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[bookmark: _Ref481749371]Introduction
In previous RAN1 meeting, it has been agreed to support front-loaded DMRS mapped on either 1 or 2 adjacent OFDM symbols and to support up to 12 orthogonal DL DMRS ports. In the previous RAN1 meeting the following was agreed with respect to front-loaded DMRS:
· 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
· 
In this contribution, we address the remaining open issues on the DL DMRS design. Evaluations and UL DMRS are addressed in the companion contributions [1][2][3].
Higher layer configuration of DMRS
DMRS patterns
In our view, there are three main DMRS patterns with different use cases:
1. Front loaded + additional symbol(s)
2. Front loaded
3. High speed configuration

The first pattern would be the normal case, used in FDD and in TDD and can support a variety of UE speeds. The front loaded only pattern is useful in scenarios with very low Doppler and self-contained HARQ-ACK feedback slots and a typical case is the small cell operation. The third pattern has two main use cases, high speed train operation (fulfilling the ~500 km/h requirement) and for PDSCH transmission in initial access and random-access procedures, i.e. a default pattern. This third pattern has very large overhead as three or four OFDM symbols are used in the slot (TBD) but has the benefit that it can be used to adjust for both time and frequency errors as it has a uniform 2D structure, similar to TRS. This is useful for such initial communication before the TRS has been configured to the UE. 
In our view, the configuration between 1,2 and 3 should be a higher layer configuration and is valid for both UL and DL simultaneously, as the selection is highly dependent on the deployment scenario. 
Proposal 1: The UE is higher layer configured with either Front loaded, Front loaded +additional symbol or the high speed DMRS configuration, for both UL and DL simultaneously.
We thus suggest the RRC parameter DMRS-Additional, which indicates whether there is a second group of 1 OFDM symbol or 2 adjacent OFDM symbols in the slot carrying DMRS. We also suggest the RRC parameter DMRS-High speed, which indicates whether the high speed DMRS pattern should be used. If ON, then it applies to both UL and DL and makes DMRS type for UL and DL obsolete (as a single special high-speed pattern is used). Default value is ON and used for initial access and RAR procedures.
In addition, there are configuration type 1 and type 2 which are associated with high and low DMRS density, respectively. Type 2 is used when a high-order MU-MIMO transmission or reception is used at the gNB. There are gNB implementations where MU-MIMO is used in one direction only, hence it is beneficial if the type configuration can be independently configured for UL and DL. 
Proposal 2: DMRS configuration type is independently higher-layer configured for UL and DL respectively.
About FDM between DMRS and data
When the maximum number of orthogonal DMRS ports supported by the DMRS configuration type will not be considered in certain deployments, then resources allocated for the unused DMRS ports should be used for data transmission to reduce unnecessary overhead. Thus, it should be possible via higher-layer signaling to indicate a subset of the possible DMRS ports that the network intends to use. A UE receiving such message shall assume that data have been mapped on the unused DMRS ports.
Proposal 3: Higher-layer signaling indicates the active subset of antenna ports (i.e. max number of layers) and UE can receive PDSCH in REs associated with inactivated antenna ports unless DCI indicates no FDM with data in which case the UE shall not assume PDSCH in OFDM symbols carrying DMRS.
UE-specific DMRS scrambling IDs
It has been agreed to use PN sequence for CP-OFDM DMRS, and as in LTE DMRS, to be able to support flexible network deployments and CoMP, the sequence seed for DMRS should be configured by higher layers (similar to VCID in LTE).  Before configuration, e.g. for RAR, a default value must be used, e.g. based on some identifier obtained from the SSB detection.
In base station deployments with larger antenna arrays it will be possible to transmit and receive with narrow beams and support an even higher degree of MU-MIMO layer reception/transmission than can be supported by the twelve orthogonal DMRS ports. In the case of spatial isolation between users, DMRS orthogonality is not always necessary and instead of adding more orthogonal DMRS ports it would be sufficient the ensure low cross-correlations across DMRS ports. It is crucial that such non-orthogonal DMRS ports are associated with different scrambling IDs to avoid biased channel estimates and by then measure the inter-layer interference properly. Hence, relaying on spatial isolation only and reuse DMRS ports with same scrambling ID is not desirable.
The left-hand side of Figure 1illustrates a scenario with two groups of two UEs being assigned different scrambling IDs, where the UEs within each group are sharing the orthogonal DMRS ports. In comparisons to using a single scrambling ID per TP, as illustrated on the right-hand side of Figure 1, the number of MU-MIMO layers could be significantly higher than the number of orthogonal DMRS ports. If also considering COMP scenarios, the set of scrambling IDs should at least be 4.
Proposal 4: Support a set of at least 4 higher layer configurable scrambling IDs for UL and DL DMRS from which a scrambling ID can be dynamically assigned
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[bookmark: _Ref490243250]Figure 1 Extending the number of MU-MIMO layers via multiple scrambling IDs
Resource-specific DMRS sequence
