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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref129681832]In RAN1 NR #89 meeting [1], it was agreed that:
	[bookmark: OLE_LINK21][bookmark: OLE_LINK20]Working assumption:
· UEs in a cell are higher layer configured with 2 DMRS configurations for the front-load DMRS for UL/DL CP-OFDM
· Front-load DMRS Configuration 1: Supports up to 8 ports
· IFDM based pattern with Comb [2] and/or [4] w cyclic shifts (CS)
· One OFDM symbol: 
· To be down selected to 1 Alt:
· Alt 1: Comb 2 + 2 CS, up to 4 ports
· Alt 2: Comb 4 + 2 CS, up to 8 ports
· Two OFDM symbols: 
· To be down selected to 2 Alts:
· Alt. 1: Comb 2 + 2 CS + TD-OCC ({1 1} and {1 -1}), up to 8 ports
· Alt. 2: Comb 2 + 4 CS + TD-OCC ({1 1}), up to 8 ports
· Alt. 3: Comb 4 + 2 CS + TD-OCC ({1 1}), up to 8 ports
· Front-load DMRS Configuration 2: Supports up to 12 ports
· FD-OCC pattern with adjacent REs in the frequency domain
· One OFDM symbol:
· To be down selected to 1 Alt:
· Alt. 1: 2-FD-OCC across adjacent REs in the frequency domain up to 6 ports
· Alt. 2: 2-FD-OCC across adjacent REs in the frequency domain up to 4 ports
· Alt. 3: 2-FD-OCC across adjacent REs in the frequency domain up to 2 ports
· Two OFDM symbols: 
· 2-FD-OCC across adjacent REs in the frequency domain + TDM up to 12 ports
· 2-FD-OCC across adjacent REs in the frequency domain + TD-OCC (both {1,1} and {1,-1}) up to 12 ports
· FFS: DMRS pattern before configuration, e.g., SIB1
Agreements:
· Support additional DMRS symbols with same density in frequency domain compared to front loaded DMRS
· FFS: Necessity of reduced DMRS density in additional DMRS symbols
Conclusion:
· When ACK/NACK feedback is configured in the same slot with corresponding DL data transmission 
· For 7-symbol slot. down selection should be done in next meeting
· Alt.1:   Only support front loaded DMRS
· Alt.2 :  Support  front loaded DMRS +additional DMRS
· Alt.3 :  Configurable between Alt.1 and Alt.2
· For  14-symbol slot, down selection should be done in next meeting
· Alt.1:   Only support front loaded DMRS
· Alt.2 :  Support  front loaded DMRS +additional DMRS
· Alt.3 :  Configurable between Alt.1 and Alt.2
· Companies are encouraged to provide simulation results for additional DMRS position for mobility scenarios and the assumed number of symbols for front loaded DMRS and additional DMRS, and consider the minimum time to support fast demodulation for DM-RS pattern related design 


