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1. Introduction
In RAN WG1 meetings #88[1], #88bis [2], #89 [3], NR Ad-Hoc#2, #3 [4, 6], #90 [5], and #90bis [7], the following working assumptions and agreements were made with respect to the CSI-RS support for NR:
	Agreements:
· The RE pattern for an X-port CSI-RS resource spans N ≥ 1 OFDM symbols in the same slot and is comprised of one or multiple component CSI-RS RE patterns where
· A component CSI-RS RE pattern is defined within a single PRB as Y adjacent REs in the frequency domain and Z adjacent REs in the time domain
Agreements:
· At least for CSI-acquisition, for density 1 RE/port/PRB, X<8, and N=1 or 2 OFDM symbol, support X-port CSI-RS resource composed of M adjacent RE(s) in the frequency domain and N adjacent RE(s) in the time domain
· X=2: (M, N)= (2, 1) , FFS (1, 2)
· X=4: (M, N)= (4, 1) , (2, 2)
· FFS: the RE pattern for an X-port CSI-RS resource when X>=8
· FFS: the number of component CSI-RS RE patterns for X>=8-port CSI-RS resources
· Strive to minimize the possible pairs of (Y,Z) for the component CSI-RS RE patterns while considering configuration complexity and overhead
Agreements:
· At least for CSI acquisition, for N=2 OFDM symbols, support a uniform RE mapping pattern wherein the same sub-carriers are occupied in each symbol of one CSI-RS resource 
· FFS: For N=4 OFDM symbols, the RE mapping pattern of one CSI-RS resource
 
Agreements:
· At least for CSI acquisition, for N=4 OFDM symbols, 
· Support two pairs of adjacent OFDM symbols for one CSI-RS resource where the two pairs can be adjacent or non-adjacent
· For each pair, support a uniform RE mapping pattern in the time domain wherein the same sub-carriers are occupied in the two adjacent OFDM symbols
                                  Note: CDM pattern will be discussed separately

Agreements:
· For CDM-8 in CSI-RS for CSI acquisition, support at least one of the following:
· Alt 1: Distributed across multiple of the component CSI-RS RE patterns
· Alt 2: Fully contained within one component CSI-RS RE pattern 
· For CDM-4, study further whether to support the ports being distributed across multiple of the component CSI-RS RE patterns


Agreements:
· For CSI acquisition, the number of CSI-RS ports can be configured as 24 ports

Agreements:
· Support following CSI-RS RE patterns for CSI acquisition.
	X
	Density [RE/RB/port]
	N
	(Y, Z)
	CDM

	1
	>1, 1, 1/2
	1
	N.A.
	No CDM

	2
	1, 1/2
	1
	(2,1)
	FD-CDM2

	4
	1
	1
	(4,1)
	FD-CDM2

	8
	1
	1
	(2,1)
	FD-CDM2

	8
	1
	2
	(2,2)
	FD-CDM2, CDM4 (FD2,TD2)

	12
	1
	1
	(2,1)
	FD-CDM2

	12
	1
	2
	(2,2)
	CDM4 (FD2,TD2)

	16
	1, 1/2
	2
	(2,2)
	FD-CDM2, CDM4 (FD2,TD2)

	24
	1, 1/2
	4
	(2,2)
	FD-CDM2, CDM4 (FD2, TD2), CDM8 (FD2, TD4)

	32
	1, 1/2
	4
	(2,2)
	FD-CDM2, CDM4 (FD2, TD2), CDM8 (FD2, TD4) 


· TD4 in CDM8 in the above table always spans 4 adjacent symbols
· FFS until next meeting whether or not components are allowed to be non-adjacent in frequency

Agreements:
· For UE’s perspective,
· For REs that is configured as a CORESET,
· NZP CSI-RS is not multiplexed.
· For REs that is in the same OFDM symbol of configured CORESET but outside of the CORESET, 
· FFS: Whether NZP CSI-RS can be multiplexed or not
Working assumption:
· CSI-RS resource(s) with 2-port with D>1 for beam management is not supported in Rel-15
Agreements:
· Support of CSI-RS resource(s) with 2-port with D=1 for beam management in Rel-15 is subject to RAN4 feedback
Agreement:
The starting subcarrier of a CSI-RS component RE pattern
· For 1 port CSI-RS, there is no restriction
· For Y=2, is constrained to be one among even subcarriers, in the given PRB (indexed from 0)
· For Y=4, is constrained to be one among subcarriers 0, 4, 8, in the given PRB (indexed from 0)