One need to decide on whether the DMRS sequence shall be resource-specific or depend on the UE bandwidth, which could refer to scheduling bandwidth and/or to certain UE operation bandwidth. In LTE, resource-specific sequence was adopted for DL DMRS transmissions on antenna ports 7 to 14 where the DMRS sequence could be readily defined for the 20MHz system bandwidth per CC. However, when UEs have different operation bandwidth capabilities, the system bandwidth and the operation bandwidth of the UE may not be the same. It would be desirable from a specification point of view if the system bandwidth could be transparent for a UE.
Figure 3 illustrates a resource-specific DMRS sequence mapping where two UEs have operation bandwidths that partly overlap. In this case, the resource-specific DMRS sequences used by the UEs represent segments taken from the long DMRS sequence on the left-hand side. This long DMRS sequence may refer to largest possible UE operation bandwidth or to a large fictive system bandwidth seen from the network side. If the UEs are configured with same initialization parameters the overlapping DMRS will evidently be identical which enables DMRS port multiplexing via CDM in frequency across UEs with different operation bandwidths. In this illustration, the higher layer signaling of the parameter  and the operation/configured UE bandwidth define which part of the long DMRS sequence the UE shall use in transmissions of data. The long DMRS sequence will depend on configured scrambling ID.
Proposal 5: DMRS sequence shall be resource-specific and defined by a scrambling ID and a higher-layer signaled offset parameter.
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Figure 2 Illustration of a resource-specific DMRS sequence
DCI signaling and antenna port mapping 
The DMRS is constructed by using three dimensions, frequency comb, frequency OCC (FD-OCC) and time OCC (TD-OCC). A general observation is that separating ports by comb is the most robust, followed by TD-OCC and the least robust is FD-OCC. Hence, for SU-MIMO, the basic design of the antenna port mapping table should follow this principle where for the DMRS Configuration type 1, frequency resources correspond to different combs: 
Proposal 6: Antenna ports for SU-MIMO are mapped over orthogonal frequency resource elements first, then over code in time (when applicable) and then over code in frequency.  
This means for example in type 1, that for a single front-loaded OFDM symbol, rank 1-2 transmissions use comb only while rank 3-4 use comb+OCC. For dual front-loaded symbols, rank 1-2 is mapped over comb and repetition is used (same TD-OCC), for rank 3-4 both comb and TD-OCC is used and for rank 5-8 all dimensions are utilized. 
For mm-wave operation, in case PTRS is configured, then TD-OCC should not be used and the maximum number of layers is limited to four or six depending on the DMRS configuration type.
Proposal 7: When PTRS is enabled, then antenna ports for SU-MIMO are mapped over orthogonal frequency resource elements first then over code in frequency.  
Since FD-OCC is mapped last in the above principles, FD-OCC will not be used to separate users in MU-MIMO scheduling. It also means the number of layers per user is limited to 4 without PTRS enabled and 2 with PTRS enables.
For rank 1 and 2 transmission (in type 2) which can lead to significant overhead in the dual front-loaded symbol case, and particularly if additional DMRS symbols is added.  There will be unused resources which can be used in case of MU-MIMO pairings cannot be found and therefore we propose
Proposal 8: Dynamic switching between FDM and TDM of DMRS and PDSCH is supported by DCI indication.
Locations of DMRS symbols for PDSCH
[bookmark: _Hlk490133357]As previously agreed, DL DMRS are to be transmitted in 1 or 2 consecutive OFDM symbols starting at the 3rd or at the 4th OFDM symbol within a slot and to handle scenarios with time-varying radio channels within the transmission interval additional DMRS symbols can be configured to occur later in the slot. It has also been previously agreed that the frequency density of the DMRS is the same in the OFDM symbols carrying the DMRS.
The location of the additional DMRS symbols could be depend on multiple things such as FDD or TDD, optimizing towards certain radio conditions (coherence times), channel interpolation vs channel extrapolation, demodulation latency and special slot considerations (DL only or DL heavy) and potentially also locations of other reference signals. In the companion contribution [1], it is observed for a front-loaded DMRS in third symbol that moving the location of an additional DMRS towards the end of the slot in an LTE like scenario with speeds up to 120km/h improves the performance as channel interpolation improves over channel extrapolation with increasing Doppler.
In TDD, both DL only slots and DL heavy slots will occur and one may consider aligning the locations of the additional DMRS symbols as illustrated by Figure 3. In the DL only case, the last symbol(s) of the slot could be used to create a guard period for switching to UL which would imply that the locations of the additional DMRS symbols at the end of the slot may need to be shifted towards the beginning in such slots.
Proposal 9: Consider aligning the location of additional DMRS symbols for DL only and DL heavy slots
· One front-loaded DMRS with one additional symbol in slot index 10 
· Two front-loaded DMRS with two additional symbols in slot indices 9 and 10 
· One front-loaded DMRS and three additional symbols in slot indices 5, 8 and 11 when DMRS is configured to handle very high Doppler in DL only slots
· One front-loaded DMRS and two additional symbols in slot indices 5 and 8 when DMRS is configured to handle very high Doppler in DL heavy slots
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[bookmark: _Ref490234243]Figure 3. Location of additional DMRS to 1 and 2 front-loaded DMRS when aligning the DMRS locations in DL only slots with DL heavy slots.
DMRS for broadcast/multicast PDSCH
For broadcast/multicast PDSCH, it was agreed that the PDSCH is transmitted on a single DMRS port based on one of the DMRS configuration types where down-selections from the following alternatives are to be made:

