
3GPP TSG-RAN WG1 #77
R1-142314
Seoul, Korea, 19th – 23rd May, 2014

Agenda item:
6.2.6.2
Source: 
NVIDIA
Title: 
On CSI feedback enhancements in support of NAICS
Document for:
Discussion/Decision
1. Introduction
To date, the discussions during the NAICS study item have mostly focused on the demodulation performance of UE receivers performing inter-cell interference cancellation assuming either genie-aided interference cancellation, assistance signaling from the network or blind interference parameter estimation [1]. On the other hand, CSI feedback is an essential component needed to translate the demodulation gains of advanced receivers to system performance benefits. In this contribution, we discuss CSI feedback in support of NAICS, trying to identify whether existing UE CSI feedback procedures are sufficient as such or whether new mechanisms would be needed. 
2.  

Discussion on CSI reporting for NAICS
 
CSI feedback up to Rel-11
In the LTE standard, channel state information (CSI) in support of demodulation essentially relies of the UE feedback of CQI, PMI (if applicable) and RI. This feedback allows in turn the base station (eNB) to make downlink scheduling decisions. Accurate CSI feedback typically translates to good user throughput performance since the predicted modulation and coding scheme (MCS) and transmission rank allow demodulation with a given target block error rate (BLER) – typically around 10% (as per the CQI definition) –  and hence the eNB can match the used MCS and rank with the instantaneous channel conditions. 
CSI feedback is typically derived by the UE from reference signals (RS) such as e.g. common reference signals (CRS) or channel state information reference signals (CSI-RS), possibly with the additional use of an interference measurement resources (CSI-IM) introduced in LTE Release 11. Deriving the CQI involves factoring in channel and interference estimates derived from the RS or alternatively from the CSI-IM together with the PMI and RI, and predicting the highest supported CQI index. In Release 11, multiple CSI-processes, each process being defined as 1 CSI-RS resource + 1 CSI-IM resource, allowed the possibility of multi-hypothesis CQI testing, e.g. to support CoMP schemes such as dynamic transmission point selection (DPS) with or without dynamic blanking (DPB).

Finally, it is worth noting that assumed UE reference receivers, both in RAN1 and RAN4 studies, were based on either LMMSE or LMMSE-IRC processing, which belong to the class of linear interference suppression, and the performance of which mainly depend on the spatial characteristics of the overall interference. Hence, a critical aspect for accurate CSI feedback is to capture spatial characteristics of the interference at the UE receiver. For such receivers, the accuracy of CSI-feedback mainly depends on the accuracy of the own channel estimation together with the received interference covariance matrix estimate, both computed for a CSI reference subframe (resource). These estimates should then be mapped to predicted BLER values given certain RI, PMI and MCS.
Observations: 

· Existing CSI feedback mechanisms essentially aim at ensuring the accuracy of serving cell channel and interference covariance matrix estimates.
· The performance of earlier assumed LMMSE(-IRC) receivers mainly depends on the spatial characteristics of the overall interference.
 
NAICS CSI feedback
 
Observations
In the case of NAICS receivers, it was observed during the study item phase that demodulation gains not only depend on the spatial structure of the interference but are also highly tied to the associated transmission parameters as well as on the ability of the UE to reliably estimate those parameters. In other words, for a given propagation channel and transmit precoding, NAICS receiver gains additionally depend on other factors such as, e.g. the modulation order, precoding and rank of the interference as well as the accuracy of the channel estimates towards the serving and interfering cell, the latter being an essential component in joint serving and interfering signal detection (e.g. with SLIC or R-ML receiver).
Observation: 

· NAICS demodulation gains are highly dependent on the accuracy of channel estimates towards the serving and interfering cells, as well as on the interferer transmission parameters themselves.
Therefore, accurate CSI feedback means a) obtaining accurate multi-cell channel estimates and b) factoring in the information on the interference parameters such as e.g. transmission mode (TM), PMI, RI and modulation order. 
First, in relation to multi-cell channel estimation a NAICS UE would face the following issues:
· Interfering PDSCH arises from a CRS-based transmission mode:

· Colliding CRS: Whenever CRS collide, CRS-IC is needed to improve channel estimates towards both the serving and interfering cell. CRS collisions are relevant in the case of an unplanned small cell layer, whereas a macro network may typically be assumed to be planned.
· Non-colliding CRS: Serving cell PDSCH interference degrades the quality of the channel estimates towards the interfering cell. During the study item, NAICS gain was found to be significantly lower in the non-colliding CRS case.
· Interfering PDSCH arises from a DM-RS based transmission mode: Multi-cell channel estimation for CSI feedback purposes is made possible with CSI-RS together with RE muting to enhance channel estimation accuracy. 
Observations: 

