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1
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].

During the RAN1#86bis, following agreements related to reference signals in NR are captured in [3]:

Agreements:
· At least the following RSs are supported for NR downlink

· CSI-RS: Reference signal with main functionalities of CSI acquisition, beam management

· FFS: RRM measurement 

· DM-RS: Reference signal with main functionalities of data and control demodulation

· FFS: channel state information estimation and interference estimation

· FFS: beam management

· Reference signal for phase tracking

· FFS: Whether DM-RS extension can be applied or not

· FFS whether new RS or RS for other functionalities can be used

· Reference signal for time/freq. tracking

· FFS whether new RS or RS for other functionalities can be used

· Reference signal for Radio link monitoring

· FFS whether new RS or RS for other functionalities can be used

· RS for RRM measurement

· FFS whether new RS or RS for other functionalities can be used

· At least the following RSs are supported for NR uplink

· SRS: Reference signal with main functionalities of CSI acquisition, beam management

· FFS: RRM measurement

· DM-RS: Reference signal with main functionalities of data and control demodulation

· FFS: beam management

· Reference signal for phase tracking

· FFS: Whether DM-RS extension can be applied or not

· FFS whether new RS or RS for other functionalities can be used

· FFS: Reference signal for RRM measurement

· FFS whether new RS or RS for other functionalities can be used
More specific agreements related to DM-RS, are included in [4] and [5]:

Agreements:
· Study variable/configurable DL/UL RS pattern for demodulation 

· For data channel and control channel

· At least density can be configurable

· FFS: other configurability

· The applicable scenarios need to be studied

· Study multi-set DL/UL RS for control and/or data demodulation 

· The first set is front-loaded (i.e. loaded in the front of RB) 

· Other set(s) can be configured for different purposes

· Details FFS (e.g. higher frequency/time density, Rx beam detection, RSRP/CSI-reporting, phase noise compensation)

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 discuss the design principle for NR DM-RS and perform link level analysis for several DM-RS patterns with different numerologies. The main focus is on the DM-RS design for OFDM waveform for both uplink and downlink.
2 
On DM-RS design principle
To support forward compatibility requirement, downlink and uplink data channels as well as reference signals need to support flexible system resource allocation and blanking. By defining fixed size basic resource block, i.e. 12 subcarriers per PRB, the dimensions of the one PRB remain unchanged regardless of the selected numerology. The DM-RS should be designed accordingly based on PRB based patterns. 

The complexity of channel estimation needs to be considered in DM-RS design. In order to minimize the complexity impact of multiple numerologies, the DM-RS patterns should enable usage of the similar channel estimator at the UE independently from the selected numerology option. Therefore, it is beneficial to aim at scalable numerology, where dimensions of the physical resource block (PRB) in terms of number of OFDM symbols and the number of subcarriers remain unchanged regardless of the selected numerology. This is required to allow the same PRB based DM-RS patterns. 

Observation 1: PRB based DM-RS patterns are needed in order to support flexible system resource allocation and blanking.
Observation 2: In order to minimize the complexity impact of multiple numerologies, the DM-RS patterns should enable usage of the similar channel estimator at the transceiver independently from the selected numerology option.

Observation 3: In order to allow the same PRB based DM-RS patterns, the size of one PRB in terms of number of resource elements need to be common for all numerologies.

Proposal 1: Common PRB -based DM-RS patterns are used for all numerologies. 

The flexible TDD with support for efficient cross-link interference compensation and rejection is one of the main building blocks for the NR. Important enabler is to align DM-RS in neighboring cells so that UE can make cross-link interference covariance matrix estimation without explicit signaling of the resource allocation and UE identities in the neighbor cells. Thus, when designing DM-RS key property is to allow UE to construct used reference signals sequences in neighbor cells. In general, DM-RS sequence should be resource specific in such that:  

· Cell specific sequence based on the largest possible system bandwidth

· Align middle elements of the sequence always with center of the bandwidth

· Sequence elements only in the region of resource allocation are active

Proposal 2: DM-RS sequence should be resource specific in order to enable cross-link interference covariance matrix estimation without explicit signaling. 
3 
On rank 1 DM-RS patterns with link analysis

