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Abstract
Cyclic delay diversity (CDD) is considered a simple approach to exploit the frequency
diversity, to improve the system performance in orthogonal frequency division multiplexing
(OFDM) systems. Also, the linear precoding technique can significantly improve the
performance of communication systems by exploiting the channel state information (CSI). In
order to achieve enhanced performance, we propose applying linear precoding to the
conventional CDD-OFDM transmit diversity schemes over Rayleigh fading channels. The
proposed scheme works effectively with the accurate CSI in time-division-duplex (TDD)
OFDM systems with CDD, where the reciprocity is assumed instead of channel state feedback.
For a BER of 10-4 and the mobility of 3 km/h, simulation results show that a gain of 6 dB is
achieved by the proposed scheme over both flat fading and Pedestrian A (Ped A) channels,
compared to the conventional CDD-OFDM system. On the other hand, for a mobility of 120
km/h, a gain of 2.7 dB and 3.8 dB is achieved in flat fading and Vehicular A (Veh A) channels,
respectively.
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1. Introduction

OFDM is a spectral efficient modulation scheme that transforms a frequency selective
channel into a set of frequency flat channels, and therefore permits simple equalization
schemes. However, OFDM-based transmission systems suffer from the lack of built-in
diversity. In order to achieve high reliability and availability without using additional spectral
resources, diversity schemes, such as spatial diversity, can be employed with OFDM systems.
Delay diversity (DD) has been proposed as a simple transmit diversity method for systems
with multiple transmit antennas, where delayed versions of the same signal are transmitted
from different antennas. At the receiver side, the diversity can then be exploited without any
additional computational burden. In other words, this scheme only requires a simple
conventional single-input single-output (SISO) OFDM receiver. In OFDM systems with DD,
the increased frequency selectivity caused by the introduced delays can be picked up by the
forward error correction (FEC) decoder. However, the possible respective maximum delays
are strongly restricted by the length of the cyclic prefix (CP). A neat way to overcome this
problem is to use cyclic delay diversity as proposed in [1]. Another advantage of CDD over
other transmit diversity techniques, such as space-time block codes (STBC) [2], is that there is
no rate loss even for a large number of transmit antennas.
The performance of the communication system can be improved when the transmitter
knows the channel state. The linear precoder, which is constructed by considering the
feedback CSI from the receiver side, is quite simple and widely used. Therefore, we propose
applying linear precoding to the conventional CDD-OFDM systems, to improve the system
performance, such as link reliability, etc. The simulation results show that the proposed
scheme can achieve a dramatic gain improvement. The low complexity is another advantage
of the proposed scheme.
The remainder of this paper is organized as follows. First, we introduce and analyze the
CDD scheme in detail in Section 2, and in Section 3 a multiple-input multiple-output (MIMO)
linear precoding technique is presented. Section 4 presents the proposed scheme for
combining CDD with precoding in detail. In Section 5, the simulation results are discussed.
Finally, conclusions are provided in Section 6.

2. Principle of Cyclic Delay Diversity
2.1 CDD-OFDM System Structure
CDD is a low complexity spatial diversity scheme, where multiple transmit antennas transmit
delayed versions of the same signal. Since the cyclic delays are inserted, inter-symbol
interference (ISI) can be avoided, and orthogonality among sub-carriers is maintained.
Essentially, a multiple-input single-output (MISO) channel is transformed into an equivalent
SISO channel with increased frequency selectivity, i.e., the spatial diversity is transformed
into frequency diversity [3].
The block diagram shown in Fig. 1 shows the transmitter structure of the OFDM system,
which employs N transmit antennas and uses CDD. First, the information bits are encoded by
an FEC encoder. Since channel coding can not correct burst errors, the FEC encoder is
followed by an interleaver to map adjacent bits to uncorrelated sub-carriers, and then reduce
errors. After symbol mapping, for example, on PSK symbols, OFDM is implemented via the
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inverse fast Fourier transform (IFFT) of size NFFT, where NFFT is the number of sub-carriers.
After IFFT, the signal is fed into the N transmit antennas. The cyclic shift value on the first
antenna is set to zero, while in other branches the signals are cyclically shifted by specific
cyclic shift values δ cyc,n samples, where n=1,…,N-1. The cyclic shift of the symbols in the
time-domain transforms the symbol into phase diversity (PD) in the frequency-domain.
Delayed signals are appended by the CP before being transmitted.
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Fig. 1. CDD-OFDM transmission scheme