Agreement:
At least {8, 9, 10, 11}-th OFDM symbol in a slot structure can be configured for CSI-RS transmission, in addition to the {6, 7, 13, 14}-th OFDM symbol. Note: the symbol locations assume that symbol indexing starts at 1.
· FFS: Other OFDM symbols 

Agreement:
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

Agreement:
NR supports the following CSI-RS transmission periodicities 
{5, 10, 20, 40, 80, 160, 320, 640} slots
FFS: Restriction on periodicity as a function of subcarrier spacing

Agreement:
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.
Agreement:
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)




In this contribution, we will provide some discussion on the remaining issues for CSI-RS for beam management and CSI-RS for CSI acquisition.
2. Discussion on CSI-RS for Beam Management
2.1 Bandwidth of CSI-RS for BM
The CSI-RS can be used to measure the L1-RSRP of each beam for beam reporting and the hypothetical BLER for the PDCCH. For a CSI-RS resource, its bandwidth can be smaller than or equal to a BWP. For hypothetical BLER measurement, it is better the bandwidth of CSI-RS could be large enough and the density should not be low. Thus for the CSI-RS resource which are QCLed with the PDCCH, it is better the bandwidth could be equal to a BWP, and the density D should be at least 3 RE/RB, which is aligned with the density of DMRS of PDCCH. 
Further, the bandwidth of CSI-RS would also have some impact on the L1 RSRP measurement accuracy. Denote B to be the number of RBs allocated for CSI-RS, Figure 1 illustrates some link level simulation results for different allocated bandwidth case given the full bandwidth size is 100 RBs. The detail simulation assumptions are shown in Table A-1 in appendix. It can be observed that significant performance gain can be achieved by full bandwidth CSI-RS compared to small partial bandwidth CSI-RS. When B=50 RB, the performance could be closed to the full bandwidth CSI-RS. To achieve better performance, it is better that the CSI-RS can take the full bandwidth of a BWP. If a UE is configured multiple BWPs which are QCLed, the CSI-RS can be applied to a sub-set of BWPs. Hence a minimal bandwidth for a CSI-RS resource should be defined.


Figure 1: LLS result for different bandwidth of CSI-RS

Proposal 1: For the CSI-RS resource which are QCLed with the PDCCH, it is better that the bandwidth could be equal to a BWP and the minimal bandwidth should be defined; for the CSI-RS resource which are not QCLed with the PDCCH, the minimal bandwidth should be defined for accurate L1-RSRP measurement. The two minimal bandwidth can be different and should be defined by RAN4.
Proposal 2: For the CSI-RS resource which are QCLed with the PDCCH, its density D should be at least 3 RE/RB.
2.2 Power Offset between CSI-RS and PDCCH
In beam failure recovery, the CSI-RS is used to monitor the hypothetical BLER. It is also agreed that the UE should aware the power offset between the CSI-RS and PDCCH. Hence there are the following three options for the UE to know the power offset:
· Option 1: power offset of CSI-RS and PDCCH is configured by RRC signaling
· Option 2: power offset of CSI-RS and PDCCH is the same as the power offset of CSI-RS and PDSCH
· Option 3: power offset of CSI-RS and PDCCH is fixed

