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Bandwidth-Efficient OFDM Transmission with Iterative
Cyclic Prefix Reconstruction

Jong-Bu Lim, Eung-Sun Kim, Cheol-Jin Park, Hui-Chul Won, Ki-Ho Kim, and Gi-Hong Im

Abstract: For orthogonal frequency division multiplexing (OFDM),
cyclic prefix (CP) should be longer than the length of channel im-
pulse response, resulting in a loss of bandwidth efficiency. In this
paper, we describe a new technique to restore the cyclicity of the
received signal when the CP is not sufficient for OFDM systems.
The proposed technique efficiently restores the cyclicity of the cur-
rent received symbol by adding the weighted next received symbol
to the current received symbol. Iterative CP reconstruction (CPR)
procedure, based on the residual intersymbol interference cancella-
tion (RISIC) algorithm, is analyzed and compared to the RISIC. In
addition, we apply the CPR method to Alamouti space-time block
coded (STBC) OFDM system. It is shown that in the STBC OFDM,
tail cancellation as well as cyclic reconstruction of the CPR pro-
cedure should be repeated. The computational complexities of the
RISIC, the proposed CPR, the RISIC with STBC, and the proposed
CPR with STBC are analyzed and their performances are evalu-
ated in multipath fading environments.

We also propose an iterative channel estimation (CE) method
for OFDM with insufficient CP. Further, we discuss the CE method
for the STBC OFDM system with the CPR. It is shown that the
CPR technique with the proposed CE method minimizes the loss of
bandwidth efficiency due to the use of CP, without sacrificing the
diversity gain of the STBC OFDM system.

Index Terms: Channel estimation (CE), cyclic prefix (CP) recon-
struction, intercarrier interference (ICI), interference cancellation,
intersymbol interference (ISI), orthogonal frequency division mul-
tiplexing (OFDM), space-time block code (STBC).

L. INTRODUCTION

High-speed transmission techniques have been developed to
provide duplex operation at data rates ranging from 51.84 Mb/s
up to gigabits for wired and wireless applications [1]-[7]. In
various fora and organizations for wireless research, such as
the Wireless World Research Forum (WWRF) and International
Telecommunication Union (ITU), there have been active discus-
sions about 4G or beyond-3G systems to be deployed around
2010 [8], [9]. 4G systems will support up to approximately
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100 Mb/s for high mobility and up to approximately 1 Gb/s for
low mobility such as nomadic/local wireless access. High band-
width efficiency is one of the key requirements to achieve such
high data throughput targets with limited spectrum availability.

Multicarrier modulation, such as discrete multitone (DMT)/
orthogonal frequency-division multiplexing (OFDM), has been
proposed for bandwidth-efficient data communications in both
wired and wireless environments [1]-[4]. DMT/OFDM divides
a broadband signal into multiple narrowband subcarriers, where
each subcarrier is more robust to multipath. In order to maintain
orthogonality among subcarriers, a cyclic prefix (CP) is added at
the head of each symbol and the length of CP is greater than the
expected length of channel impulse response (CIR). Since, how-
ever, the use of CP results in a lowering of spectral efficiency,
several approaches have been proposed to cope with this prob-
lem [10]-[19]. DMT receivers apply a finite impulse response
time domain equalizer in order to shorten the length of the over-
all CIR [10]-[12]. As an alternative to time domain equalization,
per tone equalization was proposed in [13], where the equaliza-
tion is carried out in the frequency domain with a multitap fre-
quency domain equalizer for each tone. A precoder is also used
to remove the distortion due to insufficient CP [14]. With only a
few linear combinations of redundant (or unused) carrier output
samples, intersymbol interference (ISI) and intercarrier interfer-
ence (ICI) can be totally eliminated even in receiver structures
without CP [15], [16]. Another approach is to employ an iter-
ative cancellation method, such as the residual ISI cancellation
(RISIC) technique, to eliminate the ISI and ICI due to insuffi-
cient CP [17]-{19].

The RISIC technique [17] uses a combination of tail cancella-
tion and cyclic reconstruction like the echo cancellation method
in [20]. The echo or crosstalk cancellation is a technique to
foster high-speed full-duplex communications [20]-[22]. The
RISIC technique removes ISI from the received signal in the tail
cancellation step, and restores cyclicity so as to avoid ICI in the
cyclic reconstruction step. However, the RISIC technique and
most other techniques based on RISIC offer good performance
only when the length of CIR is moderate so that the interference
power is much smaller than the signal power. In order to over-
come the above limitation, various methods have been proposed
to utilize the soft-input soft-output (SISO) channel decoder, the
optimal detection filtering, and the leaked signal energy spread
to the next symbol [23]-[24]. However, the SISO channel de-
coder itself provides only a slight improvement in the OFDM
symbol error rate (SER). The optimal detection filtering at the
initial step requires a computationally expensive process such
as an inversion of the channel transfer function matrix. The ISI
combiner, utilizing the leaked signal energy, has a drawback that
the estimation of the next transmitted symbol is required.
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In this paper, we discuss an improved CP reconstruction
(CPR) method based on the RISIC algorithm. The proposed
method, with a simple one-tap frequency domain equalizer and
no estimation of the next transmitted symbol, efficiently re-
stores the cyclicity of the current received symbol by adding the
weighted next received symbol to the current received symbol.
Through simulation and analytical results, we show that the pro-
posed scheme outperforms the conventional RISIC in the SER
even when the CIR is longer than a half of the symbol duration.
In addition, we apply the CPR algorithm to Alamouti space-
time block coded (STBC) OFDM system [25] with insufficient
CP. To be applied on the STBC OFDM system, the CPR pro-
cedure for each OFDM symbol in the symbol pair is performed
consecutively and is combined with the decoding process of the
STBC. We also present simulation results for the performance
of the RISIC algorithm, the proposed CPR technique, the RISIC
with STBC, and the proposed CPR with STBC.

Accurate channel estimation (CE) is necessary since the chan-
nel is frequency selective and time-varying in wideband mobile
systems. Based on frequency-domain filtering, a CE method for
OFDM system has been proposed in [26]. In [27], a minimum
mean-square error (MMSE) CE method for OFDM system has
been proposed, which exploits the correlation of the channel fre-
quency responses at different times and frequencies. An iterative
CE technique that exploits coding information and the extra ob-
servation offered by the CP has recently been suggested in [28].
However, these estimation methods [26]-[28] can not be used
with the CPR algorithm because they have been developed un-
der the premise of use of sufficient CP. In this paper, we propose
an iterative CE method for OFDM system with insufficient CP.
The proposed estimation method is based on the expectation-
maximization {EM) algorithm {29] and exploits iteratively the
extrinsic probabilities of the SISO channel decoder. The rest of
the paper is organized as follows. In Section II, the improved
CPR procedure using the proposed method is presented and an-
alyzed, and the receiver structure employing the proposed CPR
scheme is described. In Section III, we apply the CPR procedure
to the STBC OFDM system. Iterative CE method for OFDM
with insufficient CP is presented in Section IV. Computational
complexity of various CPR algorithms is analyzed in Section V.
Simulation results are given and discussed in Section VI. Sec-
tion VII gives the conclusions.

