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1
Introduction

CSI-RS design has been discussed more intensively starting from RAN1#58bis and the subsequent discussion over the email reflector. In this contribution, we address certain aspects of intra-cell CSI-RS design while considering also the extension of intra-cell CSI-RS to inter-cell CSI-RS for CoMP. Simulation results for selected intra-cell CSI-RS patterns are presented. Corresponding discussion and results for inter-cell CSI-RS case can be found in a companion contribution [1].

2
Intra-cell CSI-RS design 
Following the structure of the discussion over the email reflector we address first issues like number of REs per antenna port, forms of inter-PRB multiplexing, while the second part of the paper focuses on intra-PRB multiplexing, collisions with other reference signals as well as inter-cell operation for CoMP.

2.1 Per PRB design of CSI-RS
Current agreement on CSI-RS overhead implies 2 REs per PRB per antenna port, hence with eight antenna ports one gets a total of 16 REs per PRB. This agreement was made in the context of single-cell MIMO transmission with 8 TX antennas, with little or no consideration on CoMP aspects. In a companion contribution [1] we address design issues of CoMP multi-cell CSI-RS, and we show that one might need to revisit this overhead figures if large enough reuse factor for CoMP CSI-RS is desired. From a single cell perspective one ends with several densities per port, as we will show in the following, inline with current agreements with respect to single-cell operation. However, CoMP operation needs to be taken into account, since improved inter-cell channel estimation over CSI-RS and resulting CoMP performance can be achieved through blanking (muting) REs corresponding to other cells’ CSI-RS [1].

Placement of CSI-RS seems to be a difficult problem as there is not much room left in the PRB after taking into account the PDCCH region, Rel’8 CRS, LTE-Advanced DRS and Rel’8 DRS. In the following, one particular pattern makes use of the third OFDM symbol – one can argue that less PDCCH capacity might be needed since clearly in CSI-RS subframe there is also less PDSCH capacity due to added overhead. One has to fit the CSI-RS design to extended CP, having a working assumption of two OFDM symbols for PDCCH might prove to be a good option in finding a unified solution for both normal and extended CP, both normal subframes. Inter-cell CSI-RS blanking is a key feature if one desires a scalable intra-cell solution. From this perspective, avoiding the collision with Rel9/10 UE-specific RS is beneficial.
Proposal: Avoid CSI-RS collision with Rel‘8 CRS and Rel’9/10 DMRS. Consider also limiting the PDCCH size in CSI-RS subframes.
Examplified CSI-RS patterns with equivalent overhead of 1, 1.5 or 2 REs per port per PRB with FDM or CDM multiplexing methods are illustrated in Figure 1, Figure 2 and Figure 3, assuming single cell 8Tx operation. Note that TDM multiplexing has not been considered here due to various drawbacks described in [3]
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[4]. These patterns are accompanied by their inter-cell CSI-RS counterparts which are shown in Figure 4, Figure 5 and Figure 6. The inter-cell paterns show how the blanking operates in multi-cell context based on the scalability feature of the same single-cell patterns, more details on multi-cell CSI are further discussed in [1]. Considering mainly FDM and CDM multiplexing, the five patterns end up with 1 RE, 1.5 REs and 2 REs per port. In Figure 1 we depict an FDM pattern consisting of 1 RE/PRB/port, in Figure 2 an FDM pattern with 1.5 REs/PRB/port, and in Figure 3 two FDM patterns (a) & (b) and one CDM pattern (c) consisting of 2 REs/PRB/port. The CSI-RS pattern shown in Figure 2 is similar to that of alternative (b) in Figure 3, which only has different frequency spacing between two REs of one CSI-RS port. While from single cell perspective patterns in Figure 3 (a) and (b) are similar, from multi-cell perspective they can offer different reuse factor according to the desired blanking (see Figure 6 (a) and (b). Simulation results in Figure 7 indicate that 1 RE/port is not sufficient while also CDM multiplexing with 2 REs/ports suffers in low SNR region. Similar performance is achieved by 1.5 REs and 2 REs per PRB per port which from single cell perspective we consider as further candidates. While the option of 1.5 REs per PRB per port keeps the total overhead (RS + blanked REs) lower, one should note that increased frequency spacing between ports needs to carefully be consided.
Proposal: Consider CSI-RS overhead of 2REs/port/PRB.
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Figure 1 Single cell 8Tx CSI-RS patterns, 1RE/PRB/port, FDM multiplexing, 8 REs per PRB
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Figure 2 Single cell 8Tx CSI-RS pattern, 1.5RE/PRB/port, FDM multiplexing
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Figure 3 Single cell 8Tx CSI-RS pattern. 2 REs/PRB/port, FDM (a&b) and CDM (c), 16 REs per PRB


 It is emphasized that this overhead corresponds only to the RS overhead and does not include potential blanking needed for inter-cell operation.

In the case of 8Tx antennas, patterns operating with 1.5 REs or 2 REs per port are having a total of 16 REs per PRB. Our CoMP studies [1] indicate that this overhead has to be considered in conjunction with inter-cell operation, corresponding CoMP patterns being shown in Figure 4, Figure 5 and Figure 6. The reuse factor needed for CoMP operation is a crucial point in defining the total number of REs used per PRB. A total number of 16 REs could provide a reuse factor 4 as shown in Figure 6 (a), 24 REs could increase this reuse factor to 6 as depicted in Figure 6 (b) while a reuse factor of 8 is reached by the same 24 REs shown in Figure 5. 
Proposal: The maximum number of CSI-RS per PRB should take into account both CSI-RS and blanked CSI-RS positions.

