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Introduction
A part of agreements on NR-PDCCH structure for DL control channel in RAN1 #88bis is as follows [1]:
	Agreement:
· NR-PDCCH can be mapped contiguously or non-contiguously in frequency with localized or distributed mapping of REGs to a CCE (in the physical domain)
· Note: The number of contiguous REGs in the CCE needs further discussion.
· Note: Localized/distributed mapping can be achieved without/with interleaving.
Agreements:
· A CCE may be mapped to REGs with interleaved or non-interleaved REG indices within a CORESET
· 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
Working assumption:
· A NR-CCE is defined as 6 REGs
· Candidate bundle sizes for distributed REG-to-CCE mapping: 2 or 3 REGs if NR-CCE is defined as 6 REGs
· FFS: impact of the NR-CCE definition on CORESET size, CCE aggregation levels, data resource allocation granularity, etc.



Based on the agreements, the REG-level or REG group-level interleaving will be supported for the distributed NR-PDCCH transmission (at least when the CORESET consists of contiguous PRBs). For example, CCE-REG mapping can be defined between their logical indices, and the logical REG indices can be linked to the physical REGs (or physical REG indices) via the REG interleaving [2]. In this contribution, we discuss details of the REG interleaving, i.e., applied physical dimension and interleaving pattern, by taking into account both wideband precoding and narrowband precoding.

Discussion
When a “CORESET”, or a set of REGs used to define a search space, consists of multiple symbols, two options can be considered for the REG interleaver dimension: one is 1D in frequency and the other is 2D in both time and frequency. In LTE, the REG interleaving is applied in both time and frequency (the latter case). This is natural in there since the control region always has wideband CRS and the channel estimation does not depend on the REG locations.
In contrast, both wideband RS and narrowband RS are being considered in NR for demodulation of the DL control channel. In the narrowband RS case, if time-first CCE-REG mapping is configured, the REG permutation in 2D destroys the benefit of the time-first mapping structure itself as shown in Fig. 1(b). That is, the REGs in different symbols occupy different set of PRB(s) with a high probability. Then one cannot reuse the front-loaded DMRS in the same PRB, nor can apply the time domain REG bundling for better channel estimation performance. On the other side, the REG permutation by 1D frequency interleaving can preserve the desired structure as in Fig. 1(a) if the same interleaving pattern is applied to all symbols. Besides the time-first mapping case, so far there seems no identified use case or meaningful performance gain of the time domain interleaving in NR. On the contrary, the frequency domain only interleaving is favorable to the frequency first CCE-REG mapping as well since it can confine each CCE to one symbol.
Proposal 1: REG interleaving is applied in the frequency domain in each CORESET symbol.
Observation 1: For the time-first CCE-REG mapping, it is beneficial to apply the same interleaving pattern over all CORESET symbols.



Fig. 1. 1D vs. 2D interleaving in time-first CCE-REG mapping

For the case of wideband RS, there is another consideration point in the REG interleaver design. Fig. 2 exemplifies the frequency domain REG interleaving when the wideband REG bundling is applied based on the wideband RS. It is assumed that a CORESET consists of 1 symbol and 32 PRBs, and there are 4 wideband REG bundles of size 8 (8 consecutive REGs). Also, it is assumed that precoder cycling is applied with two orthogonal precoders. That is, precoder 1 is applied in the first and the third REG bundles and precoder 2 is applied in the second and the fourth REG bundles.
Fig. 2(a) and Fig. 2(b) describe two different REG mappings based on different interleaving patterns. The mapping in Fig. 2(a) is a desirable case where the REGs constituting a CCE are evenly distributed over all REG bundles. Thus, the precoder cycling is successfully applied to any combination of CCE(s). However, in Fig. 2(b), CCE 0 is mapped only on the first and the third REG bundles and CCE 1 is mapped only on the second and the fourth REG bundles. Thus, the precoder cycling does not work for each of CCE 0 and CCE 1, and if the PDCCH is transmitted using CCE 0 or CCE 1, the detection performance will be degraded due to the loss of spatial diversity.



