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1 Introduction
In RAN1 #59bis, it was agreed that the CSI-RS design needs consider potential forward compatibility [1]. In particular, potential forward compatibility would include not only high-order MIMO, but also other advanced features including, CoMP (JP, CB/CS) and HetNet to avoid any redesign of cell-specific RS afterwards in Rel-10 or future release. In CoMP scenario, UE should be able to measure the channels with acceptable accuracy from all cells in CoMP measurement set. In HetNet scenario, UE in pico cell may need to measure the channels suffering strong interference from macro cells. Both scenarios give much tighter requirements on CSI measurement than that on CRS in Rel-8. Thus how to achieve inter-cell CSI-RS (quasi) orthogonality to fulfill the requirement of CoMP and HetNet is the focus of this contribution. 
Based on the analysis and evaluation in this contribution, following proposals are given:

· Proposal 1: Inter-cell CSI RS multiplexing method consists of TFDM with cell –specific time/frequency shift within a cell cluster and CSI RS randomization among multiple cell clusters.

· Proposal 2: To guarantee multiple-cell measurement quality, data muting would be used by which the PDSCH REs that collide with CSI RSs of neighboring cells within a cell cluster are muted.
2 Inter-cell CSI RS multiplexing method
The inter-cell multiplexing method consists of 
· Multiplexing method within a cell cluster by which the orthogonality of multi-cell CSI RSs is guaranteed
· Multiplexing method among multiple cell clusters by which interference reduction and average is the focus. 
2.1 Within a cell cluster

For the inter-cell CSI-RS multiplexing method within a cell cluster, two candidates are considered as follows:

Candidate 1: CDM where the CSI RSs from multiple cells within a cell cluster share the same time-frequency resource and orthogonal/random code sequences are used for inter-cell CSI RS separation. 

Candidate 2: TFDM where the CSI RS from one cell is orthogonal to the CSI RSs of other cells within a cell cluster by TFDM multiplexing.

In RAN1 #59bis, the agreement on the common CSI RS density of 1 RE per port per PRB was achieved which actually close the door to scheme 1 since it is hard for inter-cell CSI RSs to be separated by CDM given the very limited resource. On the other hand, TFDM with data muting can support multi-cell CSI measurement very well. The detailed analysis and evaluation on TFDM with data muting is given in next section. 
There are several schemes to achieve inter-cell CSI RS TFDM orthogonality within a cell cluster:

Scheme 1: cell-specific subframe shift: the CSI RSs of multiple cells are assigned to take different CSI RS subframes in a CSI RS period. This scheme has been proposed and discussed in [2] as a straightforward way to allocate multiple-cell CSI RSs while the available resource for CSI RS in a single subframe is limited.

Scheme 2: cell-specific PRB shift: the CSI RSs of multiple cells are assigned to take different PRBs in the same CSI RS subframe in a CSI RS period. The feasibility of this scheme depends on the evaluation of CSI RS frequency domain granularity. By this scheme it is possible to assign CSI RSs of multiple cells into single subframe with different PRB shifts.    

Scheme 3: cell-specific OFDM symbol/subcarrier shift (within 1PRB): by this scheme, the CSI RSs of multiple cells are assigned to take the same CSI RS subframe in a CSI RS period with different subcarriers and/or different OFDM symbols. This scheme requires enough available resource to allocate multiple-cell CSI RS overhead in a single subframe. It seems that assigning CSI RSs of multiple cells to different subcarriers are more feasible, because it seems that only one whole OFDM symbol is available when avoiding the collision of CSI RSs with CRS and DRS in Rel.8. 

Of course these schemes can be combined into a whole inter-cell CSI RS pattern while considering the limitation of available resource for CSI RS in single subframe. To make UE capable of known of the CSI RS patterns of multiple cells, the easiest way is to bind the CSI RS scheduled patterns to cell-ID, i.e. using cell_ID to indicate the cell-specific time/frequency shifts.

2.2 Among multiple cell clusters
To further reduce and average interference from cells beyond its cell cluster, it is proposed that CSI RSs from different cell clusters adopt some interference randomization schemes including:

· CSI RS scrambling. 

