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1 Introduction
In RAN1#80 high level categories of potential CSI-RS and feedback enhancement schemes are agreed:

· Enhancements related to beamformed CSI-RS-based schemes

· Enhancements related to non-precoded CSI-RS-based schemes

· Enhancements related to schemes based on hybrid beamformed CSI-RS and non-precoded CSI-RS

· Enhancements related to non-codebook based CSI reporting for TDD

· Enhancements related to SRS

This contribution aims to analyse tradeoff among different alternatives relevant to the first three categories related to FDD/TDD common enhancements. TDD specific enhancements related to the last two categories are separately discussed in a companion contribution [1]. 

2 FD-MIMO DL Precoding

Considering the typical EBF/FD-MIMO DL architecture captured in the TR, EBF/FD-MIMO DL precoding can be considered as 2-stage precoding, represented by the following equation:
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 is a TXRU virtualization matrix, constructed according to either subarray-partition or full-connection architecture. This virtualization precoding is applied in time domain, common for all the serving UEs, and wide-band (WB).

· 
[image: image3.wmf])

(

Precoding

-

Digital

L

TXRU

N

N

W

´

 is a digital precoding matrix to map NL streams onto NTXRU TXRUs, can be UE-specific, and sub-band (SB).

The digital precoder [image: image4.wmf])
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 can be determined differently depending on system configurations and operations. For example, rank-1 precoders in TDD systems can be determined as follows:

· For rank-1 TDD MRT (maximum ratio transmission, or conjugate beamforming) precoding, 
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 can be determined as a complex conjugate of the estimated channel direction vector estimated by the UL SRS. The MRT precoding can be used for both SU and MU.

· For TDD MU-MIMO SLNR (signal-to-leakage-ratio) precoding, [image: image6.wmf])

(

Precoding

-

Digital

L

TXRU

N

N

W

´

 can be determined considering not only the estimated channel direction vector estimated by the UL SRS but also the CQI fed back by the UE. The CQI in this case can help the eNB to apply a good regularization factor for SLNR precoding, as DL inter-cell interference and UE receiver aspects can only be estimated at the UE side. 

These examples demonstrate that for advanced MU-MIMO precoding, DL CSI feedback is important even for TDD operations, as well as for FDD operations. To acquire DL CSI feedback necessary for the MIMO precoding operation, an eNB can configure and transmit CSI-RS. In typical legacy LTE system design, 
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 TXRUs. However in advanced LTE systems designed for FD-MIMO/EBF, 
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, and the association weights for the CSI-RS to TXRU mapping, denoted as  
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, may also be important to improve the DL throughput performance. The resulting virtualization weights for each CSI-RS resource may be represented as:
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 is a CSI-RS virtualization matrix, determining the association weights between CSI-RS ports and TXRUs. The virtualization matrix is CSI-RS-resource-specific, and the matrix can be selected per sub-band (SB).

When an eNB applies digital precoding on virtualized CSI-RS ports, 
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 may be further decomposed into: 
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 is a digital precoding matrix to map NL streams onto NCSI-RS CSI-RS ports, and can be selected UE-specifically and sub-band (SB).
The choice of [image: image16.wmf])
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 will be eNB implementation specific, and a UE only needs to derive 
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 with CSI-RS for CSI feedback. However, the choice of 
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 may (or may not) result in different specifications, and hence a closer investigation of the DL precoding scenarios associated with these choices seems to be necessary. 

