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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 DL DMRS patterns: 
· [bookmark: _GoBack]Performance comparison of DMRS patterns with F-CDM on adjacent and non-adjacent REs
· Front-loaded DMRS pattern performance compared with LTE-like pattern in low to medium SNR region
DMRS link level evaluations: Comparison of F-CDM on adjacent and non-adjacent Res
In this section, we focus on the DL link level evaluations of DMRS patterns, specifically, of two kinds:
· Frequency domain OCC group at regular non-adjacent combs, i.e., discontinuous F-CDM pattern
· Frequency domain OCC group at adjacent sub-carriers, i.e., continuous F-CDM pattern
Those two types of DMRS patterns are illustrated in the following figure: 
[image: ]
[bookmark: _Ref477868837]Figure 1 DMRS patterns 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: 
· 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
· Pattern-2 take advantages of the continuous F-CDM group, but also increases the interpolation distance across different F-CDM groups. Therefore, it will not necessarily bring better channel estimations for all channel conditions. Moreover, because of the irregular sampling in the frequency domain, it will bring more complexity for time domain operations.  
[bookmark: _Toc477976841][bookmark: _Toc478029848][bookmark: _Toc478030379][bookmark: _Toc478030387][bookmark: _Toc478110770][bookmark: _Toc478112643][bookmark: _Toc477954512][bookmark: _Toc477956647]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. 
In evaluations, these considerations will be investigated accordingly. We mainly target at the low Doppler/low UE mobility scenarios. 
We first compare two patterns based solely frequency domain LMMSE channel estimator. Then, we provide evaluations of the considered patterns while enabling time domain channel estimation for Pattern-1.  
DL transmission in large delay spread channels 
In this section, we provide simulation results based on two patterns for DL 4-layer transmission with frequency LMMSE channel estimator. UE speed is 3km/h. We focus on large delay spread channels, e.g., Ds = 500ns and 1000ns. 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 DL transmission with DMRS pattern-1 and 2. CDL-A channel model, Ds={500ns, 1000ns}, Tx antennas 8, Rx antennas 8 
Figure 2 shows the BLER performance of DL 4-layer transmissions with DMRS pattern-1 and 2. In the simulation, we use CDL-A channel model with large delay spread 500ns and 1000ns, the number of Tx and Rx antennas are both 8. It can be seen in Figure 2 that Pattern-1 has slightly better BLER performance than that of Pattern-2. 
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[bookmark: _Ref477876123]Figure 3 BLER for 4-layer DL transmission with DMRS pattern-1 and 2. TDL-C channel model, Ds={500ns, 1000ns}, Tx antennas 16, Rx antennas 8  
Figure 3 shows the BLER performance of 4-layer DL transmission using DMRS pattern-1 and 2 based on TDL-C channel models. With large delay spread, e.g., 500ns and 1000ns, Pattern-1 and Pattern-2 have similar BLER performance for MCS (QPSK, cr=0.5), (QAM16, cr=0.75), and (QAM64, c5=5/6). Pattern-2 has slightly better performance for higher order MCS (QAM64, cr = 5/6) at high SNR. The detailed simulation assumptions are listed in Appendix 6.2.  
[bookmark: _Toc477954513][bookmark: _Toc477956648]The DMRS pattern with F-CDM on regular combs is robust to highly frequency-selective channels.
[bookmark: _Toc477954514][bookmark: _Toc477956649]For large delay spread scenarios, e.g., 500ns and 1000ns, consecutive F-CDM and non-adjacent F-CDM (with regular comb structure) provide similar BLER performance for both CDL and TDL channel models.
[bookmark: _Toc477956650]There is no single CDM pattern performing uniformly better than the other for large delay spread channels.     
  
