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ABSTRACT

A low-complexity transmit diversity scheme for coded orthogonal frequency
division multiplexing (OFDM) systems is cyclic delay diversity (CDD). As the cyclic delay
value increases the diversity effect also increases. However the channel estimation
becomes more difficult due to the increased frequency selectivity as the increased cyclic
delay value. In this paper various channel estimation schemes are discussed and a novel
pilot-aided channel estimation scheme is proposed, where the pilot code words are made
orthogonal to estimate the channel in an improved manner.
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I. INTRODUCTION

Recently, OFDM has been used as one
of the core technologies for communication
systems. Especially, OFDM has been adapted
for various wireless communication systems
such as wireless local area networks (WLANS),
wireless metropolitan networks
(WMANS), digital audio broadcasting (DAB)
and digital video broadcasting (DVB). OFDM

IS an attractive technique for achieving high

area

data rate in wireless communication systems
and is robust to the frequency selective fading

channel.

In wireless communications, transmit
diversity techniques can be used to increase the
reliability of communication in a fading
environment. Diversity refers to the various
ways of transmitting the signal. There are three
major diversity techniques in OFDM. They are,
frequency diversity, time diversity, and spatial
diversity. In spatial diversity we have
transmitter diversity and receiver diversity. A
simple transmit diversity scheme is ‘delay
diversity’ (DD) where the same signal is
transmitted from different antennas with
different time delays. This helps the system to
The DD

technique converts the multiple-input-single-

achieve diversity at reception.
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output (MISO) channel into single-input-
single-output (SISO) channel with an increased
number of paths. However introducing
additional delay requires a long guard interval
and it results in a reduction in bandwidth
efficiency (Kaiser 2000). If the guard interval is
not sufficiently long, the additional delay will

cause inter-symbol interference (ISI).

To avoid these disadvantages of the
delay diversity, cyclic delay diversity (CDD) is
proposed (Kaiser 2000) where time delay is
replaced by the cyclic delays. Therefore,
multipath diversity is obtained. Hence it
exploits the increased frequency selectivity at
the receiver and frequency diversity is achieved
by an appropriate channel coding. CDD does
not suffer from rate loss for large number of
antennas. The important thing is that, the cyclic
delay value should be carefully chosen such
that it would be larger than the maximum delay
spread in order to eliminate the correlation
between signals transmitted through each of the
transmit antennas if the channel estimation is
perfect. However, when the channel estimation
is not perfect, the increased frequency
selectivity of a channel due to cyclic delay
value would cause more channel estimation

errors.
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One channel estimation approach for
CDD-OFDM is direct estimation of the SISO-
equivalent channel. But in a CDD-OFDM
system, due to the increased frequency
selectivity, the frequency response of the SISO-
equivalent channel can vary significantly across
adjacent subcarriers. Hence it is very difficult
to obtain an accurate interpolation between the

pilot subcarriers.

An alternate  channel estimation
approach for CDD-OFDM is based on the
MISO model. Here each channel is estimated
individually and then combined to obtain the
equivalent estimated SISO channel. Here the
Bayesian channel estimator is used at the pilot
locations which results in an irreducible
channel estimation mean square error as SNR is
increased. These considerations motivated to
design a new CDD-OFDM scheme where the
pilot code words can be made orthogonal to
achieve Cramer-Rao bound on the channel
estimation error variance. And it is further
improved by considering spatially correlated

channel.

The rest of this paper is organized as
follows. The system model is described in
section Il and the existing methods of CDD-

OFDM channel estimation are discussed in
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section Ill. And the new scheme for CDD-
OFDM channel estimation and its performance
over spatially correlated channel for two
antennas is given in section IV. Simulation
results are presented in section V and the

conclusion is given in section VI.

