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ABSTRACT

In this paper, we present an iterative frequency domain equal-
ization method for orthogonal frequency division multiplex-
ing (OFDM) over doubly selective channels. We approxi-
mate the channel by the oversampling basis expansion model
(OBEM) because it can increase the model accuracy for the
systems with high mobility. However, the OBEM will create
more serious inter-carrier interference (ICI) than the nonover-
sampling BEM. We propose a new iterative method to sup-
press the ICI effects in the frequency domain. The channel
frequency response matrix (CFRM) is divided into two parts:
a main band matrix as target CFRM and an out-of-band ma-
trix as interference CFRM. At each iteration, the interference
signals caused by interference CFRM are cancelled from the
received signal and the target CFRM deduces the equalizer
to obtain the signal estimate. Simulation results show that our
proposed method outperforms the linear MMSE equalizer and
has lower complexity.

Index Terms— Equalizer, iterative method.

1. INTRODUCTION

OFDM has been considered as one of the key technologies for
the next generation wireless communication systems because
it has high spectral efficiency and can convert a frequency
selective fading channel into several nearly flat fading sub-
channels. However, the ICI induced by the time selectivity of
doubly selective (time and frequency selective) channels de-
stroys the orthogonality between OFDM subcarriers and thus
degrades the system performance and increases the complex-
ity of equalizers. Therefore, the equalization for OFDM over
doubly selective channels has drawn much attention recently.

In the literature, the equalizers designed for OFDM over
doubly selective channels can be categorized into two classes:
non-iterative equalizers and iterative equalizers. For non-itera-
tive equalizers, the linear minimum mean square error equal-
izer (LMMSE) [1] can provide the better performance than
most of non-iterative equalizers. On the other hand, iterative
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equalizers [2] based on small-size MMSE estimation and soft-
decision feedback can yield better performance and requires
lower complexity than the LMMSE equalizer.

For some iterative methods [3], the Doppler resolution of
the BEM model is 1/(NT5) (it is referred to as non-oversamp-
ling BEM (NOBEM)), where N is the block size of OFDM
and 75 is OFDM sampling period. However, the BEM with
this resolution suffers from bordering effect that causes degra-
dation in model accuracy [4] [5]. In order to improve the
model accuracy, oversampling BEM (OBEM), which has the
Doppler resolution of 1/(KT;), where K is a multiple of
N, is preferred [4] [5]. Unfortunately, the OBEM will in-
troduce more serious ICI in the frequency domain than the
NOBEM. It is observed that the elements of the channel fre-
quency response matrix (CFRM) of OBEM are no longer con-
fined within a narrow band. As a result, most of iterative
equalizers for OFDM in the frequency domain have perfor-
mance degradation for OBEM. However, the OBEM can pro-
vide diversity capability to increase the detection performance.

In the paper, we propose a new iterative OFDM equalizer
in the frequency domain for OBEM. We divide the CFRM
of OBEM into two matrices: target CFRM that contains the
main band of the CFRM and interference CFRM that con-
tains the out-of-band elements of the CFRM. We develop an
iterative equalization procedure to remove the ICI caused by
the interference CFRM from the received signal and perform
equalization and signal estimation using target CFRM. Ex-
perimental results show that this approach can provide sig-
nificant performance gain and complexity reduction over the
LMMSE. Also, the performance can be further improved by
increasing the width of the banded matrix.

Notations: The small and capital letters in bold denote
vectors and matrices. We denote the N x N identity matrix
as Iy and all-zero matrix as Oy. Re{-}, and the superscripts
()*, ()7 and (-) denote the real part, conjugation, transpo-
sition, and Hermitian respectively. The statistical expectation
and the probability of a random variable are denoted by E{-}
and Pr{-}. F denotes the N-point unitary DFT matrix and
diag{x} is a diagonal matrix with x on the diagonal.
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2. SYSTEM MODEL

The doubly selective channels in mobile wireless communi-
cations modeled by OBEM are expressed as [4] [5]:

L—1 Q/2
W)= 8(r=1) Y hee /K
1=0 =—Q/2

where L is the number of paths. Each channel tap is modeled
as the sum of @ 4+ 1 complex time-varying exponential basis.
The relation between @ (Q is an even number) and K should
satisfy: @ > [2fnom K |, where [z] is the ceiling of z, and
fnom 1s the maximum normalized Doppler frequency. The
received signal in the time domain can be expressed as

