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1	Introduction
[bookmark: _Hlk490226274]A new WI [1] was approved in the June plenary addressing UE requirements for network-based CRS mitigation. The aim of the WI is to analyse the potential reduction in CRS transmissions from network side and how this may impact legacy UEs. The work shall cover both UEs in Idle mode and in Connected mode.
For the cases where CRS transmissions can be reduced RAN4 should then define associated UE requirements. If any impact on legacy devices is identified they should be addressed.
In this paper, we will look at the topics covered in phase 1 – i.e. when CRS muting can be applied by network and if/how this may impact the UE.

2	Discussion
[bookmark: _Hlk490226379]In this section, we discuss the CRS muting and UE need for reference signals for DL/UL data and control reception and transmission.
2.1 CRS muting for Idle Mode UEs
Looking at how CRS muting can be applied in the network, this should in principle be possible for all cases other than when UE is required to receive in DL and/or transmit in UL. This basically means SIB reception upon cell entry, SIB change, SIB refresh, paging reception and RACH.
Prior to UE reception of reception of DL signal the UE would need to ensure that its capable of receiving in DL i.e. UE needs to receive DL reference signals (or sync signal) in order to get correct settings e.g. for AGC, AFC, channel estimation and fine time and frequency synchronization. How long time the UE would need to receive in DL prior to having good enough settings for DL reception depends on UE implementation and e.g. how good Xtal the is equipped with. In LTE, it is left for UE implementation to wake up early enough to settle prior to DL reception. This is possible due to continuous availability of CRS (and possibly Sync signal). 
When applying muting on other than the 6 center PRBs on the serving cell, this will have an impact on the UE settling time. In LTE the DL PDCCH (used by UE for SIB and paging reception) is transmitted in full bandwidth and it is therefore expected that also CRS would need to be transmitted in full bandwidth when UEs are expected to receive these signals. As legacy UEs should not be negatively impacted by the CRS muting RAN4 will need to discuss the need for the network to transmit full bandwidth CRS prior to any UE DL reception. How long time – or amount of TTIs – prior to expected DL transmission there is need for full BW CRS on UE side is UE dependent and input from chipset vendors is needed.
Proposal 1: RAN4 should discuss expected CRS transmission in time domain prior to any UE DL/UL activity.
Time domain, presence of the CRS prior to DL reception is addressed in [2]. Besides that the amount of full BW CRS signals in time is expected to depend on UE implementation it is also expected to depend on the time the UE has been inactive. 
UE inactivity in idle mode is expected to depend on the UE paging occasions in most cases. However, UEs are also expected to receive SIBs in idle mode although this would be less often (this would be required on entry to a new cell and the SIB is older than 3 hours or if a SIB change has been indicated).
Besides DL reception UE also need to access network e.g. for requesting resources or replying to paging. This is done by use of RA transmission. UE resource request due to e.g. user activity is not predictable as such and can happen at any possible RACH occurrence. Therefore, it is seen necessary that CRS would need to available in wideband at every scheduled RACH location.
Proposal 2: CRS muting cannot be applied prior to RACH occasions.
Paging occasions are known to network and one could think optimizing CRS muting such that it would not happen at paging occasions where a UE is paged. I.e. when no paging is transmitted muting could be applied. However, this may impact some legacy UE operations leading to unwanted UE behavior and this approach should be discussed in RAN4.
Proposal 3: RAN4 should discuss possible muting when no paging is present.
The need for CRS signals prior to RA transmission would in a similar manner as for the paging reception depend on the sleep time of the UE.
Reception of SIBs on UE side is not that often for a single UE. However, it is not known by network when a UE enters a cell in idle mode. As SIBs (except PBCH) is are scheduled via PDCCH, UE need receive in full BW and therefore also there is a need to have CRS transmitted in full BW when SIBs are transmitted. It is expected that the UE need for full BW CRS prior to SIB reading would be aligned (same) with e.g. paging reception.
Observation 1: Requirements for time domain full BW CRS transmission prior to SIB reading are, at most, the same as those before a paging transmission.
Having made initial analysis for idle mode we next look at connected mode.

