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1 Introduction

During the Rel-11 CoMP study item, performance evaluations focused on precoding for cell-edge UEs assuming feedback based on measurements taken on CSI-RS and PDSCH demodulation based on UE-specific RS [1]. For supporting CoMP with channel reciprocity in TDD, the non-PMI based CQI should no longer be measured over CRS but over CSI-RS [2].
Proposals to support CoMP transmissions with CRS-based CSI feedback and PDSCH demodulation were presented in [3]
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[4]. In this contribution, we investigate the possibility of supporting CoMP in CRS-based transmission modes, and conclude that the performance of channel measurements and channel estimation based on neighbour cell CRS do not provide sufficiently good support for CoMP.

We also provide an analysis of the benefits and drawbacks of supporting CoMP with an extension of transmission mode 9 or with a new transmission mode (TM10).
2 CoMP support in CRS-based transmission modes
It was argued in [4] that by reusing signalling mechanisms of carrier aggregation, a UE could easily support cross-cell scheduling or multi-cell scheduling on the same carrier frequency. As long as a UE is configured to report CSI and CQI relative to multiple transmission points, that UE could be scheduled from any point in any subframe, thereby benefiting from dynamic point selection (DPS). This could be applicable to any Rel-8/9/10 transmission mode, without any change to the eNB and UE implementations, except for the fact that a UE monitors multiple PDCCHs transmitted from different cells on the same carrier frequency. If the UE was also capable of receiving multiple assignments, it could then receive a joint transmission with independent layers transmitted from multiple points using transmission mode 3 or 4.
It was further argued that at least in case of transmission points equipped with two cross-polarized transmit antennas, as in many current network deployments, usage of CRS for demodulation incurs a lower downlink RS overhead than using UE-specific RS in transmission mode 9, and therefore CoMP with TM3 or TM4 could provide higher gains than CoMP with TM9.

As for any CoMP scheme, the benefits have to be studied under realistic assumptions of channel measurement accuracy for CSI feedback and channel estimation accuracy for PDSCH demodulation. We analyse these two aspects in the following sections. Based on the analysis, the following is proposed:
Proposal 1: CoMP is not supported in transmission modes 3 and 4 in Rel-11.
2.1 CoMP channel measurements for feedback over CRS in TM4
Evaluations in [3]
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[4] did not consider impairments due to channel measurement errors and the impact on the CSI feedback accuracy. While CSI-RS was designed with CoMP operation in mind, and zero-power CSI-RS was introduced to enable CoMP gains, CRS was not designed in that perspective. CSI-RS muting was introduced in Rel-10 to avoid performance degradation to Rel-10 UEs once muting is configured for the benefit of CoMP Rel-11 UEs. It was shown in [5]

 REF _Ref331068947 \r \h 
[6] that without CSI-RS muting, most of the gain of CoMP vanishes. This observation is clearly consistent with the fact that UEs that benefit from CoMP are UEs who see similar channel strengths from multiple points, and therefore interference should first be removed from the reference signals used for CSI feedback before being able to remove the interference from the PDSCH. It is thus unlikely that CSI and CQI measurements on CRS for multiple cells can provide CoMP gains without further enhancements to the CRS.
Observation 1: it is unlikely that DPS based on CRS with TM can provide gains over Rel-10 TM9 without enhancements to the CRS, when impairments due to channel measurement errors on RI/PMI/CQI feedback are properly modeled.
To improve channel measurements in TM4, one could either introduce PDSCH muting on REs that collide with the CRS of neighbor cells in the coordination area, or define CSI and CQI measurements for Rel-8 transmissions modes based on CSI-RS. 

