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Space-time block-coded orthogonal frequency division multiplexing (OFDM) transmitter diversity techniques have been shown
to be efficient means of achieving near-optimal diversity gain in frequency-selective fading channels. However, these known tech-
niques all require a cyclic prefix to be added to the transmitted symbols, resulting in bandwidth expansion. In this paper, iterative
space-time and space-frequency block-coded OFDM transmitter diversity techniques are proposed that exploit spatial diversity to
improve spectral efficiency by eliminating the need for a cyclic prefix.
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1. INTRODUCTION

The last decade has witnessed an explosive growth of wire-
less communications, especially in mobile communications
and personal communications services (PCS). With the con-
tinuing expansion in both existing and new markets and the
introduction of exciting new services such as wireless inter-
net access and multimedia applications, the wireless commu-
nications market is expected to continue to grow at a rapid
pace. Furthermore, the ever-increasing demand for faster
and more reliable services to support new applications has
created strong interests in developing high data rate wire-
less communications systems. With existing and emerging
wireless applications, all competing for a limited radio spec-
trum, the development of high data rate wireless communi-
cations systems that are spectrally efficient is especially im-
portant.

The main challenge in developing reliable high data rate
mobile communications systems is to overcome the detri-
mental effects of frequency-selective fading in mobile com-
munications channels. A number of space-time coded or-
thogonal frequency division multiplexing (OFDM) trans-
mitter diversity techniques have recently been proposed for
high data rate wireless communications [1, 2, 3, 4]. It has
been shown in [3, 4] that space-time and space-frequency
block-coded OFDM (STBC-OFDM and SFBC-OFDM) sys-

tems are efficient means of achieving near optimum diversity
gain in frequency-selective fading channels. These previously
proposed OFDM transmitter diversity systems all require a
cyclic prefix to be added to the transmitted symbols to avoid
intersymbol interference (ISI) and interchannel interference
(ICI) in the OFDM symbols, and the number of cyclic prefix
symbols has to be equal to or greater than the order of the
wireless channels [5]. The addition of the cyclic prefix causes
bandwidth expansion if a desired data rate is to be main-
tained or a reduction in data rate if the transmission band-
width is fixed. For many high data rate systems, the addition
of a cyclic prefix can cause more than a 15% bandwidth ex-
pansion, which is a very significant loss of a valuable resource
[6]. In this paper, we propose iterative space-time and space-
frequency block-coded OFDM (ISTBC-OFDM and ISFBC-
OFDM) transmitter diversity techniques that do not require
a cyclic prefix and, therefore, are more bandwidth efficient
than previously proposed systems.

Computer simulations are used extensively to evaluate
the performances of the various systems considered in this
paper. The COST207 six-ray typical urban (TU) channel
power delay profile [7] is used to model the frequency-
selective fading channels in all the simulations. Furthermore,
for the simulations in Sections 2 and 3, perfect estimates
of the channel impulse responses (CIRs) are assumed to be
available at the receiver.
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F1GURE 1: Block diagram of a two-branch OFDM transmitter diver-
sity system utilizing a cyclic prefix.

The remainder of the paper is organized as follows. In
Section 2, a brief overview of OFDM transmitter diversity
systems utilizing a cyclic prefix is provided. Section 3 gives
a detailed description of the proposed bandwidth efficient
ISTBC-OFDM and ISFBC-OFDM transmitter diversity sys-
tems. Section 4 considers channel estimation techniques for
OFDM transmitter diversity systems without a cyclic prefix.
Finally, Section 5 summarizes the results and outlines possi-
ble future research in this area.

2. OFDM TRANSMITTER DIVERSITY SYSTEMS
UTILIZING A CYCLIC PREFIX

A block diagram of a general two-branch OFDM trans-
mitter diversity system with a cyclic prefix is shown in
Figure 1. Let X(u) denote the input serial data symbols
with symbol duration Ts. The serial to parallel converter
collects K serial data symbols into a data vector X(n) =
[X(n,0) X(n,1) --- X(n,K —1)]7, which has a block du-
ration of K Ts.! The transmitter diversity encoder codes X(n)
into two vectors X, (#n) and X,(n) according to an appropri-
ate coding scheme as in [1, 2, 3, 4]. The coded vector X (n) is
modulated by an inverse discrete Fourier transform (IDFT)
into an OFDM symbol sequence. A length G cyclic extension
is added to the OFDM symbol sequence and the resulting sig-
nal is transmitted from the first transmit antenna. Similarly,
vector X,(n) is modulated by an IDFT, cyclically extended,
and transmitted from the second transmit antenna. Let h; (n)
denote the CIR between the first transmit antenna and the
receiver and let hy(n) denote the CIR between the second
transmit antenna and the receiver. To avoid ISI and ICI, the
length of the cyclic extension G is chosen to be greater than
or equal to L, the maximum order of the CIRs, thatis, G > L
[5]. At the receiver, the received signal vector first has the