3.1. 
Impact due to Doppler Spread


In this section, we consider different options for DM-RS patterns to analyse the impact of Doppler spread due to mobility. We broadly classify them into four different patterns. Option 1 refers to only front-loaded DM-RS patterns that is loaded with only single DM-RS symbol in front of the resource block. The main benefit of this options is that the data can be demodulated after receiving the first symbol in the TTI. However, the specific arrangement of DM-RS resources in the frequency needs to be considered. We study two different alternatives for option 1 that are shown in Figure 1 as option 1A and option 1B. In option 1 shown in Figure 1, the DM-RS resources are evenly placed in frequency.
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Figure 1: DM-RS Option 1
Option 2 is also considered that consists of additional DM-RS symbol in time domain that can be configured, in addition to front-loaded DM-RS symbol. In this option, the DM-RS overhead is twice in comparison to only front-loaded DM-RS. Such patterns are expected to provide better channel estimation for high speed scenarios and provide more resources for multiple DM-RS ports multiplexing. However, the performance for such patterns should be analysed for evaluating the trade-off between the DM-RS overhead and BLER improvement. In Figure 2, we consider option 2, similar to Option 1 in terms of DM-RS resource distribution in frequency domain and an additional DM-RS symbol in time.
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Figure 2: DM-RS Option 2
Observation 4: For additional DM-RS symbol along with front-loaded DM-RS in time, the throughput performance should be analysed for evaluating the trade-off between DM-RS overhead and improvement in BLER.
Option 3 shown in Figure 3, presents a DM-RS pattern that can be considered as a hybrid of option 1 and option 2. It contains front-loaded DM-RS symbol and an additional DM-RS symbol in time. However, the main difference in comparison to option 1 and option 2 is the reduction of DM-RS resources in frequency, consequently the DM-RS overhead for this option is between that of option 1 and option 2.
Observation 5: Along with front-loaded DM-RS symbol, if an additional DM-RS symbol is being considered, the total DM-RS overhead can be controlled by reducing the density of DM-RS resources in frequency.
In Figure 4, option 4 is considered that consists of front-loaded DM-RS symbol and PTRS symbols that are discussed in our accompanying contribution [6]. The main idea here is to use the DM-RS symbol along with PTRS symbol that could be precoded to perform channel estimation and improve the BLER without having additional DM-RS resources. 
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Figure 3: DM-RS Option 3
Observation 6: If only front-loaded DM-RS symbol exists, then utilizing the PTRS symbol along with DM-RS symbol for improving the channel estimation can be considered.
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Figure 4: DM-RS Option 4

Table 1 summarizes the key aspects of all the considered DM-RS options. We thn evaluate the link level performance of all these options in terms of BLER and throughput. Two different numerologies are evaluated with subcarrier spacing of 15 kHz and 60 kHz. The simulation assumptions are presented in Table A1 of Appendix. For speed up to 120 km/h, the channel model used for the results in Figure 5 and Figure 6 is TDL-b (100 ns). Figure 5 shows the performance for subcarrier spacing of 15 kHz. It can be seen that the BLER performance is almost the same for all the DM-RS options for the lower speed scenario and throughput varies according to the DM-RS overhead. Option 4 contains PTRS symbols, therefore the total RS overhead is quite high and hence the throughput is lower than all other options. As the speed is increased to 120 km/h, we can observe that the BLER performance of only front-loaded DM-RS options 1 is worst due to degradation in channel estimation. It should be noted that the performance for this speed does not consider any Doppler compensation. In general, the BLER performance for all other options with higher RS overhead is better in comparison to only front-loaded. However, if we compare the throughput performance at 120 km/h, the performance for only front-loaded DM-RS options 1 is comparable to other options. For very high speed scenario of 500 Km/h with ideal Doppler compensation, the BLER performance is similar for all scenarios.
	DM-RS

Options
	DM-RS Frequency Resources
	DM-RS 
Time Resources
	PTRS 
Frequency Resources
	PTRS 
Time Resources
	DM-RS Overhead
	PTRS Overhead

	Option 1
	[1 5 9]
	[1]
	-
	-
	3.57 %
	-

	Option 2
	[1 5 9]
	[1 4]
	-
	-
	7.14 %
	-

	Option 3
	[1 7]
	[1 4]
	-
	-
	4.76 %
	-

	Option 4
	[1 5 9]
	[1]
	[7]
	[2 3 4 5 6 7]
	3.57 %
	14.28 %


Table 1: Comparison of DM-RS options
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(a) Mobility: 3 Km/h
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(b) Mobility: 120 Km/h
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(c) Mobility: 500 Km/h

