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1 Introduction

The following agreements are reached in RAN1 #61 for CSI-RS pattern design. 

· 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

This contribution addresses our view on the CSI-RS design in normal-CP subframe. Without specifying otherwise, this paper assumes 8 CSI-RS per cell.
2 CDM construction for CSI-RS

Even though it is agreed to transmit CSI-RS RE’s in CDM pairs, RAN1 did not agree upon the guidelines on CDM structures, including whether CDM should be performed in time domain or frequency domain, and whether the RE’s constructing CDM should be adjacent to each other. According to [1], the frequency-domain correlation over k subcarriers with exponentially decaying power delay profile and the time-domain correlation over l time symbols with Jakes spectrum are given by 
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where 1/T is subcarrier spacing, 
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 is time symbol duration and 
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 is the maximum Doppler frequency. Figure 1 shows the correlation between two RE’s in both time domain (labelled with fd) and frequency domain (labelled with EPA, EVA and ETU). It can be seen that CDM construction with two RE’s that are more than 2 symbols or 2 subcarriers apart has absolute correlation no larger than 0.94 and may introduce CDM non-orthogonality under certain specific channel condition. 

Therefore, if CSI-RS should be designed without specific pattern oriented for specific channel condition, the CDM spanning of CSI-RS should be no more than 3 subcarriers or 3 symbols. We prefer to CDM with OCC=2 over two adjacent RE’s. 
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Figure 1 Correlations in time-domain and freq-domain
3 CSI-RS pattern and reuse factor capability

3.1 Without coexistence of port-5 URS
The available RE’s for CSI-RS allocation without port-5 URS are given in Figure 2(a). 
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Figure 2 RE's available for CSI-RS per RB
The capability of CSI-RS reuse is analyzed as below. 

1) If CDM-pair swapping across PRB’s is allowed, then
a) For CDM-F with OCC=2, the symbols {5,6,12,13} can hold 8 CDM-F RE pairs, and therefore can support 2 CSI-RS reuses. Meanwhile, the symbols {3,9,10} can hold 
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 CSI-RS reuses. So CDM-F can have reuse factor as large as 6 in this case. 
b) For CDM-T with OCC=2, the pattern proposed in [2] and copied in Figure 6 in Appendix A can also reach reuse factor 6 without using symbol {3}. 
2) If CDM-pair swapping across PRB’s is not allowed,
a) For CDM-F, the 8 CSI-RS RE’s per cell have to be allocated within one symbol from symbol set {3,9,10}. So CDM-F can have reuse factor as large as 3 in this case. 

b) For CDM-T, the pattern shown in Figure 7[2] of Appendix A can have reuse factor equal to 5. It can support reuse factor of 3 with symbols {9,10} only. 
3.2 With coexistence of port-5 URS

The available RE’s for CSI-RS allocation with coexistence of port-5 URS are given in Figure 2(b). The CSI-RS reuse factor capability is analyzed as below. 

1) For CDM-F, 

a) If CDM-pair swapping across PRB’s is not allowed and CDM-F can be constructed only by two adjacent RE’s, only symbol {10} can carry 8 CSI-RS RE’s. So the reuse factor per subframe is just 1. 
b) If CDM-pair swapping across PRB’s is not allowed and CDM-F can be constructed by two RE’s that are separated by zero or one RE, each symbol in symbol set {3,9,10} can carry 8 CSI-RS RE’s. The reuse factor is 3. 
c) If CDM-pair swapping across PRB’s is allowed and CDM-F can be constructed only by two adjacent RE’s, the each symbol of {3,9} can hold 3 CDM-F pairs, each symbol of {5,13} can hold 2 CDM-F pairs, each symbol of {6,12} can hold 1 CDM-F pair and symbol {10} holds 6 CDM-F pair. There are total 18 CDM-F pairs. Without getting into details of how CDM-pair swapping is done, the reuse factor in this case cannot be larger than 
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d) If CDM-pair swapping across PRB’s is allowed and CDM-F can be constructed by two RE’s that are separated by either zero or one RE, each symbol of {3,9} can hold 4 CDM-F pairs, each symbol of {5,6,12,13} can hold 2 CDM-F pairs and symbol {10} hold 6 CDM-F pairs. There are total 22 CDM-F pairs, so the largest reuse factor in this case is 5. The CDM-pair swapping is required over every two RB’s, which has some issues and needs special care when system bandwidth is in odd number of RB’s (e.g., BW=3/5/15 MHz). 
2) For CDM-T, each of symbol pairs {5,6} and {12,13} holds 4 CDM-T pairs, and symbol pair {9,10} hold 9 CDM-T pairs. These total 17 CDM-T pairs can result in the reuse factor as larger as 
[image: image11.wmf]ë

