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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref129681832]In RAN1 NR #88bis meeting [1], it was agreed that:
[bookmark: OLE_LINK21][bookmark: OLE_LINK20]Agreements:
· Confirm the following working assumption:
· Support at least the following design of DL DM-RS for data channels
· Support the maximal 12 orthogonal DL DMRS ports for MU-MIMO
· At least for slot, the location of front-loaded DL DMRS is fixed regardless of the first symbol location of PDSCH
· FFS: Mini-slot case
· Support ZC-sequence for UL DFT-S-OFDM DMRS
· For CP-OFDM, if one additional DMRS exists
· At least for non-self-contained ACK/NAK slot, the time distance between the additional DMRS and front loaded DMRS for 14-symbol slot is larger than that for 7-symbol slot. 
· FFS additional DMRS position for 14-symbol slot
· Consider symbol 12th, 11th, 10th, 9th
· Study the location of additional DMRS for self-contained ACK/NAK slots 
· Evaluations are encouraged for next meeting
· Companies are encouraged to perform further evaluations on additional DM-RS symbols, using same or lower density compared with front loaded DM-RS, and also identifying use cases associated with the operation
· Aim to decide in the next meeting whether to support same density only, or lower density only, or both
· FFS at least CP-OFDM, frequency domain density of front loaded DMRS is configurable.
Conclusions:
· Continue discussions/evaluations until the next meeting about following DMRS port multiplexing schemes for 2 adjacent front-loaded DMRS symbols in the time domain, and RAN1 will definitely conclude this down selection in the next meeting
· Alt. 1: OCC
· Alt. 2: TDM
· Alt. 3: Frequency domain multiplexing only with the time domain repetition/ with a pattern shift
· Alt. 4: Configure between Alt. 1 and Alt. 2
· Consider phase noise impact in the high frequency band
· Alt. 5: Configure between Alt. 1 and Alt. 3
· Consider the issue of collision between DC subcarrier and DMRS. 
· Evaluate and analyze whether it can be solved by implementation or if DMRS design needs to take DC subcarrier into account
In this contribution we provide some detailed analyses and evaluation results of DMRS for DL data channel in terms of pattern, multiplexing schemes, port density, and additional DMRS.  
Evaluation results of DMRS pattern
To achieve fast decoding, it has been agreed in RAN1#87 meeting that front-loaded DMRS should be supported 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, based on the agreement of #88 meeting that front-loaded DMRS is mapped over 1 or 2 adjacent OFDM symbols, 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 the 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 TR38.802 and the number of users is assumed as 4. More detailed simulation assumptions can be found in Appendix A. In Fig. 1 the resulting BLER are shown for different DMRS patterns. 
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[bookmark: _Ref474158734][bookmark: _Ref474158725] Fig. 1 BLER comparison between 1 or 2 symbol 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.
In Fig. 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 SNR 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: ]
[bookmark: _Ref474158863]Fig. 2 An example of throughput comparison between 1 or 2 symbol patterns
Considering the tradeoff between RS overhead and performance, port frequency density reduction can be considered for two-symbol pattern to match different channel conditions. In this way, two-symbol patterns with appropriate density adjustment can always outperform one-symbol pattern in terms of both BLER and throughput.  
We also investigate the performances of 1-symbol and 2-symbol DMRS patterns with different CDM schemes, i.e., CDM across adjacent REs and cyclic shift (CS) across non-adjacent REs. As an example, we selects several 8-port DMRS patterns from Tab. 1 with 1 or 2 symbol(s), different CDM sizes (CDM-2/4), time/frequency CDM, and CDM across adjacent or non-adjacent REs, as shown in Fig. 3. Note that in the case of CDM-2, applying OCC-2 will be the same as CS-2. 
