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Abstract—Cyclic delay diversity (CDD) is a low-complexity
standard-conformable transmit diversity scheme for coded or-
thogonal frequency division multiplexing (OFDM) systems. How-
ever, it makes channel estimation more challenging due to
the increased frequency-selectivity of the equivalent single-input
single-ouput channel. In this paper, we propose a novel CDD-
OFDM scheme with pilot-aided channel estimation for any
number of transmit antennas. By alternating and optimizing the
cyclic delay parameter over adjacent OFDM symbols, we design
a simple yet efficient channel estimation scheme and illustrate
its excellent performance for the DVB-T application.

Index Terms—OFDM, channel estimation, CDD, SISO, MISO.

I. INTRODUCTION

CDD is a low-complexity spatial transmit diversity scheme
where multiple antennas transmit cyclicly-shifted ver-

sions of the same signal. Essentially, CDD transforms a
multiple-input single-output (MISO) frequency-selective chan-
nel into an equivalent single-input single-output (SISO) chan-
nel with increased frequency-selectivity, where the available
spatial diversity is transformed into additional frequency di-
versity [1]. An OFDM system with forward error correction
(FEC) and interleaving can exploit the increased frequency
diversity of the equivalent SISO frequency-selective channel
to improve the performance. Two other key advantages of
CDD-OFDM over other transmit diversity schemes such as
orthogonal space-time block codes (STBC) [2][3] are that it
is standard-conformable1 and it does not incur any additional
information rate loss for more than two transmit antennas
(unlike orthogonal STBC).

One channel estimation approach for CDD-OFDM is to
estimate the SISO-equivalent channel directly [4]. However,
in a CDD-OFDM system, the frequency response of the
SISO-equivalent channel can vary significantly across adjacent
subcarriers due to the increased frequency selectivity. Hence,
it becomes more difficult to obtain an accurate interpolation
between the pilot subcarriers at practical pilot overhead ratios.

An alternative channel estimation approach for CDD-
OFDM is based on the MISO model where each channel
is estimated individually and then combined to obtain the
equivalent estimated SISO channel used for detection [4].
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1This implies that the transmission frame format is unchanged and current

SISO-OFDM user terminals can decode CDD-OFDM signals.

For a conventional CDD-OFDM system with scattered pilot
tones embedded between the data subcarriers in each OFDM
symbol, as we show in Section III, the CDD-encoded pilot
codeword matrix is singular. Even when a Bayesian channel
estimator is used at the pilot locations, it results in an
irreducible channel estimation mean square error as SNR is
increased. These considerations motivated us to design a new
CDD-OFDM transmission scheme where the pilot codewords
can be made orthogonal to achieve the Cramer-Rao bound on
the channel estimation error variance. Our simulation results
show that MISO channel estimation for our proposed CDD-
OFDM scheme achieves significant performance improvement
over SISO-equivalent and MISO channel estimation schemes
for conventional CDD-OFDM at the same pilot overhead ratio.

The rest of this paper is organized as follows. The system
model is described in Section II and the existing methods for
CDD-OFDM channel estimation are reviewed in Section III.
We propose our new CDD-OFDM scheme and its associated
channel estimation algorithm for two transmit antennas in
Section IV and generalize it to an arbitrary number of transmit
antennas in Section V. Simulation results are presented in
Section VI, and conclusions are drawn in Section VII.

Notation: We use (·)T to denote the transpose, (·)H the
complex-conjugate transpose, and (·)N the modulo-N oper-
ation. The estimated value of a variable a is denoted by â.
IN denotes the N × N identity matrix and Diag(v) denotes
a diagonal matrix with diagonal elements given by the vector
v.