Il. SYSTEM MODEL

Consider a conventional CDD-OFDM
with N transmit antennas each antenna
introduces a different cyclic delayA,,n =
1, ..., Ny resulting in the following transmitted
time domain signal from the n™ antenna
X = xq an;0<St<SN-1 (1)
where, N is the FFT size. A cyclic delay by A,
samples in the time domain corresponds to the

following phase shift at the i subcarrier

2miAy,
o0 = T ()

Hence, the i frequency domain subcarrier is

" N-1 -
j2mti

xt(")=ﬁ E x™ew,
i=0

Ly Jemi
—lynaxe o, (@)

The frequency domain input-output
relation for a MISO-OFDM system at the i-th
subcarrier isY; = Y07, H™MX™ + N;. Where,
Y; ,H; and N; are the received signal, the

channel frequency response and noise at the i-
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th subcarrier. The received symbol of the i-th
can be expressed as,

: (n)
Vi =X; (2521 H{We % ) +N;,
=X;H™M+N;0<i<N-1. (4

Where we define H; 7" = ZﬁilHl.(”)e‘f‘Pgn) to
be the SISO equivalent channel frequency
response at the i-th subcarrier.

The corresponding time domain SISO
equivalent channel of CDD-OFDM is (Auer

2004),

Rea(2) = Sty B h$”. 8(7 = 75 AnTpt)
(5)

Wherehg”) and rfl") are the gain and time delay

for the g-th tap of the CIR from the n-th
transmit antenna and v is the channel memory

normalized to the OFDM sampling period Ts,;.

1. CONVENTIONAL
CHANNEL ESTIMATION

Here we are considering the pilot

CDD-OFDM

assisted channel estimation scheme. We
assume that each OFDM symbol has P equally
spaced unit magnitude pilots at subcarriers
p(0),...,p(P — 1), then by using equivalent
model in (4), we calculate the SISO equivalent
channel frequency response (CFR) at the pilot

subcarrier location as follows
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—~ Yo
H = p()
PO~k p®

0<i<P-1. (6)

These estimates are interpolated to
obtain an estimate of entire equivalent CFR.
Since the channel is highly frequency selective
due to CDD effects, it is very difficult to obtain
exact channel.

An alternative approach is based on the
original MISO channel model. Assume that we
have 2 antennas.1® antenna transmitting the
original version of the signal (A;=0).The 2"
antenna transmitting the cyclically shifted
version (A,#0) of the same signal. Consider k-

th and k+1-th OFDM symbols as follows,

Jj2miAy

Y} = Xk (Hl.(l)‘k + H®*e ™

) +Nf.(7)
Jj2miA
(Yik+1 — Xik+1 (Hi(l),k+1 + Hi(z),kﬂe_Tz)

+Nj+L (8)
Assume that the channel is fixed over 2
adjacent OFDM symbols. We have
M)k _ ;) k+1 _ ;(n) _
HYE = ™Y = H™Y forn = 1,2,

Under this assumption we can write,

_jZﬂiAZ

B e AT
Yik+1 Xl-k+1 Xlk+1e_]211t\;A2 Hik+1
Nk l
: 9)
lNik+1
In matrix form as
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If the covariance matrix of Hjand N; are known
we can calculate the Bayesian minimum mean
square error estimator of Hjas (Kay 1993),
Higumse = RuX (X;RyX{" + Ry)'Y;(11)
whereRy =c%1, is the noise covariance matrix
and Ry=I, is the covariance matrix of unknown
Hi. The error covariance matrix is given by
(Kay 1993)

Co= (Rg* +X/Ry'X)™1.  (12)

The MSE is given by,

y+1
2y+1

MSE(ﬁi(m)) = [Celmm = (13)

where, y = [X5|* + |x5*1* Jo2.The MSE of
this channel estimator is lower bounded by %2

as SNR goes to infinity.

IV. THE NEW METHOD OF CHANNEL
ESTIMATION

Consider the original MISO channel.
Assume that we have 2 antennas.
1% antenna transmitting the original version of
(A;=0) and the

transmitting a cyclically shifted version of the

the signal 2"antenna
signal by providing shift of A, for kth symbol
andA, for k+1-th symbol.

