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Introduction
An objective of the NR study item [1] is to identify and develop technology components needed for NR systems being able to use any spectrum band ranging at least up to 100 GHz. The goal is to achieve a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 [2]. The design of demodulation reference signals (DMRS) is one of the key component in NR. 
During the RAN1#87AH, following agreements related to demodulation reference signals (DMRS) in NR are made:
· 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 [3], evaluations based on the results from different companies were also captured.
In this contribution, we provide the link level performance for both front-loaded and additional DMRS patterns with the OFDM waveform at 4GHz carrier frequency.
2 
Link Level results for front-loaded DMRS pattern
In the last meeting, Alt 1 is agreed as the working assumption for front-loaded DMRS patterns, where the DMRS is mapped over one or two adjacent OFDM symbols. Furthermore, it is recommended to consider Alt 2 where the DMRS is mapped over three or four OFDM symbols. In this section, we provide the link level performance for various patterns under Alt 1 and Alt 2. The exact patterns are shown in Figure 1 for a 14-symbol slot. They key aspects that need to be evaluated are:
1. Number of DMRS OFDM symbols required for front-loaded patterns

2. Number of DMRS frequency resources

3. Impact of DMRS power boosting

The basic pattern (BP); BP1, BP2 and BP3 correspond to front-loaded patterns with only single OFDM symbol; BP4 and BP5 have DMRS mapped over two OFDM symbols and BP6 has DMRS mapped over three OFDM symbols. BP1 – BP5 fall under the category of Alt 1 and BP6 under the category of Alt 2. Table 1 further summarizes all the key aspects of these patterns.
Figure 1: Front-loaded patterns for evaluations
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(b) BP2 (with 3dB and 6dB DMRS power boosting)
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(c) BP3
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(f) BP6

The key difference between BP1 and BP2 is that there is no multiplexing of data and DMRS resources in BP2 and DMRS power boosting of 3dB and 6dB is applied. This will allow us to compare the improvement in channel estimation as a result of power boosting and also find out if the improvement is good enough to compensate for the unallocated resources that are otherwise used for data in BP1.
Table 1: Summary of front-loaded DMRS patterns

	Patterns
	# of symbols
	# of DMRS resources/PRB
	CDM in time
	CDM in frequency
	Data & DMRS multiplexing
	DMRS power boosting

	BP1
	1
	3
	No
	No
	Yes
	No

	BP2
	1
	3
	No
	No
	No
	Yes (3dB & 6dB)

	BP3
	1
	6
	No
	Yes
	Yes
	No

	BP4
	2
	6
	Yes
	No
	Yes
	No

	BP5
	2
	4
	Yes
	No
	Yes
	No

	BP6
	3
	6
	No
	Yes
	Yes
	No


Now we provide the link level evaluation for all the six front-loaded DMRS patterns for different speeds and different MCSs with TDL type channel models having different delay spreads at 4GHz carrier frequency and 15 kHz sub-carrier spacing. The simulation parameters are given in Table A1 in the appendix. The main motivation of this evaluations is to analyze the range of speeds and MCS that can be served with the front-loaded patterns that achieve 70% of their maximum throughput at the lowest SNR values, while occupying the minimum number of OFDM symbols so that processing delay is kept at minimum. Figure 2 shows the results for speed of 3kmph with channel type TDL-B 100ns, TDL-C 300ns and TDL-C 1000 ns; PRB bundling size 1 and 2; MCS 1, 2,3 are QPSK-1/3, 16QAM-1/2 and 64QAM-2/3, respectively.
Figure 2: Front-loaded patterns - Required SNR for 70% of maximum throughput for UE speed of 3kmph
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Based on the results for UE speed of 3kmph, following observations are made:
Observation 1: For lower speeds (3kmph), DMRS pattern BP2 (with DMRS power boosting and no data/DMRS multiplexing) provides significant performance improvement in comparison to DMRS pattern BP1(with data/DMRS multiplexing and no power boosting) for different channel delay spreads and different MCS ranging from QPSK-1/3 to 64QAM-2/3.
Observation 2: For lower speeds (3kmph), increasing the PRB bundling size to 2 either performs same or provides very marginal increase in performance in comparison to the case without any PRB bundling.

