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Introduction
One of the objectives for Rel.14 WI on enhanced FD_MIMO (eFD-MIMO) is to specify the following three enhancements on CSI reporting [1]:
· Extend specification support for CSI reporting in the following areas [RAN1]
· Codebook(s) associated with the newly supported number of non-precoded CSI-RS ports for a subset of possible port layouts, both 1D and 2D
· CSI reporting mechanism to support joint utilization of different CSI-RS types at the UE such as between non-precoded CSI-RS and beamformed CSI-RS as well as between different types of beamformed CSI-RS
· As second priority, evaluate and, if needed, specify enhancement on CSI reporting based on non-precoded and beamformed CSI-RS to improve eNB precoding (such as new feedback methodologies in addition to codebook-based CSI feedback) and interference measurement to support efficient multi-user transmissions (e.g. further enabling interference estimation from NZP or ZP CSI-RS)
· Analog feedback is not precluded
This contribution presents Samsung’s view on the third CSI reporting enhancement, in particular on advanced CSI reporting to improve eNB precoding using explicit feedback paradigm. The motivation behind this enhancement will be given and some possible schemes are discussed along with initial simulation results.  

Motivation
1 
Implicit feedback paradigm (where the UE reports CQI/PMI/RI assuming a single-user transmission from the eNB) is inherited from HSDPA to Rel.8 LTE. As Rel.8 LTE MIMO is single-user (SU)-centric, this feedback paradigm fits quite well for all its practical purposes. Starting from Rel.10 where dynamic switching between SU-MIMO and MU-MIMO is made possible by the introduction of DMRS-based transmissions, the adequacy of implicit feedback paradigm was being questioned. At least three issues were identified:
1. Scalability: As implicit feedback requires a codebook design (designed for a small subset of particular array geometries), it is unclear how this is scalable for larger number of antenna ports, let alone other antenna array geometries. 
2. SU-MU mismatch: As the system becomes more and more MU-centric, an inherent mismatch between CSI feedback (assuming SU) and eNB MU transmission becomes a limiting factor. This mismatch will result in an irreducible throughput loss regardless of the CSI resolution. In other words, LTE specification can support excessively large codebooks for implicit feedback without being able to remove this throughput loss.  
3. Inaccurate MU-CQI prediction: Related to the second issue, the eNB typically employs any MU-CSI prediction algorithm from received SU CSI in conjunction with MU precoding algorithm such as ZF-BF or SLNR-BF. It is clear, however, that this scheme is sub-optimal. While ZF-BF or SLNR is a good criterion for MU precoding, it works quite well with uncompressed (albeit quantized) DL channel estimates rather than their coarse estimates with typical constraints from implicit feedback codebooks (e.g. constant modulus imposed to avoid performance penalty for SU transmission, i.e. when the eNB decides to simply follow precoder recommendation from the UE). 
Various schemes were proposed for this, ranging from companion MU-CSI (perhaps the simplest yet the lowest performing scheme) to explicit feedback (perhaps the most demanding in terms of feedback overhead yet the best performing scheme). However, within the timeframe of Rel.10 where an 8-port codebook was still being designed, 4-port DL transmission was the main deployment scenario of interest. In this case, the best gain of advanced CSI (such as explicit feedback) was not sufficient to justify any departure from Rel.8 implicit feedback paradigm. On explicit feedback, two typical arguments were made against it: 
1. Testing difficulty: Explicit feedback cannot be tested with a simple method used for implicit feedback (i.e. RAN4 PMI test inherited from HSDPA).  
2. Large feedback overhead: For instance, direct channel quantization tends to impose large amount of overhead.
In Rel.14, however, the maximum number of CSI-RS ports has increased from 4 to 32. This 8x increase in the number of ports, not to mention that the support of larger number of TXRUs such as 64 or more is not precluded, implies that an MU-centric design becomes more important (since the primary source of cell throughput gain for large number of transmit antennas comes from MU transmission). It is also expected that the three drawbacks mentioned above become more severe. Therefore, any enhancement toward improving MU performance is expected to offer more gain. 

