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Introduction
In RAN2#NRAdHoc meeting, in Spokane, an LS was sent from RAN1 to RAN2 stating that an always on reference signal(s) would be used for RRM measurement for L3 mobility in IDLE (which could be the NR synchronization signal and/or other type of demodulation RS). For CONNECTED mode RRM measurement for L3 mobility, RAN1 has stated that either CSI-RS and/or an additionally RS separately designed (previously called mobility RS) would be used if needed [1].
After a discussion of what “if needed” could possibly mean, RAN2 has interpreted the agreement as follows: => RAN2 understanding of the LS is that RAN1 will define some form of additional RS to be used by the UE for RRM measurements in CONNECTED in addition to the RS(s) available in idle.



This is the first of a series of papers treating the topic of RRM measurements in NR for RRC_CONNNECTED UEs. The paper first explains the limitations in the standard if an additional RS is not defined, especially for NR deployments relying on high gain beamforming (i.e. in higher frequencies and/or with certain antenna configurations). In our view that could be captured in the TR section about “High frequency operation”. Then, the paper explains how and under which scenarios the RRC_CONNECTED UEs could use either this additional RS or the “always on” RS defined for IDLE. A subsequent paper [2] explains the potential issues related to RRC configurations and inter-gNB signalling related to the usage of these additional RS.
[bookmark: _Ref178064866]Discussion
Limitations of always on RS for both IDLE and CONNECTED
There is a common understanding that in higher frequencies beamforming will be widely used in NR. It has been discussed in RAN1 that to achieve the high data rates required by NR at least the data channels (e.g. PDSCH-like channel) must be beamformed and rely on some dynamic channel feedback to form narrow beams. Consequently, to enable a UE in RRC_CONNECTED to be able to detect an RS for RRM measurements while receiving beamformed data channels, the RSs shall also be beamformed such that its signal strength and signal strength of the data channels are within the UE receiver dynamic range. Figure 1 shows the difference in received signal strength of beamformed signals with different antenna array gain. For example, if data channel is beamformed using all 256 antenna elements to form narrow beams, the RS used for RRM measurements in RRC_CONNECTED mode cannot be beamformed with much fewer antenna elements otherwise the difference in dB can be higher than e.g. 20dB and the UE would not easily detect it.
RS designed for RRM measurements in RRC_CONNECTED should be beamformed when data channels are also beamformed.
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Figure 1 Received signal strength (in dB) difference between RSs with different beamforming configurations.

In addition, it has been discussed in several past contributions that in higher frequencies deployments relying on beamforming, the SINR could significantly drop quite fast (due to beam blockage, shadowing, etc.). Therefore, a robust mobility procedure would possibly require synchronizations and/or RS for measurements to be available at least more frequently for RRC_CONNECTED UEs than for RRC_IDLE UEs.
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Figure 2 Quick quality drops due to high frequency propagation phenomena.

The LS from RAN1 states that for RRM measurement for L3 mobility in IDLE, an always- on NR synchronization signal (NR-SS), possibly with some additional form of DMRS, would be used. It has also been discussed whether that would be sufficient or not in all scenarios for L3 mobility in CONNECTED [1]. In our view, with that approach, this common RS would have to be defined as an always-on and periodic (for the sake of RRC_IDLE UEs), but also quite frequently transmitted (for the sake of RRC_CONNNECTED UEs). Hence, without an additional RS for L3 mobility in CONNECTED, the only way to provide coverage in high frequency deployments would be by transmitting the RS as periodic and frequently transmitted “always-on” beam sweepings of quite many narrow/high gain beams (comparable to the beamforming configuration of data channels).
If the same RS is designed for RRM measurements both in RRC_CONNECTED and in RRC_IDLE, its transmission can only rely on very frequent and always on sweeping of a high number of static narrow beams to cover the whole cell area. 
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Figure 3 The design of the same RS for RRM measurements both in RRC_CONNECTED and in RRC_IDLE enforces the transmission of periodic, frequently transmitted and always on sweeping of many narrow beams.

