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1 Introduction
In [87-29] email discussion evaluation assumption were agreed to facilitate evaluation of DM-RS design for NR. In this contribution we provide our link-level evaluation results for DM-RS patterns under agreed evaluation assumptions.
2 Evaluation assumption
Evaluated DM-RS patterns
In [1-2], DM-RS design for NR was proposed. The key principle of DM-RS patterns construction is to minimize the number of DM-RS REs per OFDM symbol. In particular, the proposed DM-RS patterns has maximum density of 2 DM-RS REs per OFDM symbol and shown in Figure 1. The DM-RS patterns in Figure 1 together with LTE DM-RS patterns illustrated in Figure 2 were used for evaluation and comparison in this paper.
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Figure 1: DL/UL DM-RS patterns for NR
[image: image4.emf]
Figure 2: LTE DM-RS patterns
Modulation and coding schemes

For DM-RS evaluation 7 MCS were used that should capture channel estimation performance in the wide range of SNRs. The corresponding TBS for the selected MCS values are also provided in Table 1 for reference.
Table 1: MCS selected for evaluations

	MCS
	0
	1
	2
	3
	4
	5
	6

	Modulation
	2
	2
	2
	4
	4
	6
	6

	~Code rate
	1/5
	1/3
	1/2
	1/2
	3/4
	2/3
	5/6

	TBS (1PRB)
	40
	88
	120
	256
	376
	488
	600

	TBS (8PRBs)
	336
	712
	1000
	2152
	3112
	4008
	5160

	TBS (32PRBs)
	1480
	2664
	3752
	7992
	11832
	15264
	19080


Channel profiles

For DM-RS evaluation five TDL channel model profiles (TDL-A DS=10ns, TDL-A DS=30ns, TDL-B DS=100ns, TDL-C DS=300ns, TDL-C DS=1000ns) with three UE mobility cases (3kmph, 30kmph and 120kmph) were selected. The SCS used in simulation was set to 15kHz and carrier frequency to 4GHz. 

It should be noted that channel delay profile should corresponds to the specific propagation environment which implies some constraints in the selection of numerology (e.g. SCS) and other system parameters such as MCS. More specifically, it is expected that the maximum propagation delay for multi-path of the channel should be less than or comparable to the cyclic prefix length of the OFDM symbol in the most typical scenarios. 
Table 2 shows the possible combination of the subcarrier spacing (SCS) and channel model profiles that fulfils the requirement on the CP duration. Since such combinations is expected to be the most typical, it is recommended to use them in the DM-RS evaluations. In addition it is recommended to avoid using channel model with large delay spreads and 256QAM MCS due to small cell deployment assumptions which is more typical for 256QAM use.
Table 2: Combinations of SCS and channel profiles

	SCS
	TDL-A 10ns
	TDL-A 30ns
	TDL-B 100ns
	TDL-C 300ns
	TDL-C 1000ns

	7.5kHz
	
	
	
	
	

	15kHz
	
	
	
	
	

	30kHz
	
	
	
	
	

	60kHz
	
	
	
	
	


3 Summary of the performance results

General evaluation
In this section we provide DM-RS performance in the noise-limited scenario without consideration of the advanced DM-RS features such as DM-RS power boosting, configurable DM-RS collision avoidance, etc. For the performance metric the SNR difference in dB between practical channel estimation algorithm and genie-aided channel estimation algorithm at BLER of 10% is provided.
It should be noted that the same SNR difference may have different impact on the throughput performance. More specifically, the SNR degradation of ‘x’ dB (e.g. x = 0.5 dB) typically should have larger impact on the actual throughput performance for low MCS (operating at lower SNR) comparing to performance impact for the high MCS (operating at the high SNR). Therefore, the SNR difference presented below should be treated differently depending on the MCS.
Summary of the link-level performance results are presented in Figure 3, while more detailed BLER and spectral efficiency performance results can be found in the Appendix.
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Figure 3: Summary of the SNR performance for the proposed and LTE DM-RS patterns for general evaluations
Based on the performance results shown in Figure 3 the following observations can be made:

Observations:

· The SNR performance degradation due to practical channel estimation is typically more significant for low MCS and high MCS comparing to the medium MCS
· The SNR loss is increasing for the channels with higher delay spread and higher UE mobility, which is explained by reduction in the channel estimation processing gains (for low MCS) and interpolation/extrapolation errors (for high MCS)
· Low/High MCS can be considered for DM-RS pattern optimization

· The proposed DM-RS structure for NR offers similar or better performance comparing to LTE DM-RS structure
· The performance gains of NR DM-RS over LTE DM-RS becomes higher for the channels with medium to high mobility due to more optimal DM-RS placement within subframe
4Rx antenna