I'Throughout the paper, we will use the notation that A(n, k) denotes the
kth element of the vector A(n).
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FIGURE 2: Performance of STBC-OFDM without a cyclic prefix in a
TU channel with Ts = 272 second, K = 32, L = 5, and fp = 10Hz.

cyclic prefix removed and is then demodulated by a discrete
Fourier transform (DFT) to yield the demodulated signal
vector Y(n). Assuming the CIRs remain constant during the
entire block interval, the demodulated signal is given by [3, 4]

Y(n) = Ai(n)Xy(n) + Aa(n)Xz(n) + Z(n), (1)
where A;(n) and A,(n) are two diagonal matrices whose el-
ements are the DFTs of the respective CIRs and Z(#) is the
DFT of the channel noise. Elements of Z(n) are generally
assumed to be additive white Gaussian noise (AGWN) with
variance 02.

In OFDM systems, the use of a cyclic prefix transforms
the linear convolution between the transmitted symbols and
the frequency-selective CIR into circular convolution. The
IDFT and DFT pair used in the OFDM modulation and
demodulation processes then transforms the time-domain
circular convolution into simple multiplication in the fre-
quency domain. The net effect is that OFDM with a cyclic
prefix transforms the frequency-selective fading channel into
multiple perfectly decoupled flat fading subchannels. The
OFDM transmitter diversity systems in [1, 2, 3, 4] all rely
on this special property of OFDM with a cyclic prefix in the
precoding and decoding processes to achieve good diversity
performance. Without the cyclic prefix, the convolution be-
tween the transmitted symbols and the frequency-selective
CIR reverts back to the usual linear convolution, causing
ISI and ICI in the OFDM systems. As a result, the underly-
ing OFDM subchannels are no longer decoupled flat fading
channels and the diversity performance of STBC-OFDM and
SFBC-OFDM transmitter diversity systems is significantly
degraded.

For example, Figure 2 shows simulation results of the
BER performances for an STBC-OFDM transmitter diver-
sity system in a slow fading channel with maximum Doppler
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frequency fp = 10Hz, both with and without a cyclic
prefix. The example STBC-OFDM system has a block size
K = 32 and channel order L = 5, requiring a cyclic pre-
fix of length 5 with the resultant bandwidth expansion of
L + K = 15.6%. Figure 2 clearly shows the degradation of
the diversity gain for STBC-OFDM without a cyclic prefix.
Although not shown here, performances of SFBC-OFDM
transmitter diversity systems without a cyclic prefix exhibit
similar degradations.

3. BANDWIDTH EFFICIENT OFDM TRANSMITTER
DIVERSITY SYSTEMS

As described in Section 2 and demonstrated in the example
of Figure 2, the performances of STBC-OFDM and SFBC-
OFDM transmitter diversity systems are significantly de-
graded without the cyclic prefix. Therefore, in order to elim-
inate the cyclic prefix requirement for STBC-OFDM and
SFBC-OFDM systems, some form of ISI and ICI equaliza-
tion for these OFDM transmitter diversity systems is needed.
A number of equalization techniques have been proposed to
reduce the negative effects of ISI and ICI for OFDM sys-
tems without a cyclic prefix or when the cyclic prefix is
shorter than the channel memory [8, 9, 10, 11, 12]. Unfortu-
nately, these equalization techniques are highly channel spe-
cific, that is, the equalizer coefficients are strong functions of
the channel response. With transmitter diversity, as shown
in Figure 1, the received signal is the superposition of sig-
nals transmitted simultaneously from multiple transmitters
and the channel responses between each transmitter and the
receiver are generally different. An equalizer that can simul-
taneously equalize the channel responses from all the trans-
mitters does not exist, in general. Therefore, any equaliza-
tion technique that is specific to the channel response will
not be effective for transmitter diversity systems. However,
here a compensation technique that is only “partially” de-
pendent on the channel responses will be shown to be very
effective for STBC-OFDM and SFBC-OFDM transmitter di-
versity systems without a cyclic prefix. The proposed tech-
nique, described in detail in the following sections, provides
an effective and efficient means of eliminating the need for a
cyclic prefix for the STBC-OFDM and SFBC-OFDM trans-
mitter diversity systems, thus eliminating the bandwidth
expansion while still achieving very good diversity perfor-
mance.