System overhead and latency
One of the consequences of using only the same RS designed for RRM measurements both in RRC_CONNECTED and in RRC_IDLE is that in implementations using analog / hybrid beamforming there will be a limited number of simultaneous directions to transmit and/or receive. Hence, these high number of statically configured beams to cover the whole cell area could very likely lead to a significant amount of continuous time that cannot be used for data transmission and/or reception by the network (which could be interpreted as a directional overhead) but only for these static RS and/or synchronization signal. Depending on the number of beams that may occupy continuously a significant number of OFDM symbols / subframes where data transmission might be restricted.
To mitigate that without creating a continuous overhead of a given “SS burst set” one could “distribute” the beams (i.e. the statically configured directions) by transmitting the RS in multiple subframes. Although that may create more opportunities (e.g. to schedule data) in a cell, the split of beams in multiple subframes could also increase both transmission delays and control plane latency (assuming a fixed overhead per subframe). For example, if a given UE is in a certain direction (e.g. the one shown in subframe N of Figure 4), due to this directional overhead it would simply take longer until the sweep is performed there.
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[bookmark: _Ref473824766]Figure 4 Latency can be increase if the sweeping o very narrow beams is enforced.
The design of the same RS for RRM measurements in RRC_CONNECTED in RRC_IDLE may either increase the system overhead and/or the latency.


Network energy efficiency and future proof-ness 
To support connected mode UEs, a single RS would need to be transmitted more often compared to the case if it would have been designed only for RRC_IDLE UEs, where a sparser RS would suffice. That would reduce the possibility to efficiently apply longer periodicities when there are no actives UEs, which is the only way to significantly reduce the network energy efficiency. One possible alternative could be to define short and long periodicities of the same RS. However, that may create a time-varying coverage for UEs in RRC_IDLE state. That can increase the UE complexity e.g. for cell / beam detection, perform RRM measurements, etc.
Yet another issue relates to future compatibility i.e. challenges to introduce new features. Therefore, the discussion on DL based mobility should assume in its design the possibility to efficiently introduce UL-based mobility e.g. in future releases.
Defining a single RS for RRM measurements in RRC_CONNECTED and RRC_IDLE reduces future compatibility and the potential to apply network energy efficiency.

Additional RS for RRM measurements in RRC_CONNECTED
Having the possibility to measure additional and/or different RSs in RRC_CONNECTED offers the necessary flexibility to possibly mitigate the issues previously explained. System overhead and latency can be reduced by transmitting the RS defined for RRC_IDLE (e.g. NR-SS encoding the cell ID) in an omnidirectional manner (possibly applying single-frequency network (SFN) transmission across multiple TRPs) and/or in a smaller number of wide beams (e.g. if digital beamforming is deployed) while the additional RS can be beamformed like the data channels. The only scenario where the overhead could possibly be comparable is when cells are constantly highly loaded and UE distribution is uniform, which are not the most common case. 
At the same time, future compatibility and energy efficiency can be mitigated by having the RS transmitted more sparsely (e.g. 80 ms) while the additional RS can either be on/off or even more configurable e.g. narrow beams from serving and neighbors could be activated only when active UEs should be served.
Additional RSs for RRM measurements in RRC_CONNECTED offers the flexibility to reduce latency and system overhead.
Additional RS for RRM measurements in RRC_CONNECTED improve future compatibility and the potential to apply network energy efficiency.
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Figure 6 Additional RS used for RRM measurements in RRC_CONNECTED

