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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref129681832]At RAN1#87 meeting [1], it was agreed that:
· Support variable/configurable DMRS pattern for data demodulation 
· FFS: Time and/or frequency domain density can be configured  
· FFS: RE location can be configured
· At least one configuration supports front-loaded DMRS pattern
· The companies are encouraged to provide DMRS patterns including DMRS design details:
· Time domain density (per antenna port) for different ranks (e.g., number of DMRS symbols in slot, symbol position, etc.)
· Frequency domain density (per antenna port) for different ranks
· The number of maximum orthogonal ports
· Multiplexing of DMRS ports (e.g., TDM, FDM, CDM, etc.) 
· DMRS sequence (e.g., PN, Zadoff-Chu, etc.)
In this contribution we provide some detailed analyses and evaluation results of DMRS for DL data channel in terms of pattern, time domain density, maximum number of orthogonal ports and multiplexing schemes.  
Evaluation results of DMRS pattern
To achieve fast decoding, it has been agreed in RAN1#85 meeting that front-loaded DMRS should be considered for data transmission. But for many scenarios in NR, more considerations on DMRS patterns are needed to improve channel estimation accuracy. In this section, we will further discuss the mapping schemes for basic/front-loaded pattern as well as additional patterns.
Basic/front-loaded DMRS pattern
In the following, the design consideration on basic/front-loaded DMRS pattern is discussed in terms of resource and port mapping, port multiplexing and maximum orthogonal port number.
· Mapping symbol number
The accuracy of DMRS channel estimation always seriously influences the performance of data demodulation. To guarantee satisfactory channel estimation accuracy, adequate frequency/time domain density of each DMRS port should be configured to combat frequency/time selectivity. 
In the following, performance of 1-symbol and 2-symbol front-loaded DMRS patterns proposed by different companies will be compared. Since it has been agreed in #86 meeting that at least 8 orthogonal DMRS ports will be supported in NR, candidate patterns supporting 8 orthogonal DMRS ports will be classified and simulated in this subsection. Based on the collection of 8-port DMRS patterns from other companies, we can summarize the candidate patterns as shown in Tab.1.



Tab. 1 Candidate patterns for 8 orthogonal DMRS ports[footnoteRef:1] [1:  Source 1-Intel, Source 2-Samsung, Source 3- MediaTek, Source 4-ZTE, Source 5-Mitsubishi Electric, Source 6-DOCOMO, Source 7-Huawei, Source 8-Ericsson, Source 9-Qualcomm, Source 10-LG Electronics, Source 11-Nokia, Source 12-CATT.] 

	Symbol number
	Multiplexing
	Remarks
	Pattern index

	1
	FDM
	No CDM
	Only includes FDM: such as in Source-10
	Pattern-1

	
	Freq-CDM (CDM in frequency)
	CDM2
	CDM2 with consecutive 2 REs in frequency domain: such as in Source-2/4/5/7/8
	Pattern-2

	
	
	
	CDM2 with discrete 2 REs in frequency domain: such as in Source-8/9/11
	Pattern-3

	
	
	CDM4
	CDM4 with consecutive 4 REs in frequency domain: such as in Source-4/5
	Pattern-4

	
	
	
	CDM4 with discrete 4 REs in frequency domain: such as in Source-9/10
	Pattern-5

	
	
	
	CDM4 with discrete 4 REs (consecutive 2 REs) in frequency domain: such as in Source-10
	Pattern-6

	
	
	CDM8
	CDM8 with consecutive 8 REs in frequency domain: such as in Source-4/5/8/10
	Pattern-7

	2
	FDM+TDM
	No CDM
	FDM and TDM (4 ports per symbol): such as in Source-7/8
	Pattern-8

	
	Time-CDM (CDM in time)+FDM
	CDM2
	CDM2 in time domain and FDM: such as in Source-5/6/7
	Pattern-9

	
	Freq-CDM+TDM
	CDM2
	CDM2 with  consecutive 2 REs in frequency domain and TDM: such as in Source-2/4/5/7/12
	Pattern-10