II. CYCLIC PREFIX RECONSTRUCTION
A. Data Model

In an OFDM system, the data stream is divided into blocks
of length N and modulated by using an N-point inverse fast
Fourier transform (IFFT) For the ith transmitted symbol se-
quence {X; ,}) ', the time domain sequence at the output of
the IFFT is

nO’

N-1

1
Tig = \/_ Z XinWy™, 0<k <N (1)

where W]\}k = e 9%
head of {zi,k}gz_ol, and then the OFDM symbol is transmitted
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Fig. 1. Block diagram of OFDM system; (a) a coded OFDM transmitter
and (b) receiver structure employing the proposed CPR technique.

over a channel, which is modeled as an Lth order FIR filter with
additive white Gaussian noise (AWGN). We assume that the
channel is known at the receiver by means of an MMSE channel
estimator and is static at least during one OFDM symbol. The
received sequence for the ith symbol can be represented as

G+k
Z M (k—1) + Z MTi 1 (k—14G)n
I=G+k+1
Tik = +nz,k, ~-G<k<L-G, ()

L
Z hlxi,(k—l)N +nig, L-— G<k<N
1=0

where (k)y is the residue of £ modulo N, h; is the CIR, and

ni  is AWGN. After removal of the CP, the sequence {r; x }g;ol
is applied to the next modules including an N-point FFT. As
depicted in (2),if G > L, all samples of the sequence {r; « }kN:_ol
are free of interference. Otherwise, the first (L — G) samples are
contaminated with interference.

In this paper, we consider that the proposed method is applied
to a coded OFDM system, employing a convolutional code with
interleaving, so as to exploit the benefit of turbo equalization.
Fig. 1(a) shows a transmitter structure of the coded OFDM sys-
tem. At the transmitter, the information bit sequence {d;} is
encoded into the coded bit sequence {c,, } with a convolutional
code. In order to ensure that the codes are terminated at the end
of each block, we used a feedforward encoder with an all-zeros
tail sequence at the end of each block. Then, the code bit se-
quence {cp, } is interleaved within the block.

B. Cyclic Prefix Reconstruction Procedure

In order to recover the contaminated samples in (2), two steps,
called tail cancellation and cyclic reconstruction, must be taken
[17], [20]. The procedure can be described as

L

Fik =Tik— Y M1 (=140
I=G+k+1

L
+ Z hlxi,(k—l)N, 0<k<L-G.
I=G+k+1

3

The first step (tail cancellation) is to remove the ISI from the
received symbol by subtracting the second term in (3), and the
second step (cyclic reconstruction) is to restore the cyclicity by
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adding the last term. In practical implementation, the RISIC al-
gorithm uses the (i — 1)th decoded symbol {ﬁi_l,k}fcv:_ol for
the ISI removal. For cyclic reconstruction, the decoding process
for {;%i’k}kN:_Ol and the cyclic reconstruction are repeated sev-
eral times. This method offers good SER performance when
the difference of L — (G is moderate. However, as the differ-
ence becomes larger, it cannot obtain a reliable estimation of the
transmitted symbol {wi,k}fc\{:_ol at the initial step, which causes
a degradation in SER performance.

To solve this problem, we utilize the fact that the required
signal for the cyclic reconstruction of the ith received symbol
is found in the first (L — G) samples of the (¢ + 1)th received
symbol. Those samples are given by

k
Tipl,kmG = Z Moyt (k—c-1)n
=0
L
+ Y Moty +nir1k 0 S k< L—G.(4)
I=k+1

The second term in (4) contains the last term in (3). From this
observation, we can obtain a reliable estimation of the 4th trans-
mitted symbol before the first iteration, and the SER perfor-
mance becomes satisfactory after several iterations. The pro-
posed CPR procedure can be described as follows.

1) Transform the estimated symbol {Xi_1.2}N-4 into the

time domain symbol {xz_l,k} k=0 .
2) Remove ISI from r; i, as

Lo,
Y hEi1k—ire)ys

Tik —

L(0) __ I=G+k+1

Tik = 0<k<L-G, O
Tiky L_Gék<N.

3) Restore the cyclicity by using the first (L — G) samples of
(i + 1)th symbol as

V) z(k+§k7'z+1k ¢, 0<k<L-G, 6
Tk = (0) (6)
Tiks L-G<k<N
where weighting coefficients £;, are given by
L A
o |l
o= o<k<L-G. %)

> 1h?
1=0

Derivation of the optimum weighting coefficients is given
in the sequel.
4) Estimate the transmitted symbol {X;,} = from the

{Fg}k ! and transform it into the time domain symbol
{@ ke } k:o

5) Set the iteration index I to one.

6) Restore the cyclicity of the ith received symbol as

L
) _ A+ > hEl,  0<k<L-G,
Tig = = 1=Gtk+1

i, L-G<k<N.

7) Estimate the transmitted symbol {X;,}N-! from the
{~(I+1)}N—1

8) For more iteration, transform the {Xl n 1nto the time
domain symbol {Z; x}1 ', and go to step 6) with I —
I+1

The weighting coefficients in (7) have been obtained to mini-

mize the interference power in {fl(lk) } 5L In order to simplify
the problem, we assumed that the s’amples x; % are independent,
identically distributed with variance P,, the estimated channel
izl is identical to h;, and the ISI removal in (5) is perfect. In ad-
dition, we neglected the noise n; ;. Although the assumption is
not completely true, (6) can effectively reduce the interference
power. Substituting (2), (4), and (5) into (6), the { T, k L G 1
can be rewritten as

G+k
1(113 = th k- &k Z PiZi (k-1 n
I=ht1
(& —-1) Z hz; (k1)
I=G+k+1

k
+&k Z hzi1 (k-c-)y, 0Sk<L—-G (9
1=0

where the first term is the desired signal, and the rest are inter-

ferences. Then, the interference power for the kth sample r( )

is given by

G+k L
Prk) = P{& 30 P+ (-8 Y [mf
I=k+1 I=G+k+1
k
+6 Y IP
=0
L G+k
=r{-a? Y ImP+Ed mP,
I=G+k+1 =0
0<k<L-G. (10)

The optimum &, is obtained by setting the derivative of (10) with
respect to & equal to zero as

9Pk L G+k

815( ) _ Px{ —201-&) Y ImP+2 )y Ihzlg}
k 1=Gtk+1 1=0

=0,0<k< -G an

Substituting le for h;, the solution of the equation is obtained
as (7).

