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Introduction
In RAN1 #87 and #87 AH [1-2], the following agreements regarding the demodulation reference signal (DMRS) for data were made:

Agreements:
· Support variable/configurable DMRS pattern for data demodulation 
· FFS: Time and/or frequency domain density can be configured  
· FFS: RE location can be configured
· At least one configuration supports front-loaded DMRS pattern
· 
Agreements:
· Organize two email discussions i) to collect companies proposals on DMRS design for DL data channel for NR to facilitate evaluation for the next RAN1 meetings till 8th Dec. and ii) to discussion/agree on simulation assumptions till 15th Dec. – Hyunsoo (LGE)
· The companies are encouraged to provide DM-RS patterns including DM-RS design details such as
· Time domain density (per antenna port) for different ranks (e.g., number of DMRS symbols in slot, symbol position, etc.)
· Frequency domain density (per antenna port) for different ranks
· The number of maximum orthogonal ports
· Multiplexing of DMRS ports (e.g., TDM, FDM, CDM, etc.) 
· DM-RS sequence (e.g., PN, Zadoff-Chu, etc.)
· For the RAN1 NR Ad-hoc meeting, companies are encouraged to provide performance evaluation and to clarify the following aspects used for evaluation:

Agreements:
· For the design of front-loaded DMRS, Alt. 1 is agreed as a working assumption.
· Alt. 1: Front-loaded DMRS is mapped over 1 or 2 adjacent OFDM symbols.
· FFS: Further down-selection between 1 and 2, if necessary
· Companies are encouraged to propose further details
· Companies are encouraged to provide comparison between Alt. 1 and Alt. 2.
· Alt. 2: Design in R1-1700352 (Front-loaded DMRS is mapped over 3 or 4 adjacent OFDM symbols).
· Additional DMRS can be configured for the later part of the slot.
· FFS: Density reduction compared to front-loaded DMRS
· DMRS configuration can be up to the max. number of DMRS ports.
· Note: DMRS design should take into account channel estimation accuracy for low-to-high SINR scenario, throughput performance for SU and MU-MIMO, DMRS overhead, receiver complexity, receiver implementation, support of the use cases/features, UL/DL symmetry, etc.
· FFS: Relative timing relationship between front-loaded DMRS and NR-PDSCH
· Option 1: The first symbol of front-loaded DM-RS is fixed regardless of the first symbol of NR-PDSCH.
· Option 2: The first symbol of front-loaded DM-RS is no later than the first symbol of NR-PDSCH.

In this contribution, we provide Qualcomm’s views on the NR DL DMRS for data. The accompanying contribution [4] contains the evaluation results according to the agreed simulation assumptions [3]. 
Limited set of DMRS patterns
In NR, we propose to design a limited set of DMRS patterns for all scalable numerology options. For example, if the DMRS for an antenna port is uniformly spaced in frequency by 120 kHz for 30 kHz subcarrier spacing, the DMRS for 60 kHz subcarrier spacing are spaced at 240 kHz. This design choice allows the channel estimation implementation for one numerology to be reused for another, which is obviously more advantageous in terms of receiver complexity, in comparison to having different RS pattern for each numerology. If needed, special DMRS patterns designed for certain numerologies for specific scenarios are FFS.
Proposal 1: Design a limited set of DMRS patterns for all scalable numerology options. 
Configurable DMRS patterns
Note one DMRS pattern may not be able to satisfy the requirements of various applications under the various conditions. Therefore, it is desirable to adapt the pattern, depending on the use case (e.g. the number of necessary DMRS ports, low latency applications, delay-tolerant applications, and possibly also depending on Doppler spread). 
Proposal 2: NR supports configurable DMRS patterns based on some limited set of available patterns.
DMRS port multiplexing
In NR, it is expected to support at least 8 orthogonal DL DMRS ports for SU-MIMO and MU-MIMO.  Some of the well-known approaches that have been used for multiplexing RS are
· Time domain OCC (orthogonal cover code) (also known as time domain Walsh code/CDM)
· Frequency domain OCC
· FDM
· Cyclic shift based multiplexing
The hybrid approaches are also possible. The DMRS multiplexing options should be evaluated and compared in terms of not only the throughput performance, but also the other aspects such as the receiver complexity, and capability for flexible UE pairing such as partial overlap of the bandwidth allocated to each UE.  

