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1. Introduction

A high level way forward was agreed for downlink RS design in the previous meeting and captured in [3]. In this contribution, we share our further views on this important issue with some design examples and associated analysis. 

2. RS Design Goals   
RS design is a critical part of the layer-1 air interface as it directly affects the channel estimation behavior of a UE for either link adaptation related measurement/reporting or data demodulation. RS provisioning fundamentally reflects the envisioned system operation which is the operation of the following multiple MIMO modes:

· Open-loop: Application scenarios include high-mobility, broadcast special signal (P/S-SCH) and data (PBCH, EMBS, etc.), and control channels (i.e., PDCCH). Key objective for an open-loop scheme is PA power combination over the air that can often be obtained along with some transmit diversity. PA power combination can be achieved without UE’s involvement or any receive processing (i.e., blind to UE) via typically a Cyclic Shift Diversity (CDD) scheme. But in CDD, UE may not be able to obtain the channel state information (CSI) for all the physical antennas (but rather for a virtual antenna port). For example, Rel-8 supports up to 4 distinct antenna ports of eNB - impossible for a UE to obtain the CSI to all physical antennas at eNB if more than 4 are used (e.g., 8). The availability of CSI for only 4 virtual antennas will affect the closed-loop transmission.
· Closed-loop: Typically applied to data channel (i.e., PDSCH) in low mobility scenarios where the UE feedback will not become obsolete. Three main modes of CL operations envisioned for LTE-A are:

· Single-user MIMO (rank 1, 2, or above): Rel-8 currently supports rank 1,2 and 4. 8-Tx eNB envisioned in LTE-A will make it possible to enable even higher order of MIMO.

· Multi-user MIMO: Rel-8 currently support up to 4 users with each being rank-1. 8-Tx eNB again will be able to support more streams, or with better beamforming gain if the same number of total streams are supported. 

· CoMP: Via coordination between two or more eNBs, more antennas belonging to different eNBs can now be exploited effectively for serving SU- or MU-MIMO, either in the form of joint transmission or coordinated beamforming, depending on whether the non-serving eNBs have content synchronization with the serving cell or not.

RS design needs to support all the above operation modes in an efficient manner with the following specific design goals: 
· Allow seamless switching among modes: It can be expected that different RS designs may be needed to if one wants to optimize open-loop modes and closed-loop modes. Some tradeoff will be inevitable which could require more emphasize on CL mode over OL or vice versa. In addition, in any given subframe, some UEs are better suited for OL transmission while others are more suited for CL-MIMO. While in CL mode, eNB may schedule single or multiple users on the same RBs, or the serving eNB may coordinate with other eNBs for a particularly set of users. In general, it is expected that different MIMO modes will be applied to different UEs in a semi-static or more dynamic manner. RS design that can allow seamless mode switching is critical.  
· Ensure backwards compatibility: While LTE-A subframes can be envisioned for best support of advanced LTE-A modes, when LTE-A and Rel-8 UEs are served in the same subframe backwards compatibility is important, which means the presence of existing CRS (up to 4 ports). One of the challenges is indeed how to maximize performance gain for LTE-A UEs in the Rel-8 subframes while it is also very desirable to benefit Rel-8 UE if possible. If there is performance degradation to Rel-8 UEs due to RS design, it will be important to make sure there is only soft/graceful impact to the Release 8 UEs, and the performance gains for LTE-A UEs justify the new schemes and RS overhead.
· Optimize performance-overhead tradeoff: The overhead required for new RS should be justified with the corresponding improvement in performance and could be a key factor in comparing different options.

· Enable advanced schemes with larger system throughput gain: It is important to design the RS to enable optimal support of not only single-user high-order MIMO for peak data rate and spectral efficiency, but also advanced MU and COMP schemes that can provide more system level throughout gain. The required link condition and the required number of required UE receive antennas for high order SU-MIMO may often be more difficult to be satisfied than that required for MU and COMP.  
To facilitate further discussion on RS design options in the context of both higher order SU and MU MIMO and CoMP, we will consider some typical cases and examples in further discussion. 

3. DRS Based Demodulation   
In general, dedicated RS (DRS or user-specific RS) based demodulation has the following merits

1. Allows non-codebook based beamforming with no downlink signaling. The benefit of non-codebook based beamforming was shown in [5] for MU-MIMO and [4] for CoMP, as compared to the codebook based beamforming which seems to be suitable if only SU-MIMO is supported. The main reason is that precoding in the context of MU-MIMO or CoMP, unlike in SU-MIMO which is optimized to deliver maximal single user throughput, needs to also minimize the cross interference at the same time. A predetermined codebook is often too constrained to serve both goals effectively. 
2. New DRS ports can be allocated for CoMP/MU users on an as-needed basis dynamically and at an RB level.

3. Channel estimation can be improved due to beam-formed RS.

4. Allows greater flexibility in eNB implementation. eNB may potentially use different antenna ports, antenna array techniques and CoMP modes using parameters and methods fully or partially blind to the UE. 