· Random pattern hopping of CSI RS[3]
By such scheme, different cells’ CSI RS within one cell cluster would be orthogonal to each other to avoid dominant interference. Furthermore, random hopped or scrambled CSI RS pattern among different cell clusters is used to average the interference from other cell clusters.  

To conclude, it is proposed that 

· Proposal 1: Inter-cell CSI RS multiplexing method consists of TFDM with cell –specific time/frequency shift within a cell cluster and CSI RS randomization among multiple cell clusters.

3 Schemes to guarantee the measurement quality of multi-cell channel 
3.1 CSI RS working dynamic range in CoMP and HetNet
As mentioned above, to fulfill the measurement requirement of CoMP or HetNet scenario, UE should obtain not only strongest cell but also several weak coordinated cells or pico cells. In CoMP measurement set, the pathloss difference among strongest cell and weak cells might be up to 10 dB, i.e. to support the channel measurement of other cells in the CoMP measurement set with enough accuracy, the working dynamic range of SINR for CSI-RS can be very low. In HetNet scenario, there can be a similar problem if UEs select pico cells as serving cell while macro cells have strong interference on CSI RS of pico cells.

Figure 1 explicitly shows the actual experienced SINR geometry by CSI RS from weak coordinated cells and pico cells in CoMP and HetNet respectively. The left sub-figure shows the SINR CDF of CSI RS from strongest serving cell (red curve) and second strongest coordinated cell (blue curve). In the right sub-figure, the red curve (RSRP based serviing cell) means that UE select its serving cell only based on RSRP strength. On the other hand, while the TX-power difference between normal cells and pico cells considered, UE may reselect serving cell by RSRP adjustment for pico cells which is called range expansion. That is, RSRP from pico cells would be increased by a certain offset to compensate the TX power difference so that pico cell can be selected to be serving cell even RSRP is lower than normal cell. While range expansion is assumed, blue and green curves represent the CSI RS geometry after cell reselection with 9dB and 16dB RSRP adjustment respectively. 

Observation:

·  The working dynamic range of SINR for CSI RS can be very low (< -3dB) for CoMP or HetNet scenario and in this region it is impossible to obtain appropriate CSI measurement quality even interference randomization is used.
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Figure 1: working dynamic range of SINR for CSI RS in CoMP and HetNet
3.2 Schemes to guarantee the measurement quality of multi-cell channel 
Since the working dynamic range of CSI RS in CoMP and HetNet can be too low to obtain appropriate CSI measurement quality, two schemes is used to guarantee the multiple-cell CSI measurement accuracy while inter-cell TFDM is used, which includes 
· Data  muting on the REs that collide with CSI RSs within a cell cluster 
· Power boosting with power borrowing from PDSCH REs. 
Note that the meaning of “power boosting” here is slightly different from that in [4]. As mentioned in [4], while 1 RE/port is used, CSI RS power boosting is a key method to guarantee measurement quality even for single-cell CSI measurement where “power boosting” means power sharing only from the CSI RS REs of other ports. In this contribution, “power boosting” means the further power boosting over the power of normal PDSCH REs by power borrowing from PDSCH REs and the corresponding power reduction of PDSCH REs in the same symbol. 
In this section, both schemes are evaluated and analyzed by following two aspects:
· Impact on Rel-10 multi-cell CSI measurement 
· Impact on Rel-8 legacy UE performance.
3.2.1 Impact on Rel-10 multi-cell CSI measurement
By TFDM scheme, data muting is to mute the data symbol on the REs colliding to the CSI RSs of neighboring cells within a cell cluster, such that the strong interference of the data from the serving cell or normal cell to the CSI-RS in the coordinated cells or pico cell is eliminated, and vice versa. Excluding interference by data muting in the REs colliding to CSI RSs in neighboring cells is an effective way to manage the measurement accuracy in an acceptable level. Also referring to Figure 1, the dashed lines represent the corresponding CSI RS SINR geometry with data muting. Data muting can improve the CSI RS SINR of coordinated or pico cells up to 10~15 dB which make the CSI measurement much more reliable. 

