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Introduction
Support for mixed numerology transmission for NR has been agreed upon. In RAN1#86 the following agreement was reached. 
Agreements:
· A subframe duration is defined by the duration of x OFDM symbols given a reference numerology 
· With the same CP overhead, a single value of x is specified irrespective of the subcarrier spacing value chosen for the reference numerology
· This does not preclude multiple data transmission opportunities in time within a subframe duration
· This does not preclude multiple control transmission opportunities in time for both DL and UL within the subframe duration
· This does not preclude one data transmission to span over multiple subframe durations
· A UE has one reference numerology in a given NR carrier which defines subframe duration for the given NR carrier
· FFS: In a given NR carrier, whether different UEs may have different reference numerologies or may not
· Specification supports multiplexing numerologies in TDM and/or FDM within/across (a) subframe duration(s) from a UE perspective

The most relevant agreement is the last one where RAN1 has agreed to support multiple numerologies while multiplexing them in FDM manner. Also in RAN1#86b we also made the following agreement on the design of the CSI-RS 

Agreements:
· Support NR CSI-RS pattern with at least the following properties: 
· CSI-RS mapped in one or multiple [consecutive] symbols
· FFS: At least CSI-RS located at the earlier part of a slot in some cases
· FFS: before or after the DM-RS agreed to study in RAN1#85
· FFS: CSI-RS located at other part of a slot
· Working assumption: Configurable density of CSI-RS in frequency and/or time domain by UE-specific manner
· Working assumption: CSI-RS for NR should support up to 32 ports 
· FFS: whether or not to have 32 ports codebook
· Support at least following configurations of NR CSI-RS
· UE-specific configuration to support
· Wideband CSI-RS, i.e. from UE perspective, the full bandwidth the UE is configured to operate with 
· Partial-band CSI-RS, i.e. from UE perspective, part of the bandwidth the UE is configured to operate with
· FFS: Different patterns may be used for wideband and subband CSI-RSs

So if we take these following two agreement into account together we can make the following observation:

Observation: In NR different numerologies can be frequency multiplexed. Also since the CSI-RS can be wideband and UE specific it is possible that numerology of the underlying PDSCH (based on the numerology of a different UE) can be different from the numerology of the CSI-RS as shown in the figure below.
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[bookmark: _Ref465883050]Figure 1‑1 UE Specific Wideband CSI-RS Transmission in Mixed Numerology NR  
From Figure 1‑1 we can see that in order to support UE specific CSI-RS we will need to support the transmission and reception of CSI-RS with a numerology that can be different from the numerology of the underlying PDSCH. 
Observation: When wideband CSI-RS is transmitted in a mixed numerology scenario it can lead to a condition where the CSI-RS numerology and the underlying PDSCH numerology are different. In this case the following can be said:
· Due to mix of numerology the rate matching may not be efficient and only partial RE may be used while rate matching the PDSCH around a CSI-RS of a different numerology.
· Due to the mix numerology the CSI-RS and the rate matched PDSCH are no longer orthogonal therefore they can cause potential interference to each other unless other measures such as interference cancellation are taken. 
NR CSI-RS Design for Mixed Numerology
In this section we present a CSI-RS design that is flexible to and can accommodate a mixed numerology transmission. The design of such as CSI-RS is broken into three sections
· CSI-RS RE mapping configuration 
· CSI-RS numerology 
· CSI-RS and PDSCH multiplexing
NR CSI-RS RE Mapping Configuration 
The mixed numerology case indicates that a single RE mapping may not be optimal, so we propose having three different configurations for CSI-RS as shown in Figure 2‑1.
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[bookmark: _Ref465630768]Figure 2‑1 Multiple CSI-RS Configuration
The use case for the three different configurations can be summarized as such:
· CSI-RS Configuration 1: In this configuration the CSI-RS use a single RE in the frequency domain and Y REs in the time domain (horizontal configuration). Number of REs in the time domain Y is configurable and allowed values are FFS. This configuration is used in a mixed numerology where the subcarrier spacing are in the ratio of 1:4. So for example in the case of 15KHz and 60KHz mix this configuration can be used by the 60Khz numerology CSI-RS. In this case when this configuration is placed on top of the 15KHz numerology is occupies 4 subcarrier by 1 OFDM symbols. 
· CSI-RS Configuration 2: In this configuration the CSI-RS uses X REs in the frequency domain and X REs in the time domain (square configuration). Number of REs in the time domain and frequency domain X is configurable and allowed values are FFS. This configuration is used in the mixed numerology case where the subcarrier spacing are in the ratio of 1:2. So for example in the case of 60KHz and 120KHz mix this configuration can be used for the 60KHz and 120KHz numerology. This mitigates the problem of imperfect overlap between the CSI-RS of one numerology and PDSCH of the other numerology. 
· CSI-RS Configuration 3: In this configuration the CSI-RS uses X RE in the frequency domain and 1 RE in the time domain (vertical configuration). Number of REs in the frequency domain Y is configurable and allowed values are FFS. This configuration is used in a mixed numerology where the subcarrier spacing are in the ratio of 4:1. So for example in the case of 15KHz and 60KHz mix this configuration can be used by the 15Khz numerology. In this case when this configuration is placed on top of the 60KHz numerology is occupies 1 subcarrier by 4 OFDM symbols. 
Having such multiple CSI-RS configuration allows NR to choose the proper configuration can be chosen depending on the numerology mix. This can be an RRC configuration associated with each CSI-RS resource. 
Proposal: NR should consider multiple CSI-RS RE configuration. At least 3 configuration as indicated in this section i.e. 1 symbol by Y subcarrier, X subcarrier by X symbol, and Y symbols by 1 subcarrier should be supported. 
Proposal: The number of REs used by CSI-RS is configurable and the combination of the RE configuration and number REs is UE specific. 
NR CSI-RS Numerology 
As agreed in RAN1#86b the CSI-RS configuration including the numerology can be UE specific. For that there can be two possible options on deciding the numerology of the CSI-RS:
· Option 1: CSI-RS is always transmitted using a reference numerology. In this option irrespective of what numerology the UE is configured for PDSCH, it uses a reference numerology for CSI-RS. Since CSI-RS and PDSCH can often be in the same symbol this implies that the UE needs to be capable of receiving multiple numerologies in the same OFDM symbol. This might imply that the UE has to have two FFT engines in order to simultaneously demodulate PDSCH and perform CSI estimation based on the CSI-RS
· Option 2: CSI-RS is always transmitted with the same numerology as the PDSCH for the given UE. This makes it easier for the UE to simultaneously demodulate the PDSCH as well as perform CSI estimation using a single FFT

