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1 Introduction

During the Rel.15 NR study and work items, design of PDCCH in application to ultra-reliable low-latency communication (URLLC) was discussed. Several key design directions were identified:
· High aggregation levels (e.g. 16 or 32) 
· Compact DCI

· PDCCH repetitions

It is noted that highest aggregation level 16 is already defined and support of further higher AL is not currently targeted. From the remaining two key aspects, the repetitions of NR PDCCH are discussed in this contribution while the compact DCI design is discussed in our companion contribution [1]. Other NR URLLC related aspects are discussed in [2], [3]. 
2 Necessity of PDCCH Repetitions

A first question is whether repetitions are essentially required in addition to the already specified high AL16 and potential introduction of compact DCI size. In the following, we first explain and compare different categories of PDCCH transmission options that are going to be studied, and then present evaluation results, illuminating the importance of this approach.

In order to characterize and compare the PDCCH performance, three following categories of options are studied. We note that each of these options may involve a different relationship to the overall reliability and latency targets, as well as different scheduling flexibility, blocking performance, and resource usage/overhead.
1- One-shot transmission (baseline), without considering any PDCCH enhancements.

2- PDCCH time-domain repetitions, with soft-combining of LLRs from the repeated copies, at the UE.

This option allows enhancing the performance, by improving the control channel reliability. In this regard, the UE can expect to receive highly reliable control information before expecting the data, which avoids the latency corresponding to less-reliable control information and relying on the HARQ functionality. 

The overall control overhead in this option, is closely related to whether the gNB is always tied to transmit the (maximum number of) repetitions, or depending on the design and the network’s estimate of the link conditions, transmission of one or some of the repetition copies can be skipped. UE can also be expected not to look for the rest of the repetitions if/when it achieves the CRC pass. 

3- PDCCH time-domain repetitions, without soft-combining of LLRs. This option can also be associated to the HARQ-based approach, wherein the overall performance of PDCCH and its corresponding scheduled shared channel is considered. The overall performance benefits from adjusting the link-adaptation further. However, in some cases it results in higher latency (especially when the degraded performance is due to unreliable control information) compared to option 2. 
Further, without soft-combining, possible enhancements in control reliability may mainly come from potential time diversity and channel variations. It is noted that the combining may not be possible in this approach due to different control contents in different (re-)transmissions, e.g., corresponding to different scheduling resources, etc. Still, it may be possible to consider enhanced value(s) of AL for the repetitions compared to the initial PDCCH transmission.
Regarding the overall control overhead, it is similar to option 2 above, and for cases where the gNB has the possibility to skip one or more repetitions, depending on the link condition.
2.1 Evaluations of PDCCH Repetitions

The DL SINR for the study of PDCCH enhancements is computed by considering the 5% CDF point of DL geometry for the agreed deployment assumptions, which is ~-3.27 dB, considering 4GHz band, and ~-2.93dB, in 700MHz band (see the plot presented in Annex-1). It is required that the target error rate (~10-5) should at least be supported at these DL SINR levels.
Figure 1 presents results under the discussed schemes, with AL 8 and/or AL16, under the assumptions agreed in last meeting [4], with 700MHz band, 2 RX antennas (see Annex-2 for the table of simulation assumptions used in these evaluations). As can be seen, baseline AL8 is not adequate to reach to the desired reliability at ~-2.93dB. On the other hand, when the repetition is performed with the same AL, but no soft combining is considered, even though the performance is improved, still the residual BLER curve around 1e-5 falls far from the target SNR. However, as can be seen, the repetition with the same AL and with soft combining, achieves almost the same performance as the baseline AL16, which meets the desired target. Further, when the repetition of initial transmission with AL8 is performed using AL16 (without soft combining), almost same performance is obtained as the baseline AL16, and AL8 with repetition and soft combining. But, we note that these results do not include any implementation margin, and considering up to ~3dB margin, one repetition of AL8 or a single AL16 candidate may still not be sufficient to reach the desired performance. 
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Figure 1. PDCCH (residual) BLER under different repetition schemes, 700MHz, 2RX antennas
Figure 2 presents results under the baseline schemes, with AL 4, 8, 16, under the assumptions agreed in last meeting, with 4 GHz band, 4 RX antennas. As can be seen, AL 8 and AL 16 can achieve the target reliability at SNRs below -3.27dB. However, again when considering the implementation margin, AL8 may require at least one repetition to maintain the desired performance. 
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Figure 2. PDCCH BLER for baseline scheme, 4 GHz, 4RX antennas (with high correlation) 
Observation 1

· Introduction of at least one PDCCH repetition can provide more than 2.5 dB gain in case of AL8.
· Under 700 MHz, 2 RX antennas assumptions, all ALs may require at least one repetition to achieve the desired performance, when considering implementation margins.

· Under 4 GHz, 4 RX antennas assumptions, ALs 4, and 8 may require at least one repetition to achieve the desired performance, when considering implementation margins.

