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In RAN1 #86bis, the following agreements related to DMRS/RS for DL control channel were achieved [1]:
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
· Tx diversity supported. Which scheme/how FFS
In RAN1 #87, progress on RS design for DL control channel [2] was made as below:
· The reference signals in at least one search space do not depend on the RNTI or UE-identity
· FFS: The reference signals in at least an additional search space do not depend on the RNTI or UE-identity
· In an additional search space, reference signals can be configured, FFS: explicitly or implicitly
In RAN1 NR Ad Hoc #1 meeting, progress on RS design for DL control channel [3] was made as below:
· For one UE, the channel estimate obtained for one RE should be reusable across multiple blind decodings involving that RE in at least the same control resource set and type of search space (common or UE-specific).
In RAN1 #88bis, progress on DMRS design for DL control channel [4] was made as below:
· REG bundling per CCE is supported for NR-PDCCH
· FFS: Whether all REGs have DMRS or not
· MU-MIMO is supported NR-PDCCH using at least non-orthogonal DMRS.
· FFS: orthogonal DMRS for UE-specific NR-PDCCH
In RAN1 #89, progress on DMRS design for DL control channel [5] was made as below:
· Confirm working assumption:
· One-port transmit diversity scheme with REG bundling per CCE is used for NR-PDCCH
· FFS: DMRS RE overhead for the REG transmitting DMRS is 1/3
· FFS on DMRS pattern
In RAN1 NR Ad Hoc #2 meeting, progress on DMRS design for DL control channel [6] was made as below:
· DMRS is mapped on all REGs on all the OFDM symbols of a given PDCCH candidate
· The DMRS density is the same on all REGs
In this contribution, we will discuss DMRS design for DL control channel, mainly focuses on orthogonal and non-orthogonal DMRS design, DMRS pattern and DMRS sequence. Link level simulation results are provided for comparison of different DMRS patterns.
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Orthogonal DMRS design
According to the agreement in the RAN1#89 meeting, one-port transmit diversity is used for PDCCH transmission. Orthogonal DMRS shall be supported. The reasons are two-fold. Firstly, when the same DMRS time-frequency resources are overlapped for several TRPs, inter-TRP interference will degrade the BLER performance. Secondly, orthogonal DMRS could provide better performance for MU-MIMO, compared with non-orthogonal DMRS. MU-MIMO using non-orthogonal DMRS was agreed to be supported [4]. However by using non-orthogonal DMRS, PDCCH performance may degrade due to worse channel estimation because of the interference. It is fatal for the UE in the deep fading or operating at the higher spectrum, where the SNR at the receiver is low and the significant additional interference and/or noise will negatively affect the channel estimation. Orthogonal DMRS could provide more accurate channel estimation thus could improve the PDCCH performance.
Proposal 1: Orthogonal DMRS should be supported for NR-PDCCH.
In orthogonal DMRS design, one issue is how to determine which DMRS port shall be assumed by UE for the decoding of PDCCH. For EPDCCH localized transmission in LTE, the DMRS antenna port for one UE depends on the lowest ECCE index and RNTI, which could enable MU-MIMO with orthogonal DMRS. In addition, a scrambling ID configured by higher layers is also used to initialize the DMRS sequence. Similar scheme can be used for NR-PDCCH. Specifically, the DMRS antenna port for NR-PDCCH transmission can be derived from RNTI and lowest CCE index. CORESET-specific scrambling ID configured by higher layer can be used for initializing DMRS sequence also.
Proposal 2: The DMRS antenna port for NR-PDCCH in UE-specific search space is determined at least based on UE-specific ID. 
Non-orthogonal DMRS design








