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1. Introduction 
At RAN #78, RAN1 the following aspects were agreed to be included in the scope for high reliability operation of NR URLLC [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) 



The reliability target of URLLC is (1-10-5) within a user-plane latency of 1ms. This is a stringent target. Use cases in the FS-CAV study [6] show industrial use cases with even more stringent reliability targets. These stringent reliability targets are not likely to be achieved using a single technique, but will require a combination of techniques. Hence we expect that use of compact DCI formats will be complementary to PDCCH repetition, rather than being in competition with it. We expect that repetitions of a PDCCH will be repetitions of a compact DCI rather than of a less reliable non-compact DCI. 

This Tdoc considers how to achieve reliability of PDCCH for NR-URLLC through PDCCH repetition. Our companion Tdoc [7] elaborate our views on how to design a compact DCI for NR-URLLC that will increase the baseline performance of NR-PDCCH.

Some aspects of this Tdoc are revised and updated from our earlier Tdoc on URLLC operation [1]. 
2. PDCCH repetition in time domain vs frequency domain
PDCCH repetition in the time domain reduces blocking of eMBB UEs and URLLC UEs, increasing the user perceived throughput of eMBB UEs and increasing the number of URLLC UEs that are able to meet the URLLC reliability and latency requirements [4].
Furthermore, a large number of RBs would be required to transmit using a high aggregation level, AL, (for a one symbol CORESET, 96 RBs are needed for transmission of an AL16 PDCCH). This implies that use of a high AL or frequency domain repetition techniques are unsuitable in NR carriers with a limited bandwidth.

Observation: Time domain repetition of PDCCH reduces blocking and allows URLLC services to be supported in narrow NR bandwidth carriers.

We hence have a preference for the support of time-domain repetition of PDCCH for URLLC. This does not preclude also supporting frequency domain repetition when bandwidth is plentiful.

The resources used for time domain repetition of PDCCH can be minimised in various ways:

· Feedback. The UE can respond to the gNB with a PDCCH-ACK in order to indicate that the PDCCH has been successfully received by the UE. The eNB can then terminate transmission of the PDCCH. The PDCCH-ACK can either be an explicit ACK signal or an A-CSI response from the UE [4]. 

· Pre-emption. The re-transmission of the PDCCH can be skipped if there is a newer URLLC packet to transmit. Given that the probability that the first PDCCH transmission is received by the UE is high (e.g. when operating at a PDCCH error rate of 1%), in the exceptional case that there is a newer URLLC packet to transmit, in the majority of cases pre-emption of the PDCCH by the newer packet will not affect the original repeated packet. Note that this pre-emption is not possible with frequency domain repetition. Pre-emption can be supported partly by scheduler implementation, but the UE needs to know that pre-emption is possible (in order to determine the blind decoding candidates of the repeated PDCCH transmissions).
· Soft-combining. Identical PDCCH that are repeatedly transmitted in adjacent OFDM symbols can be combined straightforwardly. It is also possible to soft-combine PDCCH associated with different PDSCH (re-) transmissions when blind decoding techniques are applied. 
The following sections discuss PDCCH feedback signalling, soft combining of PDCCH and joint design of PDCCH repetition and PDSCH repetition / transmission.

Proposal 1: NR URLLC supports time-domain repetition of PDCCH.

3. Minimisation of number of time domain repetitions

This section considers some approaches towards minimising the number of time domain repetitions.

NR-PDCCH feedback signalling
In the case that NR-PDCCH is transmitted in a single-shot fashion and schedules URLLC transmissions and re-transmissions, feedback signalling can reduce latency.

In the case that NR-PDCCH is repeated in consecutive OFDM symbols, PDCCH-ACK feedback signalling can minimise the amount of resource used for NR-PDCCH.

This section firstly considers NR-PDCCH feedback signalling when NR-PDCCH is transmitted in a single-shot fashion.

Although it is desirable to increase the reliability of NR-PDCCH decoding (e.g. through use of a compact DCI [7]), if NR-PDCCH decoding still fails, then it is desirable if the eNodeB can re-transmit the NR-PDSCH as soon as possible. One way of speeding up NR-PDSCH re-retransmission is to provide a feedback such as an ACK for the NR-PDCCH (NACK for NR-PDCCH is implicitly determined at the gNodeB if it does not receive ACK, i.e. feedback is determined as DTX).  This NR-PDCCH feedback can be transmitted before the end of the URLLC transmission for an FDD system, as shown in Figure 1 where the NR-PDCCH feedback is transmitted at time (1. In this way, if the UE fails to receive the initial NR-PDCCH, the gNB can take immediate steps and retransmit the NR-PDCCH and NR-PDSCH (e.g. if gNB detects DTX at (1), rather than wait for the UE’s HARQ feedback. 
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Figure 1 – URLLC operation with NR-PDCCH feedback signalling for single-shot NR-PDCCH
Figure 2 illustrates the case that NR-PDCCH is repeated in consecutive OFDM symbols. In the baseline case (without PDCCH-ACK feedback signalling), the NR-PDCCH in the first OFDM symbol is not correctly received by the UE, but the NR-PDCCH in OFDM symbols 1,2,3 are received correctly by the UE. The gNodeB is unaware that the NR-PDCCH in OFDM symbol 1 has been correctly received by the UE and it has to repeat the NR-PDCCH in OFDM symbols 2 and 3.
In the PDCCH-ACK feedback case, the UE does not receive the NR-PDCCH in OFDM symbol 0 and does not send feedback to the gNodeB, which is received as DTX by the gNodeB. The NR-PDCCH is received by the UE in OFDM symbol 1 and the UE sends PDCCH-ACK to the gNodeB (e.g. using the PUCCH). Based on receiving the PDCCH-ACK, following a processing delay at the gNodeB, the gNodeB understands that the PDCCH has been successfully received by the UE and hence does not transmit a repeated PDCCH in OFDM symbol 3. PDCCH-ACK feedback signalling is hence seen to reduce the number of OFDM symbols used for PDCCH time-domain repetition.
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Figure 2 – NR-PDCCH feedback for NR-PDCCH transmitted in consecutive OFDM symbols

