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1 Introduction

The discussion on CSI feedback for CoMP is a long lasting topic raising substantial interest. Significant progress was reached in TSG RAN1 #67, when it was decided that the UE reports CSI corresponding to individual points, or more formally correct, corresponding to individual CSI-RS resources.

- CSI feedback for CoMP uses at least per-CSI-RS-resource feedback.

Furthermore, in TSG RAN1 #68bis, it was decided not to support inter CSI-RS resource phase feedback

Many important details regarding the CSI feedback still remains to be settled however. Open issues include the number of CSI-RS reports and the kind of interference that should be included in the report. This contribution tries to offer further design principles to achieve an overall efficient and flexible system operation.
2 Discussion on Implicit CSI
LTE has since Rel-8 adopted an implicit feedback for CSI reporting: Contrary to explicit CSI reporting, the UE does not explicitly report, for example an SINR level or complex valued elements of a measured effective channel, but rather the UE recommends PMI, RI, and CQI for a reference resource for which a UE can measure an effective channel and an interference/noise. 

The implicit feedback framework (PMI/RI/CQI) is integrally connected with the RAN4 testing, which forces a UE to recommend PMI/RI/CQI that achieves sufficiently high throughput performance for any given effective channel, and moreover that the recommended CQI does not violate a block error rate constraint (of e.g., 10%). Also note that it is these RAN4 tests that ensure that 

· PMI/RI implicitly gives information about the spatial characteristics of an effective channel 

· CQI, which is a recommended transport block size, relates to the SINR of the corresponding spatial stream(s)
A key observation is that a PMI/RI recommendation becomes meaningless without an associated recommended CQI that assumes a transmission following the recommended PMI: The spatial information of a PMI is defined by the performance test that follows the CQI/PMI recommendation, and without a recommended CQI assuming a transmission of the PMI, such performance tests becomes ill defined.

The opposite is however not true, a CQI recommendation can be defined without an associated PMI recommendation, as long as it is clear to both the UE and eNodeB which transmission property the CQI is recommended for, like in TM3 which employs open-loop precoding without PMI recommendation.

The implicit feedback framework has been selected in favor of explicit feedback because of its many advantages, most notably:
· The UE implementation becomes to a large extent transparent to the reporting, including

· the number of Rx antennas

· the interference suppression/cancellation capabilities

· The CSI report is, contrary to most explicit feedback, well defined and readily testable, which is a core part of the successful interoperability achieved with 3GPP standards. 
· The implicit CSI report allows the eNodeB to continuously calibrate the link adaptation to individual UEs: By scheduling the UE according to the recommended PMI/RI/CQI, the eNodeB can test that the UE fulfills its target block error rate. If not, the eNodeB has the possibility to adjust the link adaptation accordingly. Moreover, it has the possibility to adjust power offset values between a CSI-RS and a PDSCH transmission assumed by the UE in the CSI reporting (Pc), and/or adjust an interference measurement offset as proposed in [2].  
· It encourages advanced/effective receiver implementations, since such UEs can report higher CQI and/or higher transmission rank, and thus immediately benefit from the added implementation effort. 
From the CoMP work item description [1] it is also concluded that
“all schemes will be developed assuming that the UE reports CSI feedback based on the assumption of single-user transmission. This assumption causes no restriction on the SU/MU scheduling decision at the eNB when the PDSCH is demodulated based on UE-specific RS”

The implicit CSI framework is particularly suitable for this design, considering that a CSI report then corresponds to a recommended single user transmission for a particular hypothesis of interference and transmission of the desired signal. In other words, feedback would be based on a desired signal transmission hypothesis in combination with an interference hypothesis.
Proposal

· The CSI reporting in support of CoMP adopts an implicit feedback framework

· Each CSI report thus involves a CQI (and possibly PMI/RI) which is a recommendation for a particular 

· Interference hypothesis, and a
· desired signal transmission hypothesis that assumes, for example,

· a transmission using an associated recommended PMI/RI, or
· a transmission using a predetermined PMI/RI, and/or
· a transmission using a particular transmission point
Note further that in order to efficiently utilize the implicit feedback framework to calibrate the link adaptation to individual UEs it is crucial that the CSI reports constitutes desired signal and interference hypotheses that are relevant and likely candidates for scheduling. Otherwise it will not be possible for the eNodeB to schedule according to the UE recommendation and accurately test if the UE fulfills its BLER target.

Observation
· The feedback reports should correspond to relevant candidates for scheduling so that the network can monitor the quality in the reported implicit CSI.
3 Interference hypotheses for accurate link adaptation
The performance of CoMP relies heavily on sufficiently accurate link adaption. CoMP may raise the SINR level of cell edge UEs but that would be of little value if the link adaptation is not able to capture the SINR increase and translate it into a corresponding throughput increase. A problem is that the burstiness of interference typically increases when CoMP is introduced, presenting a challenging environment for achieving accurate link adaption. Outer loop link adaption (OLLA) adjustment based on ACK/NACKs is commonly used to compensate for link adaption errors but because of the increase of the burstiness of interference, gains in SINR are often offset by a larger back-off in the outer loop adjustment, thereby producing small or no throughput gain in the end.