On the other hand, power boosting is another way to improve the CSI RS SINR by increasing CSI RS power and reducing the interfering power from PDSCH REs of neighboring cells simultaneously. However, the remainder interference from neighboring cells can still limit the CSI measurement accuracy especially for weak cells in cell cluster. Moreover, the power boosting level is limited by the number of available PDSCH REs in the OFDM symbol where CSI RS locates in. For example, for CSI RS with 8 ports, only 4 remainder PDSCH REs can lend power to CSI RS and the power boosting level would be limited to 1.76 dB. Table 1 shows the possible maximum power boosting level for different CSI RS configuration by which all power of PDSCH REs in the same OFDM symbol would be used by CSI RS REs.
Table 1: the maximum power boosting level for CSI RS

	Number of CSI RS ports
	Maximum power boosting level (dB)

	2
	7.78

	4
	4.77

	8
	1.76


To clarify it, a simple evaluation is given by which the mean square errors (MSE) of the channel estimation for muting and power boosting are simulated. The assumptions are given in the Table 2 of Appendix A, and the results are given in Figure 2. As shown in Figure 2, with non-muting approach, the tolerable MSE(<0.1) would be achieved by SINR> 0dB even 3 dB power boosting is used, which is just unacceptable for the measurement accuracy of weak coordinated cells or pico cell. With the data muting approach, the MSE of CSI estimation can be kept in a low level  even with very low SINR.
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Figure 2: MSEs with data muting and CSI RS power boosting
To further show the concrete impact of the CSI estimation accuracy on the CoMP JP, the throughput performance due to data muting in CoMP scenario was evaluated by link simulation as shown in Figure 3. In this simulation, a cell cluster with 3 cells is assumed, in which 1st cell is serving cell and 2nd cell acts as coordinated cell with equal pathloss to UE as 1st cell. The 3rd cell is an interfering cell with -20dB pathloss compared with serving cell. UE is jointly served by 1st and 2nd cells with interference from 3rd cell. This is a typical intra-eNB CoMP JP scenario by which UE locates in the edge of two neighboring sectors. Other simulation assumption refers to the Table 3 in Appendix A. It is obvious that in low and medium SNR region (which is also the meaningful working region in CoMP and HetNet), up to 3 dB gain is achieved by data muting and the gain solely comes from measurement accuracy. 
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Figure 3： PDSCH performance with data muting and CSI RS power boosting
Observation:

· Power boosting w/o muting can not fulfill the measurement quality of multi-cell CSI in CoMP and HetNet scenarios 

· By data muting, UE can obtain good CSI measurement even in low- and medium-SINR region which can be the typical working dynamic range for CoMP and HetNet scenario.

3.2.2 Impact on Rel-8 legacy UE performance 
For Rel-8 legacy UE, data muting would introduce performance loss due to the total cancellation of PDSCH power which Rel-8 legacy UE is not aware of. However, unlike puncturing by which CSI RS REs from the same cell replace the data REs and introduce a strong misleading symbol for Rel-8 UE, data muting would introduce less loss by just canceling the power of data REs from the same cell. 
On the other hand, while CSI RS power boosting is used, the power of PDSCH REs in the CSI RS symbol is reduced and such power reduction is also unknown to Rel-8 legacy UE which would also introduce similar demodulation failure as data muting except for QPSK modulation. 
Figure 4 gives the Rel-8 performance degrade by data muting and power boosting with the simulation assumption in Table 4 in Appendix A. By this figure we can see there is almost no performance difference between data muting and power boosting.

Moreover, since Rel-8 permits UE-specific PDSCH power adjustment within quite a large range (from -6dB to 3dB) [5] by which the data RE may not be muted while UE is in cell center and served by low-power PDSCH. By this way, the large performance loss introduced by muting in high SNR region can be avoided and only the performance loss in low and medium SNR region is applied. 

Observation: 
· The data muting and power boosting have similar impact on Rel-8 legacy UE performance.
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Figure 4 Impact of data muting and power boosting on Rel-8 legacy performance 

3.3 Analysis on the interference and CQI measurement with data muting 
A concern was raised against RE muting as the CQI measurement problem. Some arguments pointed out that RE muting would cancel the interference from neighboring cells and result in inaccuracy of CQI estimation and feedback. However, there are some easy and effective ways to overcome such interference overestimation problem in CQI measurement.