MU-MIMO with non-orthogonal DMRS was agreed to be supported in NR. The CORESET-specific scrambling ID would be used for MU-MIMO with non-orthogonal DMRS. To further mitigate multi-user interference from the non-orthogonal transmission, potential paired scrambling ID(s) can be indicated to a UE also. For example,  and  are configured by high layers to UE1. The DMRS sequence generated by the initializing parameter from   is used for the channel estimation by UE1. The DMRS sequence generated by the initializing parameter from   can be used for the interference measurement by UE1. Accordingly,  and  are configured by high layers to UE2, who is paired with UE1 for MU-MIMO transmission with non-orthogonal DMRS. Similarly, the DMRS sequences generated by the initializing parameters from  and  are used by UE2 for channel estimation and interference measurement, respectively.
DMRS pattern
DMRS pattern design refers to DMRS overhead and DMRS symbol(s) location for tracking frequency selection and time variations of channel. In the RAN1 NR Ad meeting in June, it was agreed that DMRS is mapped on all REGs on all the OFDM symbols of a given PDCCH candidate and the DMRS density is the same on all REGs. Therefore, the remaining issue for DMRS pattern is the DMRS pattern per REG. The main candidates for the DMRS pattern in a REG are as shown in Fig. 1, where pattern a corresponding to 1/6 DMRS overhead, pattern b corresponding to 1/4 DMRS overhead, pattern c and pattern d corresponding to 1/3 DMRS overhead. Note that in pattern d, 2 REs per REG are used for DMRS transmission with power boosting while the remaining 2 REs are left empty.  
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Fig.1. Candidate DMRS patterns for PDCCH.
Evaluation on the DMRS patterns
To evaluate the DMRS patterns shown in Fig. 1, link level simulation is performed with the simulation assumptions shown in Table 1 in Appendix. The simulation results for 1 OFDM symbol are shown in Fig. 2 and Fig. 3. And the simulation results for 2 OFDM symbols are shown in Fig. 4 and Fig. 5, where time first CCE-to-REG mapping is applied. 
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(a)                                                                           (b)                                                                      (c)
Fig 2. The comparison of the various DMRS patterns shown in Fig. 1 (20 bits DCI, 1-OS PDCCH).
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Fig 3. The comparison of the various DMRS patterns shown in Fig. 1 (60 bits DCI, 1-OS PDCCH).
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Fig 4. The comparison of the various DMRS patterns shown in Fig. 1 (20 bits DCI, 2-OS PDCCH).
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Fig 5. The comparison of the various DMRS patterns shown in Fig. 1 (60 bits DCI, 2-OS PDCCH).
From Fig. 2 to Fig. 5, we can make the following observations:
Observation 1: The DMRS patterns with the overhead of 1/3 and 1/4 can provide the gain over the pattern with the overhead of 1/6 when AL is high, while DMRS patterns with overhead of 1/6 and 1/4 outperform the DMRS patterns with overhead of 1/3 when AL is low.  
Observation 2: Compared with the patterns with the overheads of 1/6 and 1/4, the DMRS pattern with the overhead of 1/6 can provide the similar or higher performance for when AL is low.
Observation 3: The DMRS pattern with the overhead of 1/4 can provide similar or slightly better performance compared with the patterns with overhead of 1/3 when the code rate is low.
Observation 4: The DMRS patterns with the same overhead of 1/3 can provide similar performance.
The above observations are reasonable because under the high AL, the code rate is low and therefore the SNR operation point is low correspondingly. More DMRS overhead can improve the channel estimation accuracy under the low SNR and hence achieve the better performance. On the contrary, under the high code rate, the SNR operation point is high correspondingly. The channel estimation is accurate even under the low DMRS overhead, and thus the code rate dominates the decoding performance. 
As discussed in section 2.2, MU-MIMO using orthogonal DMRS should be supported also, which can exclude the interference of DMRS belonging to the different ports and hence can improve the accuracy of channel estimation. This improvement is very important especially under the low code rate, where the accuracy of channel estimation dominates the decoding performance. Both pattern a (i.e. 1/6 DMRS overhead) and pattern b (i.e. 1/4 DMRS overhead) cannot support MU-MIMO with orthogonal DMRS unless introducing OCC in frequency domain. However since the DMRS REs are allocated non-contiguous as shown in Fig. 1, OCC may not work well due to dispersive channel. Pattern d (i.e. 1/3 DMRS overhead) could support MU-MIMO with different DMRS ports multiplexing in FDM manner, which is simpler due to no additional design for OCC needed. Therefore, we slightly prefer to support DMRS pattern d under the density of 1/3. If complexity is not a main concern, configurable DMRS overhead/pattern can be considered for maximizing the system performance. For example, DMRS pattern with DMRS overhead 1/6 or 1/4 can be configured for high aggregation level for single UE transmission case.  
