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Introduction
During the RAN1#88 meeting, the following agreements related to DM-RS were made in [1 – 5]:
Agreements:
· At least for CP-OFDM, NR supports a common DMRS structure for DL and UL
· DMRS for same or different links can be configured to be orthogonal to each other. 
· FFS exact DMRS location, DMRS pattern, and, scrambling sequence for the common DMRS structure.
Agreements:
· Confirm working assumption: 
· Front-loaded DMRS is mapped over 1 or 2 adjacent OFDM symbols
· NR aims for performance at least comparable to DM-RS of LTE in scenarios where applicable for both LTE and NR
· For high Doppler scenario, support at least one of following
· Additional DMRS with reduced density in frequency domain compared to front loaded DMRS
· Additional DMRS with same density in frequency domain compared to front loaded DMRS
· Support 1, 2, 4 symbols DMRS pattern
· FFS: 3 symbols
· FFS: more than 4 symbols for extreme high speed scenario
· Support multiplexing DMRS ports by CDM in both time domain and frequency domain
· E.g. support Walsh codes with length of 2 in time domain
· Consider the code length of larger than 2 for more orthogonal ports
· E.g. support at least one of multiplexing methods in frequency domain
· Cyclic phase rotation
· Walsh code
· Note that: FDM and TDM are not precluded
· Support PN sequence for CP-OFDM,  ZC-sequence for DFT-S-OFDM
· FFS: ZC-sequence for CP-OFDM
· Support pseudo-orthogonal DMRS ports

· E.g. by multiple scrambling IDs and/or virtual cell IDs.
Agreements:
· For DL DMRS port multiplexing, FDM (including comb), CDM (including OCC and Cyclic shift) and TDM should be considered
· For the CDM of DMRS ports in time and/or frequency domain
· FFS for OCC based or cycling based;  FFS: supporting CDM across adjacent REs 
· FFS: supporting cyclic shift across non-adjacent REs; FFS OCC size
· Support PN sequence for CP-OFDM: FFS: ZC-sequence for CP-OFDM
· FFS: For the case front-loaded DMRS pattern with 4 ports, 1 OFDM symbol is supported
· FFS: For the case of front-loaded DMRS pattern with 8 ports, two adjacent OFDM symbols are supported
· For high Doppler scenario, down selects from the followings
· Additional DMRS with reduced density in frequency domain compared to front loaded DMRS
· Additional DMRS with same density in frequency domain compared to front loaded DMRS
· Note that: Front loaded DMRS can be configured with low density
· Note: the complementary use of PT-RS for high Doppler channel estimation can be considered when determining the number of the additional DMRS.
· Other option is not precluded
· Support DMRS bundling in time domain
· At least time domain bundling with slot aggregation of DL-only slots is supported  DMRS pattern within the first slot is not impacted by the time domain DMRS bundling; FFS: Consider further overhead reduction of DMRS in case of bundling in time domain
· Consider whether to use mechanism of UE-assisted DMRS configuration. 
· Consider whether to use UE-assisted configuration of PRG size
Agreements:
· Support at least the following design of DL DM-RS for data channels
· Support the maximal 12 orthogonal DL DMRS ports for MU-MIMO
· Companies are encouraged to perform SLS especially assuming practical channel and interference estimations
Agreements:
· Study further DMRS configuration(s) for CP-OFDM (DL&UL) and DMRS configuration(s) for DFT-s-OFDM (UL) for a given number of antenna ports, considering at least:
· DMRS pattern/position, multiplexing scheme, MU-MIMO (within CP-OFDM UEs, between CP-OFDM&DFT-s-OFDM UEs), etc.
· Whether or not to have the same number configuration(s) in DL and UL for CP-OFDM
· Possible frequency domain configurations considering:
· DMRS overhead 
· Channel estimation performance
· Possible time domain configurations assuming the following scenarios 
· Low, Medium, high, & very high mobility; Carrier frequency; Latency
In this contribution, we discuss the details related to NR DM-RS for CP-OFDM waveform in downlink.
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On design principles for front-loaded DM-RS
The key issues remaining with the front-loaded DM-RS design are:
· Number of symbols
In RAN1#88, it has been agreed to have the front-loaded DM-RS either in 1 or 2 symbols. Front-loaded DM-RS design is mainly expected to work in low-latency scenario and/or low mobility cases. From the point of view of low-latency, it is beneficial to have the front-loaded DM-RS only in the 1st symbol. However, from the mobility point of view, it is also important to consider the channel estimation performance of the patterns under consideration.
Proposal 1: 2-symbol front-loaded DM-RS should be considered only if significant performance gain is observed in comparison to 1-symbol design. 

