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1. Introduction

The following issues concerning the optimum CSI reference signal (CSI-RS) density for intra-cell deployment were summarized in RAN1 #59. 
· CSI-RS density per PRB pair
· The following alternatives are identified for further study.
(a) Number of REs per PRB pair for intra-cell CSI-RS port for 8-Tx

Alt. 1: 8 REs
Alt .2: 12 REs
Alt. 3: 16 REs
(b) Number of REs per PRB pair for intra-cell CSI-RS port for 4-Tx 

Alt. 1: 4 REs
Alt. 2: 6 REs
Alt. 3: 8 REs
(c) Number of REs per PRB pair for intra-cell CSI-RS port for 2-Tx 

Alt. 1: 2 REs
Alt. 2: 3 REs
Alt. 3: 4 REs
· Study the alternatives for each of (a), (b), and (c).
· Start with 8-Tx design.
· Increasing the number of punctured REs with muting (if supported) is FFS.
· Discuss the simulation assumptions for further study by the end of Nov. via e-mail.
In this contribution, in order to clarify the optimum CSI-RS density for intra-cell deployment, we evaluate the throughput performance of various CSI-RS densities and structures.
2. CSI-RS Design 
2.1. Mapping Structure 
In our view, in order to clarify the optimum CSI-RS density, we must consider not only the channel estimation accuracy but also the interference-plus-noise power measurement accuracy for CQI measurement. Therefore, we investigate the following two alternatives. 
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(a) Distributed structure                             (b) Pair-wised structure

Figure 1 – CSI-RS mapping structure
Under the assumption of using FDM for orthogonalization of each antenna port, a pair-wised structure is generally more useful for interference plus-noise-power measurement than a distributed structure since two REs including the CSI-RS for an antenna port are adjoined. On the other hand, the accuracy of the channel estimation when employing a pair-wised structure using FDM is worse than that with a distributed structure when the density of two alternatives is equated. This is because the frequency spacing of the pair-wised structure is sparser than that of the distributed structure.
2.2. Multiplexing Scheme for Each Structure 
Various CSI-RS multiplexing schemes that include mapping structures are described in [1]-[6]. As described in the simulation assumption for the optimum CSI-RS density decided via e-mail discussion, for the distributed structure, FDM is used for orthogonalization of each antenna port [1]-[3], while for the pair-wised structure, two schemes, FDM or FDM/CDM [4] are considered. As examples, a CSI-RS insertion pattern for 8 antenna ports and CSI-RS density for 2 RE/PRB/antenna port are shown in Fig. 2.
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(a) Distributed structure using FDM
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(b) Pair-wised structure using FDM
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(c) Pair-wised structure using FDM/CDM

Figure 2 – CSI-RS insertion pattern for eight antenna ports (2 RE/PRB/antenna port)

In this contribution, we consider two interference-plus-noise power measurement schemes that differ in their CSI-RS mapping structures and the multiplexing schemes.
For the pair-wised structure using FDM, interference-plus-noise power can be measured by averaging the square value of the difference in the adjacent received CSI-RSs.
In contrast, for the distributed structure using FDM and the pair-wised structure using FDM/CDM, we assume the use of 2D-MMSE channel estimation, and the interference-plus-noise power can be measured by averaging the square value of the difference between the received CSI-RS and the CSI-RS multiplied by the estimated channel value after 2D-MMSE channel estimation.