C. Performance of OFDM with Insufficient CP

We evaluate the SER performance by calculating the signal-
to-interference ratio (SIR) for each subcarrier of the OFDM sys-
tem with insufficient CP. The SER performance of RISIC is
well summarized in [17]. In this subsection, it is shown through
analysis that by incorporating the proposed CPR technique, the
interference power is significantly reduced as compared to the

(8) RISIC. All assumptions used in (9) are applied in this subsec-

tion except that the ISI from the (i — 1)th transmitted symbol is
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considered. In this case, (6) can be expressed as

L
) = Z hlwi—l,(k—l—G)Nu(l -G-k-1)

z kE
=G+1
L

+ ) humi ey yulk — 1+ G)

=0

L
3 (Z Mz (k—g—1)y ulk — 1)
1=0

L
+ Z hlxi,(k—l)Nu(l —k- 1)) U(L -G —k- 1) (12)

=0

where u(n) is the unit step function. The ICI-reduced sample

sequence {Fsk) }sz_ol is demodulated by taking the N-point FFT

as
Y, = FFT{f"}(n) = na X, + I, (13)
where F§1) represents a vector with elements from {r } M
G
2mnl
Tn=Y hiexp <—j%>
1=0
- 27l G
+ Z hiexp <—jT> <1+ N N)
I=G+1
L L-G-1
1 27l
—i—NZhlexp (_JT> Su(l —k—1)(14)
1=0 k=0
and
In=ILin+liin+Litin. (15)

Here, I; , is the ICI term, and I;_1, and I;y1, are the ISI
terms.

The SIR for the nth subcarrier before step 3) is defined by

where the subscript “b” represents “before step 3),” and
1 1 1
Po(n) = 5 B L2 = 5qui,nﬁj +5E Lioial2. (A7)

The signal power (Pyp) and the interference power (Prp) were
givenin [17].
The SIR for the nth subcarrier after step 3) in the CPR proce-
dure is defined by
SIRy(n) =

Pua(n)/ Pra(n) (18)

where the subscript “a” stands for “after step 3).” The signal

power is given by

1
Pua(n)=‘E|77an‘2
—PX Zhl exp( 27r'nl>
1=0
L ( 27rnl>( G z>
+ Z hy exp o
I=G+1

(19)

1 & 2l ’
+N§hlexp< > Z §ku(l— - 1)

where the transmitted symbol power Px = 1 E|X »|%. The in-
terference power can be expressed as

1
Pra(m)=3 EILL’
1 1 1
=Bl + S Bl + 5 Elis1al2 (20)
2 2 2
where
1 1
5 Ellicinly =5 F e (1)
L L
1 P
%E’Ii,n’iziEui,nﬁ_N_); ZRe{ > b
I=G+11'=0
I-G-1L-G-1
2mn(k — k'
. Z Z gk/u -k - 1) exp ( ﬂ—(N—)>
k=0 k'=0
Nz‘le p( j27rm(l—l’-k‘+k’)> }
) <o | —
m=0 N
m#En
L L L—-G-1L-G-1
+ZZ huhy, Z Z Exberu(l —k —1)
=0 I'=0 k= k! =i
,27m(k - k)
) ! _ ! _ 1 _
u(l' —k )exp( N >
N-1
,27rm(l—l’—k+k’)>
3 exp <_3 , 22)
2 N
m#£n
and
1 L L L-G-1L-G-1
§E| ZZ hbi Y Gk —1)
=0 I'=0 k=1 k=l
2mn(k — k)
wlk! =1 B kit SR YA
¥~V (2 0)
SU—1U—k+K). (23)

Comparing the interference power of the proposed CPR (see
(20)) and the RISIC (see (17)), we see that the ISI is increased
for the proposed CPR, due to the addition of the weighted
(7 + 1)th symbol. However, the operation of the addition of the
weighted (i + 1)th symbol leads to a significant reduction in the
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ICI power of the proposed CPR, thus resulting in a reduced to-
tal interference power. Using the signal and interference powers,
the SER performance for different block sizes can be obtained
as in Fig. 2. A guard interval is not used and the channel im-
pulse response is assumed to be known, whose delay profile is
represented as the first column in Table 3. Note from Fig. 2 that
by adding the weighted next received symbol, a reliable estima-
tion of the current received symbol is obtained before the first
iteration. As such, the proposed CPR technique outperforms the
RISIC before the first iteration, which yields a significantly im-
proved SER performance after several iterations.

D. Receiver Structure

Fig. 1(b) represents receiver structure employing the proposed
technique with turbo equalization. Unlike the RISIC, the pro-
posed receiver structure inserts a delay of one symbol before the
CP removal component. Thus, the proposed structure can utilize
the next received symbol to restore the cyclicity of the current
received symbol as depicted in Fig. 1(b). The ISI removal com-
ponent performs the step 2) in the proposed CPR procedure. The
cyclicity-restoration component performs the step 3) during the
first iteration and the step 6) during the other iterations. The

cyclicity -restored sequence {Fflk) }fgv _01 is transformed into the
{ R n—o using the FFT and is fed into the one-tap frequency
domam equalizer. The tap coefficients of the one-tap frequency
domain equalizer can be obtained as

7
| Hn|? + S/ Px’

where the channel gain H,, in the frequency domain is given by

Hﬁ_E:m

and {2,, is the noise power of the nth subcarrier.

The maximum a posteriori (MAP) detector calculates the
log-likelihood ratio (LLR) A () of the coded bit ¢, from
the equalized symbol Y,, = EnRZ(Q For instance, in case of
4-QAM, A1 (cy,r) can be expressed as

E, = 0<n<N-1 (24)

, 0<n<N-1

g Re(¥o)iin m' = 2n
Mlem) =< i ’ (25)
21|E(,3?522M’ m =2n+1

where p,, = E,,H,, and Re(-) and Im(-) represent the real and
imaginary part of the input, respectively. Then, the A1 (¢, ) is
deinterleaved and fed into the SISO channel decoder. The SISO
channel decoder, using the max-log-map algorithm, computes
the a posteriori LLR A1 (¢, ) of the coded bit, and subtracts the
a priori LLR A\i(ey,) from it. Next, the resultant extrinsic in-
formation Az (cy,) is interleaved and converted into X},n by the
soft symbol mapper. In case of 4-QAM, Xm can be expressed

as
—1— tanh [Az(czn)J Jrji tan

V2 2 V2

Then, the estimate Xi,n is transformed into the time domain and
1s used in ISI removal and cyclicity restoration.

