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Introduction
On the enhancement of NR-PDCCH for Rel-16 URLLC, the following agreement has been made during RAN1#94 [1]:
Agreements:
Further evaluate the potential PDCCH enhancements for NR Rel-16 URLLC.
· Further evaluate PDCCH reliability 
· Further evaluate PDCCH blocking 
· Companies describe the resource utilization 
· Complexity should be considered
· Latency of the enhancement(s) should be considered
In this contribution, we evaluate the performance of NR-PDCCH for URLLC in terms of reliability and latency. We show that the current design of the PDCCH can’t meet the URLLC requirements. In addition, we provide detailed evaluation and analysis of the possible enhancements for NR DL control channels.
[bookmark: _Ref521488087]DL Control channel design 
With the smallest subcarrier spacing of 15kHz the slot duration is 1ms. In this case, due to the URLLC latency constraint, a single transmission is available only, thus the control and data reliability need to be very high. The overall reliability of (10-6) requires control and data reliability better than (0.5*10-7). The flexibility of DL control allocation is very limited compared to the DL data allocation due to the following reasons;
1. The control channel uses selected aggregation levels (that are powers of 2) to increase user packing
2. No user-specific beamforming can be applied to the DL control channel, hence no SNR improvements
3. No opportunity for soft combining, hence no SNR improvements from retransmissions 
4. The maximum number of monitored candidates by a UE per slot is fixed
5. The maximum number of non-overlapped control channel elements (CCEs) per slot is fixed
Observation 1: There is limited flexibility in improving the reliability of DL control channel compared to the DL data channel.
The aggregation levels (ALs) 1, 2, 4, 8 and 16 are supported in NR PDCCH to provide flexibility in control resource allocation for different operating SINRs. Thus, it suffices to check whether NR PDCCH meets the reliability requirement at the lowest operating SINR, which is set to 5th percentile of the DL geometry SINR from system-level simulations, which are -3.1dB for carrier frequency 4GHz and as -3dB for carrier frequency 700MHz [2].
Figure 1 shows the performance of NR PDCCH for carrier frequency 700MHz and 4GHz. We can observe from the figures that, for the current DCI payloads (about 37 bits for fall-back DCI) and for carrier frequency 700MHz, NR PDCCH doesn’t meet the reliability requirements of URLLC at SNR -3 dB (2-symbol CORESET, SCS 30kHz, TDL-A channel delay spread 30ns). This shows that aggregation level 16 is not sufficient to meet the URLLC control channel reliability. 
Observation 2: For carrier frequency 700MHz with 2 Rx at the UE side, the current NR-PDCCH cannot meet the reliability requirement of 5*10-7at SNR -3dB even with highest AL.
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[bookmark: _Ref520904728][bookmark: _Ref528745708]Figure 1: Performance of NR-PDCCH with different DCI payloads for carrier frequency 700MHz and 4GHz.
The following options can be explored to improve the PDCCH reliability. 
[bookmark: _Ref521398776]Increasing aggregation level
The ALs are designed to be a power of 2 to increase the user packing given the control resources. The current maximum AL is 16 and the next possible aggregation level to be introduced is AL32. Even though increasing the AL reduces the effective code rate and delivers improved performance, it will lead to higher blockage rate and due to increased frequency resources usage it would be difficult to accommodate AL32 in smaller BWPs even with maximum CORESET size (in time) of 3 OFDM symbols. Hence, increased AL may not be the best solution to improve the reliability.
Observation 3: Increasing AL to AL32 increases blocking rate and cannot be supported for smaller BWPs.
PDCCH repetitions
PDCCH repetitions is another technique to lower the code rate thereby improving control channel reliability. Even though the polar coding performance is improved over simple repetition coding, the minimum code rate used for control channel is 1/8 and to achieve code rates lower than 1/8, the buffer is cycled which makes the polar coding performance to be equivalent of repetition coding for ALs greater than AL4 for a nominal DCI payload size of ~40 bits. The advantage of PDCCH repetitions over higher AL is the ability to achieve intermediate ALs that are not the powers of 2 (for example achieving AL24 by repeating AL8 three times).

