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1. Introduction

In RAN1 #59 meeting, extensive discussion took place on the 10 crucial questions of CSI-RS design, and encouraging progress had been made on the CSI-RS design for LTE-A:
· Single CSI-RS subframe within configurable periodicity is adopted for LTE-A, and the periodicity of CSI-RS transmission configured as a multiple of 5ms is concluded as baseline. 
· Design CSI-RS mapping pattern while avoiding OFDM symbols with Rel-8 CRS (4 CRS ports for 8 CSI-RS design) and PDCCH (1-3rd OFDM symbol) in the case of normal CP.

· Design CSI-RS of 2, 4, and 8 ports. The necessity for the CSI-RS of 2 and 4 ports will be decided later based on their benefit compared with Rel-8 CRS. Design guidelines based on the requirements of CSI-RS of 2, 4, 8 ports are FFS.

· At least 8 CSI-RS and 2-4 Rel-8 CRS are possible configurations.
In order to identify the proper overhead for CSI-RS, offline email discussion on simulation assumptions for further study had been kicked off and baseline versions had been converged. In this contribution, we first summarize the impact of CSI-RS puncturing on Rel-8 PDSCH. Then, we evaluate the throughput for Rel-10 based on the baseline CSI-RS patterns as shown in AppendixⅠ. Later, aspects of the multi-cell CSI-RS multiplexing are analyzed. Finally, some proposals on the CSI-RS design for LTE-A are given.

2. Performance evaluation
2.1. Evaluation of Rel-8 performance
Puncturing of REs in Rel-8 PDSCH for CSI-RS transmission has negative impact on legacy UEs. Therefore, in order to identify the proper overhead for CSI-RS, it is critical to evaluate the impact incurred by different baseline patterns which are shown in AppendixⅠ. The simulation assumptions for these evaluations are listed in AppendixⅡ.
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Figure 1 Throughput of SFBC with 10ms CSI-RS periodicity
Observations:
· In case of 10 ms CSI-RS periodicity, by proper MCS adjusting and HARQ operation, different patterns with different overhead show equivalent negative impact on Rel-8 PDSCH, which suffer less than 10% throughput loss against the reference case (i.e. no CSI-RS puncturing on Rel-8 PDSCH region).

[image: image2]
Figure 2 Throughput of SFBC with 1ms CSI-RS periodicity
Observations:
· The more overhead, the larger the Rel-8 performance degradation for both FDM and CDM based CSI-RS patterns. 
· In normal configuration (no power boosting), FDM and CDM based CSI-RS patterns show the same performance under the same overhead. However, when FDM based CSI-RS is power boosted by 6dB, the CDM based CSI-RS patterns outperforms the corresponding FDM patterns with the same overhead.

· The performance degradation, incurred by the FDM based CSI-RS pattern with 2 REs/port, is about 50%-60% in median to high SNR region. However, the performance degradation is only about 30% by CDM based CSI-RS patterns with 1-1.5REs/port and FDM based CSI-RS pattern with 1RE/port. 
2.2. Evaluation of Rel-10 performance
Since the CSI-RS solely serves the purpose of the channel measurement for Rel-10, and the accuracy of the channel measurement is very important for Rel-10, it is also crucial to evaluate Rel-10 performance with baseline patterns shown in AppendixⅠ. The simulation assumptions of these evaluations are listed in AppendixⅢ.
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Figure 3 Throughput of Rel-10 rank one transmission with 10ms CSI-RS periodicity
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Figure 4 Throughput of Rel-10 rank one transmission with 10ms CSI-RS periodicity
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Figure 5 Throughput of Rel-10 rank one transmission with 10ms CSI-RS periodicity

Observations:
· The more CSI-RS density, the better Rel-10 performance can be gained by both FDM and CDM based CSI-RS patterns.
· With the same CSI RS overhead per antenna port, the corresponding CDM based CSI-RS pattern outperforms the corresponding FDM based CSI-RS pattern, both in power boosting and no power boosting case.
2.3. Evaluation summary
From the simulation results shown in the above sections, the following observations can be summarized: 
· Given that R10 Performance has to be prioritized , CSI-RS overhead per port
· From R10 perspective, higher CSI-RS density is needed.
· From R8 perspective, lower CSI-RS overhead is preferred.
· 2 REs/port per PRB is optimal for FDM pattern. 

· 1.5 REs/port per PRB is optimal for CDM pattern.
· CDM vs FDM

· In case of no power boosting for FDM based CSI-RS pattern, CDM based CSI-RS pattern with 1.5 REs/port outperforms FDM pattern with 2 REs/port. 

· In case of power boosting, the FDM based CSI-RS pattern with 2RE/port and the CDM based CSI-RS pattern with 1.5REs nearly show the same performance.
· Considering R10 performance and the impact on the legacy UEs, CDM based CSI-RS pattern with 1.5REs/port is superior to FDM based CSI-RS pattern with 2REs/port. 
3. Multiplexing of inter-cell CSI-RS

In the above sections, two main multiplexing schemes of CSI-RS (i.e. FDM and CDM) are carefully studied. However, the aspects of multi-cell CSI-RS multiplexing should also be needed to conclude the question about the optimal overhead and pattern for CSI-RS. According to the progress made in RAN1#59, figure 6 shows the available REs left for CSI-RS placement if the DMRS OFDM symbols are avoided. Due to the following drawbacks, the CSI-RS FDMed with Rel-9/10 DMRS REs is very unattractive:

