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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
Regarding DMRS, it was agreed in RAN1 NR Ad-Hoc #2[1] that:
· Both in DL and UL DMRS for CP-OFDM, only PN sequence is supported
· The working assumption made in RAN1#89 for DM-RS is updated and agreed as follows for CP-OFDM:
· A UE is configured by higher layers with DMRS pattern either from the front-loaded DMRS Configuration type 1 or from the front-loaded DMRS Configuration type 2 for DL/UL:
· Configuration type 1:
· One symbol:
· Comb 2 + 2 CS, up to 4 ports
· Two symbols:
· Comb 2 + 2 CS + TD-OCC ({1 1} and {1 -1}), up to 8 ports
· Note: It should be possible to schedule up to 4 ports without using both {1,1} and {1,-1}.
· Configuration type 2:
· One symbol:
· 2-FD-OCC across adjacent REs in the frequency domain, up to 6 ports
· Two symbols:
· 2-FD-OCC across adjacent REs in the frequency domain + TD-OCC (both {1,1} and {1,-1}) up to 12 ports
· Note: It should be possible to schedule up to 6 ports without using both {1,1} and {1,-1}.
· From UE perspective, frequency domain CDMed DMRS ports are QCLed.
· FFS: Whether the front-load DMRS configuration type for a UE for UL and DL can be different or not.
· Note: If there are significant complexity/performance issues involved in the above agreements, down-selection can still be discussed
· For broadcast/multicast PDSCH (other than PBCH), the PDSCH is transmitted with a single DMRS port:
· Support using only one front-load DMRS Configuration from Configuration 1 and Configuration 2. To down-select from:
· Alt 1: Configuration 1 (FFS 1 or 2 symbols) 
· Alt 2: Configuration 2 with 2 symbols
· Support additional DM-RS. To down-select from:
· Alt 1: Additional DMRS is always present 
· Alt 2: Additional DMRS is configurable
· FFS the number of additional DMRS symbol(s)
· The number of front-load DMRS symbols can be 1 or 2 when the number of DMRS ports allocated to UE is equal or less than N
· N is 4 for Configuration 1 and 6 for Configuration 2.
· FFS the details to determine 1 or 2 symbols
· Study further aspects related to DMRS and data multiplexing in DL and UL considering 14 and 7 symbol slots/mini-slots, 1 vs. 2 front loaded DM-RS symbols, additional DM-RS, etc.
· Study further aspects related to possibly power boosting DM-RS (performance, complexity, spec impact)
[bookmark: _Ref129681832]For time domain DMRS bundling, it was agreed in RAN1 #88 meeting [2] that:
· Support DMRS bundling in time domain
· At least time domain bundling with slot aggregation of DL-only slots is supported
· DMRS pattern within the first slot is not impacted by the time domain DMRS bundling
· FFS: Consider further overhead reduction of DMRS in case of bundling in time domain
In this contribution, we discuss the remaining details on DL DM-RS for data channel. 
Design of DM-RS for DL data transmission 
In this following, the design of NR DM-RS associated with DL data transmission is discussed in terms of default pattern configuration and DMRS bundling design.	
Default DMRS pattern
It has been agreed in [1] that both front-loaded 1 symbol pattern and 2-symbol pattern can be considered for broadcast/multicast PDSCH (other than PBCH) in NR. Several alternatives have been proposed for down selection. In the following we will provide detailed analysis and comparisons for further down selection of the default DMRS pattern.
Regarding front-loaded DMRS pattern, in this meeting we need to down select to 1 alternative pattern with a single DMRS port. The alternatives are:
· Support using only one front-loaded DMRS Configuration from Configuration 1 and Configuration 2. To down-select from:
· Alt 1: Configuration 1 (FFS 1 or 2 symbols) 
· Alt 2: Configuration 2 with 2 symbols
For additional DMRS, two alternatives are recommended for down selection:
· Support additional DM-RS. To down-select from:
· Alt 1: Additional DMRS is always present 
· Alt 2: Additional DMRS is configurable
· FFS the number of additional DMRS symbol(s)
In the following we provide some evaluation results to down-select front-loaded DMRS patterns and study the number of additional DMRS. The candidate DMRS patterns with different port densities are shown in Fig. 1. Without loss of generality, PDCCH is assumed with 2 symbols in the examples.
