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1 Introduction
To evaluate the performance of multi-cell PDSCH scheduling via single DCI, both LLS and SLS are needed.  In RAN1#103-e, detailed evaluation assumptions for LLS and SLS are agreed.  The combinations of carrier frequency, SCS, antenna configuration, carrier bandwidth and CORESET configuration and DCI payload sizes for evaluation are also agreed as follows.
	Agreements:

Simulation assumptions on carrier frequency, SCS, antenna configuration, carrier bandwidth as well as CORESET configuration
· Combination 1: 2 GHz, 15 kHz SCS, 2 Tx, 2 Rx, 20 MHz carrier BW, 2-symbol CORESET with 96RBs
· Combination 2: 4 GHz, 30 kHz SCS, 4 Tx, 4 Rx, 100 MHz carrier BW, 1-symbol CORESET with 270RBs

· [Combination 3: 700MHz, 15 kHz SCS, 2 Tx, 2 Rx, 10 MHz carrier BW, 3-symbol CORESET with 48RBs]
· [Combination 4: 4GHz, 30 kHz SCS, 4 Tx, 4 Rx, 40 MHz carrier BW, 2-symbol CORESET with 96RBs]

Payload size of two-cell scheduling DCI (excluding CRC):
· 60 for single-cell scheduling DCI (baseline).
· 72/84/96/108 for two-cell scheduling DCI.

· Companies are encouraged to report how the values are obtained, e.g., via separate or shared fields in DCI format. 


This paper provides our views on multi-cell PDSCH scheduling via single DCI and corresponding evaluation results. Our views and related discussions on multi-cell PDSCH scheduling are provided in Section 2. Based on the evaluation assumptions agreed in RAN1#103-e, evaluation results are provided in Section 3 with detailed evaluation assumptions shown in Appendix. 
2 DCI aggregation for cross-carrier scheduling

Compared to single carrier, carrier aggregation has poorer DCI scheduling efficiency. Since carrier aggregation is useful for non-contiguous spectrum, it would be beneficial to improve its DCI scheduling efficiency to be similar to single carrier.

In DSS, PCell may be in the carrier shared with LTE in lower frequency band (e.g. 700MHz, 2GHz) so moving scheduling DCI from PCell to SCell in higher frequency band (e.g. 4GHz) is beneficial to resolve the issue of insufficient NR DL control capacity due to LTE DL control region in PCell. However, to match the scheduled PDSCH/PUSCH coverage in lower-frequency PCell, larger aggregation level is expected for scheduling PDCCH transmission in higher-frequency SCell to compensate larger pathloss. Therefore, improving DCI scheduling efficiency in carrier aggregation can also avoid potential DL control capacity exhaust in higher-frequency SCell.
There are two approaches to improve DCI scheduling efficiency in carrier aggregation - 1-stage DCI aggregation and 2-stage DCI aggregation. Figure 1 illustrates the difference among legacy scheme, 1-stage DCI aggregation and 2-stage DCI aggregation. More detailed description is further shown below.

[image: image1]
Figure 1. Comparison among legacy scheme, 1-stage DCI aggregation and 2-stage DCI aggregation in 2-cell CA
1-stage DCI aggregation:
· DCIs for the scheduled cells are aggregated into a 1-stage DCI, which is carried in a PDCCH
· The aggregated DCI consists of three parts (an example is shown in Figure 2)
· Common scheduling info for all cells

· Scheduling info specifically for each cell 

· CRC bits

· The aggregated DCI size doesn’t scale with the number of the scheduled cells
· Blind decoding complexity is
· Case 1: The same as single carrier if only the aggregated DCI needs to be monitored
· Case 2: Larger than legacy scheme if both legacy DCIs for all cells and the aggregated DCI need to be monitored


[image: image2]
Figure 2. Example DCI format 1_1 fields using 1-stage DCI aggregation in CA
2-stage DCI aggregation:
· DCIs for the scheduled cells are aggregated into a 2-stage DCI, where 1st stage DCI is carried in a PDCCH and 2nd stage DCI is carried in a set of REs indicated in the 1st stage DCI (two examples are shown in Figure 3)
· 1st stage DCI and 2nd stage DCI are in the same slot