Xz’,n =

b [A2(02n+1)

5 } . (26)

" Proppsed *

16 QAM symbol error rate

< RISIC (analysis, (16))
- v RISIC (simulation)
-8~ Proposed CPR (analysis, (18))
s | =% Proposed CPR (simulation}

5 55 6 65 7 75 8 85 9 95 10
IogzN

Fig. 2. Performance of OFDM with no CP for different block sizes.

III. CPRFOR STBC OFDM

A. Data Model

Let { X% .. f:’z_ol, p=1,2,m = 2¢,2i + 1, denote the trans-

mitted symbol sequence of the pth transmit antenna at the mth
OFDM symbol duration. Here, NV is the number of subcarriers.
The STBC OFDM encoder generates the coded symbol X7,
of nth subcarrier as follows [25]:

[X%i,n X2;i+l,n:| _ |:D';,n ﬁDle;L] (27)
*

2i,n X2i+1,n Di,n Di,n

where D’« = [ 103D117”' D'LN 1"D7,0’D21’. D'LN 1]

is the modulated symbol vector for the (2z)th and (2 + 1)th
OFDM symbol durations and (-)* denotes the complex con-
jugate operation. By IFFT, the transmitted symbol sequence

{XP - is converted into the time domain sequence

{xﬁl, k}sz_Ol, which is given by

Wy™, kE=0,1,-.N—-1 (28)

1 N-1
-5 > X
N

where p = 1,2, m = 24,2i + 1. The received sequence for the
(24)th symbol can be represented as

Gtk
hP 2l

Zp 1 Z 124,( N
L
+Zp=1 Z

I=G+k+

hl f”zz 1 (k=i+G)y T M2ik;

-G<k< L -G,
2 L

> th%z k=l T T2iks
p=1i=0
L—-G<k<N

29

T2ik =

where h] is the [th tap of CIR between the receive antenna and
pth transmit antenna. G is the length of CP and L is the length
of the CIR. Similarly, for the (2¢ + 1)th symbol duration, the
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received sequence can be written as

2 Gth
> N Zoit1,(k=Dn

p=1 1=0

2 L
p..p .

p=11=G+k+1 (30)

-G<k< L-G,

PX—:I z;) hﬁgiﬂ,(k-l)w + N2it 1,k
L~ G<k<N.

T2i+1,k =

For the STBC OFDM system, we assume that the channel is
static during two consecutive OFDM symbol intervals.

B. The CPR Procedure for STBC OFDM

As depicted in (29) and (30), if G>L, all samples of the se-
quences {rgi,k}fc\[:—ol and {7‘21'_|_1’k}£[=_01 are free of interference.
Otherwise, the first (L —G) samples are contaminated with inter-
ference. In order to recover the contaminated samples, the tail
cancellation and the cyclic reconstruction must be taken. The
CPR procedure for STBC OFDM can be described as

2 L
Toik = T2k — Z Z hf“’lz)¢~1,(k—z+c)w
p=1I1=G+k-+1
2 L )
+> > Wb gy 0Sk<L-G 3D
p=11=G+k+1

and

2

L
. _ DD
T2%4+1,k = T2i+1k — Z Z hy Tot,(k—14C)

p=11=G+k+1
2 L
+> ) Kb gy 0Sk<L—G.(32)
p=11=G+k+1

The first step is to remove the ISI by subtracting the second
term in (31) and (32), and the second step is to restore the
cyclicity by adding the last term. We observe from (31) and
(32) that the ISI removal process for {7"21‘4_1716};:;61 is not the
same as that for {ro;  } ch:_Ol. For the ISI removal in {rg; 1 } ,1;72_01,
the (2i — 1)th decoded symbols {#5,_, . };/0', p = 1,2, are
used. However, in order to remove the ISIin {rg;1, k}{c\/:—ol’ the
decoding process for {:Ic];,’z ) fCV:_Ol, p = 1,2, and the ISI removal
should be repeated several times. The detailed CPR procedure
for the STBC OFDM combined with CE will be discussed in
Section IV. Unlike the single transmit antenna case, the ISI re-
moval for {re;11,%} }1§v=—01 as well as the cyclicity restoration for
{Tgi’k}i\[:_ol and {r2i+1,k}g=_ol should be repeated in the STBC
OFDM.

C. STBC OFDM Transceiver Structure Employing the CPR

Fig. 3(a) shows the STBC OFDM transmitter employing an
interleaved convolutional code. As in the single antenna trans-
mitter, the information bit sequence {d;} is converted into the

1 § in CP
il P
Channel Symbol [~™| STBC insertion

— 1 Interleaver
encoder TP
insertion

A(c,)
Soft 1 .. Al
el

symbol
"A
Ate,) J
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mapper
i _.E—‘
equalizer

channe!

removal restoration
181 Cyclicity
restoration

removal
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removal

IFFT
TBG Soft
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mapper
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combinar! Dei
=] Cyclicity squalizer
removal restaration

Fig. 3. Block diagram of STBC OFDM system; (a) STBC OFDM trans-
mitter structure. STBC OFDM receiver structure employing (b) the
RISIC technigue or (c) the proposed CPR technigue.

interleaved code bit sequence {c,,/} with the interleaved con-
volutional code. The coded bits are mapped into QAM sym-
bol sequence, encoded using the STBC encoder, and transmit-
ted from the two antennas. Figs, 3(b) and 3(c) represent re-
ceiver structures employing the RISIC procedure and the pro-
posed CPR procedure, respectively. The difference between the
two receivers is that a delay of one symbol is inserted before
the CP removal operation so as to enable the proposed cyclicity-
restoration operation that is step 3) in the CPR procedure. The

cyclicity-restored sequence {ffé)k Q’:‘Ol, m = 21, 2i+1, is trans-

formed into the {Rﬁ,{)n 71:7:_01, m = 21,21 + 1, using the FFT and
is fed into the STBC combiner, which combines the received
signals as follows:

Sl = B 4+ B HE (33a)
S, = RS HE — R, H) (33b)

where HP is the nth subcarrier channel between the receive an-
tenna and pth transmit antenna. The combined signals are sent to
the one-tap frequency domain equalizer, whose coefficient val-
ues are computed as

Ep = M

___Tn 519
T HAE+ B /Py P

(34)

where H,, = |HL[? + |H2|?, and QP is the noise power of the
nth subcarrier at the pth transmit antenna.