The transmission power of different CSI-RS resources could be different. Therefore the power offset of CSI-RS and SSB and the power offset of CSI-RS and PDSCH is configured by RRC signalling. Hence option 3 would bring in the limitation of PDCCH transmission power. For different CORESET which are QCLed with different CSI-RS resources which has different transmission power, the gNB has to change the transmission power per CORESETs. In option 2, there is also a limitation that the transmission power of PDSCH and PDCCH should always keep the same. Hence regarding the flexibility, option 1 is slightly preferred compared to option 2.
Proposal 3: It should be supported that the power offset of CSI-RS and PDCCH is configured by RRC signalling.
3. Discussion on CSI-RS for CSI Acquisition
3.1 CSI-RS resource mapping for CSI acquisition
In RAN1 meetings [1-7], it is agreed that RE patterns for an X-port CSI-RS are comprised of one or multiple component CSI-RS RE patterns (Y, Z). A component CSI-RS RE pattern is defined within a single PRB as Y adjacent REs in the frequency domain and Z adjacent REs in the time domain. So far in the previous meetings [1, 2, 3, 4, 5], we have agreed to support three distinct pairs of (Y, Z) = {(2, 1), (2, 2), (4, 1)}. In order to rule out weird RE patterns for CSI-RS resources, we have agreed, at least for CSI acquisition, to support a uniform RE mapping pattern wherein the same sub-carriers are occupied in all the symbols in a CSI-RS resource. Additionally, it is also agreed in the meeting [6] that the starting (lower index) sub-carrier position of a (Y, Z) component within a PRB is a multiple of Y. There was also a discussion in [6], whether to allow for non-equal number of components in the pairs of the OFDM symbols containing a CSI-RS resource. Such a scheme would increase UE complexity due to rate matching for various channels that need to work around complicated combinations of CSI-RS patterns. Hence, we propose that NR do not support unequal number of CSI-RS components in different symbols of a single CSI-RS resource. 
Using these constraints of resource mapping, we can signal, via RRC, the RE resource mapping pattern of a CSI-RS resource using a Kronecker product of two independent bitmaps for frequency and time respectively. Specifically, since the frequency positions are uniform across all symbols in a resource and start at sub-carrier indices that are multiples of Y, we can use a 12/Y bit bitmap to specify the frequency pattern for the whole slot. A “one” in the bitmap corresponds to the start of a (Y, Z) component. Similarly, we can use up to a 14 bit wide bitmap to specify which time-domain symbols in the slot contain the CSI-RS resource. Again “ones” indicate the indices of the CSI-RS symbols in a slot that contain CSI-RS resource. For example, consider a X = 24 port CSI-RS resource that occupies N = 4 symbols, say 5, 6, 12, 13 symbols in a slot, constructed using aggregation of six (Y, Z) = (2, 2) components as shown in the Fig-2. 

[image: ]

Figure-2: Example slot resource map of X = 24 port CSI-RS resource occupying 4 OFDM symbols 5, 6, 12, 13 constructed using six (Y, Z) = (2, 2) component CSI-RS RE patterns with uniform RE mapping.
The resource map for this resource can be signalled using Kronecker product 6 X 14 bits of a 6-bit and 14-bit frequency and time map, as follows.
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As a result the signaling overhead for CSI-RS resource map is 12/Y + 14 bits in total.

Proposal 4: NR does not support unequal number of CSI-RS components in different symbols of a single CSI-RS resource.

Proposal 5: In NR, CSI-RS resource mapping, of a resource comprised of (Y, Z) components, can be signalled using Kronecker product of independent bitmaps for frequency and time. Frequency bitmap is 12/Y bits wide, while the time-domain bitmap is 14 bits wide. A set (or “one”) bit in the (12/Y)  X  (14) bits bitmap indicates RE occupied by CSI-RS resource. 

[bookmark: _GoBack]3.2 PN sequence generation



In LTE pseudo-random sequences are defined by a length-31 Gold sequence. The output sequence  of length, where, is defined by 






where  and the first m-sequence shall be initialized with. The initialization of the second m-sequence is denoted by  . In LTE a common framework of generating PN sequence was used for various applications such as data scrambling, CSI-RS, DMRS, etc, where the initialization value was dependent on the application.
For NR, we can adopt a similar design philosophy to generate all the RS sequences using a common framework of generating PN sequences. However, note that the range of the values, e.g., number of slots or cell-ID’s, of the parameters used in determining the initialization seed values have increased considerably in NR as compared to LTE. Additionally, some new parameters, such as sub-carrier spacing, may also need to be introduced in determining the seed values for the PN sequence generators for NR. Hence the number of bits required for initialization of the LFSR in NR is expected to be larger. Table 1 shows a comparison of PN code initialization between LTE and NR. The values in the table for NR are for illustration purpose only and are based on LTE framework.
Table 1. Initialization Value comparison for PN code
	
	LTE
	NR (if equations are used directly)