û

4

4

/

17

=

. This upper-bound can be realized without CDM-pair swapping over RB’s as shown in Figure 3, where each of symbol pairs {5,6} and {12,13} holds 1 reuse, and symbol pair {9,10} holds 2 reuses.
The comparison between CDM-F and CDM-T on reuse capability is summarized in Table 1.

	
	w/o port-5 URS
	w/ port-5 URS

	
	w/ swapping
	w/o swapping
	w/ swapping
	w/o swapping

	
	
	
	Adjacent RE’s
	Non-adjacent RE’s
	Adjacent RE’s
	Non-adjacent RE’s

	CDM-F
	6
	3
	4
	5
	1
	3

	CDM-T
	6
	5
	4


Table 1 Reuse capability comparison between CDM-F and CDM-T
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Figure 3 CDM-T pattern reaching reuse factor 4 and avoiding port-5 URS

It can be seen that in general CDM-F has no larger reuse factor than CDM-T accept one case – CDM-F over non-adjacent RE’s with CDM-pair swapping under the coexistence with port-5 URS. Because of the issue of non-compatibility between CDM-pair swapping and certain specific system bandwidth, and the potential performance risk due to non-orthogonality of CDM over non-adjacent RE’s, one larger reuse factor in limited case does not justify the necessity to exclude CDM-T. 

So our baseline preference on CSI-RS construction is CDM-T with OCC=2 over two adjacent RE’s. Meanwhile, we also think CDM-F with OCC=2 over two adjacent RE’s could be a secondary method to increment CSI-RS reuse factor, for example, by putting a CDM-F pattern on symbol {3}.  
4 CDM-T based CSI-RS patterns w/ and w/o port-5 URS

Regarding to the transmission of CSI-RS and port-5 URS from the same cell, RAN1 currently has the following five options: 
· Option-1: eNB avoids AP5 by picking a reuse pattern located outside of the AP5 OFDM symbol.
- Pros: The CSI-RS pattern can be independent from 
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- Cons: The number of symbols available to CSI-RS, especially for CDM-T based pattern, is very small, so the CSI-RS reuse factor is reduced system-wide just because of potential transmission of port-5 URS. 
· Option-2: eNB avoids AP5 by picking a reuse pattern for a given 
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, if possible.
- Pros: The better compromise between larger reuse factor and coexistence with port-5 URS. 

- Cons: The CSI-RS pattern is 
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 dependent. 
· Option-3: avoidance of AP5 by scheduling, i.e. port-5 URS and CSI-RS are scheduled in different subframes.
- Pros:  The design of CSI-RS pattern is completely independent from port-5 URS. The CSI-RS reuse factor per subframe can be enlarged to its maximum capability.
- Cons: Port-5 URS and the associated transmission mode cannot be applied to CSI-RS subframe, which could be a concern in TDD system, where the DL resource is already limited. 
· Option-4: port-5 URS and CSI-RS, if overlaps on the same RE, are transmitted by superposition on that RE.
- Pros:  The design of CSI-RS pattern is independent from port-5 URS.
- Cons: There is no evidence showing that this option would work with the similar performance as provided by other options. In addition, whether or not UE needs advanced and complicated detection algorithm is also unclear. 
· Option-5: either port-5 URS or CSI-RS is transmitted, while the other one is punctured, on the RE where the two overlap. 
- Pros:  The design of CSI-RS pattern is independent from port-5 URS.
- Cons: port-5 URS is essential to channel estimation, while CSI-RS has density of 1 RE/RB/port. Puncturing either one may cause risk on performance loss on corresponding PDSCH transmission. In addition, because CSI-RS is cell-specific while port-5 URS is UE-specific, how to let every UE know the occurrence of such collision and puncturing is another issue to solve, if the puncturing is performed on CSI-RS. 
Given the above analysis and comparison, our preferences are Option-2 and Option-3. Considering the limited DL resource in TDD system, we believe Option-2 is the best choice for certain deployment phase of LTE/LTE-A system. On the other hand, as LTE/LTE-A evolves, the transmission modes using port-5 URS may phase out and meanwhile the system may require larger CSI-RS reuse factor per subframe. Option-3 would become the best choice under this circumstance. In order to address the expectation that the coexistence of CSI-RS and port-5 URS can have different level of necessity in different LTE/LTE-A phase, we propose to use single-bit switch to inform UE of the corresponding CSI-RS pattern that matches the coexistence status between port-5 URS and CSI-RS. In detail, assume single switch bit as
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=1, the CSI-RS pattern with port-5 URS coexistence is applied. From UE point of view, all the non-serving cells in its CoMP measurement set share the same 
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Assume <
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> represents the i-th CSI-RS RE location in r-th CSI-RS reuse pattern, and r-th CSI-RS reuse pattern can be identified by <
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) of reuse factor equal to 5 as shown in Figure 7 (
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) can be also used to identify the reuse patterns shown in Figure 3 for reuse factor equal to 4 (
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Table 2 Resource allocation of CSI-RS RE #0
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The corresponding patterns and CSI-RS numberings are shown in Figure 4. There are total 7 different per-reuse patterns and RE numberings. If the implementation complexity on these 7 different pre-reuse patterns is the concern, one trade-off is to decrement the reuse factor per subframe from 4 to 3 as shown in Figure 5, by using only 4 different per-reuse patterns as given in Figure 4(a) and Figure 4(b). The mathematic formula for 
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Figure 4 CSI-RS pattern with RE numbering
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Figure 5 CDM-T pattern reaching reuse factor 3 and avoiding port-5 URS
When the number of CSI-RS ports is 4 or 2, the nested reuse pattern from 8-port CSI-RS pattern can simplify the CSI-RS design and configuration. In details, 