II. SYSTEM MODEL

For a conventional CDD-OFDM system with NT transmit
antennas,2 each antenna introduces a different cyclic delay
Δn, n = 1, . . . , NT , resulting in the following transmitted
time-domain signal from the n-th antenna

x
(n)
t = x(t−Δn)N

; 0 ≤ t ≤ N − 1; 1 ≤ n ≤ NT (1)

where N is the inverse discrete Fourier transform (IDFT) size.
A cyclic delay by Δn samples in the time-domain corresponds
to the following phase shift at the i-th subcarrier

ϕ
(n)
i = 2πiΔn/N (2)

Hence, the i-th frequency-domain subcarrier X
(n)
i is related

to the time-domain signal x
(n)
t in (1) by the relation

x
(n)
t =

1
N

N−1∑
i=0

X
(n)
i ej2πti/N

=
1
N

N−1∑
i=0

Xie
−jϕ

(n)
i ej2πti/N

(3)

2Throughout this paper, we assume one receive antenna. The extension to
multiple receive antennas is straightforward.
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Generally, the frequency-domain input-output relation for
a MISO-OFDM system at the i-th subcarrier is Yi =∑NT

n=1 X
(n)
i G

(n)
i + Vi where Yi, Gi and Vi are the received

signal, the channel frequency response, and the noise (assumed
white Gaussian with variance σ2

v) at the i-th subcarrier, respec-
tively. Using (3), the received signal at the i-th subcarrier can
be expressed as

Yi = Xi

(
NT∑
n=1

G
(n)
i e−jϕ

(n)
i

)
+ Vi

= XiG
eqv
i + Vi; 0 ≤ i ≤ N − 1

(4)

where we define Geqv
i

def=
∑NT

n=1 G
(n)
i e−jϕ

(n)
i to be the SISO-

equivalent channel frequency response (CFR) at the i-th sub-
carrier. Corresponding to this equivalent CFR, the following
equivalent channel impulse response (CIR) can be defined,
which describes the time-domain SISO-equivalent channel of
the CDD-OFDM system [4]

heqv(τ) =
NT∑
n=1

ν∑
q=0

h(n)
q · δ(τ − τ (n)

q − ΔnTspl) (5)

where h
(n)
q and τ

(n)
q are the gain and time delay for the q-th tap

of the CIR from the n-th transmit antenna, respectively, and
ν is the channel memory normalized to the OFDM sampling
period Tspl. It is clear from (5) that all CIRs from the different
transmit antennas are concatenated together at different delays,
making the SISO-equivalent CIR of the CDD system much
longer than the CIR of the individual channels, resulting in
more severe channel frequency selectivity. It is also important
to note that there will be no additional intersymbol interference
(ISI) even if the channel memory of the SISO-equivalent CIR
is larger than the cyclic prefix (CP), since the CDD operations
are done before the CP insertion (see [5] and Fig. 1).

III. CONVENTIONAL CDD-OFDM CHANNEL ESTIMATION

Considering a scattered pilot structure, we assume that
in each OFDM symbol there are P equally-spaced unit-
magnitude pilots at subcarriers p(0), . . . , p(P−1). Then, using
the equivalent model in (4), we calculate the SISO-equivalent
CFR at the pilot subcarrier locations as follows

Ĝeqv
p(i) =

Yp(i)

Xp(i)
; 0 ≤ i ≤ P − 1 (6)

Subsequently, these estimates are interpolated to obtain
an estimate of the entire equivalent CFR at all subcarri-
ers. However, since the SISO-equivalent channel is highly
frequency-selective (due to CDD effects), its CFR can exhibit
significant fluctuations across adjacent subcarriers, making it
very difficult to obtain a reliable interpolation between pilot
locations at practical pilot overhead levels.

An alternative channel estimation approach is based on the
original MISO channel model where each CFR coefficient
Ĝ

(n)
i is estimated individually. Assume that we have two

transmit antennas, with the first antenna transmitting the
original version of the signal, i.e. Δ1 = 0 and the second
antenna transmitting a cyclicly-shifted version of the signal
by Δ2 �= 0 samples. Denoting the transmitted and received
k-th OFDM symbols at the i-th subcarrier by Xk

i and Y k
i ,

respectively, and using (2), we can express the input-output
relation for OFDM symbols k and (k + 1) as follows

Y k
i = Xk

i (G(1),k
i + G

(2),k
i e−j2π·iΔ2/N ) + V k

i

Y k+1
i = Xk+1

i (G(1),k+1
i + G

(2),k+1
i e−j2π·iΔ2/N )

+V k+1
i (7)