	
	Time/Freq-CDM
	CDM4
	CDM4 with consecutive 4 REs in time and frequency domain: such as in Source-5/6
	Pattern-11

	
	
	
	CDM4 with discrete 4 REs in time and frequency domain: such as in Source-1/3/4/8/9 
	Pattern-12


In this simulation, a downlink OFDM system with CDL-A/B channel is assumed, with a carrier frequency of 4GHz and sub-carrier spacing of 15 kHz. The SNR distribution in this simulation is assumed as Table A1.2-2 in TR36.802 and the number of users is assumed as 4. More detailed simulation assumptions can be found in Appendix A. In Figure 1 the resulting BLER are shown for different DMRS patterns. As seen from the figures, DMRS patterns with two OFDM symbols always outperform patterns with one symbol. Specifically, in terms of BLER, the two-symbol pattern with time-CDM has the best performance, while one-symbol pattern with only FDM has the worst performance among all the candidates. The reason for the gain of two-symbol patterns lies in the increased processing gain of the DMRS channel estimation, obtained by increasing the frequency density of each DMRS port.
[image: ] [image: ]
Fig. 1 BLER comparison between 1 or 2 symbol patterns
In figure 2, the resulting system throughputs are shown for different DMRS patterns. As seen from the figures, in channels with low frequency selectivity (e.g., CDL-A with 300ns delay), one-symbol patterns perform slightly better than two-symbol patterns in terms of throughput, e.g., 0.5dB performance gain can be observed with one-symbol patterns at about 20dB SNR, that is because the channel estimation accuracy can also be guaranteed with a relatively small frequency density in flat channels. As a result, the throughputs of one-symbol patterns will be higher with smaller overhead. However, in channels with high frequency selectivity (e.g., CDL-A with 1000ns delay), patterns with two OFDM symbols obviously outperform patterns with one symbol, e.g., more than 4dB performance gain can be observed with two-symbol patterns. The gain is thanks to the increased channel estimation gain obtained by increasing the frequency density of each DMRS port. 
 [image: ] [image: ]
Fig. 2 An example of throughput comparison between 1 or 2 symbol patterns
From the figures 1 and 2, at least, we have the following observations:
Observation 1: Considering DMRS patterns supporting 8 orthogonal ports,
· In terms of BLER, DMRS patterns with two OFDM symbols always outperform patterns with one symbol owing to higher frequency density of each DMRS port. 
· In frequency selective channel, two-symbol DMRS provides considerable throughput gain compared with one-symbol DMRS patterns because of higher accuracy from channel estimation.
Based on the simulations and analyses above, it is not difficult to conclude that up to 2 OFDM symbols should be considered for port mapping of basic pattern to cater for a large number of transmission scenarios with different kinds of channel conditions in NR, especially for patterns with large orthogonal port number (e.g., 8). It is expected that the following two resource mapping alternatives might be considered when designing the front-loaded pattern.
· One symbol for the mapping of up to N/2 ports, while two consecutive symbols for up to N (8 or 16) port mapping, DMRS ports in two symbols are TDM-ed (Source-2/4/5/7/8/9/11/12).
· Always employ two consecutive symbols for up to N port mapping，e.g., CDM in time domain or TDM. Notes that pattern with CDM in time domain may not suit for HF scenarios because of the potential phase noise (Source-1/3/4/5/6/7/8/9).
Furthermore, considering the tradeoff between performance and DMRS overhead, NR should allow for multiplexing of data and DMRS in the front-loaded symbols. For example, data and DMRS can be FDM-multiplexed if DMRS does not fully occupy the corresponding OFDM symbols. As illustrated above, the following proposal is put forward
Proposal 1: DMRS in basic/front-loaded pattern should consist of up to 2 consecutive symbols
· Multiplexing of DMRS ports
In the following section, we compare the performance of DMRS pattern with different multiplexing schemes. Without loss of generality, patterns with 4 orthogonal ports will be analyzed and simulated in this subsection. In the simulations, carrier frequency of 4GHz and sub-carrier spacing of 15 kHz are considered. Other assumptions are provided in Appendix B. 
An example of port multiplexing method for 4 orthogonal DMRS is shown in Figure 3, which includes FDM-4(Source-7/8/9/10/11), Freq-CDM2 (Source-2/4/5/6/7/12), DiscreteFreq-CDM2 (Source-8/9), Freq-CDM4 (Source-4/10), DiscreteFreq-CDM4 (Source-10) and Time-CDM+FDM (Source-7/8).
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Fig. 3 an examples of 4-port multiplexing for NR DMRS
In Figures 4 to 7, we provide the BLER performance of all the 4-port DMRS patterns as shown in Fig.3. In the simulation, an 8T8R SU downlink OFDM system with CDL-A and CDL-B channels are assumed, respectively. It is also simulated with a carrier frequency of 4GHz and sub-carrier spacing of 15 kHz. The used constellation is 64QAM/16QAM, and code rates 0.8333, 0.75 and 0.5 are used, respectively.
[image: ]             [image: ]
Fig. 4 BLER of different multiplexing schemes (CDL-A/d300)                 Fig. 5 BLER of different multiplexing schemes (CDL-A/1000)