· For interference arising from CRS-based transmission modes: Multi-cell channel estimation for CSI-feedback needs to rely on CRS-IC when serving and interfering cell CRS collide. The non-colliding CRS case is problematic since both serving and interfering channel estimation quality are degraded due to mutual PDSCH interference.
· For interference arising from DM-RS transmission modes, CSI-RS together with RE muting may be leveraged to support multi-cell channel estimation for CSI-feedback.
Then, the NAICS UE would need to acquire information on the interfering PDSCH parameters such as e.g., PMI, RI, modulation order, transmission mode etc. However, there are major difficulties: 
· Serving cell PDSCH appears as an interference term while estimating the interfering PDSCH parameters: In contrast to demodulation phase, the PDSCH region in the serving cell may contain unknown scheduled data for other UEs within the cell, in addition to the own data if scheduled in the same TTI. It is not seen as feasible to blindly detect and factor into the CSI calculations any unknown serving cell dynamic transmission parameters in addition to interferer parameters.
· Non-colliding CRS would allow in principle estimating the characteristics of the residual interference term after removing the own cell CRS contribution. However, as noted earlier, multi-cell CRS channel estimates may not be of sufficient quality to allow for interferer parameter estimation. Furthermore, colliding CRS case would still need to be handled differently, thus this would not allow for generic receiver implementations.
· For DM-RS based TMs, the CSI-IM would in principle provide an observation window over the interfering PDSCH, but the source of interference observed over the CSI-IM is unknown to the UE. Channel estimates towards the interfering cell would be needed in order to perform blind parameter estimation.  
Observations: 
· PDSCH transmission in the serving cell is a major obstacle to interferer parameter identification in support of CSI feedback for NAICS.
· CSI-IM may be used as an observation over the interfering PDSCH, but the source of interference observed over the CSI-IM is unknown to the UE.
Finally the UE needs to take into account the multi-cell channel estimates and the experienced interference characteristics together with NAICS demodulation processing in order to derive the CQI. We make the following observations in this respect:
· There is a mismatch between measured and scheduled interference: CSI measured at a given subframe may not reflect real transmission/interference conditions at a later time instance. This is a more general issue of CSI feedback, and not necessarily specific to NAICS. 
· To this end, one may leverage CSI processes introduced for Release 11 CoMP with the help of which a coordinated network may obtain CSI by testing multiple transmission hypotheses.

· Colliding aggressor CRS do not have the same on/off characteristics and spatial channel signature as the aggressor PDSCH because the latter is dynamically scheduled and spatially precoded unlike the CRS. As discussed in reference [3]:
· A CQI derived prior to CRS-IC is too conservative and would likely yield a demodulation BLER below the 10% target since the NAICS receiver would be able to mitigate the interference.
· Post-CRS-IC CQI would in turn be too optimistic, since residual interference after NAICS processing would not be taken into account, and hence the resulting demodulation BLER is likely to be above target.

· From the above, we note the non-generic UE processing for colliding/non-colliding CRS, which is not desirable from UE complexity perspective.
Observations: 

· Colliding CRS do not allow estimating a CQI compliant with the CQI definition in TS36.213 in terms of target block error rate.
· Deriving NAICS CSI feedback from CRS leads to non-generic UE processing since colliding/non-colliding CRS cases need to be handled differently.

Candidate solutions for further investigation
Given the previously enumerated issues, there are essentially three classes of candidate solutions:
· Option 1: Do nothing and rely on existing CSI feedback mechanisms.
· Option 2: Derive the CQI by emulation of the interference as proposed in references [2]

 REF _Ref383006043 \r \h 
[4].
· Option 3: Estimate the interference term for the NAICS CQI based on interference observed over a CSI-IM as discussed in [4]. 
Option 1 is not without drawbacks, as discussed previously and also in [5]. For CRS-based TMs, if one wants to enable the UE to meet the CQI definition also in case of NAICS reception, Option 1 is not seen as viable neither for colliding CRS – for which the CQI definition is violated – nor for the non-colliding case where multi-cell channel estimation accuracy may not be sufficient. For DM-RS based TMs, CSI-IM would allow observing interferer PDSCH but the source of interference observed over the CSI-IM is unknown to the UE. Hence existing mechanisms do not allow providing accurate CSI feedback in support of NAICS. This was also demonstrated in [3]. In [5] we have further discussed why we believe that at least a minimum specification effort is required to specify the type of CSI that the UE is expected to report.
Observation: 
· Existing mechanisms do not allow providing accurate CSI feedback in support of NAICS.  