Assuming the channel remains fixed over two adjacent
OFDM symbols, i.e. the channel coherence time is much
larger than the OFDM symbol duration3, we have G

(n),k
i ≈

G
(n),k+1
i

def= G
(n)
i for n = 1, 2. Under this assumption, (7) can

be written as follows[
Y k

i

Y k+1
i

]
=
[

Xk
i Xk

i e−j2π·iΔ2/N

Xk+1
i Xk+1

i e−j2π·iΔ2/N

][
G

(1)
i

G
(2)
i

]

+
[

V k
i

V k+1
i

]
or in compact matrix form as

Yi = XiGi + Vi (8)

It can be readily checked that Xi is a singular matrix; hence,
even the classical least-squares (LS) estimator is not defined
in this case. However, if the covariances matrices of Gi and
Vi are known, we can calculate the Bayesian minimum mean
square error (BMMSE) estimator of Gi given by [6] 4

Ĝi,BMMSE = RGXH
i (XiRGXH

i + RV )−1Yi

= XH
i (XiXH

i + σ2
vI2)−1Yi

(9)

where RV = σ2
vI2 is the noise covariance matrix and

RG = I2 is the covariance matrix for the unknown Gi.
Since the channels from the different transmit antennas are
assumed to be uncorrelated (i.e. E[h(1)

i (h(2)
j )∗] = 0 in (5)),

it is easy to show E[G(1)
i (G(2)

i )∗] = 0. If we further assume
Σν

q=0E[|h(i)
q |2] = 1, we can also show that E[G(i)

i (G(i)
i )∗] =

1; hence, RG = I2. The error covariance matrix in estimating
Gi is given by [6]

Ce = (R−1
G + XH

i R−1
V Xi)−1

=
(
I2 + γ

[
1 e−j2π·iΔ2/N

ej2π·iΔ2/N 1

])−1

=
1

2γ + 1

[
1 + γ −γe−j2π·iΔ2/N

−γej2π·iΔ2/N 1 + γ

] (10)

where we denote the normalized SNR as γ = |Xk
i |2+|Xk+1

i |2
σ2

v
=

2Es

σ2
v

, and Es = |Xk
i |2 is the pilot subcarrier energy. Hence,

the MSE for Ĝ
(m)
i is given by

MSE(Ĝ(m)
i ) = [Ce]m,m =

γ + 1
2γ + 1

; m = 1, 2

Clearly, the MSE of this channel estimator is lower bounded
by 1/2 as SNR goes to infinity which is not satisfying. This
motivates our design of a new CDD-OFDM scheme which
ensures orthogonality of the pilot codewords5.

3We will verify the validity of this assumption for the DVB 2K mode
system, even at high mobile speeds, in Section VI.

4The key difference between the classical and Bayesian estimation ap-
proaches is that in the former approach the unknown is assumed deterministic
while in the latter approach it is assumed random [6].

5Orthogonality of the codewords not only ensures invertibility but also
minimizes the total estimation error variance.
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Fig. 1. Proposed CDD-OFDM scheme for 2 transmit antennas. CP denotes the cyclic prefix

IV. PROPOSED CDD-OFDM SCHEME

To illustrate the main idea, we start by assuming two trans-
mit antennas, with the first antenna transmitting the original
version of the signal, i.e. Δ1 = 0. For the second transmit
antenna, we use alternating cyclic delay parameters of Δ2

and Δ′
2, as illustrated in Fig. 1. In other words, for the k-

th OFDM symbol, we cyclicly shift the time-domain OFDM
symbol by Δ2 samples while for the (k + 1) symbol we shift
it by Δ′

2 �= Δ2 samples. In this case, the pilot codeword Xi

in (8) will be replaced by

Xi =
[

Xk
i Xk

i e−j2π·iΔ2/N

Xk+1
i Xk+1

i e−j2π·iΔ′
2/N

]
(11)

Then, we use the fact (see Theorem 4.1 and Example 4.3 in
[6]) that the optimal choice for Xi is to make it orthogonal at
pilot locations, i.e. XH

i Xi = 2EsI2. If this can be achieved,
the efficient estimator (i.e. the one which achieves the Cramer-
Rao bound) is given by [6]

Ĝi = (XH
i R−1

V Xi)−1XH
i R−1

V Yi =
1

2Es
XH

i Yi (12)

The resulting covariance matrix for Ĝi is Ce =
(XH

i R−1
V Xi)−1 = 1

γ I2 and the variance of Ĝ
(m)
i is 1/γ.