· Multiplxing type
One of the key issues related to DM-RS pattern desing is the multiplexing type. Different possibilities have been considered such as FDM with OCC, CDM in frequency, CDM in time and IFDM with cyclic shifts. Optimal selection of the multiplexing scheme is dependent up on the trade-off between the channel estimation performance and DM-RS overhead; and the number of orthogonal DM-RS ports that can be supported. Figure 1 shows example of different patterns based on different multiplexing schemes. Pattern 1a can support up to 8 orthogonal ports in 1 symbol with 4FDM+2OCC, pattern 1b can support up to 4 orthogonal ports in 1 symbol with 2CDM in frequency+2FDM, pattern 1c can support up to 8 orthogonal ports in 2 symbols with 2CDM in time+4FDM and pattern 1d can support up to 8 orthogonal ports in 1 symbol with 2combs+4 cyclic shifts. Pattern 1a and pattern 1d are preferable as it can accommodate up to 8 orthogonal ports using 1 symbol.
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Figure 1: Example of front-loaded DM-RS multiplexing schemes
Proposal 2: FDM+OCC and/or IFDM+cyclic shift multiplexing should be considered as they can accommodate higher number of orthogonal DM-RS ports within one symbol. 

· Configurable DM-RS REs in frequency
It has been considered to have a configurable number of frequency resources for front-loaded DM-RS depending up on the mobility and delay spread. One major issue with configurable DM-RS design in frequency is complexity as different filters need to be configured as well for channel estimation.
Proposal 3: Configurable DM-RS REs in frequency should be considered for front-loaded DM-RS design only if significant gains are seen with varying scenarios.
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On details of orthogonal DM-RS ports





It has been agreed to support at least 8 orthogonal DM-RS ports and up to 12 orthogonal ports. In [6], we evaluated the system level gain of from large number of orthogonal DM-RS ports. The results shows the meaningful gain from 8 to 12 layers, and some additional gain can be achieved with 16 orthogoal ports. In addition, as mentioned in [6], the higher resolution feedback schemes to be introduced in NR provide more potential gain of 16 layer transmission. Therfore it should be further considered if it is beneficial to have 16 orthogonal ports. Depending up on the multiplexing schemes, it might be possible to support either 12 or 16 ports with the same overhead. Further system level simulations should provide insight if up to 16 orthogonal ports provide throughput gains.
Proposal 4: 16 orthogonal DM-RS ports should be considered if the multiplexing scheme is able to accommodate them without increase in the overhead in comparison to 12 ports, while at the same time not compromising on performance.

The basic design criteria for the higher rank design structure should have the multiple DM-RS ports on the same symbol at the beginning or as close as possible in the beginning of data symbol transmission. Figure 2 shows an example pattern for up to rank 4 transmission. Where different ports are multiplexed in frequency using FDM. DM-RS ports 1-4 occupy the first 4 subcarriers of the PRB and the same pattern is repeated in frequency domain within the PRB. 
Proposal 5: The basic design criteria for the higher rank design structure should have the multiple DM-RS ports on the same symbol at the beginning or as close as possible in the beginning of data symbol transmission for faster processing.