Figure 5: Performance comparison with 15 KHz subcarrier spacing
In Figure 6, we provide similar performance comparison for subcarrier spacing of 60 kHz and the main difference which we observe in comparison to 15 kHz case is that the BLER performance do not degrade for only front-loaded DM-RS option 1 sfor high speed scenarios.
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(a) Mobility: 3 Km/h
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(b) Mobility: 120 Km/h
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(c) Mobility: 500 Km/h
Figure 6: Performance comparison with 60 KHz subcarrier spacing
Following observations can be made based on these results:
Observation 7: Only front-loaded DM-RS pattern provides quite good performance for low-speed scenarios with different subcarrier spacing.
Observation 8: Additional DM-RS symbol provides better BLER performance for high-speed, but due to increased DM-RS overhead, the throughput performance difference is not much in comparison to only front-loaded symbol.

Observation 9: With Doppler compensation for very high speed scenario, the BLER performance for all patterns is almost same.

Observation 10: In general, only front-loaded DM-RS along with PTRS marginally provides the best BLER for all scenarios.

Proposal 3: For rank1 DM-RS, only front-loaded pattern would be sufficient to get reliable channel estimates for low to medium range speeds.
Proposal 4: For rank1 DM-RS, front-loaded pattern along with phase tracking reference could be used to get reliable channel estimates and for Doppler compensation in high speed scenarios.

3.2. 
Impact due to Delay Spread
In thi section, we study the impact of delay spread with variable density of DM-RS resources in frequency. Option 1 from previous section, i.e. only front-loaded pattern is used here with variable density. Results are shown for spacing between DM-RS resources that varies from three to five subcarriers. In addition to TDL-B (100 ns) channel used in previous section, TDL-C (1000 ns) is also used here. 
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Figure 6: Performance comparison with 15 KHz subcarrier spacing
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Figure 7: Performance comparison with 60 KHz subcarrier spacing

Figure 6 and 7 show the BLER performance comparison for 15 kHz and 60 kHz, respectively. For 15 kHZ subcarrier spacing, the performance with 120 km/h speed starts saturating for TDL-B (100 ns) channel. With increased subcarrier spacing of 60 kHz, the performance is almost similar for different densities of DM-RS resources in frequency. In general, following observations can be made:
Observation 11: Increased density of DM-RS resources in frequency provides marginal gains for high speed and low subcarrier spacing scenario

Observation 12: For higher subcarrier spacing of 60 kHz, the BLER performance is almost similar for the different DM-RS densities in frequency.
4 
On multiplexing of DM-RS ports for higher ranks

NR DM-RS design needs to support also higher rank transmission. In this section, we study multiplexing of DM-RS ports for rank-8 transmission. We consider a DM-RS pattern design, wherein DM-RS ports k, with k=1,...,4 are multiplexed in frequency (FDM) with a fixed SC spacing of 4 SCs for a given port while DM-RS ports p, with p=5,…,8 are CDM multiplexed with Orhogonal Cover Code (OCC) on the same REs with ports p-4, respectively, in the DM-RS carrying OFDM symbols. The corresponding RE mapping for different ports are shown (over two RBs in frequency; pilots positions are indicated with red color) for 15 kHz and 60 kHz SC spacings in Figure 8 a) and b), respectively.  
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b)
Figure 8: Illustration of rank-8 DM-RS pattern for a) 15 kHz and b) 60 kHz SC spacing. RE mapping shown for ports 1-4 only. Ports 5-8 CDM on the same REs.