The proposed technique extends the tail cancellation and
cyclic reconstruction ideas shown in [13] and the iterative
technique shown in [14] to STBC-OFDM and SFBC-OFDM
transmitter diversity systems. Therefore, the proposed tech-
niques will be referred to as ISTBC-OFDM and ISFBC-
OFDM transmitter diversity. The ISTBC-OFDM and ISFBC-
OFDM techniques rely on two key properties of the IDFT
and DFT.

(1) The IDFT and DFT pair diagonalizes any circulant ma-
trix. This property is equivalent to the more famil-
iar property of the DFT where circular convolution
in the time domain equates to simple multiplication

in the frequency domain. This property is the key to
transforming a frequency-selective fading channel into
multiple completely decoupled flat fading subchan-
nels.

(2) The IDFT and DFT are linear transforms and super-
position holds when applied to the received signal in
a transmitter diversity system, which is a sum of sig-
nals from multiple transmitters. Linearity allows the
transforms to operate on the received signal compo-
nents without any undesirable cross-terms.

The proposed technique is applicable to both STBC-OFDM
and SFBC-OFDM transmitter diversity systems. Since the
ISFBC-OFDM transmitter diversity algorithm is simpler, the
ISFBC-OFDM technique will be described first in Section 3.1
followed by the ISTBC-OFDM algorithm in Section 3.2.

3.1. ISFBC-OFDM systems

A block diagram of the ISFBC-OFDM system is shown in
Figure 3. Let X(n) denote the K x 1 vector at the output of the
serial to parallel converter at the block instant #n. The space-
frequency encoder codes X(n) into vectors X;(n) and X, (n)
according to the coding scheme for SFBC-OFDM [4]. The
SEBC vectors X;(n) and X,(n) are modulated by the IDFT
into time-domain OFDM signals x;(n) and x,(n) and then
transmitted through channels with CIRs h;(n) and hy(n).
Note that no cyclic prefix is added to either x; (1) or x;(n), so
there is no bandwidth expansion or rate reduction. For pre-
sentation simplicity, the additive channel noise will be omit-
ted in the following derivation. In the absence of noise, the
received signal vector is given by

r(n) = x1(n) * hy(n) +x,(n) * hy(n), (2)

where * denotes linear convolution. Equivalently, the re-
ceived signal vector can be expressed in terms of convolu-
tion matrices of the CIRs and transmitted signal vectors as
follows:

r(n) = Hyoxi(n) + Hy1x1(n - 1)
+Hyox,(n) + Hyixp(n = 1),

3)
where the first index in the subscript denotes the spatial di-
mension and the second index denotes the temporal dimen-
sion. The convolution matrices H,, o and H,,; are defined in
terms of the CIRs h,,(n) as follows:

(Hpo 0 cor e e e 0]
By hmo O :
By hmo
0 . . . hue O
s Bmi hmo 0
L0 -+ 0 hur - hmy Aol
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F1GURE 3: Block diagram of the ISFBC-OFDM transmitter diversity system.
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respectively, where m = 1 and 2 and the implicit depen-
dency of the time-varying CIRs on the block instant # has
been omitted for briefness of presentation. The H; ;x;(n — 1)
and H,1x;(n — 1) terms in (3) represent contributions from
the previous block that can be eliminated using the previ-
ous decision X(n — 1) and the estimated channel responses
ﬁm(n) from the channel estimator. Notice that x;(n — 1) and
X, (n — 1) are simply the IDFTs of the SFBC X(n — 1), so they
can be estimated from X(n — 1). Elimination of the contribu-
tion from x;(n — 1) and x,(n — 1) is referred to as tail cancel-
lation [13] and can be achieved by

¥(n) = r(n) —Hy X (n— 1) — Hy %o(n — 1)

~ Hioxi(n) + Hypxp(n).

(5)

On the other hand, the desired received signal for SFBC-
OFDM transmitter diversity, which has the correct circular
convolution (or cyclic) property, has the form

y(n) = Hyoxi(n) + Hyix1 (1)
+ Hy0x2(n) + Hy1x2(n).

(6)

Notice that (Hy o + Hj,;) is a circulant matrix corresponding
to hy(n), (Hyo + Hy 1) is a circulant matrix for h,(n), and (6)
is simply the sum of circular convolutions. The equivalent
equation in the frequency domain is

Y(n) = Ai(n)Xy(n) + Ay (n)Xz(n), (7)

where A;(n) and A,(n) are diagonal matrices whose el-
ements are the DFTs of the respective CIRs h;(n) and
h,(n). The time-domain equation in (6), or equivalently
the frequency-domain equation in (7), is the desired ISI-
and ICI-free flat fading subchannel system we are attempt-
ing to achieve. Hence, the goal is to add an estimate of
H, 1x;(n) + Hy,1x2(n) to T(n) to approximate the desired sig-
nal y(n). Adding an estimate of H 1x; (1) + H,, 1 x,(n) to T(n)
amounts to restoring the cyclic property of the SFBC-OFDM
system and is referred to as cyclic reconstruction [13]. Since
x1(n) and x,(n) are functions of the yet-to-be-determined
symbol vector X(n), x;(n) and x,(n) are not readily avail-
able for the cyclic reconstruction. The iterative approach in
[14] is therefore adapted here for the cyclic reconstruction
process.

