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Introduction
In RAN1 #88bis, there were agreements on transmission schemes and REG bundling for DL control channel as follows [1]:
	Working assumption:
· One-port transmit diversity scheme with REG bundling per CCE is used for NR-PDCCH
· FFS the bundling size
· FFS: REG bundling is also for localized mapping in time and/or frequency-domain
· Companies are encouraged to provide evaluation results for 10 MHz and 20 MHz for larger aggregation levels and 5 MHz and 10 MHz for smaller aggregation levels
Agreements:
· MU-MIMO is supported NR-PDCCH using at least non-orthogonal DMRS.
· FFS: orthogonal DMRS for UE-specific NR-PDCCH
Agreements:
· Definition of a REG bundle: The UE may assume that the same precoder is used for the REGs in a REG bundle and that the REGs in a REG bundle are contiguous in frequency and/or time 
· REG bundling per CCE is supported for NR-PDCCH
· FFS: Whether this applies to common search space
· FFS: Whether all REGs have DMRS or not
· FFS: Whether wideband precoding is supported and the definition of a REG bundle if it is supported
· FFS: whether REG bundle size is different for mapping of NR-PDCCH with or without interleaved mapping of CCE to REGs 
· FFS on REG bundle size
· FFS whether REG bundle size is configurable



In this contribution, based on the agreements, we discuss DMRS density for DL control channel in the time domain and the frequency domain. Evaluations are performed to find proper DMRS density in time and frequency.

Discussion
Time domain DMRS density
When a CORESET consists of multiple symbols and a PDCCH is allocated to multiple REGs in different symbols in the same PRB, the following three alternatives can be considered for the time domain DMRS mapping.
· Alt. 1: DMRS is allocated only in the first REG (front-loaded DMRS)
· Alt. 2: DMRS is allocated in all REGs
· Alt. 3: DMRS is allocated in a subset of REGs
Fig. 1 shows the three alternatives under the assumption of 3 CORESET symbols. If the REG bundling is applied in the time domain, Alt. 2 will provide the best channel estimation performance, and at the same time will have the largest DMRS overhead. The performance of the three alternatives are compared based on evaluations in the following.


Fig. 1. Alternatives for time domain DMRS mapping
Figs. 2-4 provide BLER performance of distributed NR-PDCCH for CCE aggregation levels 1, 2, 4, and 8 in TDL-C 30ns, 300ns, and 1000ns, respectively. The PDCCH is distributed in the frequency domain, and 1-port precoder cycling is applied as the transmission scheme. Also 15kHz subcarrier spacing and narrowband RS are assumed, and three time domain DMRS densities, i.e., 1 symbol (Alt. 1), 2 symbols (Alt. 3), and 3 symbols (Alt. 2) are evaluated. Time domain REG bundling is applied for multi-symbol DMRS cases. The remaining simulation parameters are described in Appendix A.
From the results, it is observed that 2 or 3 symbol DMRS always outperforms 1 symbol DMRS except the case of AL=1 and DCI 60 bits, and the gain is substantial, i.e., up to 2~2.5dB. In the last RAN1 meeting, there was some discussion that the front-loaded DMRS perform better for the low CCE aggregation level due to coding gain. However, in the same meeting the CCE size was agreed as 6 REGs as a working assumption, and under this condition the code rate does not increase much even for the single CCE case. Based on our evaluation, 3 symbol DMRS performs the best, and we also note that the performance gap between 3 symbol DMRS (Alt. 2) and 2 symbol DMRS (Alt. 3) is just within 0.5dB. Thus 2 symbol DMRS seems also a good choice considering the PDCCH receiver processing timeline.
Observation 1: For 3 symbol CORESET, the front-loaded DMRS performs up to 2~2.5dB worse than 2 or 3 symbol DMRS in the same PRB.
Observation 2: For 3 symbol CORESET, 3 symbol DMRS performs the best, but the performance difference between 2 symbol DMRS and 3 symbol DMRS is within 0.5dB.
Proposal 1: At least the following DMRS mapping in time domain are supported.
· DMRS is allocated in every REG in the same PRB.
· DMRS is allocated in every REG except the last REG in the same PRB.
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(a) DCI 20 bits                                 (b) DCI 60 bits
Fig. 2. BLER of distributed PDCCH over various time domain DMRS densities in TDL-C 30ns
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(a) DCI 20 bits                                 (b) DCI 60 bits
Fig. 3. BLER of distributed PDCCH over various time domain DMRS densities in TDL-C 300ns
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(a) DCI 20 bits                                 (b) DCI 60 bits
Fig. 4. BLER of distributed PDCCH over various time domain DMRS densities in TDL-C 1000ns

Frequency domain DMRS density
In this section, we discuss the DMRS density in the frequency domain, i.e., the number of DMRS REs in one REG. Evaluations are performed to investigate the following two aspects.
· Case 1: Effect of number of DMRS REs in one REG under the same subcarrier spacing
· Case 2: Effect of subcarrier spacing under the same number of DMRS REs per REG