Then, the LLR A1 (cp/) of the coded bit ¢, is obtained from
the equalized symbol an = EgSf,n, p = 1,2. The Aj(cm/)
is deinterleaved and fed into the SISO channel decoder as the
a priori information. Using the same soft symbol mapper as for
the case of single antenna, we can obtain the estimate of infor-
mation, {f)f AL p = 1,2, and then the estimate of coded

decoder |
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symbol, {X' Pn ,1:[;01

the STBC encoder.

,p=1,2,m = 2i,2i + 1, is obtained by

IV. ITERATIVE CHANNEL ESTIMATION METHOD
FOR THE CPR

In this section, we first propose an iterative CE method for the
OFDM system with the CPR algorithm and a single transmit an-
tenna, based on the assumption that the channel is varied across
the OFDM symbols. In this case, h; in (2) can be represented as
hi; which is the [th tap of CIR at the 7th OFDM symbol dura-
tion. Accurate channel information should be used for the CPR
since error propagation due to imperfect channel information
may occur (see (3)). The proposed CE method is based on the
EM algorithm and exploits iteratively the extrinsic probabilities
of the SISO decoder, which are the ISI removed and cyclic re-
stored values by the CPR. We also extend the proposed iterative
CE method to the STBC OFDM system with the CPR algorithm
and two transmit antennas.

A. OFDM System without Transmit Diversity

A.1 Proposed Channel Estimation Method for OFDM System
with Insufficient CP

If G < L, orthogonality of the subcarriers at the receiver
is not preserved, resulting in ICI. Therefore, conventional CE
methods [26]-{28], which have been developed with sufficient
CP, cause degradation of the performance of OFDM system with
insufficient CP. For the ith OFDM symbol with insufficient CP,
we can rewrite (2) using such matrices as (35) shown on the top
of the next page.

From (35), the ML estimate of h; in the training symbol block
can be obtained as

fzi = argnfllin l|7s — Tihin. (36)
In the data symbol block, since the input Y; is not directly ob-
servable, we can obtain the estimate of h; by minimizing an
averaged form of the cost function [30], which is the essence of
the EM algorithm [29]:

h; = argnflbiinE[Hri — Y.hi|)?]
_ (E[Tf"rim,hi]>_1E[‘I‘i|ri,hi]Hri. 37)

As shown in Fig. 4, the SISO decoder computes the a posteri-
ori LLR A1 (cy,) of the coded bit, and the extrinsic information
A2(cp,) is obtained by subtracting the a priori LLR A1 (¢, ) from
the a posteriori LLR A1 (c;n). The terms E[ X Y ;|r;, h;] and
E [Ti |74, hi] in (37) can be calculated using the extrinsic prob-
abilities of the SISO channel decoder and the (i — 1)th decoded
symbol {&;_1 x} 0 g

A.2 Cyclic Prefix Reconstruction Procedure with Channel Esti-
mation

Fig. 4 shows an OFDM receiver structure with CPR and CE.
To restore the cyclicity, the cyclic reconstruction is repeated
Ny times through the inner loop (solid line). After the CPR,

i

Symboel n
delay by
X, N
* Aute.)

CcP ] Cyclicity 1-tap MAP .
r k;’ romoval H removal H restoration FFT % rE0 [™] detector [ ] Deimerieaver
| rt T
xT i
;II Channel estimation

Fig. 4. OFDM receiver with CP reconstruction and channel estimation.

SISO
decoder

inner loap (CP reconstruction)

_____ Outer loop (channel estimation}

[ =]

!

ISI removal |

v

I FFT |

v

1-tap FEQ
MAP detector
SISO decoder

L= |
=1 *
——»l Cyclicity restoration |
v

| FFT |

v

1-tap FEQ
MAP detector
SISO decoder

>

Yes

Channel estimation

G

Fig. 5. CP reconstruction and channel estimation procedure for OFDM
system (N and N; are the numbers of iteration for CP reconstruc-
tion and channel estimation, respectively).

the channel is estimated with the extrinsic probabilities of the
decoder, which are fed through the outer loop (dashed line).
Whenever the channel is estimated, the ISI removal and the
cyclicity restoration should be repeated through the inner loop.
Since the CE is repeated N times, the equalization and the
SISO channel decoding are executed Ny Ny times. Fig. 5 shows
the flow diagram for the CPR and the CE procedures. Detailed
procedure of the CPR with the proposed iterative CE method
will be discussed in the next subsection.

B. OFDM System with Transmit diversity

B.1 Proposed Channel Estimation Method for STBC OFDM
System with Insufficient CP

Using (29) and (30), two ((27)th and (2i + 1)th) consecutive
OFDM symbols with insufficient CP can be obtained as follows

= Yh; +n; <
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r; = Y;h; + n; <

; - - _ .
[ Ti,—G ZTiN-G Ti—1,N-1 Ti—1,N-2 Zi-1,N—L ng,—-@
Ti—G-1 Ti,N~G+1 Ti,N-G Ti—1,N-1 L1, N~L+41 b i, —-G-1
. . 0
: hy :
TiL-G-1| = | Ti,N+L—G-1 TiN-G+1 TiN-G Ti—1,N-1 D+ I nir—e (3%)
Ti,L—-G Ti,N+L-G TiN+L-G-1 e Ti,N—-G+1 Ti,N-G h. N, L-G
. . . L
Ti,N~1 | L Ti,N-—1 Ti,N-2 Ti,N-L TiN-L-1 | i N—1
[ rai-c ] [ hfll) T [ nei-e ] l 20 |
T2i,—G-1 hy N2i,—G—1 * -
Jedit — |
—’i 181 removal for {3}
T2 N— Rl N2 N—
2N -1 — Tzi,l T21‘,2 L + 2N=1 (38) ‘
Toit1,1 Yoig12 2 | FFT |
T2i41,-G hg N2i41,—G ‘
TRi41,~G— K2 N2it1,—G—
2i+1,-G-1 1 241,61 |STBCsignaIcombiner |
T2i h2 )
| T2it1,N-1 | L | | n2i+1,N-1 | 1-tap FEQ
MAP detector
where Ymp 4 SISO decoder
NG TroiN-1 TmoiN—2 Ty _IN-L ] I 1 |
P ? . P =
T, N—G+1 Tm,N-G Tm—1,N-1 Ton—1,N—L+1 +
H+—1P| 1SI removal for { - 2**! |
r'7}
T N4L-G-1 ThN—G41 TmN-G  Tmo1N-1 I
THNFL-GC  Tm N4L-G-1 T N-G+1  Tm.N-G Cycliczityrestorati2o_nI
for{y"'}and {y*"*"}
L Ifn,N—l Ifn,Nfz zfn,N—L mfn,N—L—l J | FFT |
andp = 1,2, m = 27,2¢ + 1. From (38), the estimate of h; in ! P Jl' " |
“ . . signal combiner
the training symbol block and in the data symbol block can be 9 7
obtained in a similar way to the case of single transmit antenna
i-tap FEQ
(see (36) and (37)). MAP detector
With the proposed CE algorithm, the CPR procedure for SISO decoder
STBC OFDM is shown in Fig. 6, and is briefly described in
the steps below. il
1) Set an initial channel estimate of (2i)th and (27 + 1)th e
- (J=0) ~ (J=Nj) . .
symbols as h; = h;_; " . Set the iteration index J | Channef estimation |
for the CE to zero.