3. Performance Evaluation
3.1. Required CSI-RS Density per PRB in Support of Rel. 10 Downlink SU-MIMO
In this section, we evaluate the throughput performance assuming SU-MIMO transmission in order to clarify the optimum CSI-RS density per PRB to support Rel. 10 downlink SU-MIMO. It is assumed that fading coefficients between receiver antennas at the UE as well as transmit antennas at the eNB is uncorrelated. The CSI-RS density is assumed to be 0.25, 0.5, 1, 1.5, and 2 RE/PRB/antenna port. CSI-RS insertion patterns of each density for 8 antenna ports except for 2 RE/PRB/antenna port are shown in the Appendix. As a precoding transmission scheme, we assume 6-bit codebook [7] precoding transmission for 8 antenna ports at eNB or 4-bit Rel. 8 codebook precoding transmission for 4 antenna ports at eNB precoding transmission. Simulation results for unquantized SVD precoding transmission are also provided in the Appendix. Link adaptation is adopted with the AMC outer-loop control, and the target BLER is set to 10%. In this contribution, AMC offset is set to 0.05 dB up for ACK or AMC offset is set to 0.45 dB down for NACK. We evaluate the throughput taking into account the CSI-RS overhead. The other simulation conditions are given in Table 1. Note that the following conditions are based on the simulation assumption decided via e-mail discussion.

Table 1 – Simulation Conditions for Rel. 10 PDSCH Performance Evaluations
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(1) Simulation results for 8 antenna ports at eNB
First, we evaluate the throughput performance for the case of 8 antenna ports at the eNB and 6-bit codebook precoding transmission.
Figure 3 shows the throughput performance, including (a) a distributed structure using FDM, (b) a pair-wised structure using FDM, and (c) a pair-wised structure using FDM/CDM.
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(a) Distributed structure using FDM                      (b) Pair-wised structure using FDM
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(c) Pair-wised structure using FDM/CDM

Figure 3 – Throughput performance for eight antenna ports
We can see that the performance of 0.5 RE/PRB/antenna port is slightly degraded compared to 1 RE/PRB/antenna port and more for the distributed structure using FDM and the pair-wised structure using FDM/CDM. The degradation in the 0.5 RE/PRB/antenna port compared to 1 RE/PRB/antenna port is more remarkable for the pair-wised structure using FDM.
Furthermore, comparisons of the throughput of various CSI-RS densities at the received SNRs of 0 dB, 8 dB, and 16 dB are shown in Figs. 4(a), 4(b), and 4(c), respectively.
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(a) Received SNR = 0 dB                                     (b) Received SNR = 8 dB
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(c) Received SNR = 16 dB

Figure 4 – Comparison of throughput of various CSI-RS densities for eight antenna ports

Figure 4 shows that at least 1 RE/PRB/antenna port is necessary to avoid significant performance degradation. Furthermore, we see that the throughput performance for the distributed structure using FDM and that for the pair-wised structure using FDM/CDM are better than that for the pair-wised structure using FDM.
The results described above are assumed to be for a full buffer model, i.e., packet transmission is contiguous and AMC outer-loop control is optimized to each received SNR. As a worse case, we evaluate the performance when AMC offset is not perfectly optimized and therefore an MCS will be incorrectly selected.. Specifically, the AMC offset is optimized to 10 dB of the received SNR and kept fixed for other received SNRs. Figures 5(a) and 5(b) show comparisons of the throughput for various CSI-RS densities at the received SNR of 0 and 16 dB when the AMC offset optimized at the received SNR = 10 dB is used. 
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         (a) AMC offset optimized to SNR = 10 dB          (b) AMC offset optimized to SNR = 10 dB
Received SNR = 0 dB                                          Received SNR = 16 dB

Figure 5 – Comparison of throughput with AMC offset error of various CSI-RS densities for eight antenna ports

From the results in Figs. 5(a) and 5(b), in order to achieve robustness against AMC outer-loop error for the distributed structure using FDM and the pair-wised structure using FDM/CDM, at least 1.5 RE/PRB/antenna port is required. Meanwhile, we can see that the pair-wised structure using FDM is relatively robust against the AMC outer-loop error owing to accurate interference measurement using two consecutive OFDM symbols.

In conclusion, observations for an eight antenna case are given below.

