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	Agreements:
· Support configuring CSI-RS resource on BWP with a transmission BW equal to or smaller than the BWP. When the CSI-RS BW is smaller than the BWP, support at least the case that CSI-RS spans contiguous RBs in the granularity of N RBs, where the value of N is FFS.
· When CSI-RS BW is smaller than the corresponding BWP, it should be larger than X RBs (FFS: value of X)
· FFS: Whether the value of X is same or different for beam management and CSI acquisition
· FFS: The value of X may or may not be numerology-dependent
· Support assigning CSI-RS port index within a CDM group first, then across CDM groups (analogous to LTE). FFS: order of CDM groups, e.g., frequency first or time first.
· For each of the following RSs, c_init used for sequence generation will at least depend on UE specifically configured scrambling ID by RRC configuration
· DL: DMRS, CSI-RS resource
· FFS: Support of multiple IDs for DMRS
· UL: DMRS(for CP-OFDM), PTRS(for DFT-s-OFDM)


At RAN1#AH1709 meeting [2], it was agreed that:
	Agreements:
· NR should support non-adjacent mapping of CSI-RS components in frequency domain.
· The REs in each CSI-RS component should be adjacent
· Uniform RE mapping across all 4 symbols for N=4 is supported.
· Support of non-uniform case is FFS
· Support all slides in R1-1716782 with the following revision to slide 5
· Down-select among the following options
· Opt. 1: The starting subcarrier of a CSI-RS component RE pattern is constrained to be one among even subcarriers, in the given PRB
· Opt. 2: The starting subcarrier of a CSI-RS component RE pattern is not constrained, subcarrier in the given PRB. 
· FFS, additional constraints, e.g. considering size of the component RE pattern


At RAN1#AH1706 meeting [3], it was agreed that:
	Agreements:
· Confirm the WA with the following revision
· Support PN sequence for CSI-RS for CSI acquisition and beam management
· FFS detailed sequence generation and initialization methods
· E.g. function of slot number, OFDM symbol number, CP length, UE ID, cell ID, virtual cell ID, function of PRB position of configured CSI-RS resource, etc.


In this contribution, we discuss the remaining details of NR CSI-RS.
RE mapping of CSI-RS patterns
For the component patterns spanning 4 OFDM symbols (i.e., N = 4), it has been agreed in [2] that uniform RE mapping across all 4 symbols for N=4 is supported. It is FFS whether to support the non-uniform case. In our view, to reduce the complexity of CSI-RS design/configuration, non-uniform RE mapping should not be supported in NR. 
Proposal 1: NR should not support non-uniform RE mapping across 4 symbols for N=4.
Sequence design for CSI-RS
Sequence type and initialization
A remaining aspect of CSI-RS design is the selection of sequence type and initialization. We believe that, similar to LTE, a gold code of length-31 can be used to address CSI-RS design requirements in NR. As such, we propose
Proposal 2: Gold code of length 31 shall be used to generate CSI-RS sequence in NR.
Another aspect of sequence design is the initialization formula and, in particular, the bit-width of Scrambling_ID used in . In the following, we present our views about these two issues along with simulation results substantiating these views.  First, we discuss the bit-width of Scrambling_ID  as it has a major impact on  formula. 
Bit-width of Scrambling_ID 
In NR, there may be many TRPs/beams that may interfere with one another within the same cell or between neighboring cells. This calls for a larger pool of CSI-RS sequences with mutually low cross-correlation properties within the channel coherence bandwidth. We have observed that an increased size of Scrambling ID results in a more sequence randomization and, consequently, a larger pool of low-correlated CSI-RS sequences for a given symbol and slot number. This, in turn, reduces the chance of both intra-cell and inter-cell collision (or unacceptably large cross correlation) and facilitates more flexible CSI-RS planning to avoid such collision. If a shorter bit-width such as the size of cell ID (9 bits in LTE or 10 bits in NR) is used for Scrambling ID, CSI-RS collision rate or average mutual cross-correlation between CSI-RS pairs increases and adversely impacts the CSI estimation quality especially in lower CSI-RS densities and scenarios with narrower channel coherence bandwidths. This is also shown using our simulation results presented in Section 3.1.2.3. We propose 
Proposal 3: NR shall support 16 bit-width for Scrambling ID.
Initialization formula 
The following criteria should be taken into account when designing :
length should not be larger than the size of Gold sequence 31.
should depend on with bit-width of 16.
should depend on slot number  and the symbol number within slot .
should have a good interference averaging property over time resources. Using a similar principle as in LTE formula, this can be insured by
a. Including a non-linear term in that depends on both and time related parameters  and .
b. Including a linear term in that depends on .
should be forward compatible and, in particular, should take into account the possibility of including other parameters of interest, e.g., CP type, subcarrier spacing (SCS), and RB index. This is possible by having some reserved bits  in  formula.
Proposed initialization formula 
Using the above five criteria, we consider the following formula for 
· HW1:  