2) Transform the estimated symbols {X&_l,n ,]:’;01, p=12, No 0
into the time domain symbols {2}, | k}kN:"Ol.

3) Remove ISI from ry;  as Fig. 6. CP reconstruction and channel estimation procedure for STBC

OFDM system.
SERU
Tk D, 1 T2 1,(k—1+G)n
0) I=G+k+1 . Lo
féi e = L RUNe k 5) Set the iteration index I for CPR to one.
_zzc;m LA1+1%2i-1, (k—14+G) n? 0<k<L-G, 6) Remove ISI from 7911 x as
T2i ks L-G<k<N L
2 (J) - (J) &9 TutLkT ) th)‘f:%i,(k—HG)N
where 1"’ is the lth element of h; . 1-1) | EOTh
4) Estimate the transmitted symbols {X?, }" "', p = 1,2, M2tk T Y ﬁgizl“:i'gi i+ 0Sk<L-G,
- 9.9 =(0) \N-1 I=G+k+1 '
m = 27,],\[2_7,1—{— 1, from the sequer.lces {T2i,.k =0 ar?d . L-G<k<AN.
{r2i+1,6}1—g - and transform them into the time domain (40)

symbols {27 ]kvz_ol. 7) Restore the cyclicity of the (2:)th and (2¢ + 1)th received
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Table 1.

Computational complexity of the RISIC algorithm and the proposed CPR technique.

Number of complex multiplication

Number of real multiplication

Tail cancellation (ISI removal)

(NT/2)logN + (LT —aTY(L - G +1)/2 -

Cyclicity restoration & turbo decoding

(NlogN + (L — G)(L - G+1)/2+3N)I*

NI(105” 1 16)

Computing weight coefficients¥

- 3(L — G) + 2L

Total

(N/2+ NI)log N + (L — G)
(L =G+ +1)/2+43NI

NI(10S + 16)
+3(L — G) + 2L

* =+ +H

This operation of computing weight coefficients is needed only for the proposed CPR technique.
15\[ , L, and G represent the number of subcarriers, the length of CIR, and the length of CP, respectively.

and I stand for the number of states of the convolution code and the number of iterations, respectively.

Table 2. Total number of multiplications for the RISIC, the proposed CPR, the RISIC with STBC, the proposed CPR with STBC, the proposed CE,
and the proposed CE with STBC.

Total number of complex multiplications | Total number of real multiplications
(N/24+ NI)logN + (L - G) NI(10S + 16)
Coded RISIC {L-G+1)(I+1)/2+3NI
. (N/2+ NHlogN + (L - @) NI(108 4+ 16)
Pr d CPR
OPOsE (L~G+1){I +1)/2+3NI 3(L—G)+2L
) N@I+1logN + (L—G) NI(10S + 16) + 5N/2
d h STBC! (
Coded RISIC with § (L~ G+1)3I +1) + 10NI) /2
. N(@2I+1)logN + (L - G) NI(10S + 16) + 5N/2
h STBC! (
Proposed CPR with STBCT | /o | 1y(31 4 1) + 10NT) /2 . 3(L—G)+2L
Proposed CE (L+1)(L+2)(L+N+G+1) -
Proposed CE with STBCT | 2(L + 1)(2L +3)}{(L+ N + G + 1) -

T The total number of multiplications per symbol is considered for complexity comparison.

symbols as

i = S s

L
T2k = 4 h z LO0<k<L-G,
z=c§k+1 L+1+1%2i, (k—) v
G L-G<k<N
(41)
and
FU-1) £ 51
Toit1k T Z ™ 85041, (k=D)n
1=GFh+1
fg-uk ; R 22 <k<L-G
+ 2 R gy 0S k<L =G,
I=G¥k+1
ot L-G<k<N.
R (42)
8) Estimate the transmitted symbols { X7, .}, p = 1,2,
m = 2¢,2¢ + 1, from the sequences {7“21 3 N 1 and

{rzz 41, !, and transform them into the time domaln

symbols {1} , A

9) If I < Ny, gotostep 6) with I «— I 4 1. Otherwise, go to
step 10).
10) Calculate the estimate of h; with the time domain sym-
bols{a:mk},c B p=1,2,m=2i2+1,as

~ (J+1) ~ ()7L U
3 @ﬂTmemhi]> E[Yirs, by r..
(43)
11) f J < Ny, gotostep 3) with J «— J + 1.

V. COMPUTATIONAL COMPLEXITY

Table 1 compares the computational complexity of the RISIC
algorithm and the proposed CPR technique for the QPSK mod-

ulation, summarizing the number of complex and real multipli-
cations for each operation in the procedure. The operation of
computing weight coefficients in Table 1 is needed only for the
proposed CPR technique, which is about 0.97% of the total real
multiplications with N =64, L =7,G=0,5=4,and [ = 1.
Table 2 summarizes the total number of multiplications for the
RISIC, the proposed CPR, the RISIC with STBC, the proposed
CPR with STBC, the proposed CE, and the proposed CE with
STBC.

The number of IFFT operations can be reduced from four to

* two in the STBC OFDM receiver with insufficient CP. From

(28), (31), (32), and (37), we observe that four separate IFFT op-
erations are required in order to generate the four time-domain
estimated sequences {i} SNl p = 1,2, m = 24,20 + 1,
which are used for the CPR and the CE. From (27), we note that
the following relations forn = 0,1, -+, N — 1 are enforced:

X2*

1 _ 9
Xoivin = —Xains Xoitan = X3 e (44)

Furthermore, the DFT operation shows the following well-
known symmetry property [31]:

x?‘_k)N s X: nk=0,1,-- N-1 (45)
1,2,

are easily obtained from {5, whot, p = 1,2, via sign inver-
sion, complex conjugating, and reorderlng That is,

From (44) and (45), we can notice that {zF, 41, k} Pl 0 ,p=

~2* ~2 S
TL%,(—k)no T2tk T P2 (—k)no
k=0, ,N—1.