However, DRS overhead increases with rank of transmission and should be considered, especially, when DRS are sent in addition to existing CRS due to backwards compatibility requirements in subframes with mixed LTE-A and Rel-8 UEs. Also, even if DRS are used for demodulation purposes, CRS are still required in FDD to enable channel measurements and enhanced feedback at the UE.  The agreed new type of “CQI-RS” may be used for this purpose. CRS provisioning for LTE-A 8-Tx eNB will be discussed later. 
In the following, several DRS design examples are discussed in various MIMO modes.

3.1. DRS to Support CoMP with Joint Transmission in Rel-8 Subframes
It is desirable to limit the changes to the UE behavior in a COMP scheme to ensure commonality with other single point schemes. However, the performance tradeoffs need to be further studied. At this point, we can categorize new CoMP schemes as schemes that, a) are completely blind to the UE - even Release 8 UEs may benefit from such schemes with no additional signaling, b) require minimal modifications to the signaling - these modifications can be enabled with existing control formats by minor modifications, c) require significant changes to the signaling and feedback.  A reasonable way to progress CoMP discussion along with the higher order MIMO discussion may be to focus on a) and b) initially. We suggest that this could be used as a starting point in the RS discussions. Similar approach is also indicated by some recent contributions [2].

The figure below illustrates coordinated joint transmission between two cells to transmit to a single UE. Both the cells transmit same data to the UE. Each of the coordinating cells transmits the corresponding four CRS for backwards compatibility purposes as shown in Figure 1. 
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Figure 1: CoMP with joint transmission serving LTE-A UEs in a Rel-8 subframe 
The post-precoded channel is measured from the DRS port for demodulation in general. The DRS port from all active CoMP cells can use the same shift and the same pilot pattern as in Rel-8 corresponding to the anchor cell. Two issues are discussed below that need more investigation:

· The data symbols are mapped to REs not used by CRS, and this is straightforward if the CRS ports of the participating cells overlap. However, if they do not overlap as in typical cases, non-anchor cells cannot participate in the joint precoding due to CRS obligation for Rel-8 UEs in its own cell. Even though the anchor cell can still carry out its part of the precoded transmission, the effective channel corresponding to those RE does not match the channel measured on DRS, and furthermore there may be significant CRS interference. The mismatch and CRS interference will corrupt the corresponding LLRs for those REs only and potentially result in the flooring of BLER performance (especially for high code rate cases). Adjusting the MCS to compensate for this loss is possible, but in general it may still affect some receiver algorithms in UE implementation. A simpler and more robust alternative is to transmit only on the common set of data REs from both cells. This clearly results in additional waste of resource elements, and the total overhead including DRS in the above case is 35.7%. But the performance gain may compensate for the additional overhead. 

· UE still measures the channel to candidate CoMP cells (in addition to anchor cell) based on existing CRS, in this case limited to 4-Tx per eNB. Given also the CRS may interfere by a data transmission by other active CoMP cells, the quality of channel measurement is likely to suffer, which will degrade the precoding performance in a joint transmission scheme.

It can be observed from the figure that even Rel-8 UE may be able to decode, based on DRS, a PDSCH that is sent via joint transmission, even though only for rank-1. However, even leaving aside the above issue of CRS-data collision, eNB coordination will have to be based on existing Rel-8 CQI and PMI feedback. In this case, the expected gain of joint transmission could be degraded due to difficulty to derive the optimal joint precoding weights and CQI’s mismatch with actual post-CoMP link quality. 

3.2. DRS to Support CoMP with Coordinated Beamforming in Rel-8 Subframes
In a coordinated beamforming scenario, each cell transmits data to its own UE(s). The cells determine user pairing and precoding weights with coordination to minimize interference [4]. This process could be aided by enhanced UE feedback or by uplink channel measurements by the cell. Cell 1 transmits DRS 0
 corresponding to the stream transmitted to UE 1.  Cell 2 transmits DRS 0 (with its DRS port location and shift) for UE2.
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Figure 2 - CoMP with coordinated beamforming
Individual REs in each cell experience different type of interference, from either data RE, CRS or DRS. DRS locations in two cells are not necessarily overlapping as in joint transmission. But DRS will be precoded in the same way as data, so the channel estimated from DRS will match the post-precoding channel and interference well. However, the two issues discussed previously also apply here, i.e., 1) the CRS transmission (i.e., not precoded) will cause a mismatch between the DRS-based estimated channel quality and actual channel quality experienced by data symbol on those REs colliding with CRS of the coordination cells, 2) measurements based on CRS for other cell (for CoMP based feedback) may also suffer due to interference by UE’s own data. 
It can be observed from the figure that Rel-8 UE may be able to decode, based on DRS, a PDSCH that is sent via coordinated beamforming, even though only for rank-1. However, even leaving aside the above issue of CRS-data collision, eNB coordination will have to base on existing Rel-8 CQI and PMI feedback under which condition the expected gain of CoBF could be degraded due to difficulty to derive the optimal CoBF precoding and CQI mismatch. 