· Alt 1: Configuration 1 (FFS 1 or 2 symbols) 
· Alt 2: Configuration 2 with 2 symbols
Support additional DM-RS:
· Alt 1: Additional DMRS is always present 
· Alt 2: Additional DMRS is configurable
· FFS the number of additional DMRS symbol(s)

Transmissions of broadcast/multicast PDSCH need to be very robust to a vast range of radio channel conditions so a corresponding DMRS pattern should support high DMRS density in both frequency and time. Evidently, DMRS Configuration type 1 has the highest DMRS density in frequency and should therefore be used for such transmission. As the overhead related to broadcast/multicast PDSCH is expected to be relatively small, the benefits of supporting configurable DMRS patterns for broadcast/multicast PDSCH seems to be minor. For efficient channel interpolation, the DMRS should be distributed over the whole transmission interval and given single-layer transmissions (and no spatial multiplexing with other transmissions) the DMRS should be mapped on a set of non-consecutive OFDM symbols [1]. Furthermore, such DMRS pattern would also be beneficial for performing frequency synchronization. Thus, the DMRS pattern for broadcast/multicast PDSCH should be based on additional DMRS to the single-symbol DMRS Configuration type 1 with DMRS being distributed over non-consecutive OFDM symbols.

Proposal 10:  For broadcast/multicast PDSCH, the DMRS pattern is based on the single-symbol DMRS Configuration type 1 

The number of additional DMRS symbols could depend on FDD or TDD as well as on the considered slot utilization (DL only or DL heavy slots) as illustrated in Figure 3, where the DL only and the DL heavy slots include 3 or 2 additional DMRS symbols, respectively.

Proposal 11: The location of the additional DMRS symbols for broadcasting/multicasting PDSCH is the same as in DL slots with DMRS configured for handling very high Doppler.
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[bookmark: _Ref490217396]Figure 4 DMRS pattern for broadcasting/multicasting PDSCH (2 OFDM symbols PDCCH region)
PN sequence generator
In designing DMRS sequences for CP-OFDM and data demodulation, one need to decide on the construction of the PN sequence generator. For the PN sequence generation, the length-31 Gold sequence design from LTE could be reused and the initialization of the sequence generator could, at least for MBB, follow the principles associated with DMRS transmissions on the antenna ports 7 to 14 in LTE. Although other PN sequence generators can be envisioning, there are currently no indications on use cases where DMRS derived from the Gold sequence design would not be suitable for NR in CP-OFDM based transmissions.
Proposal 12: In CP-OFDM, QPSK modulated DMRS is derived from the length-31 Gold sequence in LTE.
Conclusion
Based on the discussion in this contribution, we recap the following long list of proposals:
Proposal 1: The UE is higher layer configured with either Front loaded, Front loaded +additional symbol or the high speed DMRS configuration, for both UL and DL simultaneously.
Proposal 2: DMRS configuration type is independently higher-layer configured for UL and DL respectively.
Proposal 3: Higher-layer signaling indicates the active subset of antenna ports (i.e. max number of layers) and the UE can receive PDSCH in REs associated with inactivated subset of antenna ports unless DCI indicates no FDM with data in which case the UE shall not assume PDSCH in OFDM symbols carrying DMRS.
Proposal 4: Support a set of at least 4 higher layer configurable scrambling IDs for UL and DL DMRS from which a scrambling ID can be dynamically assigned
Proposal 5: DMRS sequence shall be resource-specific and defined by a scrambling ID and a higher-layer signaled offset parameter.
Proposal 6: Antenna ports for SU-MIMO are mapped over orthogonal frequency resource elements first, then over code in time (when applicable) and then over code in frequency.  
Proposal 7: When PTRS is enabled, then antenna ports for SU-MIMO are mapped over orthogonal frequency resource elements first then over code in frequency.  
Proposal 8: Dynamic switching between FDM and TDM of DMRS and PDSCH is supported by DCI indication.
Proposal 9: Consider aligning the location of additional DMRS symbols for DL only and DL heavy slots
· One front-loaded DMRS with one additional symbol in slot index 10 
· Two front-loaded DMRS with two additional symbols in slot indices 9 and 10 
· One front-loaded DMRS and three additional symbols in slot indices 5, 8 and 11 when DMRS is configured to handle very high Doppler in DL only slots
· One front-loaded DMRS and two additional symbols in slot indices 5 and 8 when DMRS is configured to handle very high Doppler in DL heavy slots
[bookmark: _GoBack]Proposal 10:  For broadcast/multicast PDSCH, the DMRS pattern is based on the single-symbol DMRS Configuration type 1 

Proposal 11: The location of the additional DMRS symbols for broadcasting/multicasting PDSCH is the same as in DL slots with DMRS configured for handling very high Doppler.

Proposal 12: In CP-OFDM, QPSK modulated DMRS is derived from the length-31 Gold sequence in LTE.
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