Case 1: Effect of number of DMRS REs per REG
Figs. 5-7 show the performance over different numbers of DMRS REs per REG, i.e., 2, 3, and 4 REs. We assumed 15kHz subcarrier spacing, narrowband RS, and 1 symbol CORESET.
The results say that the case of 3 or 4 DMRS REs per REG performs slightly better than the case of 2 DMRS REs per REG. The gain is within 0.5dB. However, we should note that this observation is under one symbol CORESET and narrowband precoding. When time domain REG bundling or frequency domain wider REG bundling is applied, it is highly expected that 2 DMRS REs per REG is sufficient and additional overhead may not help. In addition, considering potential use cases, such as MU-MIMO using orthogonal DMRS ports and DMRS power boost, the DMRS RE density can be kept small. In [2], it was shown that for 1-port precoder cycling, 2 DMRS REs per REG with 3dB boost performs better than 4 DMRS REs per REG.
Observation 3: Considering the link performance over various REG bundling options and potential use cases such as MU-MIMO using orthogonal DMRS ports and RS power boost, 2 DMRS REs per REG is sufficient for 15kHz subcarrier spacing.
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Fig. 5. BLER of distributed PDCCH over various DMRS RE densities in TDL-C 30ns
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Fig. 6. BLER of distributed PDCCH over various DMRS RE densities in TDL-C 300ns
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Fig. 7. BLER of distributed PDCCH over various DMRS RE densities in TDL-C 1000ns

Case 2: Effect of different subcarrier spacing
Figs. 8-10 show the performance over different subcarrier spacings, i.e., 15kHz, 30kHz, and 60kHz. 2 DMRS REs per REG, narrowband RS, and up to 3 symbol CORESET depending on subcarrier spacing are assumed. Figs. 8(a), 9(a), and 10(a) are cases where front-loaded DMRS is applied, and Fig. 8(b), 9(b), and 10(b) are cases where multi-symbol DMRS (2 symbols for 30kHz, 3 symbols for 60kHz) is applied when applicable.
Looking at the results in Figs. 8(a), 9(a), and 10(a), it is observed that the BLER performance is degraded as the subcarrier spacing increases. For 30ns and 300ns, the performance loss is up to 3dB when 60kHz subcarrier spacing is used. The reason is that under the fixed number of DMRS REs per REG, larger subcarrier spacing decreases the actual DMRS density in the frequency domain. For 1000ns, the performance loss is more severe due to big inter-symbol interference.
On the contrary, when multi-symbol DMRS is applied, the performance for higher subcarrier spacing is not much degraded as shown in Fig. 8(b), 9(b), and 10(b), and rather in some cases 30kHz and 60kHz provide some gains over 15kHz. The gain comes from better channel estimation accuracy based on time domain REG bundling.
Observation 4: For higher subcarrier spacing, i.e., 30kHz and 60kHz, 2 DMRS REs per REG may not be sufficient. However, when a CORESET has multiple symbols, the performance degradation can be compensated in a certain amount by increasing the time domain DMRS density.
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(a) 1 symbol DMRS                           (b) multi-symbol DMRS
Fig. 8. BLER of distributed PDCCH over various subcarrier spacings in TDL-C 30ns
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(a) 1 symbol DMRS                           (b) multi-symbol DMRS
Fig. 9. BLER of distributed PDCCH over various subcarrier spacings in TDL-C 300ns
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(a) 1 symbol DMRS                           (b) multi-symbol DMRS
Fig. 10. BLER of distributed PDCCH over various subcarrier spacings in TDL-C 1000ns


Conclusion
In this contribution, we discuss DMRS density for DL control channel in the time domain and the frequency domain. Based on evaluation results, the following observations and a proposal are made:
Observation 1: For 3 symbol CORESET, the front-loaded DMRS performs up to 2~2.5dB worse than 2 or 3 symbol DMRS in the same PRB.
Observation 2: For 3 symbol CORESET, 3 symbol DMRS performs the best, but the performance difference between 2 symbol DMRS and 3 symbol DMRS is within 0.5dB.
Proposal 1: At least the following DMRS mapping in time domain are supported.
· DMRS is allocated in every REG in the same PRB.
· DMRS is allocated in every REG except the last REG in the same PRB.
Observation 3: Considering the link performance over various REG bundling options and potential use cases such as MU-MIMO using orthogonal DMRS ports and RS power boost, 2 DMRS REs per REG is sufficient for 15kHz subcarrier spacing.
Observation 4: For higher subcarrier spacing, i.e., 30kHz and 60kHz, 2 DMRS REs per REG may not be sufficient. However, when a CORESET has multiple symbols, the performance degradation can be compensated in a certain amount by increasing the time domain DMRS density.
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Appendix A: Link-level evaluation assumptions

Table 1. Link-level simulation parameters
	Parameter
	Value

	Carrier frequency
	4 GHz

	Subcarrier spacing
	15, 30, 60 kHz

	System bandwidth
	10 MHz

	Channel
	TDL-C, 30/300/1000 ns

	Antenna configuration
	2x2

	UE mobility
	3 km/h

	CORESET size
	48 PRBs (=8.62 MHz) and up to 3 symbols

	CCE size
	6 REGs

	DCI payload size
	20, 60 bits (+ 16 bits CRC)

	Channel coding
	TBCC

	Channel estimation
	MMSE estimation + linear interpolation

	DMRS overhead
	2, 3, 4 REs per REG
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