[bookmark: _GoBack]Observation: The drawbacks against implicit feedback (scalability, SU-MU mismatch, and MU-CQI prediction error) are expected to be worse in Rel.14 mainly due to 8x increase in the number of CSI-RS ports.

Candidate solutions
Some proposals on MU CSI are discussed in a companion contribution [3]. In this contribution, we focus on explicit feedback paradigm where a form of quantized DL channel is reported by the UE to the eNB. Some examples include direct channel feedback, compressed channel feedback (e.g. via SVD), channel vector quantization based on a set of basis functions (such as a scheme based on linear combination codebook in [6]), or covariance matrix feedback. Properly designed, any of these schemes is scalable to any number of CSI-RS ports and less sensitive to array geometries. 
To illustrate the potential performance gains with explicit feedback, simulation results are provided for following schemes:
· Implicit feedback: CSI feedback is based on the extension of Rel. 13 Class A codebook with Codebook-Config = 1. Two implicit feedback schemes are considered:
· SU Implicit: only SU-MIMO transmission
· MU Implicit: dynamic switching between SU-MIMO and MU-MIMO
· Explicit feedback: Ideal channel knowledge is assumed at the eNB (which serves as an upperbound).
The non-full-buffer system-level evaluation is carried out for UMa-200m and UMi-2GHz channel models in heavy (70% target RU) traffic loading scenarios. The detailed results can be found in Table 2 in the Appendix. The results are provided for 16 and 32 antenna ports with (N1,N2) = (2,4) and (4,4), respectively. Here, we assume that the first dimension is horizontal and the second dimension is vertical. The downtilt angles in the elevation domain are chosen according to [2]. In these simulations, full-port non-precoded CSI-RS is used for CSI estimation, and the corresponding CSI-RS overhead is taken into account in the final throughput calculation.
Cell association antenna pattern is approximated by one-TXRU pattern, and proportional fair scheduling (max 4 layers per time-frequency resource) have been used. For MU-MIMO, SLNR precoding is considered. The relevant simulation parameters are enlisted in Table 1. The rest of the simulation assumption is according to [2].
The performance gains with “SU Implicit” as reference are summarized in Figure 1 - Figure 4. From these results, we can make the following observation.

Observation: Assuming ideal channel knowledge at the eNB for explicit feedback
· Performance gain of MU with implicit feedback over SU with implicit feedback is marginal (if any) in mean and 50% UPT, and is noticeable for 5% UPT. 
· Performance gain of MU with explicit feedback over SU with implicit feedback is large in mean, 50%, and 5% UPT: 50-80% in mean/50% UPT and close to 250% in 5% UPT

	


[bookmark: _Ref447193894]Figure 1: Performance gain for (N1,N2) = (2,4), UMa-200m

Figure 2: Performance gain for (N1,N2) = (2,4), UMi-2GHz


Figure 3: Performance gain for (N1,N2) = (4,4), UMa-200m

[bookmark: _Ref447193899]Figure 4: Performance gain for (N1,N2) = (4,4), UMi-2GHz

