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Introduction
In RAN1 #AH2 [1], the following agreements regarding the demodulation reference signal (DMRS) for data were made:

Agreements:
· Both in DL and UL DMRS for CP-OFDM, only PN sequence is supported

Agreements:
· 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
Agreements:
· 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)
Agreements:
· 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)

Agreements:
· Study further how to handle DM-RS and SS block collision (if any)
· E.g., changing DM-RS symbol(s) position in time domain, no PDSCH transmission on the collided PRBs, dropping the DM-RS symbol in collision, etc.

Agreements:
· 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

In this contribution, we provide Qualcomm’s views on the NR DL DMRS for data. 
DMRS port multiplexing for front-load DMRS
In the previous meeting two configurations were agreed for both DL and UL front-load DMRS. Configuration 1 uses an IFDMA-based approach with an aim to be used for scenarios of up to 8 orthogonal ports, and Configuration 2 uses 2-FD-OCC with an aim for scenarios of up to 12 orthogonal ports. Both configurations are shown in the diagrams below where the CDM groups for each configuration are shown. 


Figure 1 Config-1 DMRS port index used in this paper


Figure 2 Config-2 DMRS port index used in this paper
DMRS configuration signalling
DMRS for NR is highly configurable in order to enable all different deployment scenarios that are envisioned. However, we currently do not see a need for introducing DCI-based configuration since most of the changes that DMRS need to follow are relatively small varying. For example, adapting DMRS to mobility does not need to happen every slot, since an accurate estimate of the mobility of a user typically requires several msec. Similarly, if there is a need of adjusting DMRS based on the delay spread or geometry experienced from a UE, we do not see the need of allowing NR to do such adjustments in every slot; delay spread and geometry are relatively slot varying quantities and attempting to over-optimize and track their fast varying components is very likely to only lead to worse performance due to mismatches. 
Proposal 1: For each slot format, NR supports only semi-static signaling of the DMRS pattern for unicast PDSCH:
· front-load DMRS type, 
· number of symbols in front-load DMRS,
· number of additional DMRS symbols, 
· Location of additional DMRS symbols,
· Traffic to Pilot Ratio (TPR) for each port.
DMRS port pairing design principles
It should be clear from the front-load DMRS pattern that the approach that NR DMRS would in general require non-transparent MU-MIMO for most efficient and effective performance. This is because NR DMRS allows for CDMing up to 2 ports in frequency and up to 2 ports in time, creating up to 3 CDM groups. The DMRS tables that NR should support should allow enough flexibility to address SU and MU scenarios with high efficiency, without increasing excessively the receiver complexity. 

Due to the high number of ports and available configurations, we propose NR to support a non-transparent MU-MIMO framework. Such a framework would be needed to help decrease the UE complexity with a minimal increase in the DCI overhead; up to two additional DCI bits overhead. 

Proposal 2: NR supports a non-transparent MU-MIMO framework.

At the minimum, the scheduler should notify the scheduled UEs which CDM groups are occupied with data. This would at maximum require up to 1 bit for config-1 (since it is a comb-2 scenario) or up to 2 bits for config-2. The overhead of such a notification could be incorporated inside the DMRS tables supported in NR.

Proposal 3: NR at the minimum supports up to 2 bits increase in the DCI overhead to enable signaling of the CDM groups containing data or RS.  
MU-MIMO port-paring principle
In an MU-MIMO scenario, we propose the UE to first be assigned ports that are inside a CDM group, and then ports that span across groups. To see why this is the natural choice, consider the following example: Consider the case of 8-port MU in two-symbol config-1, and a UE gets two ports across the two CDM groups. Then, in order the UE to estimate reasonably well its serving ports, it would need to estimate the serving ports and the interfering ports, using a rank-4 channel estimation in both the CDM groups, entailing a relatively high complexity algorithm. For UEs that do not choose to do so, interference in channel estimation due to loss of orthogonality across the serving and interfering ports would result in worse performance. On the other hand, if the two serving ports were assigned inside the same CDM group, then the UE may still perform a rank 2 CE in one CDM group to decouple the 2 serving ports from the 2 interfering ports by exploiting the more robust orthogonality offered by the FDM across groups. In other words, FDMing interfering and serving ports provides a more robust orthogonality compared to CDMing, especially at small PRG sizes. From scheduling perspective, no significant limitation is actually introduced if such a rule is assumed. 
To demonstrate our proposal with more details, Table 1 shows which port-pairing should a UE expect in an MU-MIMO scenario. The port index used in the table is shown in Figure 1. Observe that, for example, for the two-symbol case ports {0,1,2,3} should not be assigned to a UE when MU-pairing is happening, because then UE would need to detect and estimate the interfering ports that are CDMed together with the serving ports in order to get a robust performance, which is a procedure more complicated and error-prone compared to the case that the interfering ports (if any) are FDMed in a different CDM group. 
Table 1 Proposal on supported port-pairing options for config-1
	Rank
	One-symbol 
	Two-symbol