It is very crucial to note that no matter which option is used the CSI-RS and PDSCH can be transmitted in different parts of the system bandwidth. So for example if the CSI-RS is wideband then is it likely that the UE specific CSI-RS will be transmitted in the region that is being used to transmit the PDSCH of a different UE possibly with a different numerology. So the possibility of CSI-RS and PDSCH being transmitted with different numerology in the same resource block is a possibility with both the cases.
Proposal: RAN1 should study both the options for the CSI-RS and carefully evaluate the complexity vs performance gain for both of these options
	Option 1: CSI-RS is always transmitted with a reference numerology 
	Option 2: CSI-RS is always transmitted with the same numerology as the PDSCH of the UE


NR CSI-RS and PDSCH Multiplexing
Shown in Figure 3‑1 are some of the cases that we might encounter while supporting UE specific wideband CSI-RS in a mixed numerology scenario. We see from these figures that no matter which option is chosen for the CSI-RS numerology we will always have the case where the CSI-RS numerology and the underlying PDSCH numerology are different (note that the PDSCH and CSI-RS belong to two different UEs).
As mentioned before for a mixed numerology case the REs between the separate numerology are inherently non orthogonal so we propose having two kind of RE sharing mechanism between the CSI-RS and the underlying PDSCH
· Case 1: The underlying PDSCH is rate matched around the CSI-RS. As we showed previously for a mixed numerology case the rate matching can be in-efficient and depends on the numerology mix
· Case 2: The underlying PDSCH us not rate matched around the CSI-RS. 
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[bookmark: _Ref465887384]Figure 3‑1 PDSCH and CSI-RS RE Mapping for 15KHz CSI-RS (left) and 60KHz CSI-RS (right)
Case 1: CSI-RS Resource Mapping for Case 1 (PDSCH Rate Matched)
In this case, the PDSCH is rate matched around the CSI-RS resources. For example, consider the scenario of 15 and 60 KHZ mixing.   So if the CSI-RS was transmitted with a 60 KHz subcarrier spacing and with say 2x2 resource elements (2 subcarriers and 2 symbols). Then for the PDSCH transmission belonging to 15 KHz subcarrier spacing, we need to rate match around 8 subcarriers and ½ a symbol. Similarly if the CSI-RS was being transmitted 15 KHz sub carrier spacing with 2x2 resource element (2 subcarrier and 2 symbols) then for a  PDSCH transmission of 60 KHZ spacing, we need to rate match around ½ subcarrier and 8 OFDM symbols. Clearly ½ symbol or ½ subcarrier rate matching is not possible so this means that in a mix numerology the rate matching can be in-efficient. Also this design is not forward compatible since it a new numerology is introduced in the future the legacy devices will not be able to rate match around this unknown numerology.
Case 2: CSI-RS Resource Mapping for Case 2 (PDSCH not rate matched and super-imposed with CSI-RS)
In this case, the PDSCH is not rate matched. Hence, the PDSCH is transmitted is multiplexed by super-imposing it with the CSI-RS of the other numerology. As an example consider the scenario of 15 and 60 KHZ mixing.  Say 2x2 resource elements are allocated for CSI-RS transmission. Then for the PDSCH transmission for 65 KHz sub carrier spacing, we can multiplex 4*(60/15) = 16 resource elements.  Hence we can expect significant gain when we go for higher numerology with the proposed scheme. Note that the above scheme assumes that the underlying receiver will cancel the CSI-RS interference due to 15 KHz spacing carrier. We provide more detailed performance evaluation of this CSI-RS design with advanced receiver based interference cancellation in [1]. Also note that since CSI-RS and PDSCH are multiplexed and super-imposed, we can use a much denser CSI-RS resources for better channel estimation.