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[bookmark: _Ref477423467][bookmark: OLE_LINK6][bookmark: OLE_LINK7]Fig. 3 An example of 8-port DMRS patterns with 1 or 2 symbols
[bookmark: OLE_LINK53]Fig. 4 provides BLER performances of the DMRS patterns in Fig. 3. In the simulation, a 32Tx with 4Rx/UE MU downlink OFDM system with CDL-A channel is assumed. The used constellation is 16QAM with code rates as 0.75 and 0.5, respectively. The carrier frequency of 4GHz and sub-carrier spacing of 15 kHz are considered. Other detailed assumptions are provided in Appendix A. As a reference, we also include the LTE pattern with CDM-4 in time domain and FDM, i.e., pattern-e.
In this simulation, to further investigate the robustness of candidate patterns, an MMSE-based channel estimation in [2] is also considered, which assumes knowledge of maximum delay spread, Doppler spread and geometry. In this case, the port depatterning is taken into account in the MMSE estimation. Note that this optimal depatterning is always not taking place in realistic receivers. Comparing to the conventional port depatterning method with linear complexity, this method needs much higher complexity, i.e., O(n^3), especially for a large PRB bundling size. Another challenge is that this method may face the problem of PRB bundling size mismatch in MU interference measurement. When UEs using different PRB bundling sizes, the mismatch between UEs’ PRB bundling sizes will directly harm the port depatterning and causes performance degradation. One feasible method is that each UE only uses one PRB size, which, however, will certainly results in performance loss of PRB bundling. 
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[bookmark: _Ref477423575]Fig. 4 BLER comparisons of different patterns with 1 or 2 symbol(s)
[bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK80][bookmark: OLE_LINK81][bookmark: OLE_LINK17][bookmark: OLE_LINK18]As can be observed, for different delay spreads and code rates, the 2-symbol patterns with CDM across adjacent REs (pattern-a and pattern-d) always outperform the 1-symbol patterns with CS across comb-based REs (pattern-b and pattern-c) and achieves similar performances as the LTE pattern with 24REs. The comb-based patterns with 1 symbol suffer from obvious performance degradations, especially in channel with large delay spread, e.g., CDL-A with 1000ns delay. One reason is that the low frequency density of each port of the 1-symbol comb-based patterns. Considering the performance robustness in different scenarios and the agreements of #88 meeting that NR aims for performance at least comparable to DMRS of LTE, the 2-symbol patterns with CDM across adjacent REs should be considered to guarantee satisfactory performance. 
Fig. 5 gives the PDP distributions of Comb4-CS2 DMRS pattern (pattern-b in Fig.3) and Comb2-CS4 (pattern-c in Fig.3), which support 8 orthogonal ports within 1 OFDM symbol. In the simulation, a TDL-C channel with 1000ns delay spread is considered with 15 kHz sub-carrier spacing. The bundling sizes are considered as 16 RBs and 8RBs for Comb4-CS2 and Comb2-CS4, respectively, and both are operated a 64-FFT to obtain the PDP distribution in time domain. For Comb4-CS2 in Fig. 5 (a), it can be observed that the CDM-ed 2 ports are overlapped in time domain, see index 34. This means that the orthogonality between the CDM-ed 2 ports is degraded with large delay spread and hard to be de-patterned explicitly, which will certainly reduce the channel estimation accuracy. Similar observation can be also found for Comb2-CS4 in Fig. 5 (b), where the CDM-ed 4 ports are overlapped by adjacent ports in time domain, e.g., see index 18. This is mainly because that too many ports are CDM-ed in 1 symbol with relatively limited REs, resulting CIR of orthogonal ports are close in time domain, and thus the orthogonality is more sensitive to delay spread. It is not difficult to predict that the orthogonality between CDM-ed ports will be broken much worse when supporting 12 orthogonal ports in 1 symbol. Therefore, to support at least 8 orthogonal ports, 1-symbol DMRS pattern should not be considered. 
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                                (a) Comb4-CS2                                                                                       (b) Comb2-CS4
Fig. 5 PDP distributions of 8-port DMRS patterns with 1 symbol
From Fig. 1 to 5, at least, we have the following observations:
[bookmark: OLE_LINK42][bookmark: OLE_LINK43]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 due 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.