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Fig. 1 DMRS patterns of broadcast/multicast PDSCH in simulations
First we investigate the performance of FL DMRS configurations provide performance evaluation results to compare the candidate front-loaded patterns for broadcast/multicast PDSCH. In this simulation, time domain density is assumed as 2 and 3. 
[bookmark: OLE_LINK121]In the simulation, a downlink 4T2R OFDM system with CDL-A/1000ns channel is assumed. It is simulated with a carrier frequency of 4GHz and sub-carrier spacing of 15 kHz. The used modulation order is MCS 2. In this way, the DMRS RE overhead will be taken into consideration of the overall system performance. Moreover, UE speed of 500km/h is adopted to investigate the system performance for the worst use case. 
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[bookmark: OLE_LINK127]Fig. 2 BLER comparison between Alt.1-1, Alt.1-2, and Alt.2 with TimeDensity 2 and 3
[bookmark: OLE_LINK128][bookmark: OLE_LINK125][bookmark: OLE_LINK126]Fig.2 provides the BLER performances of Alt.1-1, Alt.1-2 and Alt.2 with TimeDensity 2 and 3 respectively. As can be observed, for both cases, Alt.2, i.e., Configuration 2 with 2 symbols, always achieves the best performance. For example, for 1 additional DMRS case, about 0.5dB gain can be obtained at BLER=10^-2 by Alt.2 compared to Alt.1-1, and for 2 additional DMRS case, about 0.4dB gain can be achieved at BLER=10^-2 by Alt.2 compared to Alt.1-2. This is mainly because Alt.2 has a moderate DMRS density, which provides a good tradeoff between the channel estimation accuracy and overhead. Based on the analysis and simulation results, Alt.2 (2-symbol pattern of configuration 2) is preferred for broadcast/multicast PDSCH (other than PBCH).

Based on the above observations, we investigate the number of additional DMRS symbol with pattern Alt.2. Here we consider different time densities, e.g., 1/2/3/4, whose detailed symbol locations are illustrated in Fig.1. In this simulation, most of the simulation assumptions are same as that of Fig. 2, except an additional consideration of MCS=1. The comparison of the BLER performances with these patterns can be found in Fig.3. 
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Fig. 3 BLER performances of Alt.2 with different time densities
It can be observed that, for both MCS = 1 and 2, the pattern with time density 3 (c-3) outperforms other patterns at 500km/h. The main benefits lie in the moderate DMRS density, which can provide a good tradeoff between channel estimation accuracy and overhead. For example, high DMRS density of time density 4 incurs a higher code rate which degrades the BLER performance, while time domain 2 is not sufficient to combat the high Doppler shift. Therefore, the pattern with time density 3 (c-3) seems a good tradeoff for the worst use case. 
For the configuration of additional DMRS, we need to down select whether additional DMRS will be always present or not. Always configuring additional DMRS ensures estimation performance regardless of UE speed and SINR at the cost of larger RS overhead, while configurable additional DMRS can prevent unnecessary transmission of additional RS by configuring the existence or number of additional DMRS via MIB in PBCH or common DCI. Taking into account the robust estimation performance and signaling/RS overhead, we slightly prefer always configured additional DMRS for default DMRS.
Proposal 1: For DMRS before configuration,
· Support Alt.2 (2-symbol pattern of configuration 2) for front-loaded DMRS;
· Support Alt.1 (Additional DMRS is always present) with 2 additional DMRS for additional DMRS.
In addition to the proposed alternative patterns in Ad-Hoc#2 meeting, some further discussion on frequency density of default DMRS is provided as follows. Since the default pattern should provide a high enough robustness to most of channel conditions, the DMRS density in frequency of the proposed patterns may not be sufficient. Moreover, considering operating in HF scenarios, the phase noise needs to be also considered in patterns with 2 symbols that can provide better estimation performance in the above simulations. In the following we consider a new pattern in which DMRS occupies one whole symbol with 2 additional symbols. The pattern can be found in Fig.4. 
