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Introduction
In RAN1#87, it has been agreed that cross-carrier scheduling is supported in NR. In this contribution, we discuss the potential difference between NR and LTE from the perspective of cross-carrier scheduling.
Discussion
The following aspects about NR cross-carrier scheduling are discussed.
· Whether cross-carrier scheduling supports CCs with different numerologies
· Whether single or multiple PDCCHs when there are multiple PDSCH/PUSCH in cross-carrier scheduling 
· Carrier indicator field (CIF)
Cross-carrier scheduling for CCs with different numerologies
In NR, CA deployment scenarios 1 – 4 of TS 36.300 Section J.1 should be supported. Among them, the scenario given in the figure below is expected to be popular in NR, where the frequency F1 is in sub-6, and the frequency F2 is in operated as the mmW.   
	Description
	Example

	F1 provides macro coverage and on F2 Remote Radio Heads (RRHs) are used to improve throughput at hot spots. Mobility is performed based on F1 coverage. It is expected that F2 RRHs cells can be aggregated with the underlying F1 macro cells.
	



In this case, the DL control for the data channels of F2 can be sent by the F1 macro cells. The advantages include at least the following.
· At the low frequency, the wireless channel is more robust to path loss and blockage.
· At the low frequency, beam management for the DL control channel is simpler. At the high frequency where analogue beamforming is used, distinct CORESETs need to be configured for different analogue beam directions.
Therefore, it is beneficial to support cross-carrier scheduling for CCs with different numerologies. The major difficulty is the slot timing are different in CCs with different numerologies. This problem can be resolved by setting an appropriate timing relation between the scheduling and scheduled CCs. See Figure 1 for illustration. 
Proposal 1: Cross-carrier scheduling is supported for CCs with different numerologies. 
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Figure 1. Timing relation between the scheduling and scheduled CCs when cross-carrier scheduling is used for CCs with different numerologies
Single or multiple PDCCHs when there are multiple PDSCH/PUSCH 
In LTE cross-carrier scheduling, each PDCCH carries the scheduling information for a CC, and the DCI of each PDCCH is appended by a CRC. In a subframe, when a UE is scheduled on N CCs, N separate PDCCHs are sent to the UE.
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Figure 2. Some cases in wide bandwidth operation
In cross-carrier scheduling, it is likely a UE is scheduled with multiple PDSCH and/or PUSCH in a scheduling instance. Below some use cases are given.
· In LTE cross-carrier scheduling, a UE is scheduled on multiple CCs in a subframe
· In Figure 1, in a scheduling slot of the low frequency CC, multiple PDSCHs and/or PUSCHs may exist
· According to the agreements in RAN1#88, a gNB can operate simultaneously as wideband CC for some UEs and as a set of intra-band contiguous CCs with CA for other UEs. See Figure 2 for illustration. For the sub-figure at the right-hand-side, there may be multiple PDSCHs in a scheduling instance
· In slot aggregation, a PDCCH can schedule PDSCH/PUSCH in multiple slots. 
In these use cases, the DCIs for multiple PDSCH/PUSCH can be concatenated as one aggregated DCI, appended by only one CRC, and sent by one PDCCH. By doing so, at least the following benefits can be attained.
· Diversity gain enhancement. When multiple DCIs are aggregated, a larger aggregation level is used. Therefore, the channel diversity gain is increased.
· CRC overhead reduction. Since multiple DCIs are combined into an aggregated DCI and appended by one CRC, the overhead of CRC can be saved.
· Channel coding gain enhancement. The Polar code has the property that the coding gain is proportional to the length of the information block. Figure 3 shows the performance of the Polar code and TBCC w.r.t. the length of the information block. The vertical axis of the figure is the required SNR to achieve 1% BLER in an AWGN channel, and the horizontal axis is the information block length. It is seen, for TBCC, the required SNR to achieve 1% BLER ceases to decrease when the size of the information block reaches a certain value, whereas the curve for the polar code keeps dropping with the increase of the information block length. Therefore, we can see the coding gain of the polar code grows with the information block size.
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Figure 3. The required SNR for the Polar code and TBCC to achieve 1% BLER w.r.t. the information block length
In Appendix, the evaluation results for the following two scenarios are compared. 
· Scenario 1. There are two DCIs in a scheduling instance. Each DCI is appended by a CRC and sent by a PDCCH
· Scenario 2. There are two DCIs in a scheduling instance. These two DCIs are aggregated, appended by one CRC, and sent by one PDCCH
Based on the simulation results, Scenario 2 provides obvious performance gain over Scenario 1. 
Proposal 2. In cross-carrier scheduling, when a UE is scheduled with multiple PDSCH and/or PUSCH in a scheduling instance, the DCIs for the multiple PDSCH/PUSCH can be concatenated as one aggregated DCI, appended by only one CRC, and sent by one PDCCH. 
Carrier indicator field
In LTE, a 3-bit CIF as part of the DCI is used to enable cross-carrier scheduling for up to 8 CCs to be scheduled by a single CC. This CIF design is not applicable when DCI aggregation is used. 
For DCI aggregation, to indicate to which CCs the scheduling information is mapped, the following options can be used. 
· Option 1. A bit-map type CIF is used. Specifically, the bit-map length is equal to the number of CCs in a CC-group
· Option 2. A mapping between an index and the combination of scheduled CCs is defined. For instance, we assume the number of CCs in a CC-group is 5, and the maximum number of aggregated DCIs is 2. In this case, there are in total =5+10=15 combinations of scheduled CCs. Then a bit field with a length of =4 is used to indicate the scheduled CCs 
Proposal 3. Study the format of CIF used for DCI aggregation.
Conclusion
In this contribution, the potential difference between NR and LTE from the perspective of cross-carrier scheduling was discussed, including whether cross-carrier scheduling supports CCs with different numerologies, whether single or multiple PDCCHs are used when there are multiple PDSCH/PUSCH in cross-carrier scheduling, and the design of CIF. We had the following proposals.
Proposal 1: Cross-carrier scheduling is supported for CCs with different numerologies. 
Proposal 2. In cross-carrier scheduling, when a UE is scheduled with multiple PDSCH and/or PUSCH in a scheduling instance, the DCIs for the multiple PDSCH/PUSCH can be concatenated as one aggregated DCI, appended by only one CRC, and sent by one PDCCH. 
Proposal 3. Study the format of CIF used for DCI aggregation.
[bookmark: _GoBack]Appendix. Simulation results for DCI aggregation
	Parameters
	Values