The above technique can be extended by varying (reducing) the power of CSI-RS of the higher numerology carrier and using higher density of CSI-RS resources. In this scheme, we assume the receiver doesn’t required cancelling the CSI-RS of the other numerology. Since no rate matching is utilized in this case we do not have to worry about in-efficiency nor do we have to worry about legacy UE issue when introducing a new numerology in the future
Proposal: For the sake of forward compatibility in NR to not use rate matching techniques to rate match the PDSCH around the CSI-RS. Not only is this in-efficient it prevent introducing new numerology in the future. There by we propose to multiplex and super-impose the PDSCH and CSI-RS transmission. This requires the cancellation of CSI-RS at the PDSCH demodulation stage but it has some significant benefits over the tradition LTE type of rate matching
· Future compatibility and new numerology can be introduced without having to worry whether legacy device can rate match around a new numerology or not
· Since no REs are stolen from the PDSCH (only power) we can have a much denser CSI-RS to mitigate the effect of interference in a mixed numerology scenario.

Summary 
Observation: In NR different numerologies can be frequency multiplexed. Also since the CSI-RS can be wideband and UE specific it is possible that numerology of the underlying PDSCH (based on the numerology of a different UE) can be different from the numerology of the CSI-RS.
Observation: When wideband CSI-RS is transmitted in a mixed numerology scenario it can lead to a condition where the CSI-RS numerology and the underlying PDSCH numerology are different. In this case the following can be said:
· Due to mix of numerology the rate matching may not be efficient and only partial RE may be used while rate matching the PDSCH around a CSI-RS of a different numerology.
· Due to the mix numerology the CSI-RS and the rate matched PDSCH are no longer orthogonal therefore they can cause potential interference to each other unless other measures such as interference cancellation are taken. 

Proposal: NR should consider multiple CSI-RS RE configuration. At least 3 configuration as indicated in this section i.e. 1 symbol by Y subcarrier, X subcarrier by X symbol, and Y symbols by 1 subcarrier should be supported. 
Proposal: The number of REs used by CSI-RS is configurable and the combination of the RE configuration and number REs is UE specific. 
Proposal: RAN1 should study both the options for the CSI-RS and carefully evaluate the complexity vs performance gain for both of these options
	Option 1: CSI-RS is always transmitted with a reference numerology 
	Option 2: CSI-RS is always transmitted with the same numerology as the PDSCH of the UE

Proposal: For the sake of forward compatibility in NR to not use rate matching techniques to rate match the PDSCH around the CSI-RS. Not only is this in-efficient it prevent introducing new numerology in the future. There by we propose to multiplex and super-impose the PDSCH and CSI-RS transmission. This requires the cancellation of CSI-RS at the PDSCH demodulation stage but it has some significant benefits over the tradition LTE type of rate matching
· Future compatibility and new numerology can be introduced without having to worry whether legacy device can rate match around a new numerology or not
· Since no REs are stolen from the PDSCH (only power) we can have a much denser CSI-RS to mitigate the effect of interference in a mixed numerology scenario.
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