While the potential gain of explicit feedback is expected to increase with the large number of CSI-RS ports, the two arguments against explicit feedback remain and need to be addressed. 
The first argument (testing) assumes that explicit feedback must be tested with the same methodology as implicit feedback (i.e. PMI distribution in AWGN channel which is supposedly simple). While requiring a simple testing methodology is desirable, equating simple with legacy (already known) may not be warranted. Nevertheless, a new testing mechanism needs to be devised for channel feedback. Note that no issue exists for UE demodulation test for explicit feedback. The only test in question is the feedback test. One example of a viable testing method was given in [7] (presented in the context of Rel.10 MIMO enhancements). 
The second argument (overhead) can be alleviated via different means especially if such a high-resolution CSI feedback is aimed for low mobility applications. In this case, explicit channel feedback can be reported aperiodically via PUSCH. In addition, explicit channel feedback can be used with other features proposed in Rel.14 which can reduce the burden of feedback overhead while maintaining the same level of system performance. 
Figure 5 illustrates the use of explicit channel feedback in conjunction with partial-port CSI-RS [4] where a 32-port CSI-RS is partitioned into two different 16-port subsets. Since the UE reports a form of quantized channel coefficients, the eNB can combine the two feedbacks without any SU-MU mismatch or MU-CQI prediction error. In addition, UE-specific BF CSI-RS is used. A low-mobility UE can be configured to measure BF CSI-RS (with a much smaller number of ports) most of the time while explicit channel feedback is reported (triggered by the eNB) as needed. Overall, this scheme is essentially a combination of explicit channel feedback, partial-port CSI-RS, and hybrid CSI-RS [5]. 


[bookmark: _Ref447148955]Figure 5 Example of eNB-UE operation: partial-port CSI-RS + explicit channel feedback + UE-specific BF CSI-RS

Observation: 
· Combined with partial-port CSI-RS, CSI feedback overhead incurred by explicit channel feedback can be spread into multiple reporting instances without resulting in SU-MU mismatch and MU-CQI prediction error inherent in implicit feedback.
· Combined with hybrid CSI-RS (with one CSI process), explicit channel feedback enables UE-specific BF CSI-RS with small number of ports (hence low CSI reporting overhead).    
[bookmark: _Ref446598642]Conclusions
In this contribution, the motivation for explicit feedback paradigm is explained along with some discussion on possible enhancements along this line. In addition, an exemplary scheme where explicit channel feedback is used in conjunction with partial-port CSI-RS and hybrid CSI-RS is introduced to alleviate the potentially large feedback overhead caused by explicit feedback while overcoming the issues caused by the legacy implicit feedback paradigm. In particular, it is observed that:
· The drawbacks against implicit feedback (scalability, SU-MU mismatch, and MU-CQI prediction error) are expected to be worse in Rel.14 mainly due to 8x increase in the number of CSI-RS ports. 
· Assuming ideal channel knowledge at the eNB for explicit feedback
· Performance gain of MU with implicit feedback over SU with implicit feedback is marginal (if any) in mean and 50% UPT, and is noticeable for 5% UPT. 
· Performance gain of MU with explicit feedback over SU with implicit feedback is large in mean, 50%, and 5% UPT: 50-80% in mean/50% UPT and close to 250% in 5% UPT
· Combined with partial-port CSI-RS, CSI feedback overhead incurred by explicit channel feedback can be spread over multiple reporting instances without resulting in SU-MU mismatch and MU-CQI prediction error inherent in implicit feedback.
· Combined with hybrid CSI-RS (with one CSI process), explicit channel feedback enables UE-specific BF CSI-RS with small number of ports (hence low CSI reporting overhead).    

It is therefore proposed that explicit channel feedback, along with its joint use with other potential Rel.14 eFD-MIMO enhancements such as partial-port CSI-RS and hybrid CSI-RS, be considered as the scheme for advanced CSI enhancement aimed for improving eNB precoding. 
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Table 1: Simulation Parameters
	Parameters
	Values

	Simulation Type
	Non-full-buffer (Heavy load 70% Target RU)

	Channel model
	UMi-2GHz, UMa-200m

	Number of BS (H,V) antenna elements
	(8,8), x-polarized, subarray partition

	(N1,N2, P) 
	16 ports: (2,4,2), 32 ports: (4,4,2)

	BS (H,V) antenna spacing
	(0.5, 0.8)λ

	BS and MS antenna polarizations
	BS: (+45°,-45°); MS: (0°, 90°)