Fig. 2. Examples of REG interleaving in the case of wideband precoding

[bookmark: _GoBack]To verify the effect of the interleaving pattern on the PDCCH performance, evaluation results are provided. For the simulation, it is assumed that a CORESET consists of 1 symbol and 96 PRBs and there are 6 wideband REG bundles of size 16, i.e., 16 consecutive REGs constitute a REG bundle. Precoder cycling is applied using four different precoders (P1=1/sqrt(2)*[1;1], P2=1/sqrt(2)*[1;-1], P3=1/sqrt(2)*[1;j], P4=1/sqrt(2)*[1;-j]). As the frequency resource mapping of the interleaved REGs, the three cases in Table 1 are evaluated. The remaining simulation parameters are described in Appendix A.

Table 1. Frequency domain REG mappings for evaluation
	Legend in Figs. 3-5
	Case

	‘map all’
	Interleaved REGs are mapped to all REG bundles (desirable)

	‘map p1’
	Interleaved REGs are mapped to REG bundles of P1 (bad)

	‘map p2’
	Interleaved REGs are mapped to REG bundles of P1 and P3 (bad)



Figs. 3-5 show the BLER performance of distributed PDCCH with CCE aggregation levels 1, 2, 4, and 8 in TDL-C 30ns, 300ns, 1000ns, respectively. In the figures, it is observed that the performance of the ‘map p1’ case is up to 2dB worse than the ‘map all’ case, and the performance of the ‘map p2’ case is up to 0.5dB worse than the ‘map all’ case. From this observation, we learn that non-negligible performance difference can occur depending on the REG interleaving pattern, and the worst cases, i.e., a certain PDCCH is concentrated on certain one or two REG bundles, should be tried to be avoided in determining the REG interleaving pattern. One simple solution for this can be to use a subblock interleaver which is also adopted in the LTE channel coding chain.
Observation 2: For distributed PDCCH based on wideband precoding, REG interleaving pattern affects the link performance by up to 2dB.
Proposal 2: If wideband DMRS is supported for NR-PDCCH, the REG interleaving pattern is designed in consideration of wideband precoding and wideband REG bundling.
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Fig. 3. BLER of distributed PDCCH over various REG mappings in TDL-C 30ns
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Fig. 4. BLER of distributed PDCCH over various REG mappings in TDL-C 300ns
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Fig. 5. BLER of distributed PDCCH over various REG mappings in TDL-C 1000ns


Conclusion
In this contribution, we discussed the issues related to REG interleaving for distributed NR-PDCCH. We have the following observations and proposals:
Proposal 1: REG interleaving is applied in the frequency domain in each CORESET symbol.
Observation 1: For the time-first CCE-REG mapping, it is beneficial to apply the same interleaving pattern over all CORESET symbols.
Observation 2: For distributed PDCCH based on wideband precoding, REG interleaving pattern affects the link performance by up to 2dB.
Proposal 2: If wideband DMRS is supported for NR-PDCCH, the REG interleaving pattern is designed in consideration of wideband precoding and wideband REG bundling.
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Appendix A: Link-level evaluation assumptions

Table 2. Link-level simulation parameters
	Parameter
	Value

	Carrier frequency
	4 GHz

	Subcarrier spacing
	15 kHz

	System bandwidth
	20 MHz

	Channel
	TDL-C, 30/300/1000 ns

	Antenna configuration
	2x2

	UE mobility
	3 km/h

	CORESET size
	96 PRBs (=17.24 MHz) and 1 OFDM symbol

	CCE size
	6 REGs

	DCI payload size
	20 bits (+ 16 bits CRC)

	Channel coding
	TBCC

	Channel estimation
	MMSE estimation + linear interpolation

	DMRS overhead
	2 REs per REG
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