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Introduction
In RAN1#89, the following agreement was made:
Agreement A#1:
· At least the following properties of a CSI-RS for L3 mobility can be signalled to the UE using dedicated signaling:
· NR Cell ID
· timing configuration, including time offset and periodicity
· number of antenna ports
· configurable time/frequency resource to indicate RE mapping
· configurable transmission/measurement bandwidth 
· Note: it relates to wideband operation
· parameters for sequence generation
· FFS: configurable numerology
· FFS: Spatial QCL assumption e.g. QCL between SS block and CSI-RS
· FFS: Which parameters are common or partial-common to multiple CSI-RSs
· FFS: Serving cell assists to derive the reference time of target cell in synchronous system
Agreement A#2:
· Following CSI-RS properties for RRM measurement for L3 mobility are supported in NR
· Periodic CSI-RS transmission with configurable periodicity
· Note that CSI-RS transmission can be turned on and off
· FFS: candidate periodicity values
· Configurable transmission/measurement bandwidth
· FFS: whether/how transmission and/or measurement bandwidth is indicated to UE
· Configurable CSI-RS time/frequency resource
· Note that this property is the same with that for beam management based on CSI-RS
· Note that the numerology for CSI-RS should consider neighbor cell measurement aspects
Agreement A#3:
· RAN1 studies the following methods for a CONNECTED UE to obtain parameters for CSI-RS for L3 mobility:
· Method 1: Configuration of a parameter that is valid for one CSI-RS resource
· Method 2: Configuration of a parameter, e.g. periodicity, that is valid for all CSI-RS resources on a carrier frequency
· Method 3: UE derives a parameter that is valid for all CSI-RS resources associated with detected cells on a carrier frequency, at least partly, from the cell ID
· Method 4: Configuration of a parameter, e.g. periodicity, scramble ID (if specified), UE (group) ID (if specified), virtual cell ID (if specified), that is valid for a group of CSI-RS resources on a carrier frequency
· Method 5: NW provides a parameter that is valid for CSI-RS resources associated with detected cells on a carrier frequency, e.g. based on UE measurement reporting
· Other methods are not precluded
· Different parameters may be obtained by different methods.
· Note: "configuration" above means UE specific configuration by RRC signaling

In RAN1 #88b, the following agreement was made:Agreement A#4:
· For CONNECTED mode RRM measurement for L3 mobility based on CSI-RS, NR supports following targets for CSI-RS design and configuration:
· Design:
· Reuse CSI-RS design for beam management as baseline
· Identify additional requirements on the CSI-RS to support L3 mobility
· Configuration:
· Support measurement of a large number of beams
· Minimize configuration overhead, reporting overhead, and UE complexity 


In this contribution, we will discuss performance of various CSI-RS configurations in the context of RRM measurements for CONNECTED mode L3 mobility. We will discuss numerology, candidate periodicity values, whether/how transmission and/or measurement bandwidth is indicated. We will also discuss spatial QCL assumptions and methods to obtain parameters of CSI-RS for L3 mobility.
[bookmark: _Ref178064866]Discussion
There has been significant development in RAN1 on defining a flexible CSI framework, which includes a description of a CSI-RS structure. For CSI-RS for L3 mobility, the agreement A#1 indicates there are indeed many configuration options. 
In this contribution, we will discuss various CSI-RS configurations in the context of RRM measurements for CONNECTED mode L3 mobility. For properties not explicitly mentioned, it should be possible to apply the full flexibility of the CSI framework, e.g., regarding allocation in slots and frames.
Transmission scheme and measurements
CSI-RS was designed to be used to provide a reference signal which can be used to estimate CQI, PMI and RI. For that to be possible, CSI-RS resources with many ports have been defined. However, for mobility measurements, it is sufficient to rely on coarser measurements, such as RSRP and RSRQ. Both quantities have been defined for LTE and are used in real deployments. To estimate RSRP and RSRQ, it is sufficient to rely on a single-port RS. We thus propose: 
[bookmark: _Ref481766418][bookmark: _Toc485401585]Define a single-port CSI-RS resource for RRM measurements to support L3 mobility.