UE-transparent PDCCH repetitions
Different options of UE-transparent PDCCH repetitions are shown in Figure 2. Option (a) provides independent control for each DL assignment of the PDSCH repetitions, and this can be adopted with minimal change in the current specification. Option (b) is very similar to the option (a) except that in option (b) the PDCCH is scheduling all the future repetitions of PDSCH. Hence, option (b) requires adding extra bits in the DCI field, and this has been adopted in LTE for HRLLC. Both options (a) and (b) can suffer from performance degradation, compared to increasing the AL, due to the channel’s time-domain correlation and the lack of soft combining of the PDCCH repetitions, hence, more DL control resources will be needed to achieve the same performance as higher AL.

 
[bookmark: _Ref520904108]Figure 2: NR-PDCCH possible UE-transparent repetitions schemes.
Observation 4: PDCCH repetition schemes without soft combining can be adopted with minimal change in the current specification, however, it will suffer from performance degradation compared to increasing the AL.
UE-aware PDCCH repetitions
[bookmark: _Ref521419106]The repetition scheme in Figure 3 has multiple control transmissions before the transmission of the DL data. The repetitions in this scheme can be transparent to the UE, which is quite similar to options (a) and (b) in the UE-transparent repetitions section above, and this can be implemented with the current specification with minimal changes, however it incurs performance degradation as discussed in the previous section. The other approach for this scheme is that the control repetitions are UE-aware, in which case soft combining can be exploited at the UE. The repetitions of the control can be within the same CORESET or across CORESETs/search-space.
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[bookmark: _Ref528934232]Figure 3: NR-PDCCH possible UE-aware repetitions schemes.
However, the repetition across CORESETs/search-space increases the blocking probability and increases latency, specifically when CORESETs are disjoint in time and/or when their monitoring occasions are non-overlapping. 
Results in Figure 4 show that the blockage rate doesn’t improve by using repetition within the same CORESET. It is also depicted in Figure 4 that the blocking rate is degraded by using repetitions across CORESETs in time. The main reason behind the blockage rate degradation by using repetitions in time across CORESETs is the causality factor. As illustrated in Figure 6 the most significant change with respect to the legacy design is to allocate the repetitions in advance from CORESET#n to the next CORESET#n+1. The prior allocation of the repetitions in the next CORESET#n+1 is needed to allow for the soft combining, and it is reducing the flexibility in allocating CCEs when the CORESETs are populated.
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[bookmark: _Ref528935486]Figure 4: Blocking rate of PDCCH repetitions.

Observation 5: Blockage rate doesn’t improve by using repetition within the same CORESET and is degraded by using repetitions across CORESETs in time.
Observation 6: PDCCH using repetition within the same CORESET and soft-combining does not improve the blockage probability or the reliability.
Observation 7: PDCCH using repetition across CORESETs and soft-combining degrades the blockage probability.
The other drawback with repeated control is the spectral inefficiency. To address this, the use of PDCCH-ACK could help. It consists of sending a PDCCH-ACK when the UE detects a scheduling DCI. However this requires additional PUCCH resource configuration and allocation for PDCCH-ACK feedback. The added latency in reporting PDCCH-ACK is given in Table 1. The analysis includes parameters listed in Table 5 in the Appendix A. We can conclude that this additional latency is prohibitive for multiple control transmissions within the URLLC latency requirements, especially for small SCS. The additional delay results in a very limited time budget to carry on a PDCCH retransmission (possibly with PDSCH) once the initial PDCCH transmission has failed. Also, the risk is even higher if the PDCCH is scheduling an UL transmission (where the UE needs time to prepare the PUSCH transmission).

	SCS(kHz)
	Additional Delay(ms)

	15
	0.43

	30
	0.22

	60
	0.18


[bookmark: _Ref528945564]Table 1: Additional delay incurred by using the PDCCH-ACK.
Observation 8: Introducing PDCCH HARQ feedback increases the latency of the transmission. 
Table 2 summarizes a qualitative evaluation of the UE-transparent and UE-aware schemes, where the comparison of different options is in reference to the Single PDCCH assignment of PDSCH repetitions.

