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1. Introduction
In previous meetings, progress on DM-RS design was achieved as follows

	Agreements in RAN1 #86bis:
· NR should support
· UE/PDCCH-specific DM-RS for PDCCH reception. At least for beamforming, UE may assume same precoding operation for PDCCH and associated DM-RS for PDCCH.
· FFS: DM-RS is PDCCH-specific and/or UE-specific
· Shared/Common RS for PDCCH reception
· Whether this sharing will be transparent to UE is FFS
· FFS: Whether UE may assume the same precoding operation between RS and PDCCH
· FFS: QCL between antenna ports for PDCCH demodulation
· FFS: QCL between antenna ports for PDCCH demodulation
· Tx diversity supported. Which scheme/how FFS
Agreements in RAN1 #87:
· when the control resource set spans multiple OFDM symbols, NR support a  control channel candidate to be mapped to multiple OFDM symbols or to a single OFDM symbol
· The gNB can inform UE which control channel candidates are mapped to each subset of OFDM symbols in the control resource set. FFS: details of the signaling (implicit or explicit)
· At least for single-stage DCI design:
· A control resource set (formerly called control subband) is, in the frequency domain, a set of PRBs within which the UE attempts to blindly decode downlink control information
· The PRBs may or may not be frequency contiguous
· A UE may have one or more control resource sets
· Working assumption: One DCI message is located within one control resource set
· In frequency-domain, a PRB is the resource unit size (may or may not including DM-RS) for control channel
Agreements in RAN1 NR Adhoc:
· Transmit diversity scheme for DL control channel is supported.
· FFS; SFBC or precoder-cycling, etc
· Other schemes are not precluded
· FFS number of antenna ports (1 or 2)
· A UE assumes fixed number of RS REs per REG for control channel rate matching when the REG contains RS REs
· FFS;  if the fixed number is configurable



In this contribution, we will continue to discuss the DM-RS design for NR-PDCCH including the DM-RS design per REG-bundle and whether to support the front-loaded RS. . 
2. DM-RS design for REG-bundle
During the last meeting, it was agreed that REG-bundle is introduced to improve the channel estimation performance. REG-bundle is formed by adjacent REGs in frequency domain and/or time domain. Same precoder is applied for all REGs within one REG-bundle so that channel estimation can be filtered within one REG-bundle. 
For the DM-RS pattern design, the most straightforward method is to define DM-RS pattern with a certain RS density per REG as shown in Fig.1. However, on the other hand, defining DM-RS pattern per REG may result in some inefficient DM-RS usage. For example, the total number of DM-RS per REG bundle should be integer times of the DM-RS number per REG. Instead, we consider to define DM-RS pattern per REG-bundle. Defining DM-RS pattern per REG-bundle could provide benefits from two aspects. One is to enable removing some unnecessary DM-RS REs to achieve higher coding gain. The other is to enable shifting the DM-RS to realize more uniform DM-RS distribution and improve the channel estimation performance. Fig.2 shows one example of defining DM-RS pattern per REG-bundle. 
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Figure 1 Define DM-RS pattern per REG 
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Figure 2 Define DM-RS pattern per REG bundle

Link level simulation is carried out to compare the performance of DM-RS patterns in Fig.1 and Fig.2. For simplicity, one OFDM symbol with 20 MHz is assumed. Performances for DCI payload sizes of 60 bits and 40 bits are shown in Fig.3 and Fig.4, respectively. The simulation results show that defining DM-RS pattern per REG bundle could provide better performance in low aggregation levels e.g., AL=1 and AL=2 due to lower coding rate and more uniform DMRS distribution. At the same time, the rate-matching could be unified per REG bundle without no negative impact on applying the beam forming or precoding operation. Based on this, it can be observed that defining DM-RS pattern per REG bundling could improve the performance. In addition, it can also be observed that the DM-RS density of 1/3 in Fig.1 offers inferior performance than that of less than 1/3 in Fig.2. Then it can be generally observed that the DM-RS density should be lower than 1/3. 

· Observations 1:
· Define DM-RS pattern per REG bundling 
· DM-RS density should be lower than 1/3
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Figure 3 Comparison for the DCI payload size of 60 bits
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Figure 4 Comparison for the DCI payload size of 40 bits
3. Self-contained DM-RS and front-loaded DM-RS
In case that the NR-PDCCH is transmitted on a frequency part over multiple OFDM symbols, it is possible that DM-RS REs are only located to the REGs of the first OFDM symbol, so as to save the DM-RS overhead and to provide higher coding gain. However, on the other hand, omitting the DM-RS transmission in the subsequent OFDM symbols would degrade the channel estimation performance. To investigate the necessity of front-loaded DM-RS, we evaluate the performance of self-contained DM-RS (i.e., all DM-RS is uniformly mapped over the REG bundle) and front-loaded DM-RS (i.e., DM-RS is mapped on the REG(s) at the first OFDM symbol) for both localized NR-PDCCH and distributed NR-PDCCH considering the following resource mapping scheme based on the conclusion in our companion contribution [2] 
· One REG bundle is formed by contiguous REGs in frequency domain 
· One CCE is formed by contiguous REGs bundle in time domain 
· Localized NR-PDCCH: formed by contiguous CCE in frequency domain 
· Distributed NR-PDCCH: formed by distributed CCE in frequency domain