The equivalence of PD and CDD is a property of the fast Fourier transformation (FFT), and
can directly be seen from the length NFFT IFFT definition. The transmitted signal is given by
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where s(l) and S(k) denote the complex-valued signals in time and frequency domain,
respectively. Also, k and l denote the frequency and the time indexe, respectively.
At the receiver side, the receiver processes the sum signal by simply removing the CP, and
performing the inverse-OFDM (IOFDM) modulation. This conventional receiver structure is
possible, since the cyclic shifting makes the received sum signal appear as a multipath signal at
the receiver. Thus, no special combining or other additional operations is necessary. The phase
rotation caused by cyclic delay can be compensated by the equalizer at the receiver side. The
channel decoder can exploit the diversity of the frequency selective fading channel due to the
use of the interleaver.
2.2 Cyclic Delay Diversity Analysis
In the CDD-OFDM system, a MISO channel can be transformed into an equivalent SISO
channel by cyclic shifting, and the frequency selectivity of the channel is increased. Thus,
when channel coding and interleaving are used, we can achieve a better system performance.
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Actually, cyclic shifts can not in fact reduce the total number of error bits, but it can change the
error distribution, and thus improve the channel decoder performance. After the cyclic delay,
the error bits of the transmit signal have a more dispersive distribution than the normal case
without cyclic delay. In [4], two figures are presented to explain this kind of error distribution
change. Fig. 2 and 3 show the uncoded error distribution in the time-frequency-plane for
transmission over a flat fading channel with CDD and without CDD, respectively. The FFT
size is NFFT=64 and the cyclic delay on antenna 2 is δ cyc,1=2 samples. This change in the error
distribution means that a larger number of OFDM symbols contain errors, and it reduces the
probability of consecutive burst errors. After de-interleaving and channel decoding at the
receiver, the system performance is improved. From [5], it is clear that better PER
performance corresponds to enhanced system capacity.

Fig. 2. Uncoded error distribution with CDD (● indecate error)

Fig. 3. Coded error distribution with CDD (● indecate error)
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Fig. 4 shows the BER / PER performance over a flat fading channel with different cyclic
delay values. Here, an OFDM system with two transmit antennas and one receive antenna is
considered. The number of sub-carriers is NFFT=64, and cyclic delay value on the second
antenna is δ cyc,1=16 and δ cyc,1=32 samples, respectively. The mobility of the mobile station
(MS) is 3 km/h. QPSK modulation and convolutional code with the coding rate of 1/2 are used.
The constraint length is 7. From Fig. 4, it is clear that the system has a better BER performance
when the cyclic delay value δ cyc,1=16 samples is used, and shows a better PER performance
also. The different cyclic delay values can introduce different frequency-selective degrees of
the channel, and consequently, lead to different performances.
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Fig. 4. BER / PER performance of the CDD-OFDM system with different cyclic delay values
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Fig. 5. Mean and variance of the transmitted signal with two transmit antennas.
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Since different cyclic delays can cause different system performances, the means by which
the optimal cyclic delay value can be obtained becomes of high importance. We can analyze
this problem via Eq. (2), where the cyclic shift in the time-domain corresponds to a phase
rotation in the frequency-domain.
The example shown in Fig. 5 depicts the mean and variance of the transmitted signal
resulting from different cyclic shift values. The range of cyclic shifts on both antennas is
0 ≤ δ cyc ,n ≤ N FFT , n=1, 2. The mean value remains constant while the variance is totally
symmetric. The peak, which indicates the highest diversity, is achieved when the difference
between the two shifts is maximal, i.e.
Δ optimal =| δ cyc ,1 − δ cyc ,2 |= 32.

(3)

Therefore, the system performance is dependent on the relative shift between antenna 1 and
antenna 2. However, this analysis is based only on Eq. (2), which is the case excluding
consideration of the effect of the time-varying channel. When the effects of interleaving and
channel are considered, the position of the peaks in Fig. 5 may change, which means that the
calculation of the optimal delay values should take into consideration all system parameters
and the channel environment.

3. Closed-Loop MIMO Linear Precoding
In order to meet the ever increasing demand for higher data rates and better system
performance, the coupling of OFDM and MIMO systems is regarded as a promising solution
for next generation wireless networks. In MIMO systems, one effective way of obtaining the
gains from the CSI is to use linear precoding. The precoder is a separate transmit processing
block from channel. A linear precoder functions as a combination of an input shaper and a
multi-mode beamformer with pre-beam power allocation [6].
Consider the singular value decomposition (SVD) of the precoder matrix
F = U DV .
F
F

(4)

The left-hand singular vectors UF are the orthogonal beam directions, where each column
represents a beam direction. The beam power loadings are the squared singular values D2. The
right-hand singular vectors VF mixes the precoder input symbols to feed into each beam, and
hence is referred to as the input shaping matrix. To conserve the total transmit power, the
precoder must satisfy
tr ( FF * ) = 1,

(5)

where tr(X) denotes the sum of trace values of the matrix X. Eq. (5) thus implies that the sum
of power over all beams must be a constant.
Consider a system with an encoder producing a codeword c, and a precoder F at the
transmitter. At the receiver, the received signal is
y = HFc + n ,

