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Introduction
In RAN1#88 [1], the following agreement was made:
· At least for CP-OFDM, NR supports a common DMRS structure for DL and UL
· DMRS for same or different links can be configured to be orthogonal to each other. 
· FFS exact DMRS location, DMRS pattern, and, scrambling sequence for the common DMRS structure.
· 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
· 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 focus on the following evaluations for UL DMRS patterns: 
· Performance comparison of DMRS patterns with frequency domain CDM (F-CDM) across adjacent and non-adjacent REs
· Performance comparison of single-symbol and double-symbol front loaded DMRS for UL MIMO transmission
DMRS link level evaluations: Comparison of F-CDM on adjacent and non-adjacent REs
In this section, we focus on the UL link level evaluations of DMRS patterns, specifically, of two kinds:
· Frequency domain CDM at regular non-adjacent combs, i.e., discontinuous F-CDM pattern
· Frequency domain CDM at adjacent sub-carriers, i.e., continuous F-CDM pattern
Those two types of DMRS patterns are illustrated in the following figure: 
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[bookmark: _Ref477868837]Figure 1 DMRS patterns considered for link-level evaluations
Figure 1 illustrates two patterns supporting up to 4 orthogonal DMRS ports which we will evaluate in this section. F-CDM is applied at the resource elements with the same colour. 
· Pattern-1: FDM factor 2 with regular comb, and F-CDM with length 2 is applied to every 2 combs (non-adjacent REs) with the same colour. 
· Pattern-2: FDM factor 2 with irregular comb, and F-CDM with length 2 is applied to every adjacent 2 resource elements with the same colour. 

By differing from the frequency comb structure and F-CDM group allocations, there are following considerations which are triggered by the above two different types of DMRS patterns: 

· [bookmark: _GoBack]Pattern-1 will be more flexible in type of receiver that can be used since it allows for time domain as well as frequency domain operations at the receiver side. This is because of the regular sampling in the frequency domain, such that the sampled signal can be easily transformed into the time domain. Therefore, Pattern-1 enables the additional degrees of freedom for channel estimation in the time domain, timing and delay spread estimation in the time domain, and frequency domain filter tuning, etc. Moreover, DMRS pattern with F-CDM on adjacent REs have better CM/PAPR property, see [2] which is important for UL transmission.
· Pattern-2 utilize the advantages of the continuous F-CDM group, but on the other hand increases the interpolation distance across different F-CDM groups. Therefore, it is difficult to judge by inspection whether it performs better in terms of channel estimation compared to Pattern-1. Moreover, because of the irregular sampling in the frequency domain, it will bring more complexity for carrying out time domain operations. 
Another aspect is that there may exist many antennas at the gNB in NR for receiving and processing the UL transmissions. The performance difference of pattern 1 and 2 will likely be negligible in the case of large number of receiver antenna processing.  
[bookmark: _Toc477954512][bookmark: _Toc477956647][bookmark: _Toc477976841][bookmark: _Toc478029848][bookmark: _Toc478030379][bookmark: _Toc478030387][bookmark: _Toc478110770][bookmark: _Toc478112643]The DMRS pattern with F-CDM on regular combs provides more flexibility in receiver implementation as it allows for time domain operations at the receiver side. 
[bookmark: _Toc477976842][bookmark: _Toc478029849][bookmark: _Toc478030380][bookmark: _Toc478030388][bookmark: _Toc478110771][bookmark: _Toc478112644]The DMRS pattern with F-CDM on regular combs provides CM/PAPR benefits for UL transmission. 
In the evaluations, we mainly target on low Doppler scenarios. We first compare two patterns based frequency domain LMMSE channel estimator. 
DMRS evaluations for UL transmission
In this section, we provide simulation results based on two patterns for UL 4-layer transmission with frequency LMMSE channel estimator. UE speed is 3km/h. The RMS delay spread 30ns, 100ns, and 300ns are investigated with the channel model CDL-A. MCS (QPSK, 0.5), (QAM16, 0.75), and (QAM64, 5/6) are used in transmissions. Detailed simulation assumptions are listed in Appendix 6.1. 
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[bookmark: _Ref477874289]Figure 2 BLER for 4-layer UL transmission with DMRS pattern-1 and 2. CDL-A channel model, Ds=30ns, Tx antennas 4, Rx antennas 16 
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[bookmark: _Ref477876123]Figure 3 BLER for 4-layer UL transmission with DMRS pattern-1 and 2. CDL-A channel model, Ds=100ns, Tx antennas 4, Rx antennas 16  
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[bookmark: _Ref477879695]Figure 4 BLER comparison of UL 4-layer transmission using DMRS pattern-1 and 2. CDL-A channel model, Ds=300ns, Tx antenna 4, Rx antenna 16
Figure 2-4 show the BLER performance of UL 4-layer transmissions with DMRS pattern-1 and 2. 
[bookmark: _Toc477954513][bookmark: _Toc477956648][bookmark: _Toc477976843][bookmark: _Toc478029850][bookmark: _Toc478030381][bookmark: _Toc478030389][bookmark: _Toc478110772][bookmark: _Toc478112645]The DMRS pattern 1 with F-CDM on regular combs is robust to highly frequency-selective channels for UL transmission.
[bookmark: _Toc477954514][bookmark: _Toc477956649][bookmark: _Toc477976844][bookmark: _Toc478029851][bookmark: _Toc478030382][bookmark: _Toc478030390][bookmark: _Toc478110773][bookmark: _Toc478112646]For delay spread from 30ns to 300ns, pattern 2 with consecutive F-CDM and pattern 2 with non-adjacent F-CDM provide similar BLER performance when there are a large number of receive antennas at the gNB.
Combining observations 1-4, we propose: 
[bookmark: _Toc478110777][bookmark: _Toc478126305][bookmark: _Toc478126321][bookmark: _Toc478133715][bookmark: _Toc477954640][bookmark: _Toc477955355][bookmark: _Toc477956657][bookmark: _Toc477956743][bookmark: _Toc477956747][bookmark: _Toc477976851][bookmark: _Toc478029855][bookmark: _Toc478030374]NR support DMRS patterns across regular combs (non-adjacent REs) for uplink. 
[bookmark: _Toc478126306][bookmark: _Toc478126322][bookmark: _Toc478133716]NR support F-CDM for DMRS in uplink
DMRS link level evaluations: Single-symbol and double-symbol front loaded DMRS
In this section, we will evaluate the following four DMRS patterns for 4 layers uplink transmission in an scenario with very low Doppler (3 km/h):
· Pattern-1: single-symbol front-loaded at symbol 3 and FDM4.
· Pattern-2: two-symbol front-loaded at symbol 3 and 4, FDM2, time CDM2 and frequency CDM2 for 8 layers
· Pattern-3: LTE DL-resembling pattern, FDM2 and time CDM2. The only difference of this pattern with the LTE-legacy downlink pattern is the regular comb structure within one PRB.   
· Pattern-4: two-symbol front-loaded at symbol 3 and 4, FDM2 and time CDM2.
[image: ]
Figure 5 DMRS patterns for UL evaluations
Simulation results
Figure 6-8 show the simulation results for the throughput of 4-layer UL transmission using DMRS patterns 1-4 with link adaptation. The TDL-A/C channel are assumed with 10ns, 300ns, and 1000ns delay spread for simulations. The number of Tx and Rx antenna are 4 and 16, respectively. The sub-carrier spacing is 15kHz. The detailed simulation parameters can be found in Appendix 6.2. 
[image: numl_TDL_A_tx_rx_ports_4x16_la_ln236_ln237_1_2_3_4_tp_post_process]