Observation 3: For lower speeds (3kmph), DMRS pattern BP2 (with 1-OS DMRS, DMRS power boosting and no data/DMRS multiplexing), DMRS pattern BP3 (with 1-OS DMRS and CDM in frequency), DMRS pattern BP4 (with 2-OS DMRS and CDM in time) and DMRS pattern BP6 (3-OS DMRS and CDM in frequency) are the best candidate options with almost same performance for different channel delay spreads and different MCS ranging from QPSK-1/3 to 64QAM-2/3.
Figure 3 shows the results for speed of 30kmph with channel type TDL-B 100ns, TDL-C 300ns and TDL-C 1000 ns; PRB bundling size 1 and 2; MCS 1, 2,3 are QPSK-1/3, 16QAM-1/2 and 64QAM-2/3, respectively.

Figure 3: Front-loaded patterns - Required SNR for 70% of maximum throughput for UE speed of 30kmph
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Based on the results for UE speed of 30kmph, following observations are made:

Observation 4: For lower-mid range speeds (~30kmph), DMRS pattern BP2 (with DMRS power boosting and no data/DMRS multiplexing) provides performance improvement in comparison to DMRS pattern BP1(with data/DMRS multiplexing and no power boosting) when PRB bundling is not used.

Observation 5: For lower-mid range speeds (~30kmph), increasing the PRB bundling size to 2 provides more performance gain for most of the patterns.
Observation 6: For lower-mid range speeds (~30kmph), DMRS pattern BP2 (with 1-OS DMRS, 3dB DMRS power boosting and no data/DMRS multiplexing), DMRS pattern BP3 (with 1-OS DMRS and CDM in frequency), DMRS pattern BP4 (with 2-OS DMRS and CDM in time) and DMRS pattern BP6 (3-OS DMRS and CDM in frequency) are the best candidate options with almost same performance for different channel delay spreads and different MCS ranging from QPSK-1/3 to 64QAM-2/3.
Figure 4 shows the results for speed of 60kmph with channel type TDL-B 100ns; PRB bundling size 1 and 2; MCS 1, 2,3 are QPSK-1/3, 16QAM-1/2 and 64QAM-2/3, respectively.

Figure 4: Front-loaded patterns - Required SNR for 70% of maximum throughput for UE speed of 60kmph
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Based on the results for UE speed of 60kmph with front-loaded DMRS patterns, following observation is made:

Observation 7: For mid-range speeds (60kmph), the front-loaded patterns are not enough to provide the required performance with higher MCS range.
Based on all the observations related to front-load DMRS patterns, following proposals should be considered:

Proposal 1: For front-loaded DMRS patterns, Alt 2 with DMRS mapped over three or four OFDM symbols should not be considered for future evaluations as they do not provide very significant performance gains in comparison to some of the DMRS patterns under Alt 1 (mapped over one or two OFDM symbols).

Proposal 2: For front-loaded DMRS patterns, power boosting should be considered as an option when DMRS is not multiplexed with data.

Proposal 3: Front-loaded DMRS patterns could be utilized only for low to lower mid-range UE speeds in order to provide reasonable performance with higher MCS range as well.

3 
Link Level results of DMRS patterns for high-speed scenario

In the previous section, we presented the results for front-loaded DMRS patterns for different scenarios and UE speeds ranging from 3kmph to 60 kmph and we observed that the front-loaded DMRS patterns are not sufficient to provide reasonable performance for mid-range speeds and higher MCS values. Therefore, in this section, we present several alternatives for additional patterns (AP) and show performance evaluation with different scenarios. Figure 5 shows the different additional DMRS patterns. In addition, Table 2 summarizes the key aspects of these patterns. Most of these patterns are based on front-loaded DMRS patterns with additional instances in time domain. Also, we propose pattern (AP1) that utilizes the phase-noise tracking reference signal (PTRS) for further improving the channel estimation quality in high speed scenarios.

Figure 5: Additional DMRS patterns for evaluations
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Table 2: Summary of additional DMRS patterns

	Patterns
	# of DMRS symbols/PRB
	# of DMRS resources/PRB
	CDM in time
	CDM in frequency
	# of PTRS resources/PRB

	AP1
	2
	6
	No
	No
	10

	AP2
	2
	12
	No
	Yes
	-

	AP3
	3
	9
	No
	No
	-

	AP4
	3
	18
	No
	Yes
	-

	AP5
	3
	12
	No
	Yes
	-

	AP6
	4
	12
	Yes
	No
	-

	AP7
	4
	8
	Yes
	No
	-

	AP8
	6
	12
	Yes
	No
	-

	AP9
	6
	12
	No
	Yes
	-


Now we provide the link level evaluation for all the nine additional DMRS patterns for different speeds and different MCSs with TDL type channel models having different delay spreads at 4GHz carrier frequency and 15 kHz sub-carrier spacing. Figure 6 shows the results for speed of 60kmph with channel type TDL-B 100ns, TDL-C 300ns and TDL-C 1000 ns; PRB bundling size 1 and 2; MCS 1, 2,3 are QPSK-1/3, 16QAM-1/2 and 64QAM-2/3, respectively.