In this contribution we provide some detailed analyses and evaluation results for DL front-loaded DMRS pattern and additional DMRS.  Evaluation results and discussions of UL DMRS are provided in our companion contribution [2].
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 detailed basic/front-loaded pattern as well as additional patterns.
Front-loaded DMRS pattern
In the following, based on the working assumption agreed in #89 meeting, we will provide some detailed comparison and considerations for further down selection of DMRS pattern. Corresponding performance for UL DMRS is provided in our companion contribution [2]. 
· Front-loaded DMRS Configuration 1 
In the subsection, we provides evaluation results and considerations for DMRS pattern down selection of Configuration 1. For convenience, the detailed working assumption of DMRS Configuration 1 and corresponding DMRS patterns (see Fig. 1) are given as follows
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Fig. 1 DMRS patterns of Configuration 1
We first compare Config1-a and Config1-b for one OFDM symbol case. In the simulation, a downlink 4Tx 4Rx OFDM system with CDL-A channel is assumed, with a carrier frequency of 4GHz and sub-carrier spacing of 30 kHz. Here we consider a Rank-2 case for simulation. More detailed simulation assumptions are provided in Appendix A. Note that here we consider all candidates are operated with a same MCS (MCS=12/14), i.e., all patterns are utilized to transmit the data with a same TB size. In this way, the DMRS RE overhead is taken into consideration of the overall system performance. For example, for a pattern with lower DMRS density, it can transmit the data with a lower code rate. Corresponding BLER and throughput are shown as Fig.2.
As can be observed, regardless of BLER and throughput, Config1-a always achieves better performance than Config1-b. The gain of Config1-a mainly lies in its higher DMRS density in frequency domain, and thus can get better channel estimation performance in frequency selective channel. Moreover, the orthogonality between CDM-ed REs in Config1-b is more sensitive to frequency selectivity due to its large distance in frequency domain, which thus is much harder to be guaranteed with large delay spread, incurring considerable performance degradation. 
[bookmark: _GoBack][image: C:\Users\r00401378\Desktop\Config1-2p-DL.PNG]
Fig. 2 BLER/throughput comparisons between Config1-a and Config1-b.
Observation 1: For one OFDM symbol case in Configuration 1, regardless BLER and throughput, Config1-a outperforms Config1-b for higher frequency density in frequency domain.
To further investigate the performance of 1 OFDM symbol patterns, Fig. 3 gives the PDP (power delay profile) distributions of Config1-a for 4 ports and Config1-b for 8 ports in Fig. 1. 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 8 and 16 RBs, respectively, and both are operated with a 64-FFT to obtain the PDP distribution in time domain. 
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  (a) Comb2-CS2                                                                                          (b) Comb4-CS2 
Fig.3 PDP distributions of 1 OFDM symbol pattern of Configuration 1. 
From Fig. 3, for Comb4-CS2, it can be observed that the CDM-ed 2 ports are overlapped in time domain, see index 34, which means that the orthogonality between CDM-ed ports is degraded with large delay spread. This is mainly caused by the large distance between CDM-ed REs in frequency domain, whose orthogonality are more sensitive to delay spread. As a result, the CDM-ed ports are hard to be de-patterned explicitly, which directly reduces the channel estimation accuracy. In contrast, it can be noticed that, for Comb2-CS2, the CDM-ed 2 ports can be clearly separated due to less distance between CDM-ed REs in frequency domain, and thus the well orthogonality can be obtained. Therefore, for 1-symbol DMRS pattern, Config1-a is preferred. 
Observation 2: In the case of large delay spread, the orthogonality between CDM-ed ports of Config1-b (Comb4-CS2) is hard to be guaranteed when supporting 8 ports, whereas the orthogonality between CDM-ed ports of Config1-a (Comb2-CS2) can be well achieved when supporting 4 ports.
In the following, we compare the DMRS patterns in 2 symbol cases for Config1 when supporting 8 ports, i.e., Config1-c, Config1-d, and Config1-e. In the simulation, a downlink OFDM system with CDL-A channel is assumed, with a carrier frequency of 4GHz and sub-carrier spacing of 30 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, i.e., 2 ports for each UE. More detailed simulation assumptions are provided in Appendix A. Note that here we consider all candidates are operated with a same MCS (MCS=10).
  
[bookmark: _Ref474158734][bookmark: _Ref474158725] Fig. 4 BLER/throughput comparisons between two symbol DMRS candidates in Configuration 1.
[bookmark: OLE_LINK19]As can be observed, for both BLER and throughout, DMRS patterns with Comb 2 (Config1-c and d) outperform the patterns with Comb 4 (Config1-e). The main reason for the performance gain of Comb 2 patterns lies in the higher frequency density of each DMRS port. Besides, compared to Comb 2 based patterns, the orthogonality between CDM-ed REs with Comb 4 is more sensitive to frequency selectivity and thus is much harder to be guaranteed with large delay spread, which also incurs considerable performance degradation. Moreover, it can be found that Config1-c achieves the best performance due to its smaller CDM length in frequency domain, which supports more robust performance against the severe frequency selectivity. However, considering high frequency scenario is one of the main scenes of NR, Config1-d without TD-OCC is still needed to against phase noise in time domain.  
[bookmark: OLE_LINK42][bookmark: OLE_LINK43]Observation 3: DMRS patterns with Comb 2 (Config1-c and Config1-d) outperform DMRS patterns with Comb 4 (Config1-e) owing to higher frequency density of each DMRS port in frequency domain.
[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 2 OFDM symbols should be considered for large orthogonal port number (e.g., 8). Moreover, compared to Comb 4, Comb 2 is more preferred due to its better system performance and higher robustness against frequency selectivity. Therefore, the following proposal is put forward
Proposal 1: For front-loaded DMRS Configuration 1 supports up to 8 ports,
· Support Alt.1 (Comb 2 + 2 CS, up to 4 ports) for one OFDM symbol case;
· Support Alt.1 (Comb 2 + 2 CS + TD-OCC ({1 1} and {1 -1}), up to 8 ports) and Alt.2 (Comb 2 + 4 CS + TD-OCC ({1 1}), up to 8 ports) for two OFDM symbols case.