3 PDCCH Time-Domain Repetition 
In this section, potential options to realize PDCCH repetitions, and the mechanisms to define the soft-combining of the candidates are discussed. In general, the PDCCH repetitions can be performed either within the same CORESET, e.g. in the same or different monitoring occasions, or across different CORESETs or a combination of these two approaches.

One convenient design, is to allow the PDCCH repetitions occur using the same CORESET configuration, and let the repetitions be configured a part of search space set configuration, as shown in Fig 2. 
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Figure 3. Multiple PDCCHs in the same CORESETs scheduling the same PDSCH
A maximum repetition factor (Rmax) can be configured to the UE. To avoid the overdesign, considering the evaluation results showing that few number of repetitions achieve the target reliability, and the timeline analysis provided in Annex-3, Rmax can be configured from a two-value set {2, 4}.
3.1 Soft-Combining and UE Behaviours
When configuring PDCCH repetitions, the UE may soft-combine the repeated copies to improve the reception reliability and/or coverage. 
As mentioned above, the higher layer parameter Rmax defines the maximum number of “repetitions of monitoring occasions”, i.e., monitoring instances per monitoring occasion. Effectively, this extends each monitoring occasion of a CORESET to multiple repetitions up to Rmax. 
Alternatively, a sliding window-based combining across up to Rmax consecutive monitoring occasions could be defined. The candidates corresponding to Rmax consecutive monitoring occasions, as indicated by the higher layer configured bitmap monitoringSymbolsWithinSlot, are to be monitored, as well as certain soft-combined versions. The candidates corresponding to the soft-combined versions are those based on sliding a window of length = N consecutive monitoring occasions (with N ≤ Rmax). 

Such monitoring occasions across which repetitions are combined can be defined by starting symbol of a CORESET (as currently specified) and be consecutive-in-time with the starting symbols separated at least by the CORESET duration.
The candidates are then defined using (AL, RL) pairs, where RL is the repetition level.
The UE is expected to monitor for the candidates at the configured AL for each individual repetition of the monitoring occasion, i.e., with RL = 1, as well as candidates corresponding to soft-combined versions, i.e., candidates with RL = 2 and 4 (subject to Rmax). The monitoring occasions are defined by starting symbol of the CORESET to be monitored (as currently specified in the specification) and repetitions of monitoring occasions are consecutive-in-time with starting symbols separated by the CORESET duration.

UE behavior in conflict cases: One aspect to further consider when characterizing the UE behavior, is the case of conflicts of the repetition symbols with indicated link directions based on semi-statically or dynamically indicated (SFI) flexible or UL symbols. The simplest approach to address this matter is to consider that the repetition of the monitoring occasion is dropped in such cases.
Proposal 1
· PDCCH repetitions is configured as part of search space set configuration, using a single CORESET configuration.

· The maximum repetition factor Rmax = 2 or 4 is configured to the UE, where repetitions are mapped either into consecutive monitoring occasions or monitoring instances of each configured monitoring occasion.

Proposal 2
· In case of conflicts in link direction between repetitions in monitoring occasions and semi-statically or dynamically indicated (SFI) flexible or UL symbols, the repetition of the monitoring occasion is dropped.
3.2 Adjustments to Search Space Set 
Currently, in the search space configuration, the number of candidates per AL can be flexibly configured. When the search space set is configured with repetitions, it is reasonable to limit the number of/preclude candidates with lowest ALs. The reason is two-fold: when higher reliability is required (the case where repetitions are configured), it is practical to start with a higher AL. On the other hand, when the repetitions are configured, the number of blind-decoding attempts increases and by reducing some of the candidates, this number can be limited as well.

One approach is to allow no candidates with repetitions for ALs 1 and 2. This can be realized in different ways. If the search space set includes candidates ALs 1 or 2, these are limited to the first instance of a monitoring occasion. Alternatively, ALs 1 and 2 may not be configured in the search space set if it is configuration of repetitions - if repetitions are configured in the search space set, they apply to all candidates in the configured ALs.
Proposal 3

· In case PDCCH repetitions are configured, candidates with lowest ALs may not be configured with repetitions, or such candidates are precluded in the search space set configuration.
3.3 Hashing Function Considerations 

It is possible to allow the hashing function to change every instance of PDCCH repetition to achieve better randomization. However, changing the hashing function at every repetition instance may result in the cases where the transmission of repetition candidate(s) is (are) blocked. This in turn results in the UE not being able to soft combine the candidates. 
For the configuration of PDCCH repetitions, combining ability may be prioritized; since otherwise, additional monitoring occasions can always be configured (following the current specifications). As a result, the hashing function may be considered to be updated every slot in the configured SCS of the monitored DL BWP following the configured slot-level monitoring periodicity and offset as currently specified.

Proposal 4
· In case PDCCH repetitions are configured, the hashing function should not change across monitoring occasions or their repetitions within a slot.

