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1
Introduction
The impacts and benefits of PDSCH RE muting on inter-cell CSI measurements were extensively considered in previous meetings and email discussions. It has been agreed that the muting benefits are evaluated in two stages: in the first stage only the inter-cell channel estimation MSE impacts of RE muting are evaluated, while in the second stage the benefits of RE muting to intra-site CoMP are evaluated. The impact of additional RE muting to Rel’8 UEs has been also addressed.
In this contribution we present our results and conclusions on the second stage of the evaluation of PDSCH RE muting,that is the throughput gains are evaluated.
2
Simulation setup
In this study we have considered 4Tx coordinated beamforming in a 3GPP Case 1 scenario. The simulated CSI-RS patterns are shown in Appendix 1. Our selected patterns are mainly CDM-T with OCC2 while as a baseline we have been using also Rel’8 CRS. Several reuse factors have been investigated while the corresponding CSI-RS boosting levels are taken into account. It has been agreed that no CSI-RS boosting is allowed from the PDSCH resources, however one could more efficiently use the available power from muted resources for CSI-RS boosting purposes. Following the RAN4 recommendation on maximum allowed CSI-RS boosting level, we also limit it to +6dB, even that in some cases further boosting might be possible. 

The patterns used in this study are summarized as follows:
· CDM-T with 1 RE/PRB/port, no muting: the used CSI-RS pattern is depicted in Figure 6. CSI-RS power offset of +3dB between the CSI-RS and PDSCH resources has been used, hence achieving by this full power utilization. In this case a reuse factor of 3 was applied to CSI-RS, which in this case means that PDSCH and CSI-RS symbols collide between some neighboring cells.
· CDM-T with 1 RE/PRB/port, muting with reuse factor 3: in this case, altogether 8 REs are nulled in each PRB, leaving room for 12 orthogonal CSI-RS ports, hence the reuse factor is 3 with 4 CSI-RS ports per cell. The power offset between the CSI-RS and the PDSCH RE has been set to +3 dB (offset which comes from the efficient power utilization over the main base pattern) or +6 dB. In the latter case, the CSI-RS makes use of available power from the muted resources and the power offset levels are dependent on the number of muted resources. However RAN4 recommendation is for a +6 dB maximum allowed power offset. The pattern is shown in Figure 4 in Appendix 1.
· CDM-T with 1 RE/PRB/port, muting with reuse factor 6: in this case 20 REs are nulled in each PRB, leaving room for 24 orthogonal CSI-RS ports, hence the reuse factor was 6 with 4 CSI-RS ports per cell. Simulated power offset of CSI-RS versus PDSCH was +3dB and +6dB. The pattern is shown in Figure 5 in Appendix 1.
Additionally we simulated the inter-cell channel estimation performance with Rel’8 common reference signals for 4 Tx. In this case, frequency shifts were not used but power offset of +3 dB was used. The considered coordinated beamforming technique was best-PMI, where UEs report the precoders in the neighboring cell generating the least interference to them and these are used for transmission in the neighbouring cell. Link adaptation with outer loop link adaptation (OLLA) was used for MCS selection. Interference knowledge was considered ideal. 
Simulations were run on a multi-cell link simulator that explicitly models the radio links between the UE and each base station. The CSI-RS reuse pattern was planned and optimized around the center cell separately for each reuse factor – in case of reuse factor 3 the clusters of three orthogonal cells were the three sectors of each site. UEs were dropped in the network such that a sector in the center site of the network is the best quality cell. The agreement was to focus on intra-site CoMP, hence we measured CSI only for those cells within the center site that fell within a 10 dB power window. Most of the time only one cell in the center site falls within the power window, i.e. UE is not in CoMP mode. Only roughly 21 % of the time 2 cells are above the threshold. 
More detailed simulation parameters are shown in Table 1 below.
Table 1. Simulation parameters for the CSI estimation study.

