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1. BACKGROUND
In RAN plenary #94, the WID for Rel-18 MIMO enhancements was finalized [1]. According to the WID, DMRS enhancements for both uplink and downlink are among the considered improvements for Rel-18 MIMO. Per chairman’s guidance, besides the objective of increasing orthogonal DMRS ports for uplink and downlink MU-MIMO transmissions as stated in Objective 3, this agenda item is also tasked to support DMRS design for 8 TX UL SU-MIMO operation as described in Objective 5.
In RAN1 meeting #109-e, the discussion was focused on evaluation methodologies for DMRS enhancements, where various assumptions and scenarios for link- and system-level simulations were debated and agreed [2]. Further, RAN1 agreed on some high-level decisions as design principles and guidelines for DMRS enhancements [1]. 

	Specify to increase the maximum number of DMRS ports for PDSCH/PUSCH larger than Rel.15 for CP-OFDM without increasing the DMRS overhead. 
· Strive to have common design of DMRS enhancement for PDSCH and PUSCH for a given DMRS Type. 
 
The maximum number of enhanced DMRS ports in Rel.18 is doubled from Rel.15 DMRS ports: 
· For DMRS type 1, the max. number of enhanced DMRS ports in Rel.18 for PDSCH/PUSCH is 
· Single symbol DMRS: 8 DMRS ports. 
· Double symbol DMRS: 16 DMRS ports. 
· For DMRS type 2, the max. number of enhanced DMRS ports in Rel.18 for PDSCH/PUSCH is 
· Single symbol DMRS: 12 DMRS ports. 
· Double symbol DMRS: 24 DMRS ports. 
 
To increase the number of DMRS ports for PDSCH/PUSCH, evaluate and, if needed, specify one or more from the following options: 
· Opt.1 (enhance FD-OCC): Introduce larger FD-OCC length than Rel.15 (e.g. 4 or 6). 
· Study aspect includes potential performance degradation in large delay spread, potential scheduling restriction, backward compatibility. 
· Opt.2 (enhance TD-OCC): Utilize TD-OCC over non-contiguous DMRS symbols (e.g. TD-OCC across front/additional DMRS symbols) 
· Study aspect includes potential performance degradation in high UE velocity, potential scheduling restriction (e.g. how to apply freq. hopping), potential DMRS configuration restriction (e.g. restriction of the number of additional DMRS), backward compatibility. 
· Opt.3 (Sparser frequency allocation): increase the number of CDM groups (e.g. larger number of comb/FDM). 
· Study aspect includes potential performance degradation in large delay spread, backward compatibility. 
· Opt.4 (using TDMed DMRS symbol): reusing additional DMRS symbols to increase orthogonal DMRS ports 
· Study aspect includes potential performance degradation in high UE velocity, potential DMRS configuration restriction (e.g. restriction of the number of additional DMRS), backward compatibility. 
· Opt.5 TD-OCC over non-contiguous DMRS symbols combined with FD-OCC or FDM: reusing additional DMRS symbol(s) to improve channel estimation performance. 
· Study aspect includes potential performance degradation in high UE velocity, potential scheduling restriction (e.g. how to apply freq. hopping), potential DMRS configuration restriction (e.g. restriction of the number of additional DMRS), backward compatibility. 
· The same option can be applied to both single symbol DMRS and double symbol DMRS. 
 
To increase the maximum number of DMRS ports for PDSCH/PUSCH compared to Rel.15 DMRS for CP-OFDM without increasing the DMRS overhead, 
· Study whether/how to enable MU-MIMO between Rel.15 DMRS ports and Rel.18 DMRS ports, as well as whether/how to enable MU-MIMO among Rel.18 DMRS ports, in the same or different CDM group. 

For LLS assumptions for increasing DMRS ports in AI 9.1.3.1 in Rel.18: 
· Precoding assumption of PUSCH, “[ZF or SVD]” in RAN1#109e agreement is updated by 
· Alt.2-2: SVD 
 
To increase the maximum number of orthogonal DMRS ports for PDSCH/PUSCH larger than Rel.15,  
· Study whether/how to support DCI-based dynamic antenna ports indication of Rel.18 DMRS ports and/or Rel.15 DMRS ports. 
· Study whether/how to reuse the antenna port indication table in 38.212 as much as possible for both PDSCH and PUSCH 
· Study the potential need for MU scheduling restrictions in the design of the enhanced antenna port indication table in 38.212 for DL PDSCH. 
 
