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1. Introduction
The following is the conclusion from the Chairman notes at RAN1 #61

Conclusion:

· CSI RS port multiplexing is based on CDM for each pair of CSI RS port

· Avoidance of port 5 of the same cell should be addressed.
· A nested structure among 2, 4, 8 CSI-RS ports simplifies the implementation

· The pattern with smaller number of CSI-RS port is a subset of the pattern with larger number of CSI-RS port


· Study a single and multiple patterns in terms of achievable reuse factor and signaling overhead.
· A time-invariant time/frequency shift is used in a cell
· Each company is encouraged to bring pattern proposals for normal and extended CPs, and for FDD and TDD

In our previous contribution [1], we proposed a FDM+CSM design to support 2/4/8 Tx operation. The design is based on uniformly-spaced REs (6-subcarrier spacing) for each pair of ports using CSM separability with a half-symbol cyclic shift, and use FDM to flexibly support 4 and 8 antennas. CSM can be deemed as a special form of CDM which applies a length-2 OCC code of [1,1] and [1 -1]. Instead of applying the spreading code onto two adjacent REs (in time or frequency), we are applying them onto a pair of REs that are spaced by 6 subcarriers.
The following summarizes the main features of the proposed pattern,

1) Uniformly spaced with 6-subcarrier spacing, same as Rel-8 CRS to reuse the channel estimator. 

2) Large reuse can be supported.  

3) 10log (Nt/2) dB boosting can be used for Nt antennas. A maximum of 6 dB boosting for 8 TX, which is same as that of Release-8 CRS.

4) Better performance at low SNRs
In the previous meeting, some concerns were raised about the performance of CSM patterns with higher delay spread channels and extended CP. CSM design strictly has 66.67us/6/2=5.56us of “orthogonal” window where two channels with length up to that value can be separately without interfering with each other. As we can see, even 5.56us is large enough to encompass normal CP, but longer channels will interfere with each other. However, we also noted FDM suffers from loss in frequency selectivity, i.e., FDM will fail to adequately track the frequency selectivity. The performance trade off between letting tail channel taps to interfere with earlier strong taps as in the non-orthogonal CSM design and under-sampling the channel in frequency as in the FDM design is investigated in this contribution. Perhaps more importantly is the noise and interference suppression capability offered by the two schemes where FDM cannot offer any gain over noise and interference since it is already inadequate to track the selectivity. But CDM naturally takes advantage of any PDP property or the clustered behavior of channel response, and spreads any interference, including interfering taps of the other pairing channel.
2. Further Details of the Patterns
The following figures show additional detail of the CSI-RS patterns for normal and extended CP as also captured in the email discussion. The advantage of spacing of 6 REs, which is the same as in CRS design of Rel-8/9, is better coexistence of CSI-RS and CRS. We count the pairs of CSI-RS ports that can be accommodated in each symbol (numbers below the corresponding columns). We have:
· Whether with 2 or 4 or 8 antennas, for each CSI-RS pair, we can use the same channel estimator. Even for extended CP, similar channel estimator can be used with slight modification.
· Maximal reuse factor will make it easier to ensure interference measured from CSI-RS of a cell reflects interference incurred by the data traffic of neighboring cells, not their CSI-RS. These reuse pattern position can be indexed and signaled to UEs. Neighboring cell measurement based on their CSI-RS, which maybe required for CoMP in the future, may need their CSI-RS pattern that can be defined with the index or by a relative symbol-frequency shift of the pair-wise CSI-RS pattern of its own cell.

· Large reuse can be supported, e.g., 34/17/8 for normal CP with 2/4/8 Tx.  

· If all CSI-RS are to be limited to one symbol, reuse of 34/11/5 can still be supported for 2/4/8 Tx with normal CP.
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Figure 1 – CSI-RS Pattern for 2 Tx Antennas
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Figure 2 – CSI-RS Pattern for 4 Tx Antennas
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Figure 3 - CSI-RS Pattern for 8 Tx Antennas
3. Results

The detailed simulation assumptions are summarized in the table below. We compare these cases:

· Ideal CSI: instantaneous and ideal feedback information.