All such combinations were submitted for evaluation, and we performed a detailed study under a variety of scenarios of 15 DMRS patterns for both sub6 and mmW in [3]. We observe that a configurable comb-based pattern with cyclic-shifts provides a uniformly good performance for both sub 6GHz and mmWave. NR should support data and RS frequency-domain multiplexing for reducing the RS overhead for low delay spread scenarios.

Note that comb-based patterns, can be re-used for the UL for both CP-OFDM and DFT-S-OFDM waveforms. This would lead to less specification work and a common design across waveforms without performance loss over other non-uniform, either in time or in frequency, or FD-OCC-based patterns.

Proposal 3: NR supports comb-based DMRS patterns for the DL data channel where cyclic shifts are used for port multiplexing inside each comb. 

Proposal 4: Data and RS frequency domain multiplexing is supported. Patterns with comb offsets (time-domain staggering) may be considered. Further study is needed in down selecting the RPFs, the comb offsets. 
Self-contained-slot: Alt 1 vs. Alt 2 simulation study summary
In [4] we performed a detailed evaluation of both alternatives for the self-contained slot use case. Specifically, we compared the following patterns for rank 4 scenario:
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Figure 4‑1 Comb-2 pattern with staggering and no staggering for 4 ports. Examples of Alt. 1
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Figure 4‑2 Comb-4 pattern with staggering and no staggering for 4 ports. Examples of Alt. 1
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Figure 4‑3 Pattern from R1-1700352 (PTRN15 in this document). Alt 2
We observed that Alt 2 solution is not appropriate for self-contained-slot operation due to the non-uniformity of the pilots in the time domain, and the fact that partial channel estimation needs to be performed. Specifically, 
· Non-uniform placement in the time domain results in data of earlier symbols to be demodulated using fewer samples which may result in significant performance loss especially in the rank 4 case for both high MCS and low MCS. 
· Furthermore, such a design asks for significantly stricter processing timeline constraints to all UEs. For example, all UEs would need to be able to perform self-contained-slot operation by buffering the first four symbols before getting a reasonable channel estimate, otherwise, the RSs of the first 1 or 2 or 3 symbols are too sparse in the frequency domain. Let alone that such a design would require to update the CE several times in order to be able to catch up the processing in the later part of the slot.

Proposal 5: For the design of front-loaded DMRS, Alt. 1 should become an agreement.
Alt.1 downselection of patterns: Design considerations
We now provide a summary of some design considerations that need to be taken into account when down selecting Alt. 1 front-load patterns. 
Considerations related to self-contained-slot operation
In some of the proposed 2-symbol front-load patterns, DMRS of different ports appear in different symbols in the rank 4 case, as it is the example of the front-load pattern shown below:
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Figure 4‑4 Example of 2-symbol front-load pattern with DMRS of the 3rd and 4th port appearing only on the second symbol
Such a front-load pattern has a clear processing timeline impact compared to a front-load pattern which has DMRS of all ports in each symbol, since all UEs would need to wait for the second symbol before starting the channel estimation of the 3rd and 4th layer. This timeline impact is non-trivial especially if the front-load pattern that we are going to agree in NR will be used as the building block, not only in the 14-symbol slot, but also in the mini-slots (e.g., a mini-slot could have 1,2,4 symbol length). Designing a new pattern for such scenarios can be avoided if the 1-symbol DMRS contains RSs for all the ports, especially if there is no evident performance gain of TDM-ing in such a way the RSs from different ports.
Considerations related to transmit port power imbalance on the DL
A front-load pattern which has the 3rd and 4th port appearing only on the second symbol (as the one shown in Figure 4‑4) could also have an additional drawback related to peak-power loss on the downlink. Specifically, to exemplify the problem, assume that the downlink precoder is such that it uses equal power on all the four ports, for example we have an identity precoder. Assuming max power on the first two ports in the first symbol, the data power for port 3,4 in the first symbol should be the same as data power for port 1,2 in the same symbol (due to the identity precoder being used). However, even though ports 3 and 4 are not transmitted in half of the REs in the first symbol (see Figure 4‑4), “borrowing” their power to increase the peak power on ports 1,2 in a given OFDM symbol is not possible, since already these ports are transmitted with max power. A careful study is needed to capture the channel estimation loss due to this peak power loss, which needs to be taken into account while making the downlselection of DMRS patterns. Note that such a problem does not exist if the one-symbol DMRS front-load design contains RSs for all the ports. Therefore we propose:
Proposal 6: For the design of front-loaded DMRS, the one-symbol DMRS front-load design should contain RSs for at least 4 ports.
Considerations related to frequency-domain DMRS uniformity 
In [4] we provided comparative results between the proposed comb patterns and a DMRS proposal with non-uniform frequency domain pattern. 
Note that a DMRS pattern that is non-uniform in frequency does not allow for simple wideband channel estimation procedures. Such channel estimation procedures should be enabled in NR, particularly due to the large bandwidth allocations that NR is expected to support, both in sub6 Ghz and mmW frequencies. Having a non-uniform frequency-domain DMRS is not friendly to such wideband channel estimation procedures Having said that, in [4] we do provide results that compare such patterns with the proposed comb-based patterns that are uniform in frequency for scenarios of narrowband allocations (8 PRBs, with 4 RB bundling for channel estimation) to investigate whether any gains of are expected. However, we only observed a gain of the order of a small fraction of a dB (~0.2 dB) in the limited scenario of high geometry + high delay spread + high Doppler spread. Therefore, we propose NR to adopt DMRS patterns that are uniform in the frequency domain since the latter may provide a unified solution for DL, UL, sidelink, for DFT-S-OFDM and CP-OFDM waveforms, for wideband and narrowband channel estimation procedures. 
Proposal 7: We propose NR to adopt DMRS patterns that are uniform in the frequency domain.
[bookmark: _Ref378529477]DMRS Position
ACK in the same slot or aggregated slot – low latency applications
In order for the UE to send ACK/NACK for the data received in the same slot or aggregated slot (self-contained slot), DMRS should be placed toward the beginning of the first slot. This may allow the data decoding to start as soon as the data symbols are received. See Figure 1. This enables the receiver to achieve pipeline processing of channel estimation, data demodulation/decoding, and send self-contained ACK in the first UL opportunity after the reception of all the data as it is shown in Figure 1. Note that the DMRS in the preamble may span more than 1 OFDM symbols for the following reasons:
· Support larger delay spread for the given number of ports to multiplex.
· Multiplex more DMRS ports than is possible with one OFDM symbol with given requirement on the delay spread.
· Improve performance at low SINR.