[bookmark: _Ref481766437][bookmark: _Toc485401586]Define RSRP and RSRQ measurements for the CSI-RS for CONNECTED mode mobility. 
CSI-RS signal structure and bandwidth
For its use for link adaptation and precoder selection, the CSI-RS will be transmitted at certain OFDM symbol positions in the slot, inline with data. To serve that purpose, the CSI-RS quite naturally uses the same subcarrier spacing as the data. If the CSI-RS for mobility would use a different subcarrier spacing than the data, it would be significantly more difficult to multiplex it with data. Or in other words: 
[bookmark: _Ref481766249][bookmark: _Toc485401534]By allowing any subcarrier spacing of the CSI-RS for mobility, multiplexing with data becomes easier.
Allowing such flexible multiplexing is critical. To enable that, we propose:
[bookmark: _Ref481766443][bookmark: _Toc485401587]The CSI-RS for L3 mobility should support all numerologies in NR. 
In [1], a unified structure for CSI-RS design is introduced. The central concept is an RE-level comb structure, which is described by a compact set of parameters while still providing a high degree of design flexibility.   
[bookmark: _Ref481766259][bookmark: _Toc485401535]An RE-level comb structure with configurable density provides a balance between frequency diversity and overhead.
To describe the density of the comb we use the term repetition factor (RPF).  With an RPF of N, every Nth RE is used. In the simulations in this contribution, we demonstrate how the CSI-RS can be easily adjusted by using the parameters. Hence, we propose:
[bookmark: _Ref481766450][bookmark: _Toc485401588]Use an RE-level comb structure for CSI-RS for L3 mobility. 
To evaluate the accuracy for different choices of CSI-RS bandwidth and RPFs, link level simulations have been performed. RSRP estimation accuracy of different CSI-RS options has been compared in low and medium dispersion conditions (30 and 300 ns RMS delay spread) in 20 MHz signal BW at 15 kHz subcarrier spacing. A simplified SS block model of 288 subcarriers, and single-symbol CSI-RS configurations with BW of 10 and 20 MHz and RPFs of 2 and 12 were compared. Median (50-percentile) of the absolute value of the estimation error is depicted in the plots for different instantaneous symbol SNRs. The results in Figure 1 and Figure 2 illustrate the impact of these two important CSI-RS configuration parameters. 

[bookmark: _Ref481755275]Figure 1: Median absolute RSRP estimation error for a low-dispersion channel.

[bookmark: _Ref481755290]Figure 2: Median absolute RSRP estimation error for a moderately dispersive channel.
For accurate RSRP estimation at higher SNRs where estimation performance is not noise-limited, the channel characteristics within the RS BW must be comparable to the total signal BW whose RSRP is to be estimated.  The 30 ns RMS delay spread figure shows that particularly clearly that, at high instantaneous symbol SNR, RSRP estimation accuracy is limited by the bias when the channel power within the RS BW does not match the average power over the band. SS block with the narrowest BW performs worst and the full-BW CSI-RS best, regardless of the RS RE density.
On the other hand, accurate estimation at low SNR is improved by coherently averaging over multiple RS REs, by virtue of the obtained processing gain. The averaging may only be applied over a set of REs within the coherence BW of the channel. In the simulations, averaging over 10 and 30 subcarriers was applied for the medium- and low-dispersive channels respectively. The critical quality of the CSI-RS is thus the number of RS REs within the coherence BW of the channel. This is why the CSI-RS RPF2 configuration performs significantly better than the RPF12 option, while their BW difference (10 vs 20 MHz) is mostly inconsequential at low SNR. (However, the much narrower SS block suffers from channel bias at the lower SNRs as well.)
A CSI-RS design that provides universally good RSRP estimation accuracy is thus both wide-BW and dense. This is, however, a resource-wise expensive configuration. The degrees of freedom of CSI-RS configuration, e.g. the RE-level comb design proposed in [1], is therefore an attractive structure as it allows configuring the CSI-RS according to deployment and current NW load characteristics. Based on the simulations, a half-BW, RPF2 CSI-RS provides reasonable performance over a wide range of channel conditions.