	Number of UE antennas
	2

	SU/MU pre-coding
	CB/SLNR

	Scheduling
	(1) SU, Proportional fair
(2) MU, Proportional fair, up to 4 layers

	Channel estimation
	Ideal

	Transmission rank
	1, 2

	Receiver 
	MMSE-IRC

	Codebook for Implicit feedback
	Extension of Rel. 13 Class A, Codebook-Config = 1




[bookmark: _Ref447191541]Table 2: Summary of non-full-buffer simulation results
	(N1,N2)
	(O1,O2)
	Channel
	Lambda
	Scheme
	Avg UPT
	50% UPT
	5% UPT
	RU
	Avg UPT gain
	50% UPT gain
	5% UPT gain

	(2,4)
	(8,8)
	UMa2
	3.7
	SU Implicit
	20.43
	17.42
	4.95
	51.7%
	100.00%
	100.00%
	100.00%

	
	
	
	
	MU Implicit
	20.25
	17.39
	5.43
	52.3%
	99.11%
	99.82%
	109.74%

	
	
	
	
	MU Explicit (Ideal)
	29.37
	26.67
	11.76
	40.0%
	143.74%
	153.08%
	237.75%

	(2,4)
	(8,8)
	UMi1
	4
	SU Implicit
	17.92
	15.15
	4.77
	59.5%
	100.00%
	100.00%
	100.00%

	
	
	
	
	MU Implicit
	18.44
	15.56
	5.43
	59.3%
	102.89%
	102.75%
	113.76%

	
	
	
	
	MU Explicit (Ideal)
	29.51
	26.49
	11.57
	44.4%
	164.66%
	174.89%
	242.43%

	(4,4)
	(8,8)
	UMa2
	3.7
	SU Implicit
	20.18
	17.29
	5.43
	52.2%
	100.00%
	100.00%
	100.00%

	
	
	
	
	MU Implicit
	20.99
	18.23
	6.32
	51.2%
	104.03%
	105.41%
	116.37%

	
	
	
	
	MU Explicit (Ideal)
	30.46
	27.59
	12.41
	38.6%
	150.96%
	159.55%
	228.53%

	(4,4)
	(8,8)
	UMi1
	4
	SU Implicit
	19.02
	16.28
	5.69
	57.2%
	100.00%
	100.00%
	100.00%

	
	
	
	
	MU Implicit
	19.93
	17.09
	6.53
	56.0%
	104.79%
	104.99%
	114.71%

	
	
	
	
	MU Explicit (Ideal)
	31.70
	29.63
	13.29
	41.9%
	166.63%
	181.99%
	233.57%



SU Implicit	Avg UPT	50% UPT	5% UPT	1	1	1	MU Implicit	Avg UPT	50% UPT	5% UPT	0.9911422139571302	0.99822043628013768	1.0974130962004849	MU Explicit	Avg UPT	50% UPT	5% UPT	1.4374082411666829	1.5308266360505165	2.3775262732417133	



SU Implicit	Avg UPT	50% UPT	5% UPT gain	1	1	1	MU Implicit	Avg UPT	50% UPT	5% UPT gain	1.0289078631620068	1.0275302040007923	1.1376492771841609	MU Explicit	Avg UPT	50% UPT	5% UPT gain	1.6466320665215692	1.7488611606258664	2.4242614707730987	



SU Implicit	Avg UPT	50% UPT	5% UPT gain	1	1	1	MU Implicit	Avg UPT	50% UPT	5% UPT gain	1.0402874132804756	1.0540775014459227	1.1636597938144329	MU Explicit	Avg UPT	50% UPT	5% UPT gain	1.5095639246778989	1.5954887218045113	2.2853460972017672	



SU Implicit	Avg UPT	50% UPT	5% UPT gain	1	1	1	MU Implicit	Avg UPT	50% UPT	5% UPT gain	1.0478944324693757	1.0499355076469505	1.1471001757469244	MU Explicit	Avg UPT	50% UPT	5% UPT gain	1.6663161768571577	1.8199127817701617	2.3356766256590507	
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