The first solution would require that all UEs in the network cannot receive PDSCH on OFDM symbols carrying CRS, i.e. OFDM symbols 4, 7 and 11 in normal subframes. For Rel-8/9/10 UEs, this means puncturing the PDSCH by 24 REs. For Rel-11 UEs, this means rate-matching over these OFDM symbols and losing 24 REs for PDSCH. Overhead benefits of CRS over DMRS are obviously lost in this case.
The second solution would at least avoid the impact on Rel-8/9/10 UEs and the rate matching overhead for Rel-11 UEs. The overhead of configuring CSI-RS for channel measurements contributes very little to the downlink overhead and is therefore not an issue. However, this solution would require new performance tests for legacy transmission modes for Rel-11 UEs.
2.2 CoMP PDSCH demodulation over CRS in TM4
Evaluations in [3]
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[4] did not consider impairments due to channel estimation errors and the impact on the BLER of the PDSCH. For DPS, the eNB would schedule the PDSCH transmission from the transmission point for which the UE has reported the highest CQI (assuming the typical case where a CoMP-eligible UE is a cell-edge UE thus reporting rank 1 for all transmission points in the measurement set). The PDSCH transmitted from the selected transmission point will collide with the CRS of other transmission points.

Let us consider a typical situation, where a UE (UE1) selects a transmission point (point B) that belongs to a different cell than its downlink serving point (point A). The UE would see interference from CRS of point A on the PDSCH sent by point B. Likewise, the UE would see interference from another UE’s PDSCH transmitted by point A on the CRS sent by point B, where those CRS are used by the UE1 for demodulation of the PDSCH sent by point B. While the PDSCH can benefit from beamforming gain from point B, and that beamforming gain is instrumental in the selection of that point, the CRS do not benefit from this gain. It is thus important to model non-ideal channel estimation on CRS and its impact on the BLER of the PDSCH. In comparison, utilizing UE-specific RS for the demodulation of the PDSCH can ensure the same beamforming gain is achieved on DMRS and PDSCH. Thus CoMP gain is also available for channel estimation and demodulation.
Observation 2: it is unlikely that DPS based on CRS with TM4 can provide gains over Rel-10 TM9 without enhancements to the CRS, when impairments due to channel estimation errors on PDSCH demodulation are properly modeled.
To improve channel estimation accuracy over CRS, one could introduce PDSCH muting on REs that collide with the CRS of neighbor cells in the coordination area. In this case, PDSCH muting from the neighbor cell only needs to be applied on the PRBs where a CoMP transmission (e.g. DPS) occurs within the coordination area. It would nevertheless affect the performance of legacy Rel-8/9/10 UEs, or pose a scheduling restriction to a Rel-11 UE for which UE-specific PDSCH muting over CRS could be defined. By applying muting over CRS, both Rel-11 CoMP UEs and Rel-11 non-CoMP UEs scheduled on the same PRB by different cells would suffer a loss of 24 REs for the PDSCH, as shown for scenario 1 in Fig. 1b.
In comparison, DMRS-based DPS with TM9 only incurs a loss of 12 REs due to DMRS (Fig. 1c) compared to single-cell MIMO with TM4 (Fig .1a), and there is no impact on the UEs scheduled on the same resource by another point or cell. It should also be noted that CRS-based DPS cannot be supported in MBSFN subframes, where TM9 with or without DPS benefits from the lowest RS overhead (Fig. 1d).
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Figure 1. Examples of PDSCH mapping for TM4 CRS-based DPS and TM9 DMRS-based DPS

Observation 3: there is no RS overhead advantage of CRS-based CoMP demodulation with TM3 or TM4 compared to UE-specific RS with TM9 once the quality of channel estimation is considered.
2.3 CoMP joint transmission with transmission mode 4

Joint transmission of independent layers from two transmission points in transmission mode 4 can also be considered if the UE supports multicell scheduling on the same carrier frequency. The UE would receive independent PDCCHs from two transmission points, each scheduling a single layer on the same resource. 
The previous considerations on channel measurements and channel estimation for DPS are also relevant in the case of joint transmission, and may actually be more serious since one of the two layers will necessarily experience an SINR below 0 dB due to the interference from the stronger of the two points. Only a few UEs may benefit from multiple layer transmissions at the cell-edge since each layer experiences a low SINR. Thus the benefits of joint transmission with TM4 and non-ideal channel estimation remain to be proven.
A more natural way to benefit from joint transmission is by letting both points jointly perform beamforming of the same layer, which converts the interference into desired signal, and also increases the beamforming gain. This is naturally supported by over-the-air combining of UE-specific RS.
2.4 CoMP support in transmission mode 3

The previous analysis relative to channel measurements and channel estimation for transmission mode 4 is still mostly relevant to transmission mode 3. Even though no PMI is reported in transmission mode 3, rank indication and CQI still need to be measured over CRS. Impact of PDSCH interference over CRS used for feedback and demodulation should also be modeled in evaluations for CoMP in transmission mode 3.