Figure 5‑1 Front-Loaded DMRS pattern options for low latency applications (self-contained slot)
However, the channel estimation quality achievable even in moderate Doppler spread scenarios (e.g. 70 Hz) may cause significant degradation in the data throughput especially at high SNR. In order to achieve meaningful expansion of supported Doppler range, the interpolation based channel estimation (i.e. non-causal channel estimation) has to be employed as much as possible. In other words, the interpolation is applied for the channel estimates in between the preamble and the midamble, and the extrapolation only for the channel estimates on the OFDM symbols after the midamble. Notice that this is only achieved at the cost of increase in the receiver complexity, since the data decoding cannot start until the midamble is received. For such a non-casual option to be supported in a self-contained mode of operation, the position of the mid-able would need to be optimized under the following considerations:
1) Adding the mid-able during the end of the second slot would require a UE that can speed-up the processing by an excessive amount which will not be realistically possible to be achieved. 
2) If the mid-able appears too early in the slot, then not a meaningful expansion of supported Doppler range will be achieved.
Based on the DMRS evaluation study [4], we propose:
Proposal 8: In a self-contained 14-symbol slot, NR supports a 1-symbol front-loaded DMRS pattern at symbol 3 with additional DMRS at symbol 6 (starting counting at 1). 
ACK in the later slot: Delay-tolerant applications
For the delay tolerant applications, the ACK/NACK response can be delayed to later slots (no-self-contained slot). In this case, the non-causal channel estimation can be performed in order to achieve the improved data throughput in high Doppler scenarios. The number of necessary “midambles” varies depending on the Doppler spread to support and the SCS, which may be configurable.
Different time-domain densities and location of the DMRS-carrying OFDM symbols have been proposed for evaluation. Regarding the time-domain repetition of the single-symbol or 2-symbol DMRS frontload patterns, it seems that there are two major proposals:
· {3,6,9,12}-family: Repeat the base DMRS patterns in symbols with indices from the {3, 6, 9, 12} set,
· {3,6,10,13}-family: Repeat the base DMRS patterns in symbols with indices from the {3, 6, 10, 13} set
Figure 2 and 3 depicts such locations assuming indexing starts at 1. 
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Figure 2 {3,6,9,12}-family of DMRS locations
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Figure 3 {3,6,10,13}-family of DMRS locations
Based on evaluation study in [4], we make the following observations:
· Location {3,9} demonstrates inferior performance compared the {3,10} and {3,12} scenarios for both FDD and TDD.  
· Location {3,10} may demonstrate inferior performance compared to {3,9} of the order of 1-2 dB for FDD systems in 30 Kmh and significantly more dBs for 120 Kmh. In a TDD system, such degradation is still noticeable as we showed in [4] but it is relatively smaller due to the fact that 2 symbols need to be extrapolated (and not 4). 
Location {3,12} may be used for both TDD and FDD systems, assuming that for TDD system 1 guard symbol is used and 1 UL symbol in the slot. Even though we acknowledge that using a {3,10} location would result in a “symmetric” 14-symbol slot with respect to the 7-symbol slot, there is a significant performance loss that we consider it more important to be prioritized for NR. 
Proposal 9: In a no-self-contained 14-symbol slot, NR supports a 2-symbol DMRS pattern at symbol indices {3,12} or {3,13} (starting counting at 1). Further study is needed on downselection.