Study the following potential DMRS enhancement for potential support of more than 4 layers SU-MIMO PUSCH. 
· Extend DMRS port allocation table for rank 5~8 
· Note: DL DMRS table can be a reference 
· Enhancement for DMRS to PTRS mapping  
Study whether to utilize Rel.18 DMRS ports for more than 4 layers SU-MIMO PUSCH. 
· Note: the above study does not imply more than 4 layers SU-MIMO PUSCH is supported. 
· Note: other study for potential DMRS enhancement for potential support of more than 4 layers SU-MIMO PUSCH is not precluded. 

For MU-MIMO LLS of PDSCH, for evaluation of SVD/CSI-codebook based sub-band precoding, companies shall report the pre-coding assumption of interference of co-scheduled UEs from the following: 
· Alt.1: calculated by pre-coder of channel of each co-scheduled UE. 
· For precoding assumption of PDSCH, precoder of target UE and precoder of co-scheduled UE are generated independently.
· Companies can report a set of azimuth and zenith angle offset used for evaluation (For example, azimuth angle offsets from [30 o, 60 o, 90 o] and zenith angle offset from [3o, 6o] can be considered).
· Alt.2: calculated by random pre-coder (i.e. precoder selected randomly from a predefined set of precoders) which is different from the pre-coder of target UE. 
· For precoding assumption of PDSCH, only the channel of one target UE, i.e. Hd, needs to be modelled. Precoder is generated based on Hd to obtain the precoder for this UE only. The interference from co-scheduled UEs can be modelled as,  , wherein Wi can be randomly selected from a predefined set of precoders
· Companies shall report how to generate the predefined set of precoders for simulation.
· Alt.3: the same pre-coder as scheduled UE. 
· PDSCH interference and interfering DMRS ports are emulated using the same pre-coder as for the scheduled UE.
· Power offset of the co-scheduled UE is one value from {0dB, -3dB, -6dB} as fixed evaluation parameter. Other values are not precluded. 
· For precoding assumption of PDSCH, only the channel of one target UE, i.e. Hd, needs to be modelled. Precoder for the target UE (denoted as Wd) is generated based on Hd only. Denote the precoding matrix/vector of the ith co-scheduled UEs as Wi, and Wi=Wd (Wi for all th co-scheduled UEs are same). Then the interference from co-scheduled UEs can be modelled as .​
For the above Alt.1-3, only PDSCH performance of the target UE is evaluated, while interference of both PDSCH and DMRS of co-scheduled UE(s) is simulated. 




2. DISCUSSION
In this contribution, we first provide an overview of the current DMRS in NR, and then we share our perspectives on potential solutions for DMRS capacity enhancements.

2.1 NR DMRS DESIGN
[bookmark: _Hlk101780910]In NR Rel-17, the DMRS configuration that defines placement of reference signals in time and frequency is designed to address a variety of scenarios with the aim of maintaining high design flexibility and forward compatibility, while addressing implementation complexity and constraints from the receiver perspective. Moreover, the placement pattern of the pilot is a vital part of the design of an efficient MIMO communication system because it impacts the number of orthogonal antenna ports supported for SU/MU-MIMO transmission.

