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1 Introduction
The objective of the approved RAN NR WI [1] is to specify the NR functionalities for enhanced mobile broadband (eMBB) and ultra-reliable low-latency-communication (URLLC) as defined in [2]. According to TR38.913 [2] the required U-Plane latency in both UL and DL is 0.5 ms without strict reliability requirement. Regarding to the simultaneous latency and reliability requirements, it is specified as reliability of “10-5 within 1ms and targeted user experience data rate 32 bytes.” 

The following agreement has been made in previous RAN1 NR Ad hoc meeting:
Agreements: (RAN1 NR Ad-Hoc#1)
· To ensure the reliability requirement of NR-PDCCH for URLLC, at least the following aspects should be supported
· Defining a compact DCI format targeting low BLER operation 
· The highest aggregation level should target a BLER of Y for this compact DCI format
· FFS Y, Y<1% 
· FFS highest aggregation levels, e.g., 16,32
· FFS other enhancements 


As the outcome from RAN plenary #78, the scope of URLLC related work in RAN1 and RAN2 was updated according to the agreed document [3]. One item related to control channel design is as following:
· 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
In RAN1#92 meeting, it was agreed to further study different PDCCH repetition schemes. In this contribution, we mainly discuss the reliability aspect related to control channels, to be more specific, PDCCH repetitions. In our companion contribution [4], compact DCI and related issues are discussed. 
2 [bookmark: OLE_LINK15][bookmark: OLE_LINK16]Discussion
It is well known that the overall communication latency and reliability performance is affected by the performances of both control and data channels. When talking about URLLC requirements especially from reliability point of view, the stringent reliability requirements will result in impacts on the design of both control and data channels. As analyzed in [5] where it is assumed the possibility for one retransmission, only within certain reliability regions for control channel, the final reliability target for the data channel can be achieved. Here in this contribution, we will look more closely about how to increase the reliability of control channel.
As already discussed in RAN1, there are different potential ways to increase the reliability of PDCCH. Below is a list of example options:
· Compact DCI: with the reduced DCI payload, there is possibility to increase the PDCCH reliability level as discussed in [4]. However, the gain is very limited especially in case with the higher AL.
· Using more time-frequency resource for PDCCH transmission: clearly with more resource allocated to PDCCH transmission, the reliability can be improved. Considering allocating more resource for PDCCH, depending on the considered scenarios, different potential solutions can be considered: 
· Higher aggregation level: currently supporting AL=16 is already supported; 
· PDCCH can be repeated in the same or different CORESET(s) and search spaces over the same or different OFDM symbols within the same TTI;
· PDCCH can also be repeated over multiple mini-slots/slots especially in case the latency requirements can be relaxed somewhat like in case with K repetitions for data transmission.
PDCCH repetition within the same slot can be seen as one way to increase aggregation level as within the same slot, most likely there will be no additional diversity gain available other than the gain due to repetition which could be quite the same as increasing the aggregation level.
In our discussion below, we are focus on the scenario with blind repetition and look at the benefits due to PDCCH repetition together with PDSCH repetition.
2.1 Time-domain PDCCH repetition over multiple TTIs
Blind repetition/HARQ-less retransmission via K repetition was already agreed for data packet transmission. Considering at least wide range of reliability requirements from various URLLC services, multiple services for the same UE and dynamic channel conditions, in our view it is beneficial to enable gNB the capability of dynamically adjusting the number of repetitions. It also allows the gNB to choose the number of repetitions based on the payload size. For example, for a small TBS, the gNB could allocate sufficient resources in frequency domain within a single TTI for shorter latency, while for a large TBS, the gNB may need to repeat. In order to support such operation, we propose to add a field in DCI to indicate the repetition factor (e.g. 2 bits indicating 1 to 4 transmissions in total). This will bring flexibility of gNB scheduling with slightly increased DCI size. The size of DCI field “Number of repetitions” can be with fixed size or configured via RRC signalling.
Proposal 1: NR supports the dynamically indication of the number of repetitions in the DCI for PDSCH/PUSCH. 
In case with blind repetition but without time domain PDCCH repetition, if the UE missed a single multi-TTI DCI (i.e. DCI scheduling K-repetitions), it will miss the PDSCH transmission in all the scheduled TTIs for the data packet since the UE has no idea that the gNB has already started to send a data packet. In Figure 1 DL data transmission (Option 1) is taken as one example for the purpose of illustration with the assumption of K=4. With Option 1, a single DCI is indicating the PDSCH resource information over multiple concessive TTIs. Option 1 has smaller signalling overhead comparing to other options discussed below where different types of repetition are considered. However, from reliability point of view, it suffers from high error probability as it depends on a single shot transmission only. To be more specific, in case that the UE misses the PDSCH scheduling information at the very beginning, it will miss all the following data packet repetitions as well. 