Observation

· Burstiness of interference often increase in case of CoMP compared with not using CoMP

· SINR gains due to CoMP may be lost by deteriorated link adaptation that in turn forces a larger OLLA back-off
Proposal

· Focus standardization efforts on CoMP CSI feedback to provide means for accurate link adaptation to secure harvesting of CoMP gains

According to past decisions, the CSI feedback is supposed to support a plethora of CoMP schemes, including JT, DPS and CS. To achieve adequate link adaption, CQI reports need to somehow take all these CoMP schemes into account. Two fundamentally different approaches to address this problem can be envisioned

· The network relies on recalculating CQI reports to fit the transmission scheme of interest

· CQI reports fed back are a set of per CSI-RS resource CQI reports that do not account for different interference levels for different transmission schemes.
· In practice this means that the UE is configured to an interference hypothesis not taking interference from transmission points within the CoMP measurement set into account.
· CoMP transmission hypothesis based where the hypotheses include different interference cases
· This will allow the network to configure implicit CSI reports that correspond to relevant and likely candidates for scheduling.
A problem with solely relying on the CQI recalculation approach is that the link adaptation errors will in many cases be large and certainly larger than the alternative with different interference hypotheses. There are many reasons for this

· The subband specific CQI in combination with PMI/RI constitutes second hand information regarding the hypothetical received interference and is therefore less accurate than if the UE uses the interference estimate directly when producing feedback.
· The receiver capabilities of the UE can not accurately be taken into account when synthesizing the interference hypotheses at the eNodeB side. 

· When the UE computes the CSI without taking interference from within the CoMP measurement set into account it will use a wrong operating point (for medium to highly loaded systems) making it difficult to select the proper RI (even with the help of tuning Pc that determines the power offset assumed by the terminal between the CSI-RS and the PDSCH when recommending the CSI).

· The wrong operating point will also cause problems when considering the granularity of the MCS: The MCS values in the high end and the very low end of the scale are not of sufficient granularity to provide means of accurately synthesizing SINRs. 
Since accurate link adaption needs to be prioritized in order to secure CoMP gains, we prefer the alternative approach of reporting CQIs corresponding to several different interference hypotheses. 
Proposal

· Ensure that the standard supports different interference hypotheses for different CSI reports

There are many ways to realize different interference hypotheses in the feedback, for instance by configuring the UE to measure on multiple interference measurement resources, or by configuring to UE to emulate interference transmitted from transmission points associated with CSI-RS within the CoMP measurement set. A more detailed discussion on the topic is given [3] .
4 Evaluation of different feedback frameworks
Evaulation of interference hypotheses in CSI reports versus eNodeB stynthetization of interference hypotheses

System level simulations were conducted to compare the performance of differentiated interference hypotheses compared to eNodeB synthetization of interference hypotheses. The main assumptions are found in Table 1. The channel model is ITU based and is the same as the one used for the UE-to-macro channel in the heterogeneous deployments Scenario 3/4, including outdoor to indoor modeling. This is also well-aligned with the assumption in the DL MIMO study item [1]. 

Table 1: System level assumptions.

	General parameters

	Carrier frequency
	2 GHz

	Bandwidth
	10 MHz

	Macro cell layout
	Hexagonal grid, 3-sector sites, 57 sectors

	CoMP Cluster
	3 sectors intra-site

	Indoor/Outdoor UEs
	80% indoor, 20% outdoor

	Channel model
	ITU Urban Macro with O to I modeling

	Nrof RBs per subband
	6

	Average nrof UEs per point
	10

	Control region overhead
	3 OFDM symbols per subframe

	DMRS overhead
	Yes

	Feedback delay
	6 subframes

	Feedback periodicity
	Every 5 subframe 

	Cell selection
	RSRP, 1 dB handover margin

	Traffic model
	10 full buffer UEs per point

	Scheduling
	Implicit feedback based PFTF

	OLLA
	Yes, 10 % target BLER

	HARQ
	Yes, max 5 retransmissions

	Receiver filter
	MMSE with no inter point IRC

	Feedback modes
	Based on 3-1 amended with various extensions for CoMP

	UE speed
	3 km/h

	UE antenna configuration
	3D isotropic X pol

	Macro antenna configuration
	3GPP Antenna, 2 Tx cross-pole, 15°downtilt

	Macro point transmit power
	40 W


Five different transmission schemes with corresponding CSI were evaluated

1. Single-Point: No-CoMP, based on SU-MIMO

2. DPB using different interference hypotheses: 

Four CSI feedback reports corresponding to the desired signal from the strongest
 TP and different interference hypotheses on the second and third strongest TP. A CSI report contains wideband PMI and frequency-selective CQI. The rank is determined by the CSI report for the strongest point with interference from the second and third TP, and reused for all other reports.

