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1 Introduction
In this contribution, the following aspects about NR-PDCCH structure are discussed.
· CCE-to-candidate mapping and interleaver pattern
· REG bundle size for CORESETs with different time durations

2 Discussions
2.1 CCE-to-candidate mapping and interleaver pattern
As agreed in RAN1#89 meeting, NR supports at least time-first mapping for REG-to-CCE mapping when the CORESET time duration is more than one OFDM symbol. The REG bundle in time-domain equals to the configured CORESET time duration. In order to preserve the REG bundle property after interleaving, one of the easiest way is to do interleaver based on the REG bundle unit. A REG bundle unit can be defined as M x N REGs. M and N are the REG bundle sizes in frequency domain and time domain, respectively. M multiplied by N is the total REG bundle size. Figure 1 illustrates the steps for REG bundling, REG bundle unit numbering, interleaving and CCE-to-candidate mapping. In the Figure 1, the CORESET duration is 3 OFDM symbols, and the REG bundle size is 6. Therefore, M is 2 and N is 3. After bundling the REGs, each REG bundle unit is assigned a logical index in order. Then, the logical indices are interleaved. A CCE comprises “6/(MN)” REG bundle units with consecutive logical REG bundle unit indices. And a PDCCH candidate includes Q CCEs with consecutive logical CCE indices. Q is the aggregation levels. 
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Figure 1. Illustration of interleaver pattern
Proposal #1: The interleaver of REG-to-CCE mapping is performed based on the REG bundle unit.

Proposal #2: The CCE-to-candidate mapping is in frequency-first manner. One PDCCH candidate consists of Q CCEs with consecutive logical CCE indices, where Q is the aggregation level.

2.2 REG bundle size
In RAN1#89 meeting, the REG bundle size was agreed to be 6 for non-interleaving REG-to-CCE mapping. The REG bundle size for interleaving should be further down selected. We provide evaluation results in following subsections. The simulation assumptions are listed in Table A.1 in Appendix.
2.2.1 1-symbol CORESET

Figures 2 and 3 show the evaluation results for different REG bundle sizes with RMS delay spread 30ns and 1000ns, respectively. Since the time duration of CORESET is one OFDM symbol, the REGs are bundled in frequency domain. In each subfigure, the red, blue and green curves are represented for bundling 2, 3 and 6 consecutive REGs, respectively. The REG-to-CCE mapping with interleaving is mainly applied to (group) common PDCCH to pursue transmit diversity. So the following results are simulated based on the precoder-cycling scheme. The gNB is equipped with 4 transmit antennas, the number of precoders is 16. 
From the results, it can be observed that the REG bundle size 6 provides better performance when the aggregation level (AL) is large, e.g., AL4 and AL8. But when the ALs are 1 and 2, the REG bundle size 6 leads to significant performance loss. For low ALs, the REG bundle size 2 or 3 can achieve better performance. When the ALs are low, the SNR operation points are relatively high, and the channel estimation (CE) performance is not so bad. Large number of the rotation of beam direction is more important. For REG bundle size 6 in AL1, single precoder is used and the transmit diversity is not good, therefore the performance loss is large. To improve the link performances in low ALs, we can have small REG bundle size or enlarge the beam width of one beam direction. When the ALs are high, the transmit diversity is not the issue and better CE accuracy can help to enhance the overall performance. Hence, the REG bundle size 6 can provide more robust performance. But it can be noted that the CE accuracy improvement due to large REG bundle size is decreased with the increase of delay spread.
According to the results, we have following observations for the 1-symbol CORESET.

Observation #1: REG bundle size 2 or 3 provides better performance in low ALs, e.g., AL1 and AL2, due to better transmit diversity.

Observation #2: REG bundle size 6 provides better performance in high ALs, e.g., AL4 and AL8, due to better CE accuracy.
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Figure 2. Results for 1-symbol CORESET with RMS DS 30ns
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Figure 3. Results for 1-symbol CORESET with RMS DS 1000ns
2.2.2 More than 1-symbol CORESET

In this section, the CORESET with time duration 3 symbols is considered. Figures 3 and 4 depict the performances for different REG bundle sizes with RMS delay spread 30ns and 1000ns, respectively. Without losing the generality, the DMRS are located on the first and last symbols of the CORESET. In each subfigures, the red and blue curves are represented for bundling 3 and 6 REGs, respectively. When the REG bundle size is 3, the REGs are only bundled in the time domain. Therefore, the number of DMRS pilots for interpolation during CE equals to the number of DMRS pilots within a REG. When the REG bundle size is 6, the REGs are both bundled in time and frequency domains. In frequency direction, the bundle size is 2. As a results, it can be expected that the CE accuracy would be better for the REG bundle size 6. However, the REG bundle size 3 can achieve better transmit diversity especially in low ALs.
Similar performance trend can be observed as in Section 2.2.1. But the gain of REG bundle size 6 in high ALs are much bigger when the CORESET time duration is 3 symbols. The gain of REG bundle size 6 over the REG bundle size 3 is about 1~2dB in high ALs. When the CORESET time duration is 1 symbol, the REG bundle size in frequency domain is from 2 (or 3) to 6 REGs, the CE improvement is limited. But when the CORESET time duration is 3 symbols, the REG bundle size in frequency domain is from 1 to 2 REGs, the CE improvement is more significant.

According to the results, we have following observations for the 3-symbols CORESET.

Observation #3: REG bundle size 3 provides better performance in low ALs, e.g., AL1 and AL2, due to better transmit diversity.