	
	Blocking probability
	UE complexity
	Performance enhancement
	Latency impact
	Spec. effort

	UE-transparent : Independent PDCCH assignment for each PDSCH repetition
	Increased
	No impact
	Decreased
	Increased
	Low

	UE-transparent : Multi-slots PDCCH scheduling of the PDSCH repetitions
	Increased
	No impact
	Decreased
	Increased
	Low

	UE-aware : PDCCH repetitions prior to PDSCH transmission
	Increased
	Increased
	No impact
	Increased
	High


[bookmark: _Ref528945587]Table 2: Qualitative evaluation of PDCCH repetition schemes comparing performance, latency, flexibility
[bookmark: _GoBack]In conclusion, we agree that higher ALs might be needed to meet the reliability requirement. But, ALs higher than 16 (that is AL32) will lead to increased frequency resources usage and could be difficult to accommodate for small BWs even by increasing the length of the PDCCH CORESETs to 3 OFDM symbols. Thus, intermediate ALs may have to be introduced to meet the requirements without significant increase of the used control resources. Repetitions could be another alternative to introduce intermediate ALs. Given that repetitions degrade the blocking rate performance, it is essential to limit the use of PDCCH repetition to the case when AL higher than AL16 is required.
Proposal 1: Do not support UE-aware PDCCH repetition for Rel-16. If UE-aware PDCCH repetition is to be used, then it is allowed only to generate ALs higher than 16 (e.g. AL24 by using 3 x AL8).
Reducing the DCI size
Another approach to enhance the PDCCH reliability is by reducing the DCI payload size, which will lower the effective code rate of the DL control. Considering that the fallback DCI (DCI formats 0_0 and 1_0), relatively, has small payload size, it is logical to use it as starting point. For URLLC, due to the low latency requirement, some of the fields can be removed as they either not essential or can be fixed to predefined values.
· Some fields can be fixed to a pre-defined value, such as ‘VRB-to-PRB mapping’ and ‘PDSCH-to-HARQ feedback timing indicator’, and they can be removed from the DCI.
· The granularity of the frequency and time domain resource allocations can be reduced, which results in less number of bits to indicate the allocation
· Given the required low latency, the possible number of HARQ retransmissions will be low compared to eMBB service. Thus, the redundancy version and HARQ process number fields’ size can be reduced.
Compact DCI has been studied in Rel-15 and simulation results in Figure 1 show that reducing the DCI size from 40 bits down to 24 bits provides gains of ~1dB and ~1.2dB for both for AL16 and AL8, respectively. In addition to meeting the URLLC requirements, compact DCI will reduce the required AL to achieve a specific PDCCH BLER target.
The design of the compact DCI could be optimized according to the system operation settings. For example, when operating in 15kHz SCS, only a single-shot transmission would be possible within the latency restriction. Thus, for this case, the DCI fields can be optimized for operating in a single-shot approach. On the other hand, when operating in 60kKHz SCS, several (re)transmissions are possible within the latency restriction, and the DCI fields can be optimized to take advantage of this flexibility.
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[bookmark: _Ref528857285]Figure 5 : Performance of NR-PDCCH with different DCI payloads for carrier frequency 700MHz and with different ALs

In Table 3 and Table 4, and based on the LLS simulation results shown in Figure 5 and the geometry CDF in Figure 7 and Figure 8, we present the percentage of UEs in the cell using each AL for a target BLER of 10-5 and 10-6  and we analyse the average used CCE resources for PL40 and PL24. 