	2
	{0,2} {1,3}
	Any 2 ports from group {0,2,4,6} or {1,3,5,7}, but not port-pairing across groups

	3
	{0,1,2} {0,1,3} {1,2,3}
	Any 3 ports from group {0,2,4,6} or {1,3,5,7}, but not port-pairing across groups

	4
	{0,1,2,3}
	{0,2,4,6}, {1,3,5,7}

	5-7
	-
	All ports from {0,2,4,6} or {1,3,5,7} and one, two, three port(s) respectively from the other group



Similarly for config-2, we can create a similar table (Table 2) to demonstrate the suggested MU-MIMO principle. The port indexing used in this table is shown in Figure 2. 
Table 2 Proposal on supported port-pairing options for config-2
	Rank
	One-symbol
	Two-symbol

	2
	{0,3} {1,4}
{2,5}
	Any 2 ports from groups {0,3,6,9}, or {1,4,7,10} or {2,5,8,11}, but not port-pairing across the groups

	3
	Two ports from one group, and the third port from any one of the remaining groups
	Any 3 ports from groups {0,3,6,9}, or {1,4,7,10} or {2,5,8,11}, but not port-pairing across the groups

	4
	All ports from any two groups
	{0,3,6,9}, {1,4,7,10}, {2,5,8,11}

	5-6
	Four ports from any two groups and one, two ports respectively from the third group
	Four ports from groups {0,3,6,9}, or {1,4,7,10} or {2,5,8,11}, and one, two, ports respectively from only one additional group

	7-8
	-
	Four ports from groups {0,3,6,9}, or {1,4,7,10} or {2,5,8,11}, and one, two, ports respectively from only one additional group


SU-MIMO port-paring principle
In a SU-MIMO scenario, we propose the UE to be able to receive serving ports either across CDM groups or inside the same CDM group to trade-off higher RS overhead with higher dimensions for data.  
For example, consider the case of one-symbol config-1 DMRS in a very high speed scenario. If for rank 2 SU-MIMO the UE always gets CDM-ed ports, then the effective density of the RS per port is comb-4, which, for 30 KHz, results in 120 Khz RS spacing. This spacing may be enough for a TDL-C 300 nsec channel, but not enough for TDL-C 1000nsec to achieve high spectral efficiency. Results on this can be found in the [3]. 
Therefore, for rank 2 SU-MIMO transmission it should be possible to get two ports from different CDM group. However, not all port-pairing need to be supported; asymmetric port picking from different groups only creates UE complications, e.g., getting 3 ports from one group and 1 port from another group is not needed to be supported for SU; a UE may simply get 2 ports from each group. 
Based on the above considerations we make the following proposal on the minimal set of principles designing the DMRS tables in NR:
Proposal 4: From UE perspective, NR supports the following port-pairing principles:
· In MU-MIMO, a UE is expected to be assigned first the ports that belong on the same CDM group, and then, if all ports of one CDM group have been assigned, ports of another group would be assigned. 
· If the serving ports are not assigned according to the above MU-MIMO rule, then it is a SU-MIMO transmission from UE perspective.
· For a 4-port SU-MIMO transmission NR does not support asymmetric port pairing (i.e., 3 ports from one group and 1 port from another group).
[bookmark: _Ref378529477]DMRS Position
Position of the front-load DMRS symbol for slot-based scheduling
The following working assumption and agreement have already been made:
· For a time-duration of a CORESET:
· Support 1-3 OFDM symbol as time duration for a CORESET on the NR carrier with less than or equal to X PRBs
· Support 1-2 OFDM symbol as time duration for a CORESET on the NR carrier with wider than X PRBs
Agreements:
· For downlink, UE can be informed about the first DMRS position of the PDSCH between the following:
· Fixed on the 3rd or 4th symbol of the slot (for, a.k.a, slot-based scheduling)
· 1st symbol of the scheduled data (for a.k.a non-slot-based scheduling)
· FFS: if special handling is needed for the case where some of the PRBs of the symbol of the scheduled data is overlapped with the other signals/channels
· FFS: When the UE is configured both slot-based scheduling and non-slot-based scheduling, the first DMRS position of the PDSCH can be changed between the 3rd or 4th symbol of the slot and 1st symbol of the scheduled data