[image: ]            [image: ]
Fig. 6 BLER of different multiplexing schemes (CDL-B/d300)                 Fig. 7 BLER of different multiplexing schemes (CDL-B/d300)  
From figures 4 to 7, at least, we have the following observations:
Observation 2: 
· The performance of CDM-2 (shown as pattern-b, c, and f) is better than CDM-4 (shown as pattern-d and e);
· The performance of consecutive REs based CDM-2 (shown as pattern-b) is better than discrete REs based CDM-2 (shown as pattern-c);
Due to the frequency selective, the orthogonality between different CDMed REs is difficult to be guaranteed with large CDM length in frequency domain, which will decrease the system performance. Thus, with considering the performance, CDM-4 in frequency is not preferred.
Proposal 2: The length of OCC for CDM multiplexing in frequency should not be very large. CDM-2 across two consecutive REs in time or frequency domain is preferred if CDM is considered in NR DMRS
· Maximum number of orthogonal ports
Number of multiplexing layers will become a critical feature of NR especially when serving a large number of UEs in the dense scenarios. With the challenges of explosive data volume increase in these scenarios, high order spatial multiplexing will be necessary. Meanwhile, massive MIMO with large number of antenna is an enabling technology to fully exploit the spatial multiplexing capability. It has been shown that significant gains on both cell-average and cell-edge throughputs can be achieved by increasing 8 layers to 16 layers for 128Tx and 256Tx with full buffer SLS results from the view of network spectrum efficiency in [2]. 
In this subsection, we also provide the SLS results based on the non-full buffer traffic model from the view of UE experienced throughput. Detailed simulation assumptions are provided in Appendix C.
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Figure 8 Non-full buffer performance comparisons with scheduling different layer numbers 
From the left sub-figure in Fig.8, it can be found that significant gains in terms of User Perceived Throughput (UPT) can be achieved by increasing 8 layers to 12 or 16 layers for 128Tx. For example, compared with maximum 8 layers, more than 94% gain on 5% UPT can be observed with up to 16 layers. Also, more than 16% gain on 5% UPT can be observed with up to 16 layers when compared with maximum 12 layers. 
The right figure compares the File Transfer Delays (FTD, the time from file arrival at the TCP buffer to successful file transmission of the last transport block) when scheduling 8/12/16 layers. It can be found that the FTD of UEs become relatively smaller when more layers are scheduled, that’s because more layers scheduled will provide much more schedule opportunities for the UE. Based on above analysis and simulation results, we can easily find that it is necessary and beneficial to consider scheduling more layers in NR.
Observation 3: Compared to 8 orthogonal DMRS ports, more than 35% mean UPT gain can be obtained with up to 16 orthogonal DMRS ports in MU-MIMO.
From channel estimation performance point of view, best channel estimation performance will be achieved by supporting orthogonal port number of DMRS as large as the paired layers. Fig.9 shows the benefits of higher orthogonal port number compared with some semi-orthogonal patterns. In this simulation, three 16-port DMRS patterns are compared. The first one is a pattern with orthogonal 16 ports, the second one is pattern with 8 orthogonal ports but with 2 different sequences, and the last one is DMRS pattern with only 4 orthogonal ports but with 4 different sequences. A downlink OFDM system with CDL-A/300ns channel is assumed, with a carrier frequency of 4GHz and sub-carrier spacing of 15 kHz. In the simulation, the SNR distribution is assumed as Table A1.2-2 in TR36.802 and the number of users is assumed as 8. More detailed simulation assumptions can be found in Appendix D. 