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Fig. 4 example of default DMRS with high frequency density
In the following, performance evaluate results are provided to compare the new pattern with the current preferred candidate with time density 3 (c-3) in Fig.1. In the simulations, a downlink 4T2R OFDM system with CDL-A/1000ns channel is assumed. It is simulated with a carrier frequency of 30GHz and sub-carrier spacing of 60 kHz. The used modulation order is MCS 0. Moreover, UE speed of 500km/h is adopted to investigate the system performance for the worst use case. 
[image: ]
Fig. 5 BLER performances of new pattern and current preferred candidate (Alt.2 with 2 additional DMRS)
Fig. 5 gives the BLER performances of considered DMRS patterns in high frequency scenario. It can be observed that, for a high carrier frequency and large subcarrier spacing, the new pattern achieves better performance compared to pattern Alt.2. For example, about 0.5dB gain can be achieved at BLER = 10^-1. The main performance gain lies in the high frequency density of the new pattern. Therefore, considering the performance in high frequency scenario, pattern in Fig.4 could be considered as a possible choice for the default DMRS.
Proposal 2: From the performance perspective, pattern with higher frequency density as shown in Fig.4 should be considered, which obtains obvious gain compared to other candidates. 
Configurable DMRS pattern and density
As agreed in previous meetings, configurable DMRS pattern is supported to cater for varied requirements in different scenarios. For example, 4 front-loaded patterns can be configured to adapt to different transmission conditions; and other extended patterns with additional DMRS in the later part of the slot can be configured for different Doppler properties.
Since DMRS need to be known at both transmitter and receiver, indications for DMRS configuration that assist pattern and density selection should be considered. It has been agreed to support higher layer configured with 2 DMRS configurations for the front-load DMRS for UL/DL CP-OFDM in AH#2 meeting [1]. However, sometimes there is a need for dynamically configuring for DMRS pattern/density configuration. For example, based on different port numbers scheduled, 1 or 2-symbol DMRS patterns can be configured in each configuration. In MU-pairing use cases, DMRS pattern/density may need to be dynamically indicated when different numbers of orthogonal DMRS port are scheduled between adjacent scheduling time intervals. Therefore, to guarantee reliable channel estimation, both higher layer and dynamic signaling should be supported for DMRS pattern indication.
Proposal 3: Dynamic signalling for determining 1 or 2-symbol DMRS patterns should be supported. 
Multiplexing between DMRS and other signals
To increase system spectral efficiency, NR should allow for multiplexing of DMRS and other signals in the DMRS symbols. For example, data or other reference signals can be FDMed with DMRS if the corresponding OFDM symbols have not been fully occupied by DMRS. In companion contribution [3], we have provided abundant simulation results to reveal the considerable performance gains result from the multiplexing of DMRS and data. Great performance gains can be always observed in terms of throughput when multiplexing DMRS and data with both 1 and 2-symbol front loaded DMRS patterns. For example, in high SNR region, FDM multiplexing scheme (multiplexing of DMRS and data in DMRS symbols) outperforms TDM multiplexing scheme (DMRS and data is TDMed, power boosting is considered) in terms of throughput performance, e.g., about 6% throughput gain for DMRS Configuration 2 with 1 symbol. Based on the results, we can have the proposal as follows.
Proposal 4: NR should support frequency-domain multiplexing between DMRS and data. 
With the multiplexing of DMRS and data, the PDSCH mapping of a given UE should avoid the resource elements in which DMRS is transmitted for better PDSCH demodulation performance. Thus, additional information, e.g., the total number of transmission layers or the assignment of DMRS ports to other co-scheduled UEs, should be indicated to a given UE. Considering the signaling overhead of such information, One possible solution is to only delivery total orthogonal port number with a predefined rule of port index assignment. The detailed discussion can be found in our companion contribution [5].
DMRS bundling in frequency and time domain
To cater for a great quantity of deployment scenarios in NR, it has been agreed that NR will support configurable PRB bundling sizes for DL data channel DMRS. Based on the detailed analysis and simulations in companion contribution [6], we have proposed that NR should consider PRB bundling sizes range from two PRBs to the entire scheduling bandwidth for a given UE. We also stated in that paper that NR should take several factors into consideration when deciding or configuring PRB bundling sizes. For example, PRB bundling size should be configured appropriately depending on several factors including channel characteristics, DMRS pattern and frequency density and UE’s implementation complexity. 