What does “additional RS” really mean?
There seems to be some confusion when it comes to terminology so it is worth discussing what it really means to define an “additional RS”. In our view, even though an additional RS would be standardized and UEs would be designed to perform RRM measurements on them, it should be up to the network to decide in which scenarios these additional RS will be used. There may be cases where the always on RS defined for IDLE could be sufficient for RRM measurements in RRC_CONNECTED. In LTE, an RRC_CONNECTED UE performs RRM measurements based on sparse samples of the CRSs, although the CRS are transmitted in every subframe (for other purposes). In addition, CRSs are transmitted in an omnidirectional manner since high gain beamforming is not necessarily used in the LTE frequencies. In NR, for example, in scenarios when NR is deployed in lower frequencies and with a reasonably lower number of antenna elements, it could in some cases be possible to configure RRM measurements for RRC_CONNECTED UEs based on always on IDLE RS (e.g. synchronization signals). In these cases, only IDLE RS could be sufficient for RRM measurements for RRC_CONNECTED UEs. 
In our view, the introduction of additional RS should not create constraints but rather increase deployment flexibility and future proofness. Hence, even in deployments relying beamforming, one should have the alternative to implement a solution relying on always on IDLE RS. 
Hence, to provide the flexibility to use either additional RS or the IDLE RS for RRC_CONNECTED, RAN2 should have as a working assumption that a UE, when in RRC_CONNECTED should be able to measure both the IDLE RS and the additional RS when in RRC_CONNECTED. Then the network can either configure the UE to measure one RS or the other, possibly in independent mobility events.
An RRC_CONNECTED UE should be able to perform RRM measurements on always on IDLE RS (e.g. synchronization signal). 
An RRC_CONNECTED UEs should be able to perform RRM measurements on additional RS (e.g. CSI-RS, MRS, etc.).

Under the assumption that once a UE is in RRC_CONNECTED it could either perform RRM measurements on IDLE RS and on additional RS, the first aspect that RAN2 should decide is how an RRC_CONNECTED UE knows which RS to use, independently of the RS design in RAN1. In LTE, for example, RRM measurements based on an RS different from the CRS can be configured via an RRC measurement configuration (e.g. events C1 and C2 for CSI-RS). As in LTE, a measurement configuration transmitted via dedicated signalling should also be supported in NR to either configure additional RS or IDLE RS (e.g. typically provided once the UE performs a transition to RRC_CONNECTED and upon handovers).
Network should be able to configure via dedicated signalling an RRC_CONNECTED UE to perform RRM measurements on additional RS and IDLE RS (associated to independent mobility events).

In a follow up contribution [2], we continue by discussing the RRC configuration and the inter-gNB coordination required to enable RRC_CONNECTED UEs to perform measurements on additional RS (if configured) and what would be the potential impacts in the RS design to be conveyed to RAN1.
Conclusion
Concerning the usage of a single RS for IDLE and CONNECTED mobility, the following has been observed:
Observation 1	RS designed for RRM measurements in RRC_CONNECTED should be beamformed when data channels are also beamformed.
Observation 2	If the same RS is designed for RRM measurements both in RRC_CONNECTED and in RRC_IDLE, its transmission can only rely on very frequent and always on sweeping of a high number of static narrow beams to cover the whole cell area.
Observation 3	The design of the same RS for RRM measurements in RRC_CONNECTED in RRC_IDLE may either increase the system overhead and/or the latency.
Observation 4	Defining a single RS for RRM measurements in RRC_CONNECTED and RRC_IDLE reduces future compatibility and the potential to apply network energy efficiency.

Concerning the usage additional RS for CONNECTED mobility, the following has been observed:
Observation 5	Additional RSs for RRM measurements in RRC_CONNECTED offers the flexibility to reduce latency and system overhead.
Observation 6	Additional RS for RRM measurements in RRC_CONNECTED improve future compatibility and the potential to apply network energy efficiency.

Concerning RRM measurements in CONNECTED based on IDLE RS and additional RS, the following has been proposed:
Proposal 1	An RRC_CONNECTED UE should be able to perform RRM measurements on always on IDLE RS (e.g. synchronization signal). 
Proposal 2	An RRC_CONNECTED UEs should be able to perform RRM measurements on additional RS (e.g. CSI-RS, MRS, etc.).
[bookmark: _GoBack]Proposal 3	Network should be able to configure via dedicated signalling an RRC_CONNECTED UE to perform RRM measurements on additional RS and IDLE RS (associated to independent mobility events).
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