· Delayed CSI but ideal channel estimation (CE): CSI-RS transmission periodicity, reporting periodicity, and processing/scheduling delay according to the table below

· Delayed CSI with CE based on CSM: Actual channel estimation 

· Delayed CSI with CE based on FDM: Actual channel estimation

	Parameter
	Value

	Channel Model
	Modified Vehicular B; (Using 4 out of 6 taps of of VehB; last tap at 12 us)
Modified Vehicular B 2; (Using 5 out of 6 taps of VehB Channel; last tap at 17 us)

Doppler 3 kmph

	Transmission BW
	10 MHz

	Carrier Frequency 
	2 GHz

	Antenna Configuration
	b) 4-Tx eNB: Cross Pole, 4 lambda; 2-Rx UE: Cross Pole;

	Duplex method 
	FDD

	Scheduler
	Scheduling granularity of one subframe ; Scheduling is dynamic on a subframe basis

	Link adaptation
	CQI  assuming outer-loop tracking; Release 8 MCS;

	Channel estimation for Demodulation
	2DMMSE Non Ideal channel estimation  based on DRS Patterns proposed in [2]

	Feedback Impairments
	Subband (6 RB) Feedback

Reporting period: 10 ms (same as CSI-RS periodicity);

Minimum UE CSI-RS processing and scheduling Delay: 5 ms

	Rate Metric
	Link Simulations based on Release 8 MCS (Hull curve)

	Overhead
	Control channel of 2 symbols; 

2 port CRS; 12 DRS 

	MIMO Mode
	SU-MIMO Only, Rank 1

	Traffic Model
	Full Buffer

	Precoding Granularity
	6 RB

	Allocation 
	Whole band

	Feedback content and  precoding
	 PMI 

	Receiver
	Non Ideal IRC with Estimated Interference Covariance Matrix

	CSI RS Design
	Configuration 1: 

Density: 1 RE/RB; Multiplexing: CSM on two ports; 

Configuration 2:

Density: 1 RE/RB; Multiplexing: FDM; 




Table 1 – Simulation Assumptions
The results below are plotted for two modified Vehicular B channels, as used in Extended CP RS design, as well as for wideband precoding and sub-band precoding. We can see:

· Similar performance is observed for both FDM and CSM in the case of wideband precoding. It looks that under-sampling the channel selectivity in frequency (in FDM) incurs the similar performance degradation as in CSM where there is a loss of strict orthogonality. We observe similar behavior at all SNRs.
· However, with sub-band precoding, while similar degradation is still observed at high SNRs, CSM outperforms FDM at low SNR, similar to our observations in the past for normal CP. At high SNR, supposedly the inter-channel interference in CSM could become the main obstacle for accurate channel estimation, but FDM cannot track with frequency selectivity either, which explains the same performance. At low SNR however, CSM’s capability of noise and interference suppression, even at sub-band, begins to show up, as opposed to FDM where there will be almost no noise suppression or averaging. 
Based on the observation of same or slightly better performance of CSM under extended CP and the previous results of superior performance under normal CP, as well as the same 6RE spacing for better coexistence with Rel-9 CRS, we recommend the adoption of CSM for intra-cell pair-wise CSI-RS with a uniform spacing of 6 REs (i.e., same as CDM with [1,+/-1] on the two non-adjacent REs). 
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Figure 4 – Modified Vehicular B, Wideband Precoding
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Figure 5- Modified Vehicular B 2, Wideband Precoding
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Figure 6 - Modified Vehicular B, Subband Precoding
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Figure 7 – Normal CP, ITU channel sub-band precoding 

4. Conclusions
Based on the observation of same or slightly better performance of CSM under extended CP and the previous results of superior performance under normal CP, we propose the adoption of CSM for intra-cell pair-wise CSI-RS with a uniform spacing of 6 REs (i.e., same as CDM with [1,+/-1] on the two non-adjacent REs). The fact that the same 6RE spacing is used also allows better coexistence of CSI-RS with Rel-9 CRS to achieve a large reuse factor.
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