3.1. Evaluation cases 
Fig.5-Fig.8 show the evaluation cases for self-contained DMRS and front-loaded DM-RS in both localized NR-PDCCH and distributed NR-PDCCH when the number of OFDM symbols is 2 and 3. For the REG including DM-RS, the DM-RS density is 1/3. 
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Figure 5  Self-contained DM-RS pattern for localized mapping
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Figure 6 Front-loaded DM-RS pattern for localized mapping
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Figure 7 Self-contained DM-RS pattern for distributed mapping
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Figure 8 Front-loaded DM-RS pattern for distributed mapping
3.2. Evaluation results 
Fig.9-Fig.12 show the evaluation results for both distributed NR-PDCCH and localized NR-PDCCH respectively. 
For distributed resource mapping, front-loaded DM-RS only shows clear performance gain (around 5dB gain) in aggregation level 1 for both the case of 2 OFDM symbols and 3 OFDM symbols due to higher coding gain. For the case of aggregation level 2, front-loaded DM-RS show very slightly performance loss compared with the self-contained DM-RS. The possible reason is the channel estimation loss dominates to the coding gain. For the other cases, front-loaded DM-RS shows slight performance gain (less 1dB) over the self-contained DM-RS pattern. And the performance gain in the case of 3 OFDM symbols is higher than that in the case of 2 OFDM symbols due to more DM-RS overhead reduction. For the localized resource mapping, front-loaded DM-RS pattern always shows better performance than self-contained DM-RS. Like the case of distributed resource mapping, the performance gap for low aggregation levels is larger than that for high aggregation levels. 

· Observation 2: 
· With the fixed RS density 1/3 per REG, front-loaded DMRS outperforms self-contained DMRS in most cases.
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Figure 9 Evaluation results for distributed NR-PDCCH for the case of 2 OFDM symbols
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Figure 10 Evaluation results for localized NR-PDCCH for the case of 2 OFDM symbols. 
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Figure 11 Evaluation results for distributed NR-PDCCH for the case of 3 OFDM symbols
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Figure 12 Evaluation results for Localized NR-PDCCH for the case of 3 OFDM symbols

3.3. Discussion
The above simulation results show that the front-loaded DM-RS outperforms the self-contained DM-RS in most cases when the DM-RS density per REG is 1/3. The performance gain mainly comes from the coding gain due to lower DM-RS density in front-loaded DM-RS pattern. However, achieving higher coding gain via DM-RS density reduction can be realized by some other way. For example, defining the same DM-RS density per REG-bundling could achieve similar performance as well. Then, the benefit for front-loaded DM-RS is to enable fast processing only. However, for the case requiring fast processing, control resource set can be configured with just one OFDM symbol instead of configured with two OFDM symbols with front-loaded DM-RS. On the other hand, applying the front-loaded DM-RS would complicate the resource mapping due to different DM-RS mapping in different OFDM symbols. In addition, since the DM-RS is shared by the first OFDM symbol and the subsequent OFDM symbol(s), beam cycling in time-domain is not enabled. Therefore, considering the less motivation of front-loaded DM-RS pattern, we prefer to support self-contained DM-RS pattern only; i.e., DM-RS is not front-loaded. 

· Proposal 1: Support self-contained DM-RS pattern only (i.e., DM-RS is not front-loaded)
4. Conclusion
In this contribution, we discuss the DM-RS related issues  Our proposals are summarized as below. 
· Observations 1:
· Define DM-RS pattern per REG bundling 
· DM-RS density should be lower than 1/3
· Observation 2: 
· With the fixed RS density 1/3 per REG, front-loaded DMRS outperforms self-contained DMRS in most cases.
· Proposal 1: Support self-contained DM-RS pattern only (i.e., DM-RS is not front-loaded)
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Appendix

Table 1 Evaluation parameters
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Parameter Value

Carrier frequency 4GHz

Channel model TDL-A, delay spread 300ns

System bandwidth 10M Hz

Subcarrier spacing 15k Hz

CP overhead 6.6%

UE speed 3km/h

Antenna configuration 2-by-2

DCI  60+16

Channel coding TBCC

Receiver Channelestimation-based

Channel estimation MMSE

Waveform CP-OFDM

Phase-noise Not modelled
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