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1. [bookmark: OLE_LINK13][bookmark: OLE_LINK14]Introduction & Background
In 3GPP RAN1 #89 meeting, REG-to-CCE mapping and REG bundling were discussed and the following agreements were achieved [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
The following agreements about REG bundling were reached in the RAN1 NR Adhoc#2 meeting [2]:
Agreements:
For a 1-symbol CORESET with interleaving, 
· At least REG bundle size = 2 is supported
· Working assumption:
· REG bundle size = 6 is also supported 
· FFS whether configuration between 2 and 6 is explicit or implicit
· Precoder granularity in frequency domain is equal to the REG bundle size in the frequency domain
For a 2 or 3 symbol CORESET with interleaving, 
· At least REG bundle size = CORESET length is supported
· Working assumption:
· REG bundle size = 6 is also supported 
· FFS whether configuration between CORESET length and 6 is explicit or implicit
· Precoder granularity in frequency domain is equal to the REG bundle size in the frequency domain
(Note: REG bundle size = REGs in frequency domain x symbols in time domain)

In this contribution, further investigation on REG-to-CCE mapping and REG bundling are provided, performance comparing different AL and bundling size are provided based on link level simulation. 
2. REG bundling
It is agreed as working assumption that multiple REG bundle size can be adopted for NR-PDCCH. This section further investigate REG bundle sizes 2 and 6 for 1-symbol CORESET. 
The following assumptions are highlighted. Further simulation assumptions are provided in Annex A.
· DCI size = 76-bits (including 16-bit CRC)
· Single-port precoding cycling without CSI feedback is assumed in the simulation. 
· One symbol PDCCH. The DMRS pattern for PDCCH is illustrated in Annex A.
· Distributed mapping is considered for CCE-to-REG mapping.
· 3 Km/h, TDL-C, 30ns, 300ns, 1000ns
Simulation results & Observations
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Figure 1. Performance for NR-PDCCH with different ALs and bundling sizes (DS=30ns)
It can be observed from Figure 1 that for the precoding cycling scheme, distributed resource allocation with different aggregation levels, when delay spread = 30 ns,
· [bookmark: OLE_LINK5]For AL=1 and AL=2, bundling size =2 outperforms bundling size =6 at high SNR region, and bundling size =6 outperforms slightly at low SNR region
· For AL=4, bundling size =2 outperforms bundling size =6 slightly at high SNR region, and bundling size =6 outperforms slightly at low SNR region
· For AL=8, bundling size =6 outperforms bundling size =2
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Figure 2. Performance for NR-PDCCH with different ALs and bundling sizes (DS=300ns)
It can be observed from Figure 2 that for the precoding cycling scheme, distributed resource allocation with different aggregation levels, when delay spread = 300 ns,
· For AL=1 and AL=2, bundling size =2 outperforms bundling size=6 significantly 
· For AL=4, bundling size =2 provides about 2dB gain than bundling size =6.
· For AL=8, bundling size =2 performs similar as bundling size=6, and bundling size =2 performs bundling size=6 slightly at high SNR region while bundling size =6 performs bundling size=2 slightly at high low region.
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Figure 3. Performance for NR-PDCCH with different ALs and bundling sizes (DS=1000ns)
It can be observed from Figure 2 that for the precoding cycling scheme, distributed resource allocation with different aggregation levels, when delay spread = 1000 ns,
· For all AL, bundling size=2 outperforms bundling size=6 significantly.
The performance of bundling size=2 and 6 are summerized in Table 1.
Table 1. Optimal REG bundle size @1% BLER for NR-PDCCH (60-bit payload size)
	
