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Introduction
In RAN Plenary meeting RAN#78, the RAN1 scope for ultra-reliability of URLLC was determined [1]:
·  Specify, CQI table and MCS table design targeting high reliability
· Based on the following identified need from RAN1 (RAN1 #90bis)
· Agreement:
· N separate CQI table(s) are supported for URLLC
· Downselect the value of N between 1 or 2
· Two target BLER are supported for URLLC
· Note: RRC signalling is used by gNB to select one of the two target BLER
· Note: The configuration of target BLER or CQI table is part of CSI report setting
· Study and specify if gains are identified
· Define a new DCI format(s) that has a smaller DCI payload size than DCI format 0-0 and DCI format 1-0 unicast data
· For a given carrier, PDCCH repetitions over same or multiple PDCCH monitoring occasion(s) of the same or multiple CORESET and search space
· Handle UL multiplexing of transmission with different reliability requirements (including the potential need for UL UE pre-emption) 

In RAN1#92 meeting, it was agreed to study the necessity of compact DCI and PDCCH repetition following the link-level simulation assumptions summarized in Table 2 in Appendix.

In this contribution we first examine the performance of NR PDCCH for URLLC and then provide our views on PDCCH repetition. 
Performance of NR PDCCH
For URLLC, the target BLER of conveying 32 bytes within 1ms is . In general, the reliability of PDCCH should be higher than that of PDSCH. In case that one-shot transmission is deemed necessary, the BLER of PDCCH should be at least lower than . The aggregation levels (ALs) 1, 2, 4, 8, 16 in NR PDCCH are flexible to choose for different operating SINRs. Thus, it suffices to check whether NR PDCCH meets the reliability requirement at the lowest operating SINR, which is, by convention, set to the 5th percentile of DL geometry SINR from system-level simulations (SLS). 

For URLLC, ITU has defined a test environment Macro Urban - URLLC [2]. In RAN#79 meeting, the calibration results for IMT-2020 self evaluation were approved [3]. Table 3 in Appendix summarizes the simulation results from different companies (rounded to two decimal places). Considering the robustness of PDCCH, we set the SINR target to be the worst reported SINR rounded down to one decimal place. That is, we set the SINR target as -3.1dB for carrier frequency 4GHz and as -3.0dB for carrier frequency 700MHz.

Observation 1: From IMT-2020 self evaluation results, 5 percentile SINR target can be set as -3.1dB for carrier frequency 4GHz and as -3.0dB for carrier frequency 700MHz.

From the agreed simulation assumptions, we perform link-level simulations for the parameters listed in Table 1, where the rest of the setting is the same as in Table 2. Assuming the same bundling size for REGs, PDCCHs in 1-symbol CORESET enjoys more frequency diversity than in 2-symbol and 3-symbol CORESETs. The performance bottleneck, if any, is not expected to appear in the case of 1-symbol CORESET. Thus, we restrict attention to 2-symbol and 3-symbol CORESETs. As a side note, for COREST BW 20 MHz and SCS 30 kHz, 1-symbol CORESET cannot accommodate a PDCCH with AL 16.

Table 1. Parameters in link-level simulation of NR-PDCCH
	Parameter
	Value

	DCI payload size
	40 bits

	Number of symbols for CORESET
	2, 3

	CORESET BW
	20MHz

	Subcarrier spacing
	15kHz, 30kHz

	Aggregation level
	8, 16

	Channel model
	TDL-A (delay spread: 30ns)
TDL-C (delay spread: 300ns)



Figures 1 shows the performance of NR PDCCH for carrier frequency 4GHz with 4 Rx at the UE side. From Figures 1(a) and 1(b) we observe that even AL 8 suffices to meet the reliability requirement at SNR -3.1dB.