· Front-loaded DMRS Configuration 2
In this subsection, we provide performance comparisons and analyses of DMRS Configuration 2 for further down selection. The detail working assumption of Configuration 2 is given as below for convenience. Here we mainly focus on the down selection of 1 OFDM symbol case, whose corresponding DMRS patterns are shown as Fig. 5. Here we assume that the DMRS REs are evenly distributed in the frequency domain to achieve the best performance of DMRS pattern. Note that Alt.1 can also support 4 ports as Alt.2 (with yellow and red REs) and 2 ports as Alt.3 (with yellow REs). In this case, the unused DMRS REs can be used for data transmission to improve the spectrum efficiency. In the following, we will compare Alt.1 with Alt.2 and Alt.3 respectively, and investigate their performances under different scenarios.  
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Fig. 5 DMRS patterns of Configuration 2 with one OFDM symbol.
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]For Config2-Alt.1 and Config2-Alt.2, when supporting 4 orthogonal DMRS ports, it can be found that they are exact the same (with yellow and red DMRS REs). For each DMRS port, Config2-Alt.1 and Alt.2 have similar port density and interpolation interval in the frequency domain, and thus have same performance. However, it can be noticed that Alt.1 shares a common structure with the 2-symbol patterns of Config2. Whereas, Alt.2 has a total different pattern design that makes UE cannot reuse one common channel estimator when estimating other patterns in configuration 2, which incurs additional system complexity. Besides, the main intention of Config2-Alt.2 is to avoid the collision between DC and DMRS, i.e., the unused REs in DMRS symbol can be used as DC. In our view, DC collision has limit influence on DMRS, and it is inefficient to consider the DC in DMRS pattern, which may highly reduce the DMRS density and thus the system performance. Similar opinion and related evaluations can be found in [3]. In this way, considering the system performance and the common of DMRS pattern design, Config2-Alt.1 is thus more preferred.
Then, we compare Config2-Alt.1 and Config2-Alt.3 for supporting 2 orthogonal ports. The corresponding BLER and throughput performances are given in Fig. 6. In the simulation, a 4Tx with 2Rx/UE MU downlink OFDM system with CDL-A channel is assumed, and delay spread as 300ns is considered. The carrier frequency is operated as 4GHz with the sub-carrier spacing as 15 kHz. Both DMRS patterns are operated with a fixed MCS as 8, 14, and 24, respectively.
[image: D:\00+mywork\0+5G_RAN1\#89 Adhoc\[5G55] DL DMRS evaluation\Config2-2p.PNG]
[bookmark: _Ref480363676]Fig. 6 BLER/throughput performances of Config2-Alt.1 and Config2-Alt.3 for 2 ports.
[bookmark: OLE_LINK12][bookmark: OLE_LINK11]As can be observed, regardless of BLER and throughput, Config2-Alt.1 achieves similar performance as Config2-Alt.3 for a low or middle MCS, e.g., MCS = 8 and 14. Specifically, it can be noticed that Config2-Alt.1 slightly outperforms Config2-Alt.3 for larger MCS, e.g., MCS= 24. Note that here we consider a same MCS for Alt.1 and Alt.3, i.e., Alt.1 and Alt.3 are considered as the same TB size. In this case, compared to Alt.3 with higher DMRS density (higher RS overhead), Config2-Alt.1 with lower overhead can transmit the data at a lower code rate, which may provide additional robustness for data demodulation. This benefit can be obvious observed especially for a relative flat channel and a high MCS, where both Alt.1 and Alt.3 have satisfied channel estimation accuracy and the code rate difference is large, e.g., MCS=24. In this case, more DMRS density only provides limited performance gain but lower code rate can improve the BLER performance. Moreover, compared to Config2-Alt.3 which has a total different pattern structure from 2-symbol patterns of Config2 and needs individual channel estimator, Config2-Alt.1 can achieve a common DMRS pattern structure of Configuration 2 and thus is more preferred. 
Observation 4: For low and middle MCS, Config2-Alt.1 achieves similar performances as Config2-Alt.3 in terms of BLER and throughputs.
Observation 5: For high MCS, Config2-Alt.1 slightly outperforms Config2-Alt.3 due to low RS overhead.
Based on the above results and analyses, we thus have the following proposal 
Proposal 2: For front-loaded DMRS Configuration 2, support Alt.1 (2-FD-OCC across adjacent REs in the frequency domain up to 6 ports) for one OFDM symbol case.