Thus

_j2miA
Ve = Xl (HO* 4 HP e

)+Nf
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k+1 _
Yi =

jemidy
X{”l (Hi(1),k+1 +Hi(2),k+1e—T2) +

Nik+1 (14)

Fig 1.CDD OFDM transmitter and receiver

with improved channel estimation.

The pilot codeword can be replaced by

_jZn'iAZ

Xke™ N

2

Xi = ! (15)

X_k+1 X_l(-i-le—j—zféAz
L L
The optimal choice for X; is to make it
orthogonal at pilot locations. That is, X/ X; =
2E I, . If this can be achieved, the efficient

channel estimator is given by (Kay 1993),
A; = (XIRYXDTX[RY = —x[Y,(16)
S
It further reduce the channel estimation

MSE to, ﬁ From (15) the orthogonality

condition implies that,

_J2mp (DA,

v =0 (17)

_Jzrp(HA;
Ese v  +Ege
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Hence the delay values must be set to
satisfy the following A, — A,= N/268, we must
set A,> A, +v. And set A, as d/2r. r can be
any range from 1 and d/2. And d must be
selected such
thatd < 1/KTpmqxAr Where T, = vTg,  and
Ay is subcarrier spacing in frequency domain.

Where, K is constant.

V. SIMULATION RESULTS

We evaluate the performance of the
new channel estimation scheme by taking N=64
subcarriers. We first compare the performance
of MISO channel using conventional and
proposed channel estimation methods. The
simulation was conducted under the following
conditions.

Table.1. Simulation parameters

No of carriers 64

No of OFDM 100

symbols

No of pilot carriers 8

Coder Convolutional coder

Interleaver Matrix interleaver

Mapping QPSK

Channel Estimation Pllqt ASiS'StEd Channel
Estimation

No of Transmit

Antennas 2
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We  first
performance of channel
conventional CDD OFDM and proposed CDD
OFDM. The MSE is based on the estimated

coefficients at pilot carrier locations. From Fig

MSE

estimation using

compare the

2 we can conclude that, the channel estimation
MSE of the proposed method is better than the

conventional method using LS estimation.

It can be seen from the Fig 3 that, the
MSE of the Bayesian estimator for the
conventional CDD OFDM has a floor of %. By
making the pilot code words orthogonal, our

proposed scheme eliminates this MSE floor.

LS ESTIMATOR

—CDD OFDM
— new method

IR (6F)

Fig 2.MSE performance of 2 TX CDD OFDM
and the proposed method with estimated
channel (LS) information.
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BMMSE of CDD OFDM
BMMSE of new method

0 é WIU SNF‘{I‘SNE) Z‘U 2‘5 30
Fig 3. MSE performance of 2 TX CDD OFDM
and the proposed method with estimated

channel (BMMSE) information.

Fig 4 compares the BER performance
of the original OFDM, conventional CDD
OFDM and the proposed CDD OFDM. It can
be seen that, our proposed scheme has
improved performance than the other two

methods.

—%— 1= 1 Plain OFDM
—#— delay2 CDD OFDM
new method

BER

. . . . . . . . L
0 2 4 6 8 10 12 14 16 18 20
SNR (dB)

Fig 4.BER comparison between CDD OFDM
and single transmitter OFDM & the proposed
CDD OFDM.
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VI. CONCLUSION

In this paper, various channel
estimation methods are analyzed and a novel
pilot-aided channel estimation scheme is
proposed for CDD-OFDM which guarantees
that the space-time pilot matrix is orthogonal to
achieve the lowest channel estimation error
variance for any number of transmit antennas.
Based on the original MISO model, our
scheme estimates each channel individually and
achieves significant performance improvement
compared to the schemes that estimate the
equivalent SISO channel which exhibits more
severe frequency selectivity
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