3.3. Single Point MU-MIMO Schemes 

In Release 8, multi-user (MU) MIMO is only supported with CRS based demodulation. DRS based demodulation can be enabled with non-codebook based precoding for MU-MIMO in LTE-Advanced. Non codebook based precoding for MU can significantly improve system throughput of a cell for practical antennas configurations at the UE [5]. When DRS ports are defined for MU, overhead must be reduced without affecting performance gains. If two DRS ports are supported (only one DRS is supported in Release 8), the total overhead including the current 4 CRS will be 28.6%. Additional DRS ports may result in unacceptable overhead, unless they are defined in dedicated LTE-A subframes, where the existing four CRS need not be signaled. 

For the case of a single stream transmission to each user for two users in MU-MIO, with the above limitation, two options are possible. One option is to simply use one DRS port per user for a total of two DRS ports, and eNB signals the corresponding port index to each user. This also allows each user to perform interference cancellation with an advanced UE receiver. Another option is to use the same DRS port to both users and to superimpose a UE specific random pilot sequence. If MU precoding is performed well with sufficient interference mitigation achieved, decent quality in the estimated channel for each user can still be expected. In other words, the SNR for channel estimation may at least be as good as the SNR for demodulation on data. 
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Figure 3 - DRS Definitions for MU-MIMO (rank-2 per UE) 

If two streams are supported per user (as shown in the figure above), each user stream is assigned to a different DRS port, but two users share each of the two DRS ports. In other words, for UE1, channel corresponding to stream 1 is on DRS port 0 and channel corresponding to stream 2 is on DRS port 1. UE2 uses same locations, but different RS signal sequences. The number of DRS ports with this approach can be limited to that of number of streams per UE.
It is also desirable to have commonality between RS designs for MU and SU transmissions. For example, the above two DRS design can be used for supporting SU-MIMO with rank-2, or MU-MIMO with rank-1 per UE but with non-overlapping DRS to allow IC, or MU-MIMO with rank-2 per UE. These different operational modes will share the same RS design, but using the eNB instruction to differentiate these modes. 
4. CRS Design for Link/Mode Adaptation
CRS based design has the following advantages

· Enables good channel estimation to eNB antennas, covering entire bands (two band edges) and subframe.
· One set of RS for both purposes: PMI-based demodulation and measurement (CQI-RS)
· Fixed RS overhead regardless of rank and number of UEs
However, CRS does not support non-codebook based precoding and the channel estimation does not benefit from the precoding gains. This could cause performance degradation of MU and CoMP schemes in particular. In addition, extending the existing 4-Tx CRS to 8-Tx with similar density will mean 1) only possible for LTE-A subframes 2) too much overhead. 

As mentioned before, even for DRS-based demodulation, CRS might still be needed for measuring channels to each physical antenna so that UE can feed the spatial information back to eNB in FDD to determine important transmission mode and the corresponding parameters, including the MIMO mode, the precoding weights (in case of CL-MIMO), user pairing (in case of MU), active eNB set (in case of CoMP), and frequency-selective transmission.  Note that such CRS may be provided with a lower density in frequency and time if they are not used for demodulation.    

To support backwards compatibility, in subframes shared by Release 8 and LTE-A UEs, the following options can be considered.
1) Embed additional CRS in reserved CCE: Additional RS can be added in a backwards compatible way by using a portion of the CCEs. However, it is important to ensure that this does not impose scheduling restrictions and reduce the number of available CCEs significantly. An additional concern is the non-uniform and random distribution of available CRS over the band, which is induced by the interleaver. 

2) Reserved RBs: A set of RBs are reserved for LTE-A UEs. These RBs are used for transmission of the four additional CRS, which are multiplexed with the data to these UEs. For example, by using an overhead similar to that of existing ports #2-3 in Release 8, the total overhead for RS in these RBs is 19%. However, since CRS for ports 4-7 may suffer from “band-edge” effects in channel estimation, slightly increased density of RS may be required. 

The pros/cons of these approaches may depend on how the CRS are used, for demodulation or CQI or both. To use them for demodulation only or for both demodulation and CQI, reserved RBs are preferable, as they are spread in time and located in the RBs allocated for data to LTE-A UEs. On the other hand for CQI-RS, reserving some CCEs is a good option since 1) For CQI determination, uniform distribution of RS is not critical 2) Smaller number of CCEs may be sufficient for measurements. Since CQI and spatial feedback information change at a slower rate, additional averaging may also be used over time.   

For supporting additional RS in subframes designated as LTE-A only subframes (i.e., MBSFN subframes), additional options are possible. However, a straightforward extension defining eight CRS over the whole band similar to Release 8, could mean too much overhead. But the overhead can be kept low if only low-density CRS are needed.  
5. Conclusion

RS design to support higher order SU- and MU-MIMO and CoMP (joint transmission and coordinated beamforming) were discussed in this contribution.  DRS-based demodulation seems to be suitable for LTE-A enhanced MU-MIMO and CoMP operations. DRS-based SU/MU-MIMO and CoMP operation can be complimented by a low-density CRS for CQI and spatial information related measurement.  
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� Note the DRS port in Release 8 is named RS port 5. We will renumber DRS ports similar to CRS ports for convenience.
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