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1. Introduction
One of the objectives of the Rel-15 WI on “Even further enhanced MTC for LTE” is 
Improved spectral efficiency:

· Introduce capability signaling for support for CRS muting outside BL UE narrowband/wideband [RAN1 lead, RAN2, RAN4]
· Enable BL UE to optionally indicate that it does not rely on CRS outside its narrowband/wideband +/- X PRBs, where X is determined by RAN1 and RAN4.
RAN1 has made some progress in this regard and accordingly sent an LS to RAN4 [2] seeking input on CRS muting. In this contribution, we present our initial views on CRS muting. 

2. CRS availability for UEs supporting CRS muting capability
In this section, we discuss minimum desired CRS availability for UEs that support CRS muting capability. 
2.1. CRS availability on center-band

BL UEs rely on the CRS a whole range of tasks. Some of these tasks especially required centerband CRS, while some others require CRS (not necessarily in centerband). The tasks include the following 

a. During initial access, UEs need CRS in the centerband to perform decoding of MIB, RSRP/RSRQ measurement prior to camping & RACH level selection, time/frequency tracking prior to RAR
b. In idle and connected mode, UEs rely on the CRS in the centerband to figure out the RSRP/RSRQ of an intra-frequency/inter-frequency neighbor
c. Prior to C-DRX, eDRX_CONN on duration and idle-DRX, eDRX wake-ups, UEs rely on the CRS to properly sync time & frequency. Although centerband CRS is not essential for such sync, CRS is absolutely needed and the need can be fulfilled by centerband CRS

d. Frequency/time sync by requesting gaps (of 40ms every 256ms) to interrupt continuous uplink transmission in HD-FDD so that UEs can read downlink CRS 
Above are only some examples of scenarios where CRS is absolutely required. In all the above examples, the time required for acquisition, warm-up, measurement, etc., all depend upon the density of CRS. For BL UEs that have limited processing BW (6RBs), the density of CRS available in centerband is critical. Especially, for UEs in enhanced coverage, warm-up duration will be governed by density of CRS available in the centerband. If CRS is muted in centerband, then UEs will have a significant power and/or performance degradation. Such degradation is not desirable because eMTC/FeMTC UEs have both low-power and extended coverage as fundamental objectives. Hence, we propose that CRS in centerband should always be provided (in accordance with the MBSFN configuration).
Proposal 1: CRS in centerband should always be provided even in carriers that mute CRS.
2.2. CRS around MPDCCH and PDSCH
Even though demodulation of MPDCCH is based on DMRS, the availability of CRS in the MPDCCH narrowband is critical to maintain 

a. Time/frequency tracking 

b. Computation of CSI and RLM
Thus, CRS should always be provided in the MPDCCH narrowband.

Proposal 2: CRS should always be provided in the at least the whole of the MPDCCH narrowband in the MPDCCH search space.
CRS is required for demodulation of PDSCH for TM modes TM1, TM2 and TM6. For BL UEs with 6PRB PDSCH support, all the demodulation performance was specified assuming UE can monitor at CRS in at least 6RBs of the scheduled narrowband. Further, demodulation performance did not explicitly preclude presence of CRS one subframe before and after the scheduled PDSCH subframes. Often MPDCCH search space may end prior to beginning of scheduled PDSCH and may not begin even after the end of scheduled PDSCH. In such cases, availability of CRS one subframe prior and post PDSCH subframes will assist the UEs in performing better channel estimation/interpolation for the edge subframes. Hence, we propose that CRS should be provided one subframe prior and post current PDSCH scheduled subframes, whenever MPDCCH search space subframes and/or new scheduled PDSCH subframes do not collide with the current PDSCH scheduled subframes
Proposal 3a: CRS should be provided in all the subframes and RBs of the scheduled PDSCH narrowband. 
Proposal 3b: CRS should be provided one subframe prior and post current PDSCH scheduled subframes.

In addition to the CRS in the scheduled PDSCH narrowband, we propose that a few RBs around the scheduled PDSCH narrowband also be provided. Reason is two-fold (1) presence of RBs around the edge RBs of the narrowband allow for better interpolation for the edge tones, (2) in extended coverage where SNR is very low, the error is channel estimation will start to be one of the dominant sources of error and some of it can be mitigated by additional processing gain (for instance, 8RB CRS will imply 1.25dB additional processing gain relative to 6RB CRS which translates to better performance of around 1dB, depending on how dispersive the channel is, when SNR is very low). Balancing the desire to mute CRS and at the same time design a network where UEs in deep coverage can support higher MCL can be tricky. Since most BL UEs may not have too much more processing bandwidth than the minimum required, we propose that a few RBs (at least one) around the scheduled PDSCH narrowband be provided to the UEs.
Proposal 4: To improve channel estimation/interpolation in the edge tones and also allow additional processing gain (required for UEs in deep coverage), few RBs (at least one) around the scheduled PDSCH narrowband should be provided. 

