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Introduction
In RAN1 #85 [1] and RAN1 #86bis [2], the following agreements regarding the demodulation reference signal (DMRS) for data were made:

Agreements:
· At least the following is studied for NR in order to reduce decoding latency
· RS used to start to demodulate a data transmission is located at the beginning of the time interval to which the data and associated RS for demodulation is physically mapped
· Other additional RS design associated with data demodulation is not precluded

Agreements:
· Study design of demodulation RS for broadcast channel, control channel and data channel
· Separate vs. joint design
· Study on design of demodulation RS for data channel 
· Whether or not the same principle for UL and DL RS pattern design 
· How to map DM RS in symbols of a slot
· Max # of orthogonal DL DMRS ports for SU/MU-MIMO scheduling

In this contribution, we provide Qualcomm’s views on the NR DL DMRS for data.
DMRS for scalable numerology
In NR, we propose to have the uniformed DMRS pattern for all scalable numerology options. Hence, the RS density within an RB is kept the same regardless of the numerology. 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. However, this requires the specification of maximum delay / Doppler spread to be expected to be supported by each numerology. Special DMRS patterns designed for certain numerologies for specific scenarios are FFS.
[bookmark: _GoBack]Proposal 1: Design a limited set of uniform DMRS patterns for all scalable numerology options. The RS density within an RB is kept the same regardless of the numerology. 
Proposal 2: Special DMRS patterns designed for specific use cases and deployment scenarios can be FFS as the need arises.
Configurable DMRS pattern
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 scenarios (e.g. the number of necessary DMRS ports, low latency applications, delay-tolerant applications, and possibly also depending on delay spread, Doppler spread, SINR). DMRS pattern may be dynamically/semi-statically configured for each UE, the signalling of which may happen through DCI (similar to TM9/TM10 in LTE).
Proposal 3: Study the option of dynamically/semi-statically configuring the DMRS pattern for each UE.
[bookmark: _Ref378529477]DMRS Position
The position of the DMRS within a slot could be UE-specific and dynamically configurable depending on the latency requirement, as explained below.
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, DMRS should be placed toward the beginning of the first slot (The front-loaded DMRS is called “preamble” in this contribution). This allows the data decoding to start as soon as the data symbols are received. See Figure 4-1.. 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 4-1. 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 4‑1.	 Preamble DMRS for low latency applications
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. It may be attempted to improve the data performance by placing additional DMRS (“midamble”) later in the slot, as shown in Fig 1-c. But, as long as the extrapolation based channel estimation (i.e. causal channel estimation, or channel prediction) is employed, the increase in the supportable Doppler will be quite limited. 

Observation 1: In self-contained mode, for low latency applications, it may be challenging to achieve extremely high data throughput in high mobility scenarios.

To overcome this, one option is to add additional midambles. However, such a design would lead to the loss in the available data dimensions. Therefore, 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.


Figure 4‑2.	 Preamble and midamble DMRS for low latency applications

Proposal 4: In self-contained mode, study the minimum gap between the mid-able DMRS and the symbol carrying the time-sensitive information (e.g, ACK).
Results on the choice of the gap between the midamble DMRS and ACK
The results shown in this section are with the following assumptions: 1) channel: EPA; 2) modulation/code-rate: 256QAM / 0.9; 3) 14 OFDM symbols in a self-contained slot; 4) 30kHz tone spacing / NCP; 5) channel estimation: causal processing with single DMRS / non-causal processing with two DMRS.
With preamble DMRS only, significant performance degradation within a low Doppler range is shown in Figure 4-3, which motivates placing an additional DMRS symbol for better resilience to Doppler spread as shown in Figure 4-4. Figure 4-4 considers two DMRS symbols and provides a performance comparison across different mid-amble locations, where the main observation is diminishing performance gain from decreasing the gap between mid-amble DMRS and ACK/NACK symbol. Noting this gap determines UE duty-cycle and complexity for the self-contained mode, it is suggested that this gap be X OFDM symbols, where X is FFS. A simple example to determine X is shown in the Appendix.

We further simulated different options of 2nd DMRS location, and confirm that in the low-to-moderate range of Doppler spreads (< 50Hz), we can obtain up to peak performance with the 2nd DMRS location at sym-5, as shown in Figure 4-4. If 2nd DMRS location is further than sym-5, the performance gain diminishes while the complexity of HW increases. Thus, one potential value of X can be 7 (sym-6 to sym-12). 

Figure 4‑3.	 Pre-amble DMRS only: Required SNR for 10% BLER, 256QAM code-rate 0.9 


Figure 4‑4.	 With two DMRS symbols: Required SNR for 10% BLER, 256QAM code-rate 0.9
ACK in the later slot: Delay-tolerant applications
For the delay tolerant applications, the ACK/NACK response can be delayed to later slots. In this case, the non-causal channel estimation can be performed in order to achieve the improved data throughput in high Doppler scenarios. See Figure 4‑2. The DMRS placed at the end of DL transmission duration will be called “postamble”. Notice that the channel estimation cannot finish fully until the post-amble is received. The number of necessary “midambles” varies depending on the Doppler spread to support, which may be fixed or semi-statically/dynamically configurable.


[bookmark: _Ref463006314]Figure 4‑2. DMRS positions for delay-tolerant applications
 
DMRS port multiplexing
In NR, it is expected to support at least 8 orthogonal DL DMRS ports for SU-MIMO and MU-MIMO [2].  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. 
DMRS port multiplexing should be designed to support 8 orthogonal ports, even when 1 RB is allocated for data transmission. To satisfy the requirements, the size of the resource block has to be chosen carefully. Suppose one OFDM symbol is allocated to DMRS transmission. When an RB spans 12 subcarriers in frequency, it is not possible to create 8 orthogonal ports using FDM, if we assign equal amount of resource to each antenna port. Also, if we employ cyclic shift based multiplexing, it is not possible to create 8 equi-spaced cyclic shifts. But, it is possible with the RBs with 16 tones.
Proposal 5: Various DMRS multiplexing options should be evaluated and compared.
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 6: DMRS sequence should be resource specific, instead of UE specific.
Conclusions
Proposal 1: Design a limited set of uniform DMRS patterns for all scalable numerology options. The RS density within an RB is kept the same regardless of the numerology. 

Proposal 2: Special DMRS patterns designed for specific use cases and deployment scenarios can be FFS as need arises.

Proposal 3: Study the option of dynamically configuring the DMRS pattern for each UE.

Proposal 4: In self-contained mode, study the minimum gap between the mid-able DMRS and the symbol carrying the time-sensitive information (e.g, ACK).
Proposal 5: Various DMRS multiplexing options should be evaluated and compared.

Proposal 6: DMRS sequence should be resource specific, instead of UE specific.
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