At a high level, DMRS mapping in NR is principally defined by two main configurations of mapping types, i.e., Type A or B where each can be further configured as Type 1 or 2. Configuration types A/B define time domain mapping of a DMRS configuration, while types 1/2 specify frequency density of the DMRS resources.
For mapping type A, the position,  of the first DMRS symbol is placed on the third or fourth OFDM symbol, whereas for mapping type B,  relative to the start of the scheduled PDSCH or PUSCH resources. Also, for mapping type A, the duration,  is between the first OFDM symbol of the slot and the last OFDM symbol of the scheduled PDSCH (or PUSCH) resource while for mapping type B, the  is the number of OFDM symbols of scheduled PDSCH (or PUSCH) resource allocation. When it comes to increasing the number of DMRS ports, DMRS mapping type may not be a relevant aspect of the discussion, as it primarily defines the range of PDSCH and DMRS mappings within a slot. On the other hand, enhancements for configuration Types 1/2 would be the main outcome of an effort for increasing the number of DMRS ports.
Figure 1 shows some examples of two DMRS configuration types for a CP-OFDM waveform that are referred to as DMRS configuration Type 1 and DMRS configuration type 2. Both configurations support single-symbol and a double-symbol DMRS mappings. To use the available resources efficiently, orthogonal cover codes (OCC) are used to support multi-port operation of DMRSs. For example, in the shown single-symbol configuration, two antenna ports using the same resource elements are orthogonalized by using a length 2-OCC, whereas for a double-symbol configuration, four antenna ports are orthogonalized by using a length 4-OCC. 

The DMRS configuration types specify the density of the DMRS in the frequency domain and determines the maximum number of orthogonal antenna ports that can be supported in per physical resource block. Therefore, the main difference between the configuration types is that DMRS Type 1 has a denser frequency domain occupancy of the pilots in comparison to DMRS Type 2, thus making it more resilient to frequency domain channel variations. On the other hand, type 2 can have more orthogonal antenna ports (although there is a trade-off of reduced DMRS density). Thus, DMRS Type 1 can support up to 4 orthogonal ports a single-symbol and up to 8 orthogonal ports for a double-symbol configuration, whereas DMRS Type 2 can support up to 6 orthogonal ports and up to 12 orthogonal ports for a single-symbol and double-symbol configuration respectively – thus, making it more suitable for MU-MIMO.
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Single-symbol DMRS, length 2-OCC                	Double symbol DMRS. Length 4-OCC
(a) – DMRS configuration type 1
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Single-symbol DMRS, length 2-OCC                    Double symbol DMRS. Length 4-OCC
(b) – DMRS configuration type 2

[bookmark: _Ref100216733]Figure 1 Exemplary cases of DMRS configurations for a CP-OFDM waveform


2.2 DESIGN CONSIDERATION AND GUIDELINES
Based on the above description and general objectives defined in WID, we can consider a basic set of guidelines for the enhancements required for increasing the number of DMRS ports. Also, such guidelines help to focus the scope of the work and have a faster progress during the phase of the work item.
 
Low Doppler 
The use case scenarios considered in both Objectives 3 and 5 are all intended for almost static channel [1]. In Objective 3, MU-MIMO is only relevant for very low mobility conditions when UEs can be paired with some consistency. Therefore, the rate of variations of the channel over time for MU-MIMO can be assumed minimal. In case of high rate of change in channel, SU-MIMO will be a better mode of transmission. Furthermore, since targeted UEs in Objective 5 mainly have zero or very low mobility, again an almost static channel can be considered. 

Observation 1:  The use case scenarios considered in both Objectives 3 and 5 are all intended for almost static channel.

Proposal 1: Proposed DMRS enhancements should mainly target low Doppler use cases.

[bookmark: _Hlk109412319]Sparse Mapping
[bookmark: _Hlk101790506][bookmark: _Hlk101790527]If there is no restriction on the overhead, it is easy to increase the number ports to almost any arbitrary number. However, as it has been outlined in the Objective 3, the proposed solutions should require no increase in the DM-RS overhead. Therefore, some trade-offs in frequency and time features of DMRS need to be made to be able to support a higher number of DMRS ports. For example, lower density transmission of DMRS in frequency and/or time domains can be utilized.

Observation 2:  If there is no restriction on the overhead, it is easy to increase the number ports to almost any arbitrary number.

Proposal 2: RAN1 studies lower density transmission of DMRS in frequency and time domains.