· The 1st stage aggregated DCI consists of four parts (an example is shown in Figure 4)
· Common scheduling info for all cells

· Scheduling info specifically for the 1st scheduled cell

· Information related to 2nd stage DCI

· Carrier(s) scheduled by the DCI

· Time-frequency location & size of the occupied radio resource for the 2nd stage DCI

· Same or different FDRA/TDRA across scheduled cells

· 24 CRC bits (same as legacy DCI)
· The 2nd stage aggregated DCI consists of two parts (an example is shown in Figure 4)
· Scheduling info specifically for the remaining scheduled cells

· The scheduling information for the scheduled serving cells is aggregated in ascending or descending order based on the serving cell identification of each scheduled serving cell (or carrier)

· 11 CRC bits (same as legacy UCI)
· 24 CRC bits are not needed because false alarm rate due to PDCCH blind decoding is dominated by 1st stage DCI
· The aggregated DCI size is scaled with the number of the scheduled cells

· Blind decoding complexity is the same as single carrier
· Blind decoding is needed for the 1st stage aggregated DCI

· NO blind decoding is needed for the 2nd stage aggregated DCI
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Figure 3. Example illustration of 2-stage aggregated DCI when 2nd stage DCI is in DL-control region and non-DL-control region of a slot
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(a) Example 1st stage DCI field for the scheduled cell with the lowest cell index

[image: image7]
(b) Example 2nd stage DCI field for each of the remaining scheduled cell(s)
Figure 4. Example DCI format 1_1 fields using 2-stage DCI aggregation in CA
Compared to legacy scheme, there are several benefits to apply 2-stage DCI aggregation for cross-carrier scheduling.
· UE blind decoding complexity is fixed to be the same as single carrier and doesn’t scale with the number of carriers in CA
· The scheduling efficiency is improved, especially for intra-band CA with large number of aggregated cells

· DL control capacity is not limited to DL control region size of a serving cell, especially for the cross-carrier scheduling of a large number of carriers
· The aggregated DCI size can be scaled with the number of the scheduled cells
· Scheduling flexibility across the scheduled cells can be kept by adding 1 bit in 1st stage DCI for the indication to enable more different bitfields (e.g. FDRA/TDRA) in the scheduling info of the scheduled cells

However, due to the inclusion of the information related to 2nd stage DCI in 1st stage DCI carried in PDCCH, PDCCH coverage may be impacted. According to Figure 4, additional 5~7 bits is needed in 1st stage DCI for the cross-carrier scheduling of 2 carriers.
3 Evaluation results 

In this Section, we provide the evaluation results to benchmark the following four schemes:
· Legacy scheme
· PDSCH scheduling over 1 cell: 60-bit DCI (excluding CRC) x 1
· PDSCH scheduling over 2 cells: 60-bit DCI (excluding CRC) x 2
· Scheme #1 (1-stage DCI aggregation)
· PDSCH scheduling over 1 cell: 84-bit DCI (excluding CRC) x 1
· PDSCH scheduling over 2 cells: 84-bit DCI (excluding CRC) x 1
· Scheme #2 (1-stage DCI aggregation)
· PDSCH scheduling over 1 cell: 96-bit DCI (excluding CRC) x 1
· PDSCH scheduling over 2 cells: 96-bit DCI (excluding CRC) x 1
· Scheme #3 (2-stage DCI aggregation: 60-bit 1st stage DCI + 44-bit 2nd stage DCI)
· PDSCH scheduling over 1 cell: 60-bit DCI (excluding CRC) x 1
· PDSCH scheduling over 2 cells: 104-bit DCI (excluding CRC) x 1
For UE throughput benchmarking, the following evaluation methodology is applied.