	Parameter description
	Value / Comment

	Network model, inter-site distance
	3GPP Case 1, 500 m

	Transmission bandwidth
	10 MHz

	eNB antenna configuration
	4 Tx co-polarized, half-lambda spaced

	UE antenna configuration
	2 Rx co-polarized, half-lambda spaced

	Channel model, UE velocity
	SCM Urban Macro, 3 km/h

	Number of cells within CoMP measurement set
	1 – 3, depending on how many cells fall within the path loss window

	Path loss window for CoMP measurement set
	10 dB

	CSI-RS periodicity
	5 ms

	Channel estimation
	2D realistic channel estimation on CSI-RS or Rel’8 CRS

	Precoding codebook
	LTE Rel’8 4Tx codebook

	Precoder selection granularity
	1 PRB


3
Simulation results
We have collected simulated throughputs while the simulations were conducted as outlined in [1] for the first and second stage of the simulation campaign. Considering the particularities of the selected coordinated beamforming scheme, the main answers we seek are with respect to the use of muting for CSI-RS in terms of inter-cell operability. It is known that different CoMP schemes require different MSE levels, for example joint processing relies on more accurate channel estimation compared to coordinated beamforming. From this perspective we believe that the full picture answer for a more detailed design of PDSCH muting should be based on more elaborate CoMP schemes.
Figure 1, Figure 2 and Figure 3 present our results. The legend in the figures is explained as follows:

· CDM-T, R6, +3dB power offset: CDM-T-based CSI-RS pattern, OCC 2, 1RE/PRB/port, muting used with reuse factor 6, +3dB power offset between the CSI-RS and PDSCH resources (no power borrowing from muted resources).
· CDM-T, R6, +6dB power offset: CDM-T-based CSI-RS pattern, OCC 2, 1RE/PRB/port, muting used with reuse factor 6, +6dB power offset between the CSI-RS and PDSCH resources.
· CDM-T, R3, +3dB power offset: CDM-T-based CSI-RS pattern, OCC 2, 1RE/PRB/port, muting used with reuse factor 3, +3dB power offset between the CSI-RS and PDSCH resources (no power borrowing from muted resources).
· CDM-T, R3, +6dB power offset: CDM-T-based CSI-RS pattern,  OCC 2, 1RE/PRB/port, muting used with reuse factor 3, +6dB power offset between the CSI-RS and PDSCH resources.
· CDM-T, no muting, +3dB power offset: CDM-T-based CSI-RS pattern, 1RE/PRB/port, no muting, +3dB power offset between the CSI-RS and PDSCH resources.
· CRS, +3dB power offset: Rel’8 CRS pattern for 4TX, no frequency shifts, +3dB power offset between the CSI-RS and PDSCH resources.
Figure 1 shows the throughput results. We depict the performance averaged over all UEs (left figure) as well as averaged over the CoMP UEs only (right figure). Since many UEs are served in single cell mode (80%), one should also look at the throughput performance of CoMP UEs. The overhead from the muted resources has been captured in the throughput figures. When CSI-RS features were activated, we considered a baseline of 2 CRS in the background to properly model the overhead for legacy support.
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Figure 1. Coordinated beamforming throughput [Mbps] with different CSI-RS patterns, boosting levels and w/ or w/o muting. Left figure shows the CoBF throughput averaged over all UEs and the right figure shows the CoBF throughput averaged only over those UEs for which the RSRP of cell #1 and cell #2 are within 10 dB window.
In Figure 2 we depict the cdf’s for the normalized MSE. As in the previous case of throughput results, on the left figure we have cdfs for all UEs while on the right side only for the CoMP UEs, hence these are the UEs for which inter-cell channel estimation performance matters.
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Figure 2. Cdf of Normalized MSE for  CRS and CDM-T CSI-RS patterns w/ or w/o muting. Left figure shows the cdf of normalized MSE over all UEs and the right figure shows the cdf of normalized MSE only for those UEs for which the RSRP of cell #1 and cell #2 are within 10 dB window.

In Figure 3 we depict the cdf’s for the normalized user throughput. As in the previous case of throughput results, on the left figure we have cdfs for all UEs while on the right side only for the CoMP UEs. In addition we have included single cell CRS-based performance, for reference purposes.
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Figure 3. Normalized throughput for CRS and CDM-T CSI-RS patterns w/ or w/o muting. Single cell CRS-based performance is added for reference. Left figure shows the cdf of normalized MSE over all UEs and the right figure shows the cdf of normalized MSE only for those UEs for which the RSRP of cell #1 and cell #2 are within 10 dB window.