However, accuracy is not the only factor that determines the CSI-RS parameters. A learning from LTE is that it becomes important to also accommodate UEs that can only handle a small radio bandwidth. Although the minimum bandwidth is still being discussed in 3GPP, it is reasonable to assume that it will be attractive to develop UEs that have a bandwidth similar to the SS block bandwidth, whereas it will be impossible to design a UE that supports a bandwidth smaller than the SS block. For such a UE, we would still want to rely on CSI-RS for L3 mobility:
[bookmark: _Ref481766463][bookmark: _Toc485401589]It should be possible to configure the UE to perform RRM measurements for L3 mobility on periodic CSI-RS resources with frequency allocation approximately equal to that of the SS block.

In addition, there is a need to define at least one additional CSI-RS measurement bandwidth, to provide better accuracy for UEs capable of handling large bandwidths. On one hand, this additional bandwidth should be significantly larger than the SS block bandwidth. On the other hand, from the results in Figure 1 and Figure 2, it seems that estimation performance is adequate with a CSI-RS bandwidth equal to half the system bandwidth:
[bookmark: _Toc485401536][bookmark: _Ref481766288]Adequate estimation performance is obtained when the CSI-RS bandwidth equals half the system bandwidth. 
Clearly, since the relation between the system bandwidth and the SS block bandwidth varies, it is not possible to translate “half the system bandwidth” to any unique multiplier of the SS block bandwidth. The final decision of the bandwidth of this CSI-RS configuration may be up to RAN4, but as a rule of thumb, we propose: 
[bookmark: _Ref481766491][bookmark: _Toc485401590]It should be possible to configure the UE to perform RRM measurements for L3 mobility on periodic CSI-RS resources with frequency allocation approximately 5 times that of the SS block.
Note that Proposal 5 and Proposal 6 discuss measurement bandwidths, and not transmission bandwidths. In LTE, and also in the CSI acquisition discussion for NR, it has been assumed that the transmission and measurement bandwidths are equal. In RAN1 #89, there was a discussion if a UE could measure on part of a CSI-RS with larger bandwidth. Such an approach would enable reuse of a wide bandwidth CSI-RS also for a narrowband UE. Therefore, we propose
[bookmark: _Ref485049001][bookmark: _Toc485401591]It should be possible to configure the UE to perform measurements on a fraction of the bandwidth of a transmitted CSI-RS.
The agreement from RAN1#88b suggests identifying additional requirements on the CSI-RS to enable seamless and high-performing mobility. One such requirement is described in [2], where it was described that it is not always possible to rely on an SS block as synchronization source. Cases where the SS block may be unsuitable include when the SS block is transmitted very sparsely, or when the cell-border SNR of the SS block becomes so low that PSS reception suffers. The frame/slot/symbol timing must then be obtained using some other mean. Several ways of obtained that kind of synchronization is described in [2]. Additional details and motivations can be found in [4]. One such way could be to introduce a synchronization source as in the LTE DRS. 
CSI-RS period
To achieve adequate performance, setting the periodicity of the CSI-RS is central. As a starting point, we observe that in LTE, the UE is required to perform intra-frequency mobility measurements every 40ms. Another reference point is the periodicity of the SS burst set, since the SS blocks can be used for L3 mobility as well: 
[bookmark: _Ref481766324][bookmark: _Toc485401537]Relevant SS burst set periodicities are 20ms for NR cells supporting initial access, and {20,40,80,160} ms for NR cells not supporting initial access. The periodicity of the CSI-RS for L3 mobility can be put in relation to these SS burst set periodicities.
For cells where initial access is possible, the SS burst set periodicity will be 20ms. Since that will be a common periodicity in actual deployments, many mobility algorithms and requirements will be developed around that periodicity. Having a possibility to configure CSI-RS using the same periodicity would be valuable. 
Of course, the point of performing mobility based on CSI-RS is that the properties of the signal becomes different compared to the properties of the SS block. One such difference could be periodicity: for high-speed use cases, the periodicity of the SS block may be too large:
[bookmark: _Ref481766347][bookmark: _Toc485401538]One use case when CSI-RS for L3 mobility is relevant is for high-speed use cases, where the SS burst set periodicity is too large.
