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Introduction
In RAN1 #88, the following agreements regarding the demodulation reference signal (DMRS) for data were made:

Agreements:
· Confirm working assumption with some updates:
· 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

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

In this contribution, we provide Qualcomm’s views on the NR DL DMRS for data. The accompanying contribution [4-5] contains the evaluation results according to the agreed simulation assumptions [3]. 
Configurable DMRS patterns
Note that one DMRS pattern may not be able to satisfy the requirements of various applications and use cases under various conditions. Therefore, it is desirable to adapt the pattern, depending on the use case (e.g. low latency applications, delay-tolerant applications, and also depending on Doppler spread), but at the same time try to minimize the number of available patterns for keeping low both the standardization and commercialization efforts . We propose NR to support at least the following DMRS patterns.
Proposal 1: NR supports DMRS patterns at least for the following scenarios:
· DMRS patterns to address low-latency applications (self-contained ACK/NAK)
· One DMRS pattern to address static users
· Up to two DMRS patterns to address low and high speed users
· DMRS patterns for delay-tolerant applications (i.e., not for slots with self-contained ACK/NAK)
· One DMRS pattern to address high speed users
· Up to two DMRS patterns to address very high speed users (up to 500 kmh). 
 DMRS port multiplexing
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:
[image: ]
Figure 3‑1 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 
TDM-ing DMRS ports without using TD-OCC (as the one shown in Figure 3‑2) has two additional drawbacks as we explain below.
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 3‑3), “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. Note that such a problem does not exist if the one-symbol DMRS front-load design contains RSs for all the ports. 
Different TPR (traffic-to-pilot ratios) per port 
TDM-ing ports without TD-OCC may result to different traffic-to-pilot ratios for different ports that dynamically changes depending on the number of ports that are transmitted in each slot. For a paper that describes and demonstrates this problem through examples please see [6]. Supporting such an option would require an additional DCI signalling or blind estimation of the DMRS boosting ratio (which would degrade the performance) , otherwise there can be a transmission power utilization loss.

Using TD-OCC across consecutive symbols may solve this problem, however TD-OCC is not a good multiplexing option for mmW applications. In an attempt to unify the designs, and since the agreement is to support up to 12 orthogonal ports, we propose:

Proposal 2: For the design of front-loaded DMRS, the one-symbol DMRS front-load design should contain RSs for up to 12 orthogonal ports.
An example of such a one-symbol DMRS pattern is to reuse the 4-comb multiplexing option with 3 cyclic shifts to support up to 12 ports inside one OFDM symbol. 
[image: ]  		
Figure 3‑4 Example of 1-symbol front-load pattern with 4-comb and up to 12 orthogonal ports 
Note that additional DMRS symbols can be configured to get additional processing as it has already been agreed to be supported in NR, or the second symbol could use time-domain staggering of the ports to get additional frequency resolution. The system-level impact of using 8, 12 and 16 orthogonal DMRS ports is shown in the Appendix. 
Considerations related to frequency-domain DMRS uniformity 
In [4-5] 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. 
Discussion
Based on the above considerations and the detailed study under a variety of scenarios of 15 DMRS patterns for both sub6 and mmW in [4], we observe that a configurable comb-based pattern with cyclic-shifts provides a uniformly good performance for both sub 6GHz and mmWave. 
Note that when comparing comb-based patterns with FD-OCC patterns the former:
· 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. 
· can also be used to perform wideband channel estimation procedures at the receivers (time-domain processing). 

