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1
Introduction
During several previous meetings, we have presented simulation results and conclusions on PDSCH RE muting, [1-6]. The results show that muting is essential to guarantee good performance as well as future proof design so we recommended that muting is included in Rel-10 to avoid legacy impact if otherwise introduced in later releases. In this paper, we further analyze some of the muting related issues, and propose the related muting signaling.
2 The design principle of muting signalling
As described in several other papers [7-8], to perform rate matching on muted PDSCH RS is necessary to avoid futher legacy impact to Rel.10 UE in the future. Thus eNB should broadcast cell-specific signalling of the muting pattern to the UE to perform rate matching. The tradeoff between overhead and muting pattern flexibility should be considered in the signalling design.
Proposal: Consider overhead and muting pattern flexibility in the design of muting pattern signalling. 
One very much agreed property of the muting signalling is to support turning off this feature. This brings flexibility and fits the proposed concept of future proof RE muting design as the muting is designed for future applicable scenarios. It is widely-recognized that one of the main applicable scenarios is CoMP. Our simulation results in the context of intra-site coordinated beamforming [2-3], already concluded that frequency reuse factor does not need to be very large: Reuse 3 is already good enough to guarantee accurate inter-cell channel estimation. However, other CoMP schemes, like for example UE-centric coordinated transmission may require higher reuse factors where the measurement set could be larger. Another scenario is HetNet case, where high dense Home-eNB can rely on muting to avoid severe interference on CSI-RS. High reuse factor is also needed in HetNet scenario, besides, in HetNet case, it is very likely that neighbour cells have different number of Tx antennas which should be supported by muting configuration. 
Proposal: The signaling should enable configuring muting off. 
Proposal: Support low reuse factor(s) and high reuse factor(s) for muting pattern configurations.
Proposal: Muting signaling should support deployments with different numbers of Tx antennas in neighboring cells.
As most applicable scenarios require only a certain number of frequency reuse factor (muting size) instead of a specific muting pattern, it is not necessary to have full flexibility in the muting pattern signaling design. Thus we should minimize the number of different muting signaling options. This will also minimize the number of different rate matching patterns to be supported at the UE side.
Proposal: Strive at minimizing the number of different muting (rate matching) patterns.
3 Partial muting
Partial muting has been proposed in time domain, frequency domain or spatial domain [7,11]. For example, time-domain partial muting means the duty cycle of muting is multiple times to that of CSI-RS. Frequency and spatial domain partial muting do similar muting configuration in PRB and CSI-RS port domains separately. The claimed motivations of partial muting are 1) overhead reduction and 2) better interference estimation. However, those benefits are not coming for free since partial muting will result in relative complicated design and fluctuated CSI-RS transmission power (see section 4). In this section, we try to analyze the pros and cons for partial muting. 
Overhead reduction: Partial muting is based on the assumption that inter-cell CSI measurement could be of worse granularity (time/frequency/partial domain) than own cell CSI measurement. This however remains unproven. For example, in time domain partial muting, the duty cycle of muting should not be too large comparing to that of CSI-RS to guarantee the inter-cell CSI measurement. As a result, it is very marginal/negligible overhead saving from partial muting since only a small portion of REs are unmuted. Besides, overhead reduction can be achieved also by appropriate CSI-RS configurations (large duty cycle or smaller muting cluster size), it does not seem necessary to rely on partial muting to support additional flexibility.
Interference estimation: One of the reasons to have partial muting is that because of muting, the interference estimates done based on CSI-RS will not give the true image of undelying interference. However, we have shown that interference estimation over too sparse CSI-RS gives very poor estimates in frequency-selective channels even without muting at all [9]. Therefore it is highly questionable that we can rely on CSI-RS for interference estimation even with partial muting. 
Given that UE should be able to work in legacy networks, it is a natural approach to implement at least a CRS-based interference estimator for CQI purpose at UE side. Besides, the specification can not mandate the UE to estimate the interference from a certain RS. Partial muting, even if supported, would only be a special network configuration option. It is very unlikely that a UE vendor would implement a special interference estimator for this particular configuration, especially when the related gains have not been demonstrated. 
Proposal: Muting subframes have the same subframe offset and duty cycle as CSI-RS subframes. When muting is configured, it applies to all PRBs of the CSI-RS subframes.
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Fig.1 Time domain partial muting example.
4 Power re-allocation from muted REs 
Muted REs leave some of unused power in CSI-RS OFDM symbol. Given that it is already agreed that PDSCH RE power cannot be boosted, it is only possible to use this unused power for boosting CSI-RS. On the other hand, one should remember tha RAN4 LS, where an upper limit of +6dB was recommended for CSI-RS power boosting. That is to say under certain scenario, e.g. 8Tx case, further CSI-RS power boosting is not possible as the efficient power handling used by the FDM nature of the patterns already makes use of the +6dB power level.
Performance gain from additional boosting may be small, [2], however from signalling perspective the cost limited as there is already one parameter
[image: image2.wmf]a