A flow diagram of the ISFBC-OFDM algorithm is shown
in Figure 4, and an outline of the algorithm is as follows.

(1) Space-frequency code the previous decision X(n—-1)
into X;(n—1) and Xo(n—1) and modulate with
an IDFT to form X;(n—1) and X(n-—1). Tail
cancellation is then performed on the received signal
vector r(n) to form T(n) as in (5). Initialize iteration
number i to zero.

(2) Demodulate T(n) with a DFT and decode with the
space-frequency decoder and decision device to form
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F1GURE 4: Flow diagram of the ISFBC-OFDM transmitter diversity
algorithm.

the estimate X (n).2
(3) Space-frequency code XD (n) into )A(Y)(n) and )A(g)(n)
and modulate with an IDFT to form ﬁﬁ’“ (n)and ﬁgi)(n).
(4) Form the cyclic reconstructed signal as

v (n) = ¥(n) + Hy R (n) + Hy, 1Y (n) (8)

and increment the iteration number to i = i + 1.

(5) An updated decision on X(n) can then be obtained
from y)(n) with a DFT, space-frequency decoding,
and passing through the decision device to yield the
updated decision X (n).

(6) Repeat steps 3—5 for a predetermined number of times
to obtain the final decision X(n).

Simulation results for a two-branch ISFBC-OFDM trans-
mitter diversity system at various iterations (i = 0, 1, and 2)
are shown in Figure 5. For the simulations in Sections 3.1 and
3.2, perfect estimates of the CIRs are assumed to be avail-
able at the receiver. Simulation results in Figure 5 show that

2The parenthesized superscript will be used to denote the iteration num-
ber, for example, X(V)(n) is the estimate of X(n) after the first iteration.
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FIGURE 5: Performance of ISFBC-OFDM transmitter diversity in a
TU channel with Ts = 272! second, K = 256, L = 10, and fp =
20 Hz. Iteration number is indicated for i = 0, 1, and 2.

the ISFBC-OFDM transmitter diversity system provides sig-
nificantly better performance over that of the SFBC-OFDM
without a cyclic prefix. For this example, the performance
of the ISFBC-OFDM system approaches that of the SFBC-
OFDM with a cyclic prefix within just one to two iterations.

3.2. ISTBC-OFDM systems

The ISTBC-OFDM transmitter diversity system will be de-
scribed next. A block diagram of the ISTBC-OFDM sys-
tem is shown in Figure 6. For the two-branch STBC-OFDM
system, the diversity encoding and decoding are performed
on two consecutive data blocks over two block instants [3].
The space-time encoder codes X(n) and X(n + 1) into two
vector pairs [X;(n),X;(n+1)] and [Xy(n),Xa(n+1)] us-
ing the coding scheme for STBC-OFDM, where 7 is incre-
mented by two for every two block instants. The STBC vec-
tors X;(n), X;(n+1), X,(n), and X,(n+ 1) are first mod-
ulated by an IDFT into time-domain OFDM signals x, (1),
x;(n+ 1), x2(n), and x,(n + 1) and then transmitted through
channels with CIRs h; (n) and h,(n). In the absence of noise,
the received signals during the two corresponding block in-
stants are given by

r(n) = Hyoxi(n) + Hiixi(n — 1)
+Hyox2(n) + Hyixp(n — 1),

r(n+1) =Hypxi(n+ 1)+ Hy 1% (n)
+Hyoxo(n+ 1) + Hy1x0(n).

(9)

Here, the desired signals with the correct cyclic property are
y(n) = Hiox1(n) + Hiixi(n)
+Hyox2(n) + Haixa(n),
y(n+1)=Hyox;(n+1)+Hyx;(n+1)
+Hyoxo(n+ 1)+ Hyixo(n+ 1).

(10)
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FIGURE 6: Block diagram of the ISTBC-OFDM transmitter diversity system.