	Duplexing mode
	FDD

	Duration of simulation
	10,000 subframes

	Channel bandwidth 
	10 MHz

	Carrier frequency
	4 GHz

	Subcarrier spacing
	15 kHz

	BS antenna configuration
	2 TX

	UE antenna configuration
	2 RX

	Channel type
	TDL-C

	RMS delay spread (DS)
	1000 ns

	UE speed
	3 km/hr

	Duration of CORESET 
	1 OFDM symbol

	DCI size
	Without DCI aggregation: 60 bits
With DCI aggregation: 120 bits

	CRC size
	19 bits

	Modulation order
	QPSK

	Number of REGs per CCE
	6

	REG bundling size 
	2

	REG-to-CCE mapping
	Frequency first and distributed mapping

	Channel encoding
	Polar Code

	DMRS density
	17%

	Channel estimation
	MMSE based method, and only frequency direction interpolation is conducted


Table A.1. Simulation assumptions
In the following, comparison for PDCCH performance with and without DCI aggregation are given. The simulation assumptions are provided in Table A.1. Figure A.1 shows the performance gain of DCI aggregation. The red curve is the performance of aggregating two DCIs, and the blue curve is the performance of single DCI without DCI aggregation. The legend “CCEx-CRCy-DCIz” represents that the DCI is transmitted with aggregation level x, its attached CRC has y bits, and the DCI size is z bits. Based on the evaluation results, the gain of aggregating two DCIs is about 0.5~1 dB for different aggregation levels when the RMS delay spread is 1000 ns. 

[image: ]
Figure A.1. Real CE performance for DCI aggregation in RMS DS 1000 ns.
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