· [bookmark: OLE_LINK47][bookmark: OLE_LINK48]The performance of 2-symbol pattern with CDM across adjacent REs (shown as pattern-a and pattern-d) is similar to the LTE pattern, while 1-symbol pattern with CS across comb-based REs (shown as pattern-b and pattern-c) suffers from obvious performance degradation for frequency selective channel.
· The orthogonality between CDM-ed ports in 1-symbol pattern is hard to be guaranteed with large delay spread, e.g., 1000ns.
[bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK106][bookmark: OLE_LINK107]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 4 ports, while two consecutive symbols for up to 8, 12 or 16 ports mapping, DMRS ports in two symbols are TDM-ed (Source-2/4/5/7/8/9/11/12). 
· Always employ two consecutive symbols for DMRS 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).
Note that the power imbalance of TDM-based pattern may only have very slight impacts on the performance (see Fig. A-1 in Appendix A), especially when transmitter equipping a large number of antennas where the power of each layer is very similar. 
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 2 consecutive symbols at least for 8 orthogonal ports.
· 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. 
[bookmark: OLE_LINK85]An example of port multiplexing method for 4-port orthogonal DMRS is shown in Fig. 6, 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).
[image: C:\Users\l00233796\AppData\Roaming\eSpace_Desktop\UserData\l00233796\imagefiles\F7A3B0B0-7EF1-4A88-8E7B-984DA3CBB05D.png]
[bookmark: _Ref477423936]Fig. 6 An example of 4-port multiplexing for NR DMRS
[bookmark: OLE_LINK15][bookmark: OLE_LINK22]In Fig. 7 to 10, we provide the BLER performance of all the 4-port DMRS patterns as shown in Fig. 6. 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 constellations are 64QAM and 16QAM, and code rates 0.83, 0.75 and 0.5 are used, respectively. 
  [image: ]      [image: ]
      Fig. 7 BLER of different multiplexing schemes (CDL-A/d300)       Fig. 8 BLER of different multiplexing schemes (CDL-A/d1000)
   [image: ]      [image: ]
     Fig. 9 BLER of different multiplexing schemes (CDL-B/d100)         Fig. 10 BLER of different multiplexing schemes (CDL-B/d300)  
[bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK51][bookmark: OLE_LINK52][bookmark: OLE_LINK16]As can be seen, due to the frequency selective, the orthogonality between different CDM-ed REs is difficult to be guaranteed with large CDM size in frequency domain, which will greatly decrease the system performance. Thus, with considering the performance, CDM size larger than 4 in frequency domain is not preferred. Besides, it can be also observed that the performance of adjacent REs based CDM-2 (shown as pattern-b) always outperform the discrete REs based CDM-2 (shown as pattern-c). This is mainly because the orthogonality between non-adjacent CDM-ed REs is more sensitive to the channel frequency selectivity. In addition, it can be found that pattern-a with pure FDM performs a slight better (<0.5dB SNR gain on 10^-2 BLER) than pattern-b with CDM in frequency for flat channel or lower code rates, but becomes worse for high frequency selective channel or higher code rates, e.g., CDL-A 1000ns with 16QAM 0.75 code rates in Fig. 8 and CDL-B 300ns with 64QAM 0.83 code rates in Fig. 10. However, when extending to 8 ports or larger, pattern-a may suffer from severe performance degradation, shown as pattern-1 in Fig. 1. Also, the FDM design will need large indicating resource to solve the rate-matching problem, while CDM can relatively reduce the costs.
From Fig. 7 to 10, at least, we have the following observations:
[bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK8][bookmark: OLE_LINK54]Observation 2: 
· The performance of CDM-2 in frequency/time (shown as pattern-b, c, and f) is better than CDM-4 in frequency (shown as pattern-d and pattern-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);
[bookmark: OLE_LINK102][bookmark: OLE_LINK103]Based on above simulation results and analyses, small size CDM across adjacent REs is more preferred due to its better performance and higher robustness. Therefore, we can have the following proposal
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Proposal 2: The size of CDM for multiplexing in frequency should not be very large. CDM across two consecutive REs in time and/or frequency domain should be supported in NR DMRS.
