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ABSTRACT
Orthogonal frequency division multiplexing (OFDM) is a pramising technique for multi-antenna broadband systems, since it significantly reduces receiver complexity by providing orthogonal suhchannels. A drawback of OFDM systems is the performancelrate
reduction due to the cyclic prefix overhead. In this paper, we propose receiver structures that exploit the cyclic prefix to increase
the performance of the link. The proposed structures use the standard OFDM transmitter, and the modifications are only made at
the receiver. Optimum receivers in both the least-mean-squares
and least-squares senses are presented, and they do not result in
any extra processing complexity compared to the standard OFDM
receiver. The proposed architecture is further extended to a MIMO
OFDM structure. Simulation results validate the improved perfarmance of the proposed receiver.
1. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) significantly
reduces receiver complexity in wireless broadband systems, and it
has recently been proposed for use in wireless broadband multiantenna systems [I]. I t is also a promising modulation technique to
be used in multiple-input multiple-output (MlMO) systems [21,[31.
The orlhogonal and independent sub-channels in OFDM are achieved by appending a cyclic prefix to each transmitted block of data,
which is then discarded at the receiver. The cyclic extension r&lts
in overhead transmission time and reduces the rate efficiency of
the communications link. This overhead in time is always present,
since the length of the cyclic prefix is usually chosen to cover the
longest channel spread. The contribution of this paper is to introduce a procedure at the receiver to exploit the cyclic prefix to
improve data estimation. The procedure is formulated as a linear
optimization problem and is studied in the mean and least-squares
error senses. The least-squares solution results in a simple receiver structure that outperforms the standard OFDM receiver with
the same complexity. Both single-input-single-output (SISO) and
MlMO cases are addressed in the paper.
The paper is organized as follows. The next section describes
an OFDM system and formulates the problem to he solved. In
Sec. 3, the optimum solution in the least-mean-squares sense is derived. Sec. 4 presents the least-squares (LS) solution and a simple
architecture for it. In Sec. 5, the proposed technique is generalized
*This work was partially supported by NSF grant CCR-0208573,
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'The problem of finding the channel length L , as well as timing synchronization in OFDM systems, has k e n studied in the literature [1],[4l.
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discarded, rather than all last P samples. Collecting the remaining
{r,(N P ) ,. . . ,P,(L 1)}samples into a vector ).,, and using
the StNCtUre of the transmitted symbol, equation (4) gives
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+ Y,

We shall drop the time index i for notation simplicity and rewrite
( 5 ) as
= KHoF's

+ Y = KF'As + Y

(5)

where
We are interested in estimating s from 9.

3. MMSE SOLUTION

H, =
h.z

For a linear model of the form w = H x f u , where U is zero-mean
and uncorrelated with x , the linear least-mean-squares estimator of
x given w is [5]

. .,h L

R =R,~R;%
= [R;' + H*R;'H]-'H'R,'w

The matrix H, has size (N+ P - L ) x N a n d is circulant (but not
square). A receiver using the above structure is expected to outperform the conventional structure, where only N received smples are used to estimate the transmitted symbol. We introduce the
square circulant matrix Ho of size N x N,

Applying this solution to (9).and using R, = .:IN
uZIN+P-L.
the optimum estimator f o r s from 7 is

5: =

I.:IN +

(10)

and R, =

-1

A*FK*KF*A] A'FK').

(11)

Now since K'K = IN + E , where

Eq. (1 1) becomes
-1

= [($IN

[
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IP-L

A'FK'y

(13)

where the first p a n inside the matrix inversion is diagonal. Applying the matrix inversion lemma?and defining

and note that H, = KHo, where

K=

+ A'A ) + A*FEF*A]

I ON-[P-L)

1

(8)

and I, denotes the n x n identity matrix. It is known that the
square circulant matrix Ho can be diagonalized by the DIT matrix
as Ho = F'AF, where

(14)

the solution (13) can he rewritten as

2 = PA*F [I - (I + EF*ArA*F)-'EF'ArA'F] K').
2 ( A+ BCD)-' = A-' - A - ' B ( C - l
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the above solution is depicted in Figure 2. The main feature of
this solution is that the receiver takes the average over the samples
that are repeated in the cyclic prefix and not corrupted by the previous symbol, whereas the orthogonal structure is still preserved.
Considering the equations in (IS), one can verify that a standard
OFDM receiver basically implements the same set of equations
with W replaced by

4uJ
(a) transmitter

[ IP-'

IN-(P-L)

I

op-L

I

Therefore, the processing complexity of the proposed receiver (1 8)
is the same as that of current OFDM receivers.
5. GENERALIZATION TO MIMO SYSTEMS

The OFDM receiver structure proposed in the previous section can
be expected to a MIMO OFDM system. First, we introduce the
following parameters and notations for the MIMO case:
n T : number of transmit antennas.
n R : number of receive antennas.