Enhanced DMRS Pattern
1. Sparse frequency and time domain allocations: Depending on the use case scenarios, e.g., Doppler environment, signal-to-noise, channel delay spread, etc., different DMRS pattern may be envisioned.  For example, a UE may support up to 24 orthogonal DMRS ports as considered in Objective 3 based one of the following DMRS patterns as shown in Figure 2. 
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                         Single-symbol DMRS, length 2-OCC                    Double-symbol DMRS, length 4-OCC

(a) - DMRS pattern 1 for a CP-OFDM waveform
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                         Single-symbol DMRS, length 2-OCC                    Double-symbol DMRS, length 4-OCC

(b) - DMRS pattern 2 for a CP-OFDM waveform

Figure 2 – Exemplary cases of proposed DMRS patterns for a CP-OFDM waveform

Unlike DMRS type 1 and 2 configurations in NR Rel.17, it can be observed that the density of the DMRS pilots have been reduced - with an added advantage of increased number of orthogonal DMRS ports in Figure 2. Thus, the DMRS patterns (1 and 2) use OCC length-2 and OCC length-4 for the single-symbol and double symbol DMRS configurations, respectively to support multi-port operation. Even though, the DMRS patterns in Figure 2 yield more orthogonal ports, the need to support new CDM groups within same RB should be considered.

2. Longer FD-OCC length: A solution to increasing the number of orthogonal DMRS ports can be obtained by using longer FD-OCC lengths (e.g., OOC4 or higher). Exemplary patterns that can be considered to obtain more orthogonal DMRS ports are shown in Figure 3. The DMRS patterns 3 and 4 both use OCC length-4 (for single-symbol DRMS) and OCC length-8 (for double symbol DMRS) for multi-port operation. Also, it is easy to observe that the placements of the DMRS pilots are within a slot and the required CDM groupings are within the scheduled RB. In addition, by using longer length OCCs, the DMRS patterns 3 and 4 can support up to 24 orthogonal DMRS ports.
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                         Single-symbol DMRS, length 4-OCC                                  Double-symbol DMRS, length 8-OCC
(a) - DMRS pattern 3 for a CP-OFDM waveform
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                           Single-symbol DMRS, length 4-OCC                                  Double-symbol DMRS, length 8-OCC
(b) - DMRS pattern 4 for a CP-OFDM waveform
Figure 3 – Exemplary cases of DMRS patterns with longer OCC length for a CP-OFDM waveform
Observation 3:  To support 24 ports DMRS, both OCC lengths of 2 and 4 can be used.

Proposal 3: RAN1 supports DMRS patterns with both OCC lengths of 2 and 4 as shown in Figures 2 and 3.

Configuration of Enhanced DMRS Patterns
Both examples, shown in Figure 2, are based on an OCC of length 2, and can be considered under a general configuration only with different separation between the constituting REs. For example, in the solution shown in Figure 2a, the offset between the two REs of an OCC is 5 unlike in the in Figure 1a, with an offset of 1 RE. Hence, for a channel with a relatively high delay spread and/or relatively high SNR, configuration shown in Figure 2a may be considered, while for a channel with a relatively low delay spread and/or relatively low SNR, the configuration shown in Figure 2b can be used.
Therefore, a UE can receive a semi-static or a dynamic configuration for a specific OCC length, e.g., OCC=2. Then to assist scheduler and reduced signaling overhead, the distance or the separation between the REs of an OCC can be indicated dynamically. 

Observation 4: For a channel with a relatively high delay spread and/or relatively high SNR, configuration shown in Figure 2a may be considered, while for a channel with a relatively low delay spread and/or relatively low SNR, the configuration shown in Figure 2b can be used.

Proposal 4: To assist scheduler and reduced signaling overhead, the distance or the separation between the REs of an OCC can be indicated dynamically

Enhancing Accuracy of Channel Estimation
The capacity of DMRS port configuration can be increased by increasing the length of a cover code in time or frequency, however the accuracy of estimation may be reduced due to assumption of no or very little change of channel over duration of the cover code. In practice, the accuracy of channel estimation may be enhanced by considering a sliding window over several DMRS transmissions.
Figure 4 shows basic operation of sliding window for enhancing channel estimation, where each OCC group shown by dotted oval may have two estimates resulted from a first estimate and a second estimate window instead of one. Therefore, the overall estimate may be enhanced by processing, e.g., averaging of the available two estimates. 