Figure 6: Additional DMR patterns - Required SNR for 70% of maximum throughput for UE speed of 60kmph
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Based on the results for additional DMRS patterns with UE speed of 60kmph, following observation is made:

Observation 8: For a mid-range speed (60kmph), most of the additional DMRS patterns that are evaluated perform almost similar with marginal difference for all the scenarios, except for AP2, where only two OFDM symbols have DMRS resources.
Now for further evaluation, we provide results for high speed scenario of 120kmph in Figure 7, where the time variation in channel is much faster and it should be able to show more prominent difference in performance for the different DMRS patterns. 

Based on the results for additional DMRS patterns with UE speed of 120kmph, following observation is made:

Observation 9: For a high speeds (120kmph), DMRS patterns AP1 (2-OS DMRS and PTRS), AP4 (3-OS DMRS and CDM in frequency), AP6 (with 4-OS DMRS and CDM in time) and AP9 (with 6-OS DMRS and CDM in frequency) are the best candidate options with almost same performance for different channel delay spreads and different MCS ranging from QPSK-1/3 to 64QAM-2/3.

Figure 7: Additional DMR patterns - Required SNR for 70% of maximum throughput for UE speed of 120kmph
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Furthermore, we provide results for very high speed scenario of 500kmph in Figure 8. Based on these results, following observations for very high UE speed of 500kmph with additional DMRS patterns are made:
Observation 10: For very high speed range (500kmph), most of the additional DMRS patterns fail to provide a reasonable performance, especially for higher MCS range; except for AP1 (with 2-OS DMRS and PTRS) which is the only candidate to reach 70% of the maximum throughput within the simulate SNR range up to 30dB.
Based on all the results and observations for additional DMRS patterns, we make the following proposals to be considered for future evaluations:

Proposal 4: From mid-range to very high range UE speeds, additional DMRS patterns should be utilized for better channel estimations and consequently improved BLER and throughput.
Proposal 5: Two additional sets of additional DMRS patterns should be supported; one for mid-range to high-range UE speeds and second for high-range to very high-range UE speeds

Proposal 6: For mid-range to high-range UE speeds, DMRS patterns such as patterns AP1 (with 2-OS DMRS and PTRS), AP5 (3-OS DMRS and CDM in frequency) and AP6 (with 4-OS DMRS and CDM in time) are sufficient to provide good performance for all the scenarios
Proposal 7: For high-range to very high-range UE speeds, DMRS along with PTRS should be utilized; such as pattern AP1 (2-OS DMRS and PTRS)
Figure 8: Additional DMR patterns - Required SNR for 70% of maximum throughput for UE speed of 500kmph
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4
Summary
In this section, the observations/proposals are summarized:
Observation 1: For lower speeds (3kmph), DMRS pattern BP2 (with DMRS power boosting and no data/DMRS multiplexing) provides significant performance improvement in comparison to DMRS pattern BP1(with data/DMRS multiplexing and no power boosting) for different channel delay spreads and different MCS ranging from QPSK-1/3 to 64QAM-2/3.

Observation 2: For lower speeds (3kmph), increasing the PRB bundling size to 2 either performs same or provides very marginal increase in performance in comparison to the case without any PRB bundling.

Observation 3: For lower speeds (3kmph), DMRS pattern BP2 (with 1-OS DMRS, DMRS power boosting and no data/DMRS multiplexing), DMRS pattern BP3 (with 1-OS DMRS and CDM in frequency), DMRS pattern BP4 (with 2-OS DMRS and CDM in time) and DMRS pattern BP6 (3-OS DMRS and CDM in frequency) are the best candidate options with almost same performance for different channel delay spreads and different MCS ranging from QPSK-1/3 to 64QAM-2/3.

Observation 4: For lower-mid range speeds (~30kmph), DMRS pattern BP2 (with DMRS power boosting and no data/DMRS multiplexing) provides performance improvement in comparison to DMRS pattern BP1(with data/DMRS multiplexing and no power boosting) when PRB bundling is not used.