§7§¢+1,k =
(46)

Thus, two of the four IFFT operations can be replaced by the
complex conjugate operation and reordering. The computational
complexity of the STBC OFDM in Table II was obtained using
the above relations and property.
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Table 3. Four-tap, reduced TU, and ad BU channel power delay profiles.

Four-tap static ISI TU BU
Delay (us)  Fractional power | Delay (us)  Fractional power | Delay (us)  Fractional power
0.0 0.15 0.0 0.189 0.0 0.164
0.2 0.65 02 0.379 03 0.293
0.4 0.15 0.5 0.239 1.0 0.147
0.6 0.05 1.6 0.095 1.6 0.094
23 0.061 5.0 0.185
5.0 0.037 6.6 0.117
10° ey : : :
X RISIC, 1=0
- O Proposed, /=0
— RISIC, /=3
1 -6~ Proposed, /=3
4 Lower bound 1
. N
Signal power
w0k 08f
. Computed
£ g Simulated
g g 0.6
é s ‘ Inter bet 3)
@ nterference power before step
10 0.4 /
______ 0.2r ‘ / ) CIR length
....... (31,17, = 33)
Interference power after step 3) / ¢
3 i H : i ; i : ; ; 0 - ! y - v
Y005 61 015 0z 6% 03 om 04 o 055 0 10 20 40 50 60 64(¥)

05
Ratio of the channel delay span to the symbol duration 3,/ (NT))

Fig. 7. SER performance of the OFDM system with no CP (G=0) for
different delay spans.

VI. SIMULATION RESULTS

A. Coded OFDM System with Single Antenna

In the simulations, we consider a coded OFDM system with
64 subcarriers (N = 64), no CP (G = 0), QPSK modulation,
and a 1/2-rate convolutional code with constraint length of 7. In
order to show the SER performance for different delay spans of
the CIR, we used a four-path Rayleigh fading channel, which
is defined as c(t,7) = Z?:o c(t)o(r — lrg), where 6(t) is
the Dirac-delta function, and 74 is delay span between adjacent
paths. The path gains ¢;(¢) are independent Gaussian random
processes with zero mean and variance 0.25. We used the nor-
malized Doppler frequency fp NT, = 0.001, where fp is the
maximum Doppler frequency and T is the sample period of the
OFDM signal. Although we assumed perfect CE at the receiver,
a practical CE does not sacrifice much performance for static or
slowly fading channels.

Fig. 7 gives the SER performance with no iteration (J = 0)
and three iterations (I = 3) for different delay spans at the av-
erage SNR = 9.5 dB, where the interference is not considered
in the lower bound. For the channel delay span longer than 20%
of the symbol duration, the SER performance of the proposed
scheme with no iteration is better than that of the conventional
RISIC with three iterations. In order to explain the effect of the
proposed scheme more clearly, the interference powers before
and after step 3) in the CPR procedure for a static channel with
374/NTs = 0.516 are shown in Fig. 8. The interference powers
before and after step 3) are computed using (10) with zero £;’s

Sample index (time: 7)

Fig. 8. Interference power before and after step 3) in the CPR procedure.

and the optimum &’s given as (7), respectively. The total inter-
ference power is proportional to the area under the interference
power curve in Fig. 8, and it can be computed that, through step
3), the total interference power is reduced by 2.2 dB. The re-
duction of the interference power leads to a reliable estimation
of the transmitted symbols, which facilitates the iterative CPR
process.

We also compare the SER performance on the six-tap reduced
typical urban (TU) and bad urban (BU) channels, which have
been defined in [32]. Power delay profiles of TU and BU chan-
nels are shown in Table 3. Fig. 9 gives the SER performance on
the TU channel with fp NT,; = 0.001. We used NT; = 8.0 us
so that the channel delay span is 62.5% of the OFDM symbol
duration. In this case, the use of sufficient CP costs a 38.5%
reduction in bandwidth utilization efficiency and a 2.11 dB loss
in the SNR. For three iterations, the proposed scheme is about
2.0 dB better than the conventional RISIC at the SER of 1073,
with the SNR loss from the lower bound of only about 0.6 dB.
Fig. 10 gives the SER performance on the BU channel with
fpNTs = 0.001 and NT; = 12.8 ps. In this case, the use
of sufficient CP costs a 34.0% reduction in bandwidth utiliza-
tion efficiency, which is equivalent to a 1.8 dB loss in the SNR.
Since the interference power due to insufficient CP is very large,
the conventional RISIC technique fails to provide an accept-
able SER performance. The SNR gap between the conventional
scheme and the lower bound is larger than 5 dB at the SER of
10~2. Note also that the gap increases as the SER decreases. In
contrast, the SNR loss of the proposed scheme from the lower
bound is about 1.6 dB at the SER of 10~3, which is smaller than
the SNR loss of 1.8 dB due to the use of sufficient CP.
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Fig. 9. SER performance of the OFDM system with no CP (G=0) on a
TU channel (L = 40).
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Fig. 10. SER performance of the OFDM system with no CP (G=0)on a
BU channel {L = 33).

B. STBC OFDM System with Two Transmit Antennas

In this simulation, we used 64 subcarriers, no CP, QPSK mod-
ulation, and a 1/2-rate interleaved convolutional code as in the
single antenna simulation. The two channels between antenna
pairs, which are fading independently, are assumed to have the
same statistical properties, i.e., the same delay power profile.
The SER performance over the TU channel with fpNT, =
0.001 (NTs = 8.0 us) is shown in Fig. 11. For three itera-
tions, the STBC OFDM system employing the proposed CPR
algorithm is about 1.2 dB better than the conventional RISIC
scheme at the SER of 1073, with the SNR loss from the lower
bound of about 1.0 dB.

C. Iterative Channel Estimation

In the simulations, we used 64 subcartiers with QPSK mod-
ulation. For a coded OFDM, a rate-1/2 convolutional code with
constraint length of 7. Fig. 12 shows the SER performance at
the normalized Doppler frequency fpNTs of 0.01. Every frame
consists of a training symbol period and nine data symbol pe-

Symbedl error rate

E[ "= RISIC with STBC, /=0
% Proposed, /=0

+| %~ RISIC with STBC, 7=3
’| &~ Proposed, /=3

&~ Lower bound

b

1
0 2 4 8 8 10
SN (dB)

Fig. 11. SER performance of the STBC OFDM system (G=0) on a TU
channel (L = 40).