Then, we further compare different DMRS port multiplexing schemes for 2 adjacent front-loaded DMRS symbols in the time domain (TD). Several 8-port front-loaded DMRS patterns with 2 adjacent symbols are given as examples in Fig. 11, all candidates are considered as CDM2 in time/frequency domain. Included TD multiplexing schemes are 
· OCC;
· TDM;
· Frequency domain multiplexing only with TD repetition (FCDM-repetition);
· Frequency domain multiplexing only with a pattern shift in TD (FCDM-shift).
[image: ]
[bookmark: _Ref480363639]Fig. 11 Examples of 8-port DMRS patterns with different TD multiplexing schemes
In Fig. 12, we provide the BLER performance of candidate DMRS patterns in Fig. 11. In the simulation, a 32Tx with 4Rx/UE MU downlink OFDM system with CDL-A channel is assumed. The used constellations are 16QAM and 64QAM with code rates as 0.67 and 0.75, respectively. The carrier frequency is assumed as 4GHz and sub-carrier spacing is 15 kHz. 
[image: D:\00+mywork\0+5G_RAN1\#89\DL\#89_DL_evaluation_figures\TD_multiplex.PNG]
[bookmark: _Ref480363676]Fig. 12 BLER comparisons between patterns with different frequency densities
As can be observed, both OCC and TDM in time domain perform better than the method of frequency domain multiplexing only with time domain repetition (FCDM-repetition) and the method of FD multiplexing with a pattern shift (FCDM-shift), especially for higher delay spreads or higher code rates, e.g., about 2dB SNR gain on 10^-1 BLER for CDL-A channel with delay spread as 1000ns. The main reason is that FCDM-repetition and FCDM-shift operate CDM across more discrete REs in FD, whose orthogonality is more sensitive to channel variations. Compared to FCDM-repetition with only time domain repetition, it can be noticed that FCDM-shift provides a performance gain for high delay spread scenario due to higher port density in frequency domain, which, however, will incur additional complexity of channel estimation. Moreover, as aforementioned, for the patterns supporting large number of orthogonal ports (e.g., more than 8) in 1 symbol (FCDM-repetition and FCDM-shift), the orthogonality between CDM-ed ports is hard to be guaranteed with large delay spread and thus is not preferred.
From Fig. 12, we have the following observation:
Observation 3: 
· In channel with lower delay spread, OCC and TDM in time domain perform slightly better than frequency domain multiplexing only with time domain repetition/with a pattern shift;
· In channel with higher delay spread, OCC and TDM in time domain outperform frequency domain multiplexing only with time domain repetition/with a pattern shift, e.g., about 2dB SNR gain on 10^-1 BLER.   
Based on the above results and analyses, OCC and TDM are preferred for time domain multiplexing scheme of 5G NR. Moreover, considering NR will support high frequency scenarios, configuration between OCC and TDM can be also considered. 
Proposal 3: Support both TD-OCC and TDM to multiplex DMRS ports in time domain.
· Port density in frequency domain
[bookmark: OLE_LINK78][bookmark: OLE_LINK79]Frequency density of DMRS port seriously influences the accuracy of channel estimation. In LTE, a fixed frequency density 3 (3REs/symbol within one PRB) is considered for each DMRS port. The density can provide robust channel estimation performance for various channel conditions. However, considering the tradeoff between RS overhead and system performance, adaptation in frequency density should be considered to cater for a large number of deployment scenarios in NR. Generally, adaptation in frequency is mainly beneficial when Tx-Rx pair experiences variations of the frequency selectivity, or when scheduled DMRS port number is changed. In this subsection we will show the benefit of configurable frequency density in terms of BLER and throughput.
In the simulation, a 4T4R 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 15/60 kHz. The used constellation is 64QAM, and code rates 0.83 and 0.67 are used, respectively. Figure 13 illustrates comparison of BLER and throughput between DMRS patterns with different frequency densities, e.g., 6/4/3/2. 