It has been agreed in [1] that RRC+DCI signaling is supported for DMRS PRB bundling. Furthermore, considering implementation complexity in real-time transmission, only 1 bit DCI is employed for the dynamic indicating. One remaining issue is to study the usage of above 1 bit. For example, it can be used to switch between Case 1 and Case 2 or between two configured Case 1 values. In view of the implementation complexity at UE in real-time transmission, we slightly prefer to use DCI to dynamically switch between bundling sizes between Case 1, i.e., RBG related values, and Case 2, i.e., consecutively scheduled bandwidth. Besides the explicit indication, as discussed in companion contribution [6], since both DMRS pattern configuration and PRB bundling configuration are highly dependent to the frequency properties of channel, and the intention of introducing PRB bundling was to improve estimation performance of DMRS, it’s natural to consider joint configuration of PRG size and DMRS patterns. For examples, PRB bundling size can be jointly indicated to UE based on the DMRS pattern configuration. 
Proposal 5: NR should support joint configuration of PRB bundling size and DMRS configuration.
In time domain, DMRS bundling can also be used to estimate Doppler shift and to capture the channel variations. Therefore, in addition to the always configured front-loaded RS patterns for fast data decoding, sparse RSs in different symbols within scheduled TTIs provide better channel estimation. With multiple TTIs scheduled each having the front loaded RS configuration and additional sparse RS patterns, the overhead increases. For example, for slowly time varying channel,  keeping the front loaded RS in one of the scheduled TTIs while removing the front loaded RS from some of the bundled TTIs can provide overhead reduction while preserving performance as the time density of the RS should be sufficient to cover the low velocities for a given use case scenario. It is then crucial to consider adaptive RS configurations with time domain bundling and consider reducing the overhead for channels whose Doppler spread is limited.
For DMRS bundling in time domain, it has been agreed in #88 meeting that DMRS bundling in time domain would be supported in NR. Similar to frequency domain bundling, joint DMRS estimation within the time domain bundling size can be considered for better estimation accuracy in time domain bundling. To further reduce RS overhead and improve system efficiency, shifted DMRS in different TI can be designed to guarantee channel estimation performance. In the shifted DMRS scheme, the mapping of a given DMRS port in adjacent TIs is mapped with a fixed shift. In this way, estimation accuracy of DMRS can be greatly improved by interpolation between TIs. An example of shifted DMRS mapping is shown in Fig. 6.
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Fig. 7 performance gain of DMRS port mapping
In Fig. 7, we provide the BLER performance of Config.1-1symbol DMRS pattern with and without mapping shift across adjacent TTIs. In the simulation, a 4T4R SU (Rank 2) downlink OFDM system with CDL-A 1000ns/300ns channels are assumed. It is also simulated with a carrier frequency of 4GHz and sub-carrier spacing of 15 kHz. The used MCS order is 20. As can be seen, estimation accuracy of DMRS can be greatly improved (about 1.5dB SNR gain @ 0.1 BLER in CDL-A 1000ns channel and 1dB SNR gain @ 0.1 BLER in CDL-A 300ns channel) by interpolation between TTIs in these frequency selective channels.
Based on the simulation results and analysis above, we have the following proposal,
Proposal 6: For time domain DMRS bundling, the overhead reduction and port mapping shifting in the bundled TTIs should be supported.
Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]This contribution discusses some remaining issues of reference signals for demodulation of DL data channel. In summary, the following proposals are made.
Proposal 1: For DMRS before configuration,
· Support Alt.2 (2-symbol pattern of configuration 2) for front-loaded DMRS;
· Support Alt.1 (Additional DMRS is always present) with 2 additional DMRS for additional DMRS.
Proposal 2: From the performance perspective, pattern with higher frequency density as shown in Fig.4 should be considered, which obtains obvious gain compared to other candidates. 
Proposal 3: Dynamic signalling for determining 1 or 2-symbol DMRS patterns should be supported.
Proposal 4: NR should support frequency-domain multiplexing between DMRS and data. 
Proposal 5: NR should support joint configuration of PRB bundling size and DMRS configuration.
Proposal 6: For time domain DMRS bundling, the overhead reduction and port mapping shifting in the bundled TTIs should be supported.
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