· Step #1: Obtain the required SNR values to achieve 1% PDCCH BLER for each aggregation level for the above schemes by LLS

· Step #2: Obtain the mean CCE number & CCE saving rate (compared to legacy scheme) based on the required SNR values and the UE scheduling (according to full-buffer traffic and FTP traffic in DL) for the above schemes by SLS
· Step #3: If the CCE saving rate (e.g. X%) for an enhanced scheme (compared to the legacy scheme) and Y-symbol CORESET size is assumed for the legacy scheme, apply (1–X%)×Y symbols as the CORESET size of the enhanced schemes to obtain UE throughput by SLS
· To keep the same PDCCH blocking rate & inter-cell interference level for the CORESET, the RU rate of the CORESET is kept the same across all schemes in the SLS
Figure 5 and Figure 6 show the LLS results for different DCI sizes (excluding CRC) using different aggregation levels for 20MHz in 2GHz.
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Figure 5. LLS results for 60/84/96/104 DCI sizes (excluding CRC) over 20MHz in 2GHz
[image: image9.emf]
Figure 6. Required SNR to achieve 1% BLER for 60/84/96/104 DCI sizes (excluding CRC) with different aggregation levels over 20MHz in 2GHz
Table 1 provides the required SNR for each aggregation level (AL) for 60/84/96/104 DCI sizes based on LLS results and the corresponding average CCE number based on SLS results for full-buffer traffic and FTP traffic with packet size = 20Kbytes and packet arrival rate = 10 packets/s per UE over 20MHz channel bandwidth in 2GHz. For FTP traffic, RU = 46% for legacy scheme while RU = ~40% for scheme #1/2/3.
Table 2 provides average/cell-edge UE throughput for full-buffer traffic and FTP traffic with packet size = 20Kbytes and packet arrival rate = 10 packets/s per UE based on SLS results over 20MHz channel bandwidth in 2GHz, assuming 2 & 3-symbol CORESET. For FTP traffic, RU = 46% for legacy scheme while RU = ~40% for scheme #1/2/3, assuming 3-symbol CORESET. Figure 7 provides the corresponding CDF of UE throughput.
Table 1. LLS/SLS results for full-buffer traffic (FB) and FTP 3 traffic with packet size = 20Kbytes (FTP) & packet arrival rate = 10 packets/s per UE, assuming 20MHz in 2GHz
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Table 2. Average/cell-edge UE throughput for full-buffer traffic and FTP 3 traffic with packet size = 20Kbytes & packet arrival rate = 10 packets/s per UE, assuming 20MHz in 2GHz (2 & 3-symbol CORESET)
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Figure 7. CDF of UE throughput for full-buffer traffic and FTP 3 traffic with packet size = 20Kbytes & packet arrival rate = 10 packets/s per UE, assuming 20MHz in 2GHz (3-symbol CORESET)
Figure 8 shows the CDF for the number of scheduling DCIs per UE in a slot, i.e. the number of scheduled cells in a slot. From the CDF, a UE is scheduled with PDSCHs over 2 cells for ~30% and ~70% of slots for full-buffer and FTP traffic models, respectively. It’s also observed that the time portion increases with the FTP packet size.
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Figure 8. CDF of the scheduling DCI number per UE in a slot for 2-cell carrier aggregation using legacy DCI, assuming 20MHz in 2GHz
Figure 9 and Figure 10 show the LLS results for different DCI sizes (excluding CRC) using different aggregation levels for 20MHz in 2GHz.
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Figure 9. LLS results for 60/84/96/104 DCI sizes (excluding CRC) over 10MHz in 700MHz
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Figure 10. Required SNR to achieve 1% BLER for 60/84/96/104 DCI sizes (excluding CRC) with different aggregation levels over 10MHz in 700MHz

Table 3 provides the required SNR for each aggregation level (AL) for 60/84/96/104 DCI sizes based on LLS results and the corresponding average CCE number based on SLS results for FTP traffic with packet size = 10Kbytes and packet arrival rate = 12 packets/s per UE over 10MHz channel bandwidth in 700MHz. For FTP traffic, RU = ~53% for legacy scheme while RU = ~37% for scheme #1/2/3.
Table 4 provides average/cell-edge UE throughput for FTP traffic with packet size = 10Kbytes and packet arrival rate = 12 packets/s per UE based on SLS results over 10MHz channel bandwidth in 700MHz. For FTP traffic, RU = ~53% for legacy scheme while RU = ~37% for scheme #1/2/3. Figure 11 provides the corresponding CDF of UE throughput.

