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1.
Introduction
In the RAN1 meeting in St. Louis in February 2007, further performance evaluations of cyclic delay diversity (CDD)-based precoding were requested [1]. In this contribution, we investigate the performance of CDD-based precoding with large delay [5] for 4-transmit and 2-transmit antenna MIMO transmission in order to clarify the following points based on the link level performances:
· Performance improvement by CDD-based precoding with large delay in high mobility conditions 
· Appropriate delay values for the large delay CDD-based precoding 
· Necessity of codebook-based adaptive precoding when large delay CDD operation is activated
· Comparison of the CDD precoding structure in the current working assumption with alternative CDD precoding structure proposed in [7]

2. CDD-based MIMO precoding
2.1 CDD-based Precoding Structure (Current Working Assumption)
In the CDD-based MIMO precoding, the CDD-combined precoding matrix at k-th subcarrier, Vk, can be written as follows [2],
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(1)
where Nt x R matrix U is the codebook-based precoding matrix with Nt and R being the number of transmit antennas and the transmission rank, respectively. NFFT is the number of FFT points, and   is the delay values for CDD.
2.2 Cyclic Delay Values and Codebook
For 2-transmit antenna MIMO, cyclic delay value of NFFT/2 samples between (virtual) antennas is used as working assumption and possibility of alternative optimal delay value replacing NFFT/2 samples is FFS. In the simulation evaluation, we parameterized the delay values as shown in Table 1 in order to investigate the optimum delay value for large delay CDD-based precoding. The householder codebook is used for the 4 Tx precoding based on the throughput comparison results between the householder codebook and the DFT-based codebook [6], which are shown in Appendix.
Table 1 – Cyclic delay values and codebook used in the simulation
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2.3 Precoding Matrix, U
In the case of large delay CDD, tailored signaling both in the downlink and uplink to avoid unnecessary signalling overhead is considered since large delay CDD is beneficial especially in high mobility condition with small payload where the signalling overhead is more serious. We evaluated the following two alternatives of precoding matrix selection for large delay CDD-based precoding in order to clarify the throughput performance by reducing the precoding matrix information.
· Alternative 1: Adaptive precoding in which the preferred precoding matrix is adaptively selected in time/frequency domain based on codebook as shown in Table 1 according to the report from a UE.
· Alternative 2: Fixed precoding in which precoding matrix is always fixed. As a fixed precoding matrix in the rank R transmission, we used the first element of the rank-R codebook.
3. Simulation Setup
Table 2 lists the simulation parameters assumed in the evaluations. We assumed a 1-msec sub-frame and 12 sub-carriers within each RB. We employed QPSK, 16QAM, and 64QAM data modulation and Turbo coding with the coding rate of R = 1/3, 2/5, 4/9, 1/2, 5/9, 3/5, 2/3, and 3/4, and adaptive modulation and channel coding (AMC) based on multiple codewords (MCW) was employed (note that the same modulation and coding scheme (MCS) is assigned to all assigned RBs within a codeword) [3]. MCS was independently selected for each codeword according to the average received signal-to-interference plus noise power ratio (SINR) after signal detection among all RBs. The maximum number of codeword was set to 2. For rank 3 (4) transmission with 4 transmit antennas, 1st codeword is mapped to Stream #1 (#1 and #2) and 2nd codeword is mapped to Stream #2 and #3 (#3 and #4). 
We used frequency domain channel-dependent scheduling, in which we divided the total bandwidth into 5 sub-bands each consisting of 10 RB, and chose the single sub-band at each sub-frame which maximizes the channel capacity. Feedback granularity of precoding in the frequency domain was set to 10 RB bandwidth [4]. Precoding matrix information from a UE was updated every sub-frame. The control delay of the precoding matrix information as well as MCS information was set to 3 sub-frame (= 3.0 msec).
The MIMO configurations evaluated in our simulations were 2-by-2 and 4-by-4 MIMO. Rank adaptation was applied to determine the number of spatial data streams. The channel model used in this contribution was the six-ray Typical Urban (TU) and Pedestrian A channel models assuming space diversity branch. We evaluated both uncorrelated and correlated spatial channel cases. We assumed ideal channel estimation and feedback channel. A linear minimum mean-squared error (LMMSE) detector was applied. Chase combining was applied for Hybrid ARQ scheme with the maximum number of re-transmission of 3. Adaptive PER control was applied to keep the average frame-error rate around 10 %.