(6)

where H is the MIMO channel matrix, and n is the vector of additive white Gaussian noise
(AWGN) with variance σ 2. The receiver knows the precoding matrix F and treats the
combination HF as an effective channel. Thus, it can detect and decode the received signal to
obtain an estimate of the transmitted codeword c.
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4. Proposed Linear Precoding for CDD-OFDM Systems
The signal pre-processing techniques with multiple transmit antennas, e.g., CDD and STBC,
etc., have been shown to result in a significant diversity gain. In order to exploit additional
gain, we propose the introduction of a linear precoding technique to conventional
CDD-OFDM systems. The proposed linear precoding scheme for FDD-OFDM systems with
CDD is presented in Fig. 6. When the proposed scheme is used in TDD-OFDM systems with
CDD, we do not utilize CSI feedback. Instead, the base station measures the up-link channel,
and uses the measured CSI for the information transmission in the down-link channel.
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Fig. 6. Proposed precoding scheme for the CDD-OFDM system

In Fig. 6, since the cyclic shifting transforms the MISO channel into an equivalent SISO
channel, we choose a SISO frequency-domain precoding scheme for CDD-OFDM systems.
The transmitted signal after channel coding, interleaving and symbol mapping is precoded by
a precoding matrix F at the transmitter. The precoding matrix F, which comes from the CSI
feedback in FDD systems, is a function of the channel matrix H. From Eq. (6), we note that the
receiver treats the combination HF as an effective channel matrix. Thus, an estimate of HF is
used in the channel equalization component before channel decoding at the receiver side.
The equivalent SISO channel in CDD-OFDM system is now represented by HCDD, when
FCDD denotes the precoding matrix of the proposed scheme. So, the received signal is
represented as
y = H CDD FCDD c + n ,

(7)

where c is the transmitted codeword without cyclic-delay, and n is the AWGN vector. The
precoding matrix FCDD is obtained by inverting the estimated channel matrix HCDD. When the
feedback latency is disregarded, and the channel is perfectly estimated, the fading effects of
the channel can be greatly reduced and the performance matches that of the system in AWGN
by precoding in Eq. (7). However, in fact the feedback information is susceptible to channel
variation due to the delay in the feedback loop. The usefulness of the feedback depends on this
delay and the channel Doppler spread. Thus, the simulation results for the proposed scheme
with and without latency in various channel environments are presented in the next section.

5. Simulation Results
In this section, we provide simulation results for the proposed scheme, and a comparison with
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conventional CDD-OFDM systems. The Ped A and Veh A channels employed are defined in
[7]. Table 1 shows the principal simulation parameters.
Fig. 7 shows the BER performance of the conventional CDD-OFDM system without
precoding over flat fading, Ped A, and Veh A channels, respectively. The SNR is 19.4 dB for a
BER of 10-4 over a flat fading channel with a mobility of 3 km/h. It is nearly the same as the
performance in the Ped A channel over the whole SNR range. For a mobility of 120 km/h, the
proposed system achieves the 10-4 BER performance at an SNR of 13.4 dB and 14.6 dB, over
flat fading and the Veh A channels, respectively. The interesting phenomenon turned up here
is that when the frequency selectivity and mobile speed increase, the system performance
improves. This gain by CDD is similar to the gain by space-frequency block coding (SFBC)
[8], since all of these two diversity schemes exploit the frequency diversity gain.
Table 1. System parameters
Parameter

Value

Carrier Frequency [GHz]
Systems Bandwidth [KHz]
FFT Size
Length of Guard Interval
Length of Cyclic Dealt [samples]
Frame Size [OFDM symbols]
Channel Coding
Interleaving
Modulation
Detection
MIMO Configuration
Fading Channels

2
800
64
16
0, 16
50
K=3, 1/2 Convolutional Code
Random Interleaving
QPSK
Maximum Likelihood
2×1
Flat / Ped A / Veh A
3 & 120 for Flat
3 for Ped A
120 for Veh A
5 for FDD
0 for TDD

Mobility [km/h]
Feedback Latency [ms]
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Fig. 7. BER performance of the CDD-OFDM system without precoding in various channel
environments
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For a fast time-varying channel in mobile communications, feedback techniques are usually
effective up to a certain mobility, depending on the carrier frequency, the transmission frame
length, and the feedback loop latency. The effects of feedback delay and error have been
analyzed for various precoding techniques in 3GPP [9], revealing potentially severe
performance degradation. Therefore, the optimal use of feedback depends on the quality of the
feedback information. A frame length of 5 ms has been defined based on the IEEE 802.16
standard as one of the criteria for frame size. We assume the minimum feedback latency is 1
frame period in FDD systems, so 5 ms of frame length and feedback latency are adopted in
simulations.
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Fig. 8. BER performance of the CDD-OFDM system with precoding in various channel environments
(no feedback latency)

