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1	Introduction
Rel-14 NR study item [1] has been closed and a new Rel-15 WI dealing with New Radio Access Technology [2] has been approved. The work item should specify the NR functionalities for enhanced mobile broadband (eMBB) and ultra-reliable low-latency-communication (URLLC) as defined in [3]. The NR under this work item should consider frequency ranges up to 52.6 GHz.
This contribution relates to remaining details of PDCCH structure for NR. The following agreements and working assumptions were made in RAN1 #90 [4] and RAN1 Ad-hoc#3 [5].
Agreements: [4]
· Working assumptions are confirmed with the following details.
· For 1/2/3-symbol CORESET, REG bundle size of 6 is supported.
· A REG bundle size is as part of CORESET configuration for a CORESET configured by UE-specific higher-layer signalling.
· FFS: CORESET(s) configured by non UE-specific signaling.
· UE assumes that precoder granularity in frequency domain is equal to the REG bundle size in the frequency domain
· FFS: gNB can inform to the UE whether or not to assume the same precoder over multiple REG bundles.
· Note: more than one CORESET(s) with the UE-specific higher-layer signaling can be configured for the same UE.
Agreements: [4] 
· Interleaving operates on REG bundles
· FFS: interleaving in the case if and when gNB informs to the UE to assume the same precoder over multiple REG bundles
Agreements: [4]
· For interleaving CORESET, the interleaving pattern is derived by the CORESET configuration and is not dependent on other CORESET configuration.
· Note: Following metrics can be considered
· Good frequency distribution of REG bundles within the CORESET
· Blocking probability for potential overlapped CORESET(s)
· Inter-cell/inter-TRP interference randomization

Agreements: [5]
· Working assumptions are confirmed with the following details.
· Confirm the following working assumption:
· DM-RS density per REG is 1/4 at least for normal CP.
· FFS: orthogonal DMRS for MU-MIMO at RAN1 NR AH#3.
· FFS: URLLC
· DMRS density per REG for extended CP is same as that for normal CP

Working assumption: [5]
· For a CORESET, precoder granularity in frequency domain is:
· Configurable between i) equal to the REG bundle size in the frequency domain; or ii) equal to the number of contiguous RBs in the frequency domain within the CORESET
· For ii), DMRS is mapped over all REGs within the CORESET.
Agreements: [5]
· DMRS positions for PDCCH
· Working assumption: Equally-distributed within a REG.

2	Interleaver pattern
Table 1 shows the current RAN1 agreements related to REG bundle size. 
    Table 1. REG bundle sizes:
	CORESET length (#symbols)
	Non-interleaved mapping 
(REG bundle: frequency x time)
	Interleaved mapping
(REG bundle: frequency x time)

	1
	6 (6x1)
	2 (2x1), 6 (6x1)

	2
	6 (3x2)
	2 (1x2), 6 (3x2)

	3
	6 (2x3)
	3 (1x3), 6 (2x3)