L-1 Q/2 ‘
y(n) = Y g™ K a(n —1) +v(n)
=0 ¢g=-Q/2

where z(n) and v(n) are respectively the transmitted data and
additive noise in the time domain. For an OFDM block of size
N, the received signal vector can be written as

y=Hx+v (1)

where y = [y(0),...,y(N — )T, x = [z(0),...,x(N —

DT, v = [v(0),...,v(N — 1)]T, and H is the channel im-
pulse response matrix and can be formulated as
Q/2
H= ) D,H, ()
=—Q/2

where D, = diag{[e/?™ 1?0/ K ei2rax(N=1)/K]T}

[ hgo 0 hg.L—1 hgi ]
H, - hq,r—1

hq,Lfl
. . 0
i 0 hq,L—l - - hq,O

After DFT transformation on (1), the received signal vec-
tor in the frequency domain is given by

r=FHF s + Fv =H;s + vy A3)

where s and v are respectively the transmitted data vector
and the noise in the frequency domain, and H; = FHF¥ is
the CFRM. For time-selective channels, the CFRM is neither
a diagonal matrix nor a narrowly banded matrix, but a full
matrix. Substituting (2) into (3), we obtain

Q/2

> FD,FYFHF"s+v;
=—Q/2

Q/2

> DHgs+ vy (4)
q=—Q/2

freven

0/2 or Q/X1

Fig. 1. The structure of H cpen

where f)q = FDqFH and I:Iq = FHqFH. ﬂq is a diagonal
matrix since H is a circulant matrix.

Assume K = 2N. For even g, qu is a circulant matrix
defined as Z,,, with m = ¢/2, whose first column is [(N +
M) modulo N + 1]”L column of Iy. f)q is nevertheless a full
matrix for odd g. Consequently, the CFRM H ; can be divided
into two parts: Hy ¢y, obtained from even-index coefficients
{hq; | ¢ = ...,-2,0,2,...}, and Hy ,qq from odd-index
coefficients {hqy; | ¢ = ..., —1,1,...}. Hy cyen is a banded
matrix with the width Q /2 (if Qmoduio s # 0) or Q/2 + 1 (if
Qmodulo 4 = 0), as shown in Fig.1. However, H¢ 544 is a full
matrix with most of energy around its main diagonals.

3. PROPOSED ITERATIVE EQUALIZER

We define a banded CFRM with the width of 2M + 1 not less
than that of Hy ..y, as the target CFRM, then the out-of-band
interference only comes from Hy ,qq. Therefore, we divide
H; 44 into two parts: H;, the banded matrix with the width
of 2M + 1 and H; ¢y, the residual part of Hy ,44. We define
H;yrget = Hy cven + Hyp, then (4) becomes

r= HtargetS+HICIS+Vf (5)

where H;o s is the interference in the received signal. We

modify (5) to obtain a new iteration relation as follows and

depict it in Fig. 2.
Ttarget = T — HIC‘I§

= Htargets + HICI (S - §) + Vi (6)

where S = E{s}. s and vy are assumed to be independent
and identically distributed (i.i.d). So their covariance matri-
ces are C; = diag{[cs(0),cs(1),...,cs(N —1)]} = 021y,
where ¢4 (k) is the variance of s(k), and C, = oﬁfIN. We
also assume the noise is zero mean and independent of s.
Based on (6), a low-complexity MMSE-iterative algorithm is
described as follows.

Step 1) Initially, the mean of s is set equal to zero and
C; = Iy. The elements {cs(k) | K =0,...,N — 1} on the
diagonal of C; will be updated at each iteration.
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Fig. 2. The new iteration model

Step 2) We set CICI,k = HICI,szH;ICLk» ar =k—M
and b, = k+ M (modulo N), where Hcy 1 contains 2M +1
rows of the matrix H;o from ay to by, then the soft estimate
of s(k) is given by the following equations.

Tiarget,k = Tx — Hrcr k8
Ri = GyCsG} + Crorp + 05f12M+1
—1
Wi = R}c gkcs(k)
~ _ H _
S(k) = S(k) + Wy (rtarget,k - Gks)
where Gy, contains from the ai” to the l;:}c"’ row of Hygrget,
Ttarget,k = [Ttarget (ak:)7 -5 Ttarget (bk)] s T = [’I“(ak), cee
r(bx)]" and gy, is the k' (modulo N) column of Gy. wy, is
the MMSE equalizer coefficients to find the estimate of s(k).
In (6), Hyor (s —8) is the interference to the target signals
considered as another independent noise term. Therefore, the
MMSE solution of wj, must include the covariance matrix of
the additional noise term Cjc7 x in the inverse matrix.

