So, a
blind method is utilized to estimate the required parameters.
One of the famous classes of blind equalization is blind
sequence estimation [9]. In this group, the approximate
maximum likelihood estimates for the channel and data are
obtained. In [9], Chen proposed a fast blind equalization
based on Bayesian DFE for joint data and channel
estimation. Chen’s algorithm may not converge to the
correct estimate without a suitable initialization requiring
some pre-known channel characteristics. In [10], Parallel
Bayesian DFE (PBDFE) was proposed to solve this
problem which has high accuracy and reliability. Moreover,
its fast convergence to the real channel is considerable. In
time-varying channels the equalizer converges to paths'
means. Although, the computational complexity of PDFE is
drastically increased if the alphabet size of modulation is
high or channel impulse response length is long. In this
study, channels with short length are considered. So, the
latter is not noticeable here. On the other hand, PBDFE with
small alphabet size requires reasonably complex
computations with high accuracy. In order to estimate
channel parameters here, first a binary PAM sequence is
utilized. Then larger alphabet size can be selected. In fact, at
first a binary PAM sequence with a short period (because of
the fast convergence of PBDFE) is transmitted, and the sub-
channels are estimated. Then, larger constellation can be
selected. In the blind practical systems, channel is usually
estimated by binary sequences. Hence, this strategy is
justifiable. In short, to blindly estimate the channel
parameters, PBDFE [19] is used for each channel to
estimate the constant paths means and data jointly. Based on
the blindly reconstructed data, ¢m,kj and O, , are estimated

m .k
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via the method introduced in [5]. In other words, [5] uses a
training sequence to estimate the channel parameters, but
we employ PBDFE, and utilize the blindly estimated data
instead. In fact, the detected data is considered as a training
sequence with high accuracy provided PBDFE converges to
the right channel state. This is guaranteed in a high Signal to
Noise Ratio (SNR). Based on the estimated parameters for
each sub-channel, the proposed equalizer is implemented.
Because of the fixed form, the implementation complexity
decreases significantly. The optimal filters have IIR forms
which are converted to FIR ones. The denominator order is
P introduced in (3). Since all filters are stable and casual,
their poles are inside the unit circle (|b(k)|<1). Each
denominator can be expressed as the summation of 2
rational functions. Each rational function can be
implemented by a K -length FIR filter. K is selected so that
the neglected terms in the approximation are insignificant,
eg. K= H log(&)/ 1og(b(k))\]+1 in which [] denotes the
integer part. £ is an accuracy control factor, which can be
normally selected as £=0.01 [7]. When b(k) is close to
unity, the large value of K increases implementation
complexity drastically. In this case, efficient Laguerre
structure for equalizer design is employed [7-8]. It can be
seen that the Lagueree architecture requires significantly
fewer multipliers in the implementation when there is a pole
near to the unit circle. When the pole is far from the unit
circle, an FIR implementation is a suitable choice [7]. It is
shown that when the filter pole is in the following range, the
Laguerre implementation is preferred over an FIR structure
[7] (a is the pole of Laguerre structure):

1-+/1 NI (32)
a

2
RN P
a

We assume o =0.75 and then check (32) for each p(k). If
|b(k)| satisfies this relation, Lagueree architecture is selected
for implementation. Otherwise, FIR form is the better
choice. It is noted again that all filters are implemented in a
fixed form. Hence, there are no adaptive rules.

IV. SIMULATION

To illustrate the performance of the proposed method,
a SIMO system is considered. All sub-channels are
normalized to have unity gain, and each figure is the result
of averaging over 50 independent trials. In each figure
SNR=30 db, /=6 and the order of the AR model in (3),
i.e. p is supposed to be one. So, only ¢m,1 (1€m<M) is
important. The proposed method is compared with two
blind methods; Constant Modulus Algorithm (CMA) and

CMA-DD [1] that is an improvement for CMA. In fact, the
steady state performance of the CMA in terms of its mean
square error (MSE) may not be sufficiently low for the
system to achieve an adequate bit error rate performance.
So, a standard solution is to switch to decision directed
(DD) adaptation. CMA and CMA-DD are implemented in
adaptive forms, but the proposed method has a fixed form.
The learning steps are as large as possible for CMA and
CMA-DD (the stability of adaptive method must be
guaranteed). The number of transmitted symbols is 10000.
A SIMO system has two channels (A7 =2) whose zeros are
depicted in Fig.3. Due to severe proximity of the zeros to
the unit circle in the channels, the SIMO system is quite
hard to be equalized. For the proposed method, a 500 long
binary PAM is transmitted and the required parameters are
blindly estimated as mentioned previously. For
comparison, MSE is depicted that is calculated as follows
(MSE(start)=1, A is a forgetting factor and is set 0.99):

MSE(k) = Ax MSE(k = 1)+ (1- ) x|a(k) —w(k -1 (33)

We set ¢,, =095 and O, =2X10" " and consider
normalized (o’ =1) 8-QAM and 16-QAM modulations in
Fig.4 and Fig.5, respectively. Although for the proposed
method we need to transmit a short PAM sequence more, it
is worth mentioning again that the proposed method is
implemented in a fixed form. So, it doesn’t need adaptive
rules like CMA and CMA-DD. As a result, it can be
inferred that the proposed method requires much less
complex implementation compared to CMA and CMA-
DD. From Fig.4 and Fig.5 it can be concluded that the
proposed method has better performance in MSE and,
consequently, SER.

V. CONCLUSION

In this paper, a novel blind equalizer is proposed for
SIMO systems. It has as many forward filters as the number
of receivers and employs only one feedback filter for further
ISI  compensation. This structure decreases the
implementation complexity significantly. Both diversity and
equalization concepts are employed to enhance the
performance. First, some required parameters are blindly
estimated. Then, the proposed equalizer is designed in the
frequency domain. The illustrative simulations show better
performance in MSE and consequently, SER. Moreover, the
proposed equalizer has a fixed structure and there is no
adaptive rule which causes implementation complexity to
decrease significantly.
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