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1 Introduction
In 3GPP RAN1#84bis, advanced CSI reporting and interference measurement was discussed and the following was agreed:
Candidates for PMI Enhancement:

· Codebook based (implicit feedback)

· Linear combination codebook (enhanced W2) for Non-precoded CSI-RS and beamformed CSI-RS

· MU CSI (e.g., additional i1, i1,1, or i1,2) 

· Other new or modified codebooks

· Explicit feedback 

· Channel quantization 

· Eigenvector quantization

· Covariance matrix quantization

· Analog feedback

· Note: other schemes are not precluded

Candidates for CQI Enhancement:

· CQI Derivation 

· Interference estimation based on NZP CSI-RS

· MU-CQI conditioned on MU hypotheses and CSI-IM

· Reduced CQI feedback delay

· Note: other schemes are not precluded
This paper firstly reviews MIMO feedback mechanisms, feedback types and associated transmission schemes/modes discussion in LTE and literature.  The scope of advanced CSI feedback framework for LTE in Rel-14 is then proposed, including introduction of new feedback mechanism of analog feedback, enhanced interference measurement as well as potential codebook enhancement with beam superposition. In addition, support of new feedback type of explicit feedback and new uplink sounding in future releases is also discussed.
2 Review of LTE MIMO CSI Feedback
2.1 Feedback types
The feedback types have been discussed extensively in LTE-A to effectively support down-link MIMO and CoMP operations. Based on definitions in TR 36.814, it has generally been acknowledged to split MIMO feedback types in two categories: implicit and explicit feedback. Explicit feedback can be defined as CSI reporting as observed by the receiver without assuming any transmission or reception strategies. Implicit feedback on the other hand makes hypotheses of transmission and/or reception strategies at the time of CSI report. In LTE, implicit feedback (i.e. CQI/PMI/RI) has been used since Rel-8. 
LTE has also specified 10 transmission modes until Rel-13. Each transmission mode is associated with its transmission scheme of PDSCH (e.g. transmit diversity, large delay CDD, up to 8 layer transmission with dynamic SU/MIMO switching and so on) assumed for CQI reference resource [1]. In other words, the CQI/PMI/RI implicit feedback specified in LTE is tied to transmission scheme.  Depending on different SINR region, mobility scenario or reliability requirement, MIMO transmission mode or transmission scheme configuration/reconfiguration is thus necessary to approach Shannon bound. LTE MIMO transmission mode is semi-statically configured through high layer RRC signaling. 
The LTE MIMO transmission and feedback framework is generally clumsy and inefficient.  It is always beneficial to cut off the huge amount of transmission modes and associated feedback modes configuration/reconfiguration RRC signaling while still preserving necessary transmission schemes (e.g. dynamic switching between transmission schemes within greatly reduced number of transmission modes).  In light of unified transmission mode, explicit feedback could be a straightforward and elegant way to decouple transmission scheme and feedback modes.  This unified explicit feedback can be therefore flexibly adapted by eNB to all transmission schemes provided with enough feedback accuracy. It is obvious explicit feedback generally requires more accurate feedback information than implicit feedback for eNB better adaptation flexibility. 
On the other hand, implicit feedback can also be enhanced for better flexibility with the price of increased complexity. Multiple CSI processes with independent configurations have been introduced since LTE Rel-11. One CSI process can be configured as SU MIMO friendly feedback with rank adaptation. Another CSI process can be configured as MU MIMO friendly feedback with restricted rank 1 CSI report.  In LTE Rel-13, it is agreed for non-PMI based class B CSI reporting when K>1or K=1 and Nk = {2, 4, 8}, RI, CQI and CRI (only if K>1) feedback is supported in non-PMI feedback modes PUSCH 2-0 & 3-0 and PUCCH 1-0 & 2-0 and in principle, CQI, PMI and RI derivation is the same as for PMI based feedback modes. This facilitates intra-cell MU MIMO interference captured precisely in CQI report.  Those implicit feedback enhancements aforementioned finally yield similar flexibility as explicit feedback with more complexity. 
2.2 Feedback mechanisms
There are three major feedback mechanisms including uplink sounding, quantized feedback (i.e. codebook) and analog feedback [2-4]. Uplink sounding and codebook have been specified in LTE since Rel-8 and a lot of enhancements have been made thereafter. 
Uplink sounding reference signal transmitted by UE can be detected by eNB for downlink channel information estimation thanks to channel reciprocity principle provided with eNB uplink and downlink calibration.   UE specific aperiodic sounding was introduced in Rel-10 and sounding capacity was enhanced in Rel-13. However, performance of channel estimation from sounding reference signal degrades dramatically for power-limited scenario especially when wideband sounding is used.  
Codebook based feedback is generally robust to low SINR. However, MIMO performance of codebook based feedback is very sensitive to quantization accuracy. Two-stage codebook was introduced in LTE Rel-10 to improve feedback accuracy. The improved feedback accuracy also means bigger codebook to design, more uplink feedback bits and larger UE CQI/PMI/PI derivation complexity. Moreover, state-of-the-art vector quantization in LTE (DFT codebook) is still designed and optimized with the assumption of simplified “one cluster” propagation channel modeling. Given as many as 20 clusters are usually needed to reflect real world propagation channel with angle and delay spread [5-6], it means accuracy of DFT codebook is further limited by the coarse “one cluster” modeling itself.  In other words, simple extension of DFT codebook with more oversampling DFT beams will not help MIMO performance when number of DFT beams in the codebook is already enough. 