T
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-6~ CPR (G = 2, perfect 1)
~#*- CPR (G = 2, fixed C}
—$~ CPR&proposed CE{G=2) | ~...ooov -
J g S— ; } X ;

4 5 [ 7 8 8 10

Fig. 12. SER performance of the OFDM system with the CPR and the
proposed CE (L = 7).

riods. The length of CIR is equal to 7 (I, = 7) and the ex-
ponentially power-decaying eight-path Rayleigh fading channel
model, which is defined as h; = Sihe‘z/“““, [=0,1,---,7,1s
used in the system. Here, Tmax = 8/v/3 and Sy, is the normal-
ization factor (S, = 217:0 g~!/Tmax), The iteration parameters
for CPR and CE are set to be equal to 2 (N; = 2, Ny = 2).
In the figure, the solid line shows the lower bound, which is
obtained with sufficient CP (G = L) and perfect channel in-
formation. The circle line shows the SER performance of CPR
with perfect channel information and insufficient CP (G = 2).
We observe that the SER performance of CPR with insufficient
CP (G = 2) is almost identical as the lower bound. The star line
shows the SER performance of CPR without CE. In this case,
the channel information of training symbol period is used for
decoding of data symbol during the data symbol period. Since
the channel is fast time-varying (fp N7, = 0.01}, an error floor
occurs. Finally, the diamond line shows the SER performance
of CPR with the proposed CE method. It is noted from Fig. 12
that the proposed CE method with CPR improves significantly
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Symbol error rate
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Fig. 13. SER performance of the STBC OFDM system with the CPR
and the proposed CE on a exponentially power-decaying Rayleigh
fading channel (L = 7).

the SER performance, compared to the case without CE.

Fig. 13 shows the SER performance in STBC OFDM system,
at fp NT; = 0.001. In the STBC OFDM, every frame consists
of two training symbol periods (one STBC symbol pair) and
18 data symbol periods (nine STBC symbol pairs). In the fig-
ure, the dashed and the solid lines show the lower bounds with
sufficient CP (G = L) and perfect channel information, which
are obtained in OFDM with no diversity and with the STBC,
respectively. We can observe from these lines that the STBC
OFDM system has full diversity by introducing temporal and
spatial correlation into the signals transmitted from two trans-
mit antennas, Note from Fig. 13 that the performance of CPR in
STBC OFDM with insufficient CP (G = 2) is almost the same
as the lower bound. Therefore, we can improve the spectral ef-
ficiency of the OFDM system by using the CPR with G = 2,
instead of G = L. In the figure, the diamond line shows the
performance of CPR and CE in STBC OFDM system. We no-
tice from Fig. 13 that the CPR with the proposed CE method
in STBC OFDM system has a slight SER performance degra-
dation (about 0.2 dB at the SER of 1073), compared with the
lower bound.

Fig. 14 shows the SER performance in STBC OFDM system
on a six-tap reduced TU channel with fpNT, = 0.001. We
used NT, = 40.0 us so that the length of the CIR is equal to
8 (L = 8). Note from Fig. 14 that the performance of the CPR
with G = 0 is almost the same as the lower bound, and thus
we improved the spectral efficiency of the STBC OFDM system
by 11.11%. In the figure, the circle and the diamond lines show
the performances of CPR with initial channel estimate (J = 0)
and with the channel estimate obtained after 2nd iteration for
the CE (J = 2), respectively. We observe that the performance
degradation for the proposed iterative CE method is about 0.5
dB, compared to the STBC OFDM with perfect channel infor-
mation at the SER of 1073, The figure also shows that using the
proposed iterative estimation method (J = 2) results in about
0.6 dB gain compared with the case with no iterations (J = 0)
at the SER of 10~3. The performance with respect to the number
of iterations is given in Fig. 15. In Fig. 15, the SNR is set to 10

T
i.ovo| — Lower bound (G = L, perfect CI) - j

-g- CPR (G =0, perfect CI)
: CPR (G = 0) / CE withaut iterations (NJ =0)

- CPR (G = 0)/ CE with iterations (N, = 2)

L. J= = Lower bound with no diversity (G = L, perfect cj o

Symbol error rate

* L

I :
6 65 7 75 8 85 9 95 10 105 1"

SNR {dB)

Fig. 14. SER performance of the STBC OFDM system with the CPR
and the proposed CE on a TU channel (L = 8).
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Fig. 15. SER performance for different number of iterations of the CPR
andthe CE(SNR=10dB, L =8, G =0).

dB and no CP (G = 0) is used. The circle line shows the perfor-
mance of CPR with initial channel estimate (J = 0). By the ISI
removal and iterative cyclicity restoration, the SER performance
is improved from 3.296 x 1073 to 1.123 x 103, As such, the ex-
trinsic probabilities of the SISO decoder become more reliable,
which is then used for accurate CE. The square and the diamond
lines show the performances of CPR with channel estimate after
Ist iteration (J = 1) and after 2nd iteration (J = 2), respec-
tively. It is observed from Fig. 15 that the SER performance of
5.070 x 104 is obtained after N7 N iterations, which is about
six times better than the initial SER of 3.296 x 107%.

VII. CONCLUSIONS

An efficient CPR procedure was proposed for the coded
OFDM system and was applied to the STBC OFDM system
with two transmit antennas. The proposed method restores the
cyclicity of the current received symbol, without the aid of the
transmitted symbol estimate, by adding the weighted next re-
ceived symbol to the current received symbol. Simulation results
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show that the OFDM system employing the new CPR procedure
achieves an SER performance close to the lower bound, without
the loss of spectral efficiency, on channels with the delay span
longer than half of the symbol duration.

This paper also proposed an iterative CE method for the
OFDM system with insufficient CP. The proposed method is
based on the EM algorithm and exploits the extrinsic proba-
bilities of the channel decoder, which are the ISI removed and
cyclic restored values by the CPR. Further, we have applied the
RISIC CPR method to Alamouti STBC OFDM system. In the
STBC OFDM, ISI removal as well as cyclic restoration should
be repeated for the CPR. Finally, an iterative CE method for
the STBC OFDM system with CPR has been proposed. The
computational complexity of the CPR and the CE with and with-
out transmit diversity was analyzed and their performances were
investigated in multipath fading environments. The spectral ef-
ficiency gain over OFDM systems using sufficient CP can be
converted into a higher coding gain, which exceeds the SNR
loss. By applying the proposed CPR algorithm to STBC OFDM
system, we can obtain both the benefits of diversity gain and
spectral efficiency gain.
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