controling UE assumption on reference PDSCH transmitted power for CSI feedback in the CSI-RS configuration. So boosting can be transparently handled in this way.
Partial muting, especially time-domain partial muting, may result in different transmitting power for CSI-RS in different subframe. Fluctuated transmitting power requires complicated handling mechanism. This is also one of the reasons that partial muting should not be supported.
Proposal: Power re-allocation from muted PDSCH REs can be handled in a transparent way, by making use of the CSI-RS power offset.
5 Detailed muting signaling design 
As described in section 2, full flexible muting configuration may prove to be too costly. Signaling the muting cluster size and select a pre-defined muting cluster could provide enough flexibility. The serving cell CSI-RS location implicitly decides the muting cluster location. Also, muting configuration should support different Tx numbers in neighbour cells and different frequency reuse (FR) number. Thus “muting port number” (neighbour sector’s Tx number) and muting FR number should be signalled to UE. To jointly encode this two pieces of information, we propose to define “muting cluster size” in the signalling, which is defined as the muted RE pair number assuming 2Tx case.

Here we give two examples for the detailed signaling (all the options are assuming FDD CSI-RS pattern, and can be extended to TDD pattern easily by some number matching):

Example 1: 2 bits muting signaling. Muting is supported only on OFDM symbols 9 and 10. The four states represent the options: {no muting, muting cluster size=3, muting cluster size= 6, muting cluster size= 12}
As depicted in fig.2, the muting cluster size is always indicating the number of RE pairs following 2Tx CSI-RS indexing independently of the serving sector’s number of Tx ports. It implicitly indicates the FR number and neighbour sector’s CSI-RS port number. The CSI-RS indexing follows consecutive manner as in fig.3, so the muting can only happen in OFDM symbols 9 and 10. This signalling is very simple, however, it limits the possible CSI-RS locations which means if muting is on, CSI-RS can only be located in OFDM symbol 9 and10, hence serving sector’s CSI-RS index must located in one of the pre-defined muting clusters.
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Fig.2 Pre-defined muting cluster mapping for example 1.
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Fig.3 Consecutive CSI-RS indexing

Example 2. 3 bits muting signalling, support muting on all possible CSI-RS locations. The following states are possible: {no muting, 3, 3-, 6, 6-, 12, 12-, 20}.
In addition to example 1, muting cluster size=3-, 6-, 12- and 20 are added, 3- is still indicating the same muting cluster size, only now the pre-defined muting cluster grouping is starting from the highest CSI-RS index, similarly as also 6- and 12-, see fig.4. That guarantees all the potential CSI-RS indices can be used if muting is configured. “20” allow the maximum muting cluster size, which makes sure the maximal forward compatibility for muting.
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Fig.4 Pre-defined muting cluster mapping for example 2.
If the CSI-RS indexing follows other manner, e.g. nested numbering, as fig.5, predefined cluster grouping rule keeps the same like in fig.6.

[image: image6]
Fig.5 Nested CSI-RS indexing
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Fig.6 Pre-defined muting cluster grouping conditioned to nested CSI-RS indexing

6
Conclusions

In this contribution we have analyzed the PDSCH RE muting desing principles and we also presented our muting signalling design, to conclude our proposals:
Proposal: Consider overhead and muting pattern flexibility in the design of muting pattern signalling. 
Proposal: The signaling should enable configuring muting off.
Proposal: Support low reuse factor(s) and high reuse factor(s) for muting pattern configurations.
Proposal: Muting signaling should support deployments with different numbers of Tx antennas in neighboring cells.
Proposal: Strive at minimizing the number of different muting (rate matching) patterns.
Proposal: Muting subframes have the same subframe offset and duty cycle as CSI-RS subframes. When muting is configured, it applies to all PRBs of the CSI-RS subframes.
Proposal: Power re-allocation from muted PDSCH REs can be handled in a transparent way, by making use of the CSI-RS power offset.
Proposal: Muting configuration should follow the design in section 5.
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