W

(b) receiver

+

Fig. 2. The proposed OFDM receiver for the SlSO case. The block W is
what distinguishesthis structure from a conventional OFDM receiver.

L ~ J 1: number of channel taps from transmit antenna 1
to receive antenna k.
hk.1: channel taps from transmit antenna 1 to receive antenna k as defined by (3).
s, and 51: block of data transmitted by antenna 1 and its
Fourier transform as defined by (I)and (2).
r k : received block of data by antenna k.

or, equivalently,

Note that replacing the matrix E with 0 in the above solution results in the classical OFDM receiver using only N samples, which
is 6 = rA'FK.7. Therefore, the only modification in the receiver is the matrix inversion term in the final solution. Recalling the value of E from (12). the term E(F'Al?A*F) simply
amounts to selecting the first (P - L) rows of the circulant matrix
(F*AFA*F)and replacing the remaining rows with zeros. Next,
we formulate the data recovery problem (9) as a least-squares prohlem. Its solution will perform very closely to the MMSE receiver
and will lead to a simpler receiver structure.
4. LEAST-SQUARES SOLUTION
The least-squares solution can be obtained from the least-meansquares solution by replacing u:/u: with zero. In this case, the
matrix l? defined in (14) becomes (A*A)-'. Substituting into
(15) gives

S = (A'A)-'A*F (I + E)-' K'Y

Defining W = (I

(16)

received block of data by antenna k as defined by (5).
H5.I and H;,': circulant matrices defined as in (6) and (7)
corresponding to the channel from antenna 1 to antenna k.
Data blocks received on different antennas, f k fork = { 1,. . . ,nR},
are collected into a column vector of size n.e x (N + P). The
same relation as described in Sec. 3 holds between F k and 31 for
k = { l . .. n ~and
} 1 = { l . .. n ~ }Defining
.
4 = maxl(Lk,l),
for each k, and discarding the last L k samples of each ' k . we can
yk:

verify that the following relation holds for the MlMO case (using
the technique and notations that led to (5)):
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where
contains the additive noise on all receive antennas.
Note that the block of data, y'M',has (nR x N) CLcl(P- L b )
elements compared to the (nn x N) samples used in a standard
MIMO OFDM receiver. As in the SISO case, an improved optimum receiver based on (19) can be achieved with the same complexity as that of a standard receiver. Applying the decomposition
H, = KHo to each sub-block in H?), we can write

+

+ E)-' K', we get

+?(MI

HP)=

where the diagonal structure of the receiver is preserved since 6 is
related to y by the diagonal matrix A-'. A receiver implementing
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Fig. 3. Proposed structure applied to a MIMO system. The matnx T is
defined in (24).

t

where each K k is as in (8) with L replaced by Lk. As in (9) we
can express Hp' in the form

1

Fig. 4. BER vs. SNR for different receiver OFDM structures.
6. SIMULATION RESULTS
ac.1

where A*,', k = { 1, . . . , RR}, 1 = {l,. . .
matrices. Taking into account that

[

g
]:$1

=[*'?I

, R T } , are diagonal

+

(21)

F*sl

Eq. (19) becomes
= K(M)

[

F'
., .

F*

]

A(M)~(M)

+

(22)

where dM)= col{si}. This equation plays the role of (9) in the
MIMO case. However, the matrix A(M)is no longer diagonal, but
instead is composed of diagonal sub-blocks. We can make it into
a block-diagonal matrix with blocks of size n R x nT,by applying
some suitable unitary permutations, P,. and P,,, as in [21:

r(M)
= P~~,A@')P(~
Then Eq. (22) leads to
P,,~(M)

= r(M)pin-ls(M)

A typical SISO OFDM system is simulated to evaluate the performance of the proposed MMSE and LS solutions in comparison to
a standard OFDM receiver. The parameters used in the simulation
are N = 64, P = 16, ( L 1) = 4, and the channel taps are chosen independently with complex Gaussian distribution. The BER
versus SNR for the proposed algorithms is simulated and shown
in Figure 4. Although the MMSE solution is the optimum solution in the least-mean-squares sense, the least-squares solution
closely achieves the same performance. Note further that the performance of the proposed receiver depends on the relative values
of the cyclic prefix length and the channel spread.

+

7. CONCLUSION
We proposed a structure for OFDM receivers, for both SISO and
MIMO cases, by exploiting the cyclic prefix samples to achieve a
higher performance compared to the receivers that discard the enfire cyclic prefix. This is an imponant issue in OFDM systems,
since the length of the cyclic prefix is always over-designed for
the worst-case channel delay, and this can introduce a large unnecessary overhead on the system for typical channel scenarios.
The proposed least-squares architecture outperformed the current
OFDM receivers, without any additional complexity. Furthermore,
the concept introduced in this paper can be applied to other tasks
performed by the receiver, such as timing and synchronization.
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