 [image: ]
Figure 9 examples of throughput comparisons between orthogonal and semi-orthogonal DMRS
From the figure, we can find that pattern with 16 orthogonal ports always performs better than the semi-orthogonal patterns. For example, at SNR 30dB, there is about 25% performance gain with 16 orthogonal ports compared with semi-orthogonal DMRS with 8 orthogonal ports, and more than 50% throughput gain compared with semi-orthogonal DMRS with 4 orthogonal ports. The gain is thanks to the increased processing gain of the DMRS channel estimation with smaller interference among orthogonal DMRS ports. Based on the significant gains observed on throughput by increasing 8 orthogonal ports to 16, it is expected that NR should support up to 16 orthogonal DMRS ports.
Proposal 3: NR should support up to 16 orthogonal DL DMRS ports for MU-MIMO
Additional DMRS pattern
In addition to the basic/front-loaded RS, additional mapping of DMRS should be considered to guarantee the accuracy of channel estimation in scenarios with high Doppler shift. In the additional patterns, DMRS port density in time domain should be large enough to overcome the effect of the Doppler shift. Since Doppler shift mainly results from UE mobility, patterns with different symbol numbers of additional RS need to be considered for scenarios with different UE speeds.
As shown in Fig. 10, in the simulations, we consider different options for 2-port DMRS patterns to analyze the impact of Doppler spread due to mobility. 
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Fig. 10 different options for additional DMRS
In the figures, RS pattern-(a) is the front-loaded pattern with time density 1. RS pattern-(b) is an example of time density 2, e.g., additional pattern with one more symbol in the time interval (as shown in Source-1/2/3/4/6/7/8/10/11/12). In this pattern, additional RS for Doppler compensation is transmitted in the middle of the given TI, and this RS can be same as basic DMRS, or can be configured with smaller frequency densities. Also, 3-time density case (pattern-(c)) could be considered for high Doppler frequency shift (proposed in Source-1/6/12). In this simulation, a downlink OFDM system with CDL-B channel is assumed, with a carrier frequency of 4GHz and sub-carrier spacing of 15 kHz. More detailed simulation assumptions can be found in Appendix E. In the following, we provide performance evaluation in terms of BLER and throughput to compare DMRS pattern(s) with additional RS in scenarios with different UE speeds, e.g., 3/30/60/120km/h. In the simulations, additional RS(s) is configured to be the same as basic pattern. 
[image: ]
Fig.11 BLER of patterns with different time densities in different channels 
Figure 11 shows an example for comparing the BLER of the candidate DMRS patterns for UE speed 60km/h. We can obtain the following observation from the figure:
Observation 4: 
· For high UE speed, e.g., more than 60km/h, pattern with time density 1 cannot converge due to high Doppler shifts.
· The pattern with time density 3 performs better than that with density 2 or 1 in terms of BLER, but only little performance gain can be observed by increasing time density 2 to 3. 
Based on these observations, we can conclude that NR should consider additional RS in time domain to combat high Doppler spread. Then we also show the throughput comparison between the related DMRS patterns with different velocity as shown in Fig.12.
[image: ]
Fig.12 throughputs of patterns with different time densities in different channels 
As shown in Fig.12, considering the impact of RS overhead, we can find that in channels with low Doppler shift, better performance can be obtained with lower density (pattern-a). But in channels with higher Doppler shift, patterns with larger time densities perform better due to better channel estimation performance. Below are the observations from the figures.
