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1. Introduction
The following categories of CSI enhancements for EB/FD-MIMO were agreed to be captured in the TR in the last meeting: 
· Non-precoded:

· This category comprises schemes where different CSI-RS ports have the same wide beam width and direction and hence generally cell wide coverage. 

· Beamformed:
· This category comprises schemes where (at least at a given time/frequency) CSI-RS ports have narrow beam widths and hence not cell wide coverage, and (at least from the eNB perspective) at least some CSI-RS port-resource combinations have different beam directions. 

Several examples of enhancement schemes were agreed (c.f. [6]), while additional enhancement proposals are not precluded.
As RAN1#81 is the last meeting of the SI, a summary of the study is naturally needed. For the identified non-precoded CSI-RS and beamformed CSI-RS enhancement, the SI conclusion should have an analysis on the pros and cons of each enhancement, as well as system-level performance, eNB implementation issues, UE implementation complexity, and most importantly a list of specification changes that are needed to support these enhancements. This contribution attempts to address this issue.
2. Comparison of enhancement schemes
The pros/cons of non-precoded CSI-RS and beamformed CSI-RS are compared in Table I. Detailed discussion can be found in the appendix. 

Table I: Pros / Cons of enhancement schemes

	
	Non-precoded CSI-RS (16Tx/32T/64Tx)
	Beamformed CSI-RS (2/4/8Tx)

	Beamforming accuracy
	×
	✓

	Codebook size
	×
	✓

	UE complexity
	×
	✓

	RRC reconfiguration
	✓
	×

	CSI-RS reuse
	×
	✓

	Future proofness
	×
	✓

	CSI-RS coverage
	×
	✓

	CSI-RS overhead
	Comparable


3. Potential specification impacts
Specification changes to enable beamformed CSI-RS and non-precoded CSI-RS are summarized in Table II. 
Table II: Standardization Impacts

	
	Non-precoded CSI-RS
	Beamformed CSI-RS

	New CSI-RS (NZP and ZP)
	Yes (16Tx, 32Tx, 64Tx)
	No

	New codebook
	Yes (16Tx, 32Tx, 64Tx)
	No

	Antenna-specific codebook
	Yes

(e.g. one codebook for each TX configuration, 2x4, 4x2, 2x8, 4x4, 8x2, 2x16, 4x8, 8x4, 16x2, 4x16,8x8,16x4)
	No

	New P-CSI channel (PUCCH format)
	Yes
	Yes

	New P-CSI mechanism (e.g., multiplexing/dropping)
	Yes
	Yes

	New A-CSI triggering mechanism
	Yes
	Yes

	New A-CSI channel (PUSCH mapping/encoding)
	Yes
	Yes


4. System evaluation
4.1. System Throughput
System level performance of non-precoded CSI-RS and beamformed CSI-RS are compared in a companion contribution (c.f. [8]), by taking into account CSI-RS power and coverage corresponding to the number of antenna port in each CSI-RS resource. Two CSI-RS models are assumed in the simulation
· Alt1: CSI-RS of a cell collides with CSI-RS of all other cells. 
· In other words, all cells are configured with the same CSI-RS resource, where the network has a CSI-RS reuse of 1. This is considered a more idealistic assumption. 
· Alt2:  CSI-RS of a cell collides with PDSCH of other cells. 
Observations: 

· With the rather ideal CSI-RS modeling alt.1 (e.g. CSI-RS of all cells colliding), performance of beamformed CSI-RS and non-precoded CSI-RS are comparable. 
· With interference assumption alt.2 and 32 or 64 TXRU, CSIRS beamforming shows significant gain over non-precoded CSIRS. The gain comes from more accurate CSIRS channel estimation and hence more accurate CSI feedback. 

· With interference assumption alt.2 and 16 TXRU, the performance of the two schemes is similar. It is a result of tradeoff between channel estimation accuracy and CSI-RS overhead. Coverage loss of non-precoded CSIRS relative to CSIRS beamforming is 3dB, so CSIRS beamforming is still able to get more accurate channel estimation accuracy. Moreover, the implementation and standardization complexity is lower for beamformed CSIRS.
4.2. RRC Configuration for Beamformed CSI-RS
As CSI-RS is configured for UE by higher layer signaling, it is undesirable to reconfigure it frequently. In this section, we evaluate the impact of CSI-RS reconfiguration period. As 8 CSI-RS beams transmission is sufficient in all scenarios, 8 CSI-RS beams is assumed in this evaluation. CSI-RS reconfiguration period changes from 10ms to 500ms and performance of FD-MIMO with different period normalized with respect to FD-MIMO with 10ms period is plotted in Figure 1. 