where  is a design parameter that essentially allocates the number of bits between the non-linear part of the formula ( bits) and the linear part of the formula ( bits). In order to optimize, we study which choice of  provides the best interference averaging property over time resources as follows:
1. For a randomly generated Scrambling_ID , generate CSI-RS sequences of a length of 100RB in  OFDM symbols that are 6 symbols away from each other. Concatenate these  sequences into a long sequence. 
2. Generate and concatenate another long CSI-RS sequence with a different random Scrambling_ID and the same  OFDM symbols.
3. Calculate the cross correlation of the two pairs for all values of 
4. Return to step 1 and perform the procedure in the loop M times.
The results corresponding to different values of  are compared in Figure 1. The mean cross correlation values are obtained by averaging over M = 50000 sequence pairs for each of the  OFDM symbols.  It can be observed that the value of   has only a slight influence on the average cross correlation values over different time resources. We select  as it has close to the lowest average cross correlation and compared to another equally good choice  allocates more bits to the multiplicative component of . Our proposed formula is then given by
· HW1: 
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Figure 1: Mean cross correlation with different bit allocation values for HW1 initialization formula and different number of time resources

Alternative initialization formula 
It may be argued that only 2 reserved bits may not be enough for future compatibility purposes and the possible use for indicating other parameters of interest such as, for instance, CP type, subcarrier spacing (SCS), and RB index. Our proposed formula HW1 can be slightly modified to increase the size of  to 5 bits without any meaningful adverse effect on the cross correlation properties of the generated CSI-RS sequences as follows: 
· HW2: 
A similar procedure as in HW1 is used to optimize the value of Simulation results are shown in Figure 2; indicating that  can again be selected as the optimal value. As such, our alternative proposed formula for  is given by
· HW2: 

