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1 Introduction
In previous meetings it was agreed that LTE-A will have two forms of reference signals, one for demodulation and another for measurement/feedback purposes: Demodulation RS (DM-RS) and channel spatial information RS (CSI-RS). 
CSI-RS is used for channel measurements and for deriving feedback on channel quality and spatial properties as needed. The feedback based on CSI-RS is used for different transmission modes such as single-cell single and multi-user MIMO, as well as coordinated multi-cell transmission. Therefore, design of CSI-RS should be done with all these transmission modes in mind.
The following CSI-RS details have been agreed so far:
· CSI-RS structure is sparse in time and frequency
· CSI-RS needs to support up to 8 transmit antenna.
· CSI-RS punctures the data region in normal and MBSFN subframes
It is also a common understanding that CSI-RS is cell-specific. 

Different aspects of the CSI-RS design such as time and frequency density, impact on legacy LTE UEs and CSI-RS pattern have been discussed in previous RAN1 meetings (see e.g. ‎[5]

 REF _Ref242677322 \n \h 
‎[8]). In this contribution we look at further details of CSI-RS design. 
2 Discussion

2.1
CSI-RS Overhead
The overhead associated with CSI-RS should consider both LTE-A and legacy LTE performance. As CSI-RS punctures the data region of legacy UEs, increasing the overhead of CSI-RS can severely degrade the performance of legacy UEs. Furthermore, CSI-RS density should be high enough to provide adequate channel estimation performance for different single-cell and multi-cell transmission schemes. 
The study of [6] shows that CSI-RS with frequency density of 2RE/RB and 10ms duty cycle provides reasonable LTE-A performance for SU-MIMO. Also in ‎ [5], the performance of CSI-RS with 10ms duty cycle is studied in the context of cooperative beam-forming. The impact of puncturing of data REs of legacy UEs has been studied by different companies (see e.g., ‎ [7] [8]). Studies suggest that densities beyond 2REs/RB per antenna port can incur large losses on UE performance especially for MCS with high coding rate. Of course, the scheduler at the eNodeB can reduce the impact of performance loss for legacy UE by taking into account the losses in rate prediction of the scheduled UE, or scheduling legacy UEs with requested MCS corresponding to lower coding rates, or scheduling LTE-A users in subframes with CSI-RS present. Based on the discussions, the frequency density of 2REs/RB per antenna port seems to be a reasonable trade-off between performance and overhead. It is, therefore, our proposal to 

Proposal 1. Limit the frequency density of CSI-RS per antenna ports to a fixed value in LTE-A. Consider 2REs/RB density as baseline.
Such density translates into a frequency spacing of 6 subcarriers between CSI-RS REs which is similar to Release 8 CRS spacing. This spacing makes it possible to leverage CRS demodulation structure in demodulating CSI-RS. It is also possible to define a frequency spacing of 3, again using CRS demodulation structure if applications in the context of CoMP justify such additional overhead.
On the other hand, we believe that the duty cycle of the CSI-RS patterns should be configurable in a (semi)static way to a limited set of values, e.g., {2, 5, 10}ms. The actual configured value is conveyed to the LTE-A UEs through higher layer signalling. Also, it is our preference to have the same duty cycle for all the CSI-RS ports defined in a cell as opposed to defining it per CSI-RS antenna port.

2.2
CSI-RS Location and Pattern
The location of the CSI-RS within the data region of a subframe should avoid collisions with CRS locations to ensure compatibility with Release 8 and 9 on regular subframes. Because of the cell dependent offset of the CRS locations across different cells, CSI-RS should avoid all OFDM symbols where CRS is present. Furthermore, CSI-RS should avoid collision with Rel-10 UE-RS, the demodulation reference signal. Based on these constraints, the possible locations for CSI-RS are shown for a normal subframe in Figure 1. The REs available for CSI-RS transmission are shown in white color. The DM-RS locations shown here include those agreed in way forward for Rel-9 DS-BF ‎ [2] and a natural extension of it to higher ranks as proposed in ‎ [3] ‎ [4]. Note that the DM-RS density for normal subframes is 24 REs/RB which is the density agreed as baseline for evaluations in the way forward in ‎ [1]. In this case, the number of available REs for CSI-RS location is 60 REs/RB.

[image: image1.emf]Normal Subframe

DM-RS

CRS

REs not available for CSI-RS


Figure 1: REs available for CSI-RS in normal subframes
From Figure 1 it is clear that there are many limitations on the available REs and their locations. Also it is desirable for the CSI-RS locations of a port to be uniformly spaced in frequency. With such constraints we believe that enforcing the following property on CSI-RS locations of an antenna port is needed to simplify the design and CSI-RS demodulation complexity:

Proposal 2. The CSI-RS of a given antenna port in a cell occupies evenly spaced subcarriers in one given OFDM symbol.