[image: ]
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Fig. 13 BLER/throughput comparisons between patterns with different frequency densities
From Fig. 13, we have the following observation:
Observation 4: 
· In channel with high delay spread, although frequency densities 4 and 6 perform better than lower frequency density in terms of BLER, frequency density 3 has the highest throughput;
· In channel with low delay spread, frequency density 2 obtains the highest throughput among all the densities.   
By configuring appropriate frequency density of DMRS port, system performance can be enhanced. Therefore, NR should consider configurable frequency density for DL front-loaded DMRS to match different transmission conditions. 
Proposal 4: NR should consider configurable frequency density for DL front-loaded DMRS.
Additional DMRS pattern
· [bookmark: OLE_LINK5][bookmark: OLE_LINK13]Time density of additional DMRS
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.
[bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK88][bookmark: OLE_LINK89]As shown in Fig.14, in the simulation, we consider different options for 2-port DMRS patterns to analyze the impact of Doppler spread due to mobility. 
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Fig. 14 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-A 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 C. 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. 15 BLER of patterns with different time densities in different channels 
Figure 15 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 5: 
· 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 velocities as shown in Fig. 16.
[image: ]
[bookmark: OLE_LINK110][bookmark: OLE_LINK111]Fig. 16 Throughputs of patterns with different time densities in different channels 
[bookmark: OLE_LINK90][bookmark: OLE_LINK91]As observed, 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 6: For scenarios with low Doppler shift (e.g., UE speed <=30 km/h with frequency 4GHz and numerology 15 kHz), basic/front-loaded pattern has higher throughput because of low overhead.
Observation 7: For scenarios with medium to high Doppler shift (e.g., UE speed >30 km/h with frequency 4GHz 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.
· Position of additional DMRS
[bookmark: OLE_LINK112][bookmark: OLE_LINK113]In this subsection, we further investigate the position of additional DMRS symbol. Here we assume that only one additional DMRS symbol exists in 14-symbol slot, i.e., density-2 in time domain, and the candidate positions of the additional DMRS are 9th, 10th, 11th, 12th symbols (starting counting at 1). Figure 17 shows several 2-port DMRS patterns with same RS overhead but different additional DMRS positions. 
[image: ]
Fig. 17 Different symbol positions of additional DMRS (starting counting at 1)
In this simulation, a downlink OFDM system with CDL-A channel is assumed, with a carrier frequency of 4GHz and sub-carrier spacing of 15 kHz. Detailed simulation assumptions are provided in Appendix C. In the simulations, additional RS(s) is configured to be the same as the front-loaded DMRS. 
[image: D:\00+mywork\0+5G_RAN1\#89\DL\#89_DL_evaluation_figures\pos_A300_30km.PNG]
Fig. 18 Performance comparison of different additional DMRS positions at 30km/h[image: D:\00+mywork\0+5G_RAN1\#89\DL\#89_DL_evaluation_figures\pos_A300_120km.PNG]
Fig. 19 Performance comparison of different additional DMRS positions at 120km/h
As shown in Fig. 18 and 19, with same RS overhead, we can find that for different speeds and modulation modes, better BLER and throughput performance can be always obtained using additional DMRS at 12th symbol. The main reason is that additional DMRS at 12th symbol needs less extrapolation in time domain compared to other positions, leading less modeling error for fast time-varying channels. Below is the observation from the figures.
Observation 8: For mobility scenarios with 30km/h and 120km/h, a 2-symbol DMRS pattern with additional DMRS at 12th symbol (starting counting at 1) outperforms additional DMRS at 11th, 10th, 9th symbol.
· Frequency density of additional DMRS
[bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK98][bookmark: OLE_LINK99][bookmark: OLE_LINK96][bookmark: OLE_LINK97]For high Doppler scenario, as discussed in #88bis meeting, additional DMRS can be configured with lower or same frequency density compared to front-loaded DMRS, considering the tradeoff between performance and total overhead. Note that the front-loaded DMRS can be configured with low density when using the same density additional DMRS. In the following, based on the given simulation results, we discuss the influence of frequency density reduction for additional DMRS. 