Simulation results for the proposed CDD-OFDM system with linear precoding are
presented in Fig. 8. The feedback loop latency is not considered in this simulation. By
comparing Fig. 7 with Fig. 8, we find that a significant improvement in BER performance is
achieved via the proposed linear precoding technique. For a BER of 10-4, a gain of 6.4 dB and
6.2 dB is obtained in a flat fading channel with a mobility of 3 km/h and the Ped A channel,
respectively. On the other hand, a gain of 2.7 dB and 3.7 dB is attained in a flat fading channel
with a mobility of 120 km/h and in the Veh A channel, respectively. Since the estimate of
channel matrix Η̂ CDD includes the AWGN noise, and the precoding matrix FCDD is obtained
by inverting the matrix Η̂ CDD. So, this inaccurate precoding matrix can not eliminate the
effect of channel completely, and eventually leads to the existence of the error bits.
Fig. 9 shows the performance when the CSI feedback latency is considered in FDD-OFDM
systems with CDD. The frame length is set to 5 ms, which includes 50 OFDM symbols, and a
minimum of 5 ms feedback latency is introduced in this simulation. In Fig. 9, the BER
performance degrades seriously. We note that the performance only depends on the mobility,
but it is largely independent of the delay spread. When compared with Fig. 8, for a BER of 10-3,
the performance is degraded by 9 dB in a flat fading channel with a mobility of 3 km/h, and it
is degraded by 10 dB in the Ped A channel. There is a 5.5 dB degradation in a flat fading
channel with a mobility of 120 km/h, while the performance in Veh A channel is degraded by
almost 5.4 dB for a BER of 10-3. The performance shown in Fig. 9 is even much worse than the
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performance achieved in the simulations of the conventional CDD-OFDM systems without
precoding.
The results shown in Fig. 9 indicate that the accuracy of the CSI has a significant effect on
the performance of the proposed scheme. Thus, the proposed scheme is more suitable for the
TDD-OFDM systems with CDD, where the channel reciprocity holds. This reciprocity
principle suggests that the transmitter can obtain information about the forward channel from
the reverse channel measurements. In practical full-duplex communication, the forward and
reverse links are not under all the identical frequency, time, and spatial instances. However,
the reciprocity principle may still hold approximately if the difference in any of these
dimensions is relatively small, compared to the channel variation across the referenced
dimension.
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Fig. 9. BER performance of the CDD-OFDM system with precoding in various channel
environments (FDD with feedback latency)
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Fig. 10. BER performance of the CDD-OFDM system with precoding in various channel
environments (TDD, latency-free)
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Fig. 10 shows the link level simulation results for TDD-OFDM systems with CDD. No
latency is considered since the time gap between the down-link and the up-link in TDD is 2 - 3
OFDM symbols, which is relatively small compared with a 5 ms latency, thus it can be
disregarded. For the purpose of comparison, the total transmit power in the up-link is set to be
identical to that in the down-link, to guarantee the accuracy and the reliability of channel
estimation. As shown in Fig. 10, the proposed system achieves a BER of 10-4 at an SNR of
13.1 dB and 13.2 dB for a flat fading channel with a mobility of 3 km/h and the Ped A channel,
respectively. These performances are almost identical over the whole SNR range. The
proposed system achieves a BER of 10-4 at an SNR of 10.6 dB and 10.8 dB for a flat fading
channel with a mobility of 120 km/h and the Veh A channel, respectively. Comparing Fig. 10
with Fig. 8, the system performance is almost same for all cases. This is because that the
reciprocity principle is still approximately satisfied in TDD case, since the difference between
the down-link channel and the up-link channel is relatively small. This result indicates that the
proposed scheme is suitable for TDD-OFDM systems with CDD, where a highly quality CSI
can be guaranteed via the reciprocity principle.

6. Conclusions
CDD is a simple approach used to exploit the frequency diversity without increasing the
complexity of conventional communication systems. Also, precoding techniques have been
frequently adopted to improve the system performance. In this paper, we proposed applying
the linear precoding technique to the conventional CDD-OFDM systems, where additional
precoding gain is achieved. When feedback latency is disregarded, it is found that the
proposed combination of the linear precoding technique with CDD can achieve a high gain
compared with conventional CDD-OFDM schemes in various channel environments.
However, a length of 5 ms feedback latency seriously degrades the BER performance in
FDD-OFDM systems with CDD. In TDD-OFDM systems with CDD, when the reciprocity
holds, the performance achieved by the proposed scheme is almost identical to that in the
latency-free case. The channel reciprocity and transformation between the down-link and
up-link channels in FDD / TDD systems are issues for future research.
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