3. DPB with aggregate CQI based JT and different interference hypotheses: 

Seven CSI feedback reports: In addition to the four CSI feedback reports for the previous scheme, this scheme has tree aggregate JT hypotheses corresponding to JT from the two and three strongest points with two interference hypotheses for the case of two-point JT.

4. DPB using eNodeB generated interference hypotheses: 

Three CSI feedback reports corresponding to the desired signal from the strongest TP, second strongest and third strongest TP. The interference is measured on resources that are muted for transmission points within the cluster. The eNodeB post processes the CQI reports to synthesize all combinations of interference hypotheses.
5.  DPB and aggregate CQI based JT using eNodeB generated interference hypotheses: 

In total five CQI feedback reports. Three reports corresponding to the desired signal from the strongest-, second strongest- and third strongest TP, and two aggregate CQI reports corresponding to JT from two and three transmission points. The interference is measured on resources that are muted for transmission points within the cluster. The eNodeB post processes the CQI reports to synthesize all combinations of interference hypotheses.
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From the results we can conclude that eNodeB synthesized interference hypotheses are inferior to having feedback reports with different interference hypotheses. In fact, impaired link adaptation in the case of eNodeB post processing of interference hypotheses almost remove the benefit of CoMP.
4.1 RRC configuration of CSI reports

Since LTE adopts the principle of implicit feedback it is important that the UEs can be configured to feedback CSI corresponding to transmission hypotheses that are relevant candidates for scheduling. It should be considered to allow the eNodeB to configure, by means of RRC signaling, exactly what CSI reports to feedback. More specifically, for each CSI report that is configured, the eNodeB specifies which CSI-RS resources out of the CoMP measurement set that constitutes a desired signal and what interference hypothesis to apply. We foresee two possible options for configuration of an interference hypothesis: Either the UE is configured to measure on multiple interference measurement resources, or alternatively the UE measures on one interference measurement resource and on top of this emulates interference transmitted from specified CSI-RS resources within the CoMP measurement set. We favor the latter alternative since a UE subject to CoMP must anyway be capable of estimating the channel to multiple CSI-RS resources while measuring of multiple IMRs adds to the complexity of the UEs [2].
As an example, if the network is such that the user plane data is only available at a single TP, then dynamic point blanking hypotheses are of particular interest to the system, corresponding to desired signal from the strongest TP, and interference hypotheses that covers combinations of on/off interference on the remaining TPs within the CoMP measurement set. This will be a common scenario, and we should therefore provide the ability for the eNodeB to customize the feedback in such a way.

Observation:

· Not all CQI reports are relevant for all system deployments. For example, not all deployments will be capable of JT or DPS

Proposal:
· Consider introducing a mechanism for the eNodeB to configure the reporting of only a subset of all possible CQI reports.

· This becomes essential if a CoMP Measurement Set size larger than 2 is agreed
Proposal:

· Consider to specify the configuration of a particular CSI report in terms of what CSI-RS resources within the CoMP measurement set that constitute a desired signal hypothesis 
· Consider to specify what CSI-RS resources within the CoMP measurement set that represent interference to be emulated on top of a single IMR shared by all CSI reports
5 Conclusions

Herein we make the following observations 

Observations
· The feedback reports should correspond to relevant candidates for scheduling so that the network can monitor the quality in the reported implicit CSI.
· Burstiness of interference often increase in case of CoMP compared with not using CoMP
· SINR gains due to CoMP may be lost by deteriorated link adaptation that in turn forces a larger OLLA back-off
· Not all CQI reports are relevant for all system deployments. For example, not all deployments will be capable of JT or DPS
And based on this we propose the following as a framework for CSI reporting in support of CoMP

Proposals
· The CSI reporting in support of CoMP adopts an implicit feedback framework

· Each CSI report thus involves a CQI (and possibly PMI/RI) which is a recommendation for a particular 

· Interference hypothesis, and a
· desired signal transmission hypothesis that assumes, for example,

· a transmission using an associated recommended PMI/RI, or
· a transmission using a predetermined PMI/RI, and/or
· a transmission using a particular transmission point
· Focus standardization efforts on CoMP CSI feedback to provide means for accurate link adaptation to secure harvesting of CoMP gains

· Ensure that the standard supports different interference hypotheses for different CSI reports

· Consider introducing a mechanism for the eNodeB to configure the reporting of only a subset of all possible CQI reports.

· Consider to specify the configuration of a particular CSI report in terms of what CSI-RS resources within the CoMP measurement set that constitute a desired signal hypothesis 

· Consider to specify what CSI-RS resources within the CoMP measurement set that represent interference to be emulated on top of a single IMR shared by all CSI reports
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