[bookmark: _Ref497827815][image: ]
[bookmark: _Ref497827817]Figure 2: Mean cross correlation with different bit allocation values for alternative HW2 initialization formula and different number of time resources
Sequence performance comparison with LTE
We compare different aspects of cross correlation properties of the sequences generated using our optimized  formulae HW1 and HW2 with those of the LTE  formula that uses Scrambling ID width of 9 bits.
Cross correlation properties averaged over time resources
Using a similar simulation set up as in Figures 1 and 2, Figure 3 compares the mean cross correlation of the sequences generated using optimized HW1 and HW2 with that of LTE averaged over different number of time of resources. Again, 1, 2,…, 8 CSI-RS symbols are examined. Figure 3 shows that all three schemes have nearly identical cross-correlation averaging property over time resources. 
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[bookmark: _Ref497828908]Figure 3: Mean cross correlation with different bit allocation values HW1, HW2, and LTE initialization formula and different number of time resources
Mean cross correlation CDF
We simulate the cumulative distribution of the mean cross correlation for different coherence bandwidth cases for HW1 and HW2 with optimized a = 5 and compare the results with that of LTE formula. For each studied , we generate two sequences with two different random Scrambling_IDs and random slot index  and symbol index . We calculate cross correlation between sub-sequences truncated from the obtained sequences. Lengths of considered sub-sequences correspond to the channel coherence bandwidth. Density of D=1 RE/PRB is assumed and channel coherence bandwidths of [4,10,20,50,100] RBs are examined. CDFs are shown in Figure 4. It can be observed that HW1, HW2, LTE initialization formulae have almost the same CDF for different channel coherence bandwidths.
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[bookmark: _Ref497829296]Figure 4: Cross correlation distribution under different coherent bandwidth for different scrambling schemes.
Sequence assignment flexibility 
We now study the sequence assignment planning flexibility with different scrambling ID bit-width. To demonstrate the advantages of HW1 and HW2 to LTE initialization formula, we define that two sequences are “mutually usable” if the mean cross correlation between all of their examined sub-sequences is below a given threshold. Density D=1 RE/PRB is assumed and the length of the examined sub-sequences depend on the channel coherence bandwidth. For each of HW1, HW2, and LTE, we obtain the average size of the set of “mutually usable” sequences: Any randomly selected pair in this set has average cross correlations below threshold over the examined sub-sequences. The average size of the set of “mutually usable” sequences is a good metric to reflect the sequence assigning and collision avoidance flexibility: The larger the size of the set, the larger the number of CSI-RS sequences that can overlap on TF resources with acceptable mutual interference level and, hence, the more flexibility in the sequence assignment.
In our evaluation, for each scrambling  formula, we generate the first sequence using a random Scrambling_ID. Then we generate other sequences with other random Scrambling_IDs until we find the second sequence that is “mutually usable” with the first sequence. This procedure is repeated and, in each step, we find a sequence that is mutually usable with all n-1 sequences that are previously obtained until we cannot find any other sequence to add to the set. The number of generated sequences is the size of “mutually usable” set of sequences. We repeat the above procedure with another randomly generated  to finally obtain the set of “mutually usable” sequences. We repeat this procedure 1000 times and obtain the average size of “mutually usable” set of sequences  obtained by averaging over .
The results are summarized in the Table 1 and Table 2. Compared to LTE, HW1 and HW2 with 16 bit-width of Scrambling_ID have significantly larger average size of “mutually usable” sequences with different thresholds and different channel coherence bandwidths. 
[bookmark: _Ref497831486]Table 1: Average size of “mutually usable” sequences with threshold = 0.3
	
	4RB coherent bandwidth
	10RB coherent bandwidth
	20RB coherent bandwidth

	
	Orthogonal set size
	gain
	Orthogonal set size
	gain
	Orthogonal set size
	gain

	LTE
	1.678
	
	12.93
	
	110.01
	

	HW1 (a=5)
	2.157
	28.6%
	22.5
	74%
	308.54
	180.5%

	HW2 (a=5)
	2.166
	29.1%
	22.65
	75.2%
	308.97
	180.9%



[bookmark: _Ref497831488]Table 2: Average size of “mutually usable” sequences with threshold = 0.1 
	
	20RB coherent bandwidth
	50RB coherent bandwidth
	100RB coherent bandwidth

	
	Orthogonal set size
	gain
	Orthogonal set size
	gain
	Orthogonal set size
	gain

	LTE
	2.063
	
	5.72
	
	12.16
	

	HW1 (a=5)
	3.067
	48.7%
	9.54
	66.8%
	22.78
	87.3%

	HW2 (a=5)
	3.076
	49.1%
	9.67
	69.1%
	22.63
	86.1%



Above two tables show the significant advantage of using 16-bit scrambling ID in increasing the pool of mutually low cross-correlated sequences. As such, we propose