The link-level performance of above the described rank-8 DM-RS patterns were evaluated with the simulation assumptions summarized in Table 2. 
	Assumptions 
	Value

	Carrier frequency
	4 GHz

	UE antenna model
	ULA, 8 antennas (uncorrelated)

	TRP antenna model
	ULA, 8 antennas (uncorrelated)

	Channel coding
	LTE Turbo code

	Precoder
	LTE codebook

	Rank per UE
	Rank-8

	MCS 
	16QAM 1/2, 16QAM 3/4, 64QAM 1/2, 64QAM 2/3, 64QAM 5/6

	Channel estimation 
	Practical

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

	Speed
	0 km/h

	Numerology
	Case 1 
	Case 2 

	Subcarrier spacing [kHz]
	15
	60

	Clock rate [Mchip/s]
	15.36
	15.36

	carrier BW [MHz]
	10 (8.64 active)
	10 (8.64 active)

	# of subcarriers
	576 (48 RBs)
	144 (12 RBs)

	Ts [us]
	66.67
	16.67

	FFT size
	1024
	256

	subframe length [ms]
	1
	1

	# symbols per subframe
	14
	56

	CP length (mean) [us]
	4.69
	1.17

	CP overhead [%]
	6.6
	6.6

	DMRS overhead [%]
	14.3
	14.3


Table 2: Link-level evaluation assumptions.
The BLER vs SNR results are shown for 15 kHz and 60 kHz SC spacing in Figure 9 a) and b), respectively, considering MCSs ranging from R=1/2 16-QAM to R=5/6 64-QAM. Different channel profiles are shown with the following color coding: TDL-B-100ns (black), TDL-C-300ns (red), and TDL-C-1000ns (blue). 
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Figure 9 BLER vs SNR performance of rank-8 PDSCH in TDL-B (100ns DS), TDL-C (300ns DS) and TDL-C (1000ns DS) channels for a) 15 kHz and b) 60 kHz SC spacing. 

The results in Figure 9 a) show that DM-RS pattern with 60 kHz pilot spacing in frequency can support robust rank-8 channel estimation up to R=2/3 64-QAM including TDL-C profile with 1000ns DS, whereas for R=2/3 64-QAM and beyond the frequency-selectivity of TDL-C profiles in comparison to pilot spacing becomes too much.  
The results in Figure 9 b) show that DM-RS pattern with 240 kHz pilot spacing in frequency can support rank-8 channel estimation only for a subset of TDL channel profile and MCS combinations as follows. Pilot spacing of 240 kHz for 60 kHz SC does not support rank-8 with any of the MCSs ranging from R=1/2 16-QAM to R=5/6 64-QAM. Pilot spacing seems sufficient up to R=1/2 64-QAM and R=5/6 64-QAM in TDL-C (300ns) and TDL-B (100ns) channels, respectively.  
Observation 13: In case of 15 kHz SC spacing, FDM + CDM based rank-8 DM-RS pattern design: utilizing pilot spacing of 4 SCs per port combined with OCC, provides good estimation performance for all channel profiles ranging from TDL-B (100ns) to TDL-C (1000ns) supporting MCSs up to R=2/3 64-QAM.    
Observation 14: In case of 60 kHz SC spacing, FDM + CDM based rank-8 DM-RS pattern design: utilizing 4 SC pilot spacing per port combined with OCC, reasonable estimation performance is limited to lower DS channel profiles as follows. MCSs up to R=1/2 64-QAM and R=5/6 can be supported in TDL-C (300ns) and TDL-B (100ns), respectively. 
Proposal 5: Regarding NR numerology options for below 6 GHz bands, SC spacing of 15 kHz should be supported as it enables high-rank DM-RS multiplexing supporting high MCS transmission even in long DS channel profiles such as TDL-C (1000ns) with reasonable overhead.  
5 
On DM-RS pattern for DFT-S-OFDM waveform

In [7], it has been agreed to support DFT-S-OFDM based waveform complementary to CP-OFDM waveform, at least for eMBB uplink for up to 40GHz. Moreover, DFT-S-OFDM based waveform is agreed to be limited to a single stream transmissions in NR. In this section, we consider DM-RS pattern for DFT-S-OFDM waveform, while keeping in mind the low PAPR criteria. All other requirements for DM-RS are same in DFT-S-OFDM wavefrorm as for OFDM waveforem. Therefore, we consider only front-loaded DM-RS pattern will all the resources in frequency allocated to single rank DM-RS. This will allow for low PAPR and reliable channel estimation at the beginning before the data symbols. Figure 8 shows the example DM-RS pattern.
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Figure 10: Example of DM-RS pattern for DFT-S-OFDM

However, it should be further analysed through link level simulations if additional DM-RS symbol would be required to support high speed scenarios with DFT-S-OFDM waveforem.
6
Summary
In this contribution, we studied different DM-RS options for different numerologies and speed ranging from 3 km/h to 500 km/h. Following observsations/proposals are made:
Observation 1: PRB based DM-RS patterns are needed in order to support flexible system resource allocation and blanking.