Table 2 – Simulation parameters
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4. Simulation Results

4.1 CDD-based Precoding with 2-Tranmit Antennas (2-by-2 MIMO)
Figures 1(a) and (b) show the throughput performance of the CDD precoding for 2-by-2 MIMO transmission in the TU channel when fading correlation coefficients (spatial correlation) between adjacent antenna branches at the transmitter / receiver are set to 0.0 / 0.0 and 0.5 / 0.0, respectively. Figure 2 shows that the throughput performance in the Pedestrian A channel when the fading correlation coefficients are 0.5 / 0.0. Maximum Doppler frequency was set to fD = 55.55 Hz. Precoding matrices were adaptively varied according to the UE feedback report (Alternative 1). Figures 1 and 2 show that effectiveness of CDD-based precoding with large delay is observed. Note that when the carrier frequency is 2.0 GHz, fD =55.55 Hz corresponds to the UE speed of 30 km/h. The throughput gain of approximately 1.0 - 2.0 dB is obtained in high received signal power-to-noise power ratio (SNR) regions where the rank 2 transmission is dominant. This is because the throughput gain due to the reduction of packet-error rate (PER) by employing the diversity gain of CDD is more visible in high SNR regions where a higher MCS is selected. 
Figure 1(b) shows that the gain of CDD-based precoding over non-CDD precoding in the high SNR region becomes slightly larger compared with that in the uncorrelated channel in Fig. 1(a). This is because the CQI averaging effect by CDD is more significant in correlated channel. Figures 1 also show that non-CDD precoding is better than CDD-based precoding especially in low received SNR regions under low mobility condition. This is because precoding gain obtained by non-CDD precoding is effective. Figure 2 shows that similarly to the TU channel case in Fig. 1, the gain of CDD-based precoding over non-CDD precoding is observed in high SNR region. 
From Figs. 1 and 2, large delay candidate values, NFFT/2, NFFT/4, and NFFT/6, offer similar throughput performance irrespective of received SNR. Thus, we have no strong preference to the alternative delay values for NFFT/2 samples in the working assumption [1]. 
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 (a) Fading correlation: 0.0 (Tx) / 0.0 (Rx)              (b) Fading correlation: 0.5 (Tx) / 0.0 (Rx)

Figure 1 – Throughput performance of CDD-based precoding with cyclic delay value as a paramter
 (2-by-2 MIMO, TU channel)
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Figure 2 – Throughput performance of CDD-based precoding with cyclic delay value as a parameter 
(2-by-2 MIMO, Pedestrian A channel, fading correlation: 0.5 (Tx) / 0.0 (Rx))
Figure 3 shows the comparison of throughput performance using CDD-based precoding with adaptive precoding control (Alternative 1) and fixed precoding (Alternative 2) in TU channel when the fading correlation coefficients are set to 0.0 / 0.0 and 0.5 / 0.0, respectively. Figure 3 shows that in high SNR regions with high speed, fixed precoding offers similar (or slightly better) performance than the adaptive precoding. This can be explained as follows. When precoding is adaptively changed, the UE selects the MCS based on the optimum precoding matrix. However, in high mobility environments, the selected precoding matrix is not optimum any more in the actual packet transmission due to the fast channel variation with feedback delay. This degrades the PER of the shared data channel due to the overestimation of MCS, which results in the slight throughput degradation. According to the observations above, when CDD-based precoding with large delay is activated, precoding matrix information is not necessary to be transmitted both in the uplink/downlink by fixing the precoding matrix. 
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 (a) Fading correlation: 0.0 (Tx) / 0.0 (Rx)              (b) Fading correlation: 0.5 (Tx) / 0.0 (Rx) 
Figure 3– Throughput performance of CDD-precoding with fixed and adaptive precoding
(2-by-2 MIMO, TU channel)
4.2 CDD-based Precoding with 4 Transmit Antennas (4-by-4 MIMO)
Figures 4(a) and (b) show the throughput performance of the CDD precoding for 4-by-4 MIMO transmission in the TU channel when fading correlation coefficients (spatial correlation) between adjacent antenna branches at the transmitter / receiver are set to 0.0 / 0.0 and 0.5 / 0.0, respectively. Figure 5 shows the throughput performance in the Pedestrian A channel when the fading correlation coefficients are 0.5 / 0.0. Figures 4 and 5 show that similarly to the 2 x 2 MIMO case, effectiveness of CDD with large delay values is observed in high mobility scenario. The throughput gain of approximately 1.0 dB is obtained in high received SNR regions where the rank 4 transmission is dominant.
Large delay candidate values, NFFT/4, NFFT/6, and NFFT/8, offer similar throughput performance. Thus, we have also no strong opinion regarding the alternative delay value for NFFT/4 in the working assumption. According to the observations in Figs. 2, 3, 5, and 6, in both 4 transmit and 2 transmit antenna MIMO transmissions, large delay CDD-based precoding should be activated when the UE mobility is high in order to achieve robust precoding to the fading variation. 
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(a) Fading correlation: 0.0 (Tx) / 0.0 (Rx)              (b) Fading correlation: 0.5 (Tx) / 0.0 (Rx)