Proposal 4: The following  formula for CSI-RS sequence initialization shall be supported if only R =2 reserved bits is necessary.
· HW1: 
If more than R=2 reserved bits is necessary, the following  formula for CSI-RS sequence initialization shall be alternatively used. 
· HW2: 
Sequence mapping 
In LTE, within one OFDM symbol, the length of PN sequence per PRB is only 1, no matter how many REs are configured for one CSI-RS port. The longer the length, the less the cross-correlation of PN sequences. To support the agreed CSI-RS patterns of (Y, Z) = (2, 1) and (4, 1) and reduce interference from neighboring cells, the length of PN sequence per PRB per OFDM symbol should be larger than one, matching e.g., the maximum length of FD-CDM, number of subcarriers per PRB (i.e., 12). In other words, per RE mapping of CSI-RS sequence should be supported for cross-correlation and better channel estimation performance. The sequence mapping is illustrated in Figure 1. 
Proposal 5: The length of PN sequence for CSI-RS per PRB per OFDM symbol should be larger than 1.
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[bookmark: _Ref494531953]Figure 5 Examples of different sequence length for CSI-RS (per PRB per OFDM symbol)
[bookmark: _GoBack]Bandwidth configuration of CSI-RS
CSI-RS is being considered for different functionalities such as CSI acquisition, beam management and L3 mobility. It is therefore desired to allow configuration flexibility that fulfils the different needs for the different functionalities. For example, wideband CSI acquisition requires wideband configuration of CSI-RS, preferably in a semi-persistent manner. Beam management requires a larger number of resources in the time domain as it needs beam sweeping in a relatively short period of time. However, the frequency of beam sweeping CSI-RS transmissions depends on how quickly the current beams become obsolete, which in turn is a function of how dynamic is a UE and/or its surrounding environment.
It was agreed in the previous meeting to allow configuration of CSI-RS in bandwidths smaller than the active bandwidth part. This type of CSI-RS is particularly useful for narrowband CSI measurements and beam management. CSI-RS bandwidth is configured in CSI resource setting for each CSI-RS resource by higher layer signaling. There are different options for CSI-RS bandwidth configuration. For example, a bitmap with the granularity of an RBG can be used. Another option is that a starting position and a bandwidth can be configured for the UE.
Furthermore, we propose to support CSI-RS configuration with the scheduled PDSCH of a UE. This design choice has the following advantages:
· Narrowband measurements: It allows CSI-RS measurements for the particular subband scheduled for a specific UE. Particularly for the cases that the scheduler uses the same (or similar) subband for PDSCH of a UE, this configuration choice provides accurate results provided that a sufficiently high density of allocated REs is utilized within the allocated resources.
· Simple multiplexing: Now that it is being agreed to allow an extensive set of potential symbols for CSI-RS, especially overlapping with additional DMRS (scheduled for other UEs) and other signals, this design choice provides a desirable simplicity for multiplexing CSI-RS with the other signals. For example, if CSI-RS subband is limited to the PDSCH of a UE not containing additional DMRS that is FDMed with the PDSCH of another UE that does contain additional DMRS, no extra signalling is required for configuration or indication to the FDMed UEs as the allocated resources do not collide. This is illustrated in Figure 6.
· Simple configuration: This design choice can be further simplified if the configuration is directly linked to the frequency resources allocated to a scheduled PDSCH. Particularly, an option for configuring subband CSI-RS is to link the allocated frequency resources to the PDSCH so that only the subcarriers that contain PDSCH will contain CSI-RS even in the case that PDSCH is non-contiguous in frequency.
· [image: ]
Figure 6. No puncturing / rate matching required if CSI-RS bandwidth limited to PDSCH

In order to realize this type of CSI-RS, the following should be provisioned:
Configuration
The RRC configuration should specify that the CSI-RS is aperiodic and it uses resources allocated to a PDSCH. Currently, the RRC parameter set for configuration of NZP CSI-RS includes the parameters listed in Table 3. In order to realize the above, the following needs to be provisioned in the RRC parameter list.