· Due to the power boosting of CSI-RS, the power of Rel-9/10 DMRS will be decreased, which may incur performance degradation especially for high rank transmission. Moreover, the imbalance of power between the RE pairs of Rel-9/10 DMRS based on CDMT will impose significant harm for OCC.
· Furthermore, in case of CSI-RS FDMed with Rel-9/10 DMRS, channel estimation will be negatively influenced by ICI, especially when CSI-RS is power boosted.
· Especially, when CSI-RS is placed in the last two OFDM symbols (i.e. FDMed with Rel-9/10 DMRS), collision between CSI-RS and sync signals will happen, which will lead to an increase in the complexity of UEs.
· Additionally, owing to the irregular CSI-RS REs, the signaling will be complicated, if CSI-RS locates in the same OFDM symbols with Rel-9/10 DMRS.
Clearly as shown in figure 6, if CSI-RS overhead with 2REs/port is adopted for LTE-A, the reuse factor will be no more than 1 for 8 antenna ports scenarios, which is impractical for some TDD configurations with few DL subframes. However, in case of CDM based CSI-RS, by the shift of subcarrier, OFDM symbol and phase of ZC sequence, multi-cell CSI-RS orthogonality can be easily achieved. In order to optimize the Rel-10 performance for both FDD and TDD, and confine the harmful impact on Rel-8 UEs, CDM based CSI-RS pattern with 1.5REs/port appears as the best solution. 
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Figure 6 Available REs for CSI-RS

4. Conclusions

Given the analysis and results in this document, our current suggestions on CSI-RS are as following: 
1. Considering both legacy UEs and LTE-A UEs, CSI-RS overhead with 1.5 REs/port is the most attractive option.

2. We prefer to avoid the presence of CSI-RS in the same OFDM symbols as Rel-9/10 DMRS for both normal and extended CP.

3. In order to optimize the performance of Rel-8 and Rel-10 in both FDD and TDD mode, and keeping the consistent design between FDD and TDD, CDM based CSI-RS pattern with 1.5REs/port appears as the best solution.
4. The CSI-RS of different antenna ports within a cell can be multiplexed based on ZC sequences.

5. CDM based sequence hopping structure similar to Rel-8 UL RS can be reused to randomize the interference of CSI-RS between different cells.
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AppendixⅠ CSI-RS patterns for evaluation
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AppendixⅡ Simulation assumptions for Rel-8 evaluation
	Parameter
	Value

	Carrier frequency
	2 GHz

	Transmission bandwidth
	5 MHz

	eNB antenna configuration
	Rel-8 configuration : 2 Tx uncorrelated (i.e. 2 CRS for legacy UEs)

	UE antenna configuration
	2 Rx uncorrelated

	Channel model
	3GPP-TU

	UE velocity
	3 km/h

	PDCCH / PDSCH configuration
	3 / 11 OFDM symbols per subframe

	Scheduling in time
	Scheduling in every downlink sub-frame

	Channel coding (PDSCH)
	Rel-8 turbo coding, CBRM

	Number of allocated PRB
	4 PRB (contiguous allocation)

	MCS, HARQ & link adaptation
	Rel-8 MCS, HARQ & link adaptation enabled.

	Detector
	MRC

	Transmit precoding/feedback
	2-Tx Rel-8 SFBC transmit diversity 

	Common reference signal configuration
	2 port Rel-8 CRS in every sub-frame

	CSI-RS allocation
	Full bandwidth, single sub-frame

	CSI-RS duty cycle configuration
	1/10 ms 

	Channel estimation for demodulation
	Realistic channel estimation over Rel-8 CRS


AppendixⅢ
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Parameter
	Value

	Carrier frequency
	2 GHz

	Transmission bandwidth
	5 MHz

	eNB antenna configuration
	8 Tx uncorrelated

	UE antenna configuration
	2 Rx uncorrelated

	Channel model
	3GPP-TU

	UE velocity
	3 km/h

	PDCCH / PDSCH configuration
	3 / 11 OFDM symbols per subframe

	Scheduling in time
	Scheduling in every downlink sub-frame

	Channel coding (PDSCH)
	Rel-8 turbo coding

	Number of allocated PRB
	4 PRB (contiguous allocation)

	MCS, HARQ & link adaptation
	Baseline: Separate MCS (QPSK-1/2, 16QAM-1/2, 64QAM-1/2), no HARQ, no link adaptation

	Detector
	MMSE for rank>1, otherwise MRC

	Precoding/feedback granularity 
	4 PRB

	Transmit precoding/feedback
	8-Tx: (Samsung)
Baseline-1: codebook with effective size of 6-bit, to be selected by each company

	Transmission rank
	Rank-1 (baseline)

	Common reference signal configuration
	2 port Rel-8 CRS in every sub-frame

	CSI-RS allocation
	Full bandwidth, single sub-frame

	CSI-RS duty cycle configuration
	10 ms interval is the baseline

	CSI-RS density
	Alt1: 1 RE/PRB/port

	
	Alt2: 1.5 RE/PRB/port

	
	Alt3: 2 RE RE/PRB/port

	
	CSI-RS overhead included in PDSCH throughput calculation

	CQI/PMI reporting delay modeling
	Minimum delay of five subframes between time of computation at UE and use for precoding at eNodeB 

	CSI-RS reference patterns 
	5 patterns

FDM 1/1.5/2 REs per port 

Power: P1=1/8 per port ;P2=1/2 per port

CDM 1/1.5 REs per port
Power :P1=1/8 per port

	Channel estimation for CQI/PMI selection
	Ideal CSI for CQI/PMI selection (reference case)

	
	Channel estimation over CSI-RS for CQI/PMI selection

	Channel estimation for demodulation
	Ideal channel estimation over DM-RS

	Simulation output
	PDSCH throughput vs. SNR. 
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[image: image22.png]Single-cell 8TX, 1.5REs/port
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[image: image23.png]Single-cell 8TX, 1REs/port




[image: image24.png]Single-cell 8TX, 2REs/port
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