DL transmission in low delay spread channels
In this section, we provide simulation results based on two patterns for DL 4-layer transmission. UE speed is 3km/h. We focus on low delay spread channels, e.g., Ds = 30ns. 
It is worth noting that for different DMRS patterns, we used different channel estimators:
· Pattern-1: Practical DCT based time domain channel estimator [2]
· Pattern-2: Frequency domain LMMSE channel estimator 
The reason of using different channel estimators is that Pattern-1 can enable time/transformed domain operations with low complexity compared with Pattern-2, as explained in Observation 1.
Figure 4 shows the BLER and throughput of DL 4-layer transmissions based on two DMRS pattern. It can be observed that Pattern-1 with the DCT channel estimator provides better BLER and throughput performance than that of Pattern-2 using LMMSE. 
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[bookmark: _Ref477879695]Figure 4 BLER and Throughput comparison of DL 4-layer transmission using DMRS pattern-1 and 2
[bookmark: _Toc477954515][bookmark: _Toc477956651]The DMRS pattern 1 with F-CDM on regular combs provides better BLER and throughput performance compared to the consecutive F-CDM pattern 2 for low delay spread channels.  
Considering observations 1-4, we propose:
[bookmark: _Toc477954640][bookmark: _Toc477955355][bookmark: _Toc477956657][bookmark: _Toc477956743][bookmark: _Toc477956747][bookmark: _Toc478132977]NR support DMRS patterns with F-CDM on regular combs (e.g. IFDM or non-adjacent REs). F-CDM across adjacent REs is not supported. 
DMRS link level evaluations: DL single layer transmission at low SNR regime 
In this section, we will focus on the DL single layer transmission for low SNR regime, which targets the power-limited transmission scenarios. The DMRS evaluations in the consider scenario are interesting for the following reasons: 
· In this scenario, the primary obstacle of channel estimation is noise and channel fading, therefore, the evaluation of reference signal density is important to guide the DMRS pattern design. 
· From the throughput perspective, in the low SNR regime, lower-order MCS are foreseen to be transmitted, which on the other hand have high tolerance for channel estimation quality. Therefore, the actual throughput will be a compromise of channel estimation quality and MCS.   
The candidate patterns for evaluations are shown in Figure 4. Pattern 1, 2, and 3 have doubled pilot resources, respectively, whereas the Pattern-4 (LTE-like) serves as a bench mark. 
[image: Picture3]
Figure 4: DMRS Patterns for single layer transmission 
Simulation results
The following simulations show the BLER for different MCS (QPSK, 0.5), (QAM16, 0.5), (QAM16, 3/4) and (QAM64, 5/6), as well as the throughput while enabling link adaptation. 
CDL-A channel model with different RMS delay spread 30ns, 300ns, and 1000ns are assumed. The number of Tx and Rx antennas are 2 and 2, respectively. The sub-carrier spacing is 15kHz. The carrier frequency is 4GHz. UE speed is 3km/h. Detailed simulation parameters can be found in Appendix 6.3.  
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[bookmark: _Ref477948612]Figure 5 BLER and throughput performance comparison of DMRS patterns 1-4, CDL-A, Ds = 30ns
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[bookmark: _Ref477948615]Figure 6 BLER and throughput comparison of DMRS patterns 1-4. CDL-A, Ds = 300ns
Figure 5 and Figure 6 show the BLER and throughput performance for DMRS patterns 1-4 with RMS delay spread 30ns and 300ns, respectively. From the BLER performance, we can observe that the double-symbol front loaded DMRS pattern provides similar performance with the LTE-like pattern, and they are both better than the single-symbol front loaded DMRS pattern, with approximately 1dB gain. While using link adaptation, double-symbol front loaded pattern and LTE-like pattern only provide better throughput at extremely low SNR region, for instance, from -5dB to -1dB. Single-symbol front-loaded pattern, i.e., Pattern-2, provides the best throughput in otherwise SNR region.
[bookmark: _Toc477954516][bookmark: _Toc477956652]For low delay spread channels, two-symbol front-loaded DMRS pattern offers similar BLER performance as the LTE-like pattern, which is approximately 1dB better than the single-symbol front-loaded pattern.  
[bookmark: _Toc477954517][bookmark: _Toc477956653]For low delay spread channels, two-symbol front-loaded DMRS only provides slightly better throughput (less than 0.5dB) at extremely low SNR region from -5dB to -1dB while using link adaptation. Single-symbol front-loaded pattern provides better throughput in otherwise SNR region. 
[bookmark: _Toc477954518][bookmark: _Toc477956654]Figure 7 shows the BLER and throughput performance of large delay spread channels. In this scenario, double-symbol front loaded DMRS is better in both measures for low SNR region. 
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[bookmark: _Ref477953294]Figure 7 BLER and throughput comparison of DMRS patterns 1-4. CDL-A, Ds = 1000ns
[bookmark: _Toc477954519][bookmark: _Toc477956655]For large delay spread channels, two-symbol front-loaded DMRS pattern offers similar BLER performance as the LTE-like pattern, which is better than all the single-symbol front-loaded pattern.  
[bookmark: _Toc477954520][bookmark: _Toc477956656]For large delay spread channels, two-symbol front-loaded DMRS pattern provides better throughput than single-symbol front-loaded DMRS pattern.  
Based on the above evaluations, we propose the following: 
[bookmark: _Toc477954641][bookmark: _Toc477955356][bookmark: _Toc477956658][bookmark: _Toc477956744][bookmark: _Toc477956748][bookmark: _Toc478132978]Both single-symbol and double-symbol front-loaded DMRS are supported.
Conclusions

Based on the discussion in this contribution we propose the following:
Proposal 1	NR support DMRS patterns with F-CDM on regular combs (e.g. IFDM or non-adjacent REs). F-CDM across adjacent REs is not supported.
Proposal 2	Both single-symbol and double-symbol front-loaded DMRS are supported.

[bookmark: _In-sequence_SDU_delivery]References
[bookmark: _Ref477955761]Chairman’s notes RAN-1_88 final, 3GPP
DCT-based channel estimation for OFDM systems, Yen-Hui Yeh and Sau-Gee Chen, IEEE-ICC, 2004
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
	500ns, 1000ns

	Allocated bandwidth
	8 PRBs

	Link Adaptation
	Disabled

	Antenna configuration
	8Tx, 8Rx

	MIMO Layers
	4

	Channel estimator
	Practical LMMSE

	PRB bundled size
	4 PRBs



Simulation Parameters:
	Parameter
	Value

	Channel Model
	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
	300ns 

	Allocated bandwidth
	8 PRBs

	Link Adaptation
	Disabled/Enable

	Antenna configuration
	16Tx, 8Rx

	MIMO Layers
	4

	Channel estimator
	LMMSE and DCT-based LMMSE

	PRB bundled size
	4 PRBs



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
	3km/h

	Delay spread
	30ns, 300ns, 1000ns

	Allocated bandwidth
	8 PRBs

	Link Adaptation
	Disabled/Enable

	Antenna configuration
	2Tx, 2Rx

	MIMO Layers
	1

	Channel estimator
	LMMSE

	PRB bundled size
	4 PRBs

	Noise Covariance Estimator
	Practical noise covariance estimator averaging one PRB bundle 
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