Method 1: OLLA (Outer Loop Link Adaptation):

· The interference estimation error due to neighboring cell RE muting is quite stable with a fixed negative bias, which results in a quite stable quantity of CQI overestimation.
· A stable CQI overestimation can be easily recovered by OLLA.  A stable CQI overestimation results to frequent NACKs, i.e. quick convergence of OLLA with a decreasing MCS adjustment step. After quickly catching the actual CQI by OLLA, there is no need to further frequently track the interference variation due to RE muting. 

Method 2: CQI or interference compensation based on RSRP/pathloss measurement:

The amount of interference from the neighboring cells with punctured REs can be estimated easily based on the knowledge of pathloss or RSRP measurement, as long as the neighboring cells with RE muting are known. Accordingly, it would be quite easy for either UE or eNB to adjust the CQI estimation. It can be jointly used with Method 1 to further speed up the OLLA convergence.

Method 3: Interference estimation of CQI based on the CRS or the control region:

The CRS or the control region has quite stable power, which can be used for interference estimation in CQI feedback. This method can also be jointly used with Method 1.

Based on above analysis, we can conclude that the interference measurement issue in CQI due to RE muting in neighboring cells can be easily solved by some simple ways as OLLA or CQI/interference compensation.

To conclude this section, it is proposed that:

· Proposal 2: To guarantee multiple-cell measurement quality, data muting would be used by which the PDSCH REs that collide with CSI RSs of neighboring cells within a cell cluster are muted.
4 Conclusion
In this contribution, the multiplexing schemes for CSI RSs among multiple cells within a cell clusters and among different clusters were discussed. In addition, data muting and power boosting as schemes to guarantee multi-cell measurement quality were analyzed and evaluated.
Based on the given discussion and analysis, following principle is proposed for inter-cell CSI RS design:
· Proposal 1: Inter-cell CSI RS multiplexing method consists of TFDM with cell –specific time/frequency shift within a cell cluster and CSI RS randomization among multiple cell clusters.

· Proposal 2: To guarantee multiple-cell measurement quality, data muting would be used by which the PDSCH REs that collide with CSI RSs of neighboring cells within a cell cluster are muted.
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Appendix A: simulation assumption for CSI measurement quality

Table 2 Simulation Assumptions for Figure 2

	Transmission Bandwidth(Hz)
	5M

	Channel Model
	TU, with 3 km/h 

	Number of Tx antennas
	4 

	Number of Rx antennas
	2

	Number of Cell-specific RS antenna ports
	4

	Channel estimation algorithm 
	Weiner 


Table 3 Simulation Assumptions for Figure 3
	Transmission Bandwidth(Hz)
	5M

	Channel Model
	SCM-C, with 3 km/h 

	Duty-cycle of CSI-RS
	10 ms

	CSI-RS frequency spacing
	1 RE per port per PRB

	Number of Tx antennas
	4 per cell

	Number of Rx antennas
	2

	Rank
	1

	Number of Control Symbols
	3

	Number of CRS antenna ports
	2

	Number of CSI-RS ports
	4 per cell

	Precoding feedback
	Frequency selective (over 4RB)

	CQI feedback
	Frequency selective (over 4RB)

	Number of cooperative cells
	2

	CoMP mode
	Joint precoding and transmission 

	CQI/PMI reporting delay
	4 ms reporting delay and 3 ms scheduling delay

	Channel estimation algorithm 
	Weiner 


Table 4 Simulation Assumptions for Figure 4
	Transmission Bandwidth(Hz)
	5M

	Channel Model
	SCM-C, with 3 km/h 

	Duty-cycle of CSI-RS
	10 ms

	Number of Tx antennas
	2

	Number of Rx antennas
	2

	Transmission Rank
	1

	Number of Control Symbols
	3

	Number of CRS antenna ports
	Same as tx number

	Number of CSI RE per port per PRB
	1

	CQI and precoding granularity 
	Frequency selective (over 4RB)

	Transmit precoding
	Rel-8 closed-loop codebook-based precoding

	CQI/PMI reporting delay
	4 ms reporting delay and 3 ms scheduling delay

	Channel estimation algorithm 
	Weiner 
















































































































































































































































































































































































































































