One of the open issues related to PDCCH construction is how to interleave REG bundles in the frequency domain. Based on the agreement made in RAN1#90, “Interleaving operates on REG bundles”.   
Figure 1 – Figure 3 show the proposed interleaver for REG bundle sizes 2, 3 and 6. We propose a simple sub-block interleaver where REG bundle indexes are written in row-wise, and read in column wise. In the proposed approach, the number of rows in the interleaver matrix is 2 with REG bundle sizes [3, 6], and 3 with REG bundle size 2, respectively. The number of columns in the interleaver matrix depends on the size of CORESET. It can be calculated as: (# of CCEs*6)/(REG bundle size*number of rows in the interleaver matrix). 
In order to maximize the frequency diversity there is a need for additional inter-column permutation for the interleaver matrix. This can be based on the principle defined for LTE sub-block interleaver. On the other hand, there is a connection between inter-column permutation and the wideband DMRS. If the goal is to achieve improved channel estimation at the cell edge by means of configurable precoder granularity in frequency (see Section 3), it would be better to avoid inter-column permutation.   
In addition to interleaving, it should be possible to randomize the block of interleaved REG bundles by means of cyclic shifting with cell_ID similarly as in LTE. This provides the needed randomization for interleaved REG bundles/CCEs between different cells. 
[bookmark: _GoBack]Sub-block interleaver combined with cyclic REG bundle randomization will maximize the frequency diversity and provide sufficient inter-cell interference randomization already with a small number of CCEs allocated. We think that these aspects should be prioritized when defining the REG bundle interleaver for NR PDCCH. Blocking issue related to potential overlapped CORESETs can be managed by means of proper CORESET configuration in frequency&time, as well as by means of careful hashing function design. 
Proposal #1: Adopt a sub-block interleaver where REG bundle indexes are written in row-wise, and read in column wise
Proposal #2: The number of rows in the interleaver matrix is 
· 2 with REG bundle sizes [3, 6]
· 3 with REG bundle size 2.
Proposal #3: Consider inter-column permutation for the interleaver matrix for the cases where precoder granularity is one REG bundle in the frequency domain.

Proposal #4: Apply Cell_ID -specific cyclic shifting for the interleaved REG bundles.
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Figure 1. Interleaving, REG bundle size = 2.
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Figure 2. Interleaving, REG bundle size = 3.
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[bookmark: _Hlk492889743]Figure 3. Interleaving, REG bundle size = 6.
3	Precoder granularity
3.1. Precoder granularity in frequency
The following working assumption was made in RAN1 Ad-hoc#3 
· For a CORESET, precoder granularity in frequency domain is:
· Configurable between i) equal to the REG bundle size in the frequency domain; or ii) equal to the number of contiguous RBs in the frequency domain within the CORESET
· For ii), DMRS is mapped over all REGs within the CORESET.

The main motivation behind configuration option ii) is to improve the channel estimation in the cell edge. However, this is not a free lunch:
· it will limit the usage of UE-specific precoding for PDCCH due to the fact that the precoder needs is the same for the number of contiguous RBs in the frequency domain within the CORESET. This will have negative impact to PDCCH coverage when multiple PDCCHs (for multiple UEs) are allocated to the contiguous RBs of the CORESET.
· it limits the opportunities for reusing the unused REGs for data
· it increases the DMRS overhead (outband DMRS) in the cases when one or more REG bundles are unused. 
On the other hand, configurable REG bundle size (2 REGs vs. 6 REGs) provides similar trade-off between antenna diversity and UE channel estimation as does configurability between i) and ii). Based on these arguments we propose to modify the working assumption in the following way:
Proposal #5: Modify the working assumption in the following way
· For a CORESET, precoder granularity in frequency domain is:
· Configurable between i) equal to the REG bundle size in the frequency domain; or ii) equal to the number of contiguous RBs in the frequency domain within the CORESET
· For ii), DMRS is mapped over all REGs within the PDCCH the CORESET.
· Interleaving is per REG bundle
· ii) is applicable only for CORESET configured with only AL8 (FFS:AL4)

3.2. Precoder granularity in time
Precoder cycling can be applied also in time domain in the scenarios with CORESET length > 1 OFDM symbol. Generally speaking, it makes sense to define that by default, precoder cycling granularity in time corresponds to the duration of the REG bundle (=CORESET length) in time. 
Proposal #6: By default, precoder cycling granularity in time corresponds to the duration of REG bundle in time 

In order to support the necessary beam diversity in a multi beam scenario, it should be beneficial to be able to transmit the same DCI via multiple beams using different OFDM symbols. Beam diversity can be achieved by setting precoder granularity in time domain to one OFDM symbol. There are two options to make it, as shown in Figure 4:
· Option 1: time first mapping of REG-to-CCE. Beam diversity is achieved. Channel estimation is performed jointly on 3 RBs. 
· Option 2: frequency first mapping of REG-to-CCE. Channel estimation is performed jointly on 6 RBs.