For a fair comparison with the BMMSE estimator for the
conventional CDD-OFDM system, we can also implement a
Bayesian MMSE channel estimator for our proposed CDD-
OFDM and further reduce the channel estimation MSE to

1
γ+1 (see Fig. 2). However, this Bayesian estimator is biased
and requires knowledge of the second-order statistics of the
noise and frequency-domain channel coefficients. A detailed
performance comparison between the different estimators is
presented in Section VI.

Next, we show how to design our proposed CDD-OFDM
scheme to ensure the orthogonality of Xi at pilot locations,
i.e. XH

p(i)Xp(i) = 2EsI2 where p(i) is a pilot index. From
(11), this orthogonality condition implies that

Ese
−j2πp(i)Δ2/N + Ese

−j2πp(i)Δ′
2/N = 0 (13)

In order for (13) to hold, we must have

2π · p(i)(Δ′
2 − Δ2)/N = π ± 2lπ for l = 0, 1, . . . (14)

Assuming an equal pilot spacing of d subcarriers, we can write
the i-th pilot index as p(i) = δ0+id where δ0 is the subcarrier
index for the first pilot. Substituting into (14), we have

2(δ0 + id)
Δ′

2 − Δ2

N
= 1 ± 2l (15)

For a given N and δ0, to satisfy (15), we set

Δ′
2 − Δ2 =

N

2δ0
(16)

Hence, (15) becomes

i
d

δ0
= ±2l (17)

Since the right-hand side of (17) is always an even integer,
we can ensure that (17) is satisfied at all pilot subcarrier
locations by selecting the ratio d

δ0
to be an even integer. Note

that (16) only specifies the cyclic delays difference over the
2 adjacent OFDM symbols for the second transmit antenna.
For frequency-selective channels, the condition Δ2 ≥ Δ1 + ν
must be satisfied to exploit the available multipath diversity
gain [1]. Since Δ1 = 0, we can set Δ2 to be any integer larger
than or equal to ν, and set Δ′

2 to satisfy (16). From (17), we
set δ0 to be

δ0 =
d

2r
(18)

where r can be any integer ranging from 1 to d/2. This implies
that

(Δ′
2 − Δ2) = rN/d (19)

In practice, d must be selected to fulfill the following sampling
theorem requirement in the frequency-domain

d ≤ 1
KτmaxΔf

(20)
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where τmax = νTspl is the CIR maximum delay spread, Δf is
the subcarrier spacing and the constant K corresponds to an
oversampling rate which is typically used to suppress noise
and improve the channel estimation performance. Since our
channel estimation scheme estimates each channel individually
based on the MISO model, τmax in this case equals to the delay
spread of each individual channel.

V. EXTENSION TO THE NT > 2 CASE

In this section, we extend our proposed CDD-OFDM
scheme and its channel estimation pilot design to the NT > 2
case, for which the pilot matrix in (11) generalizes to

Xp(i) =⎡
⎢⎢⎢⎣

Xk
p(i) Xk

p(i)e(Δ
1
2) · · · Xk

p(i)e(Δ
1
NT

)

Xk+1
p(i) Xk+1

p(i) e(Δ2
2) · · · Xk+1

p(i) e(Δ2
NT

)

...
...

. . .
...

Xk+NT −1
p(i) Xk+NT −1

p(i) e(ΔNT
2 ) · · · Xk+NT −1

p(i) e(ΔNT
NT

)

⎤
⎥⎥⎥⎦

(21)

where Δm
n denotes the cyclic delay parameter for the

n-th transmit antenna at the m-th OFDM symbol and
we define e(x) def= exp(−j2πp(i)x/N). It is not hard
to show that Xp(i) can be factorized as Xp(i) =
UX′

p(i)W, where U and W are diagonal matrices

given by U = Diag([Xk
p(i), . . . , X

k+NT −1
p(i) ]), W =

Diag([1, e(Δ1
2), . . . , e(Δ

1
NT

)]) and X′
p(i) is given by

X′
p(i) =

⎡
⎢⎢⎢⎣

1 1 · · · 1
1 e(Δ2

2 − Δ1
2) · · · e(Δ2

NT
− Δ1

NT
)

...
...