2.2 CRS muting for Connected Mode UEs
In general – as also discussed in the former section – the UE will need CRS in full BW prior to DL/UL reception and transmission. In general, for connected mode UEs, they are required to monitor the DL PDCCH continuously unless it has been configured with DRX.
Observation 2: If Connected mode DRX is not used CRS muting cannot be applied.
Muting can be applied if Connected mode DRX is configured for all connected mode UEs in the cell, and no UEs are in need of full BW CRS. Therefore, it seems reasonable to analyze the muting possibilities together with DRX. 36.133 section 5 states:
NOTE 1:	For the performance requirements specified hereafter, the state when no DRX is used is defined as follows:
· DRX parameters are not configured; or
· DRX parameters are configured and
·  drx-InactivityTimer is running; or
· drx-RetransmissionTimer is running; or
· mac-ContentionResolutionTimer is running; or
· a Scheduling Request sent on PUCCH is pending; or
· an uplink grant for a pending HARQ retransmission can occur and there is data in the corresponding HARQ buffer; or
· a PDCCH indicating a new transmission addressed to the C-RNTI of the UE has not been received after successful reception of a Random Access Response for the explicitly signaled preamble (only applicable to UEs in RRC_CONNECTED).
Otherwise
· It is the state when DRX is used.
NOTE 2: Unless otherwise stated, the requirements in sections 5.1, 5.2.2.2, 5.2.2.3, 5.2.2.4, 5.3 and 5.4 are also applicable when a UE is configured with Scell(s) or PSCell.
In all above cases, when UE is in ‘no DRX’ the UE need to monitor DL PDCCH which is transmitted in full BW. Additionally, during On-Duration the UE is also required to monitor DL PDCCH. When UE is required to monitor DL PDCCH the legacy UE expects CRS present in full BW and muting is not possible.
Observation 3: During On-duration and ‘no DRX’ periods for any UE in the cell muting cannot be applied.
Besides CRS presence when monitoring the PDCCH the UE would need CRS present a short period prior to DL PDCCH monitoring if the UE has been in DRX. This is for the same reasons as discussed in section 2.2 for idle mode UEs. In a similar manner, as for idle mode, RAN4 would need to discuss the CRS presence requirements prior to any possible DL reception or UL transmission. It is assumed that the time domain requirements for CRS not being muted would be rather similar as for idle mode and depend on both UE implementation and sleep time.
Observation 4: RAN4 need to discuss time domain presence of CRS prior to On-duration and ‘no DRX’
As the UE also uses PRACH in connected mode e.g. for resource request from serving cell and handover, it is also necessary to transmit CRS prior to RACH occurrences for assisting connected mode UEs. 
In connected mode, the UE also continuously evaluating the radio link.  These requirements are listed in section 7.6 of 36.133. Here we have requirements for when no DRX is used and for when DRX is used. When DRX is used, the UE is likely evaluating the radio link when also monitoring the PDCCH during On-duration. As mentioned above, it is expected that full BW is present during UE On-Duration. However, once the UE experiences problems with the link, the UE requirement is as follows:
Upon start of T310 timer or T313 timer as specified in clause 5.3.11 in TS 36.331 [2], the UE shall monitor the link of PCell or PSCell for recovery using the evaluation period and Layer 1 indication interval corresponding to the non-DRX mode until the expiry or stop of T310 timer or T313 timer.
This causes a challenge with regard to muting of CRS. First of all, it is not known when start of timers T310 or T313 happens in UE and when they are stopped. Second, when they are started on UE side this information is not available on network side.
Observation 5: RAN4 need to discuss RLM monitoring and CRS muting.

Conclusion
In this paper, we present an initial analysis and discuss the topics covered in phase 1 – i.e. when CRS muting can be applied by network and if/how this may impact the UE. Based on the discussion we make a number of observations:
Observation 1: Requirements for time domain full BW CRS transmission prior to SIB reading are, at most, the same as those before a paging transmission.
Observation 2: If Connected mode DRX is not used CRS muting cannot be applied.
Observation 3: During On-duration and ‘no DRX’ periods for any UE in the cell muting cannot be applied.
Observation 4: RAN4 need to discuss time domain presence of CRS prior to On-duration and ‘no DRX’
Observation 5: RAN4 need to discuss RLM monitoring and CRS muting.
Additionally, based on the discussion and observations, we make a number of proposals:
Proposal 1: RAN4 should discuss expected CRS transmission in time domain prior to any UE DL/UL activity.
Proposal 2: CRS muting cannot be applied prior to RACH occasions.
Proposal 3: RAN4 should discuss possible muting when no paging is present.
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