Figure 1 Example of DL HARQ processing with multi-slot scheduling (Option 1)

One possible solution is to avoid this situation is to have the independent DL assignment message to schedule the resource for the current TTI only as shown below in Figure 2 (Option 2). At least two advantages can be observed from Option 2: the higher PDCCH reliability as having several, separate DCIs and the ability to enable some type of frequency hopping or more dynamic resource allocation. The cost is the increased signalling overhead due to several DL DCIs for the same data transmission. 



[bookmark: _Ref505980669]Figure 2 Example of individual scheduling for each blind repetition independently (Option 2)
One way to further improve the reliability is to enable a gNB implementation by combining Option 1 and Option 2 in a way that DCI indicates the number of repetitions but also sends a DL assignment together with the repetition as illustrated in Figure 3 (Option 3). This would be purely a gNB implementation choice once we have the dynamic indication of the number of repetitions in DCI as proposed in Proposal 1.



[bookmark: _Ref505981010]Figure 3 Reliable transmission of DL assignment information (Option 3)
Taking the example shown in the figure above where it is assumed to have maximal 4 transmissions and no ACK received during this period, the first assignment message includes the resource allocation information for all the 4 transmissions. In the second slot, the resource assignment information is updated with 3 transmissions only, i.e. from the 2nd to 4th transmissions. Following the same principle, the last scheduling message including the resource information for the last transmission only, i.e. the 4th transmission. The benefit with this method is the increased reliability of assignment message. In case UE misses one assignment message, the allocated resource could still be identified with the subsequent assignment message or the previous assignment message. The same operation principle can be of course applied also for scheduling K transmissions for PUSCH as well. Note that for this option, the gNB does not necessarily have to transmit PDCCH with every repetition. The gNB can choose the number of repetitions for PDCCH depending on the reliability target.
Another alternative of PDCCH repetition is as shown in Figure 4 (Option 4) where the PDSCH resource assignment information is repeated before the first data transmission. With the assumption that the content of the repeated DCI is the same, it is sufficient if UE can successfully decode one PDCCH. This can be supported via gNB implementation already (assuming no combining across the multiple repetitions). Basically, the gNB can transmit the same DCI message multiple times using multiple PDCCH candidates in the search space.



[bookmark: _Ref510644607]Figure 4 PDCCH Repetition before data transmission (Option 4)
For option 4, there are a few factors that may limit the number of PDCCH repetitions in a TTI. Firstly, there could be PDCCH capacity and/or blocking issue if we need to repeat a PDCCH with large AL a few times. Secondly, there is a limit on the number of CCEs per slot that a UE can do channel estimation for PDCCH. According to the current agreement, the maximal number of CCEs which one UE can monitor within one slot is 56 in case of 15kHz and 30kHz SCS, 48 in case of 60KHz SCS, and 32 in case of 120KHz SCS. These would practically allow at most two repetitions for AL=16 (or no repetition for 120KHz SCS) considering that the UE also needs to monitor CSS and possibly other candidates. 
The overall reliability performance of all the considered options are included in Appendix. From the analysis results shown in Figure 5 where K=4 is assumed, clearly as expected Option 1 (i.e. the option without any repetition) results in the worst performance which puts strict requirement on control channel reliability. For the other options, in case the error probability of DCI decoding is low, there is no clear performance difference. When the error probability of DCI increases, for example at 10-2, Option 3 and Option 4 (with m=2 and m=3) still have similar performance, while Option 2 and Option 4 with m=2 are not on the same level any more. If the error probability of DCI further increases, Option 4 with m=4 gives the best performance followed by Option 3. From the results illustrated in Figure 5 it can be concluded that in case the repetition number is the same, Option 4 performs best, then Option 3. However, in case the maximum number of repetition is not possible for Option 4 due to the limited number of CCEs which can be monitored by a UE within a slot, then Option 3 becomes the best candidate. The same conclusion can be derived from Figure 6 (where K=3 is assumed) as well. 
Based on the discussion above, we have:
Observation: If the number of repetitions for PDSCH/PUSCH can be dynamically indicated in DCI, Option 3 (PDCCH repetition together with PDSCH repetition) provides both good reliability performance and implementation flexibility.

[bookmark: OLE_LINK9][bookmark: OLE_LINK10]3	Conclusion
[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK34][bookmark: OLE_LINK35]In this document, after discussing the different options for PDCCH repetition, we have the following proposals:
Proposal 1: NR supports the dynamically indication of the number of repetitions in the DCI for PDSCH/PUSCH. 
Observation: If the number of repetitions for PDSCH/PUSCH can be dynamically indicated in DCI, Option 3 (PDCCH repetition together with PDSCH repetition) provides both good reliability performance and implementation flexibility.
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Appendix: Performance analysis
With the notation of:
: Probability of missing a DCI
: BLER of decoding data with  receptions
: Maximum number of data transmissions
: Overall PDSCH reliability
m: number of PDCCH repetitions in Option 4 
The successful decoding probability of all four options can be derived as:
	Option 1: 

	Option 2: 

	Option 3: 

	Option 4: 
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Figure 5: 
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Figure 6: 
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