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[bookmark: _Ref510688661][bookmark: _Toc513552414]Introduction
[bookmark: _Hlk509931806]As specified in 38.211 [1], the CSI-RS sequence is mapped to the physical resource according to:


For each CSI-RS configured, the UE shall assume the sequence  being mapped to resources elements  according to 
[image: ]


Our main proposals for CSI-RS are given in [3].
In this contribution, we observe that the current specification has flaws when it comes to resource sharing, leading to inefficient use of radio resources. Depending on precoder structure for CSI-RS, the specified solution may also lead to very poor properties of the transmitted signal with respect to PAPR/CM.
We observe that a very straightforward sequence mapping can solve the resource sharing problem for all numbers of ports and all densities. The solution put forward also results in much lower PAPR compared to the specified solution. 
[bookmark: _Toc513552415] Issues with the specified sequence mapping for CSI-RS
A resource specific sequence mapping enables sharing of physical resources among users with (partially) overlapping CSI-RS bandwidths; this is highly desirable as it avoids wastage of physical resources. According to the specified solution cited above, the resource-specific aspect holds for resources configured with the same density. However, the specified sequence mapping is NOT resource specific across different densities.
For example, consider a scenario where UE1 has smaller bandwidth part bandwidth compared to UE2. It is often reasonable to have the CSI-RS cover the entire bandwidth part. To have enough energy on CSI-RS for UE1 it may be necessary to configure UE1 with density . For UE2 it may be sufficient to have   (as the bandwidth is larger). This scenario is illustrated in Figure 1 below:
[image: ]
[bookmark: _Ref505674193]Figure 1	Example of CSI-RS (RB) allocations of two users with different CSI-RS bandwidth and density.
On the transmitter side the same example may be schematically illustrated as in Figure 2 below:
[image: ]
[bookmark: _Ref505674481]Figure 2	Example on how CSI-RS resources are mapped to the resource grid from the network perspective.
Now, assume that the CSI-RS resources configured for UE1 and UE2 have same number of ports X. The number of resource elements reserved for CSI-RS is thus X, both in the RBs with CSI-RS allocated only for UE1 (yellow in Figure 2) and in the RBs with CSI-RS allocated only for UE2 (green in Figure 2). However, the number of resource elements reserved for CSI-RS in the RBs with CSI-RS allocated for both UE1 and UE2 (red in Figure 2) is 2X. This is because orthogonal resources need to be configured for UE1 and UE2 since the sequence values for the two UEs in the red RBs are different according to the specified formulas in 38.211 [1]. 
Clearly, a non-resource specific design leads to time/frequency resource wastage that should be avoided. The motivation becomes even stronger as the number of ports X becomes larger. We note that the design for LTE avoids this problem, and it should be a goal for NR to do the same. To that end we observe:
[bookmark: _Toc506560739][bookmark: _Toc506563412][bookmark: _Toc506563577][bookmark: _Toc506563617][bookmark: _Toc509933424][bookmark: _Toc513552416]The specified sequence mapping does not support sharing of physical resources for CSI-RS configurations with different densities  = 0.5,  = 1, and  = 3, leading to wastage of time/frequency resources.
[bookmark: _Toc513552417]Alternative mapping of sequence to CSI-RS resource elements
To solve the resource sharing issues raised in the previous section, and avoid inefficient use of resources, we investigate a sequence mapping that makes the design completely resource specific across all densities and numbers of ports. At the same time, the mapping becomes very simple from a specification perspective.
The sequence  is generated according to Sections 5.2.1 and 7.4.1.5.2 in [1], and we map it to REs in a resource element specific manner. This means that
,
where . According to this proposal, the sequence is indexed by the subcarrier index k in an absolute grid. As described in Section 4.4.4 of [1], k is defined relative to subcarrier 0 of the common resource block grid (reference Point A). This solution has several benefits compared to the mapping specified in 38.211 [1]:
· It enables sharing of the physical CSI-RS resource between users with different configured densities
· Any given point of the sequence is used on a single subcarrier only – thus avoiding the severe deterioration of cubic metric that may result from reusing sequence points on multiple subcarriers as is the case with the specified solution on sequence mapping for CSI-RS. The time domain properties of two alternative sequence mappings are numerically evaluated in Section 3.
· The same generated sequence can be reused for multiple CSI-RS configurations if  is shared.
· The sequence used by an interfering CSI-RS, e.g., in another cell, is only dependent on which resource elements it is mapped to and the used to generate the sequence, not the full CSI-RS configuration. This allows easier prediction of the properties of the interference, and also regeneration of the interfering sequence, e.g., for cancellation purposes.
· It enables control of the orthogonality properties between CSI-RS resources with different configurations
· The specification is simplified.
[bookmark: _Toc503440897][bookmark: _Ref503449861][bookmark: _Toc503449888][bookmark: _Toc503454968][bookmark: _Toc503543348][bookmark: _Toc503543370][bookmark: _Toc503543563][bookmark: _Toc506563413][bookmark: _Toc506563578][bookmark: _Toc506563618][bookmark: _Toc509933425][bookmark: _Toc513552418]When mapping the reference signal sequence to the physical resource, indexing the sequence by the subcarrier index k relative to subcarrier 0 in common resource block 0 (Reference Point A) solves many of the problems of the specified CSI-RS sequence mapping, allowing the ability to share physical resources and thus avoid inefficient resource utilization. In addition, it leads to significantly better time domain properties of the transmitted signal.
With this proposal, the sequence mapped to the physical resource is a subsampled version of , as generated from the Gold sequence defined in Section 5.2.1 of [1]. In [2] we investigate the correlation properties of a subsampled sequence – and we find them to be the same as those of the original sequence.
The following text change implements the resource element specific reference signal sequence as in Observation 2.
>>>>>>>>>>>>  Text change for alternative design (38.211)  >>>>>>>>>>>>