	
	Outage
	AL16
	AL8
	AL4
	AL2
	Average NR-PDCCH resources (CCE)
	NR-PDCCH resources saving of PL24

	PL40
	1%
	18%
	26%
	34%
	21%
	6.68
	16.16%

	PL24
	0%
	12%
	22%
	42%
	24%
	5.6
	


[bookmark: _Ref528745628][bookmark: _Ref528745619]Table 3 : BLER Target 1e-5, 700MHz, 2Rx, 30 kHz, 2 OS CORESET, TDL-A

	
	Outage
	AL16
	AL8
	AL4
	AL2
	Average NR-PDCCH resources (CCE)
	NR-PDCCH resources saving of PL24

	PL40
	1%
	18%
	26%
	38%
	17%
	6.84
	18.12%

	PL24
	0%
	12%
	22%
	42%
	24%
	5.6
	



[bookmark: _Ref528745631]Table 4 : BLER Target 1e-6, 700MHz, 2Rx, 30 kHz, 2 OS CORESET, TDL-A
We observe that using PL24 allows for a 16% resource saving compared to PL40 for 10-5 target BLER  and 18% saving for 10-6  target BLER.
Observation 9: The Use of compact DCI allows to meet the reliability requirement and also enhances the spectral efficiency.
Also, the maximum number of blind decodes per slot is a function of SCS. In order not to increase the blind decodes with additional DCI format, we can have following options:
1. We can consider having compact DCI operation as SCS dependent, because the blind-decoding budget for small SCS is higher than the one for large SCS.
2. The UE is not expected to monitor both the compact DCI and normal DCI in the same monitoring occasion for certain SCS to meet the budget for the number of blind decodes.
Proposal 2: For NR Rel-16, study the support of compact DCI that has a smaller DCI payload size than DCI format 0-0 and DCI format 1-0.
Proposal 3: The increased complexity of blind detection by having a new DCI format should be taken into account when evaluating the advantage of the compact DCI.
Conclusion
In this contribution, we evaluated the performance of NR DL control channel in terms of reliability and latency. Based on the discussions and the analysis, we have the following observations and proposals:
Observation 1: There is limited flexibility in improving the reliability of DL control channel compared to the DL data channel.
Observation 2: For carrier frequency 700MHz with 2 Rx at the UE side, the current NR-PDCCH cannot meet the reliability requirement of 5*10-7at SNR -3dB even with highest AL.
Observation 3: Increasing AL to AL32 increases blocking rate and cannot be supported for smaller BWPs.
Observation 4: PDCCH repetition schemes without soft combining can be adopted with minimal change in the current specification, however, it will suffer from performance degradation compared to increasing the AL.
Observation 5: Blockage rate doesn’t improve by using repetition within the same CORESET and is degraded by using repetitions across CORESETs in time.
Observation 6: PDCCH using repetition within the same CORESET and soft-combining does not improve the blockage probability or the reliability.
Observation 7: PDCCH using repetition across CORESETs and soft-combining degrades the blockage probability.
Observation 8: Introducing PDCCH HARQ feedback increases the latency of the transmission.
Observation 9: The Use of compact DCI allows to meet the reliability requirement and also enhances the spectral efficiency.
Proposals to enhance the PDCCH reliability:
Proposal 1: Do not support UE-aware PDCCH repetition for Rel-16. If UE-aware PDCCH repetition is to be used, then it is allowed only to generate ALs higher than 16 (e.g. AL24 by using 3 x AL8).
Proposal 2: For NR Rel-16, study the support of compact DCI that has a smaller DCI payload size than DCI format 0-0 and DCI format 1-0.
Proposal 3: The increased complexity of blind detection by having a new DCI format should be taken into account when evaluating the advantage of the compact DCI.
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[bookmark: _Ref521431467][bookmark: _Ref521431461]Figure 6: Legacy design vs. repetitions across CORESETs.

[bookmark: _Ref520735509]Table 5: Used assumptions for the PDCCH-ACK latency analysis.
	UE processing time of PDCCH
	4OS for 15/30kHz, 8OS for 60kHz

	gNB decodes PDCCH-ACK
	1.5 * PUCCH duration

	PUCCH transmission with PDCCH-ACK
	PUCCH time duration = 1 symbol





	
[bookmark: _Ref528745818]Figure 7 : Urban Macro - URLLC, 4GHz Model B
	
[bookmark: _Ref528745824]Figure 8 : Urban Macro - URLLC, 700MHz Model B
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