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1. Introduction

Cyclic Delay Diversity (CDD) method is a very simple transmit diversity scheme suitable for OFDM radio access by increasing frequency diversity from the artificially introduced delay spread. In [1],[2], an effective combination of CDD and frequency domain channel dependent scheduling was proposed to exploit multi-user diversity. In [3]-[6], multi-degree CDD scheme was introduced to achieve further performance improvement. As indicated in [6], the proposed scheme can be regarded as a kind of pre-coding scheme, and the phase rotations are derived from the delay value in time domain with/without a phase shift. In this contribution, the codebook for CDD-based pre-coding is designed and the performances of CDD-based pre-coding under the condition of Rank = 1 (transmit diversity) and Rank = 2 (Single User (SU)-MIMO or Space Division Multiplexing (SDM)) are evaluated, and the performance improvements are confirmed compared with traditional pre-coding scheme with phase shift only.
2. CDD–Based Pre-coding Scheme
Figure 1 shows the Node B transmitter structure of CDD-based pre-coding scheme. Based on the feedback information of phase rotation value for each resource block (RB) from user equipments (UEs), Node B controls the phase rotation value for each RB of each transmitter antenna. Here phase rotations are brought by cyclic delay value in time domain with phase shift. If the phase rotations are determined by phase shift and kept constant across frequency domain, it becomes traditional pre-coding scheme with phase shift only. Then, after serial-to-parallel conversion, Inverse Fast Fourier Transform (IFFT) and Cyclic Prefix (CP) insertion are conducted for each transmitter antenna. 
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Figure 1 – Node B transmitter structure employing CDD-based pre-coding
2.1 CDD-Based Pre-coding Scheme for Rank = 1 (Transmit Diversity Mode)
For pre-coding scheme with phase shift only, the codebook structure is as follows
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where g,n (g = 1,…, G, n = 1,…, Nt) is the phase rotation value for the n-th transmitter antenna of g-th pre-coding vector, Nt is the number of transmitter antennas, and G is the codebook size.
For our proposed CDD-based pre-coding scheme, the codebook structure is as follows
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where dn is the cyclic delay value for the n-th transmitter antenna, and NC is the number of FFT samples. Based on channel estimation, each UE feedbacks channel quality indicator (CQI) and preferred pre-coding vector index (PVI) to Node B at each RB. Here CQI is the highest CQI selected from all possible pre-coding vectors, and PVI is the corresponding pre-coding vector index. At the Node B side, the UE with the highest priority is scheduled for each RB according to scheduling algorithm, such as proportional fairness (PF) or Maximum C/I.
2.2 CDD-Based Pre-coding Scheme for Rank = 2 (SU-MIMO Mode) 
In SU-MIMO mode, multi-streams are transmitted to a single user. For pre-coding scheme with phase shift only, the codebook structure is as follows
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where Eg is the g-th Unitary matrix (matrix size of Nt x NRank) and {}H represents the Hermitian transpose.
For CDD-based pre-coding scheme, the codebook structure is as follows.
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Based on channel estimation, each UE feedbacks CQIs (s = 1,…, NRank) of each stream, and preferred pre-coding matrix index (PMI) to Node B at each RB. Here PMI is the matrix index corresponding to the highest sum CQI of each stream, and CQIs is the CQI value of corresponding pre-coding matrix.
At Node B, the UE with the highest priority is scheduled for each RB according to scheduling algorithm, such as PF or Maximim C/I based on the sum CQI.
3. Simulation Conditions
We compared the throughput performance between the CDD-based pre-coding scheme and pre-coding scheme with phase shift only based on link-level simulation. In the link level simulation, we assumed a single-cell configuration with no interference from other cells and the average signal-to-noise power ratio (SNR) of all UEs are assumed to be the same. Spectral efficiency (or throughput) is calculated from the instantaneous received SINR based on Shannon formula. Neither adaptive modulation and coding (AMC) nor hybrid-automatic repeat request (HARQ) is assumed in the evaluation. 
Table 1 – Simulation parameters

	System bandwidth
	10 MHz

	Carrier frequency
	2 GHz

	Number of sub-carriers (Nsub)
	600

	Sub-carrier separation
	15 kHz

	RB bandwidth
	180 kHz

	Transmission Time Interval (TTI)
	1 msec

	Number of Node B antennas (Nt)
	2, 4

	Number of UE antennas
	2

	Channel model
	Six-ray Typical Urban with/without LOS path

	K-factor of Ricean
	6 dB (only LOS condition)

	Fading correlation between antennas
	0 (both transmitter / receiver antennas)

	Average received SNR
	10 dB

	Scheduling algorithm
	Frequency domain channel dependent scheduling based on Proportional Fairness (PF)

	Traffic model
	Full buffer traffic


For Rank = 1 mode, the pre-coding vectors with Nt = 2 and 4 transmitter antenna configurations used in the evaluation are as follows.
(i) Nt = 2 antennas
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(ii) Nt = 4 antennas 
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For Rank = 2 mode, the pre-coding matrices of each stream with Nt = 2 and 4 transmitter antenna configurations are as follows.
(i) Nt = 2 antennas
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(ii) Nt = 4 antennas 
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4. Simulation Results

Figures 2(a) and 2(b) show the spectrum efficiency as a function of number of UEs (NUE) when Rank = 1 under the TU6 channel model without line-of-sight (LOS) path and that with LOS path, respectively. Figures 3(a) and 3(b) show the simulation results when Rank = 2 (SU-MIMO) under the TU6 channel model without LOS path and with LOS path, respectively. And Figs. 4(a) and 4(b) show the cumulative distribution function (CDF) of measured average received SNR of scheduled UEs for Rank = 1 and 2 with 4 transmitter antennas, respectively, under the condition of NUE = 16. From the above results, we can see that in TU6 channel model without LOS path, the CDD-based pre-coding scheme does not provide additional gain over pre-coding scheme with phase shift only and the results are similar to that mentioned in [7]. However, in TU6 channel with LOS path, we can see that the CDD-based pre-coding scheme can achieve higher throughput performance and larger received SINR than pre-coding scheme with phase shift only. This is because, in pre-coding scheme with phase shift only, the pre-coding vector is kept constant across the frequency domain within the same RB, which limits the fairness in the frequency domain channel dependent scheduling under the LOS condition. However, CDD can increase fluctuation in the frequency domain, which can mitigate the unfairness especially under the LOS condition, which results in achieving better throughput performance. It is noted that we also confirmed that the superior performance of CDD-based pre-coding is also observed in channel model with spatial correlation and/or in slow fading environment. 
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(a) TU channel model without LOS path       (b) TU channel model with LOS path
Figure 2 – Spectral efficiency as a function of number of UEs (Rank = 1)
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(a) TU channel model without LOS path       (b) TU channel model with LOS path

Figure 3 – Spectral efficiency as a function of number of UEs (Rank = 2)
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(a) Rank = 1                                (b) Rank= 2
Figure 4 – CDF of measured average received SNR of scheduled UEs (Nt = 4 antenna)
5. Conclusion
We proposed CDD-based pre-coding scheme and evaluated the throughput performance based on link-level simulations. From the simulation results, we can see that CDD-based pre-coding scheme can provide higher throughput performance than pre-coding scheme with phase shift only especially under the condition that there exist LOS path, spatial correlation between antennas, and/or slow fading conditions due to the improved fairness in the frequency domain channel dependent scheduling. 
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