Proposal 3: NR supports comb-based DMRS patterns for the DL data channel with cyclic shifts used for port multiplexing inside each comb. RPF of 2 and 4 is supported.
[bookmark: _Ref378529477]DMRS Position
We propose to re-use the 1-symbol front-load DMRS pattern to support the different scenarios described in Section 3.
Position of the 1-symbol front-load DMRS symbol
Based on the previous agreement, a down selection is needed 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. Such a solution will clearly help with  inter-cell coordination and RS-based interference estimation at the UE.
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Proposal 4: The first symbol of front-loaded DM-RS is fixed in the 3rd symbol of a slot regardless of the first symbol of PDSCH.
ACK in the same slot: Low-latency applications
An additional DMRS symbol may be needed  to support larger delay spread for the given number of ports to multiplex. For example, if there are 12 orthogonal ports, then a 2nd OFDM symbol may be needed for additional processing gain. 
               [image: ]         						      [image: ]
Figure 4‑1 DMRS position for self-contained slots for static users
However, the patterns shown in Figure 4-1 will not provide a good performance even in moderate Doppler spread scenarios (e.g. 70 Hz). This will 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 studies [4,5], we propose to use the 3rd and 6th symbol of the 14-symbol slot with the ACK/NAK transmitted in the 14th symbol as shown in the next Figure. 


[image: ]
Figure 5‑2  DMRS position for self-contained slots for mobile users
We now provide a short demonstration of the performance improvement expected by this pattern compared the patterns with DMRS on the 3rd and 4th symbol. We provide results for comparing the following patterns for self-contained ACK/NAK slot operation (ACK/NAK is in the 14th symbol) for 4 GHz, 30 KHz, 30 Kmh, 4 Tx - 4 Rx with rank 2 and link adaptation with TBLER at 10%. 
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Observe the significant loss that the having just the pattern with DMRS in the 3rd and 4th symbol. Even at 20 dB geometry the loss is around 5 dB. These results are for 30Kmh only. For more results on this topic please see [4].
Proposal 5: In a self-contained 14-symbol slot, NR supports a 1-symbol front-loaded DMRS pattern at symbol 2 with additional DMRS at symbol 5 (starting counting at 0). 

It should be noted that self-contained ACK/NAK can also be supported for high speed use cases by employing casual DMRS processing and additional looks in time as show in the next Figure. For example, the UE may employ noncasual processing up to the 6th symbol, and then updates the channel estimate 2 additional times (at the 7th and 9th symbol). Such a pattern can still provide a robust performance for high speed cases (for example at 120 kmh or even higher), with reasonable throughput loss even at high geometries.

[image: ]
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. 
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 frontload pattern, it seems that there are two major proposals:
· Repeat the front-load DMRS pattern in a subset of  the {3rd ,6th ,9th ,12th} symbols
· Repeat the front-load DMRS pattern in a subset of  the {3rd ,6th ,10th ,13th} symbols

Based on evaluation study in [4], we have observed that 
· For high speed scenarios, using the {3rd, 9th} symbols demonstrates inferior performance compared to using the {3rd, 10th} or {3rd,12th} symbol in scenarios for both FDD and TDD.  
· For very high speed scenarios, e.g., high speed train (HST), in [3] we compared both families shown above  in regimes that the 13th and 14th symbols are DL symbols (FDD, or TDD with uplink common burst missing), and observed a small performance loss of the former at 500 Kmh and 4 GHz carrier frequency for medium to high geometries. 
· There does not seem to be a need of having more than 4 OFDM symbols in a slot.

Additional considerations:
· Using the {3rd ,10th } symbol would result in a “symmetric” 14-symbol slot with respect to a 7-symbol scheduling unit, 
· In a TDD system with common uplink burst in the last symbol, at least 2, or potentially 3 symbols are needed. In that case using the 3rd and 12th symbols for DMRS is not possible.  

Based on the above considerations, and for achieving a unified design we propose to repeat the 1-symbol front-load DMRS in a subset (or all) of the {3rd ,6th ,10th ,13th} symbols.  We specifically propose the following patterns for addressing the non-self-contained slots and high/very high speed cases:
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Figure 6 DMRS positions for non-self-contained slot, high speed pattern with 3 symbols used for uplink and guard.