In particular, the above property can also provide a uniform structure for CSI-RS for MBSFN and Normal subframes. It is possible to group the available REs into pairs of REs, each pair containing two REs in the same OFDM symbol with frequency spacing of 6. Figure 2 shows available RE pairs. Each RE pair can be used for one CSI-RS antenna port per RB.
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Figure 2: Each number corresponds to a pair of REs 6 subcarrier apart that can be used for 
CSI-RS of an antenna port.
Details of assigning RE pairs for different antenna ports need to be discussed further. However, the following properties should be satisfied:

· CSI-RS for different antenna ports of the same cells needs to be orthogonally multiplexed

· Assigned RE pairs for CSI-RS are cell-dependent and can be initialized as a function of physical cell ID and the number of CSI-RS antenna ports.
· To reduce the impact of the puncturing of Release 8 UE data REs, it is desirable that the assigned RE pairs are distributed across the available RE pairs to produce similar impact on all potentially present code blocks. Figure 3 shows an example of a pattern for 4 CSI-RS ports that satisfies this property.
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Figure 3. REs in red represent RE pairs assigned to 4 CSI-RS ports in normal subframe

2.3
Hopping CSI-RS structure

Another desirable feature to consider is enabling hopping for CSI-RS structure over time. This is a departure from the CRS design in Rel-8 where the CRS locations are not changing over time. Therefore, if CRSs of two cells collide in one subframe, they will collide in all subframes. Hopping CSI-RS structure is beneficial in a heterogeneous setup, in capturing the interference (which is beneficial in partial loading scenarios), and ensuring randomization of the collision across CSI-RSs of different cells. It is, in particular, important in situations of CSI-RS collisions with dominant interferer cells. Hopping mapping should be dependent on system time, the antenna port index, and the physical cell ID. 
Based on the above definition of RE pairs, in each subframe, the CSI-RS port can be assigned to a different RE pair. This can be carried out for instance by choosing a random number from 1 to 26 in each subframe where CSI-RS port is present. It should be also noted that the orthogonality across CSI-RS ports of the same cell should be preserved by the hopping function defined.
2.4
CSI-RS over multiple subframes 
As proposed by some companies in previous RAN1 meetings, it is possible to consider transmission of CSI-RS on multiple-subframes as opposed to over a single subframe in a given CSI-RS transmission period. In this approach CSI-RSs for different antenna ports of the same cell or CSI-RSs across different cells are transmitted in different sub-frames. While such approach reduces the collision rate of CSI-RS for different cells and provides more flexibility in placement and pattern design, it has the following drawbacks:
· Impact of legacy UEs: puncturing the data region of legacy UEs in multiple sub-frames can incurs larger system performance loss. It is desirable to limit the impact of puncturing legacy UEs data region to the least number of sub-frames so that eNodeBs can schedule legacy UEs around those subframes.

· Impact on DRX mode: measuring CSI-RS from multiple cells or different antenna ports in different subframes increases the wakeup duty cycle requirements and reduces the UE battery life. 
Therefore, our preference is to restrict the presence of CSI-RS to a limited number of subframes, referred to as CSI-RS subframes. The number of CSI-RS subframes can be based on the desired CSI-RS collision rate across different cells. Also, we propose to exclude subframes that include PBCH, sync signals or paging within a radio frame from the CSI-RS subframe set, i.e. subframes {0, 4, 5, 9} in FDD mode.
To summarize the last two subsections, going forward, we propose the following properties for the CSI-RS:

Proposal 3. CSI-RS for different antenna ports of the same cells needs to be orthogonally multiplexed.

Proposal 4. CSI-RS structure is dependent on the number of antenna ports and physical cell ID. The CSI-RS structure is hopping over time. 
Proposal 5. CSI-RS location hopping pattern is dependent on cellID, antenna port index and system time.

2.5
Traffic Puncturing in CoMP
In the context of CSI-RS for CoMP, it is possible to improve channel estimation performance of CSI-RS, or equivalently reduce the overhead for a given performance, by puncturing traffic in REs colliding with CSI-RS from other cells. The improvements of such approach compared to power boosting or increasing the overhead of CSI-RS is not exactly clear in homogenous networks as shown in ‎ [5]. However, in heterogeneous deployments (e.g. CSG cells), it can provide significant gains in estimating the channel spatial information from non-serving cells or weaker serving cells. However, it should be noted that traffic puncturing needs to be signalled (possibly in a semi-static manner) among eNodeBs. Also UEs within a cell need to be informed of the data puncturing by the cells within its transmission set. The overhead of such signalling to UEs needs to be taken into account in further evaluation of the value of traffic puncturing.
3 Conclusions
In this paper, we provided our view on some of the details in design of CSI-RS. In summary we propose the following properties regarding the CSI-RS:

· CSI-RS pattern is cell-specific. The pattern of the CSI-RS depends on the number of antenna ports, system time and physical cell ID of the particular cell. 

· CSI-RS pattern is present in subframes with a given duty cycle (periodicity). Within each period, CSI-RS pattern is limited to a subset of subframes, referred to as CSI-RS subframe set. This set should exclude subframes of a radio frame with PBCH, sync signals present.

· Number of CSI-RS ports is statically configured.

· Duty cycle of the CSI-RS is semi-statically configured from a limited set of values, e.g. {2, 5, 10}ms.

· CSI-RS of antenna ports of same cell are orthogonally multiplexed.

· CSI-RS of an antenna port of a cell are evenly spaced in frequency in one OFDM symbol with frequency spacing of 6 subcarriers.

· CSI-RS pattern of different antenna ports of different cells hop in time. The hopping is dependent on the physical cell ID, antenna port index and the system time.
Furthermore, it is possible to use traffic puncturing in data REs overlapping with the CSI-RS of other cells in the context of CoMP. Benefits of such mechanism and required signalling and associated overhead needs further evaluation.
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