3 FD-MIMO CSI-RS Transmission Options

As discussed in Section 2 FD-MIMO DL precoding matrix (applied to data transmission associated with a UE) on NTx antennas,  
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 can be expressed as:
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This section considers the three CSI-RS transmission schemes – (1) non-precoded; (2) beamformed; and (3) hybrid – in conjunction with this DL precoding model.
3.1 Non-precoded CSI-RS

When non-precoded CSI-RS are configured, it is assumed that 
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. In this case, 
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 with non-precoded CSI-RS. There can be at least two types of non-precoded CSI-RS: (1)-a full-port CSI-RS and (1)-b partial-port CSI-RS.  The trade-off between these two solutions is discussed below.
When full-port CSI-RS is configured, the UE can straightforwardly derive [image: image27.wmf])
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 and corresponding CQI/RI applying a similar method to derive the legacy PMI/CQI/RI.  
However, CSI feedback with partial port CSI-RS may require slightly more specification efforts, e.g., to facilitate CQI derivation with the reconstructed precoder: [image: image28.wmf])
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. Suppose that NH–port H-CSI-RS and NV–port V-CSI-RS are configured for the UE with 
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. Further assume that Kronecker-product based codebooks are used with 
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 and also to derive PMI/RI more reliably, the UE needs to reconstruct channel matrix on 
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 port channels utilizing a combination of NH–port and NV–port channels. 
3.2 Beamformed and Hybrid CSI-RS

3.2.1 Grid-of-beam CSI-RS
To facilitate UE’s vertical channel direction estimation, an eNB may configure with multiple beamformed CSI-RS resources relying on a grid-of-beam approach,. Each of the beamforming vectors corresponds to a column of 
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Grid-of-beam CSI-RS may operate with either (1) multiple CSI processes; or (2) single CSI process, as discussed in our companion contribution [2]. 

When multiple CSI processes are used, eNB configures NB,V CSI processes for UE, and acquire DL channel direction information and CQI/RI out of the CSI feedback of the multiple CSI processes. This approach involves large CSI-RS/feedback overhead and UE complexity when number of vertical beams, NB,V is large, and it does not seem to be scalable. 

3.2.2 UE-specifically beamformed CSI-RS
For application scenarios in which an eNB acquires long-term (LT) and/or wideband (WB) channel statistics by implementation, UE-specific beamformed CSI-RS is beneficial for UE’s estimation and feedback of short-term (ST) and/or sub-band (SB) CSI to enable DL FD-MIMO precoding at the eNB. For example, if the eNB acquires LT channel direction information (CDI) on both horizontal and vertical dimensions relying one LT channel reciprocity, the eNB may use the LT CDI as a UE-specific CSI-RS precoding vector to transmit two-port UE-specifically precoded CSI-RS (ST CSI-RS). The two CSI-RS  may be associated with the two antenna polarizations, in which case the UE can estimate and feedback ST or SB co-phase and CQI, e.g., relying on Rel-8 two-Tx CSI feedback mechanism. When transmission rank is dominantly determined by the dual-polarized channels, the RI may also be estimated with the ST CSI-RS. 
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Figure 2 A use case of hybrid beamformed and non-precoded CSI-RS
For application scenarios in which LT/WB channel directions are not available at the eNB (e.g., due to lack of reliable channel reciprocity), the LT/WB channel directions must be estimated. A traditional approach would be to estimate both LT/WB and ST/SB CSI relying on non-precoded CSI-RS, but this may result in excessive utilization of CSI-RS resources. A more efficient solution is to transmit a separate set of non-precoded CSI-RS with a long duty cycle as well as the UE-specifically beamformed CSI-RS, as illustrated in Figure 2. Upon receiving the LT/WB CSI-RS, the UE derives and feeds back LT CDI. In turn, the eNB utilizes it for UE-specific precoding of ST CSI-RS. The CSI-RS overhead involved in this approach can be smaller than non-precoded CSI-RS especially when the number of served UEs is small. For example, if the eNB provides partial non-precoded CSI-RS for 8H8V system, the total overhead associated with non-precoded CSI-RS is 16 REs/port/PRB pair. But if the hybrid approach in Figure 2 is used for the same 8H8V system, and if the number of served UEs is less than 8, the overall CSI-RS overhead is smaller than the non-precoded system. 