Figure 1: Channel modeling with multiple clusters
Unlike codebook based feedback, the content of analog feedback is not quantized and coded.  UE estimate downlink channel based on downlink CSI-RS and then modulate downlink CSI information (e.g. Eigen vector) onto ZC sequences [7]. Here a narrow band signal can be used. eNB detects those ZC sequences and obtain downlink CSI information.  Analog feedback is a viable solution to conventional MU-MIMO systems [2-3] and the MIMO interference channel [4] as well.
Similar as uplink sounding, the downlink CSI accuracy at eNB is fully up to uplink SINR and eNB detection. Analog feedback is an attractive and effective approach to improve CSI accuracy due to the advantages as follows
(1) No calibration is needed for eNB
(2) Neither multiple PA nor antenna switching is needed for UE
(3) Analog feedback is more robust to low SINR than sounding because it is a narrowband signal
(4) Analog feedback is more accurate than codebook especially for high SINR region
Similar as codebook based feedback, dimension of analog feedback can also be reduced by beamformed CSI-RS.  Figure 2 shows dimension reduction from N to M. UE feedback the downlink CSI information based on the M-ports CSI-RS measurement.
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Figure 2: Analog CSI feedback with reduced dimension 
2.3 Interference measurement
Interference measurement is crucial to link adaptation quality. It is a very important part of CSI feedback framework.  Unfortunately, interference measurement has not been specified until LTE Rel-11. Interference measurement based on reference signal (CSI-RS/DMRS/CRS) or PDSCH as well as timing relation between interference measurement and reporting are all left for UE implementation. In Rel-11, IMR (Zero power CSI-RS) was specified for interference measurement. In Rel-13, measurement restriction for both channel and interference was also introduced.  To some extent, those enhancements help eNB choose more suitable MCS levels to UE.
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Figure 3: Interference measurement probing with IMR
In spite of the specified interference measurement resource and timing relation between measurement and reporting, link adaption still suffers mismatch between measurement time and reporting time due to the dynamic variation of inter-cell interference. One way to mitigate this mismatch is to probe the interference of subframe n+L with small amount of resource at subframe n by mimicking scheduling of subframe n+L. Figure 3 shows this interference measurement probing mechanism with IMR. It can be seen M times more interference measurement overhead than TM10 single cell MIMO with only 1 IMR. 
3 Advanced CSI Feedback Framework for LTE
3.1 Analog feedback
As discussed, analog feedback is a new feedback mechanism to greatly improve feedback accuracy regardless of explicit feedback type or implicit feedback type.  The 4-antenna-port MIMO performance with error modeling of codebook based feedback, uplink sounding and analog feedback of 50% UPT and 5% UPT are shown in Figure 4 and Figure 5 respectively [7]. 
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Figure 4:  4Tx 50% UPT performance                Figure 5:  4Tx 5% UPT performance
Proposal 1: Specify an uplink analog feedback channel with support of up to 4 CSI-RS ports in Rel-14.
Proposal 2: Maximum rank for analog feedback is up to 2 in Rel-14.
Proposal 3: Re-use PUSCH power control mechanism for the uplink analog feedback channel.
3.2 Interference measurement
As discussed, the obvious disadvantage of IMR based interference measurement specified in Rel-11 is huge overhead. However, if NZP CSI-RS can be allowed for probing interference of upcoming L subframes, overhead can be greatly reduced as shown in Figure 6. You may find detailed discussion in [8].