As we have reported in Stage 1 studies [10], the results show that there is only a fairly small gain of muting compared to CRS if the reuse factor is either 3 or 6. While higher muted measurement set is beneficial for inter-cell channel estimation [10], the throughput figures do not scale directly as the increased gains are not sufficient to compensate for the higher overhead which comes for increase reuse factors. For example the overhead difference between reuse factors three and six is roughly 7%, double compared to reuse factor 3. On the other hand, these values get to more tolerable levels as they scale together with CSI-RS periodicity.
On the other hand, CSI-RS without muting performs the worst, so in case PDSCH muting is not specified, it would probably be best for the UE to rely on CRS channel estimation even for CoMP (if specified). It is also noted that CRS-based channel estimation performance could potentially be improved further via frequency shifts as defined in Release 8. On the other hand it is noted that with certain CoMP schemes utilization of CRS frequency shifts may incur higher overhead. Also it is noted that eNB might configure CSI-RS to the cell in which case there is some motivation to reduce the number of CRS ports. Due to this it may not always be possible to rely on CRS for inter-cell channel estimation.
Efficient power utilization of CSI-RS implies, with CDM-T pattern, a power offset of +3dB of CSI-RS compared to PDSCH resources. Further CSI-RS power enhancement, by borrowing power from the muted resource elements, might be used in order to make better use of available resources. However, the remaining available power offset margin is of +3dB (considering the RAN4 recommendation with respect to limiting the CSI-RS boosting level to +6dB) and does not seem to play a crucial role in further improving the performance of the users scheduled in CoBF mode. 

CDM-T is a better multiplexing choice compared to CDM-F when considering the ease in manipulating the reuse factors and power boosting. By spanning in two OFDM symbols, the PDSCH muting area spans equally both symbols and hence causes no power imbalance between the two symbols, allowing very simple and natural power handling. This is not possible with CDM-F patterns for specific reuse factors. As the patterns are confined by design to one OFDM symbol, depending on the reuse factor one can experience an imbalance between the OFDM symbols used and hence not take full benefit of the available transmit power. While this is not a critical issue, it can bring further constraints to the CDM-F design.

In previous Stage 1 results we have shown that if one really wants to benefit from PDSCH RE muting, the reuse factor should be made large enough, e.g. larger than the size of the CoMP measurement set. Nevertheless, this is dependent also on the CoMP scheme, being a known fact that for example joint processing schemes are more sensitive to channel estimation errors compared to coordinated beamforming schemes. Further investigations are needed in order to conclude on necessary reuse factors for various schemes.

5
Conclusions

In this contribution we have presented our simulation results on the benefits of PDSCH RE muting in relation to inter-cell CSI estimation. Our results on Stage 2 of the PDSCH RE muting evaluations indicate the following:
· PDSCH muting is a necessity if one wants to make use of inter-cell CSI-RS for CoMP.
· Further boosting of CSI-RS by borrowing power from the muted resources does not seem to play a critical role and could be further considered.

· CDM-T pattern provides more flexible power handling, compared to CDM-F, in case boosting CSI-RS by borrowing power from muted resources is allowed.

· There are benefits of using coordinated transmission over single cell operation, even with the simple coordinated beamforming scheme chosen for this study, while PDSCH muting can further increase these gains.
· The number of muted REs should be further properly considered as it is CoMP scheme dependent.
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Appendix 1 – CSI-RS patterns

Here we present the CSI-RS patterns used in our simulations.

CDM-T with 1 RE/PRB/port and reuse factor 3 for muting:
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Figure 4. CSI-RS patterns for 4Tx per cell with 1 RE/PRB/port and reuse factor 3 for muting. Note that we used frequency shifts for the cells outside the set of 3 cells having orthogonal CSI-RS, however no optimization has been performed.
CDM-T with 1 RE/PRB/port and reuse factor 6 for muting:
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Figure 5. CSI-RS patterns for 4Tx per cell with 1 RE/PRB/port and reuse factor 6 for muting. 

CDM-T with 1 RE/PRB/port and no muting:
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Figure 6. CSI-RS patterns for 4Tx per cell with 1 RE/PRB/port and no muting. 