In this section we provide the DM-RS performance results for the UE with 4Rx antennas. Similar to the general evaluation of DM-RS patterns provided for 2Rx antenna UE, the link-level performance was carried out in the noise-limited scenario. Summary of the link-level performance results is presented in Figure 4, while more detailed BLER and spectral efficiency performance results can be found in the Appendix.
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Figure 4: Summary of the SNR performance for the proposed and LTE DM-RS patterns for 4Rx evaluations

Based on the performance result shown in Figure 4 the following observations can be made:

Observations:

· In case of same propagation environment, the SNR performance degradation of practical channel estimation algorithm relative to genie-aided channel estimation algorithm becomes higher for 4 Rx antenna UE comparing to 2Rx antennas UE
Partial subframe channel estimation
As optional feature, NR can support fast ACK-NACK feedback form the UE. Support of such feature requires special consideration in the DM-RS pattern design as well as UE processing for channel and interference estimation. One example of such DM-RS pattern for such cases is shown in Figure 5, where the positions of DM-RS are placed closer to the start of the subframe to facilitate “early” channel and interference estimation. It is also assumed that UE in such scenario performs partial subframe estimation based on the received DM-RS REs. In the considered DM-RS pattern example, it is assumed that UE updates channel every 3 OFDM symbols. In this case the performance in the first slot is only based on the DM-RS transmitted in the first slot. 

To evaluate the DM-RS performance with such DM-RS structure a link-level simulations were carried out. For the performance metric the SNR difference in dB between practical channel estimation with partial subframe channel estimation (per slot) relative to the genie-aided channel estimation at BLER of 10% is provided. For the reference, NR DM-RS performance with DM-RS patterns shown in Figure 1 and full subframe channel estimation is provided.
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Figure 5: DM-RS pattern for partial subframe estimation (aka self-contained processing)
Summary of the link-level performance results are presented in Figure 6, while more detailed BLER and spectral efficiency performance results can be found in the Appendix.
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Figure 6: Summary of the SNR performance for DM-RS patterns with full subframe (SF) and partial subframe (PS) channel estimation (per slot)
Based on the presented performance result in Figure 6 the following observations can be made:

Observations:

· The DM-RS performance with partial subframe (PS) channel estimation is worse comparing to full subframe (FS) channel estimation.

· The DM-RS performance with partial subframe channel estimation may provide the performance worse comparing to LTE with full subframe channel estimation
· The performance loss of partial subframe channel estimation is higher for low MCS due to lack of the processing gains and high MCS due to extrapolation errors
· Use of DM-RS patterns with partial subframe channel estimation is recommended only for specific scenarios with good SNR and low UE mobility

DM-RS power boosting

The proposed DM-RS patterns support efficient DM-RS power boosting (by sharing the power from PDSCH / PUSCH). To take advantage of DM-RS power boosting in the interference-limited scenario, the proposed DM-RS pattern should also supports configurable DM-RS shits required to avoid DM-RS collision. It is expected that such DM-RS power sharing between DM-RS REs and PDSCH/PUSCH REs should provide performance improvements for low SNRs, i.e. the cell-edge UEs, where the channel estimation performance is mainly limited by lack of the processing gains.
To evaluate the performance benefits of the DM-RS power boosting a link-level performance was carried out for MCS#0 and MCS#1 for 2Rx antenna UE and 4Rx antenna UE with subframe channel estimation. The selected MCS corresponds to the low MCS and, therefore, represents the cell-edge performance. For the performance metrics the relative spectral efficiency gains over the worst case performance over all scenarios is provided. For the fair comparison it is assumed the DM-RS power boosting is performed at the cost of PDSCH power reduction, which due to design is not very high due to small density of DM-RS REs per each OFDM symbol. 
Summary of the link-level performance results for 2Rx antenna UE is presented in Figure 7.
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Figure 7: Relative gains in spectral efficiency for different DM-RS power boosting values for 2 Rx antenna UE
Summary of the link-level performance results for 4Rx antenna UE is presented in Figure 8.
	3kmph
	30kmph
	120kmph
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Figure 8: Relative gains in spectral efficiency for different DM-RS power boosting values and 4Rx antenna UE
Based on the presented performance result in Figure 6, 7 and 8 the following observations can be made:
Observations:

· The DM-RS power boosting (by power sharing between DM-RS and PDSCH) offers noticeable performance benefits for low MCSs (i.e. cell-edge UEs)

· The DM-RS power boosting gains becomes higher for channels with larger delay spread and higher UE mobility

4 Summary

In this contribution we provide evaluation results for the DM-RS design for NR. The following observations were made:

· The SNR performance degradation due to practical channel estimation is typically more significant for low MCS and high MCS comparing to the medium MCS