· For the cell with 4-port CSI-RS, the allocated CSI-RS RE locations can be chosen from 8-port CSI-RS RE locations <
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. The reuse factor is doubled as for 8-port CSI-RS pattern. 

· For the cell with 2-port CSI-RS, the allocated CSI-RS RE locations can be chosen from 8-port CSI-RS RE locations <
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. The reuse factor is 4 times of reuse factor for 8-port CSI-RS pattern.
· For the cell with N-port CSI-RS (N=2,4), the assigned reuse pattern can be identified in either of following two ways:
· The identification is based upon CSI-RS RE #0 in the N-port CSI-RS reuse pattern. 

· The identification is based upon CSI-RS RE #0 in the nested 8-port CSI-RS reuse pattern, plus the parameter m that points to the actual nesting copy in 8-port CSI-RS pattern and that binds to cell-ID of the cell. This method does not require more configuration bits for N<8 CSI-RS ports than for N=8 CSI-RS ports, even though the reuse factor is increased. 
5 Conclusions

Based on the analysis in the contribution, we conclude that:
· CDM-T with OCC=2 over 2 adjacent RE’s should be the major method to construct CSI-RS pattern; meanwhile, CDM-F with OCC=2 over 2 adjacent RE’s could be a secondary method to increase the reuse factor, for example, by allocating additional patterns in symbol {3,8}, if possible. 

· For CDM-T with OCC=2, one unified CSI-RS pattern framework includes:
· If port-5 URS does not coexist with CSI-RS in the same subframe, the reuse factor per subframe can reach 5 with a unique per-reuse pattern, which is given in Figure 4(a). This is also the largest reuse factor based on CDM-T without coexistence of port-5 URS.
· If port-5 URS coexists with CSI-RS in the same subframe, there are two choices:
· 3 different per-reuse patterns as given in Figure 4(b) offer reuse factor equal to 3. 
· 6 different per-reuse patterns as given in Figure 4(b) and Figure 4(c) offer reuse factor equal to 4. This is also the largest reuse factor based on CDM-T with coexistence of port-5 URS.
· One bit is used to inform UE to distinguish between the pattern that needs to avoid port-5 URS and the pattern that does not, so the coexistence of CSI-RS and port-5 URS can be handled in different ways for different LTE/LTE-A phases, without permanently losing larger reuse factor. 
· Even though the complete CSI-RS patterns may depend on 
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 and the proposed single bit, the CSI-RS configuration based on CSI-RS RE #0 can be independent from these two parameters. 
· Nested reuse pattern should be adopted for N={2,4} CSI-RS ports based on 8-port CSI-RS reuse patterns. 
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Figure 6 CDM-T reaches reuse factor of 6 with CDM-pair swapping
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Figure 7 CDM-T reaches reuse factor of 5 without CDM-pair swapping
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