[bookmark: _Ref477948612]Figure 6 Throughput performance comparison of DMRS patterns 1-4, TDL-A, Ds = 10ns
[image: numl_TDL_C_tx_rx_ports_4x16_la_ln308_ln239_1_2_3_4_tp_post_process]

[bookmark: _Ref477948615]Figure 7 Throughput comparison of DMRS patterns 1-4. TDL-C, Ds = 300ns
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Figure 8 Throughput comparison of DMRS patterns 1-4. TDL-C, Ds = 1000ns
[bookmark: _Toc477954516][bookmark: _Toc477956652][bookmark: _Toc477976846][bookmark: _Toc478029853][bookmark: _Toc478030384][bookmark: _Toc478030392][bookmark: _Toc478110774][bookmark: _Toc478112647]For low delay spread channels, single-symbol front loaded DMRS provides better throughput than double-symbol front loaded DMRS.  
[bookmark: _Toc477954517][bookmark: _Toc477956653][bookmark: _Toc477976847][bookmark: _Toc478029854][bookmark: _Toc478030385][bookmark: _Toc478030393][bookmark: _Toc478110775][bookmark: _Toc478112648]For large delay spread channels, single-symbol and double-symbol front loaded DMRS provide similar throughput performance. 
[bookmark: _Toc478030386][bookmark: _Toc478030394][bookmark: _Toc478110776][bookmark: _Toc478112649]In the low SNR region, single-symbol front-loaded DMRS provides slightly better throughput than double-symbol front-loaded DMRS. 
Based on the above evaluations, we propose the following: 
[bookmark: _Toc478029856][bookmark: _Toc478030375][bookmark: _Toc478110778][bookmark: _Toc478126307][bookmark: _Toc478126323][bookmark: _Toc478133717]Single-symbol front-loaded DMRS is supported for NR UL 
Conclusions
Based on the discussion in this contribution we propose the following:
Proposal 1	NR support DMRS patterns across regular combs (non-adjacent REs) for uplink.
Proposal 2	NR support F-CDM for DMRS in uplink
Proposal 3	Single-symbol front-loaded DMRS is supported for NR UL
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Appendix
Simulation Parameters: 
	Parameter
	Value

	Channel Model
	CDL-A

	Numerology
	15KHz

	Carrier frequency
	4GHz

	Transmission Slot Length
	14 symbols, with first 2 symbols reserved for PDCCH

	Transmission mode
	FDD

	Number of UE
	1

	UE speed 
	3 km/h

	Delay spread
	30ns, 100ns, 300ns

	Allocated bandwidth
	8 PRBs

	Link Adaptation
	Disabled

	Antenna configuration
	4Tx, 16Rx

	MIMO Layers
	4

	Channel estimator
	Practical LMMSE

	PRB bundled size
	4 PRBs



Simulation Parameters:
	Parameter
	Value

	Channel Model
	TDL-A, TDL-C

	Numerology
	15KHz

	Carrier frequency
	4GHz

	Transmission Slot Length
	14 symbols, with first 2 symbols reserved for PDCCH

	Transmission mode
	FDD

	Number of UE
	1

	UE speed
	3km/h

	Delay spread
	10ns, 300ns, 1000ns 

	Allocated bandwidth
	8 PRBs

	Link Adaptation
	Enable

	Antenna configuration
	4Tx, 16Rx

	MIMO Layers
	4

	Channel estimator
	LMMSE

	PRB bundled size
	4 PRBs
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