	PUSCH /PDSCH Scrambling
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	CSI-RS
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	Positioning RS
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To address the issue of increased number of bits, as compared to LTE, of the PN sequence initialization parameters, we propose two solutions, as follows:
1. Larger order polynomial for the PN code: NR may consider a larger order polynomial for the PN code. For instance, we propose 63 bits be provided for initialization field of the PN code. One candidate for the length 63 PN code is a gold code with generation polynomial of g0(x) = x63 + x1 + 1 and g1(x) = x63 + x38 + x13 + x1 + 1. To avoid high cross correlation, the fast forwarding value, Nc, can be selected from the ranges between 20750 and 22500, which provides good cross correlation results as shown in 3.
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Figure 3. Maximum partial cross correlation between all possible cell-ID and OFDM symbol pairs.

2. Usage of hash functions to compress the data:
The second option is to reduce the bits, while including the influence of all the input parameters and preserving the randomness of the initial seed value, by using a hash function. A hash function can compresses a longer bit-size field to a size that can be accommodated. For instance, we can hash the NR seed values from Table-1 to 31-bits and then reuse the Gold-31 code as in LTE. There are many good options for hash functions such as CRC hash function, or PDCCH hash function, or modulo operation, etc. Additionally, the hash function can either feed one or both the LFSR used in the Gold-31 generation.

Proposal 6: Similar to LTE, NR supports a common framework for PN sequence generation that further can be applied to different applications such as scrambling code, CSI-RS, DMRS, etc.

Proposal 7: Down-select one of the following alternatives for the initialization of the PN sequence generator. 
· Alt-1: Use a Gold-63 code with 63 bit wide LFSR. 
· Alt-2: Use a Gold-31 code with a hash function. The hash function output can feed either one or both the LFSR used for generating Gold-31.

3.3 CSI-RS CDM Type
In RAN1 meetings [1-7] we have agreed to support both time-domain and frequency-domain code division multiplexing (CDM) using orthogonal cover code (OCC). The CDM is agreed for lengths of {1, 2, 4, 8}. The length 2 OCC CDM-2 is only applicable in the frequency domain, while the length 4 CDM-4 code consists of 2 dimensions in frequency and 2 dimensions in the time domain, i.e. TD-2 and FD-2. The length 8 CDM code is supported using FD-2 and TD-4. Given these agreed combinations, we can signal the CDMtype for a given CSI-RS resource using 4 bits as follows. Two bits represent the frequency domain CDM value from the set {1, 2, 4, 8} and likewise other two bits represent the time-domain CDM value from the set {1, 2, 4, 8}.