. . .
...

1 e(ΔNT
2 − Δ1

2) · · · e(ΔNT
NT

− Δ1
NT

)

⎤
⎥⎥⎥⎦ (22)

Since U and W are diagonal matrices, we have UUH =
EsINT and WWH = INT . Hence, to make Xp(i) orthogonal,
it suffices to make X′

p(i) orthogonal since XH
p(i)Xp(i) =

EsWHX′H
p(i)X

′
p(i)W. The special structure of X′

p(i) in (22)
suggests the following choice for Δm

n to make X′
p(i) an DFT

matrix and hence orthogonal.

Δm
n − Δ1

n =
(m − 1)(n − 1)N

NT δ0
; (23)

where 2 ≤ n ≤ NT and 1 ≤ m ≤ NT . Substituting for p(i)
by δ0 + id and using (23), the (m, n) element of X′

p(i) in (22)
can be expressed as

X ′
p(i)(m, n) = exp(

−j2πp(i)(Δm
n − Δ1

n)
N

)

= exp(
−j2π(n − 1)(m − 1)

NT
)×

exp(
−j2πid(n − 1)(m − 1)

NT δ0
)

(24)

We make the second term on the right hand side of (24)
equal to one by setting

(d)NT δ0 = 0 (25)

In other words, d is set to be an integer multiple of NT δ0.
Then, X ′

p(i)(m, n) = exp(−j2π(n−1)(m−1)
NT

) becomes equal to
the (m, n) element of the DFT matrix of size NT . Hence,

both X′
p(i) and Xp(i) become orthogonal matrices as desired

to minimize the channel estimation error variance. We also
note from (25) that the maximum number of transmit antennas
which can be supported by our proposed CDD-OFDM scheme
is equal to d. Similar to the NT = 2 case, we set δ0 according
to (25) as

δ0 =
d

rNT
(26)

where r is any integer ranging from 1 to d/NT . Hence, (23)
becomes

Δm
n − Δ1

n =
r(m − 1)(n − 1)N

d
; (27)

where 2 ≤ n ≤ NT and 1 ≤ m ≤ NT .
To summarize, the pilot design procedure for a system

with given N, NT and d starts by choosing the pilot offset
parameter δ0 that satisfies (26) and then sets the cyclic delay
parameters according to (27). It can be easily verified that
(18) and (19) are special cases of (26) and (27), respectively,
when NT = 2. We also note that our design procedure only
specifies the cyclic delays difference for each antenna. Hence,
we have the freedom to choose the delay parameters for the
first OFDM symbol, as long as it is larger than the channel
memory, i.e. Δ1

n > ν for 2 ≤ n ≤ NT [1].
The main assumption in our proposed CDD-OFDM scheme

is that the channel remains constant over NT consecutive
OFDM symbols. This requires the channel coherence time,
which is inversely proportional to the Doppler frequency, to
be much larger than the time duration of NT OFDM symbols.
A popular rule of thumb to calculate the channel coherence
time is Tc = 0.423

fd
[7]. Here, fd is the Doppler frequency

defined by fd = v
c fc where v, c and fc are the vehicle speed,

the speed of light and the carrier frequency, respectively. If we
set the coherence time to be 10 times larger than NT OFDM
symbol durations (each denoted by Ts), the vehicle speed must
satisfy the condition

v <
0.0423c

NT Tsfc
. (28)

VI. SIMULATION RESULTS

We evaluated the performance of our proposed pilot-aided
CDD-OFDM scheme by simulations for the Digital Video
Broadcasting-Terrestrial (DVB-T) 2K mode system with N =
2048 subcarriers[8]6. We assumed the typical urban TU-
06 channel delay profile defined by the COST 207 project
with 6 taps in the continuous-time domain, 8 MHz channel
bandwidth, and a carrier frequency of 600 MHz (typical
UHF channel for terrestrial broadcasting). A 64-state rate-1/2
convolutional code concatenated with an outer Reed-Solomon
(RS) code [8] and a matrix interleaver of block length 256
were implemented. The coded bits were block interleaved and
mapped into QPSK symbols.

