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Introduction
In RAN1#88, the working assumption on front-loaded DMRS being mapped over 1 or 2 adjacent OFDM symbols was confirmed with an additional note that NR should aim for at least comparable performance to DM-RS of LTE in scenarios where applicable for both LTE and NR. The following was also agreed (including FFS items):
· 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
· 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
· 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.

In the addition to the above RAN1#88 agreements and FFS items, the following working assumption was made:
· 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



It has in earlier RAN1 meetings also been agreed to support at least 8 orthogonal DL DMRS ports for SU/MU-MIMO transmissions (RAN1#86) and to study configurable DMRS patterns (at least with respect to density) for demodulation of physical layer channels (RAN1#86bis), and the following was agreed with respect to start position of the DMRS within a slot: At least for DL data scheduled for a slot, the DL data DMRS location in time is not dynamically varying relative to the start of slot (NR Ad-Hoc).
In this contribution, we study DMRS designs for supporting up to at least 8 orthogonal DMRS ports with variable DMRS densities in time and frequency, and we outline how this design can readily be extended to support up to 12 orthogonal ports for MU-MIMO. Evaluation results for DL DMRS patterns in terms of link level performance are presented in a companion contribution [1]. UL DMRS design and link level evaluations are studied in [2]and [3], where [2] includes a study on Cubic Metric with respect to DMRS mapping in frequency domain.
Discussion
Orthogonal DMRS ports can be constructed via FDM or CDM or via both FDM and CDM as in DL LTE to support up to at least 8 orthogonal antenna ports. FDM can impose a certain mapping structure as in IFDM whereas CDM can be done in frequency or/and in time by applying orthogonal cover codes (OCC) to a base sequence covering one or multiple OFDM symbols or by applying cyclic shifts (CS) to a base sequence. 
Adding orthogonal DMRS ports via FDM to a single layer (baseline) DMRS pattern will either increase the RS overhead or make the DMRS density per layer sparser whereas CDM scales the DMRS power with the number of layers in the same way as the power scales per data layer, i.e. CDM preserves the power balance between DMRS and data.
Observation 1: Constructing orthogonal DMRS ports via CDM can provide power balance between DMRS and data.
When constructing orthogonal DMRS ports via CDM, the size of the OCC or the number of cyclic shifts should account for channel coherence in time and/or frequency to maintain orthogonality at the receiver side. For example, in scenarios where radio channels could be highly frequency selective an OCC applied in frequency should only cover a small portion of the subcarriers assigned for DMRS. The smallest bandwidth covered by the OCC can be obtained when DMRS ports are constructed via FDM with DMRS mapped on adjacent subcarriers. 
When the DMRS is mapped on non-adjacent subcarriers as in IFDM, applying an OCC in frequency would then cover a larger bandwidth than DMRS mapped on adjacent subcarriers which could be a disadvantage of frequency OCC in conjunction with IFDM. However, in the case of highly frequency selective channels, the processing gain given by filtering channel estimates in frequency will be significantly reduced. Hence, in such scenarios it would be better to configure a UE with a DMRS pattern where DMRS is mapped over e.g. adjacent OFDM symbols and then apply the OCC in time instead.
Observation 2: In deployment scenarios where highly frequency selective channels can occur, a UE should preferably be configured with a DMRS pattern that enables OCC in time only.
Constructing orthogonal DMRS ports via combinations of IFDM and CDM has at least the following advantages: 
· Channel analyzing can readily be done in time domain
· Enables the use of cyclic shifts for separation of MIMO channels
· Straightforward to perform channel interpolation in frequency domain 
· Enables DMRS design with CM/PAPR that can match DFT-S-OFDM [2]
Figure 1 illustrates three ways of constructing 8 orthogonal DMRS ports for DMRS mapped over several OFDM symbols within a slot. In the design on the left hand side of the figure, OCC is applied in both frequency and time whereas the other designs use OCC in time only. The designs with OCC in time over two adjacent OFDM symbols introduces less demodulation latency and is also less sensitive to time-variations of the radio channel. However, low demodulation latency is crucial for supporting early decoding while the time variation sensitivity aspect is here of less importance as 8 layer transmissions may anyway require that the transmission interval is significantly shorter than the coherence time of the radio channel. In this illustration, IFDM mapping with repetition factors of 2 and 4 are used but other repetition factors could also be considered.
It can be noticed that in delay tolerant scenarios the DMRS can thus be distributed in time for handling Doppler and enabling channel interpolation in time. It can further be noticed that early decoding may preclude channel interpolation in time but not transmission of DMRS later within the transmission interval.
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[bookmark: _Ref478143159]Figure 1 Constructing 8 orthogonal DMRS ports via IFDM and OCC

The left hand side of Figure 2 illustrates two approaches for constructing 12 orthogonal DMRS ports when DMRS is mapped on 2 adjacent OFDM symbols. In the Pattern 1, the 12 ports are constructed by applying a length-4 OCC (i.e. 2-OCC in time and 2-OCC in frequency) on 3 DMRS resource groups, each group consisting of 4 resource elements. In the Pattern 2, the 12 ports are constructed by readily extending the 8 port design with length-2 OCC in Figure 1 by considering a repetition factor of 6 instead of 4. In the case of 12 layers MU-MIMO, these patterns would most likely perform rather similar as the DMRS power within the RB would be the same.

A DMRS design that relies on OCC in time would in mmW deployments where CPE may significantly affect the phase in every OFDM symbol require CPE compensation prior to the decoding of the OCC and thus to the channel estimation. Although CPE compensation prior to channel estimation could be envision, it is preferred to track the CPE on frequency equalized measurements which basically precludes OCC in time. Instead, a set of orthogonal DMRS ports can be constructed within a single OFDM symbol as illustrated in Figure 2 where 8 orthogonal DMRS ports are constructed by using IFDM with different repetition factors in conjunction with cyclic shifts.
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[bookmark: _Ref478138853]Figure 2 Constructing 12 DMRS ports (left) and 8 DMRS ports within an OFDM symbol (right)

The benefits of considering IFDM mapping of DMRS in the context of a common framework with respect to both DL/UL DMRS structures and waveforms are discussed in [2].
Based on the above discussions, orthogonal DMRS ports should be constructed by considering IFDM for a set of RPF in conjunction with CDM; OCC in time and CS in frequency.
Proposal 1: Orthogonal DMRS ports in NR are constructed via combinations of IFDM and CDM.
Proposal 2: Cyclic shifts of the sequence is used for constructing orthogonal DMRS ports when CDM in frequency is considered.
Proposal 3: OCC is used for constructing orthogonal DMRS ports when CDM in time is considered.
Conclusion
In this contribution, DMRS design for supporting up to 8 orthogonal DMRS ports with variable DMRS densities in time and frequency were studied. It was shown how this design can readily be extended to support up to 12 orthogonal ports for MU-MIMO. The following observations and proposals were made:
Observation 1: Constructing orthogonal DMRS ports via CDM can provide power balance between DMRS and data.
Observation 2: In deployment scenarios where highly frequency selective channels can occur, a UE should preferably be configured with a DMRS pattern that enables OCC in time only.
Proposal 1: Orthogonal DMRS ports in NR are constructed via combinations of IFDM and CDM.
[bookmark: _GoBack]Proposal 2: Cyclic shifts of the sequence is used for constructing orthogonal DMRS ports when CDM in frequency is considered.
Proposal 3: OCC is used for constructing orthogonal DMRS ports when CDM in time is considered.
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