In addition to these considerations, one may wonder whether any CoMP gain can be achieved in transmission mode 3, since no beamforming vector can be selected dynamically to enable switching transmission points. The performance of open-loop MIMO transmission is strongly related to long-term channel conditions, and as such handover may be a better option than dynamic point selection. Hence, the support of transmission mode 3 for CoMP does not seem compelling.
3 Transmission mode for CoMP
There are two alternatives for specifying the transmission mode for CoMP, either by extension of TM9 or by the introduction of a new transmission mode (TM10).
One possibility is to support CoMP by an extension of TM9. On the one hand, Rel-11 CoMP only relies on channel measurements over CSI-RS and interference measurements over newly defined interference measurement resources, in both FDD and TDD. On the other hand, TM9 also supports channel measurements on CRS and unspecified interference measurements. Thus there are special cases that need to be taken care of in case Rel-11 CoMP is supported by an extension of TM9.

The Rel-10 non-zero-power CSI-RS resource cannot be configured as flexibly as the Rel-10 CSI-RS resources, since scrambling initialization is limited to the physical cell identity in Rel-10. It is clear that the agreement to limit the maximum size of the CoMP Measurement Set to three should not include the Rel-10 non-zero-power CSI-RS resource. Therefore, the CoMP measurement set should not include the Rel-10 non-zero-power CSI-RS configuration, and the Rel-10 non-zero-power CSI-RS configuration should not be associated with a Rel-11 IMR. Thus it would be preferable to separate the CoMP functionality to the TM9 functionality in terms of non-zero power CSI-RS configurations.
TM9 allows operation where the channel is measured over CRS when RI/PMI reporting is not configured. The operation of TM9 is summarized in the first two columns of Table 1. According to the discussion in Section 2, the configuration of CRS-based measurements should not be supported along with the configuration of CoMP feedback. This could be guaranteed by configuring a new parameter channel-CSI-RS-CQI so that the UE would take channel measurements on CSI-RS even if it is not configured with RI/PMI reporting. This would result in a new TM9 operation as summarized in columns three and four in Table 1. PRB bundling is tied to the configuration of PMI/RI reporting in Rel-10.
Table 1: TM9 extension for CoMP in Rel-11
	Number of CSI-RS ports
	
	PMI/RI reporting configured
	PMI/RI reporting not configured
	PMI/RI reporting not configured

	
	
	
	channel-CSI-RS-CQI not configured
	channel-CSI-RS-CQI configured

	
	
	CoMP supported
	CoMP not supported
	CoMP supported

	1
	Measurements
	1 CSI-RS port
	CRS
	1 CSI-RS port

	
	Feedback
	PUSCH 2-0, 3-0
PUCCH 1-0, 2-0
	PUSCH 2-0, 3-0
PUCCH 1-0, 2-0
	PUSCH 2-0, 3-0
PUCCH 1-0, 2-0

	
	PRB bundling
	yes
	no
	No

	> 1
	Measurements
	CSI-RS
	CRS
	CSI-RS

	
	Feedback
	PUSCH 1-2, 2-2, 3-1
PUCCH 1-1, 2-1
	PUSCH 2-0, 3-0
PUCCH 1-0, 2-0
	PUSCH 2-0, 3-0
PUCCH 1-0, 2-0

	
	PRB bundling
	yes
	no
	no


It is worth noting that if TM9 was extended to support CoMP, a number of potential error cases would need to be explicitly avoided in the specifications. It should not be allowed to configure an IMR when the UE is taking channel measurements over CRS, and it should not be allowed to configure an IMR when the UE is taking channel measurements over the Rel-10 non-zero power CSI-RS. RRC signaling would be needed to switch between CRS and CSI-RS for non-PMI based CSI feedback, to switch between CRS and UE-specific RS for demodulation of a PDSCH scheduled by DCI format 1A, and to switch between legacy and IMR-based interference measurements. Note that signalling to a UE to switch between legacy interference measurements and IMR-based interference measurements may incur some complexity at the UE that could be avoided if the type of interference measurements was directly associated with the configured transmission mode.