Observation 2: For carrier frequency 4GHz, NR PDCCH fulfils the reliability requirement of URLLC for UEs equipped with 4 receive antennas.
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                            (a) TDL-A, delay spread 30 ns                                                (b) TDL-C, delay spread 300 ns
Figure 1. Performance of NR-PDCCH for carrier frequency 4GHz and 4Rx at the UE side.

Figure 2 shows the performance of NR PDCCH for carrier frequency 700MHz with 2 Rx at the UE side. We observe from Figures 2(a) and 2(b) that NR PDCCH meets the reliability requirement of URLLC at SNR -2.5dB, except for the case of 3-symbol CORESET with SCS 15kHz under TDL-A channel with delay spread 30ns. We note that a 3-symbol CORESET is not desirable for URLLC due to long decoding latency. Besides, as long as it works for most configurations, we can ignore some failed configuration to avoid the issue of overdesign.

Observation 3: For carrier frequency 700MHz with 2 Rx at the UE side, the current NR PDCCH can attain a BLER less than  at SNR -2.5dB.
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                            (a) TDL-A, delay spread 30 ns                                                (b) TDL-C, delay spread 300 ns
Figure 2. Performance of NR-PDCCH for carrier frequency 700MHz and 2Rx at the UE side.


PDCCH Repetition
Assuming within one single carrier, PDCCH repetition can be considered from several perspectives. First, repetitions can take place in different CORESETs or different search spaces. In general, using different CORESETs has the advantage of diversity gain and low blocking probability. Next, PDCCH repetition can be applied in frequency domain or in time domain. Repetition in frequency domain is more preferable since the latency will not increase. Third, how to treat different repetitions involves a tradeoff among reliability, complexity, and scheduling flexibility. More specifically, we need to investigate how to decode repetitions, separately or jointly (e.g., soft combining). If there is no restriction in PDCCH candidates for each repetition, the complexity of blind decoding increases because we need to consider combinations of PDCCH candidates; otherwise, the scheduling flexibility will be compromised which is not helpful in lowering blocking probability. Finally, depending on whether PDSCH repetition will be introduced, we may also consider a joint design of PDCCH repetition and PDSCH repetition.

Before delving into design details, we need to figure out what are the useful benefits that PDCCH repetition can provide to the existing NR-PDCCH:

1) Reliability
Given that the SINR target is -3.0dB for carrier frequency 700MHz, from the simulation results in Section 2 we observe that there remains a 0.5dB gap when there are only 2Rx at the UE side. Although PDCCH repetition on AL16 can further enhance reliability, it consumes lots of communication resources and can be considered as an overdesign given that the gap is only 0.5dB. Compact DCI, on the other hand, is considered to be a more suitable solution (see Section 4 and [4]). 

Observation 4: Compact DCI is a more suitable solution to provide proper gain than PDCCH repetition.

Scheduling the same PDCCH over multiple CORESETs and/or search spaces can benefit from more frequency diversity. However, given that NR-PDCCH supports interleaved CCE-to-REG mapping and it is expected that at least a moderate CORESET bandwidth will be allocated to URLLC UEs, the additional gain from PDCCH repetition may be unnecessary. Finally, considering the required latency of URLLC, the achievable time diversity by repeating PDCCH in time domain is limited.

Observation 5: PDCCH repetition can enhance reliability but is unnecessary for the existing NR-PDCCH.

2) Latency
Comparing with single transmission with AL L, lower latency is achievable for two identical transmissions with AL L/2 if the UE successfully decodes PDCCH using only the first transmission. However, as long as the latency requirement can be met, such an aggressive approach is undesirable from the system perspective. Furthermore, the latency may even increase if decoding using only the first transmission fails. Thus, PDCCH repetition provides little benefit in terms of latency. 

Observation 6: In terms of latency, PDCCH repetition provides little benefit to the existing NR-PDCCH.