We first compare the MSE performance for MISO chan-
nel estimation using the conventional CDD-OFDM and our
proposed CDD-OFDM scheme. The MSE is based on the
estimated channel coefficients Ĝ

(n)
i for the individual MISO

6Some modifications to the existing DVB-T pilot structure have to be made
to apply our proposed CDD-OFDM scheme.
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channels at the pilot subcarrier locations before interpolation.
It can be seen from Fig. 2 that the MSE of the Bayesian
MMSE estimator for the conventional CDD-OFDM scheme
has a floor of 1/2 which is consistent with our MSE analysis
in Section III. By making the pilot codewords orthogonal,
our proposed CDD-OFDM scheme eliminates the MSE floor
using the efficient classical estimator in (12), as shown in
Fig. 2. By equating the MSE equations for the two estimators
(i.e. setting γ+1

2γ+1 = 1
γ ), we find that the crossing point is

at γ ≈ 2dB, as verified in Fig. 2. To further improve the
channel estimator performance for our proposed CDD-OFDM
scheme at low SNR, we can also implement the Bayesian
MMSE channel estimator, but it requires knowledge of the
second order statistics of noise and frequency-domain channel
coefficients. It can also be observed from Fig. 2 that the
efficient classical and BMMSE estimators of our proposed
CDD-OFDM scheme achieve comparable MSE performance
at medium-to-high SNR. Hence, we implement the efficient
classical estimator for our proposed CDD-OFDM scheme in
the subsequent simulations since it does not require knowledge
of the second order statistics.

Next, we compare the BER performance for our pro-
posed CDD-OFDM scheme with the conventional CDD-
OFDM scheme. For MISO channel estimation of our proposed

scheme, we choose a pilot spacing of d = 8 and set7 r = 1
and δ0 = 4 according to (18) which, using (19), results in
Δ′

2 − Δ2 = N/8 = 256. The cyclic delay parameters we
implemented to achieve the best performance were Δ2 = 64
and Δ′

2 = 320 for odd and even-indexed OFDM symbols,
respectively, where Δ2 is set equal to the channel memory8.
This design will make Xp(i) orthogonal and we can estimate
the two channels at the pilot locations according to (12). Using
Ĝ

(n)
p(i), we linearly interpolate and estimate the entire frequency

response for each channel separately, and finally we combine
the two estimated channels to get the SISO-equivalent CFR
at subcarrier i as Ĝeqv

i = Ĝ
(1)
i + Ĝ

(2)
i e−2π·iΔ/N where Δ

alternates between Δ2 and Δ′
2. Finally, this channel estimate

is used to compute the coefficients of the 1-tap frequency-
domain equalizer (FEQ) for each subcarrier. As a comparison
benchmark, we also investigate the performances for SISO-
equivalent and MISO channel estimation for the conventional
CDD-OFDM system where the same cyclic delay parameter
Δ2 = 192 is used. Unlike the MISO approach, the SISO-
equivalent channel estimation approach estimates each OFDM
symbol individually, while for the MISO approach, Nt OFDM
symbols are grouped together to form one pilot codeword (see
(21)). Hence, for the SISO-equivalent estimation approach, we
insert one pilot tone for every four subcarriers (d = 4) and
perform channel estimation every other OFDM symbol, so that
the overall pilot overhead is the same as the MISO channel
estimation approach (with d = 8 and pilot tones in each
OFDM symbol) to ensure a fair comparison. For the MISO
channel estimation approach for conventional CDD-OFDM,
we implement the Bayesian estimator in (9). Fig. 3 compares
the BER performance of these three approaches with the case
of perfect channel knowledge. It can be seen that our proposed
MISO channel estimation approach significantly outperforms
the conventional CDD-OFDM scheme with SISO-equivalent
channel estimation, since the SISO-equivalent CFR exhibits
significant variations and interpolation becomes unreliable
even with more densely-spaced pilots (corresponding to d =
4). The MISO channel approach for conventional CDD also
has an error floor due to the large channel estimation error
variance caused by the singularity of the pilot codeword
matrices.