[image: ]
Figure 7 DMRS positions for very high speed use case
DMRS location for slot aggregation and DMRS bundling scenarios
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 with potential performance loss in most of the scenarios. 
For example, in  [4] we compared the following options:
[image: ]
We observed that in most scenarios removing one of the symbols leads to performance degradation due to the processing gain loss. Also, removing the front-load DMRS (as shown in the 3rd figure above) could have system-level performance impact due to the fact that inter-cell interference will be more difficult to handle when the neighbour cell is using a slot with one symbol front-load DMRS (Data-aided-interference cancellation from neighbour cell is more difficult).

Proposal 6: In scenarios of DMRS bundling in time domain, DMRS patterns within any of the slots is not impacted.
PT-RS for sub-6 GHz mobility support?
It has been proposed to study the usage of PT-RS for supporting the high speed scenarios for sub-6GHz. In [4], we provide throughout results which demonstrate that preferring the usage of PT-RS over additional DMRS symbol, as shown above can only lead to worse performance. The performance loss is evident in scenarios of high mobility and high delay spread. Such scenarios are a typical use case for sub-6 GHz deployment cases. In [4] we observed that for high Doppler scenarios, considering the same total RS overhead, configuring additional DMRS symbols provides the same or better performance over using PT-RS for data demodulation.
This means that, as far as demodulation performance is concerned, using PT-RS for sub-6GHz as a DMRS is a worse design compared to the case that additional symbols of DMRS are configured, through for example repetition of the 1-symbol front-load DMRS pattern, as we showed in Section 4.4.
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 7: DMRS sequence should be resource specific, instead of UE-specific.
Conclusions
Proposal 1: NR supports DMRS patterns at least for the following scenarios:
· DMRS patterns to address low-latency applications (self-contained ACK/NAK)
· One DMRS pattern to address static users
· Up to two DMRS patterns to address low and high speed users
· DMRS patterns for delay-tolerant applications (not for slots with self-contained ACK/NAK)
· One DMRS pattern to address high speed users
· Up to two DMRS patterns to address very high speed users (up to 500 kmh).

Proposal 2: For the design of front-loaded DMRS, the one-symbol DMRS front-load design should contain RSs for up to 12 orthogonal ports.
Proposal 3: NR supports comb-based DMRS patterns for the DL data channel with cyclic shifts are used for port multiplexing inside each comb. RPF of 2 and 4 is at least supported.

Proposal 4: The first symbol of front-loaded DM-RS is fixed in the 3rd symbol of a slot regardless of the first symbol of PDSCH.

Proposal 5: In a self-contained 14-symbol slot, NR supports a 1-symbol front-loaded DMRS pattern at symbol 2 with additional DMRS at symbol 5 (starting counting at 0). 
Proposal 6: In scenarios of DMRS bundling in time domain, DMRS patterns within any of the slots is not impacted.
Proposal 7: DMRS sequence should be resource specific, instead of UE-specific.
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We present system simulation results below, showing the impact of non-orthogonality of the DMRS ports on DL throughput performance. The full set of system simulation assumptions is in Table 2 below. Figure 9 shows the total rank used by the eNB for the following two cases: The red curve was simulated with full modeling of both UL SRS and DL estimation errors. The blue curve was simulated assuming that only the DL estimation error is modeled, and the UL SRS estimation at eNB is perfect.  
For the red curve, the rank exceeds 8 only around 10% of the time. So, the impact of the orthogonalization is small. For the blue curve in Figure 8, where the UL estimation is perfect, the BS chooses higher rank much more often as shown by the blue curve in Figure 9. In spite of this aggressive rank choice, the impact of non-orthogonal DMRS ports is small as shown in Table 1. In the dense urban scenario, the dominant interference comes from other cell transmissions. In addition, the scheduler chooses to group streams so as to reduce the leakage amongst them. Intra-cell interference is likely to be significant for cell center users. 
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[bookmark: _Ref478981723]Figure 9: Total BS Rank in a MU-MIMO transmission
Table 1 below shows the gain from using 8 or 12 orthogonal ports over the case where 16 orthogonal ports are modeled. The impact of using 8 orthogonal ports is only visible when BS rank is very high, and even there, it is visible only for cell center users.
[bookmark: _Ref478983239]Table 1: Impact of using fewer than 16 orthogonal ports on DL throughputs
	