For higher rank up to 8 ports, a single OFDM symbol could still be used by placing ports 5-8 on top by port 1-4 by applying orthogonal cover codes (OCC) of length 2. This allows for getting the channel estimates on all the ports in the beginning of data symbol transmission. These ports should be configurable to support both the single user as well as multiple user scenarios. For example, the case of 4 users with 2 DM-RS ports for each of them is similar to the case of single user with 8 ports as shown in Figure 3. The basic principle of configuring multiple ports for either single user with multiple ports or multiple user with single/multiple ports should be use FDM up to number 4 (number of users * number of DM-RS ports) and OCC of length 2 + FDM up to number 8 (number of users * number of DM-RS ports).
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Figure 2: Example of front-loaded DM-RS pattern up to rank-4
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Figure 3: Example of front-loaded DM-RS pattern up to rank-8
Proposal 6: Configuring multiple ports for either SU-MIMO or MU-MIMO could use FDM up to number 4 (number of users * number of DM-RS ports/user) and OCC of length 2 + FDM up to number 8 (number of users * number of DM-RS ports/user).
For supporting up to 12 DM-RS ports, different multiplexing scheme could be applied. Figure 4 shows an example pattern for up to 12 orthogonal DM-RS ports, using the first two symbols with 2-comb pattern+cyclic shift of 3. Although, 12 DM-RS ports could be accommodated using just one symbol with cyclic shift 6, but the performance might suffer as the orthogonality might be compromised.
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Figure 3: Front-loaded DM-RS pattern up to rank-12
Proposal 7: 12 orthogonal DM-RS ports can be configured using 2comb+cyclic shift 3 in two consecutive OFDM symbols.
For supporting up to 16 DM-RS ports, additional symbol needs to be transmitted. Figure 5 shows the front-loaded DMRS pattern up to 16 ports. The additional symbol is placed next to first symbol with DM-RS so that the processing delay is minimum for all ports. The multiplexing of DM-RS ports on additional symbol is similar to that of first symbol.
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Figure 4: Front-loaded DM-RS pattern up to rank-16

Proposal 8: For up to 16 DM-RS ports, additional symbol composed of FDM4 + OCC of length 2 can be supported.
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On details of additional DM-RS configurations
For supporting different mobilities, it has been agreed to have additional DM-RS configurations along with front-loaded DM-RS. The main issues concerning this are:
· Number of additional DM-RS configurations
In addition to front-loaded DM-RS, additional DM-RS configurations are needed to support medium-to-high mobility scenarios. In our previous contribution [7], it was shown that 2 more additional configurations might be required to support medium and high mobility cases. This would allow for optimal overhead for medium mobility, without the need to be tolerant to very high Doppler.
Proposal 9: For supporting medium and higher mobility scenarios, two additional DM-RS configurations should be supported.

· Number and position of additional DM-RS symbols/instances
In order to support, medium and higher mobility scenarios, the number of additional DM-RS symbols/instances would depend up on the frequency density of the pattern. Perhaps, link level simulations in our accompanying contribution [8] gives more insight into the optimal distribution of DM-RS resources in time-frequency grid for medium to higher mobility. 

5
On details of sequence design for DM-RS
In RAN1#88, it has been agreed to support PN sequences for OFDM type waveform. Other remaining details such as the sequences length, scrambling of sequence and cross-link interference avoidance should be considered once the DM-RS patterns or multiplexing schemes are agreed.
Proposal 10: Details of DM-RS sequence design such as sequences length, scrambling and cross-link interference avoidance methods should be considered once the DM-RS pattern and/or multiplexing schemes are agreed.

6
Summary 
In this section, we summarize the key observations/proposals related to NR DM-RS details for OFDM type waveform:
Proposal 1: 2-symbol front-loaded DM-RS should be considered only if significant performance gain is observed in comparison to 1-symbol design. 
Proposal 2: FDM+OCC and/or IFDM+cyclic shift multiplexing should be considered as they can accommodate higher number of orthogonal DM-RS ports within one symbol. 
Proposal 3: Configurable DM-RS REs in frequency should be considered for front-loaded DM-RS design only if significant gains are seen with varying scenarios.
Proposal 4: 16 orthogonal DM-RS ports should be considered if the multiplexing scheme is able to accommodate them without increase in the overhead in comparison to 12 ports, while at the same time not compromising on performance.

Proposal 5: The basic design criteria for the higher rank design structure should have the multiple DM-RS ports on the same symbol at the beginning or as close as possible in the beginning of data symbol transmission for faster processing.
Proposal 6: Configuring multiple ports for either SU-MIMO or MU-MIMO could use FDM up to number 4 (number of users * number of DM-RS ports/user) and OCC of length 2 + FDM up to number 8 (number of users * number of DM-RS ports/user).
Proposal 7: 12 orthogonal DM-RS ports can be configured using 2comb+cyclic shift 3 in two consecutive OFDM symbols.

Proposal 8: For up to 16 DM-RS ports, additional symbol composed of FDM4 + OCC of length 2 can be supported.

Proposal 9: For supporting medium and higher mobility scenarios, two additional DM-RS configurations should be supported.

Proposal 10: Details of DM-RS sequence design such as sequences length, scrambling and cross-link interference avoidance methods should be considered once the DM-RS pattern and/or multiplexing schemes are agreed.
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