4 Tradeoff Analysis of the CSI-RS Enhancement Schemes

Table 2 summarizes the comparison results between grid-of-beam CSI-RS based approach and non-precoded CSI-RS discussed in Section 3.1. 
Table 2 Comparison of grid-of-beam CSI-RS and non-precoded CSI-RS

	
	Non-precoded CSI-RS based enhancements
	Grid-of-beam CSI-RS based enhancements
	UE-specific beamformed CSI-RS and hybrid CSI-RS based enhancements

	Anticipated spec impact
	V-PMI codebook and corresponding feedback procecure
	Increase # of CSI processes
	(Hybrid)
CDI codebook for both H and V

	Feedback overhead
	Dependent upon # of V-PMI precoders

8H2V: 2 bits for V-PMI

8H4V: 2-4 bits for V-PMI


	Scales linearly as NB,V increases


	(Hybrid)

Dependent upon # of V-PMI precoders

8H2V: 2 bits for V-CDI

8H4V: 2-4 bits for V-CDI

	CSI-RS overhead
	8H2V: 

· Full-port: 16 REs/PRB with 1 RE/RB/port density
· Partial-port: 10 REs/PRB in case of H/V CSI-RS
8H4V:

· Full-port: 32 REs/PRB with 1 RE/RB/port density

· Partial-port: 12 REs/PRB in case of H/V CSI-RS
Note: Full-port CSI-RS may have smaller overhead if CSI-RS density decreases <1 RE/RB/port
	8H2V to support 4 vertical beams:

· 32 REs/PRB

8H4V to support 8 vertical beams:

· 64 REs/PRB


	8H2V with partial port: 

(10/D + 2K) REs/PRB, K is # of serving UEs and D is the ratio of LT CSI-RS duty cycle to ST CSI-RS duty cycle

8H4V with partial port:

(12/D + 2K) REs/PRB



	Performance gain
	Large [3]
	Expected to be an offset worse than non-precoded CSI-RS based schemes, where the offset corresponds to the additional CSI-RS overhead
	Medium to large [4]

	Potential use cases and forward compatibility
	Systems without LT reciprocity; seems to be scalable if efficient CSI-RS is adopted
	Small number of vertical beams is sufficient for operation (i.e., when NTXRU is small);
Does not seem to be scalable
	Systems with and without LT reciprocity; Seems to be scalable


Observation: 
· Both non-precoded CSI-RS based schemes and hybrid CSI-RS based schemes (as well as UE-specifically beamformed CSI-RS based schemes) seem to be a scalable solution. 

· Grid-of-beam CSI-RS based schemes do not seem to be a scalable solution, owing to high CSI-RS/feedback overhead and UE complexity.

· For non-procoded CSI-RS based schemes, specification enhancement is necessary for a new PMI codebook and efficient CSI-RS design.

· For hybrid procoded CSI-RS based schemes, specification enhancement is necessary for a new CDI codebook design.

It is expected that there will be much commonality of the designing task of the new PMI codebook and the new CDI codebook; and hence the following is proposed.

Proposal: Design a common framework for PMI & CDI codebooks for the hybrid and the non-precoded CSI-RS based enhancements. 
5 Conclusion
This contribution has analyzed the tradeoff with the three different enhancement schemes and made the following observations and a proposal:

Observation: 
· Both non-precoded CSI-RS based schemes and hybrid CSI-RS based schemes (as well as UE-specifically beamformed CSI-RS based schemes) seem to be a scalable solution. 

· Grid-of-beam CSI-RS based schemes do not seem to be a scalable solution, owing to high CSI-RS/feedback overhead and UE complexity.

· For non-procoded CSI-RS based schemes, specification enhancement is necessary for a new PMI codebook and efficient CSI-RS design.
· For hybrid procoded CSI-RS based schemes, specification enhancement is necessary for a new CDI codebook design.

Proposal: Design a common framework for PMI & CDI codebooks for the hybrid and the non-precoded CSI-RS based enhancements. 
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