Additional DMRS pattern
· [bookmark: OLE_LINK5][bookmark: OLE_LINK13]Time density of additional DMRS
In addition to the front-loaded DMRS, 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. 7, in the simulation, we consider different options for 2-port DMRS patterns to analyze the impact of Doppler spread due to mobility. 
[image: ]  [image: ]  [image: ]
Fig. 7 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 B. 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. 8 BLER of patterns with different time densities in different channels 
Figure 8 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 6: 
· 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. 9.
[image: ]
[bookmark: OLE_LINK110][bookmark: OLE_LINK111]Fig. 9 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 7: 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 8: 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 9 shows several 2-port DMRS patterns with same RS overhead but different additional DMRS positions. 
[image: ]
Fig. 10 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 B. 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. 11 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. 12 Performance comparison of different additional DMRS positions at 120km/h
As shown in Fig. 11 and 12, 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 9: 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. 13, 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.
    [image: ] 
Fig.13 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-A/B channel and delay spread as 30/100/300ns 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 14 to Fig. 17 illustrate the comparisons of BLER and throughput. 
[image: D:\00+mywork\0+5G_RAN1\#89\DL\density_B100.PNG]
Fig.14  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.15  Performance comparison of additional DMRS with different frequency densities (CDL-B/300ns)
[image: D:\00+mywork\0+5G_RAN1\#89 Adhoc\[5G55] DL DMRS evaluation\additionalDensityReduced_A30.PNG]
Fig.16 Performance comparison of additional DMRS with different frequency densities (CDL-A/30ns)
[image: D:\00+mywork\0+5G_RAN1\#89 Adhoc\[5G55] DL DMRS evaluation\additionalDensityReduced_B30.PNG]
Fig.17 Performance comparison of additional DMRS with different frequency densities (CDL-B/30ns)
[bookmark: OLE_LINK94][bookmark: OLE_LINK95]As can be observed above, for numerous channel conditions and code rates, using density reduced 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 at low SNR. It is reasonable 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 reduced density is sufficient to capture the channel characters. Therefore, compared to pattern-c, pattern-b can achieve better system performance with the same overhead, especially at low SNR, which is benefit to ensure robust system performance.
[bookmark: OLE_LINK100][bookmark: OLE_LINK101]In Fig. 18, we further provide throughput performances of three additional DMRS with different densities in Fig. 13. 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.18 Throughput performance comparison of additional DMRS with different frequency densities
We can thus obtain the following observations from the figures
Observation 10: 
· With same RS overhead, additional DMRS with reduced frequency density (pattern-b) performs better than additional DMRS with same density (pattern-c) in terms of BLER and throughout, especially at low SNR. 
· With lower RS overhead, additional DMRS with reduced frequency density (pattern-b) has higher throughput compared to additional DMRS pattern without density reduction (pattern-a). 
Obviously it would be benefit to consider density reduction in additional DMRS symbols for 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 reduced density is necessary for NR, considering both the system performance and RS overhead.
Proposal 3: Reduced DMRS density in additional DMRS symbols should be supported in NR.
Conclusions
This contribution provides evaluation results and considerations of DMRS design for DL data channel in terms front-loaded DMRS pattern and additional DMRS. In summary, the following observations and proposals are made.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Proposal 1: For front-loaded DMRS Configuration 1 supports up to 8 ports,
· Support Alt.1 (Comb 2 + 2 CS, up to 4 ports) for one OFDM symbol case;
· Support Alt.1 (Comb 2 + 2 CS + TD-OCC ({1 1} and {1 -1}), up to 8 ports) and Alt.2 (Comb 2 + 4 CS + TD-OCC ({1 1}), up to 8 ports) for two OFDM symbols case.
Proposal 2: For front-loaded DMRS Configuration 2, support Alt.1 (2-FD-OCC across adjacent REs in the frequency domain up to 6 ports) for one OFDM symbol case.
Proposal 3: Reduced DMRS density in additional DMRS symbols should be supported in NR.
Observation 1: For one OFDM symbol case in Configuration 1, regardless BLER and throughput, Config1-a outperforms Config1-b for higher frequency density in frequency domain.
Observation 2: In the case of large delay spread, the orthogonality between CDM-ed ports of Config1-b (Comb4-CS2) is hard to be guaranteed when supporting 8 ports, whereas the orthogonality between CDM-ed ports of Config1-a (Comb2-CS2) can be well achieved when supporting 4 ports.
Observation 3: DMRS patterns with Comb 2 (Config1-c and Config1-d) outperform DMRS patterns with Comb 4 (Config1-e) owing to higher frequency density of each DMRS port in frequency domain.
Observation 4: For low and middle MCS, Config2-Alt.1 achieves similar performances as Config2-Alt.3 in terms of BLER and throughputs.
Observation 5: For high MCS, Config2-Alt.1 slightly outperforms Config2-Alt.3 due to low RS overhead.
Observation 6: 
· 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 7: 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 8: 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 9: 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 10: 
· With same RS overhead, additional DMRS with reduced frequency density (pattern-b) performs better than additional DMRS with same density (pattern-c) in terms of BLER and throughout, especially at low SNR. 
· With lower RS overhead, additional DMRS with reduced frequency density (pattern-b) has higher throughput compared to additional DMRS pattern without density reduction (pattern-a). 
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Appendix A
Link-level simulation assumptions for Fig. 2
	Parameters
	Values or assumptions