[bookmark: OLE_LINK92][bookmark: OLE_LINK93]In Fig. 20, several 2-port additional DMRS patterns with different frequency domain densities are given as examples. Without loss of generality, additional DMRS patterns with time density 2 are considered in the simulation. As a reference, the additional DMRS without density reduction (full density) is also included, e.g., pattern-a. Note that the pattern using additional DMRS with lower density compared to front-loaded DMRS (pattern-b) and the pattern using additional DMRS with same density compared to front-loaded DMRS (pattern-c) are with the same RS overhead.
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Fig. 20 Different frequency densities for additional DMRS
[bookmark: OLE_LINK86][bookmark: OLE_LINK87]In this simulation, we firstly compare the lower density additional DMRS (pattern-b) with the same density additional DMRS (pattern-c). A downlink OFDM system with CDL-B channel and delay spread as 100/300ns is assumed, with a carrier frequency of 4GHz and sub-carrier spacing of 15 kHz. The used constellations are QPSK and 16QAM, and considered code rates are 0.5 and 0.75, respectively. UE speed of 120km/h is assumed in the simulation. DMRS bundling size is considered as 2. We provide performance evaluation in terms of BLER and throughput to compare different frequency densities for additional DMRS. Here pattern-b and pattern-c are considered with the same interpolation process, i.e., the interpolation between RSs is firstly operated in frequency domain and then in time domain. Figure 21 and Fig. 22 illustrate the comparisons of BLER and throughput. 
[image: D:\00+mywork\0+5G_RAN1\#89\DL\density_B100.PNG]
Fig. 21 Performance comparison of additional DMRS with different frequency densities (CDL-B/100ns)
[image: D:\00+mywork\0+5G_RAN1\#89\DL\density_B300.PNG]
[bookmark: OLE_LINK14][bookmark: OLE_LINK46]Fig. 22 Performance comparison of additional DMRS with different frequency densities (CDL-B/300ns)
[bookmark: OLE_LINK94][bookmark: OLE_LINK95]As can be observed, for different channels and code rates, using lower density additional DMRS (pattern-b) can achieve better BLER/throughput performances than using same density additional DMRS as front-loaded DMRS (pattern-c) with the same overhead, especially in lower SNR. This is mainly because pattern-b has higher density in frequency domain and thus captures frequency selectivity better. Meanwhile, as the channel variations on subcarriers are similar in time domain, additional DMRS with lower density is sufficient to capture the channel characters. Therefore, compared to pattern-c, pattern-b can achieve better system performance with the same overhead.
[bookmark: OLE_LINK100][bookmark: OLE_LINK101]In Fig. 23, we further provide throughput performances of three additional DMRS with different densities in Fig. 20. As can be observed, the additional DMRS with lower density (pattern-b) and full density (pattern-a) outperform pattern-c at lower SNR due to higher port density in frequency domain. For mid to higher SNR, both pattern-b and pattern-c achieve better throughput than pattern-a due to lower RS overhead. It can be found that the additional DMRS with lower density compared to front-loaded DMRS outperforms other methods for different scenarios.
 [image: D:\00+mywork\0+5G_RAN1\#89\DL\#89_DL_evaluation_figures\density_B100_alldensity.PNG][image: D:\00+mywork\0+5G_RAN1\#89\DL\#89_DL_evaluation_figures\density_B300_alldensity.PNG]
Fig. 23 Throughput performance comparison of additional DMRS with different frequency densities
We can thus obtain the following observations from the figures
Observation 9: 
· With same RS overhead, additional DMRS with lower frequency density (pattern-b) performs better than additional DMRS with same density (pattern-c) in terms of BLER and throughout. 
· With lower RS overhead, additional DMRS with lower frequency density (pattern-b) has higher throughput compared to additional DMRS pattern without density reduction (pattern-a). 