· As CSI-RS insertion density in the case of 8 antenna ports at the eNB, at least 1 RE/PRB/antenna port is necessary
· However, insertion density of 1.5 or 2 RE/PRB/antenna port is a safer choice considering robustness against AMC outer-loop error
(2) Simulation results for four antenna ports at eNB
Figure 6 shows the throughput performance for the case of 4 antenna ports at the eNB and 4-bit Rel. 8 codebook precoding transmission. Similar to the case of 8 antenna ports, Figs. 6(a), 6(b), and 6(c) indicate the performance for the distributed structure using FDM, the pair-wised structure using FDM, and the pair-wised structure using FDM/CDM, respectively. 
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(a) Distributed structure using FDM                      (b) Pair-wised structure using FDM
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(c) Pair-wised structure using FDM/CDM

Figure 6 – Throughput performance for four antenna ports

The figures show that the performance of 1 RE/PRB/antenna port is slightly degraded compared to 1.5 RE/PRB/antenna port and more for the distributed structure using FDM and the pair-wised structure using FDM/CDM. In contrast, for the pair-wised structure using FDM, the performance of 1 and 1.5 RE/PRB/antenna port is slightly degraded. These results indicate that the case of four antenna ports at the eNB should increase the CSI-RS density compared to the case of eight antenna ports at the eNB. This is because the power boosting value for the 4 antenna ports (= 6 dB for FDM) becomes half compared to that for 8 antenna ports (= 9 dB for FDM).
Figures 7(a), 7(b), and 7(c) show comparisons of the throughput for various CSI-RS densities at the received SNR of 0 dB, 8 dB, and 16 dB, respectively.
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(a) Received SNR = 0 dB                                    (b) Received SNR = 8 dB
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(c) Received SNR = 16 dB

Figure 7 – Comparison of throughput of various CSI-RS densities for four antenna ports
Figure 7(a) shows that the insertion density of 2 RE/PRB/antenna port is necessary to achieve the highest throughput performance especially in the low SNR region.
Figures 8(a) and 8(b) show comparisons of the throughput for various CSI-RS densities at the received SNR of 0 and 16 dB when the AMC offset optimized at the received SNR = 10 dB is used. 
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       (a) AMC offset optimized to SNR = 10 dB            (b) AMC offset optimized to SNR = 10 dB
Received SNR = 0 dB                                           Received SNR = 16 dB

Figure 8 – Comparison of throughput with AMC offset error of various CSI-RS densities for four antenna ports

From the results in Fig. 8(a), in order to achieve robustness against AMC outer-loop error for the distributed structure using FDM and the pair-wised structure using FDM/CDM, 2 RE/PRB/antenna port is also necessary. 

In conclusion, observations for a four antenna case are shown below.

· As CSI-RS insertion density in the case of 4 antenna ports at the eNB, 2 RE/PRB/antenna port is necessary
3.2. Impact of CSI-RS Puncturing on Legacy Rel. 8 PDSCH Performance
To investigate the impact of CSI-RS insertion on the legacy Rel. 8 PDSCH performance, Figs. 9(a) and 9(b) show the throughput performance of Rel. 8 PDSCH due to CSI-RS insertion for different CSI-RS densities for Rank 1 SFBC and closed-loop precoding for 2-by-2 antenna configurations. The average throughput of all subframes with and without a CSI-RS is evaluated with CSI-RS insertion with 10 msec periodicity. Other detailed simulation assumptions are described in Table 2 in the Appendix. The results show that the throughput loss due to CSI-RS insertion is approximately up to 1.0 dB, and the performance degradation for different densities (8, 12, and 16 REs) are not significant in terms of the average throughput over all subframes. Based on the results, the CSI-RS density could be optimized based more on the Rel. 10 PDSCH performance.