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Figure 6:  Interference measurement probing with NZP CSI-RS
The 4-antenna-port codebook based MIMO performance with interference measurement based on NZP CSI-RS and legacy IMR is compared. Average UPT and 5% UPT are shown in Figure7 and Figure 8 respectively [8].
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Figure 7:  4Tx average UPT performance                Figure 8:  4Tx 5% UPT performance
Proposal 4: Specify NZP CSI-RS can be configured for interference measurement in Rel-14.
Proposal 5: Physical resource mapping of NZP CSI-RS port remains unchanged in Rel-14.
Proposal 6:  The parameter of nCQI_ref   for CQI reference resource definition can be configured as an integer less than 4 (e.g. 2).
3.3 Codebook enhancement
As discussed, codebook of LTE can be enhanced with multiple DFT vectors (beams) superposition to better reflect multiple cluster propagation channel modeling. Figure 9 illustrates DFT superposition codebook constructed by summation of several DFT vectors weighted by phase and amplitude. The detailed design can be found in companion contribution [9]. 
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Figure 9:  From DFT codebook to DFT superposition codebook  
Proposal 7: Specify DFT superposition codebook for both Class A and Class B reporting in Rel-14.
Proposal 8: DFT superposition codebook should capture both amplitude and phase weighting.
3.4 Explicit feedback 
As discussed, explicit feedback is more flexible than implicit feedback. However, MIMO performance is more sensitive to CSI feedback accuracy and interference measurement which is less relevant with feedback types (explicit or implicit). 
Proposal 9: Explicit feedback can be specified in future releases.
3.5 Sounding enhancement 
As discussed, performance of channel estimation from sounding reference signal degrades dramatically for power-limited scenario especially when wideband sounding is used. This can be mitigated by allowing more aperiodic sounding opportunities in a SF as shown in Figure 10.
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Figure 10:  Sounding enhancement for better coverage
Proposal 10: Sounding enhancement for better coverage can be specified in future releases.
4 Conclusions
In this contribution, Advanced CSI feedback framework for LTE is discussed. MIMO feedback mechanisms, feedback types and associated transmission schemes/modes are firstly reviewed in LTE and literature.  The scope of advanced CSI feedback framework for LTE in Rel-14 is then proposed, including introduction of new feedback mechanism of analog feedback, enhanced interference measurement as well as potential codebook enhancement with beam superposition.
Proposal 1: Specify an uplink analog feedback channel with support of up to 4 CSI-RS ports in Rel-14.
Proposal 2: Maximum rank for analog feedback is up to 2 in Rel-14.
Proposal 3: Re-use PUSCH power control mechanism for the uplink analog feedback channel.
Proposal 4: Specify NZP CSI-RS can be configured for interference measurement in Rel-14.
Proposal 5: Physical resource mapping of NZP CSI-RS port remains unchanged in Rel-14.
Proposal 6:  The parameter of nCQI_ref   for CQI reference resource definition can be configured as an integer less than 4 (e.g. 2).
Proposal 7: Specify DFT superposition codebook for both Class A and Class B reporting in Rel-14.
Proposal 8: DFT superposition codebook should capture both amplitude and phase weighting.
Proposal 9: Explicit feedback can be specified in future releases.
Proposal 10: Sounding enhancement for better coverage can be specified in future releases.
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