Proposal 5: The number of RBs desirable around the scheduled PDSCH narrowband should be discussed further in RAN4.

2.3. CRS availability for spectrum sensing 
Even though UEs may be capable of handling CRS muting, the knowledge of whether a particular carrier is muted or not is essential for the UE to take appropriate actions. Such information will likely be provided as part of system information. Hence, even UEs that are capable of handling CRS muting will not know if a carrier has muted CRS or not prior to acquisition of system information. Frequency scan, where UEs try to sense the spectrum and figure out if a carrier is an LTE carrier or not may often rely on the shape of the LTE spectrum. At the time of frequency scan, a BL UE is not aware whether the carrier has muted CRS or not. If the carrier is muted, then sometimes CRS would be present and some other times, it will be absent. The spectrum shape will dynamically change a lot. The dynamic change in the spectrum can pose a significant challenge in spectrum sensing. UEs may end up classifying an LTE carrier as a non-LTE carrier. If UEs try to provision for the fact that carriers may be muted, then classification of carriers as LTE carriers might take very long time and can blow up the complexity of scan. All these are detrimental to the fundamental objectives with which eMTC UEs are supposed to designed – low power and low cost. To assist UEs in spectrum sensing, we propose that even muted carriers should light up CRS in whole system bandwidth at regular intervals. 
Proposal 6: Muted carriers should light up CRS regularly in the whole system bandwidth to help UEs perform frequency scan.

Proposal 7: The regularity of how often CRS should be lighted up should be further discussed in RAN4.

3. Backward compatibility 
One of the main issues with muting CRS is the loss of backward compatibility. UEs rely on CRS for a whole bunch of tasks and typically assume that CRS is available on the whole system bandwidth. If a UE is designed without considering the possibility of CRS muting, and if CRS is muted in a carrier that it is trying to attach to, then it may not be able to attach or its performance will significantly degrade upon attach. As an example, consider any pre-Rel-15 or Rel-15 non-eFeMTC UE that is trying to attach to a carrier where CRS is muted. Such UE, upon acquiring the system BW from MIB, may assume that CRS is available in the whole system BW and will proceed to process CRS accordingly. Due to incorrect assumptions, UE may fail SIB acquisition, and/or determine incorrect RACH power/level to transmit, even if it manages to acquire SIB. Since network has no knowledge of when such UEs will try to attach to the network, any amount of CRS less than the system BW will be detrimental to UEs performance. Even RAN1 LS clearly mentions the following: 

“It is RAN1’s understanding that UEs that do not support this CRS muting capability can expect CRS as per legacy specifications.”
One potential method to resolve the above issue is to simply bar the UEs that do not support CRS muting from accessing carriers that will mute CRS. Access barring for legacy UEs or UEs that explicitly indicate that they do not support CRS muting may not always be feasible. In such cases, no performance guarantees should be expected from legacy UEs and UEs not supporting CRS muting capability on carriers that have muting enabled.

Observation: CRS muting feature is not backward compatible and hence no performance guarantees should be expected from UEs that do not have CRS muting capability.
4. Conclusion 
Proposal 1: CRS in centerband should always be provided even in carriers that mute CRS.
Proposal 2: CRS should always be provided in the at least the whole of the MPDCCH narrowband in the MPDCCH search space.

Proposal 3a: CRS should be provided in all the subframes and RBs of the scheduled PDSCH narrowband. 

Proposal 3b: CRS should be provided one subframe prior and post current PDSCH scheduled subframes.
Proposal 4: To improve channel estimation/interpolation in the edge tones and also allow additional processing gain (required for UEs in deep coverage), few RBs (at least one) around the scheduled PDSCH narrowband should be provided. 

Proposal 5: The number of RBs desirable around the scheduled PDSCH narrowband should be discussed further in RAN4.

Proposal 6: Muted carriers should light up CRS regularly in the whole system bandwidth to help UEs perform frequency scan.

Proposal 7: The regularity of how often CRS should be lighted up should be further discussed in RAN4.
Observation: CRS muting feature is not backward compatible and hence no performance guarantees should be expected from UEs that do not have CRS muting capability.
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