Tail cancellation can be performed on r(n) with the previous
decisions X(n —2)and )A((n — 1) as follows:

¥(n) = r(n) — Hy % (n — 1) — Hy % (n — 1), (11)

where X;(n — 1) and X,(n — 1) are the IDFTs of the STBC
X(n —2) and X(n — 1). Cyclic reconstruction of y¥'(n) can
be done similarly to the steps in the ISFBC-OFDM algo-
rithm except that the space-time block coding is used in-
stead. Tail cancellation for r(n + 1), however, requires X(n)
and X(n + 1), which are still to be determined. Therefore, the
ISTBC-OFDM algorithm requires some modifications from
that of the ISFBC-OFDM. Recall that with the ISFBC-OFDM
algorithm, the tail cancellation step is performed once in the
beginning and only the cyclic reconstruction is updated it-
eratively. For ISTBC-OFDM, both the tail cancellation and
cyclic reconstruction for y” (n + 1) have to be done through
iterative updates.

A flow diagram for the ISTBC-OFDM algorithm is
shown in Figure 7 and an outline of the algorithm is as fol-
lows.

(1) Space-time code the previous decisions X(n—1)
and X(n —2) and modulate with an IDFT to form
X;(n — 1) and X;(n — 1). Tail cancellation is then per-
formed on the received signal vector r(n) to form ¥(n)
asin (11). Initialize iteration number i to zero.

(2) Demodulate ¥(n) and r(n + 1) with a DFT and decode
using the space-time decoder and decision device to
form the estimates X(© (1) and X© (1 + 1).

(3) Space-time code X (1) and X (1 + 1) and modulate
with an IDFT to form f((li)(n), )A((li)(n +1), )Acgi)(n), and
P+ 1).

(4) Form the cyclic reconstructed signal y'”'(n) as in (8).
(5) Perform tail cancellation and cyclic reconstruction on
r(n + 1) as follows:

yO(n+1) = r(n+1) - H, 2 (n) — Hy 2 () )
+H 2+ )+ BV (n+ 1)

and increment the iteration number as i = i + 1.

(6) An updated decision on X(#) and X(n + 1) can then
be obtained from y'(n) and y'”'(n + 1) by performing
a DFT, space-time decoding, and passing through the
decision device to yield the updated decisions XD (n)
and XD (n +1).

(7) Repeat steps 3—6 for a predetermined number of times
to obtain the final decisions X(n) and X(n + 1).

Simulation results for a two-branch ISTBC-OFDM
transmitter diversity system at various iterations (i = 0, 1,2,
and 3) are shown in Figure 8. Simulation results show that
the ISTBC-OFDM transmitter diversity system provides sig-
nificant improvement over STBC-OFDM without a cyclic
prefix. For this particular example, ISTBC-OFDM provides
over 12 dB of diversity gain at a BER of 107 and lowers the
error floor from 1072 to 2 X 107>,

3.3. Computational complexity

As compared to STBC-OFDM and SFBC-OFDM systems,
ISTBC-OFDM and ISFBC-OFDM systems require addi-
tional computations to combat the ISI and ICI caused by
the lack of a cyclic prefix. The additional complexity de-
pends on several system parameters, such as the block size
K, the number of iterations 7, and the channel order L. In
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this section, the computational complexities of the ISTBC-
OFDM and ISFBC-OFDM algorithms are considered. First,
notice that the space-time and space-frequency block encod-
ings involve only minor reindexing, negation, and conjuga-
tion, which is negation of the imaginary part. These oper-
ations have essentially zero cost and, therefore, will not be
counted in the computational load of the algorithms. The
computational complexity of the ISTBC-OFDM and ISFBC-
OFDM algorithms for each OFDM block, that is, every K
data symbols, is summarized in Tables 1 and 2, respectively.
Since the block size K is usually much larger than the channel
order L, the convolution matrices used in the tail cancel-
lation and cyclic reconstruction steps are generally sparse.
Therefore, the multiplication operations for the tail cancel-
lation and cyclic reconstruction have only minor impact on
the computational loads. As shown in Tables 1 and 2, the
ISTBC-OFDM and ISFBC-OFDM algorithms have about the
same computational loads, especially when the number of it-
erations is large, and most of the computational complexity
is in the DFTs. To lessen the computational load, the block
size K can be chosen to be a power of two so that a highly
efficient FFT algorithm, which requires only approximately
(K/2)log,K multiplications and Klog,K additions [15], can
be used.
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FIGURE 8: Performance of ISTBC-OFDM transmitter diversity in a
TU channel with Ts = 272° second, K = 32, L = 5, and fp = 10 Hz.
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Compared with other equalization techniques for OFDM
systems without a sufficient cyclic prefix [8, 9, 10, 11, 12],
which often have a computational complexity of @ (K?) for a
block size of K [16], the proposed ISTBC-OFDM and ISFBC-
OFDM algorithms have significantly lower computational
loads. More importantly, as mentioned at the beginning of
this section, none of the techniques shown in [8, 9, 10, 11, 12]
is applicable to multiple transmitter systems. Therefore, the
proposed ISTBC-OFDM and ISFBC-OFDM algorithms are
not only efficient but also the only techniques known to the
authors that are applicable to OFDM transmitter diversity
systems without a cyclic prefix.