Proposal 2: Support feedback for NR-PDCCH in URLLC transmissions. 
NR-PDCCH soft-combining
Provided the NR-PDCCH contents do not change between re-transmissions, or there are limited changes to NR-PDCCH contents between re-transmissions, the UE can soft-combine NR-PDCCH between re-transmissions. The UE can perform this soft combining based on its knowledge of the potential NR-PDCCH candidates at each scheduling instance. If the UE is able to blind decode an NR-PDCCH from a pair of candidates, it can then decode the pair of NR-PDSCH that are stored in its sample buffer. 
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Figure 3 – NR-PDCCH soft combining

Operation of NR-PDCCH soft combining is illustrated in Figure 3. The figure shows the UE failing to decode an initial NR-PDCCH at time 0 and hence being unable to decode the associated NR-PDSCH at time 1. The UE hence does not send HARQ feedback at 3 and DTX is observed at the gNodeB. The gNodeB hence re-transmits the NR-PDCCH at 5 and the NR-PDSCH at 6. At 5, the UE blind decodes for NR-PDCCH candidates from 5 and blind decodes by soft combining candidates received at 5 and candidates stored in its sample buffer from 0. Based on the soft-combined NR-PDCCH, the UE is able to soft-combine the NR-PDSCH received at 6 with the previous NR-PDSCH stored in its sample buffers from 1. The soft combined NR-PDSCH is decoded correctly, leading to ACK being transmitted at 8. In order to be able to soft combine the NR-PDSCH, there needs to be a known relationship between the NR-PDSCH resources used at time 1 and 6. If the scheduler is unable to satisfy this restriction at some scheduling intervals, the UE will just decode NR-PDCCH and NR-PDSCH without soft-combining, as per default operation.
Proposal 3: NR supports soft combining of NR-PDCCH for URLLC services.

Note that the soft combining operations described above (and in the subsection below) require the UE to buffer samples across several HARQ cycles. Given that the URLLC user plane latency requirement is 1ms, the total amount of buffering required for the soft combining schemes is no greater than that required for eMBB (where samples would be buffered for a 1ms slot).
Joint Design of PDCCH repetition and PDSCH repetition / transmission
If the gNodeB does not receive a HARQ feedback for an NR-PDSCH that it previously transmitted (i.e. the gNodeB detects DTX for the HARQ feedback), the gNodeB can determine that the UE did not receive the previous NR-PDCCH. If the UE were subsequently informed of the presence of the NR-PDSCH carrying URLLC that it had missed, it could soft-combine that NR-PDSCH with subsequent NR-PDSCH in order to improve reliability. That is, the gNodeB could back indicate to the UE in the HARQ retransmission the presence (e.g. resources used) of the initial URLLC transmission as shown in an example in Figure 4.  Here the UE fails to decode the 1st NR-PDCCH and the gNodeB detects a DTX in the HARQ feedback thereby initiating a retransmission.  The NR-PDCCH of the retransmission at time (5 would back indicate the presence of (i.e. resources used for) the initial NR-PDSCH carrying the URLLC message between time (1 and (2 in addition to scheduling the NR-PDSCH of the retransmitted URLLC message.  By using back indication, even if the UE misses the initial NR-PDCCH, it can still perform HARQ combining thereby improving the reliability of the URLLC transmission.  The UE can be configured to buffer the signal in every URLLC scheduling interval so that it can retrieve a potential URLLC transmission in case a back indicator is sent in a subsequent DCI.
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Figure 4: Retransmission back indicating presence of URLLC NR-PDSCH

A similar approach has been proposed by in [3]. In that scheme, it is proposed that there is a linkage between the PDCCH of the first transmission and that of the re-transmission, thus allowing both the PDSCH of the first transmission and the PDSCH of the second transmission to be combined. From the UE perspective, the scheme proposed in [3] provides the same benefits as the back indication scheme illustrated in Figure 4. From the gNodeB perspective, the scheduling flexibility of the scheme in [3] is less than that of the back-indication scheme illustrated in Figure 4. 

Both the scheme illustrated in Figure 4 and that proposed in [3] are concerned with joint design of PDCCH repetition with PDSCH repetition / transmission with HARQ. Hence we make the following proposal:
Proposal 4: PDCCH repetition should be joint-designed with PDSCH repetition/transmission and HARQ.

4. Summary of Proposals
In this contribution we discuss some aspects of repetition of NR PDCCH for URLLC services.

The following observations are made:

Observation: Time domain repetition of PDCCH reduces blocking and allows URLLC services to be supported in narrow NR bandwidth carriers.

The following proposals are made:
Proposal 1: NR URLLC supports time-domain repetition of PDCCH.

Proposal 2: Support feedback for NR-PDCCH in URLLC transmissions. 
Proposal 3: NR supports soft combining of NR-PDCCH for URLLC services.

Proposal 4: PDCCH repetition should be joint designed with PDSCH repetition/transmission and HARQ. 
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