Of course, the CSI-RS framework supports CSI-RS allocations with several periodicities. Ideally, we would like to be able to perform L3 measurements for all these periodicities, and the final decision may be up to RAN4. However, summarizing the argumentation above, we realize that some periodicities are more important than other. Hence, we propose:
[bookmark: _Ref481766504][bookmark: _Toc485401592]It should be possible to configure the UE to perform RRM measurements for L3 mobility on periodic CSI-RS resources at least with periods {5,20} ms.
CSI-RS properties in summary
In agreement A#1, several CSI-RS parameters were mentioned. In this section, these parameters need to be discussed in turn. Each CSI-RS resource will have values for all these parameters. Note that we are discussing the CSI-RS resources the UE is configured with.
NR cell Id:
This needs to be part of the configuration. The UE will use this to find the frame/slot/symbol timing of the measurement object.
Timing configuration, including time offset and periodicity:
The UE will use the periodicity and time offset relative to the frame boundary to find the resource. Suitable periodicity values were described in section 2.3.
Number of antenna ports:
A single antenna port is reasonable, as described in section 2.1
Configurable time/frequency resource to indicate RE mapping:
As proposed in section 2.2, an RE-level comb is proposed for the CSI-RS for L3 mobility. To define the comb, a frequency offset will be required. In addition, the time resource within the slot needs to be defined. 
Configurable transmission/measurement bandwidth:
As mentioned on section 2.2, at least two bandwidths are needed: one that is similar to the SS block bandwidth (BW1), and one that significantly larger (BW2). A UE should be able to perform measurements on parts of BW2. 
Parameters for sequence generation:
This parameter is used to generate the CSI-RS sequence. Sometimes, this is known as the seed. In LTE R10, the CSI-RS sequence was generated using the PCI, and in later releases, this seed is explicitly included in the resource definition. It is important that this parameter can be separately specified. 
FFS: configurable numerology:
It should be possible to specify numerology as part of the CSI-RS resource definition, to enable reuse of one CSI-RS for UEs using different data numerologies.
FFS: Spatial QCL assumption e.g. QCL between SS block and CSI-RS:
In some cases, the CSI-RS can be assumed to be spatially QCL with a certain SS block. However, in many cases, such a relation does not exist. In fact, one of the most important use cases for CSI-RS-based mobility is when the CSI-RS comes from another direction than the SS block. Hence, including a spatial QCL relationship between a CSI-RS and an SS block should not be included in the CSI-RS resource definition.
[bookmark: _Ref485049044][bookmark: _Toc485401593]Adapt the parameter values in section 2.4 for CSI-RS for L3 mobility.
Configuration methods
In agreement A#3, configuration methods for the CSI-RS parameters were discussed. In our opinion, none of the methods really resembles how an CSI-RS resource is identified in LTE. In LTE, each CSI-RS resource is configured independently, and defined by a list of parameters.. All the parameters of the CSI-RS resource are defined at the time of creation, and the parameters affect only that CSI-RS resource. 
For NR, a similar solution should be baseline: the parameters of each CSI-RS resource are configured explicitly. This gives maximum flexibility to the NW, and it also provides the UE with an unambiguous representation of the measurements related to a certain CSI-RS resource. A measurement can be tagged with an unambiguous identifier, similar to measCSI-RS-Id in LTE. . Then the UE may aggregate measurements from different CSI-RS resources, if explicitly configured to do so. The signaling from the network to the UE may also  configure several CSI-RS resources at the same time. 
[bookmark: _Ref485049061][bookmark: _Toc485401594]As a baseline, the NW explicitly configures the UE with all the parameters that define the CSI-RS resource.
Note that this does not preclude that the NW configures several CSI-RS resources at the same time, by allowing ranges for some of the parameters. 
The number of supported CSI-RS resources
Note that the some of the parameters in section 2.4 will be used to identify a target TRP: different TRPs will have different values of some of the listed parameters. For instance, two different TRPs may utilize two different seeds to generate the CSI-RS sequence, and the UE will then be configured with two CSI-RS resources where the only difference is that the seeds are different. The UE will perform measurements on these two CSI-RS resources and report the results when triggered. 