Although ISTBC-OFDM and ISFBC-OFDM transmitter
diversity systems incur additional computational complex-
ity beyond that required by STBC-OFDM and SFBC-OFDM
systems, the added computational loads allow for significant
improvement in bandwidth efficiency. It is important to note
that radio spectrum is a limited resource while the computa-
tion powers of signal processors continue to double about
every eighteen months [17]. Therefore, tradeoffs between
bandwidth efficiency and reasonable increases in computa-
tional complexity will likely continue to be in favor of the
bandwidth efficient approaches.

4. CHANNEL ESTIMATION FOR ISTBC-OFDM
AND ISFBC-OFDM SYSTEMS

It has been shown in previous sections that the ISTBC-
OFDM and ISFBC-OFDM transmitter diversity techniques
are effective and efficient means of achieving good diver-
sity gain in frequency-selective fading channels without re-
quiring the use of a cyclic prefix. For these systems, knowl-
edge of the channel parameters is required at the receivers
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TaBLE 1: Computational complexity of the ISTBC-OFDM algorithm.
DFTs Multiplications Additions
Tail cancellation 1 L(L2+ D L(L2+ D
Cyclic reconstruction (per iteration) 3 w +2K w +K
Total complexity* for i iterations 3IIT-'—IKlogzK + 2iK + it 1L(L +1) (3i+1)Klog, K +iK + 31; 1L(L +1)

TasLE 2: Computational complexity of the ISFBC-OFDM algorithm.

DFTs Multiplications Additions
Tail cancellation 2 L(L+1) L(L+1)
Cyclic reconstruction (per iteration) 3 L(L+1)+2K L(L+1)+K
. .. . i+ 2 , . . .
Total complexity* for i iterations 3ITKlogZK +2iK + (i+ 1)L(L+1) (3i+2)Klog, K +iK + (i+ 1)L(L + 1)

*Assuming K is a power of two and each FFT requires (K/2) log, K multiplications and K log, K additions.

for tail cancellation, cyclic reconstruction, and decoding.
All the impressive diversity gain results shown in Figures
5 and 8 were achieved under the assumption that perfect
channel information was available at the receiver. In prac-
tice, the receiver has to estimate the channel information
and the channel estimation process is usually far from per-
fect. Channel estimation techniques for conventional OFDM
systems have been studied extensively by many researchers
[18, 19, 20, 21, 22, 23, 24]. However, channel estimation for
OFDM systems with transmitter diversity has seen only lim-
ited development so far. Channel estimation for transmit-
ter diversity systems is generally complicated by the fact that
signals transmitted simultaneously from multiple antennas
become interference for each other during the channel esti-
mation process. In this section, we study channel estimation
techniques that are compatible with OFDM transmitter di-
versity systems without a cyclic prefix and are thus applicable
to ISTBC-OFDM and ISFBC-OFDM systems.

In [25], a decision-directed MMSE channel estimator for
OFDM systems with transmitter diversity was proposed. The
main drawback of the MMSE channel estimation approach
is the high computational complexity required to update
the channel estimates during the data transmission mode.
More importantly, the channel estimator in [25] requires the
subchannels to be completely decoupled. In the absence of
a cyclic prefix of sufficient length, the subchannels are no
longer decoupled and the performance of the estimator is
significantly degraded. Therefore, a different channel estima-
tion approach is needed for the ISTBC-OFDM and ISFBC-
OFDM systems. In this section, we consider an extension
of the multirate pilot-symbol-assisted (PSA) channel estima-
tion technique proposed in [26] to OFDM transmitter diver-
sity systems without a cyclic prefix, making it suitable for the
ISTBC-OFDM and ISFBC-OFDM systems.