Inter-PRB multiplexing of the CSI-RS ports is not desirable, and hence all CSI-RS ports should be transmitted in each PRB over the full band in one subframe per CSI-RS period. CSI-RS impact on LTE Rel’8 UEs is a sensitive aspect. We have investigated this issue in several contributions [2], [5]. Based on results therein, it is noted that splitting CSI-RS ports in TDM fashion to reduce the impact on Rel’8 performance does not provide the expected benefit. Hence it is in fact better to have the CSI-RS confined in one subframe from legacy performance perspective. In [5] we have shown that 2 REs/port can be handled by Rel’8 UEs, moreover, even higher densities can be considered as shown in [2].
Proposal: All CSI-RS ports are transmitted in each PRB over the full band in one subframe per CSI-RS period.
2.2
Intra and inter-cell multiplexing considerations

In [1] and [4] we have been addressing the issue of inter-cell multiplexing for CoMP. The choices of FDM, TDM, CDM or any combination of them have been discussed with respect to per PRB CSI-RS multiplexing. It has been noted that TDM lacks the capability to handle all available power efficiently while FDM and CDM, or a hybrid combination of them could be further considered. Patterns presented in Figure 1, Figure 2 and Figure 3 are constructed along these design criteria while the CoMP versions in Figure 4, Figure 5 and Figure 6 are adding on top the inter-cell blanking, highlighting the achievable reuse factor. More considerations on these aspects as well as performance results are presented in [1]. Our extensive study [2] on the impact of CSI-RS on Rel’8 is also indicating that higher densities up to 32 REs per CSI-RS subframe are tolerable, while the most important point is one should send the CSI-RS in the same sub-frame in order to minimize the impact on Rel’8 performance. While the per-PRB density itself plays an important role, it is equally important to note that TDM of inter-cell CSI-RS harms the legacy performance, even pure blanking having some impact [2].  In orther words, from Rel’8 performance point of view it is better to puncture one subframe heavily rather than puncture many subframes less. 
Based on the above considerations and considering the results presented in [1] [2] and [4], we have the following recommendations:
Proposal: FDM multiplexing of CSI-RS ports per PRB should be the baseline.
Proposal: Blanking of inter-cell CSI-RS in order to enhance inter-cell channel estimation should be supported.
Proposal: Inter-cell CSI-RS transmission happens in the same sub-frame, minimizing the impact on legacy UEs.
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Figure 4 Multi-cell 2Tx CSI-RS patterns considering inter-cell blanking, 1 RE/PRB/port, FDM multiplexing
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Figure 5 Multi-cell 2Tx CSI-RS patterns considering inter-cell blanking, 1.5 RE/PRB/port, FDM multiplex
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Figure 6 Multi-cell 2Tx CSI-RS patterns considering inter-cell blanking, 2 RE/PRB/port, FDM multiplexing


3
Intra-cell CSI-RS performance
As discussed in Section 2, our view is that FDM and CDM CSI-RS multiplexing methods should be studied. In this section we present single-cell performance results of patterns presented in Figure 1 and Figure 2. Detailed simulation assumptions are found in the Appendix. In below figure legends, the total number of REs used contains both the 8Tx antenna ports and the blanking. The main setup consists in CSI-RS transmission with periodicity of 10 ms, depending on the UE mobility. A fixed delay of 5ms for CQI/PMI feedback has been considered. CQI/PMI computation is performed on CSI-RS patterns considered in Figure 1 and Figure 2, hence considering 8 Tx and 2Rx antennas. Link adaptation has been enabled. CSI-RS are transmitted full band. Ideal channel estimation for demodulation is considered at the UE side while in throughput calculation we have not added the sub-frames containing the CSI-RS, in order to better assess the impact of CSI-RS density on PMI/CQI selection quality. This explains why all patterns reach here the same throughput ceiling.
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Figure 7. One stream transmission, 3kmph. 
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Figure 8. Two stream transmission, 3kmph. 
4
Conclusions

In this contribution we have addressed CSI-RS design aspects from inter and intra-cell perspective. Our main proposals are summarized as follows:

· 2 REs per CSI-RS port per PRB is confirmed

· The CSI-RS pattern with max overhead of 24 REs, including serving cell CSI-RS and blanking REs, should be considered. 
· CSI-RS transmission would be in full bandwidth and be confined in same sub-frame both from intra and inter-cell perspective. 
· Our preferred pattern choices are depicted in the table below. Pattern in Figure 3 (a) can be also considered ensuring proper reuse factor.
	2REs/port, 8Tx single cell
	24 REs in multi-cell operation, 2TX antennas per cell, reuse factor 6
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Appendix – Simulation assumptions

Table 1 Simulation assumptions

	Parameter description
	Value / Comment

	Transmission bandwidth
	5 MHz

	Channel model & UE velocity
	3GPP TU - 3 km/h

	Antenna configuration
	8 Tx / 2 Rx antennas

	Detector
	MMSE receiver

	PDCCH / PDSCH configuration
	2 / 12 OFDM symbols per subframe

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

	Modulation, code rates
	PDSCH link adaptation over 22 Rel’8 MCS

	HARQ
	Not used

	Number of allocated PRBs
	6

	Precoding
	IID codebook with 64 entries per transmission rank

	Precoding granularity
	1 PRB

	Transmission rank
	Rank-1 or Rank-2 (no rank adaptation)

	Number of codewords
	Rank-1: 1 codeword; Rank-2: 2 codewords

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

	CSI-RS reference signal configuration
	5 patterns

	CSI-RS duty cycle configuration
	10 ms interval

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

	Channel estimation for CQI/PMI computation
	2D realistic channel estimation on CQI-RS

	Channel estimation for demodulation
	Ideal channel estimation used for demodulation