It can be observed from Figure 1 that period up to 500 ms only causes marginal loss compared with 10 ms period. This insensitivity is due to the fact that UE channel variation in elevation domain is slow. This observation has been pointed out in another contribution (c.f. [7]) in RAN1#80. 
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Figure 1: Impact of CSI-RS RRC reconfiguration period, 3D-UMa (left), 3D-UMi (right)
Observation:

· Beamformed CSI-RS performance is insensitive to CSI-RS reconfiguration periodicity up to 500ms.
5. Conclusion 

In this contribution we compared the pros and cons of non-precoded CSI-RS and beamformed CSI-RS, and analyzed the potential specification changes to support these two enhancements. 

Proposal: 

· Capture the discussion in Table I and II in the TR.
· Capture the performance of beamformed CSI-RS with different RRC reconfiguration periodicities (Figure 1) in the TR.
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Appendix 
A.1   Beamforming accuracy
The elevation beamforming accuracy of non-precoded CSI-RS is restricted by the standardized codebook. Once the FD-MIMO codebook is standardized, the elevation beamforming capability is fixed by the specification, e.g. limited by the vertical codebook 
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, the UE is restricted to measure CSI under 4 vertical precoding hypothesis. 
For beamformed CSI-RS, more accurate beamforming is enabled by allowing the eNB to fine tune the following system parameters

· Number of virtual sectors N

· Beamforming vectors 
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These two parameters are completely eNB implementation issues and can be flexibly adjusted by the network based on system operation condition, e.g. cell loading and traffic distribution. As the beamforming vectors are standard-transparent, more flexible eNB beamforming (and CSI measurement) is possible.
Observation:

· Beamforming flexibility of non-precoded CSI-RS is limited by codebook (to be standardized).
· Beamforming flexibility of precoded CSI-RS is not limited to a finite set and can be optimized by the eNB.
A.2 
UE complexity
Assuming massive MIMO will be an LTE optional feature, UE complexity could be a major factor impacting its market adoption and UE vendor’s willingness to support the feature. Costing UE vendor an arm and a leg could jeopardize the timely rollout of massive MIMO in the network despite the eNB vendor’s heavy investment. Instead, simple schemes with low/minimum UE impact are more desirable.
Codebook search complexity is a linear function of the codebook size. In general the codebook size increases exponentially with the number of Tx antennas. The current codebook size is 4 for 2Tx, 16 for 4Tx, and 256 for 8Tx  per rank. Following the trend,  codebook for non-precoded CSI-RS may possibly need four thousand precoders for 16Tx, sixty-four thousand precoders for 32Tx, and over a million precoders for 64Tx!! Searching a very large codebook is highly undesirable in terms baseband processing and CSI timing budget, and potential solution to reduce codebook size and search complexity can be studied in the future WI.
On the contrary, legacy CSI-RS dimension and legacy codebook is reused for virtual sectorization, incurring no complexity increase. From UE implementation perspective this is simpler.
Observation: 
· Codebook size of non-precoded CSI-RS is large (16/32/64Tx), leading to higher UE implementation complexity.
· Codebook size of beamformed CSI-RS is low (2/4/8Tx), allowing reusing existing UE implementation. 
A.3 
CSI-RS overhead
Rel.10 study showed that a minimum CSI-RS density of 1 RE/PRB is needed to ensure sufficient channel measurement accuracy. This implies an overhead of 16 RE/PRB for 16Tx, 32 RE/PRB for 32Tx, and 64RE/PRB for 64Tx. 
For virtual sectorization, the number of CSI-RS resources (N) is a system parameter to be determined by the eNB, dependent on the cell loading, UE distribution and traffic distribution. In our previous contribution we found that N = 4 CSI-RS resources provides near-optimal system performance. The total CSI-RS overhead is therefore 32 RE/PRB. Assuming CSI-RS periodicity of 5ms, this leads to approximately 2% higher CSI-RS overhead than FD-MIMO with 
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, the CSI-RS overhead of beamformed CSI-RS and FD-MIMO are identical. For 
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, FD-MIMO has higher CSI-RS overhead than beamformed CSI-RS. 
Observation:

· 16TXRU:
· Non-precoded CSI-RS has slightly lower CSI-RS overhead (~2%) than beamformed CSI-RS.
· 32/64TXRU
· Non-precoded CSI-RS has equal or slightly higher CSI-RS overhead than beamformed CSI-RS.
A.4 
CSI-RS coverage and channel estimation error
The transmit power and coverage of CSI-RS antenna port impacts pilot estimation accuracy and CSI quantization accuracy. For cell-edge and high-rise scenario (where most FD-MIMO gain is observed), reliable CSI-RS coverage is more important.  This issue has not been sufficiently studied in RAN1.
For extended CSI-RS with TXRU-specific port mapping, the power of each CSI-RS port decreases linearly as the number of antenna ports (or TXRU) increases, e.g. meaning each CSI-RS port can utilize 1/16, 1/32, 1/64 of the total power with 16/32/64 TXRU. In contrast, each antenna port in beamformed CSI-RS is mapped to multiple TXRU and therefore can utilize their total power, hence does not suffer coverage loss as the number of TXRU increases. A 3dB, 6dB, 9dB coverage gain can be expected for beamformed CSI-RS over extended CSI-RS (e.g. FD-MIMO), with 16/32/64 TXRU. It is also noted that CSI-RS power boosting cannot completely address this issue, as there is a maximum 6dB CSI-RS boosting limitation enforced by practical implementation constraints, based on RAN4 inputs (c.f. [8]).
The same issue was analyzed through link-level evaluation in [6], where beamformed CSI-RS is found to have 10-15dB gain over extended CSI-RS when CSI-RS resource collides with PDSCH of adjacent cell.
Observation: 

· Non-precoded CSI-RS may suffer reduced CSI-RS coverage, due to the fact of per-TRXU CSI-RS port mapping. 
A.5 
Future-proofness
Although the number of TXRU in the SI is limited to 16/32/64, consideration of future 2D AAS evolution with very large TXRU (e.g. >128) should also be considered for future proofness. To avoid repetitive standard redesign in the future, it’s desirable to have a common CSI framework in Rel.13 that is sufficiently general to accommodate future 2D AAS evolution in a wide range of antenna configuration and deployment scenarios.
For very large 2D AAS system (128/256/512Tx), non-precoded CSI-RS requires new CSI-RS and new feedback codebook matching the TXRU dimension. Additionally, under a specific TXRU number, the set of possible antenna array configuration will be even larger, further increasing the codebook design complexity. Such issues could be take into account in the future WI. 
For beamformed CSI-RS, 3D beamforming is supported by the combination of standard-transparent beamforming (eNB implementation) and standardized beamforming (2/4/8Tx). It is a well known fact that as the Tx number increasing, there is a diminishing return from full-dimension adaptive beamforming. Instead, the combination of a limited dimension adaptive beamforming (e.g. 2/4/8Tx CSI feedback) and fixed beamforming (e.g. CSI-RS virtualization) may very well achieve near-optimal system performance, with less standardization efforts in the future. 
Observation: 

· Beamformed CSI-RS is simpler and more future proof for 2D AAS with many TXRU.
A.6 
RRC reconfiguration
Non-precoded CSI-RS utilizes a common CSI-RS resource to cover the entire cell. Frequency RRC reconfiguration of the CSI-RS is therefore not needed. For beamformed CSI-RS, the need of RRC reconfiguration depends on the configuration of beamformed CSI-RS resources.
· If the beams are static, one UE may be configured with one or multiple CSI-RS resources. If a single CSI-RS resource is configured per UE, more frequency RRC configuration is likely needed to update the beam. On the other hand if multiple CSI-RS resources are configured (e.g. close to the UE’s LOS in the elevation), the need of frequent RRC reconfiguration could be reduced. 
· If the beams are dynamic, it is possible to configure a single CSI-RS resource per UE where the virtualization changes on different subframes. In this case the beam tracts the UE movement, reducing the need of RRC reconfiguration.
Nevertheless, it should be pointed out that in typical deployment, UE’s movement in the evaluation domain is very slow and the optimal elevation beam changes extremely slowly (see c.f. [7]). This is analyzed in more details in Section 3.2 where we show marginal performance loss when the CSI-RS beam configuration periodicity is increased from 10ms to 500ms. 
Observation:

· RRC reconfiguration of CSI-RS resource is required for beamformed CSI-RS; however the actual performance impact can be very small.
A.7 
Simulation assumptions
Table A1: Simulation assumptions

	Parameter
	Value

	Antenna configuration
	Horizontal:  8 elements, X-pol (+/-45),  0.5λ space
Vertical: 8 elements, 0.8λ space

	Scenario
	3D-UMa with 200m ISD, 3D-UMi with 200m ISD

	System bandwidth
	10MHz (50RBs)

	Carrier frequency
	2GHz

	UE  distribution
	Follows 36.873 3D-UMa, 3D-UMi

	UE speed
	3km/h

	Model of cross polarization
	36.814

	Traffic model
	FTP traffic model 1

	Scheduling algorithm
	PF

	Receiver
	Realistic channel estimation

Realistic interference estimation

	
	MMSE-IRC receiver

	HARQ 
	Max 4 transmissions

	PMI/CQI feedback granularity
	Subband (6 PRBs per subband) 

	PMI/CQI feedback periodicity
	10ms

	RI feedback periodicity
	120ms

	Wrapping  method
	Geographical  distance based

	Handover margin
	3 dB
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