The lack of a cyclic prefix in ISTBC-OFDM and ISFBC-
OFDM systems presents a particular challenge to the chan-
nel estimation process. Without a sufficiently long cyclic

prefix, the subchannels of these OFDM systems are dis-
torted by ISI and ICI. Thus, the desirable decoupled re-
lationship in (1), which both the decision-directed MMSE
channel estimator in [25] and the PSA channel estima-
tor in [26] depend on, is no longer valid. Therefore, nei-
ther the decision-directed MMSE channel estimator in [25]
nor the PSA channel estimator in [26] is directly applica-
ble to the ISTBC-OFDM and ISFBC-OFDM systems. With
the decision-directed approach, in addition to minimizing
the interference among the multiple transmitted signals, the
channel estimator would also have to eliminate the ISI and
ICI caused by the lack of the cyclic prefix during the data
transmission mode. Hence, any decision-directed approach
is unlikely to yield an effective channel estimator for the
ISTBC-OFDM and ISFBC-OFDM systems. On the other
hand, with the PSA channel estimator, the ISI and ICI caused
by the lack of the cyclic prefix only need to be eliminated
during the pilot mode, which is generally an easier problem
to be solved. Therefore, we propose a modification to the
PSA channel estimator in [26], making it suitable for OFDM
transmitter diversity systems without a cyclic prefix.

First, an interesting property of any length K sequence
s(m) with only even harmonics, that is, all the odd frequency
bins are zero, is that the sequence s(m) is periodic in K/2.
That is, s(m) = s(m + K/2) for 0 < m < K/2 — 1. The first
half of the sequence is in effect the cyclic extension of the
second half of the sequence and, therefore, can be used just
like a length K/2 guard interval for the second half of the
sequence [14]. The PSA channel estimator developed in [26]
can be extended to work with OFDM transmitter diversity
systems without a cyclic prefix by using pilot sequences with
the above cyclic property.

Define a length K chirp sequence as follows:

Clk) =el™/ <k <K-1. (13)

Let PS,(n,k) denote the kth tone of the pilot symbol
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transmitted from the mth transmit antenna during the block
instant n. The pilot symbols are constructed as follows:

PS,(n,k+2(m—1))
:{@nmmmw+xm—m if (kou =0, (14)

0 otherwise,

where C(k) is the chirp sequence as defined in (13), M is
the number of transmitters, (k). denotes k modulo (2M),
l<m=<M0=<k=<K-1adl <=m+k < K.
Figure 9 shows the pilot symbol patterns for a typical two-
branch OFDM transmitter diversity system without a cyclic
prefix. Notice that the pilot symbols in Figure 9 satisfy the
following properties.

(1) The pilot symbols transmitted from different trans-
mitters occupy different frequency bins. This prop-
erty enables the avoidance of interference among pi-
lot symbols from different transmitters and is the same
property as that implemented for the channel estima-
tor in [26].

(2) The pilot symbols transmitted from the same trans-
mitter have only nonzero values on even subcarriers.
This property ensures that the time-domain pilot se-
quence is periodic in K/2 so that the first half of the
sequence can serve as the guard interval for the second
half of the sequence.

At the receiver, the last K/2 samples of the received signal
vector rps(n) are assigned to the vector y(n) as follows:

s (k5 ) for0<k <t -1,
y(n,k) = 2 X 2 (15)
rps(n, k) forE <k<K-1,
where the subscript PS denotes the received signal during the
pilot mode. The resulting vector y(#) is simply the cyclic ex-
tension of the received signal after the removal of the guard
interval. The vector y(#n) is then demodulated with a DFT to
yield the input signal Y(n) to the channel estimator. With the
pilot symbols constructed as in (14), the cyclic property is
ensured during the pilot mode and each symbol in Y(#) con-
tains only the pilot contribution from one transmitter. The
complex gain of the (k+2(m — 1))th subcarrier from the mth
transmitter can be estimated by

A (nk+2(m—1))
Y(n,k+2(m—1))
={PS, (nk+2(m—1))
0 otherwise.

if (k)oy =0, (16)

Notice that the nonzero estimate

Ao (nk+2(m — 1))

(17)
=Ap(nk+2(m—1)) + W(n,k+2(m— 1)),

where A,,(n,k +2(m — 1)) is the actual complex gain of the
(k + 2(m — 1))th subcarrier from the mth transmitter and
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F1GuURrek 9: Pilot symbol patterns for an OFDM transmitter diversity
system without a cyclic prefix where K = 8 and M = 2.

W(n,k + 2(m — 1)) is the sampled channel noise which is a
zero-mean complex Gaussian random variable with variance
oty = a/(2M) [27].