Next, we evaluate the BER performance of our proposed
CDD-OFDM scheme with NT = 2 and different pilot spacings
d. The TU-06 channel profile has a maximum delay of
τmax = 5μs and the subcarrier spacing for the 2K mode
8MHz channel is Δf = 4 KHz; hence, the pilot spacing
must be d < 25 according to (20) assuming an oversampling
rate of K = 2. To ensure that the cyclic delay parameter
difference in (19) is an integer, we consider d = 2, 4, 8 and
16 and design δ0 and (Δ2 − Δ′

2) according to (18) and (19),
respectively. Fig. 4 depicts the BER performance for different
pilot spacings. Since the pilot overhead ratio changes with
d, so does the effective information signal energy level. We
account for this SNR loss due to pilot overhead in calculating
the SNR level on the X-axis of Fig. 4. It can be seen from

7Although not shown here due to space limitation, we found that setting
r = 1 results in the best BER performance.

8We verified that, in agreement with [9], setting Δ2 less than the channel
memory results in significant performance degradation.
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Fig. 4. BER performance of proposed 2-TX CDD-OFDM at different pilot
spacing with estimated channel information
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Fig. 5. BER performance of proposed 2-TX CDD-OFDM v.s. mobile velocity

Fig. 4 that d = 8 achieves the best information rate and BER
performance trade-off. Choosing a larger d degrades the BER
performance due to degradation in channel estimation quality
while choosing a smaller d reduces the effective information
rate due to increased pilot overhead.

We also investigate the robustness of our proposed CDD-
OFDM scheme and its channel estimation pilot design to mo-
bility by evaluating the BER performance at different vehicle
speeds. At a fixed SNR of 17 dB, Fig. 5 shows that there is
negligible performance degradation due to mobility for speeds
up to 100 Km/h. At 13 dB SNR where intercarrier interference
effects due to mobility become less pronounced, our scheme
can support even higher speeds up to 150Km/h with negligible
performance loss from the case of no mobility. Since the DVB
symbol duration for the 2K mode is approximately 250μs[8],
for a two-antenna system (NT = 2) operating at carrier
frequency of 600 MHz, we can assume a fixed channel over 2
OFDM symbols for mobile speeds up to 150 km/h according
to (28) which is in agreement with Fig. 5.

Finally, Fig. 6 compares the BER performances of our
proposed CDD-OFDM scheme with NT = 2, 4 transmit
antennas with the single-antenna OFDM system under perfect
and estimated channel information. It can be seen that our
proposed MISO channel estimation scheme is only 1 dB away
from the case of perfect channel knowledge and that the CDD-
OFDM system significantly outperforms the single-antenna
OFDM system. For the 4-TX case, with d = 8 and r = 1,
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Fig. 6. BER comparison between CDD-OFDM and single-antenna OFDM
with perfect and estimated channel knowledge

we set δ0 = 2 according to (26) and design the cyclic delay
parameters according to (27). The cyclic delay parameters
of the first OFDM symbol of the n-th antenna are set to
Δ1

n = 64(n−1) where the factor of 64 is equal to the channel
memory. It is clear that the slope of the BER curves at high
SNR increases with NT due to the additional transmit diversity
gain.

VII. CONCLUSION

In this paper, we proposed a novel CDD scheme for pilot-
aided OFDM transmission which guarantees that the pilot
codeword matrix is orthogonal to achieve the lowest channel
estimation error variance for any number of transmit antennas
without the need for full preamble OFDM symbols. Based on
the original MISO channel model, our scheme estimates each
channel individually and achieves significant performance
improvement, at the same pilot overhead, compared to both
SISO-equivalent and MISO channel estimation schemes for
the conventional CDD-OFDM scheme which uses the same
cyclic delay parameter for all OFDM symbols. Our simulation
results for a DVB 2K mode system show that the performance
loss due to channel estimation is around 1 dB.
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