3.4 Timing Relationship to Scheduled Shared Channels 
To avoid any ambiguity in terms of the earliest starting symbol of the corresponding scheduled PDSCH, PUCCH, and PUSCH, the reference point needs to be specified in case of PDCCH repetitions. UE buffering requirements and latency are the main (competing) factors impacted by the definition of the reference point. Considering UE buffering requirements, the earliest starting symbol of the scheduled PDSCH may not be before the first CORESET symbol for the last repetition used to transmit the candidate. 

Proposal 5
· In case PDCCH repetitions are configured for PDSCH scheduling, the first symbol of the scheduled PDSCH may not occur before the first CORESET symbol for the last repetition used to transmit the candidate.
4 PDCCH Repetition versus Compact DCI Format

PDCCH repetitions can be seen as a tool to enhance the PDCCH performance with relatively wider applicability than the approach of adopting compact DCI format. This method is linked to higher potential gains and applicability to improve the NR PDCCH performance especially for URLLC applications.
On the other hand, the compact DCI format option may require slightly less specification-related work. However, the achieved gains (as shown in our companion contribution [1]) are likely at most around 1dB which may not meet the desired target (especially when also compensating for implementation margins). 

Further, the compact DCI format may not provide sufficient scheduling flexibility, since it may be the case that only AL16 with compact DCI format achieves the desired reliability at the target SNR value. This makes its applicability limited to the cases with larger frequency domain resources available. 
The repetition-based approach can also be used with 1-symbol CORESETs to facilitate better pipe-lining of UE receiver implementation, thus, facilitating efficient support of tight processing timelines.
Observation 2
· PDCCH repetitions provide more flexibility in scheduling and applicability, and more gains compared to the approach of only introducing compact DCI formats, to enhance the PDCCH performance for URLLC applications. 
5 Conclusions

In this contribution, we discussed some of the URLLC design aspects of PDCCH repetitions. Based on the discussions, evaluations, and analysis, we have the following observations and proposals:
Observation 1

· Introduction of at least one PDCCH repetition can provide more than 2.5 dB gain in case of AL8.

· Under 700 MHz, 2 RX antennas assumptions, all ALs may require at least one repetition to achieve the desired performance, when considering implementation margins.

· Under 4 GHz, 4 RX antennas assumptions, ALs 4, and 8 may require at least one repetition to achieve the desired performance, when considering implementation margins.

Proposal 1
· PDCCH repetitions is configured as part of search space set configuration, using a single CORESET configuration.

· The maximum repetition factor Rmax = 2 or 4 is configured to the UE, where repetitions are mapped either into consecutive monitoring occasions or monitoring instances of each configured monitoring occasion.

Proposal 2
· In case of conflicts in link direction between repetitions in monitoring occasions and semi-statically or dynamically indicated (SFI) flexible or UL symbols, the repetition of the monitoring occasion is dropped.

Proposal 3

· In case PDCCH repetitions are configured, candidates with lowest ALs may not be configured with repetitions, or such candidates are precluded in the search space set configuration.
Proposal 4

· In case PDCCH repetitions are configured, the hashing function should not change across monitoring occasions or their repetitions within a slot.

Proposal 5

· In case PDCCH repetitions are configured for PDSCH scheduling, the first symbol of the scheduled PDSCH may not occur before the first CORESET symbol for the last repetition used to transmit the candidate.
Observation 2
· PDCCH repetitions provide more flexibility in scheduling and applicability, and more gains compared to the approach of only introducing compact DCI formats, to enhance the PDCCH performance for URLLC applications. 
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Annex: 
1. DL SINR CDF
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Figure 4. DL SINR CDF, and the estimated 5% points for 4GHz and 700MHz bands.
2. Simulation Evaluation Assumptions

	Parameters
	Value

	DCI payload (excluding 24bits CRC)
	40bits

	System bandwidth
	20MHz

	Carrier Frequency
	4GHz, 700MHz

	Number of symbols for CORESET
	2

	CORESET BW (contiguous PRB allocation)
	20MHz

	Subcarrier spacing
	30KHz

	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)

	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


3. Discussion on Processing Timeline and Repetitions

· Under aggressive minimum UE processing time, capability #2, N1 = 2.5-6 symbols for SCS = 30KHz. The slot duration (of 14 symbols) is 0.5msec. Then, assuming 2 OFDM symbol CORESET, for RTT=12 - 16 symbols, the gap between PDCCH is 10 to 14 symbols. Then 2 x 2-symbol transmissions + 1 x (10 to 14) symbols gap, can be fitted in the 1 msec timeline enforced by for URLLC applications.

· Assuming the baseline capability (#1):
· For SCS = 30KHz, N1 = 10 symbols, RTT may roughly be in the range of 20 - 30 symbols, and up to 1 transmission is acceptable. 
· For SCS = 60KHz, N1 = 17 symbols, RTT may roughly be 34 - 40 symbols, and up to total of 2 transmissions (1 gap between) may be possible.
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