Based on that working assumption, and since front-load DMRS is supposed to be in fixed position independent of the PDSCH, we propose to transmit the front-load DMRS either on the 3rd or 4th symbol depending on the system bandwidth size. 
Proposal 5: The first symbol of front-loaded DM-RS in a slot is fixed in the 3rd or 4th symbol of a slot for a system bandwidth more or less than X PRBs respectively.
ACK in the same slot: Low-latency applications
NR supports a front load DMRS with one or two consecutive symbols. In scenarios of self-contained ACK/NAK, at least the one and two symbol front-load DMRS in a 14-symbol slot should be used to enable low latency applications. 
Note that even though we have already pointed out that the one or two symbol front-load is not enough to provide mobility robustness, we propose in Rel-15 to support self-contained 14-symbol ACK/NAK only with this mode of DMRS for the sake of progress and due to the limited time left for Rel-15 specification. 
Proposal 6: For Rel-15, self-contained ACK/NAK 14-symbol slots are supported using the one and two symbol front loaded DMRS. Self-contained ACK/NAK on 7-symbol scheduling units are not supported. 
Location of Additional DMRS
For the delay tolerant applications, the ACK/NACK response can be delayed to later slots (no-self-contained slot). In this case, the non-causal channel estimation can be performed in order to achieve the improved data throughput in high Doppler scenarios. The following considerations need to be taken into account when designing a framework for additional DMRS:
· As far as performance is concerned, there should not be two or more symbol channel estimation extrapolation for any of the slot configurations, especially for the ones targeted for very high speed scenarios. Results related to this aspect are shown in [3].
· Common design principles of additional DMRS for slots and mini-slots would enable reusing the DMRS CE procedures for different scheduling intervals and accelerate the usage of both. 
· Up to 4 symbol DMRS is needed to achieve good performance for very high speed scenarios for 30 KHz SCS and up to 3 symbol DMRS for a slot with 60 KHz SCS.
· When two-symbol front-load DMRS is used, consider only one additional two-symbol DMRS. Adding also a two-symbol midamble would results in 6 symbol overhead being RS which is very large overhead. Also, the two symbol front-load targets the use case of high orthogonal MU-MIMO and introducing an additional two-symbol DMRS provides a robust performance for at least up to 150 kmh in a 30 KHz SCS. 

Based on the above considerations it is obvious that due to the fact that NR shall support many slot formats (e.g., DL-only slot, DL/UL slot with 2/3/5 UL symbols), there will be a variety of DMRS patterns which need to be supported. To simplify both the specification effort and the receiver complexity we propose to parametrize the DMRS patterns with the following method:

Proposal 7: For both a slot and a mini-slot scheduling unit, additional DMRS is transmitted with uniform spacing inside the scheduling unit.
· For one-symbol front-load, additional DMRS may be transmitted in the scheduling unit every X=3*k, or X=4*k, or X=5*k symbols, for k integer, after the transmission of front-load DMRS.
· Up to one additional two-symbol DMRS is supported when two-symbol front-load is used.