For very high speed scenarios, e.g., high speed train (HST), in [3] we compared both the scenarios {3,6,9,12} and {3,6,10,13} in regimes that symbols 13 and 14 are DL symbols (FDD, or TDD with uplink common burst missing), and observed some performance loss of the former at 500 Kmh and 4 GHz carrier frequency for medium to high geometries. 
Proposal 10: In a no-self-contained 14-symbol slot, NR supports up to a 4-symbol DMRS pattern for 0.5 msec slot at symbol indices {3,6,9,12} or {3,6,10,13} (starting counting at 1). Further study is needed on downselection.

DMRS sequence design 
The ability to construct the RS sequences used by the other UE’s paired on the same resource block for MU-MIMO, or the UE’s in the neighbouring cells, can facilitate the channel estimation of those interferers, which in turn can be used in the interference suppression/cancellation performed at the receiver. For example, in LTE UL, DMRS sequence depends on the UE allocation. Such design makes RS sequence construction very difficult and hence makes DMRS detection and interference cancellation (IC), joint-demodulation difficult. Therefore, the RS sequence should not be UE-specific. Rather, it should be dependent only upon the resource and the cell-ID, as in the LTE DL UE-RS sequence design. 
Proposal 11: DMRS sequence should be resource specific, instead of UE-specific.
Position of first DMRS symbol
Based on the previous agreement, a down selection is needed to be made regarding the location of the first DMRS symbol. We do not see a value from making the location of the first DMRS “floating”, due to additional complexities it may introduce without clear benefits. 
Proposal 12: The first symbol of front-loaded DM-RS is fixed regardless of the first symbol of NR-PDSCH.
DMRS design for slot aggregation
In scenarios of slot aggregation, DMRS design should not be dependent on whether and how many slots are aggregated. Such a dependency on the slot aggregation would only increase complexity without obvious performance gains.
Proposal 13: In scenarios of slot aggregation, DMRS patterns of the slot should be re-used.
Conclusions
Proposal 1: Design a limited set of DMRS patterns for all scalable numerology options. 
Proposal 2: NR supports configurable DMRS patterns based on some limited set of available patterns.
Proposal 3: NR supports comb-based DMRS patterns for the DL data channel where cyclic shifts are used for port multiplexing inside each comb. 

Proposal 4: Data and RS frequency domain multiplexing is supported. Patterns with comb offsets (time-domain staggering) may be considered. Further study is needed in down selecting the RPFs and the comb offsets. 

Proposal 5: For the design of front-loaded DMRS, Alt. 1 should become an agreement.
Proposal 6: For the design of front-loaded DMRS, the one-symbol DMRS front-load design should contain RSs for at least 4 ports.

Proposal 7: We propose NR to adopt DMRS patterns that are uniform in the frequency domain.
Proposal 8: In a self-contained 14-symbol slot, NR supports a 1-symbol front-loaded DMRS pattern at symbol 3 with additional DMRS at symbol 6 (starting counting at 1).

Proposal 9: In a no-self-contained 14-symbol slot, NR supports a 2-symbol DMRS pattern at symbol indices {3,12} or {3,13} (starting counting at 1). Further study is needed on downselection.

Proposal 10: In a no-self-contained 14-symbol slot, NR supports up to a 4-symbol DMRS pattern for 0.5 msec slot at symbol indices {3,6,9,12} or {3,6,10,13} (starting counting at 1). Further study is needed on downselection.

Proposal 11: DMRS sequence should be resource specific, instead of UE-specific.
Proposal 12: The position of the first symbol of front-loaded DM-RS is fixed regardless of the first symbol of NR-PDSCH.
Proposal 13: In scenarios of slot aggregation, DMRS patterns of the slot should be re-used.
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