Observation 5: The capacity of DMRS port configuration can be increased by increasing the length of a cover code in time or frequency, however the accuracy of estimation may be reduced due to assumption of no or very little change of channel over duration of the cover code.

Proposal 5: RAN1 studies use of sliding window for enhancing accuracy of channel estimation, whereby using more than one estimation window, the accuracy of estimation is enhanced.


Figure 4 – Enhanced channel estimation with sliding window
Non-orthogonal OCC Groups
Figure 5 shows an exemplary single symbol DMRS mapping supporting 12 ports using overlapped OCC of length 4. Use of an OCC of length 4 is beneficial for low SNR scenario, however it could make support of 24 ports DMRS challenging because of potential spreading over several RBs. A potential solution for such situation would be use of overlapped OCCs. As such, OCC groups while being orthogonal internally, they will be pairwise non-orthogonal. Figure 5 shows a single symbol DMRS mapping to support 12 different DMRS ports using such approach. Following the presented principle and employing 2 symbols, an overall DMRS capacity of 24 ports can be supported.
Observation 6: Use of an OCC of length 4 is beneficial for low SNR scenario, however it could make support of 24 ports DMRS challenging because of potential spreading over several RBs.

Proposal 6: RAN1 studies use of non-orthogonal OCC groups where OCC groups while being orthogonal internally, they will be pairwise non-orthogonal.



[bookmark: _Ref109049299]Figure 5 DMRS mapping for CP-OFDM waveform with length 4 overlapping OCCs 


DMRS Antenna Port Indication
In Rel-17 NR, for CP-OFDM transmission, up to 5 and 6 bits are used in a scheduling DCI to indicate DMRS ports for uplink and downlink transmissions, respectively, where in either case not all the codepoints are used. For 24 ports antenna port indication in Rel-18, RAN1 should not increase DCI payload and instead reuse the existing fields in DCI. Currently, there are a few unused states in the antenna port indication field, therefore by using them, a UE can determine whether the indicated DMRS ports by the DCI is based on a legacy or enhanced P-port DMRS configuration. 
For example, if a UE that is configured by RRC with the legacy DMRS mapping, (e.g., dmrs-Type=1, maxLength=1 where 4 bits are allocated for the antenna port indication), and also an enhanced DMRS configuration, receives a DCI format 1_1, it may determine whether the legacy or enhanced mapping is indicated by the DMRS antenna port field by checking one of the reserve states in the antenna port, i.e., states 12-15.

Observation 7: In Rel-17 NR, for CP-OFDM transmission, up to 5 and 6 bits are used in a scheduling DCI to indicate DMRS ports for uplink and downlink transmissions, respectively, where in either case not all the states are used. 

Proposal 7: For 24 ports antenna port indication in Rel-18, RAN1 should not increase DCI payload and instead reuse the existing fields in DCI.

3. SIMULATION RESULTS
We have performed simulations using the Legacy Type-1 DMRS configuration, single DMRS symbol with OCC-2 shown Figure 1a above to show the benefit of the proposed sliding window method for enhancing channel estimation as shown in Figure 6. Note that, the sliding window estimation technique can be extended to other DMRS transmission patterns with longer OCC length. Thus, we perform link level simulations, and the MSE is used as a performance metric while considering the downlink (PDSCH) channel. However, it should be noted that the benefits are applicable to the uplink (PUSCH) channel with CP-OFDM transmission. 
For channel estimation, we consider the sliding window operation over every 2 RBs in the PDSCH allocation.  Figure 4 shows an exemplary configuration and assumptions of the DMRS mapping and sliding window method considered for channel estimation in our simulation. The simulation parameters can be found in Table 3.1.