Table 3. LLS/SLS results for FTP 3 traffic with packet size = 10Kbytes (FTP) & packet arrival rate = 12 packets/s per UE, assuming 10MHz in 700MHz
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AL 1

11.14 5.59 (FTP) 15.25 4.36 (FTP) N/A 4.37 (FTP) N/A 4.10 (FTP)

AL 2

4.17 6.09 6.73 7.63

AL 4

-1.78 Saving Rate -0.56 Saving Rate 0.04 Saving Rate 0.35 Saving Rate

AL 8

-4.68 N/A -3.75 22.0% (FTP) -3.28 21.8% (FTP) -3.04 26.7% (FTP)

AL 16

-7.59 -6.63 -6.16 -5.95


Table 4. Average/cell-edge UE throughput for FTP 3 traffic with packet size = 10Kbytes & packet arrival rate = 12 packets/s per UE, assuming 10MHz in 700MHz (3-symbol CORESET)
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Figure 11. CDF of UE throughput for FTP 3 traffic with packet size = 10Kbytes & packet arrival rate = 12 packets/s per UE, assuming 10MHz in 700MHz (3-symbol CORESET)
Figure 12 shows the CDF for the number of scheduling DCIs per UE in a slot, i.e. the number of scheduled cells in a slot. From the CDF, a UE is scheduled with PDSCHs over 2 cells for ~30% and ~70% of slots for full-buffer and FTP traffic models, respectively. It’s also observed that the time portion increases with the FTP packet size.
[image: image20.emf]
Figure 12. CDF of the scheduling DCI number per UE in a slot for 2-cell carrier aggregation using legacy DCI, assuming 10MHz in 700MHz

Figure 13 shows the consolidated evaluation results for legacy scheme and scheme #1/2/3 from the perspective of mean CCE saving rate, UE throughput gain, UE PDCCH blind decoding complexity and power consumption for UE PDCCH blind decoding. From the results, even though there is 30% of time to have single scheduled cell for a UE within a slot in 2-cell CA in FTP traffic, scheme #1/2/3 still provide 16.7%/32.7% mean/cell-edge UE throughput gain for 2GHz and 29~34%/63~100% mean/cell-edge UE throughput gain for 700MHz. In addition, DCI aggregation also provides benefits in terms of UE blind decoding complexity and power consumption for UE blind decoding.
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Figure 13. Consolidated evaluation results of Rel-16 vs. Rel-17 DCI aggregation for x-carrier scheduling
Observation 1: In both full-buffer and FTP traffic, a UE with 2-cell CA is not always scheduled with PDSCHs over 2 cells whenever there is data packet
· Full-buffer traffic (2GHz)

· 1 scheduled cell: 70% of slots

· 2 scheduled cells: 30% of slots

· FTP traffic with a packet size of 20Kbytes (2GHz)

· 1 scheduled cell: 30% of slots

· 2 scheduled cell: 70% of slots
Observation 2: Compared to legacy scheme, scheme #1/2/3 provide non-negligible UE throughput gain in both full-buffer and FTP traffic

Observation 3: For FTP traffic, the mean/cell-edge UE throughput gain for 700MHz is larger than that for 2GHz due to more RU reduction resulted from CORESET overhead reduction
Observation 4: DCI aggregation for cross-carrier scheduling provides higher cell-edge UE throughput gain than mean UE throughput gain

Observation 5: Compared to scheme #1/2 (i.e. 1-stage DCI aggregation), scheme #3 (i.e. 2-stage DCI aggregation) provides larger mean and cell-edge UE throughput gain for 700MHz

4 Conclusion 

In this contribution, we benchmark the following schemes and provide corresponding LLS/SLS results.

· Legacy scheme

· PDSCH scheduling over 1 cell: 60-bit DCI (excluding CRC) x 1

· PDSCH scheduling over 2 cells: 60-bit DCI (excluding CRC) x 2

· Scheme #1 (1-stage DCI aggregation)

· PDSCH scheduling over 1 cell: 84-bit DCI (excluding CRC) x 1

· PDSCH scheduling over 2 cells: 84-bit DCI (excluding CRC) x 1

· Scheme #2 (1-stage DCI aggregation)

· PDSCH scheduling over 1 cell: 96-bit DCI (excluding CRC) x 1

· PDSCH scheduling over 2 cells: 96-bit DCI (excluding CRC) x 1

· Scheme #3 (2-stage DCI aggregation: 60-bit 1st stage DCI + 44-bit 2nd stage DCI)

· PDSCH scheduling over 1 cell: 60-bit DCI (excluding CRC) x 1

· PDSCH scheduling over 2 cells: 104-bit DCI (excluding CRC) x 1

The following observations are drawn based on the LLS/SLS results.