3) Spectral efficiency
Repetition has potentially two features: early termination and fine granularity. Early termination means that once UE decodes PDCCH successfully, UE sends an ACK to gNB to stop PDCCH repetition. Unfortunately, it is infeasible for PDCCH, where all repetitions are expected to appear within only a few OFDM symbols to meet the latency requirement. On the other hand, since the ALs are restricted to 1, 2, 4, 8, 16, finer granularity can be achieved by repetition, e.g., repeating PDCCH with AL 1 and AL2 results in 3 CCEs, which can be thought of as AL 3 (with reduced coding gain). Nevertheless, the reliability will be compromised if gNB does not have accurate CQI.  

Observation 7: Under stringent latency and reliability requirements of URLLC, PDCCH repetition cannot improve spectral efficiency.

4) Blocking probability
The blocking probability increases when the number of simultaneously scheduled UEs increases. Considering PDCCH repetition, if some repeated PDCCHs can be transmitted in later symbols or even slots, it implies that the latency requirement is less stringent for the intended UEs and then these UEs can have lower scheduling priority. We expect that URLLC UEs will be scheduled with high priority, especially for UEs requiring high ALs. Furthermore, with HARQ retransmission, the PDCCH reliability can be relaxed within each (re)transmission, i.e., a lower AL can be used. Thus, comparing with PDCCH repetition, HARQ retransmission is a more efficient way to lower the blocking probability. 

Observation 8: Comparing with PDCCH repetition, HARQ retransmission is a more efficient way to lower the blocking probability.

5) Complexity
Comparing with high AL, repetition of low ALs across CORESETs and/or search spaces without restriction has better scheduling flexibility but also incurs high monitoring and blind decoding complexity. On the other hand, if the positions of PDCCH repetition can be inferred exactly from each other, then the monitoring and blind decoding complexity is similar to a PDCCH using higher AL. Nevertheless, the scheduling flexibility will be compromised. 

Observation 9: PDCCH repetition can enhance scheduling flexibility but with increased monitoring and blind decoding complexity.

Based on the above observations on PDCCH repetition, we conclude that PDCCH repetition is less useful for NR, comparing with other possibilities like compact DCI and HARQ retransmissions.
 
Proposal: PDCCH repetition is not adopted in NR.

Performance of NR PDCCH with further enhancement
For carrier frequency 700MHz, the SINR target is -3.0dB. Section 2 shows that there exists a 0.5dB gap to the target SINR. Thus, a further enhancement of PDCCH is required. In Figure 3 we use the same simulation setup as in Figure 2(a) but with only 2-symbol CORESET. In addition, we also simulate the case of DCI payload size 30 bits. As can be seen, thanks to the gain from compact DCI, NR PDCCH can meet the reliability requirement at SNR -3.0dB.

Observation 10: For carrier frequency 700MHz, NR PDCCH with a payload size of 30 bits fulfils the reliability requirement of URLLC for UEs equipped with 2 receive antennas.
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                            (a) TDL-A, delay spread 30 ns                                                (b) TDL-C, delay spread 300 ns
Figure 3. Comparison of DCI payload sizes 40 bits and 30 bits.

Conclusion
The following summarizes observations and proposals in this contribution.
Observation 1: From IMT-2020 self evaluation results, 5 percentile SINR target can be set as -3.1dB for carrier frequency 4GHz and as -3.0dB for carrier frequency 700MHz.
Observation 2: For carrier frequency 4GHz, NR PDCCH fulfils the reliability requirement of URLLC for UEs equipped with 4 receive antennas.
Observation 3: For carrier frequency 700MHz with 2 Rx at the UE side, the current NR PDCCH can attain a BLER less than  at SNR -2.5dB.
Observation 4: Compact DCI is a more suitable solution to provide proper gain than PDCCH repetition.
Observation 5: PDCCH repetition can enhance reliability but is unnecessary for the existing NR-PDCCH.
Observation 6: In terms of latency, PDCCH repetition provides little benefit to the existing NR-PDCCH.
Observation 7: Under stringent latency and reliability requirements of URLLC, PDCCH repetition cannot improve spectral efficiency.
Observation 8: Comparing with PDCCH repetition, HARQ retransmission is a more efficient way to lower the blocking probability.
Observation 9: PDCCH repetition can enhance scheduling flexibility but with increased monitoring and blind decoding complexity.
Observation 10: For carrier frequency 700MHz, NR PDCCH with a payload size of 30 bits fulfils the reliability requirement of URLLC for UEs equipped with 2 receive antennas.