The diagonal elements of 1N\m(n) are, in effect, samples
of the frequency response of the channel between the mth
transmitter and the receiver. Let lNlm(n) be the IDFT of the
diagonal of 1N\m(n). In the absence of noise, lNlm(n) is related
to the actual CIR h,,(n) by [27]

2M—1

%m(n, k) = ﬁ Z A (n, (k+ %Z)K>ej(ﬂm/M)l. (18)
1=0

Notice that h,,(n) is the sum of circularly shifted images of
h,,(n). The images in (18) are the direct result of sampling in
the frequency domain. To avoid aliasing in the time domain,
the condition K > 2M(L + 1) must be satisfied. To remove

the images, ho(n) s passed through a length L+1 rectangular

window of gain M to yield the temporal estimate h,,(n) at the
pilot instant as follows:

B (n k) = 1hm(n,k)+£(n’k), 0<k<L,

(19)
0, L+1<k<K-1

The DFT of ﬁm(n) yields the estimate of the channel param-
eters

Ap(n) = Ap(n) +E(n), (20)

where the elements of the noise vector Z(n) have a variance of
0%, (2M(L+1)/K). Since 2M(L+1) < K in general, in addition
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FiGure 10: Block diagram of the proposed PSA channel estimator for a two-branch OFDM transmitter diversity system without a cyclic

prefix.

to removing the images, the windowing operation also re-
duces the variance of the noise by a factor of 2M(L + 1)/K.

These temporal estimates at the pilot instants hy.(n) are then
passed through a third-order least-square interpolation filter
[26] to provide the estimated channel parameters during the
data transmission mode. A block diagram of the proposed
PSA channel estimator for a two-branch OFDM transmitter
diversity system without a cyclic prefix is shown in Figure 10.

The performance of the proposed PSA channel estimator
for OFDM transmitter diversity systems without a cyclic pre-
fix has been evaluated by simulations. The simulations used
K = 128 and N = 20 for ISTBC-OFDM and K = 256 and
N = 10 for ISFBC-OFDM. Simulation results of the average
BER after two iterations (i = 2) for a two-branch ISTBC-
OFDM system with ideal channel parameters and with chan-
nel parameters estimated by the proposed PSA channel esti-
mator with a third-order least-square interpolator are shown
in Figure 11. Simulation results for the ISFBC-OFDM system
are shown in Figure 12.

At low SNR and with estimated channel parameters,
both the ISTBC-OFDM and the ISFBC-OFDM systems have
about 2 dB performance degradation from the correspond-
ing systems using ideal channel parameters. At high SNR,
the BER performance of the ISTBC-OFDM system with esti-
mated parameters approaches that with the ideal parameters.
The ISFBC-OFDM system, however, still exhibits a slight
degradation with estimated parameters, especially in faster
fading environments ( fp = 100 Hz). The ISFBC-OFDM sys-
tem seems to be more sensitive to channel estimation error at
faster fading environments than the ISTBC-OFDM system.
The cause of this difference in sensitivity to channel estima-
tion between the two systems is under investigation.

5. SUMMARY

Bandwidth efficient ISTBC-OFDM and ISFBC-OFDM
transmitter diversity systems have been presented in this pa-
per. A low-complexity PSA channel estimator for OFDM
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FiGUurg 11: Performance comparison of ISTBC-OFDM systems
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with a third-order least-square interpolator.
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FIGURE 12: Performance comparison of ISFBC-OFDM systems with
ideal channel parameters and channel parameters estimated with a
third-order least-square interpolator.

transmitter diversity systems without a cyclic prefix, there-
fore applicable to ISTBC-OFDM and ISFBC-OFDM systems,
has also been presented. The proposed ISTBC-OFDM and
ISFBC-OFDM systems are shown to be effective and effi-
cient means of eliminating the need for a cyclic prefix while
still providing good spatial diversity gain. The computational
complexity of the ISTBC-OFDM and ISFBC-OFDM algo-
rithms has been analyzed and shown to be significantly more
efficient than other equalization techniques for OFDM sys-

tems without a cyclic prefix. More importantly, the ISTBC-
OFDM and ISFBC-OFDM algorithms are the only known
techniques applicable to OFDM transmitter diversity systems
without a cyclic prefix.

For ease of presentation, this paper has focused on sys-
tems with two transmit antennas (M = 2) and a single
receive antenna. It should be noted that the proposed ap-
proach is also applicable to systems with a larger number
of transmit antennas (M > 2) and can be easily extended
to systems with multiple receive antennas by replicating the
proposed technique at each receive antenna branch together
with a signal combining scheme similar to that shown in
[28, Section III-B].

We have developed the ISTBC-OFDM and ISFBC-
OFDM algorithms to take advantage of the relatively sim-
ple space-time block coding process in the STBC-OFDM
and SFBC-OFDM systems. Other more sophisticated OFDM
transmitter diversity systems [29, 30, 31, 32, 33] have the po-
tential of achieving higher performance than STBC-OFDM
and SFBC-OFDM systems, albeit at higher computational
complexities. Future work will include applying tail cancel-
lation and cyclic reconstruction techniques to these more re-
cently proposed OFDM transmitter diversity systems for re-
moval of the cyclic prefix and, subsequently, improvement in
bandwidth efficiency.
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