Figure 6 Sliding window
In Figure 7a, we present the simulation results for an almost constant channel scenarios with a relatively low delay spread (e.g., 30ns), it can be observed that MSE of the channel estimated at the DMRS pilot locations are almost the same. However, for the entire PDSCH allocation (comprising both data and DMS pilot symbols) in Figure 7b, it can be observed that the sliding window channel estimation technique gives of a lower MSE.  
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(a) DRMS pilot locations						 (b) PDSCH allocation (Data and DMRS pilot symbols)	
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(c) DMRS pilot symbols 						(d)  PDSCH allocation (Data and DMRS pilot symbols)		

Figure 7 - MSE showing the performance of Sliding window versus Legacy channel estimation

Furthermore, for relatively high delay spread scenarios (e.g., 300ns), the benefit of the sliding window estimation method is more obvious. For the MSE performance at the DMRS pilot locations in Figure 7c, it can be observed that the sliding window estimation method, at an MSE of  has a performance gain of about 3 dB over the Legacy method. Consequently, the accuracy of the estimates across the PDSCH allocation are also enhanced. Hence, sliding window channel estimation can be used to improve the accuracy of estimation.
Table. 3.1
	Parameter 
	Value 

	Duplex, Waveform 
	FDD, OFDM

	Carrier Frequency 
	4 GHz 

	Subcarrier spacing  
	30kHz 

	Channel Model 
	CDL-B

	Modulation
	16 QAM

	Delay spread 
	30ns, 300ns 

	UE velocity 
	3km/h

	Allocation bandwidth 
	20MHz 

	BS antenna configuration 
	16 ports: (M, N, P, Mg, Ng, Mp, Np) = (8,4,2,1,1,2,4), (dH,dV) = (0.5, 0.8)λ . 

	UE antenna configuration 
	2RX: (M, N, P, Mg, Ng, Mp, Np) = (1,1,2,1,1,1,1), (dH,dV) = (0.5, 0.5)λ for (rank 1,2) 

	DMRS configurations 
	Single symbol DMRS Type 1 

	DMRS mapping type 
	Mapping type A. 

	Receiver type 
	2DMMSE  

	Number of slots
	2000 slots

	Code rate
	0.5

	Allocated PDSCH Bandwidth
	52 PRBs



4. CONCLUSIONS
In this contribution we provided an overview of DMRS design in NR and provided some basic guidelines for increasing the number of DMRS ports. Based on the presented discussion, we make the following observations and proposals:

Observation 1:  The use case scenarios considered in both Objectives 3 and 5 are all intended for almost static channel.

Observation 2:  If there is no restriction on the overhead, it is easy to increase the number ports to almost any arbitrary number.

Observation 3:  To support 24 ports DMRS, both OCC lengths of 2 and 4 can be used.

Observation 4: For a channel with a relatively high delay spread and/or relatively high SNR, configuration shown in Figure 2b may be considered, while for a channel with a relatively low delay spread and/or relatively low SNR, the configuration shown in Figure 2b can be used.

Observation 5: The capacity of DMRS port configuration can be increased by increasing the length of a cover code in time or frequency, however the accuracy of estimation may be reduced due to assumption of no or very little change of channel over duration of the cover code.

Observation 6: Use of an OCC of length 4 is beneficial for low SNR scenario, however it could make support of 24 ports DMRS challenging because of potential spreading over several RBs.

Observation 7: In Rel-17 NR, for CP-OFDM transmission, up to 5 and 6 bits are used in a scheduling DCI to indicate DMRS ports for uplink and downlink transmissions, respectively, where in either case not all the states are used. 


Proposal 1: Proposed DMRS enhancements should mainly target low Doppler use cases.

Proposal 2: RAN1 studies lower density transmission of DMRS in frequency and time domains.

Proposal 3: RAN1 supports DMRS patterns with both OCC lengths of 2 and 4 as shown in Figures 2 and 3.

Proposal 4: To assist scheduler and reduced signaling overhead, the distance or the separation between the REs of an OCC can be indicated dynamically

Proposal 5: RAN1 studies use of sliding window for enhancing accuracy of channel estimation, whereby using more than one estimation window, the accuracy of estimation is enhanced.

Proposal 6: RAN1 studies use of non-orthogonal OCC groups where OCC groups while being orthogonal internally, they will be pairwise non-orthogonal.

Proposal 7: For 24 ports antenna port indication in Rel-18, RAN1 should not increase DCI payload and instead reuse the existing fields in DCI.
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