Proposal 3:  1/3 DMRS overhead should be supported for NR-PDCCH.
· Two DMRS ports with each port occupies 2 REs in a REG
· Two pairs of DMRS REs in a REG with each pair including two adjacent REs for different antenna ports
DMRS sequence for NR-PDCCH
In LTE PDCCH, CRS is used for PDCCH. For a given antenna port, reference-signal sequence is generated according to the largest downlink bandwidth. When the downlink bandwidth configured by MIB is smaller than the largest one, a part of the reference-signal sequence is mapped to the CRS resources referred to the center subcarrier of SS/PBCH. Similar rule can also be applied for the DMRS of a CORESET. During the initial access, NR-PBCH will be used to configure a CORESET for RMSI, the CORESET will be confined within a certain DL bandwidth to facilitate initial access consider the minimum capability of UEs. The reference point for DMRS sequence of the CORESET can be the center of SS block, similar as LTE. On the other hand, after initial access, a common PRB grid will facilitate the configuration of CORESET or bandwidth part configuration etc. as mentioned in [7]. Therefore, an additional reference point for all UEs will be configured by RMSI or RRC. Accordingly, DMRS sequence shortened for CORESETs configured by RRC will be referred to the additional reference point.  
Proposal 4: DMRS sequence for NR-PDCCH can be obtained according to a reference point in frequency domain.
· For the CORESET configured by MIB, the reference point is the centre or boundary of the SS block.
· For a CORESET configured by higher layer signaling, the reference point is configured by RMSI or higher layer signaling.
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[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]This contribution discusses some considerations on DMRS design for control channel. The various DMRS patterns are carefully evaluated. From the simulation results and discussions above, the following observations and proposals are made on the DMRS for DL control channel:
Observation 1: The DMRS patterns with the overhead of 1/3 and 1/4 can provide the gain over the pattern with the overhead of 1/6 when AL is high, while DMRS patterns with overhead of 1/6 and 1/4 outperform the DMRS patterns with overhead of 1/3 when AL is low.  
Observation 2: Compared with the patterns with the overheads of 1/6 and 1/4, the DMRS pattern with the overhead of 1/6 can provide the similar or higher performance for when AL is low.
Observation 3: The DMRS pattern with the overhead of 1/4 can provide similar or slightly better performance compared with the patterns with overhead of 1/3 when the code rate is low.
Observation 4: The DMRS patterns with the same overhead of 1/3 can provide similar performance.
Proposal 1: Orthogonal DMRS should be supported for NR-PDCCH.
Proposal 2: The DMRS antenna port for NR-PDCCH in UE-specific search space is determined at least based on UE-specific ID.
Proposal 3:  1/3 DMRS overhead should be supported for NR-PDCCH.
· Two DMRS ports with each port occupies 2 REs in a REG
· Two pairs of DMRS REs in a REG with each pair including two adjacent REs for different antenna ports
Proposal 4: DMRS sequence for NR-PDCCH can be obtained according to a reference point in frequency domain.
· For the CORESET configured by MIB, the reference point is the centre or boundary of the SS block.
· For a CORESET configured by higher layer signaling, the reference point is configured by RMSI or higher layer signaling.
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Appendix
Table 1. Simulation assumptions
	Parameters
	Value

	DCI payload
	20bits or 60bits

	CCE size
	6 REGs

	Transmission type
	Interleaved

	Aggregation level
	1/2/4/8

	Number of control symbol
	1/2

	Channel coding
	Polar code

	Transmission scheme
	1-port precoder cycling

	Channel estimation
	MMSE
REG bundling size: 2 REGs.

	Channel model
	TDL-C (Delay spread: 30/300/1000ns)

	UE speed
	3 km/h

	Carrier Frequency
	4GHz

	System bandwidth
	10MHz

	Subcarrier spacing
	15KHz

	Number of BS antennas
	2

	Number of UE antennas
	2
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