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1. Introduction
Patterns for CSI-RS were finalized in RAN1 #61bis [1]. Figure 1-3 show the agreed-upon patterns with FS1 and FS2 transmission. In [2], progress was made on further details such as signalling of the subframe offset, duty cycle, the number of CSI-RS antenna ports and the intra-subframe pattern location. 
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Figure 1: CSI-RS patterns for normal CP (FS1 and FS2)
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Figure 2: CSI-RS patterns for extended CP (FS1 and FS2)
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Figure 3: Additional CSI-RS patterns (FS2 only) for normal CP and extended CP
Muting is being studied in RAN1 for performing CSI estimation over inter-cell CSI-RS locations [4]-[13]. The idea is as follows: Serving cell mutes its PDSCH REs on CSI-RS locations corresponding to a set of non-serving cell (s). Muting offers a two-fold benefit: First the UE increases its CSI accuracy to the serving cell since neighboring cells silence their PDSCH transmissions on colliding REs. Next, the UE increases its CSI accuracy to non-serving cells since the serving cell’s data is anyway muted on CSI-RS REs corresponding to non-serving cells. Benefits of RE muting in CoMP scenarios have been shown in prior works, for example, [10] [11]. Example applications wherein PDSCH muting on inter-cell CSI-RS resources is viable include:

a) Coverage enhancement (e.g. CoMP).

b) Het-net scenarios wherein muting at a coordinating eNodeB (e.g CSG HeNB) assists victim UEs (non-CSG UEs) to estimate CSI to their serving macro. eNodeB (see [6] for further details).

Prior works have shown that RE muting on inter-cell CSI-RS facilitates reliable CSI estimation for CoMP [11]. It has also been recognized that unless the UE is aware of the location of its muted (rate-matched) PDSCH REs, there is significant performance impact [3]. Indeed, the Chairman’s notes in RAN11 #61bis [1] states:

· It is noted that introduction of PDSCH muting in future release (>Rel-10) would cause negative impact to Rel-10 UE
Therefore, it is important that muting configuration is explicitly signaled to the Rel-10 UE even though it is unable to exploit forward looking features such as CoMP.  At the very least, a Rel-10 UE can discern the positions of its rate-matched PDSCH REs with a slight reduction in overall throughput (muting overhead). While simple muting design is certainly desirable, such a design should also not “constrain” scope of future CoMP-like schemes considered for later releases. That is, muting signaling should be future-proof, meaning that RE muting, if standardized in Rel-10, should allow Rel-11 (or beyond) UEs to re-use Rel-10 muting specification with minimal changes, if any. Following our previous contributions [3], [5]-[7] and a way-forward proposal [4], this contribution further details our views on standardized PDSCH muting.
2. Muting Requirements

Proposal 1: PDSCH is rate-matched around muted RE locations for Rel-10 UEs. Additionally, rate matching procedure will have to discriminate between legacy (Rel-8) and Rel-10 UEs, since legacy UEs are anyways not equipped to receive muting signaling information.

Per Proposal 1, with configurable muting, PDSCH of the serving cell is rate matched around the serving cell CSI-RS as well as the muted REs (which in theory shall correspond to non-serving cell CSI-RS).  

Proposal 2: To minimize legacy impact, PDSCH RE muting should be carried out in intra-cell CSI-RS subframes only.
We believe that PDSCH muting within an intra-cell CSI-RS subframe is sufficient for CoMP application. This claim follows somewhat naturally considering the large available reuse factors equaling 5/10/20 [resp. 8/16/32] for FS1 [resp. FS2] transmission with 8-TX/4-TX/2-TX eNodeBs [1]. Proposal 2 however, does not rule out the possibility of certain CSI-RS subframes not having muted PDSCH REs (further elaborated in Proposal 4).
Proposal 3: Muting is cell specific and carried out (across entire bandwidth) on a subset of configured CSI-RS subframes. 
Proposal 4: The muting duty cycle should be configured separately from the CSI-RS duty cycle. 

Motivation: During link adaptation, the UE uses the CSI-RS of its serving cell, and possibly those of non-serving cell(s) for CSI measurement (s). While muting improves CSI accuracy, it restricts available opportunities to estimate interference, potentially resulting in inaccurate CQI reporting [7] – [10]. Additionally, the comparatively low measurement RE density of CSI-RS (1 RE/PRB/port and transmitted at most twice in each radio frame) implies limited number of opportunities available for interference estimation on CSI-RS. At least for 2 TX and 4 TX antenna port eNodeBs, the UE can estimate interference on CRS RE locations. The above conflicts (muting versus interference estimation) occur mainly for 8 TX antenna port eNodeBs for which CRS is not available on all antenna ports. 
To address this, we prefer time-domain (subframe level) partial PDSCH muting on intra-cell CSI-RS carrying subframes. That is, the duty cycle for PDSCH muting should preferably be configured separately from the CSI-RS duty cycle (e.g. muting may occur in a single CSI-RS subframe in each radio frame, even though CSI-RS is transmitted in two subframes within a radio frame). Thus, inter-cell CSI-RS may be used for CSI measurement during muted subframes and for interference estimation during non-muted subframes.
Proposal 5: Support for a small number (> 1) of muting configurations (details in following section) wherein each muting configuration corresponds to a unique muting duty cycle and unique set of pattern locations. 