Observation 5: For lower-mid range speeds (~30kmph), increasing the PRB bundling size to 2 provides more performance gain for most of the patterns.

Observation 6: For lower-mid range speeds (~30kmph), DMRS pattern BP2 (with 1-OS DMRS, DMRS power boosting and no data/DMRS multiplexing), DMRS pattern BP3 (with 1-OS DMRS and CDM in frequency), DMRS pattern BP4 (with 2-OS DMRS and CDM in time) and DMRS pattern BP6 (3-OS DMRS and CDM in frequency) are the best candidate options with almost same performance for different channel delay spreads and different MCS ranging from QPSK-1/3 to 64QAM-2/3.
Observation 7: For mid-range speeds (60kmph), the front-loaded patterns are not enough to provide the required performance with higher MCS range.

Observation 8: For a mid-range speed (60kmph), most of the additional DMRS patterns that are evaluated perform almost similar with marginal difference for all the scenarios, except for AP2, where only two OFDM symbols have DMRS resources.

Observation 9: For a high speeds (120kmph), DMRS patterns AP1 (2-OS DMRS and PTRS), AP4 (3-OS DMRS and CDM in frequency), AP6 (with 4-OS DMRS and CDM in time) and AP9 (with 6-OS DMRS and CDM in frequency) are the best candidate options with almost same performance for different channel delay spreads and different MCS ranging from QPSK-1/3 to 64QAM-2/3.

Observation 10: For very high speed range (500kmph), most of the additional DMRS patterns fail to provide a reasonable performance, especially for higher MCS range; except for AP1 (with 2-OS DMRS and PTRS) which is the only candidate to reach 70% of the maximum throughput within the simulate SNR range up to 30dB.

Proposal 1: For front-loaded DMRS patterns, Alt 2 with DMRS mapped over three or four OFDM symbols should not be considered for future evaluations as they do not provide very significant performance gains in comparison to some of the DMRS patterns under Alt 1 (mapped over one or two OFDM symbols).

Proposal 2: For front-loaded DMRS patterns, power boosting should be considered as an option when DMRS is not multiplexed with data.

Proposal 3: Front-loaded DMRS patterns could be utilized only for low to lower mid-range UE speeds in order to provide reasonable performance with higher MCS range as well.
Proposal 4: From mid-range to very high range UE speeds, additional DMRS patterns should be utilized for better channel estimations and consequently improved BLER and throughput.

Proposal 5: Two additional sets of additional DMRS patterns should be supported; one for mid-range to high-range UE speeds and second for high-range to very high-range UE speeds

Proposal 6: For mid-range to high-range UE speeds, DMRS patterns such as patterns AP1 (with 2-OS DMRS and PTRS), AP5 (3-OS DMRS and CDM in frequency) and AP6 (with 4-OS DMRS and CDM in time) are sufficient to provide good performance for all the scenarios

Proposal 7: For high-range to very high-range UE speeds, DMRS along with PTRS should be utilized; such as pattern AP1 (2-OS DMRS and PTRS)
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Appendix

Table A1: Link-level evaluation simulations parameters
	Parameters 
	Value

	Carrier frequency
	4 GHz

	UE antenna model
	4 antennas (uncorrelated)