	AL=1
	AL=2
	AL=4
	AL=8

	DS=30ns
	2
	2
	6
	6

	DS=300ns
	2
	2
	2
	6

	DS=1000ns
	N/A*
	N/A*
	2
	2


*Note : for DS=1000ns and AL=1 and 2, the block error rate is always larger than 1%
Based on the above evaluation results, different optimal bundling sizes are observed for different PDCCH aggregation levels and different channel. 
If REG bundle size=2 and 6 are supported simultaneously. Configuration between 2 and 6 can be explicit or implicit. It’s agreed at RAN1 ad-hoc #2 meeting that if the configuration is explicit, UE-specific higher-layer signalling which is used to configure a CORESET at least includes the configuration information of REG bundle size.
Then it is proposed that, 
Proposal 1: REG bundling sizes per each CORESET is explicitlt indicated by RRC.
Proposal 2: Different REG bundling sizes can be configured to differnet aggregation level. 
3. REG-to-CCE mapping
It is agreed that REG-to-CCE mapping can be configured in two options. That is, non-interleaved mapping, groups consecutive 6 REGs to form one REG bundle to be mapped to one CCE, and interleaved REG bundles in the CORESET are mapped to a given CCE.
It is agreed that a REG consists of one-symbol and 12 subcarriers, which can be mapped to a PRB. The REGs are numbered from 0 to N_REG-1 first according to symbol index, then PRB index of the REG.
Non-interleaving 
· It is naturally that each CCE are consists of 6 consecutive numbered REGs for non-interleaved mapping. 
Interleaving mapping
· For interleaving mapping, since REG bundling is adopted, the CCE-to-REG mapping for a control-resource set shall be described by REG bundles. Interleaving of all the REG bundles shall be introduced in order to provide enough diversity. And REG bundle is the minimum permutation unit.
Furthermore, in order to provide enough flexibility, the following principles can be considered when design REG-to-CCE mapping.
· Different CORESETs with different CORESET size can be overlapped. 
· The overlapped part are aligned to the REG bundle grid
· FFS whether CORESETs with different REG bundle size can be overlapped or not. 
· Frequency diversity for each CCE shall be maximized as much as possible when designing interleaver.
Since NR adopts UE-specific CORESET configuration, full/partial overlapped CORESETs from different UEs may cause blocking problem (for interleaved CCE-REG mapping scheme). Please an example in Annex B. This can be avoided by distribute the REG bundles for each CCE into different comb index. Different CCEs are mapped into different comb index, which results in different physical time-frequency resources. 
A simple figure of such design is illustrated as follows,
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Figure 4. Proposed better comb-based interleaver
The procedure of the proposed REG-to-CCE mapping is as follows,
· Step 1: CCEs are mapped into virtual REG bundles (as illustrated in Figure 4)
· Step 2: The virtual REG bundles are splitted into N parts (For example, N=2 in the Figure 4). Each part is interleaved by an interleaver. LTE-like interleaver could be adopted as baseline, other interleaver can be FFS.
· Step 3: Output REG bundles after N interlever are comb-based interleaved (as illustrated in Figure 4)
The reason such comb-interleaver structure can avoid PDCCH blocking from different CORESET is because the PDCCH from each CORESET can be mapped into different comb index, which results in different time-frequency resources.
For step 2, it is worth to note that the reason for first LTE-like interleaving is that it provides better frequency diversity. Better interleaver other than LTE, which reducing computational complexity or provides better frequency diversity, can be discussed. However, from simplicity perspective, step 2 can be omitted.
It is also noted that the SS-CCE mapping is also related to such comb-based interleaver when avoiding PDCCH blocking. Taking N=2 for example, candidate PDCCH is mapped to either even or odd REG bundle only, which avoiding blocking with other PDCCH(s). Therefore, for a particular AL, a candidate PDCCH(s) are mapped to CCE(s) either with comb index 0 or index 1 only. And all the candidate PDCCH(s) are partially mapped to CCE(s) with comb index 0, and partially mapped to CCE(s) with comb index 1. One PDCCH is mapped to even REG bundle grid only or odd REG bundle grid only. 
Furthermore, the comb size can be configured in order to accommodate different number of UEs. For example, configuring a large comb size when the number of UEs is larger. In that sense, the PDCCHs from different UEs can be transmitted on different comb indices.
Proposal 3: NR shall use a comb-interleaver structure to avoid PDCCH blocking from different CORESET.
4. Conclusion
This contribution discusses some considerations on bundling size. In summary, it is proposed that, 
Proposal 1: REG bundling sizes per each CORESET is explicitlt indicated by RRC.
Proposal 2: Different REG bundling sizes can be configured to differnet aggregation level. 
Proposal 3: NR shall use a comb-interleaver structure to avoid PDCCH blocking from different CORESET.
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Annex A. Simulation assumptions
Table A-1 Link-level simulation assumptions
	Parameter
	Assumption

	Bandwidth
	20 MHz

	Channel model
	3 Km/h, TDL-C, 30ns, 300ns,1000ns

	Channel estimation
	Ideal MMSE

	Resource allocation
	One OFDM symbol is reserved for CCE mapping

	
	One PRB for one REG

	 Control Channel Payload
	35-bit / 60-bit payload, 16-bit CRC

	Coding scheme
	Polar Code

	Modulation Scheme
	QPSK, Max-log-likehood algorithm

	Subcarrier spacing
	15kHz

	Symbol length
	Normal CP 160Ts + 2048 Ts, Ts =1/30.72us 

	Antenna Model
	2 Tx, 2 Rx

	Transmission scheme
	1-port Precoder cycling, OCC = [1 -1], RS pattern in Figure A1-1

	CCE size
	4 / 6 RBs, 1/3 RS overhead



[image: ]
Figure A-1. RS pattern for PDCCH
Annex B Example for CCE-REG mapping by using legacy LTE-like interleaver
An example of two UEs with different number of CCEs in CORESET are as follows,
Interleaving is done by LTE interleaver (TS36.211 section 5.1.4.2.1), 
· Interleaving is performed on REG bundles instead of bits by substituting the terms “bit”, “bits” and “bit sequence” in Section 5.1.4.2.1 of TS36.211 by “REG bundle”, “REG bundles” and “REG bundle sequence”, respectively.
· The CORESET configuration for two UEs are as follows,
CORESET 1: CCEs = 16, symbol ‘octuplets’ = 96, REG bundling size L=2
[bookmark: _GoBack][image: ]
CORESET 2: CCEs = 6, symbol ‘octuplets’ = 36, REG bundling size L=2
[image: ]
· ‘symbol octuplets’ means one REG is consisted of 8 REs, which means 1/3 DMRS overhead
· Assuming SS-to-CCE mapping is similar to LTE, number of blind decoding for each AL is 6/6/2/2. CORESET 2 are fully overlapped to CORESET 1.
Table B-1. Summary (Horizontal = CORESET2, Vertical = CORESET1, YES means no blocking)
	
	CORESET 2

	
	AL=1
	AL=2
	AL=4

	CORESET 1
	AL=1
	YES
	YES
	YES

	
	AL=2
	YES
	YES
	YES

	
	AL=4
	YES
	YES
	NO

	
	AL=8
	YES
	YES
	NO



It can be seen that Paring two CORESETs each with high probability of AL=4 or 8 results in higher PDCCH blocking probability.
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