Obviously it would be good to consider frequency density reduction in scenarios with relative flat channels, especially for DMRS pattern with large orthogonal port number. Based on the comprehensive evaluation above, it is thus not difficult to conclude that the additional DMRS with lower density is a better choice for NR considering both the system performance and RS overhead.
Proposal 5: Lower density should be considered in additional DMRS compared to front-loaded DMRS.
Conclusions
This contribution provides evaluation results of DMRS design for DL data channel in terms of pattern determination, maximum port number, time domain density of DMRS, multiplexing schemes of DMRS ports, and additional DMRS. In summary, the following observations and proposals are made.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]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 due 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;
· The performance of 2-symbol pattern with CDM across adjacent REs (shown as pattern-a and pattern-d) is similar to the LTE pattern, while 1-symbol pattern with CS across comb-based REs (shown as pattern-b and pattern-c) suffers from obvious performance degradation for frequency selective channel.
· The orthogonality between CDM-ed ports in 1-symbol pattern is hard to be guaranteed with large delay spread, e.g., 1000ns.
Observation 2: 
· The performance of CDM-2 in frequency/time (shown as pattern-b, c, and f) is better than CDM-4 in frequency (shown as pattern-d and pattern-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);
Observation 3: 
· In channel with lower delay spread, OCC and TDM in time domain perform slightly better than frequency domain multiplexing only with time domain repetition/with a pattern shift;
· In channel with higher delay spread, OCC and TDM in time domain outperform frequency domain multiplexing only with time domain repetition/with a pattern shift, e.g., about 2dB SNR gain on 10^-1 BLER.   
Observation 4: 
· In channel with high delay spread, although frequency densities 4 and 6 perform better than lower frequency density in terms of BLER, frequency density 3 has the highest throughput;
· In channel with low delay spread, frequency density 2 obtains the highest throughput among all the densities.   
Observation 5: 
· 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 6: For scenarios with low Doppler shift (e.g., UE speed <=30 km/h with frequency 4GHz and numerology 15 kHz), basic/front-loaded pattern has higher throughput because of low overhead.
Observation 7: For scenarios with medium to high Doppler shift (e.g., UE speed >30 km/h with frequency 4GHz 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.
Observation 8: For mobility scenarios with 30km/h and 120km/h, a 2-symbol DMRS pattern with additional DMRS at 12th symbol (starting counting at 1) outperforms additional DMRS at 11th, 10th, 9th symbol.
Observation 9: 
· With same RS overhead, additional DMRS with lower frequency density (pattern-b) performs better than additional DMRS with same density (pattern-c) in terms of BLER and throughout. 
· With lower RS overhead, additional DMRS with lower frequency density (pattern-b) has higher throughput compared to additional DMRS pattern without density reduction (pattern-a). 
Proposal 1: DMRS in basic/front-loaded pattern should consist of 2 consecutive symbols at least for 8 orthogonal ports.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Proposal 2: The size of CDM for multiplexing in frequency should not be very large. CDM across two consecutive REs in time and/or frequency domain should be supported in NR DMRS.
Proposal 3: Support both TD-OCC and TDM to multiplex DMRS ports in time domain.
Proposal 4: NR should consider configurable frequency density for DL front-loaded DMRS.
Proposal 5: Lower density should be considered in additional DMRS compared to front-loaded DMRS.
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Appendix A


Link-level simulation assumptions for Fig. 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 Fig. 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




Link-level simulation assumptions for Fig. 4
	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
	16QAM; 0.5/0.75 CR




[image: C:\Users\r00401378\Desktop\2.jpg]  [image: C:\Users\r00401378\Desktop\1.jpg]
Fig. A-1 BLER performance of TDM power balance/imbalance 




Appendix B

Link-level simulation assumptions for Fig. 7 to 10
	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

Link-level simulation assumptions for Fig. 15/Fig. 16/Fig. 18/Fig.19
	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/64QAM; 0.5/0.67/0.75CR
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