Based on the above general principle, for slot-based scheduling, we can get to the following examples of DMRS patterns depending on the slot format and mobility robustness. We observe that we avoid two symbol extrapolation in all the scenarios, while allowing for either 2 or 3 or 4 DMRS transmitted during a 14-symbol slot scheduling unit for different size of UL burst. 
[image: ]
Figure 3 Additional DMRS location for slot-based scheduling for 3 symbol control
In the above figure, we observe that for each slot format the DMRS may appear every X symbols with X is either 3 or 4 or 5. The network semi-statically signals the number of additional DMRS and the location. With the above symmetric and uniformly spaced approach, different mobility may be supported while keeping the UE complexity reasonably low since only a limited set of CE algorithms are needed to be supported. For example, in the above scenario transmitting DMRS every two symbols (X=2) provides robust performance for mobility up to 500 kmh for 4 GHz carrier frequency. 
[image: ]
Figure 4 Additional DMRS location for slot-based scheduling for 2 symbol control
[bookmark: _GoBack]In Figure 4, we show examples based on the above principle. Observe that the case of no UL-burst with 2-symbol control may appear as an exception to the principle. However, it should be clear that if we see this pattern as two 7-symbol min-slots, DMRS appear every 2 symbols for each one. 
DMRS bundling and slot aggregation considerations
In scenarios of slot aggregation, DMRS design should not be dependent on whether and how many slots are aggregated. Such a dependency on the slot aggregation would only increase complexity with potential performance loss in several scenarios. For example, we observed that in most scenarios removing one of the symbols leads to performance degradation due to the processing gain loss. Also, removing the front-load DMRS could have system-level performance impact due to the fact that inter-cell interference will be more difficult to handle when the neighbour cell is using a slot with one symbol front-load DMRS (Data-aided-interference cancellation from neighbour cell is more difficult).
Proposal 8: In scenarios of DMRS bundling in time domain, DMRS patterns of the bundled slots is not impacted. 
DMRS for broadcast PDSCH
Broadcast/multicast PDSCH channel carries broadcast system information not transmitted in the PBCH channel which includes, System Information blocks (SIB), Paging, RRC signaling messages. RAN2 has identified that approximately 250 bits will be used for SIB. In [2] we provide numerical results which compare the case of using two-symbol config-2 and one symbol config-1 with additional DMRS. 
[image: ]
It is observed that, due to the small frequency domain density of config-2, staggering would be needed to get closer to the config-1 performance, but it is still 0.5 dB worse compared to a non-staggered config-1 approach as shown above. Also, at least 2 additional looks are needed inside a slot with at least total 18 REs for the one port to get enough processing gain to reach the cell edge. 
Overall we propose use config-1 with at least a total of 3 DMRS symbols for the following reasons:
· Best performance compared to the two-symbol config-2 with or without freq. domain staggering.
· No frequency domain staggering is needed which leads to easier receiver implementation.
· The broadcast PDSCH DMRS using config-1 is the same with one of the patterns used for unicast PDSCH for very high speed scenarios. 
· Allows for up to 4 symbol UL burst, up to 3 symbols control, and still ensures 3 looks in time and dense pattern in frequency to ensure robust performance at the worst channel conditions (e.g. TDL-C 1000 nsec and 1850 Hz Doppler spread which corresponds to 500kmh at 4 GHz).
[image: ]
Proposal 9: Broadcast PDSCH is transmitted using a config-1 one-symbol front-load DMRS with at least 2 additional DMRS symbols. DMRS pattern for broadcast PDSCH should be unique and same with one of the DMRS patterns for unicast PDSCH.
DMRS for 60 KHz ECP slot
In [3] a study on the aspect of additional DMRS and staggering is shown. Based on this study, we observe that there is no need for frequency domain staggering for config-1 whereas config-2 due to the low frequency domain density even with staggering achieves significantly lower performance. Since the DMRS will be signalled semi-statically, there is no need of introducing an additional DMRS pattern which allows for frequency domain staggering; the UE may be configured with config-1 to handle the high delay spread scenarios.
Proposal 10: The supported DMRS patterns in an ECP slot are designed with the same principle as the NCP slots: No frequency domain staggering on additional DMRS, with the location of the latter every 3*k, or 4*k, or 5*k, symbols starting from the front-load DMRS.
Collision handling of DMRS
DMRS patterns are already highly configurable. Introducing heuristic DMRS shifting would only increase the UE complexity with performance gains that are questionable. The network for example may schedule mini-slots to handle the collision of DMRS with PSS/SSS. Therefore, if such collision cannot be avoided by configuration we propose DMRS puncturing to occur. 
Proposal 11: DMRS shifting should not be supported in NR to handle collision handling of DMRS with PSS/SSS.
 DMRS sequence design and PN sequence
The reference signal sequence derivation for DMRS should be based on QPSK sequence 


where c(i) is a length-31 Gold sequence (same as LTE).
Proposal 12: DMRS PN sequence is the length-31 Gold sequence (same as LTE)
The initialization of the PN sequence should not be UE-specific, but rather resource-element specific, to enable advanced interference cancellation (IC). We propose to create a long PN sequence
Proposal 13: Initialization of the PN generator c(i) for each symbol carrying DMRS depends on:
· Virtual cell ID (10 bits)
· UE SCID (1 bit)
· Symbol index of the DMRS with respect to the start of the radio frame (12 bits)