Observation 1: In both full-buffer and FTP traffic, a UE with 2-cell CA is not always scheduled with PDSCHs over 2 cells whenever there is data packet
· Full-buffer traffic (2GHz)
· 1 scheduled cell: 70% of slots

· 2 scheduled cells: 30% of slots
· FTP traffic with a packet size of 20Kbytes (2GHz)
· 1 scheduled cell: 30% of slots

· 2 scheduled cell: 70% of slots
Observation 2: Compared to legacy scheme, scheme #1/2/3 provide non-negligible UE throughput gain in both full-buffer and FTP traffic

Observation 3: For FTP traffic, the mean/cell-edge UE throughput gain for 700MHz is larger than that for 2GHz due to larger RU reduction resulted from CORESET overhead reduction

Observation 4: DCI aggregation for cross-carrier scheduling provides higher cell-edge UE throughput gain than mean UE throughput gain

Observation 5: Compared to scheme #1/2 (i.e. 1-stage DCI aggregation), scheme #3 (i.e. 2-stage DCI aggregation) provides larger mean and cell-edge UE throughput gain for 700MHz
Based on the above observations, we have the following proposals.
Proposal 1: Conclude in RAN1 that multi-cell PDSCH scheduling via single DCI provides significant system benefits in terms of UE throughput, UE PDCCH blind decoding complexity and UE power consumption for PDCCH blind decoding.
Proposal 2: Continue to work on detailed design of multi-cell PDSCH scheduling via single DCI with the following design considerations.

· PDCCH blind decoding complexity is not worse than Rel-16

· Scalable DCI size based on the number of scheduled cells

· Switch of same/different TDRA/FDRA across the scheduled cells

· Forward compatibility to CA with more than 2 cells
5 Appendix – Evaluation Assumptions
Table 5. LLS Evaluation Assumptions
[image: image22.emf]Parameter Assumption

Carrier frequency 20MHz for 2GHz;

10MHz for 700MHz

System bandwidth

Subcarrier spacing 15KHz

CORESET symbol length 2

CORESET bandwidth 96 RBs

Channel model TDL-C DS = 300ns

gNB antenna Tx number 2

UE antenna Rx number 2

BLER 1%

Parameter Assumption

Transmission type Interleaved with size = 2

Bundle size 6 RBs

Transmission diversity One-port precoder cycling

DCI payload size 

(excluding CRC)

Single-cell PDSCH: 60 bits

Two-cell PDSCH: 84/96/

104 bits

Modulation QPSK

Channel coding Polar

UE mobility 3km/hr


Table 6. SLS Evaluation Assumptions
[image: image23.emf]Parameter Assumption

Carrier frequency 2GHz (20MHz 2-cell CA)

700MHz (10MHz 2-cell CA)

System bandwidth

Subcarrier spacing 15KHz

BS antenna height 25m

UE height 1.5m

TRP transmit power 46dBm for 10MHz;

49dBm for 20MHz

Scenario Urban Macro

ISD 500m

TRP antenna configuration (M, N, P, Mg, Ng; Mp, Np)= 

(2, 8, 2, 1, 1; 1, 1) for 2GHz

UE antenna configuration (M, N, P, Mg, Ng; Mp, Np)= 

(1, 1, 2, 1, 1; 1, 1) for 2GHz

Parameter Assumption

Device deployment 80% indoor, 20% outdoor

UE speed of interest Indoor: 3km/hr

Outdoor: 30km/hr

BS noise figure 5dB

BS antenna element gain 8dBi

UE noise figure 9dB

Thermal noise level -174dBm/Hz

Traffic Full buffer (baseline);

FTP model 1 or 3 (optional)

Macro sites 19

Number of UEs per cell 10

Downtilt 102 degrees

Min BS-to-UE distance 35m
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