	UL, DL Est Modeled 
(Max BS Rank = 11)
	UL SRS ideal, DL Est Modeled 
(Max BS Rank = 16)

	
	% Gain in Tput with 12 ports (over 16)
	% Gain in Tput with 8 ports (over 16)
	% Gain in Tput with 12 ports (over 16)
	% Gain in Tput with 8 ports (over 16)

	5%-ile 
	 5.5
	8.1
	4.3
	5.7

	Median
	1.1
	1.6
	0.9
	-0.2

	95%-ile
	1.0
	1.6
	2.2
	-2.2



The system simulation assumptions are shown in Table 2 below.
Table 2: System Simulation Assumptions
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Layout

Single layer

 - Macro layer: Hex. Grid



Inter-BS distance  Macro layer: 200m
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Macro layer: Around 4 GHz 

Aggregated system 

bandwidth

200MHz (DL+UL) 

Simulation 

bandwidth

Channel model

3D UMa

Tx power 

BS: 44 dBm PA scaled with 

simulation BW

UE: 23dBm



BS antenna 

configuration

BS antenna pattern

BS antenna height  25 m 

BS antenna 

element gain + 

connector loss

BS receiver noise 

figure

UE antenna 

elements

UE antenna height

UE antenna gain

UE receiver noise 

figure

Traffic model

Traffic load 

(Resource 

utilization)

UE distribution 80% indoor (3km/h), 20% 

outdoor (30km/h)

Uniform/macro TRP ([10] 

users per TRP for full buffer 

UE receiver

Feedback 

assumption

Channel 

estimation

100%

MMSE-IRC as the baseline receiver

Realistic

Realistic

4 Tx /Rx antenna elements 

Proposal: Follow TR36.873 

Proposal: Follow the modeling of TR36.873

9 dB



full buffer

20MHz per CC below 6GHz

Note: UE TX power scaling will impact final results

256 Tx /Rx antenna elements (

X-pol)

Follow the modeling of TR36.873

8 dBi

5 dB


Microsoft_Excel_Worksheet1.xlsx
Evaluation assumption

		Parameters		Dense urban		Rural

		Layout		Single layer
 - Macro layer: Hex. Grid
		Single layer
 - Macro layer: Hex. Grid






		Inter-BS distance 		Macro layer: 200m		1732m 

		Carrier frequency 		Macro layer: Around 4 GHz 
		4GHz

		Aggregated system 
bandwidth		200MHz (DL+UL) 
		80 (DL+UL)

		Simulation bandwidth		20MHz per CC below 6GHz
Note: UE TX power scaling will impact final results

		Channel model		3D UMa		3D-UMa

		Tx power 		BS: 44 dBm PA scaled with simulation BW
UE: 23dBm
		BS: 49 dBm PA scaled with simulation BW
UE: 23dBm


		BS antenna configuration		256 Tx /Rx antenna elements (X-pol)

		BS antenna pattern		Follow the modeling of TR36.873

		BS antenna height 		25 m 		35 m

		BS antenna element gain + connector loss		8 dBi

		BS receiver noise figure		5 dB


		UE antenna elements		4 Tx /Rx antenna elements 


		UE antenna height		Proposal: Follow TR36.873 

		UE antenna gain		Proposal: Follow the modeling of TR36.873

		UE receiver noise figure		9 dB


		Traffic model		full buffer

		Traffic load (Resource utilization)		100%

		UE distribution		80% indoor (3km/h), 20% outdoor (30km/h)
Uniform/macro TRP ([10] users per TRP for full buffer traffic)		50% outdoor vehicles (120km/h) and 50% indoor (3km/h)
10 users per TRP for full buffer traffic
User distribution: Uniform

		UE receiver		MMSE-IRC as the baseline receiver

		Feedback assumption		Realistic

		Channel estimation		Realistic