	Carrier frequency
	4GHz

	Channel model
	CDL-A, 1000ns

	Subcarrier Spacing
	30kHz

	Allocated bandwidth
	20RB

	UE speed
	3km/h

	Ant. Config.
	4Tx; 4Rx

	Total port number
	2

	Coding scheme
	Turbo

	Channel estimation
	Practical filter based

	Receiver
	MMSE-IRC

	Modulation/Coderate 
	MCS = 12/14




Link-level simulation assumptions for Fig. 4
	Parameters
	Values or assumptions

	Carrier frequency
	4GHz

	Channel model
	CDL-A, 1000ns

	Subcarrier Spacing
	30kHz

	Allocated bandwidth
	20RB

	UE speed
	3km/h

	Ant. Config.
	32Tx; 4Rx/UE

	Total port number
	8

	Coding scheme
	Turbo

	Channel estimation
	Practical filter based

	Receiver
	MMSE-IRC

	Modulation/Coderate 
	MCS = 10



Link-level simulation assumptions for Fig. 6
	Parameters
	Values or assumptions

	Carrier frequency
	4GHz

	Channel model
	CDL-A, 300ns

	Subcarrier Spacing
	15kHz

	Allocated bandwidth
	20RB

	UE speed
	3km/h

	Ant. Config.
	4Tx; 2Rx/UE

	Total port number
	2

	Coding scheme
	Turbo

	Channel estimation
	Practical filter based

	Receiver
	MMSE-IRC

	Modulation/Coderate
	MCS = 14/20/24




Appendix B

Link-level simulation assumptions for Fig. 8/Fig. 9/Fig. 11/Fig.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.
	4Tx; 4Rx

	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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*  Front-load DMRS Configuration 2: Supports up to 12 ports
*  FD-OCC pattern with adjacent REs in the frequency domain

¢ One OFDM symbol:
*  To be down selected to 1 Alt:
e Alt. 1: 2-FD-OCC across adjacent REs in the frequency domain up to 6 ports
e Alt. 2: 2-FD-OCC across adjacent REs in the frequency domain up to 4 ports
e Alt. 3: 2-FD-OCC across adjacent REs in the frequency domain up to 2 ports

*  Two OFDM symbols:
*  2-FD-OCC across adjacent REs in the frequency domain + TDM up to 12 ports
*  2-FD-OCC across adjacent REs in the frequency domain + TD-OCC (both {1,1}

and {1,-1}) up to 12 ports
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(a) TimeDensity-2: full density (b) TimeDensity-2: lower density (c) TimeDensity-2: same density
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*  Front-load DMRS Configuration 1: Supports up to 8 ports
* IFDM based pattern with Comb [2] and/or [4] w cyclic shifts (CS)
¢ One OFDM symbol:
*  To be down selected to 1 Alt:
e Alt1: Comb 2 +2 CS, up to 4 ports
e Alt2: Comb 4 +2 CS, up to 8 ports
*  Two OFDM symbols:
*  To be down selected to 2 Alts:
e Alt. 1: Comb 2 +2 CS +TD-OCC ({1 1} and {1 -1}), up to 8 ports
e Alt. 2: Comb 2 +4 CS + TD-OCC ({1 1}), up to 8 ports
e Alt.3: Comb 4 +2 CS +TD-OCC ({1 1}), up to 8 ports
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Configl-a: 1-symbol / Alt-1

Configl-b: 1-symbol / Alt-2

Configl-c: 2-symbol / Alt-1

Configl-d: 2-symbol / Alt-2

Configl-e: 2-symbol / Alt-3





