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1 Introduction

The NR study item agreed the basic DL control channel framework including definition of a control resource set and the control channel building blocks, namely the NR CCE and NR REG. Specification work for the NR-PDCCH structure is ongoing, where the outstanding aspects include CCE-to-REG mapping, PDCCH-to-CCE mapping and DMRS design. In the last meeting, some more details on the NR-PDCCH structure were agreed as follows [1],
Agreements:
· CCE = 6 REGs (confirm Working Assumption)

· One of following is configured for REG-to-CCE mapping for a 1-symbol CORESET:

· Opt.1: No interleaving – 6 REGs for a given CCE are grouped to form a REG bundle and all REGs for a given CCE are consecutive

· CCE(s) of one PDCCH is/are also consecutive

· FFS: Whether the UE can assume the same precoder across multiple REG bundles

· Opt.2: Interleaving – [2 or 3 or 6] REGs for a given CCE are grouped to form a REG bundle and REG bundles are interleaved in the CORESET

· FFS: Whether the UE can assume the same precoder across multiple REG bundles

· FFS: down selection among {2}, {3}, {2,3}, {2,6}, {3,6}, {2,3,6}
· Note: UE can assume the same precoder within a REG bundle

· For REG-to-CCE mapping for a CORESET with more than 1-symbol;

· REG bundle is defined in time and frequency-domain

· At least support following:

· Time-first mapping where one of the following is configured

· Support REG bundle in time-domain being equal to the CORESET semi-statically configured time duration

· Opt.1: Non interleaving - 6 REGs for a given CCE are grouped to form a REG bundle and all REGs for a given CCE are time and frequency localized

· FFS: Whether the UE can assume the same precoder across multiple REG bundles

· Opt.2: Interleaving – [2 or 3 or 6] REGs for a given CCE are grouped to form a REG bundle and REG bundles are interleaved in the CORESET

· FFS: Whether the UE can assume the same precoder across multiple REG bundles

· FFS: time-domain precoder-cycling

· Support REG bundle in time-domain being equal to 1 symbol, or;

· Support following:

· REG-to-CCE mapping is exactly same as the case where a CORESET with 1 symbol

· A PDCCH candidate can be mapped across OFDM symbols

This contribution discuses several open issues including NR-PDCCH mapping to physical resources.
2 Discussion
2.1 NR-CCE and NR-REG structure
One issue to decide on is whether to adopt frequency-first mapping for a CORESET with more than 1 symbol under the umbrella of non-interleaving or interleaving CCE-to-REG mapping. As discussed in several previous contributions (e.g. [3] - [5]) there are pros and cons to frequency-first mapping. Figure 1(a) depicts non-interleaving frequency-first CCE-to-REG mapping. The REGs are indexed in numerical order starting from the lowest indexed PRB of the first symbol to the highest indexed PRB of the last symbol of the control resource set. 
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Figure 1 Frequency-first CCE-to-REG mapping: (a) Non-interleaving, (b) Interleaving
It can be seen that frequency-first mapping may provide some latency benefits in terms of early decoding only if the transmitted candidate is mapped to the first symbol. A stronger benefit is that for frequency-first mapping of a candidate to CCEs, it supports analog beamforming where different beams are used on different symbols. 

For the non-interleaving mapping shown above frequency-first mapping of candidate to CCE can be implemented for frequency-first CCE-to-REG mapping. 
The interleaving mapping case is shown in Figure 1(b). In this example the CCE-to-REG distribution is per REG bundle to reap some channel estimation gain due to bundling. An interleaver can be used to implement interleaving CCE-to-REG mapping. The interleaving unit is an REG bundle which can enable time-first or frequency-first according to the interleaving function.
Proposal: the frequency-first CCE-to-REG mapping under the umbrella of interleaving and non-interleaving for the CORESET with more than 1 OFDM symbol should also be supported. 
An open issue from the RAN1 #89 agreements is the bundle size, where it was agreed to down select the bundle sizes of 2, 3 and 6 for interleaved CCE-to-REG mapping for a 1-symbol CORESET. We provide a preliminary performance evaluation for small and large delay spreads in Figure 2 and Figure 3.  The simulation assumptions are described in Table 1 of the Appendix.
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Figure 2 Performance comparison of different REG bundle sizes for TDL-C DS=30ns
It can be observed in Figure 2 that when the channel frequency selectivity is low a larger bundling size is better for AL1 since the coding gain cannot compensate for the poorer channel estimation. On the other hand, for highly frequency selective channel as shown in Figure 3, larger bundling has no performance gain even for AL1 as the frequency selectivity becomes a limiting factor. 
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Figure 3 Performance comparison of different REG bundle sizes for TDL-C DS=1000ns
Proposal: Both REG bundle size of 2 and 3 are sufficient for CCE-to-REG mapping