Regarding the 12 bits for symbol index, this is derived assuming 240kHz SCS, with 10ms radio frame, which leads to 2240 symbols.
Bursty interference measurement (BIM)
Estimation of noise and interference power (covariance matrix for MIMO) is necessary for some types of receivers (e.g. MMSE, MMSE-IRC, etc.), and DMRS may be used for that purpose. However, due to the bursty nature of inter-cell interference in NR, the amount of interference could potentially be different for each symbol within a slot. For instance, NR supports short-burst transmissions for mini-slots and URLLC within a regular eMBB slot, unscheduled UL transmission without grant, dynamic TDD, etc. 
Although the demodulation performance is a strong function of the accuracy of interference estimates for each symbol and tone, the time-domain density of DMRS symbols may not be high enough to capture the fine variation in the interference. Therefore, we propose to use dedicated resources (e.g. sparsely spaced null tones embedded in scheduled PRBs) to improve the accuracy of interference estimation and hence enhance the DL demodulation. Potentially, we see that the existing configuration framework of PTRS could be reused for BIM resource assignment. More details are provided in our companion contribution on this topic. We make the following proposals:
Proposal 14: NR UEs are provided with dedicated resources and signalling for bursty interference measurement (BIM) at demodulation time.
Proposal 15: Null tones embedded in the scheduled RBs can be used for BIM. The null tone is sparsely spaced in frequency but densely placed in time (possibly on every OFDM symbol).
Proposal 16: In NR, consider reusing PTRS configuration for BIM.
Conclusions
We propose:
Proposal 1: For each slot format, NR supports only semi-static signaling of the DMRS pattern for unicast PDSCH:
· front-load DMRS type, 
· number of symbols in front-load DMRS,
· number of additional DMRS symbols, 
· Location of additional DMRS symbols,
· Traffic to Pilot Ratio (TPR) for each port.

Proposal 2: NR supports a non-transparent MU-MIMO framework. 

Proposal 3: NR at the minimum supports up to 2 bits increase in the DCI overhead to enable signaling the CDM groups containing data or RS.  
Proposal 4: From UE perspective, NR supports the following port-pairing principles:
· In MU-MIMO, a UE is expected to be assigned first the ports that belong on the same CDM group, and then, if all ports of one CDM group have been assigned, ports of another group would be assigned. 
· If the serving ports are not assigned according to the above MU-MIMO rule, then it is a SU-MIMO transmission from UE perspective.
· For a 4-port SU-MIMO transmission NR does not support asymmetric port pairing (i.e., 3 ports from one group and 1 port from another group).
Proposal 5: The first symbol of front-loaded DM-RS in a slot is fixed in the 3rd or 4th symbol of a slot for a system bandwidth more or less than X PRBs respectively.
Proposal 6: For Rel-15, self-contained ACK/NAK 14-symbol slots are supported using the one and two symbol front loaded DMRS. Self-contained ACK/NAK on 7-symbol scheduling units are not supported. 

Proposal 7: For both a slot and a mini-slot scheduling unit, additional DMRS is transmitted with uniform spacing inside the scheduling unit.
· For one-symbol front-load, additional DMRS may be transmitted in the scheduling unit every X=3*k, or X=4*k, or X=5*k symbols, for k integer, after the transmission of front-load DMRS.
· Up to one additional two-symbol DMRS is supported when two-symbol front-load is used.

Proposal 8: In scenarios of DMRS bundling in time domain, DMRS patterns of the bundled slots is not impacted. 
Proposal 9: Broadcast PDSCH is transmitted using a config-1 one-symbol front-load DMRS with at least 2 additional DMRS symbols. DMRS pattern for broadcast PDSCH should be unique and same with one of the DMRS patterns for unicast PDSCH.
Proposal 10: The supported DMRS patterns in an ECP slot are designed with the same principle as the NCP slots: No frequency domain staggering on additional DMRS, with the location of the latter every 3*k, or 4*k, or 5*k, symbols starting from the front-load DMRS.
Proposal 11: DMRS shifting should not be supported in NR to handle collision handling of DMRS with PSS/SSS.
Proposal 12: DMRS PN sequence is the length-31 Gold sequence (same as LTE).
Proposal 13: Initialization of the PN generator c(i) for each symbol carrying DMRS depends on:
· Virtual cell ID (10 bits)
· UE SCID (1 bit)
· Symbol index of the DMRS with respect to the start of the radio frame (12 bits)

Proposal 14: NR UEs are provided with dedicated resources and signalling for bursty interference measurement (BIM) at demodulation time.
Proposal 15: Null tones embedded in the scheduled RBs can be used for BIM. The null tone is sparsely spaced in frequency but densely placed in time (possibly on every OFDM symbol).
Proposal 16: In NR, consider reusing PTRS configuration for BIM.
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Starting position of DMRS is:
- OFDM symbol 2 for system bandwidth > X
- OFDM symbol 3 for system BW < X X is TBD. 
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Starting position of DMRS is:
- OFDM symbol 2 for system bandwidth > X
- OFDM symbol 3 for system BW < X X is TBD. 
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