Figure 4 – Throughput performance with various delay values
 (4-by-4 MIMO, TU channel)
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Figure 5 – Throughput performance with various delay values
 (4-by-4 MIMO, Pedestrian A channel, fading correlation: 0.5 (Tx) / 0.0 (Rx))
Figure 6 shows the throughput performance of CDD precoding in TU channel when the fading correlation coefficients are set to 0.0 / 0.0 and 0.5 / 0.0, respectively, where we compared adaptive precoding (Alternative 1) and fixed precoding (Alternative 2). Figure 6 shows that similarly to the 2-by-2 MIMO case, fixed precoding offers similar or slightly better performance to adaptive precoding with high speed. According to the observations above, when CDD is activated, precoding matrix may be fixed. Results also show that approximately 1.0 - 2.0 dB gain is obtained in the high SNR region.
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(a) Fading correlation: 0.0 (Tx) / 0.0 (Rx)              (b) Fading correlation: 0.5 (Tx) / 0.0 (Rx) 
Figure 6 – Throughput performance of CDD with fixed and adaptive precoding
(4-by-4 MIMO, fading correlation: TU channel)
4.3 Performance Comparison with Alternative CDD-based Precoding [7]
In this section, we compared the throughput performance between CDD-based precodng in the current working assumption (we call WA-CDD hereafter) [2] and the alternative CDD precoding proposed in [7]. The alternative CDD precoding structure [7] defines the CDD operation before the codebook-based precoding weight multiplication. The precoding matrix Vk is computed by the following equation. 
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(2)
where Nt x R matrix U is the codebook-based precoding matrix. R x R matrix F is a fixed precoding matrix. In this contribution, the R-by-R DFT matrix is used as F, and delay values are set to NFFT/R. (Optimum choice of F, and  would be FFS.)
Figure 7 (a) and (b) show the throughput performance of CDD precoding in TU channel for 2-by-2 MIMO, and 4 x 4 MIMO, respectively when the fading correlation coefficients are set to 0.0 / 0.0. Fixed precoding was applied in the WA-CDD precoding, whereas both adaptive precoding and fixed precoding were applied in the alternative CDD precoding. Results show that both of the two CDD precoding schemes offer similar throughput performance in high SNR regions. Further investigation is necessary for various channel model and antenna configuration. 
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Figure 7– Throughput performance between WA-CDD precoding and alternative CDD-precoding
(TU channel, fading correlation: 0.0 (Tx) / 0.0 (Rx) )
5. Conclusion

In this contribution, we investigated the performance of CDD-based precoding for 2-transmit and 4-transmit MIMO transmission for E-UTRA downlink. We obtained the following conclusion:

· In high mobility environment (such as 30 km/h), approximately 1.0-2.0 dB gain can be obtained by the CDD operation with large delay especially in high SNR regions where the dominant transmission rank is 2 and 4 in 2 Tx and 4 Tx MIMO transmission, respectively.
· Appropriate delay values in the CDD operation with large delay value for high speed application are NFFT/2 and NFFT/4 in 2 transmit and 4 transmit antennas, respectively.
· When the large delay CDD-precoding operation is activated, precoding matrix information can be fixed in the time/frequency domain, which leads to the significant reduction of the signaling overhead of precoding information.
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Appendix: Throughput Performance Comparison Between Housholder Codebook and DFT-based Codebook 
Figures 8 and 9 show the throughput performance comparison of MIMO precoding schemes between the Householder codebook [6] and the DFT codebook [8] for 4-by-4 MIMO transmission in TU and Pedestrian A channels, respectively. For each channel, the throughput performance is evaluated when the fading correlation coefficients at the transmitter / receiver are set to 0.0 / 0.0 and 0.5 / 0.0. Codebook size in rank 1, rank 2, rank 3, rank 4 are set to 16, 16, 16, and 12, respectively in the Householder codebook, and  16, 24, 16, and 4, respectively in the DFT-based codebook. The figures show that both codebook offers very similar performance, and the Householder codebook offers slightly higher throughput in mid-SNR regions in uncorrelated channel. For this reason, we chose the Householder codebook in the investigation of CDD-based precoding above. Codebook definition for cross-polarized channel is FFS.
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Figure 8 – Throughput performance between Householder- and the DFT-codebooks
(4-by-4 MIMO, TU channel)
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Figure 9 – Throughput performance between Householder- and the DFT-codebooks
(4-by-4 MIMO, Pedestrian A channel)
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