Alternatively, one could define a new transmission mode (TM10), with operation as shows in Table 2. All the configurations in Table 2 also support non-CoMP feedback and transmission as in TM9, except for the CRS-based feedback and demodulation. Enhancements to DCI formats 1A and 2C for Rel-11 CoMP would only be supported when a UE is configured in TM10. Configuring a UE in TM10 would basically play the role of the multiple new RRC parameters needed for extending TM9 with CoMP.
Table 2: TM10 in Rel-11
	Number of CSI-RS ports
	
	PMI/RI reporting configured
	PMI/RI reporting not configured

	1
	Measurements
	1 CSI-RS port
	1 CSI-RS port

	
	Feedback
	PUSCH 2-0, 3-0
PUCCH 1-0, 2-0
	PUSCH 2-0, 3-0
PUCCH 1-0, 2-0

	
	PRB bundling
	yes
	No

	> 1
	Measurements
	CSI-RS
	CSI-RS

	
	Feedback
	PUSCH 1-2, 2-2, 3-1
PUCCH 1-1, 2-1
	PUSCH 2-0, 3-0
PUCCH 1-0, 2-0

	
	PRB bundling
	yes
	No


TM10 would avoid a mixture of functionalities, and only TM10 would support configuring Rel-11 non-zero-power CSI-RS resources and interference measurement resources. Defining such a new transmission mode would provide UEs operating on a new carrier type (without CRS for CSI feedback and demodulation) with a transmission mode with only essential functionalities.
Proposal 2:  CoMP is supported in a single downlink transmission mode

· Alt1: TM10 (based on TM9), such that:
· All channel measurements are taken on Rel-11 CSI-RS resources
· All interference measurements are taken on Rel-11 IMRs
· PDSCH demodulation is based on UE-specific RS
· Alt2: extension of TM9, such that:

· channel-CSI-RS-CQI allows switching CSI measurements between CRS and CSI-RS

· Legacy interference measurements are taken when no IMR is configured for a UE

· The CoMP measurement set cannot include the Rel-10 NZP CSI-RS configuration

· The Rel-10 NZP CSI-RS cannot be associated with a Rel-11 IMR for CSI feedback

· CRS cannot be associated with a Rel-11 IMR for CSI feedback
· The UE cannot be configured with multiple CSIs based on CRS, other than with eICIC subframe subsets
4 Conclusions

This contribution provides an analysis of the possibility to support CoMP in legacy transmission modes, especially DPS with transmission mode 3 or 4. It was concluded that CRS-based CoMP schemes would be very sensitive to impairments due to channel measurements for CSI/CQI feedback and channel estimation errors for PDSCH demodulation over CRS. Therefore, the benefits of introducing CoMP for legacy transmission modes in addition to transmission mode 9 (or a new transmission mode with measurements over CSI-RS and demodulation over UE-specific RS) do not seem compelling enough to introduce new performance requirements over legacy transmission modes for Rel-11 UEs.

Proposal 1: CoMP is not supported in transmission modes 3 and 4 in Rel-11.

The benefits and drawbacks of supporting CoMP with an extension to transmission mode 9 or with the introduction of a new transmission mode were discussed. Two alternatives for supporting CoMP with a single downlink transmission mode are proposed.
Proposal 2:  CoMP is supported in a single downlink transmission mode

· Alt1: TM10 (based on TM9), such that:
· All channel measurements are taken on Rel-11 CSI-RS resources
· All interference measurements are taken on Rel-11 IMRs
· PDSCH demodulation is based on UE-specific RS
· Alt2: extension of TM9, such that:

· channel-CSI-RS-CQI allows switching CSI measurements between CRS and CSI-RS

· Legacy interference measurements are taken when no IMR is configured for a UE

· The CoMP measurement set cannot include the Rel-10 NZP CSI-RS configuration

· The Rel-10 NZP CSI-RS cannot be associated with a Rel-11 IMR for CSI feedback

· CRS cannot be associated with a Rel-11 IMR for CSI feedback

· The UE cannot be configured with multiple CSIs based on CRS, other than with eICIC subframe subsets
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