Proposal: PDCCH repetition is not adopted in NR.
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Appendix
Table 2. Agreed link-level simulation assumptions for studying compact DCI and PDCCH repetition
	Parameters
	Value
	Notes

	DCI payload (excluding 24bits CRC)
	40bits, 30bits, 24bits (optional)  
	

	System bandwidth
	20MHz
	

	Carrier Frequency
	4GHz, 700MHz
	Reported by companies

	Number of symbols for CORESET
	1, 2, 3
	Reported by companies

	CORESET BW (contiguous PRB allocation)
	20MHz, 10MHz (optional for PDCCH repetition in frequency)
	

	Subcarrier spacing
	30KHz, other SCS are not precluded
	Reported by companies

	Aggregation level
	Compact DCI study: 8, 16. (1,2,4 are optional)
PDCCH repetition study (40bits): 4, 8, 16
	

	Transmission type
	Interleaved
	

	REG bundling size
	6
	

	Modulation 
	QPSK
	

	Channel coding
	Polar code (DCI)
	

	Transmission scheme
	1-port precoder cycling
	

	Channel estimation
	Realistic
	

	Channel model
	TDL-A (delay spread: 30ns)
TDL-C (delay spread: 300ns) 
TDL-B (delay spread 100ns) (optional)
	

	UE speed
	3 km/h
	

	Number of BS antennas
	2Tx
	

	Number of UE antennas
	4Rx for 4G, 2Rx for 700MHz
	

	Residual target BLER 
	10^-5
	Applied to one-shot tx, PDCCH repetition, HARQ, and others

	Deployment
	Urban macro as listed in 3GPP 38.802
	

	SINR target
	Compact DCI study: 5th percentile DL geometry
PDCCH Repetition study: look at link curves directly
	




Table 3. Calibration results of 5th percentile of DL geometry SINR for Macro Urban - URLLC
	Company
	5th percentile of DL geometry SINR (dB)

	
	Configuration A (4GHz)
	Configuration B (700MHz)

	
	Model A
	Model B
	Model A 
	Model B

	Huawei
	-2.59
	-2.34
	-2.61
	-2.56

	CATT
	-2.42
	-2.48
	-2.36
	-2.45

	CATR
	-2.31
	-1.84
	-1.76
	-1.79

	OPPO
	-2.52
	-2.48
	-2.34
	-2.50

	ZTE
	-2.90
	-2.09
	-2.99
	-2.06

	ITRI
	-2.37
	-2.07
	-2.09
	-2.11

	Ericsson
	-1.81
	-2.13
	-1.97
	-2.18

	Intel
	-2.23
	-2.03
	-2.07
	-2.08

	Qualcomm
	N.A.
	-2.54
	N.A.
	-1.83

	NTT DOCOMO
	N.A.
	-2.13
	N.A.
	-2.25

	MediaTek
	-2.17
	-2.15
	-1.95
	-1.85

	CMCC
	-2.39
	-2.24
	-2.20
	-2.14

	LG
	-2.32
	-2.20
	-2.15
	-2.24

	Sharp
	-2.85
	-2.61
	-2.66
	-2.62

	Motorola/Lenovo
	-2.72
	-2.22
	-2.37
	-2.17

	Nokia
	-2.91
	-3.05
	-2.47
	N.A.

	NEC
	-2.61
	-2.07
	-2.14
	-2.65

	Mean
	-2.48
	-2.27
	-2.27
	-2.22
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