Proposal 8: In NR, the CDMtype for a CSI-RS resource is configured using 4 bits. Two bits represent the frequency domain CDM value from the set {1, 2, 4, 8} and likewise other two bits represent the time-domain CDM value from the set {1, 2, 4, 8}.
3.4 CSI-RS Frequency band 
In 3GPP RAN1 meetings [1-7], we have agreed to support CSI-RS configuration of wideband as well as partial band CSI-RS. Here we propose two methods for signaling the choice of the configured CSI-RS band via RRC parameter. In NR there can be maximum of 275 PRB’s across multiple numerologies. First method uses up to 275 bit (depending on actual system bandwidth) to signal which PRB contain the CSI-RS transmission. This method supports wideband as well as both contiguous and noncontiguous partial band CSI-RS. Second method further optimizes the signaling overhead, if there is minimum granularity or step-size, e.g., sub-band, by indicating which sub-bands are configured for CSI-RS transmission and the size of the sub-band.
Proposal 9: The CSI-RSFreqBand for a CSI-RS resource is configured using either PRB level bit-map for the system bandwidth or sub-band level bit map. In case of sub-band bit-map the size of the sub-band is also configured.
3.5 Power imbalance in pre-coded CSI-RS
In a precoded CSI-RS, especially the one that has TD-CDM across multiple OFDM symbols, there is a possibility of power imbalance between the OFDM symbols due to combining of multiple port RS. This can result in inefficient power amplifier setting and coverage. One possible solution for this is to randomize the combining of RS from multiple ports across different PRBs. This can be achieved by permuting the TD-CDM codes used by various ports across different PRBs. The granularity in terms of PRBs, e.g., CDM permutation is performed for every PRB or every alternate or every nth PRB, is for further studies.
Proposal 10: The CDM codes used for combining multiple ports in an NR pre-coded CSI-RS are permuted every nth PRB. The value of n is FFS.
3.6 Antenna port mapping/indexing
In NR it is envisioned that different UEs may have different CSI processing capability, e.g., can process different number of antenna ports for CSI. Further, in order to reduce the RS overhead the base station may choose to transmit a common CSI-RS resource with number of antenna ports that may be larger than an individual UE’s capability. The antenna port indexing of the NR CSI-RS resource should take this use case into consideration and allow for a less capable UE to be able to perform CSI measurements and reporting on a subset of the ports than the total number of ports in the configured CSI-RS resource. 
Proposal 11: NR CSI-RS supports port sharing for CSI acquisition.
Further, to support CSI measurements and reporting on a subset of the ports than the total number of ports in the configured CSI-RS resource, we propose separate configuration of antenna ports N for CSI-RS signal and antenna ports K for codebook, where N>=K. For PDSCH RE mapping, UE should assume CSI-RS transmitted on N antenna ports.
Proposal 12: NR CSI-RS supports separate configuration of antenna ports N for CSI-RS signal and antenna ports K for codebook, where N>=K.
4. Conclusion
In this contribution we have provided our views on the remaining issues for CSI-RS. From the discussion, we have the following observations or proposals.
Proposal 1: For the CSI-RS resource which are QCLed with the PDCCH, it is better that the bandwidth could be equal to a BWP and the minimal bandwidth should be defined; for the CSI-RS resource which are not QCLed with the PDCCH, the minimal bandwidth should be defined for accurate L1-RSRP measurement. The two minimal bandwidth can be different and should be defined by RAN4.
Proposal 2: For the CSI-RS resource which are QCLed with the PDCCH, its density D should be at least 3 RE/RB.
Proposal 3: It should be supported that the power offset of CSI-RS and PDCCH is configured by RRC signalling.
Proposal 4: NR does not support unequal number of CSI-RS components in different symbols of a single CSI-RS resource.
Proposal 5: In NR, CSI-RS resource mapping, of a resource comprised of (Y, Z) components, can be signalled using Kronecker product of independent bitmaps for frequency and time. Frequency bitmap is 12/Y bits wide, while the time-domain bitmap is 14 bits wide. A set (or “one”) bit in the (12/Y)  X  (14) bits bitmap indicates RE occupied by CSI-RS resource. 
Proposal 6: Similar to LTE, NR supports a common framework for PN sequence generation that further can be applied to different applications such as scrambling code, CSI-RS, DMRS, etc.

Proposal 7: Down-select one of the following alternatives for the initialization of the PN sequence generator. 
· Alt-1: Use a Gold-63 code with 63 bit wide LFSR. 
· Alt-2: Use a Gold-31 code with a hash function. The hash function output can feed either one or both the LFSR used for generating Gold-31.

Proposal 8: In NR, the CDMtype for a CSI-RS resource is configured using 4 bits. Two bits represent the frequency domain CDM value from the set {1, 2, 4, 8} and likewise other two bits represent the time-domain CDM value from the set {1, 2, 4, 8}.
Proposal 9: The CSI-RSFreqBand for a CSI-RS resource is configured using either PRB level bit-map for the system bandwidth or sub-band level bit map. In case of sub-band bit-map the size of the sub-band is also configured.
Proposal 10: The CDM codes used for combining multiple ports in an NR pre-coded CSI-RS are permuted every nth PRB. The value of n is FFS.
Proposal 11: NR CSI-RS supports port sharing for CSI acquisition.
Proposal 12: NR CSI-RS supports separate configuration of antenna ports N for CSI-RS signal and antenna ports K for codebook, where N>=K.
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Appendix – Simulation Assumption
Table A-1: Simulation Assumption for LLS
	Parameter
	Assumption

	Channel Model
	CDL-B 30ns

	Carrier frequency
	30GHz

	System bandwidth
	80MHz

	Subcarrier spacing
	60kHz

	Number of symbols for CSI-RS
	4

	Number of sweeping Tx beams
	4

	Number of sweeping Rx beams
	1

	gNB antenna structure
	(4, 8, 1, 1)

	UE antenna structure
	(2, 4, 1, 1)
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