	Channel coding
	LTE Turbo code

	Precoder
	LTE codebook

	Rank per UE
	Rank-1

	MCS 
	MCS 1: QPSK-1/3, MCS 2: 16QAM-1/2, MCS 3: 64QAM-2/3

	Channel estimation 
	Practical

	Channel model
	TDL-B 100 ns, TDL-C 300 ns, TDL-C 1000 ns

	Speed
	3, 30, 60, 120 and 500 km/h

	Subcarrier spacing [kHz]
	15

	# of RBs
	8

	FFT size
	1024

	subframe length [ms]
	1

	# symbols per subframe
	14


Front-loaded DMRS patterns – 3kmph
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Figure A1.1: Front-loaded DMRS patterns: Throughput vs SNR for 3kmph, TDL-B 100ns and PRB bundle 1
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Figure A1.2: Front-loaded DMRS patterns: Throughput vs SNR for 3kmph, TDL-B 100ns and PRB bundle 2
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Figure A1.3: Front-loaded DMRS patterns: Throughput vs SNR for 3kmph, TDL-C 300ns and PRB bundle 1
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Figure A1.4: Front-loaded DMRS patterns: Throughput vs SNR for 3kmph, TDL-C 300ns and PRB bundle 2
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Figure A1.5: Front-loaded DMRS patterns: Throughput vs SNR for 3kmph, TDL-C 1000ns and PRB bundle 1
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Figure A1.6: Front-loaded DMRS patterns: Throughput vs SNR for 3kmph, TDL-C 1000ns and PRB bundle 2
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Front-loaded DMRS patterns – 30kmph
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Figure A2.1: Front-loaded DMRS patterns: Throughput vs SNR for 30kmph, TDL-B 100ns and PRB bundle 1
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Figure A2.2: Front-loaded DMRS patterns: Throughput vs SNR for 30kmph, TDL-B 100ns and PRB bundle 2
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Figure A2.3: Front-loaded DMRS patterns: Throughput vs SNR for 30kmph, TDL-C 300ns and PRB bundle 1
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Figure A2.4: Front-loaded DMRS patterns: Throughput vs SNR for 30kmph, TDL-C 300ns and PRB bundle 2
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Figure A2.5: Front-loaded DMRS patterns: Throughput vs SNR for 30kmph, TDL-C 1000ns and PRB bundle 1
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Figure A2.6: Front-loaded DMRS patterns: Throughput vs SNR for 30kmph, TDL-C 1000ns and PRB bundle 2
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Front-loaded DMRS patterns – 60kmph
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Figure A3.1: Front-loaded DMRS patterns: Throughput vs SNR for 60kmph, TDL-B 100ns and PRB bundle 1
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Figure A3.2: Front-loaded DMRS patterns: Throughput vs SNR for 60kmph, TDL-B 100ns and PRB bundle 2
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Additional DMRS patterns – 60kmph
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Figure A4.1: Additional DMRS patterns: Throughput vs SNR for 60kmph, TDL-B 100ns and PRB bundle 1
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Figure A4.2: Additional DMRS patterns: Throughput vs SNR for 60kmph, TDL-B 100ns and PRB bundle 2
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Figure A4.3: Additional DMRS patterns: Throughput vs SNR for 60kmph, TDL-C 300ns and PRB bundle 1
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Figure A4.4: Additional DMRS patterns: Throughput vs SNR for 60kmph, TDL-C 300ns and PRB bundle 2
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Figure A4.5: Additional DMRS patterns: Throughput vs SNR for 60kmph, TDL-C 1000ns and PRB bundle 1
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Figure A4.6: Additional DMRS patterns: Throughput vs SNR for 60kmph, TDL-C 1000ns and PRB bundle 2
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Additional DMRS patterns – 120kmph
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Figure A5.1: Additional DMRS patterns: Throughput vs SNR for 120kmph, TDL-B 100ns and PRB bundle 1
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Figure A5.2: Additional DMRS patterns: Throughput vs SNR for 120kmph, TDL-B 100ns and PRB bundle 2
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Figure A5.3: Additional DMRS patterns: Throughput vs SNR for 120kmph, TDL-C 300ns and PRB bundle 1
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Figure A5.4: Additional DMRS patterns: Throughput vs SNR for 120kmph, TDL-C 300ns and PRB bundle 2
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Figure A5.5: Additional DMRS patterns: Throughput vs SNR for 120kmph, TDL-C 1000ns and PRB bundle 1
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Figure A5.6: Additional DMRS patterns: Throughput vs SNR for 120kmph, TDL-C 1000ns and PRB bundle 2
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Additional DMRS patterns – 500kmph
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Figure A6.1: Additional DMRS patterns: Throughput vs SNR for 500kmph, TDL-B 100ns and PRB bundle 1
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Figure A6.2: Additional DMRS patterns: Throughput vs SNR for 500kmph, TDL-B 100ns and PRB bundle 2
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Figure A6.3: Additional DMRS patterns: Throughput vs SNR for 500kmph, TDL-C 300ns and PRB bundle 1
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Figure A6.4: Additional DMRS patterns: Throughput vs SNR for 500kmph, TDL-C 300ns and PRB bundle 2
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Figure A6.5: Additional DMRS patterns: Throughput vs SNR for 500kmph, TDL-C 1000ns and PRB bundle 1
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Figure A6.6: Additional DMRS patterns: Throughput vs SNR for 500kmph, TDL-C 1000ns and PRB bundle 2
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