[image: image26.wmf]0

0.5

1

1.5

2

2.5

3

-10

-5

0

5

10

15

20

25

30

Throughput (Mbps)

Average SNR per receiver branch (dB)

No CSIRS

2 RE/PRB

4 RE/PRB

8 RE/PRB

12 RE/PRB

16 RE/PRB

2 x 2 

Rank=1

SFBC

TU channel

3 km/h

[image: image27.wmf]0

0.5

1

1.5

2

2.5

3

-10

-5

0

5

10

15

20

25

30

Throughput (Mbps)

Average SNR per receiver branch (dB)

No CSIRS

2 RE/PRB

4 RE/PRB

8 RE/PRB

12 RE/PRB

16 RE/PRB

2 x 2 

Rank=1

CL

-

precodiing

TU channel

3 km/h


               (a) SFBC                                                      (b) Closed-loop precoding

Figure 9 – Throughput performance of Rel. 8 PDSCH for different CSI-RS densities 

(CSI-RS periodicity = 10 msec)

4. Conclusion

In this contribution, we investigated the optimum CSI-RS density for intra-cell deployment. Our observations from the evaluation results are given below.
· Observation for 8 Tx antenna case:
· As the CSI-RS insertion density, at least 1 RE/PRB/antenna port is necessary
· However, the insertion density of 1.5 or 2 RE/PRB/antenna port is a safer choice considering robustness against AMC outer-loop error
· Observation for 4 Tx antenna case:
· As the CSI-RS insertion density, 2 RE/PRB/antenna port is necessary
Therefore, we are fine with either of the following ways forward for intra-cell CSI-RS insertion density.

· Option 1: Fixed 2 RE/PRB/antenna port both for 8 and 4 Tx antenna cases
· Option 2: 1 RE/PRB/antenna port for 8 Tx antenna case and 2 RE/PRB/antenna port for 4 Tx antenna case (i.e. total 8 RE/PRB is fixed)
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Appendix 1 - CSI-RS Insertion Patterns of Each Density for 8 Antenna Ports
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(a) Distributed structure using FDM
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(b) Pair-wised structure using FDM
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(c) Pair-wised structure using FDM/CDM

Figure 10 – CSI-RS insertion pattern for 8 antenna ports (0.25 – 1.5 RE/PRB/antenna port)

Appendix 2 - Throughput Performance for Fixed MCS
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(a) Distributed structure using FDM                      (b) Pair-wised structure using FDM
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(c) Pair-wised structure using FDM/CDM

Figure 11 – Throughput performance for fixed MCS, eight antenna ports, 6-bit codebook precoding, and Rank 1 transmission
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(c) Pair-wised structure using FDM/CDM

Figure 12 – Throughput performance for fixed MCS, eight antenna ports, unquantized SVD precoding, and Rank 1 transmission

Appendix 3 - Throughput Performance for Unquantized SVD Precoding
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(a) Distributed structure using FDM                      (b) Pair-wised structure using FDM
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(c) Pair-wised structure using FDM/CDM

Figure 13 – Throughput performance for eight antenna ports
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(a) Received SNR = 0 dB                                     (b) Received SNR = 8 dB
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(c) Received SNR = 16 dB

Figure 14 – Comparison of throughput of various CSI-RS densities for eight antenna ports
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       (a) AMC offset optimized to SNR = 10 dB            (b) AMC offset optimized to SNR = 10 dB
Received SNR = 0 dB                                           Received SNR = 16 dB

Figure 15 – Comparison of throughput with AMC offset error of various CSI-RS densities for eight antenna ports
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(a) Distributed structure using FDM                      (b) Pair-wised structure using FDM
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(c) Pair-wised structure using FDM/CDM

Figure 16 – Throughput performance for four antenna ports
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(a) Received SNR = 0 dB                                     (b) Received SNR = 8 dB
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(c) Received SNR = 16 dB

Figure 17 – Comparison of throughput of various CSI-RS densities for four antenna ports
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       (a) AMC offset optimized to SNR = 10 dB            (b) AMC offset optimized to SNR = 10 dB
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Figure 18 – Comparison of throughput with AMC offset error of various CSI-RS densities for four antenna ports

Appendix 4 - Simulation Conditions for Rel. 8 PDSCH Performance Evaluations
Table 2 – Simulation Conditions for Rel. 8 PDSCH Performance Evaluations
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