Observation 5: For scenarios with low Doppler shift (e.g., UE speed <=30 km/h with frequency 4G Hz and numerology 15kHz), basic/front-loaded pattern has higher throughput because of low overhead
Observation 6: For scenarios with medium to high Doppler shift (e.g., UE speed >30 km/h with frequency 4G Hz and numerology 15kHz), DMRS pattern with higher time density starts to provide higher throughput because of higher accuracy of channel estimation, where the desity-2 seems a good trade-off between RS overhead and performance.
Proposal 4: To support the high Doppler cases, additional DMRS (except for the front-loaded DMRS) should be supported.
Considerations on resource distribution of DMRS
As agreed in RAN1#87 meeting, at least one configuration supports front-loaded DMRS pattern to achieve fast data decoding. In this subsection more detailed considerations on resource mapping will be analyzed for front-loaded DMRS. 
Based on the analysis of DMRS patterns from the companies, one key issue for the front-loaded pattern is the resource distribution of DMRS. Basic/front-loaded RS in NR is mainly designed for low decoding latency, which is one of the key features in NR. Since data demodulation can’t commence before estimated channel is available, complete DMRS sufficient for channel estimation need to be mapped as early as possible in a TTI to provide enough time for channel estimation and data demodulation. If a distributed basic pattern is used (e.g., in Source-1/3), fast decoding might not be guaranteed at UE. In addition, by analyzing DMRS patterns from different companies, time density of DMRS should  be configurable to guarantee satisfactory channel estimation accuracy for various channels conditions, and hence the distributed mapping of front-loaded RS is unnecessary. For example, if needed, additional DMRS in symbols other than front-loaded-RS symbols can be configured for channels with large Doppler. In summary, consecutive symbol(s) is preferred for the mapping of NR front-loaded DMRS. 
Conclusions
This contribution provides evaluation results of DMRS design for DL data channel in terms of pattern determination, time domain density of DMRS and multiplexing schemes of DMRS ports. In summary, the following observations and proposals are made.
Observation 1: Considering DMRS patterns supporting 8 orthogonal ports,
· In terms of BLER, DMRS patterns with two OFDM symbols always outperform patterns with one symbol owing to higher frequency density of each DMRS port. 
· In frequency selective channel, two-symbol DMRS provides considerable throughput gain compared with one-symbol DMRS patterns because of higher accuracy from channel estimation.
Observation 2: 
· The performance of CDM-2 (shown as pattern-b, c, and f) is better than CDM-4 (shown as pattern-d and e);
· The performance of consecutive REs based CDM2 (shown as pattern-b) is better than discrete REs based CDM2 (shown as pattern-c);
Observation 3: Compared to 8 orthogonal DMRS ports, more than 35% mean UPT gain can be obtained with up to 16 orthogonal DMRS ports in MU-MIMO.
Observation 4: 
· For high UE speed, e.g., more than 60km/h, pattern with time density 1 cannot converge due to high Doppler shifts.
· The pattern with time density 3 performs better than that with density 2 or 1 in terms of BLER, but only little performance gain can be observed by increasing time density 2 to 3. 
Observation 5: For scenarios with low Doppler shift (e.g., UE speed <=30 km/h with frequency 4G Hz and numerology 15kHz), basic/front-loaded pattern has higher throughput because of low overhead
Observation 6: For scenarios with medium to high Doppler shift (e.g., UE speed >30 km/h with frequency 4G Hz and numerology 15kHz), DMRS pattern with higher time density starts to provide higher throughput because of higher accuracy of channel estimation, where the desity-2 seems a good trade-off between RS overhead and performance.