[image: ]
Figure 4. Two principles for achieving beam diversity in the case of CORESET with two OFDM symbols.

When comparing these options, it can be noted that with Option 1, beam diversity is available within each REG bundle and within each aggregation level. In the case of Option 2, beam diversity is available only with the highest aggregation levels. Furthermore, Option 1 can be seen as a simpler approach from standardization point of view since it can be done using the same interleaver (to be) defined for a multi-symbol CORESET, and bundling of 3RBs for channel estimation is sufficient. Based on that, we make the following proposal:
Proposal #7: Support precoder cycling granularity of one OFDM symbol as a configuration option for CORESETs with multiple OFDM symbols.
4	DMRS pattern
A working assumption made in DMRS positions for PDCCH that DMRS resource elements are equally-distributed within a REG. In the following we compare the link performance of two DMRS patterns shown in the figure below. 
· Option 1: DMRS is located on resource elements [0 5 10]
· Option 2: DMRS is located on resource elements [1 5 9]
[image: ]
Figure 5. Considered DMRS patterns

Simulation parameters are shown in Table 2. We consider interleaved REG-to-CCE mapping, CCE aggregation level = 1 and REG bundle size = 2, respectively.
Results shown in Figure 7 indicate that Option 1 provides slightly better performance in the scenario of large delay spread, and high SNR where PRB edges start to play a role in the channel estimation. It is expected that the impact would be more significant with CORESET sizes 2 and 3 (due to the fact that REG Bundle size in frequency is just one REG in these cases). Based on these results, we propose to select Option 1 for the DMRS pattern of NR PDCCH.
Proposal #8: Place DMRS on resource elements [0 5 10] within each REG

[image: C:\Users\etiirola\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\QKBZYS3Y\tdlc_1000_dmrs_dci.png]
Figure 7. Comparison of two DMRS patterns, CCE size = 1.

Table 2 Simulation parameters
	Parameter
	Value

	Number of Tx/Rx antennas
	2/2

	Tx diversity method
	1-AP PC

	Modulation
	QPSK

	Channel
	TDL C 1000 ns, 3 km/h

	Carrier bandwidth
	20 MHz

	Carrier frequency
	4 GHz

	Channel estimation method
	MMSE 

	Channel coding
	Polar

	Number of coded Bits
	60 +24 CRC

	Subcarrier spacing
	15 kHz

	DMRS overhead
	25%

	CORESET length
	1 OFDM symbol



5	Conclusions
In this contribution, we have discussed the remaining details of PDCCH structure for NR. Based on the discussion, we make the following proposals:
Proposal #1: Adopt a sub-block interleaver where REG bundle indexes are written in row-wise, and read in column wise
Proposal #2: The number of rows in the interleaver matrix is 
· 2 with REG bundle sizes [3, 6]
· 3 with REG bundle size 2.
Proposal #3: Consider inter-column permutation for the interleaver matrix for the cases where precoder granularity is one REG bundle in the frequency domain.

Proposal #4: Apply Cell_ID -specific cyclic shifting for the interleaved REG bundles.

Proposal #5: Modify the working assumption in the following way
· For a CORESET, precoder granularity in frequency domain is:
· Configurable between i) equal to the REG bundle size in the frequency domain; or ii) equal to the number of contiguous RBs in the frequency domain within the CORESET
· For ii), DMRS is mapped over all REGs within the PDCCH the CORESET.
· Interleaving is per REG bundle
· ii) is applicable only for CORESET configured with only AL8 (FFS:AL4)

Proposal #6: By default, precoder cycling granularity in time corresponds to the duration of REG bundle in time 
Proposal #7: Support precoder cycling granularity of one OFDM symbol as a configuration option for CORESETs with multiple OFDM symbols.
Proposal #8: Place DMRS on resource elements [0 5 10] within each REG.
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