Table 3: RRC parameters for configuration of NZP CSI-RS
	RRC Parameter
	Description
	Value Set/Range
	Value for CSI-RS within PDSCH

	CDMType
	Includes parameters to capture CDM value (1, 2, 4, or 8), CDM pattern (freq. only, time and freq., time only)
	
	[Any allowed value]

	CSI-RS-Density
	Density of CSI-RS resource measured in RE/port/PRB
	{1/2, 1, 3} for X = 1
{1/2, 1} for X = {2, 16, 24, 32}
{1} for X = {4, 8, 12}
	[Any allowed value]
(Further agreements could be made to ensure a sufficiently large number of REs)

	CSI-RS-FreqBand
	Frequency band for CSI-RS
	Includes parameters for wideband and partial band CSI-RS
	Parameters indicating that the allocated PRBs in frequency-domain are identical to the PRBs allocated to PDSCH

	CSI-RS-ResourceMapping
	Include OFDM symbol location(s) and subcarrier occupancy
	
	[Any allowed value]

	CSI-RS-timeConfig
	Contains periodicity and slot offset
	Periodicity: {5, 10, 20, 40, 80, 160, 320, 640} slots
Slot offset: For CSI-RS periodicity P, the supported offsets are 0, …, P-1
	[Any allowed value if applicable to aperiodic]

	NrofPorts
	Number of ports
	1,2,4,8,12,16,24,32
	[Any allowed value]

	NZP-CSI-RS-ResourceConfigId
	NZP-CSI-RS resource configuration ID
	0, …,  NZP-CSI-RS-ResourceMax  - 1
	[Any allowed value]

	ResourceConfigType
	Time domain behaviour of resource configuration
	Aperiodic, semi-persistent, periodic
	Aperiodic

	ScramblingID
	Scrambling ID
	
	[Any allowed value]



Therefore, as can be seen, the only parameter set that needs to support this type of CSI-RS additionally is CSI-RS-FreqBand. Further agreements could be made to ensure that a sufficient number of REs are allocated to each CSI-RS occurrence through adjusting CSI-RS-Density.
Joint scheduling and indication
Since this type of CSI-RS uses PDSCH resources, its transmission should be signalled jointly with scheduling a PDSCH. A simple realization for this joint scheduling and indication is to transmit two DCIs, one for scheduling a PDSCH and the other for triggering the CSI-RS as follows:
DCI for PDSCH scheduling: According to the current draft of 38.212, a DCI format 1_0 or format 1_1 can be used to schedule a PDSCH in one cell.
DCI for aperiodic CSI-RS triggering: According to the agreements from RAN1-90bis email discussions, aperiodic CSI-RS may be configured and triggered by RRC+DCI or RRC+MAC-CE+DCI depending on the number of CCs. In either case, the DCI part of the triggering may immediately precede or follow the DCI for PDSCH scheduling. Since the NZP-CSI-RS-ResourceConfigId indexed by the triggering DCI specifies that the CSI-RS is of the type that is scheduled within the resources allocated to a PDSCH, the UE can infer that the triggering should be joint with the scheduling DCI.
An example of the above scheduling/indication is shown in Figure 7.
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Figure 7. Scheduling PDSCH and triggering aperiodic CSI-RS jointly