>>>>>>>>>>>>  End text change  >>>>>>>>>>>>

[bookmark: _Ref506537177][bookmark: _Toc513552419]Numerical evaluations of PAPR/Cubic metric properties of different sequence mapping
A simple scenario with 8 CSI-RS ports, density , and a single symbol for CSI-RS is considered; this corresponds to row 7 of Table 7.4.1.5.2-1 of 38.211. In the example we set . QPSK data is mapped to resource elements not used by CSI-RS. The power of CSI-RS is scaled to achieve nominal power. CSI-RS is precoded using random wideband precoders (QPSK phase shifts) with a new realization every OFDM symbol; the important point here is that the PAPR growth occurs for virtually any precoder that combines multiple CSI-RS ports on a single antenna.
The specified sequence mapping is compared to the alternative mapping shown above with respect to peak to average power ratio (PAPR) and cubic metric (CM) for one of the transmit antennas. The transmit antenna corresponds to a row in the random precoder. Clearly the index of the selected antenna is arbitrary in this scenario. The results are shown in Figure 1 and Table 1. We observe the following:
[bookmark: _Toc509933426][bookmark: _Toc513552420]If CSI-RS is precoded, the specified sequence mapping will lead to severe deterioration of PAPR/CM of the transmitted signal. The alternative sequence mapping explored in this paper results in the same PAPR/CM as data.
[image: ]
[bookmark: _Ref506539054]Figure 1	PAPR (over OFDM symbols) for CSI-RS symbols generated using the specified sequence mapping and the resource element specific mapping proposed in this paper. PAPR for random QPSK data is included for reference.
[bookmark: _Ref506539061]Table 1	Cubic metric for the two different sequence mapping alternatives considered, and (for reference) random QPSK data
	
	Cubic metric

	Specified sequence mapping in 38.211
	5.2 dB

	Random QPSK
	4.0 dB

	Proposal of this paper
	4.0 dB



Assume precoder complex scaling factor from CSI-RS port (3000+i) to antenna/radio 0 is  = . For the alternative sequence mapping design considered in this paper, the mapping is given by the following (note that the start offset into the sequence is omitted for brevity).
	Subcarrier
	0
	1
	2
	3
	4
	5
	6
	7

	Tx symbol on antenna 0
	
	
	
	
	
	
	
	


For the specified solution, the sequence mapped is
	Subcarrier
	0
	1
	2
	3
	4
	5
	6
	7

	Tx symbol on antenna 0
	
	
	
	
	
	
	
	



The deterioration of PAPR and CM is readily explained by the repetition of the same two sequence points across all ports of the CSI-RS resource that results from the specified solution.
Also note that if multiple CSI-RS resources with the same scrambling ID are multiplexed interleaved, then the dramatic increase of PAPR/CM demonstrated above will be observed even if CSI-RS is not precoded. 
[bookmark: _Toc513552421]Conclusions
In this contribution, we made the following observations:
Observation 1	The specified sequence mapping does not support sharing of physical resources for CSI-RS configurations with different densities  =0.5,  =1, and  =3, leading to wastage of time/frequency resources.
Observation 2	When mapping the reference signal sequence to the physical resource, indexing the sequence by the subcarrier index k relative to subcarrier 0 in common resource block 0 (Reference Point A) solves many of the problems of the specified CSI-RS mapping, allowing the ability to share physical resources and thus avoid inefficient resource utilization. In addition, it leads to significantly better time domain properties of the transmitted signal.
Observation 3	If CSI-RS is precoded, the specified sequence mapping will lead to severe deterioration of PAPR/CM of the transmitted signal. The alternative sequence mapping explored in this paper results in the same PAPR/CM as data.
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