Observation 2: In order to minimize the complexity impact of multiple numerologies, the DM-RS patterns should enable usage of the similar channel estimator at the transceiver independently from the selected numerology option.

Observation 3: In order to allow the same PRB based DM-RS patterns, the size of one PRB in terms of number of resource elements need to be common for all numerologies.

Observation 4: For additional DM-RS symbol along with front-loaded DM-RS in time, the throughput performance should be analysed for evaluating the trade-off between DM-RS overhead and improvement in BLER.

Observation 5: Along with front-loaded DM-RS symbol, if an additional DM-RS symbol is being considered, the total DM-RS overhead can be controlled by reducing the density of DM-RS resources in frequency.

Observation 6: If only front-loaded DM-RS symbol exists, then utilizing the PTRS symbol along with DM-RS symbol for improving the channel estimation can be considered.

Observation 7: Only front-loaded DM-RS pattern provides quite good performance for low-speed scenarios with different subcarrier spacing.

Observation 8: Additional DM-RS symbol provides better BLER performance for high-speed, but due to increased DM-RS overhead, the throughput performance difference is not much in comparison to only front-loaded symbol.

Observation 9: With Doppler compensation for very high speed scenario, the BLER performance for all patterns is almost same.

Observation 10: In general, only front-loaded DM-RS along with PTRS marginally provides the best BLER for all scenarios.

Observation 11: Increased density of DM-RS resources in frequency provides marginal gains for high speed and low subcarrier spacing scenario

Observation 12: For higher subcarrier spacing of 60 kHz, the BLER performance is almost similar for the different DM-RS densities in frequency.
Observation 13: In case of 15 kHz SC spacing, FDM + CDM based rank-8 DM-RS pattern design: utilizing pilot spacing of 4 SCs per port combined with OCC, provides good estimation performance for all channel profiles ranging from TDL-B (100ns) to TDL-C (1000ns) supporting MCSs up to R=2/3 64-QAM.    

Observation 14: In case of 60 kHz SC spacing, FDM + CDM based rank-8 DM-RS pattern design: utilizing 4 SC pilot spacing per port combined with OCC, reasonable estimation performance is limited to lower DS channel profiles as follows. MCSs up to R=1/2 64-QAM and R=5/6 can be supported in TDL-C (300ns) and TDL-B (100ns), respectively. 

Proposal 1: Common PRB -based DM-RS patterns are used for all numerologies. 

Proposal 2: DM-RS sequence should be resource specific in order to enable cross-link interference covariance matrix estimation without explicit signaling. 

Proposal 3: For rank1 DM-RS, only front-loaded pattern would be sufficient to get reliable channel estimates for low to medium range speeds.

Proposal 4: For rank1 DM-RS, front-loaded pattern along with phase tracking reference would be sufficient to get reliable channel estimates and for Doppler compensation in high speed scenarios.
Proposal 5: Regarding NR numerology options for below 6 GHz bands, SC spacing of 15 kHz should be supported as it enables high-rank DM-RS multiplexing supporting high MCS transmission even in long DS channel profiles such as TDL-C (1000ns) with reasonable overhead.  
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Appendix

	Assumptions
	Value

	Carrier frequency 
	4 GHz 

	Duplex 
	FDD 

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms 

	Subcarrier spacing 
	15 kHz and 60 kHz 

	Data transmission bandwidth 
	4 PRBs

	Antenna  configuration 
	2T2R

	Rank per UE 
	Fixed rank : Rank 1

	MCS 
	Fixed: 16QAM-1/2 

	Control Overhead 
	Zero 

	Channel estimation  
	Practical 

	Channel 
	TDL-B (100 ns), TDL-C (1000ns)
Mobility: 3 km/h and 120 km/h

Doppler Estimation: No
	CDL-D (100 ns)

Mobility: 500 km/h

Doppler Estimation: Ideal


Table A1: Link level simulation assumptions for rank 1 DM-RS evaluation
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