Observation #4: REG bundle size 6 provides better performance in high ALs, e.g., AL4 and AL8, due to better CE accuracy. The gain of REG bundle size 6 over REG bundle size 3 is about 1~2 dB.
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Figure 4. Results for 3-symbol CORESET with RMS DS 30ns
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Figure 5. Results for 3-symbol CORESET with RMS DS 1000ns
2.2.3 Discussions
In Sections 2.2.1 and 2.2.2, we find that it is not easy to have a unified REG bundle size for different ALs. The REG bundle size is a trade-off between the diversity and the CE accuracy. However, we can still observe the trend: for the low ALs, small REG bundle size is proper to pursue the larger diversity; for the high ALs, large REG bundle size is more appropriate to strive for the better CE performance. Therefore, it is reasonable to have different REG bundle sizes for different ALs. In our opinion, both the AL and the REG bundle size can be included in the CORESET configurations. If the CORESET is configured to support low ALs, e.g., AL1 and AL2, the time duration of CORESET is restricted to 1 symbol. If the CORESET is configured to support high ALs, e.g., AL4 and AL8, the time duration of CORESET can be 2 or 3 symbols. An UE can monitor multiple CORESETs with different ALs and time durations at the same time. Multiple CORESETs can have full or partial overlapped resource elements in frequency and time domains to reduce the CE process overhead at UE. Moreover, restricting the PDCCH candidates with low ALs within one OFDM symbol can enable early initiation of DCI blind decoding. Figure 5 illustrates one example. In both 5(a) and 5(b), there are two CORESETs existed. The CORESET #1 in both figures has one symbol duration, and supports AL1. The CORESET #2 supports AL4 and has 3 and 2 symbols in Figure 5(a) and 5(b), respectively. The CORESET #1 is overlapped on the first symbol of the CORESET #2. As observed in previous sections, the REG bundle size 6 is proper for high ALs to achieve better performance. Therefore, it is reasonable to fix the REG bundle size is to be 6 in the CORESET #2. The REG bundle size in CORESET #1 can be adjusted to “6/CORESET #2 time duration” such that the CE results of CORESET #2 can be shared with the CORESET #1. Small REG bundle size helps low ALs to strive for larger diversity. Furthermore, the CE complexity at UE can be restricted because the REG bundle size in frequency direction is either 2 or 3 when the interleaving is applied in REG-to-CCE mapping.
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Figure 5. Illustration of CORESET configuration
Proposal #3: At least for REG-to-CCE mapping with interleaving
· For low ALs, its CORSET is restricted to 1 OFDM symbol, and the REG bundle size is 2 or 3.
· For high ALs, its CORSET is 2 or 3 OFDM symbols, and the REG bundle size is 6.
· If one UE is configured to monitor one CORSET with low ALs and one CORESET with high ALs, then the CORESET with low ALs have the REG bundle size equals to “6/time duration of CORESET with high ALs”. And the channel estimation results for decoding PDCCH candidates in CORESET with high ALs can be reused for decoding PDCCH candidates in CORESET with low ALs.

3 Conclusions

In this work, we provide our views on the CCE-to-candidate mapping and interleaver pattern and have proposals as follows.
Proposal #1: The interleaver of REG-to-CCE mapping is performed based on the REG bundle unit.

Proposal #2: The CCE-to-candidate mapping is in frequency-first manner. One PDCCH candidate consists of Q CCEs with consecutive logical CCE indices, where Q is the aggregation level.
We further discuss the proper REG bundle size for CORESETs with different time durations when interleaving is applied. Based on the evaluation results, the observations for 1-symbol CORESET are:

Observation #1: REG bundle size 2 or 3 provides better performance in low ALs, e.g., AL1 and AL2, due to better transmit diversity.
Observation #2: REG bundle size 6 provides better performance in high ALs, e.g., AL4 and AL8, due to better CE accuracy.
The observation for 3-symbol CORESET are listed as follows.
Observation #3: REG bundle size 3 provides better performance in low ALs, e.g., AL1 and AL2, due to better transmit diversity.

Observation #4: REG bundle size 6 provides better performance in high ALs, e.g., AL4 and AL8, due to better CE accuracy. The gain of REG bundle size 6 over REG bundle size 3 is about 1~2 dB.
Finally, we have following proposals according to the observations:
Proposal #3: At least for REG-to-CCE mapping with interleaving

· For low ALs, its CORSET is restricted to 1 OFDM symbol, and the REG bundle size is 2 or 3.

· For high ALs, its CORSET is 2 or 3 OFDM symbols, and the REG bundle size is 6.
· If one UE is configured to monitor one CORSET with low ALs and one CORESET with high ALs, then the CORESET with low ALs have the REG bundle size equals to “6/time duration of CORESET with high ALs”. And the channel estimation results for decoding PDCCH candidates in CORESET with high ALs can be reused for decoding PDCCH candidates in CORESET with low ALs.
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Appendix
Table A.1. Simulation assumptions 
	Parameters
	Values

	Duplexing mode
	FDD

	Duration of simulation
	10000 subframes

	Channel bandwidth 
	10 MHz

	Carrier frequency
	4 GHz

	Subcarrier spacing
	15 kHz

	BS antenna configuration
	4 TX

	UE antenna configuration
	2 RX

	Channel type
	TDL-C

	RMS delay spread (DS)
	30 ns, 1000 ns

	UE speed
	3 km/hr

	Transmission scheme
	Precoder-cycling

	DCI size
	20 bits

	CRC size
	16 bits

	Modulation order
	QPSK

	Number of REGs per CCE
	6

	CCE aggregation level
	1, 2, 4, 8

	REG-to-CCE mapping
	Interleaving

	Signal generation flow
	LTE PDCCH-like

	Channel encoding
	TBCC

	Channel estimation
	MMSE based method

	DMRS density
	33 %