Parameters that could be used to identify a TRP includes
· Time/frequency resource (RE mapping)
· Seed
In contrast, it is not reasonable to distinguish TRPs by using CSI-RSs with different periodicities or different numerologies.
To distinguish different TRPs, it is therefore critical that the different CSI-RS resources have different values of the time/frequency resource and/or the seed. Here, the seed has a larger address space: it is possible to generate in the order of 1000 sequences that the UE can distinguish. We note from agreement A#4 that NR should support measurement of a large number of beams. In our view, to honor this agreement, we need to make use of the UEs capability to distinguish CSI-RS generated from different seeds. Hence, it should be possible to configure the UE with many CSI-RS resources that are generated using different seeds. We thus propose:

[bookmark: _Ref485049079][bookmark: _Toc485401595]It should be possible to configured the UE with [1000] CSI-RS resources for L3 mobility, where the CSI-RS resources have different seeds.
In addition, the network may define CSI-RS resources that have different RE mappings.
Transmission of RACH in target TRP
One topic that is very much related to CSI-RS and its use for L3 mobility relates to how the UE contacts the target TRP once it has been ordered to move to the target TRP. Often, the UE transmits a PRACH preamble to the target TRP. To directly associate with the measured CSI-RS beam in the target, the UE would have to convey that information to the target TRP one way or another, which is particularly challenging when the target TRP is equipped with analog beamforming. Here, the target TRP can only listen in one direction at a time, and the UE would have to transmit the PRACH preamble at the right time. For SS, this is achieved using a mapping between an SS block and a RACH resource. To enable the same type of functionality for mobility using CSI-RS, the same type of association is relevant:
[bookmark: _Ref481766529][bookmark: _Toc485401596]The NW can configure an association between CSI-RS for L3 mobility and a subset of RACH resources, similar to the association between the SS block and RACH resources.
Conclusions
In this contribution, we made the following observations:
Observation 1	By allowing any subcarrier spacing of the CSI-RS for mobility, multiplexing with data becomes easier.
Observation 2	An RE-level comb structure with configurable density provides a balance between frequency diversity and overhead.
Observation 3	Adequate estimation performance is obtained when the CSI-RS bandwidth equals half the system bandwidth.
Observation 4	Relevant SS burst set periodicities are 20ms for NR cells supporting initial access, and {20,40,80,160} ms for NR cells not supporting initial access. The periodicity of the CSI-RS for L3 mobility can be put in relation to these SS burst set periodicities.
Observation 5	One use case when CSI-RS for L3 mobility is relevant is for high-speed use cases, where the SS burst set periodicity is too large.

Based on the discussion in this contribution we propose:
Proposal 1	Define a single-port CSI-RS resource for RRM measurements to support L3 mobility.
Proposal 2	Define RSRP and RSRQ measurements for the CSI-RS for CONNECTED mode mobility.
Proposal 3	The CSI-RS for L3 mobility should support all numerologies in NR.
Proposal 4	Use an RE-level comb structure for CSI-RS for L3 mobility.
Proposal 5	It should be possible to configure the UE to perform RRM measurements for L3 mobility on periodic CSI-RS resources with frequency allocation approximately equal to that of the SS block.
Proposal 6	It should be possible to configure the UE to perform RRM measurements for L3 mobility on periodic CSI-RS resources with frequency allocation approximately 5 times that of the SS block.
Proposal 7	It should be possible to configure the UE to perform measurements on a fraction of the bandwidth of a transmitted CSI-RS.
Proposal 8	It should be possible to configure the UE to perform RRM measurements for L3 mobility on periodic CSI-RS resources at least with periods {5,20} ms.
Proposal 9	Adapt the parameter values in section 2.4 for CSI-RS for L3 mobility.
Proposal 10	As a baseline, the NW explicitly configures the UE with all the parameters that define the CSI-RS resource.
Proposal 11	It should be possible to configured the UE with [1000] CSI-RS resources for L3 mobility, where the CSI-RS resources have different seeds.
Proposal 12	The NW can configure an association between CSI-RS for L3 mobility and a subset of RACH resources, similar to the association between the SS block and RACH resources.
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