· The SNR loss is increasing for the channels with higher delay spread and higher UE mobility, which is explained by reduction in the channel estimation processing gains (for low MCS) and interpolation/extrapolation errors (for high MCS)

· Low/High MCS can be considered for DM-RS pattern optimization

· The proposed DM-RS structure for NR offers similar or better performance comparing to LTE DM-RS structure

· The performance gains of NR DM-RS over LTE DM-RS becomes higher for the channels with medium to high mobility due to more optimal DM-RS placement within subframe
· In case of same propagation environment, the SNR performance degradation of practical channel estimation algorithm relative to genie-aided channel estimation algorithm becomes higher for 4 Rx antenna UE comparing to 2Rx antennas UE

· The DM-RS performance with partial subframe (PS) channel estimation is worse comparing to full subframe (FS) channel estimation.

· The DM-RS performance with partial subframe channel estimation may provide the performance worse comparing to LTE with full subframe channel estimation

· The performance loss of partial subframe channel estimation is higher for low MCS due to lack of the processing gains and high MCS due to extrapolation errors

· Use of DM-RS patterns with PS channel estimation is recommended only for specific scenarios with good SNR and low UE mobility

· The DM-RS power boosting (by power sharing between DM-RS and PDSCH) offers noticeable performance benefits for low MCSs (i.e. cell-edge UEs)

· The DM-RS power boosting gains becomes higher for channels with larger delay spread and higher UE mobility
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Appendix: Detailed evaluation results

4GHz, TDL-A 10ns, 3kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-A 30ns, 3kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-B 100ns, 3kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-C 300ns, 3kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	LTE-A DM-RS
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4GHz, TDL-C 1000ns, 3kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	LTE-A DM-RS
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4GHz, TDL-A 10ns, 30kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-A 30ns, 30kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-B 100ns, 30kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	LTE-A DM-RS
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4GHz, TDL-C 300ns, 30kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-C 1000ns, 30kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-A 10ns, 120kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-A 30ns, 120kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-B 100ns, 120kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-C 300ns, 120kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-C 1000ns, 120kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-A 10ns, 3kmph, 2Tx-4Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-A 30ns, 3kmph, 2Tx-4Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-B 100ns, 3kmph, 2Tx-4Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-C 300ns, 3kmph, 2Tx-4Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-C 1000ns, 3kmph, 2Tx-4Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-A 10ns, 30kmph, 2Tx-4Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-A 30ns, 3kmph, 2Tx-4Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-B 100ns, 3kmph, 2Tx-4Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-C 300ns, 3kmph, 2Tx-4Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-C 1000ns, 3kmph, 2Tx-4Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-A 10ns, 120kmph, 2Tx-4Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-A 30ns, 3kmph, 2Tx-4Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-B 100ns, 3kmph, 2Tx-4Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-C 300ns, 3kmph, 2Tx-4Rx, 8PRBs, AWGN
	Genie DM-RS
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4GHz, TDL-C 1000ns, 3kmph, 2Tx-4Rx, 8PRBs, AWGN
	Genie DM-RS
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	LTE-A DM-RS
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4GHz, TDL-A 10ns, 3kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	NR DM-RS low latency
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	NR DM-RS conventional
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4GHz, TDL-A 30ns, 3kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	NR DM-RS low latency
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	NR DM-RS conventional
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4GHz, TDL-B 100ns, 3kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	NR DM-RS low latency
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	NR DM-RS conventional
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4GHz, TDL-C 300ns, 3kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	DM-RS low latency
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	NR DM-RS conventional 
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4GHz, TDL-C 1000ns, 3kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	NR DM-RS low latency
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	DM-RS conventional
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4GHz, TDL-A 10ns, 30kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	NR DM-RS low latency
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	NR DM-RS conventional
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4GHz, TDL-A 30ns, 30kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	NR DM-RS low latency
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	NR DM-RS conventional
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4GHz, TDL-B 100ns, 30kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	NR DM-RS low latency
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	NR DM-RS conventional
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4GHz, TDL-C 300ns, 30kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	DM-RS low latency
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	NR DM-RS conventional 
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4GHz, TDL-C 1000ns, 30kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	NR DM-RS low latency
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	DM-RS conventional
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4GHz, TDL-A 10ns, 120kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	NR DM-RS low latency
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	NR DM-RS conventional
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4GHz, TDL-A 30ns, 120kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	NR DM-RS low latency
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	NR DM-RS conventional
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4GHz, TDL-B 100ns, 120kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	NR DM-RS low latency
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	NR DM-RS conventional
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4GHz, TDL-C 300ns, 120kmph, 2Tx-2Rx, 8PRBs, AWGN
	Genie DM-RS
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	DM-RS low latency
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	NR DM-RS conventional 
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