Option 2 proposes to emulate the interference (with certain interferer parameters) based on interfering cell channel estimates obtained from either CRS or DM-RS. First we note that CRS-based multi-cell channel estimates are still problematic when the CRS do not collide. Furthermore, UE-based interference emulation itself was discussed at length during Release-11 CoMP standardization and was ruled out. One of the main reasons was that it would require standardized hypotheses for interference emulation such as e.g. which transmission mode, rank and precoding the UE may assume for the interferer when deriving the CQI. Besides difficulty to standardizing emulated interference, we note the lack of flexibility of such a solution given the limited and fixed number of hypotheses. Reference [2] proposes the possibility to configure the hypothesis to be used for emulation via higher layer signaling:
· UE reports periodically two CSI reports. 

· Report 1: assumes that one QPSK layer is scheduled in the interfering cell

· Report 2: assumes that one 64QAM layer is scheduled in the interfering cell

· UE is configured with 1 CSI-RS from serving and 1 CSI-RS from interfering cell

· UE will emulate the impact of the interference assumed from the interfering cell by using channel estimate from interfering cell but conditioned on assumed modulation and number of layers. 

· 1 CSI-IM resource to measure interference outside the serving and coordinated cell.

Even though in this case the hypotheses are configurable (instead of fixed in the specifications), the drawback of this solution is still that the network would need to schedule with those exact assumptions in order to match with the reported CQIs, which can be considered as a scheduling restriction. It is also not clear how these configured parameters would be selected by the eNB. On the other hand, with CSI-RS and CSI-IM resources, the solution would provide a well-defined, testable NAICS CSI that allows the UE to meet the CQI definition. Problem is indeed the reduced flexibility, and the benefits in practice, considering how often the network would actually be able to match the scheduling with the interferer hypotheses given to the UE for CSI derivation purposes. 
Observations:
· Interference emulation at UE side requires standardized hypotheses for CSI derivation.
· Higher layer configured CSI hypotheses may lead to scheduling restrictions.
Finally, in Option 3 the UE would see the cancelled interference directly using a configured CSI-IM resource. Additionally, the UE knows the reference signals, CSI-RS or even CRS, from which to estimate the interfering channel. In other words this would require associating a reference signal with the interference seen from the CSI-IM resource. Based on the channel estimates and the CSI-IM resource, the UE would be able to estimate the interfering channel and to do, based on the network assistance information, the same blind parameter estimation in the CSI feedback phase as it will do in the demodulation phase. This would allow CSI reporting such that the CQI definition holds as the actual interfering parameters will be taken into account.
From the network perspective, the interference that the UE will see using the configured CSI-IM resource could be either based on the actual interfering PDSCH scheduled in the neighboring cell, or interference emulated by the eNB in the CSI-IM resources. In this approach, the same CSI-IM resource would be configured to the UEs also in the neighboring cell, after which the eNB is free to transmit dummy interfering symbols within the CSI-IM resources of the interfering cell with any potential parameterization. In contrast to the approach of semi-statically configuring the interference hypothesis to the UE as in Option 2, the latter approach would allow for a much more dynamic setting of the interference hypothesis and the interference parameters for which CSI should be reported, as it is completely up to the eNB to emulate any kind of interference in each CSI-IM resource. Furthermore, Option 3 would provide a well-defined, testable NAICS CSI that allows the UE to meet the CQI definition.
The main concern regarding Option 3 is the rather small number of samples from which the interference parameter estimation is done as this is 4 REs per PRB pair meaning for instance 24 REs within a subband in case of 10 MHz system bandwidth. However based on the merits of the scheme, we believe it deserves further study. Note that it could be also considered if more CSI-IM resources could be configured to the UE for same interference if the number of samples is too small for blind estimation.
Observations:

· An approach based on estimating the interference parameters from a CSI-IM resource would enable CSI reporting compliant with the CQI definition.

· The approach also enables more dynamic setting of the interference hypothesis than a semi-static signaling –based approach.
3. Conclusion 
In this contribution we have discussed CSI feedback in support of NAICS. We first analyzed whether existing UE CSI feedback mechanisms would be sufficient and identified numerous issues such as:
· The accuracy of multi-cell channel estimation is not guaranteed in all cases (e.g. with non-colliding CRS);
· Colliding CRS do not allow deriving a CQI compliant with the CQI definition in TS36.213.
· CRS in general do not allow generic UE processing in regard to CSI feedback for NAICS.

· Interferer parameter estimation over the PDSCH region is hampered by the interference from the serving cell PDSCH.
Then, we analyzed potential solutions to the above issues and conclude that a CSI-IM resource –based approach in which the UE estimates the interference parameters also in the CSI feedback phase would deserve further studies.
Conclusion:

· Study further CSI-IM –based blind interference parameter estimation and consequent CSI feedback.
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