· Requires signaling of the number of muting configurations.

Proposal 6: A muting configuration encodes the following information:
· Intra-subframe location index of patterns (non-serving cells) corresponding to RE locations on which PDSCH RE muting occurs.
· The number of eNodeB antenna ports for each cell on whose CSI-RS pattern (RE locations) the muting is applied.
· Jointly encoded subframe offset and muting duty cycle. We suggest joint encoding in the interest of keeping muting configuration signaling close to CSI-RS configuration signaling [2].
Motivation: We prefer that the specification provide flexibility to allow multiple muting configurations for future-proof muting capability i.e. measure CSI to (potentially) different subsets of CoMP cells during different subframes. 
Proposal 7: Muting configuration (s) is (are) communicated to the UE semi-statically, for example using either UE-specific RRC signaling on its PDSCH or as cell-specific signaling on SIB1/SIB2. We suggest a small number of muting configurations, possibly not more than two.
3. Muting Configurations

Considering the tight timeline for Rel-10, it is important that muting not only has minimal impact on Rel-10 UE performance but is also future proof. By future proof, we mean that an advanced (Rel-11) UE can re-use Rel-10 muting with minimal specification impact for CoMP (and other advanced spatial domain) reception. 
Noting that the primary application of muting is to facilitate CSI measurement, muting signaling should take into account heterogeneity among different base-station nodes in terms of the number of eNodeB antenna ports, deployment scenario, the inter-cell CSI-RS reuse factors, the CSI-RS subframe offsets and duty cycle. Such will typically be the case in unplanned network deployments such as, for example, heterogeneous networks.  
A single muting configuration in itself potentially restricts the set of cells and may impose (rather inflexible) requirements on what their duty cycle periodicities may be. If one only employs a single muting configuration, then it may so happen that the muting duty cycle – and hence CSI estimation – will be limited by the duty cycle of the cell with the largest CSI-RS duty cycle periodicity.  See example below.


[image: image4]
Figure 4: CoMP UE served by cells with different subframe offsets and duty cycle periodicities.

Application scenario [Different duty cycles] Assume for convenience that all cells are time-synchronized (within one OFDM symbol) and CSI-RS transmissions from all cells are overlapping on identical subframes. That is, if the cell with the most infrequent CSI-RS transmission (cell 3) transmits CSI-RS on a certain subframe, then so are cells 1 and 2. For example (Figure 4), cell 1 may have a CSI-RS duty cycle equaling D1 = 5 ms, CoMP cell 2 may have a CSI-RS duty cycle equaling D2 = 10 ms whilst CoMP cell 3 may have a CSI-RS duty cycle equaling D3 = 40 ms.  
Because different cells are transmitting CSI-RS at differing rates, it may not be beneficial to have a single muting duty cycle. If RE muting occurs too often, it may not be the case that all CoMP cells are simultaneously transmitting CSI-RS, implying PDSCH resource wastage. For example, a single common RE muting duty cycle equaling 5ms may be inefficient because CoMP cells 2 & 3 have a much larger CSI-RS duty cycle periodicity. On the other hand, if muting occurs infrequently (e.g. once every 40 ms), the UE obtains infrequent and/or potentially inaccurate CSI to CoMP cell 2 (once every 4 frames).  
 The above example motivates supporting a (small) number of muting configurations, which provides flexibility for future release UE to measure its CSI to potentially different subsets of the cooperating cells and with potentially different rates of CSI measurement for different cells. The eNodeB can flexibly allocate patterns, duty cycles etc. to different muting configurations depending on the inter-cell CSI-RS reuse factor, number of CoMP cells (unknown as yet), the duty cycle periodicities’ across cells [depending on their deployment nature (e.g. het-nets), mobility of users etc.] . 
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Figure 5:  Muting duty cycles of D1 = 5 ms, D2 = 20 ms, D3 = 40 ms.

For example, as shown in Figure 5, a given muting subframe could belong to one among following three scenarios:
· Muting Scenario 1: Mute pattern belonging to CoMP cell 1 (muting periodicity = 5 ms).

· Muting Scenario 2: Mute CSI-RS patterns belonging to CoMP cells 1 & 2 (muting periodicity = 20 ms).