For the time-first mapping, REG bundle in time-domain being equal to the CORESET semi-statically configured time duration is supported. There is a dependency between the CORESET duration and the bundle size, as shown in Figure 4. The current working assumption limits the maximum CORESET duration to either 2 or 3 OFDM symbols depending on the carrier bandwidth. It is straightforward that REG bundle size of 2 and 3 are supported by CORESET duration 2 and 3 respectively. Considering a DCI transmitted with larger aggregation level, the effective coding rate is low and coding gain is the dominated factor. That is the benefit derived from transmission diversity with small bundle size may be marginal compared with that of coding gain.  In this case, a larger bundle size, e.g. 6 REGs, may introduce additional channel estimation gain and compensate the degradation caused by less transmission diversity. One possible scenario for the large REG bundle size is where the robustness has the very first priority.
Proposal: REG bundle size of 6 may be beneficial in some scenarios and should be supported.
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Figure 4: Dependency between bundle size and CORESET duration
2.2 CORESET duration
In the last meeting, the following working assumptions were agreed:
Working assumptions:
· For a time-duration of a CORESET:

· Support 1-3 OFDM symbol as time duration for a CORESET on the NR carrier with less than or equal to X PRBs
· Support 1-2 OFDM symbol as time duration for a CORESET on the NR carrier with wider than X PRBs
· FFS: X values
· FFS: Other time duration

· FFS: Relationship of a first PDSCH DMRS symbol with one or more symbols of a CORESET for slot-based scheduling
· FFS: restriction in the certain conditions
One main concern on the switching point of max CORESET duration is whether the resources contained in the CORESET is sufficient for the required control channel capacity. Note that DL control signaling should support both dedicated and group-common control including the group-common PDCCH carrying slot format information (SFI). If the group common PDCCH is transmitted, it should be mapped at the beginning of a slot, e.g. the first OFDM symbol particularly when it carries SFI for the same slot. Consider the case of small carrier bandwidth of 5MHz. This gives a maximum CORESET capacity of 50 REGs in 2 OFDM symbols. This gives FLOOR (50/6) = 8 CCEs so that only one AL8 candidate can be transmitted. To ensure a given target reliability at cell edge, common control signaling should be transmitted with a low coding rate or equivalently, a high aggregation level such as AL8. If the CORESET duration is increased to 3 OFDM symbols, the capacity is now LOOR(75/6) = 12 CCEs. This configuration would then support transmission of the SFI group-common PDCCH with 4 NR-CCEs or one or more NR-PDCCH candidates depending on the AL. On the basis of the above analysis, the value X should be sufficient to support 12 NR-CCEs at least if the max CORESET duration is 2 OFDM symbols. Accordingly, the X should be greater than 5 MHz.
Proposal: The value X should be at least sufficient to support 12 NR-CCEs if the max CORSET duration is 2 OFDM symbols, i.e. the value X should be greater than 5 MHz.
3 Conclusion
This contribution discussed some outstanding details regarding the NR PDCCH structure. The proposals are summarized here as follows,
· Proposal 1: the frequency-first CCE-to-REG mapping under the umbrella of interleaving and non-interleaving for the CORESET with more than 1 OFDM symbol should also be supported.
· Proposal 2: Both REG bundle size of 2 and 3 are sufficient for CCE-to-REG mapping
· Proposal 3: REG bundle size of 6 may be beneficial in some scenarios and should be supported.

· Proposal: The value X should be at least sufficient to support 12 NR-CCEs if the max CORSET duration is 2 OFDM symbols, i.e. the value X should be greater than 5 MHz.
4 References

[1]. RAN1 Chairman’s meeting notes, RAN1 #89
[2]. R1-1704571, “Details of NR-PDCCH Structure”, CATT, RAN1 #88bis
[3]. R1-1706026, “On NR-PDCCH Structure”, Ericsson, RAN1 #88bis
[4]. R1-1705376, “Resource mapping for NR-PDCCH”, Samsung, RAN1 #88bis
5 Appendix

Table 1 Simulation assumptions

	Parameters
	Value

	Carrier frequency
	4GHz

	Subcarrier spacing
	15KHz

	DS Scaling
	30ns, 1000ns

	UE speed
	3Km/h

	CCE size
	6 REG

	REG size
	1 RB in frequency and 1 OFDM symbol in time

	CCE to REG mapping
	For precoder cycling: Distributed

	DCI size
	20bits+16bits CRC

	Aggregation level
	1, 4

	Number of OFDM symbols
	1

	DMRS density
	33% (4 REs per REG)

	Control resource set size
	100 RBs

	TXD
	Precoder cycling(RB level)

	Channel estimation
	Practical: MMSE

	Channel model
	TDL-C

	Channel estimation size
	Precoder cycling:2RB/3RB

	Antenna configuration
	2 TX 2 RX

	Number of antenna port
	Precoder cycling: one antenna port

	Modulation order
	QPSK

	Channel coding
	TBCC
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