Proposal 1: DMRS in basic/front-loaded pattern should consist of up to 2 consecutive symbols
Proposal 2: The length of OCC for CDM multiplexing in frequency should not be very large. CDM2 across two consecutive REs in time or frequency domain is preferred if CDM is considered in NR DMRS
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Proposal 3: NR should support up to 16 orthogonal DL DMRS ports for MU-MIMO
Proposal 4: To support the high Doppler cases, additional DMRS (except for the front-loaded DMRS) should be supported.
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Appendix A
Link-level simulation assumptions for figure 1
	Parameters
	Values or assumptions

	Carrier frequency
	4GHz

	Channel model
	CDL-A/B, 300ns

	Subcarrier Spacing
	15kHz

	Allocated bandwidth
	20RB

	UE speed
	3km/h

	Ant. Config.
	32T; 4R/UE

	Total port number
	8

	Coding scheme
	Turbo

	Channel estimation
	Practical filter based

	Receiver
	MMSE-IRC

	Modulation/Coderate
	16QAM; 3/4CR



Link-level simulation assumptions for figure 2
	Parameters
	Values or assumptions

	Carrier frequency
	4GHz

	Channel model
	CDL-A, 300/1000ns

	Subcarrier Spacing
	15kHz

	Allocated bandwidth
	20RB

	UE speed
	3km/h

	Ant. Config.
	32T; 4R/UE

	Total port number
	8

	Coding scheme
	Turbo

	Channel estimation
	Practical filter based

	Receiver
	MMSE-IRC

	Modulation/Coderate
	AMC


Appendix B

Link-level simulation assumptions for figures 4/5/6/7
	Parameters
	Values or assumptions

	Carrier frequency
	4GHz

	Channel model
	CDL-A/B, 100/300/1000ns

	Subcarrier Spacing
	15kHz

	Allocated bandwidth
	20RB

	UE speed
	3km/h

	Ant. Config.
	8T; 8R

	Total port number
	4

	Coding scheme
	Turbo

	Channel estimation
	Practical filter based

	Receiver
	MMSE-IRC

	Modulation/Coderate
	16QAM/64QAM; 0.5/0.75/0.83 CR


Appendix C

System simulation assumptions for figure 8
	Parameters
	Dense urban

	Layout
	Single layer: Macro layer: Hex. Grid

	Inter-BS distance
	Macro layer: 200m

	Carrier frequency
	4GHz

	Simulation bandwidth
	20M

	Channel model
	3D UMa

	BS Tx power
	44dBm

	BS antenna height 
	25m

	BS antenna
	(M,N,P,Mg,Ng) = (8,8,2,1,1),  (dH,dV) = (0.5, 0.8)λ

	UE antenna configuration
	(M,N,P,Mg,Ng) = (1,4,2,1,1), dH=0.5

	UE antenna gain
	Follow the modeling of TR36.873

	UE receiver noise figure
	9dB

	UE antenna height
	Follow TR36.873 

	Traffic model
	FTP model 1 with packet size 0.5M

	Traffic load (Resource utilization)
	80%

	UE receiver
	MMSE-IRC

	Feedback assumption
	Realistic

	Channel estimation
	Realistic


Appendix D

Link-level simulation assumptions for figure 9
	Parameters
	Values or assumptions

	Carrier frequency
	4GHz

	Channel model
	CDL-A, 300ns

	Subcarrier Spacing
	15kHz

	Allocated bandwidth
	20RB

	UE speed
	3km/h

	Ant. Config.
	64T; 4R/UE

	Total port number
	16

	Coding scheme
	Turbo

	Channel estimation
	Practical filter based

	Receiver
	MMSE-IRC

	Modulation/Coderate
	AMC


Appendix E

Link-level simulation assumptions for figures 11/12
	Parameters
	Values or assumptions

	Carrier frequency
	4GHz

	Channel model
	CDL-A, 300ns

	Subcarrier Spacing
	15kHz

	Allocated bandwidth
	20RB

	UE speed
	3/30/60/120km/h

	Ant. Config.
	4T; 4R

	Total port number
	2

	Coding scheme
	Turbo

	Channel estimation
	Practical filter based

	Receiver
	MMSE-IRC

	Modulation/Coderate
	16QAM; 0.75CR




Benefits of scheduling more layers: 128Tx; 8Rx/UE;
8 layer	5% UPT	50% UPT	mean UPT	1	1	1	12 layer	
5% UPT	50% UPT	mean UPT	1.6781665343673082	1.5493440799668665	1.2891670768351742	16 layer	
5% UPT	50% UPT	mean UPT	1.947059901080789	1.6598709100977711	1.35101245650206	
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