· Muting Scenario 3: Mute CSI-RS patterns belonging to CoMP cells 1, 2 & 3 (muting periodicity = 40 ms).
4. Muting Configuration: Signaling Aspects


[image: image6]
Figure 6: Multiple muting configurations
Based on Proposals 1 through 7 in Section 2, here are the muting signaling requirements:

· Number of muting configurations K 
· Suggested: K = 2

· Each muting configuration contains up to 
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arbitrary muting patterns (without restriction).  
· Muting pattern cannot partially overlap with RE locations of serving cell CSI-RS.
· Value of 
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: TBD

· Muting pattern signaling per muting configuration

· Number of transmit antenna ports 
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· Rel-11 UE requires knowledge of Ti for CSI measurement.
· Overall overhead = 
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· Jointly encoded muting subframe offset and duty cycle per muting configuration
· Re-use agreed-upon signaling for intra-cell CSI-RS [2].

· Overhead = 8 bits 

· Signaling muting pattern locations per muting configuration: 

· Alt 1: Bitmap of size 32 bits (corresponding to available reuse for 2 TX CSI-RS). 

· Number of “1” entries in bit map = 
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where 0<=N<=Npatterns
· Signaling overhead = 40 bits (including duty cycle periodicity).
· Alt1a: Bitmap of size 16 bits (available reuse for 4 TX CSI-RS)
· Signaling overhead = 24 bits (including duty cycle periodicity).
· Alt 2: Signal each muting pattern separately.
· Total muting pattern overhead = 
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· Signaling overhead including  # antenna ports = 
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· Alt3: For each pattern, jointly signal the number of antenna ports and muting pattern.
· Signaling overhead = 
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· Worst-case overhead analysis (all patterns correspond to 2 TX antenna ports)
· Alt1:   
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· Alt1a: 
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· Alt2:  
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· Alt3:  
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Alt1 is simple to implement, however, it incurs the highest signaling overhead. In our assessment, Alt3 is preferred in terms of flexibility and signaling overhead. For example, with one muting configuration and 3 muting patterns, Alt3 requires 26 bits signaling whereas Alt 1a, Alt1 and Alt2 require 30 bits, 46 bits and 29 bits respectively.
Proposal 8:  Jointly encode the number of transmit antennas per muting pattern and the associated intra-subframe muting pattern location (Alt3). Alternatively, for simplicity, bitmap signaling (Alt1a) may be chosen with slightly higher signaling overhead.
· Alt3:    
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· Alt1a:   
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5. Power usage of muted resources

One remaining issue is to study how to handle reallocating the (unused) power from muted PDSCH REs. The available options for re-allocating power from muted CSI-RS resources include a) intra-cell CSI-RS, b). PDSCH, and c). Rel-10 DMRS. As pointed out in [14], power transfer on to PDSCH requires defining newer power levels. Power transfer on to Rel-10 DMRS is awkward because DM-RS is UE-specific unlike CSI-RS.  By process of elimination, the unused power from muted REs shall be transferred onto intra-cell CSI-RS subject to the maximum signal boosting level (6 dB). We suggest that while power stealing from muted REs on to CSI-RS is allowed, UE assumes its prior configured downlink CSI-RS EPRE value.

6. Conclusions

This contribution presents our views on RE muting, if standardized in Rel-10 and beyond. Considering that muting is an essential feature for Rel-11 (and beyond) features such as CoMP, we believe that muting signalling should be flexible and easily reused for advanced UEs with minimal additional standardization efforts.

Proposal 1: PDSCH is rate-matched around muted RE locations for Rel-10 UEs. Additionally, rate matching procedure will have to discriminate between legacy (Rel-8) and Rel-10 UEs, since legacy UEs are anyways not equipped to receive muting signaling information.

Proposal 2: To minimize legacy impact, RE muting should be carried out in intra-cell CSI-RS subframes only.
Proposal 3: Muting is cell specific and carried out (across entire bandwidth) on a subset of configured CSI-RS subframes. 
Proposal 4: The muting duty cycle should be configured separately from the CSI-RS duty cycle. 

Proposal 5: Support for a small number (> 1) of muting configurations wherein each muting configuration corresponds to a unique muting duty cycle and unique set of pattern locations. 

Proposal 6: A muting configuration encodes the following information:
· Intra-subframe muting pattern indices.
· The number of CSI-RS antenna ports for each cell on whose pattern locations the muting is applied.

· Jointly encoded subframe offset and muting duty cycle. We suggest joint encoding in the interest of keeping muting configuration signaling close to CSI-RS configuration signaling [2].

Proposal 7: Muting configuration (s) is communicated to the UE semi-statically, for example using either UE-specific RRC signaling on its PDSCH or as cell-specific signaling on SIB1/SIB2. We suggest a small number of muting configurations, possibly not more than two.
Proposal 8:  Jointly encode the number of transmit antennas per muting pattern and the associated intra-subframe muting pattern location (Alt3). Alternatively, for simplicity, bitmap signaling (Alt1a) may be chosen with slightly higher signaling overhead.

· Overhead: Alt3:  
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