Step 3) We consider BPSK signals. The a priori and a
posteriori log-likelihood-ratios (LLRs) are computed as [2]

Pr{s(k) =1}

PO = =
Lis(k) | §(k)] = In Piﬁi,ﬁ?:ﬁ' fé’?i}
= Lls(k)] + AL[s(k)]
= 4Re{3(k)}/(1 — gflwy)
5(K)new = tanh(L[s(k) | 5(k)]/2)
Cs(k)new = 1- g(k)iew

Step 4) Go to step 2) until reaching the preset number of
iterations or the difference between the detected symbols of
two successive iterations falls below the preset threshold.

4. COMPLEXITY ANALYSIS

The complexity of our approach is mainly determined by the
computations of the MMSE equalizer in the proposed algo-
rithm.

1) Generally, the inversion of an (2M + 1) x (2M + 1)
matrix Ry, requires O((2M + 1)3) operations, but we can
reduce it to O((2M + 1)?) by exploiting the common subma-
trices within Ry, and Ry as [6].

2) We consider the computation of Crcr ;. We adopt two
ways to reduce the complexity. First, we simplify C, to an
identity matrix multiplying the average variance of the sym-
bols. Consequently, we only need to compute H;cy ,HE, Ik
for each symbol before the iterative equalization. Moreover,
we find that the elements of H;~ I,kH?C 1) are overlapped
for successive k. Actually, the elements of Hycy , HIZ, 1,5, for
all the symbols are distributed within the band of H;c;HIL;
over 4M + 1 diagonals. Because H;cyHE, | is a Hermitian
matrix, only the elements on 2M + 1 diagonals are required
to compute.

H ;1 can be rewritten as

Hicr =Z® Hy pua

where Z = U — Zfi/ij/z Z,, and U is an N x N unit
matrix. By using OBEM, we have

H
HioHio = Y Y Y Y hqanhis o g2

ql,odd 11 q2,0dd 12

where
T1.g20102 = [Z © (FDLZpnF7)][Z7 © (FZ;DLF))

T 1,42,11,12 can be precomputed offline and scaled by differ-
ent OBEM coefficients. Therefore, the computation of 2M +
1 diagonals of H;c HE; requires O([(Q/2 £ 1)2L%(2M +
1)N/2]) CM operations.

In conclusion, if the number of iterations is P, O([(Q/2+
1)2L%(2M + 1)N/2]/P + (2M + 1)2N) operations are re-
quired for each iteration.

5. SIMULATION RESULTS AND DISCUSSION

In this section, we compare the performance of the proposed
equalizer with the LMMSE equalizer in terms of BER per-
formance versus SNR. We consider the OFDM system with
N = 128 subcarriers and BPSK signals. OBEM is used to
simulate the doubly selective channels with L = 4 and N/4.
The coefficients are approximated by least square fit of Zheng
and Xiao’s model in [7]. We show the simulation results for
different normalized Doppler shift f,,,,, = 0.005,0.01,0.02
in Fig.3 to Fig.5. The corresponding numbers of OBEM bases
are () = 4, 6, 12. Furthermore, we show the effect of the band
size M on BER performance of the proposed algorithm. The
simulation results show that the performance and complex-
ity of the proposed approach are dependent on f;,,,, and the
selection of M. This new iterative equalizer can outperform
the LMMSE with a relatively small M. The performance can
be further improved by increasing M for high mobility. This
shows that our iterative method can make use of the ICI of
OBEM to improve the performance.
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Fig. 3. BER versus SNR for f,,,,, = 0.005 after 5 iterations
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Fig. 4. BER versus SNR for f,,,,» = 0.01 after 5 iterations
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Fig. 5. BER versus SNR for f,,,,,, = 0.02 after 5 iterations

6. CONCLUSIONS

In this paper, we propose an iterative MMSE equalization in
the frequency domain for OFDM systems over doubly se-
lective channels modeled by OBEM. Though the OBEM in-
creases the ICI, the new method can enhance the performance
by increasing the band size of the target matrix and suppress-
ing the interference. This property makes OBEM not only
provide better accuracy in modeling the channel and also give
good performance in detection. The simulation results demon-
strate that our proposed algorithm outperforms the LMMSE
with lower complexity.
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