Based on the above discussion, we make the following proposal.
Proposal 6: Support UE-specific subband CSI-RS within the PDSCH as follows:
· Configuration specifies that the frequency band of CSI-RS is mapped to the frequency resources allocated to PDSCH.
· Indication then triggers the transmission of CSI-RS jointly with PDSCH scheduling.
CSI-RS for fine T/F tracking
Our detailed design for RS for fine T/F tracking can be found in a companion contribution [4]. Here we only point out that the RS pattern for fine T/F tracking can be achieved by configuring one or multiple 1-port CSI-RS resources. That is to say, the functionality of fine T/F tracking is provided by proper configuration of CSI-RS, one or multiple 1-port CSI-RS resources can be configured for T/F tracking.
Proposal 7: Support configuring one or multiple 1-port CSI-RS resources for fine T/F tracking by UE-specific signaling.
CSI-RS resource mapping and indication
It has been agreed that the RE pattern for X > 4, CSI-RS resources can be formed using one or multiple component RE patterns. One challenge is to indicate the locations of component patterns. We suggest that two bitmaps should be considered for indicating the time and frequency position of the component patterns. For example, NR can use a 12/Y bit bitmap for component pattern (Y, Z) and then another bitmap to identify in which OFDM symbols are occupied.
Proposal 8: Support two bitmaps for indicating the time and frequency position of the component RE patterns.
Port indexing for CSI-RS
Another remaining issue is to determine port assignment scheme. In NR codebook design, the first set of port indices correspond to antenna elements of same polarization, followed by the second set corresponds to the other polarization. The two sets of ports mentioned above are used to select the 2D-DFT beams. For accurate beam selection, CSI-RS ports with same polarization should be mapped on REs with similar channel characteristics. In [1], it has been agreed that CSI-RS ports should be assigned within a CDM group first, then across CDM groups. But port mapping order between CDM groups is FFS. Generally, the channel varies slower in time than frequency domain, therefore we slightly prefer mapping CSI-RS port in time first and then frequency.
BWP information for CSI-RS
In RAN1#AH1709, the agreements were made on CSI reporting band and CSI-RS transmission band. They are defined as a subset of bandwidth part (BWP). But the information of BWP is still missing in the CSI framework, especially a UE may be switching from one BWP to another, or even accessing to two different BWP simultaneously.
One possible solution is adding the BWP indication as a high-layer parameter field in CSI-RS resource. Nevertheless, it is not fit for current CSI framework. The trigger of CSI-RS is done per CSI-RS resource set. If CSI-RS resources within a CSI-RS resource set are linked to different BWPs, they are triggered at the same time. For the possible use case of CSI acquisition, the reporting band is defined as a subset of BWP, which can only be linked to one BWP. For the possible use case of beam management, it is too complex to trigger the beam sweeping where multiple analog beams are transmitted in different BWPs. Therefore, at least the BWP information is not suitable to be configured via high-layer parameter filed contained in CSI-RS resource. 
According to the above analysis, the most appropriate way is to keep the BWP indication at the same granularity to the triggering, i.e. adding the BWP indication as a high-layer parameter field in CSI-RS resource set. In this case, the system can pre-configure multiple CSI-RS resource sets for different BWPs. For the UE who has to switch to from one BWP to another, the network can simply trigger the transmission of corresponding CSI-RS resource set. 
Proposal 9: BWP information should be configured as a high-layer parameter contained in CSI-RS resource set. 

Summary of proposals
The proposals in this paper are summarized as follows. 
Proposal 1: NR should not support non-uniform RE mapping across 4 symbols for N=4.
Proposal 2: Gold code of length 31 shall be used to generate CSI-RS sequence in NR.
Proposal 3: NR shall support 16 bit-width for Scrambling ID.
Proposal 4: The following  formula for CSI-RS sequence initialization shall be supported if only R =2 reserved bits is necessary.
· HW1: 
If more than R=2 reserved bits is necessary, the following  formula for CSI-RS sequence initialization shall be alternatively used. 
· HW2: 

Proposal 5: The length of PN sequence for CSI-RS per PRB per OFDM symbol should be larger than 1.
Proposal 6: Support UE-specific subband CSI-RS within the PDSCH as follows:
· Configuration specifies that the frequency band of CSI-RS is mapped to the frequency resources allocated to PDSCH.
· Indication then triggers the transmission of CSI-RS jointly with PDSCH scheduling.
Proposal 7: Support configuring one or multiple 1-port CSI-RS resources for fine T/F tracking by UE-specific signaling.
Proposal 8: Support two bitmaps for indicating the time and frequency position of the component RE patterns.
Proposal 9: BWP information should be configured as a high-layer parameter contained in CSI-RS resource set. 
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