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1. Introduction 
In RAN1 NR Ad-Hoc#1 the following is agreed regarding URLLC reliability:
· For an UL transmission scheme with/without grant
· K repetitions including initial transmission (with the same or different RV and FFS with different MCS) (K>=1) for the same transport block are supported, 
· FFS the way K is determined

· FFS: hopping mechanisms over the transmissions
· 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
This contribution discusses some considerations on the reliability of the control channel that schedules URLLC.
2. Discussion
Aggregation Level
URLLC requires a reliability of 1-10-5 [1] which would require that the control channel (PDCCH) scheduling the URLLC needs to be equally reliable.  The expected reliability for PDCCH is 99% in LTE, which is not sufficient for URLLC.  In [2], it is shown that to increase the PDCCH reliability from 99% to 99.999%, the DCI overhead can increase by 40% or 880%.  Hence, directly increase the coding gain or processing gain (e.g. using higher aggregation levels) of the PDCCH is not an efficient way to improve its reliability.

Observation 1: Increasing PDCCH aggregation level to 16 or 32 is an inefficient way to provide PDCCH reliability for URLLC. 
Compact DCI

There is an agreement to reduce the size of the DCI for URLLC services.  However, it is unclear at the moment what information is required in the DCI and the agreement to define a compact DCI format can be viewed as something that RAN1 should strive for rather than something that can necessarily be achieved now.  There are limits to the reliability that can be achieved with a compact DCI.

Observation 2: Since the required DCI contents for URLLC services have not yet been identified, RAN1 cannot rely on compact DCI providing the necessary reliability for URLLC PDCCH. 
Frequency Diversity
Frequency diversity can improve the reliability of PDCCH in frequency selective channels. Frequency diversity can be achieved by using a distributed mapping for PDCCH. The amount of frequency diversity that can be achieved depends on the bandwidth of the carrier. It should be possible to operate URLLC services in any carrier bandwidth, so the frequency diversity that can be achieved is limited by the 5MHz minimum carrier bandwidth for NR [4]. Since the baseline NR-PDCCH is likely to have the ability to be configured to be distributed over the whole carrier bandwidth, additional frequency diversity to improve the reliability of URLLC PDCCH is not available. 
Antenna Diversity

Antenna diversity at the gNodeB and UE can improve PDCCH reliability. An NR UE is expected to support at least two receive antennas. Additional UE receive antennas will improve the PDCCH reliability, but there are cost and size limits to the number of antennas that can be supported by the UE. The antenna diversity that can be supported by the gNodeB depends on the REG or PRB bundling that is applied to the PDCCH. To support both antenna diversity and frequency diversity, it should be possible to apply different weight vectors to different REG occupying similar frequency resources. There is a limit to the number of different REG that can applied to the same UE in similar frequency resources. Furthermore, it is desirable to be able to support URLLC services over different gNodeB architectures, or to upgrade an existing gNodeB to support URLLC services. Hence it is desirable that a reliable URLLC PDCCH can be provided on a gNodeB supporting the minimum number of transmit antennas.

Observation 3: There is limited scope for increasing URLLC PDCCH reliability through application of frequency diversity or antenna diversity. 
PDCCH Indication of Repeated PDSCH

The reliability of URLLC PDSCH can be increased by repeating the NR-PDSCH. In [3], it was proposed that it should be possible to configure the UE to monitor NR-PDCCH at each repetition occasion when PDSCH repetition is configured, as shown in Figure 1 (from [3]). 
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Figure 1. NR-PDCCH transmission for PDSCH repetitions (from [3])
This scheme is helpful in that the successful decoding of NR-PDSCH is not contingent on successfully receiving a single NR-PDCCH (i.e. if a single NR-PDCCH at the start of a set of repeated NR-PDSCH transmissions is missed, it is possible to receive other NR-PDSCH in the repeated sequence). Greater reliability of NR-PDSCH decoding could be achieved if all of the NR-PDSCH in the sequence shown in Figure 1 could be used in the decoding process.
Back Indication of NR-PDSCH resources
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 2.  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, 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 2: Retransmission back indicating presence of URLLC NR-PDSCH

Proposal 1: The PDCCH in a HARQ retransmission includes a back indicator to provide information of a previous URLLC PDSCH for HARQ combining.

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 is 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 2: NR supports soft combining of NR-PDCCH for URLLC services.

NR-PDCCH feedback signalling
Although it is desirable to increase the reliability of NR-PDCCH decoding, 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 4 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.  If there is a retransmission, which can occur at any time after DTX detection, subject to gNB decoding and scheduling delays, the UE is able to perform HARQ combining (e.g. of the NR-PDSCH transmissions at (1 and (5) thereby improving the reliability of the URLLC data. The re-transmitted NR-PDCCH can optionally back-indicate the NR-PDSCH (as described with reference to Figure 2) and / or the NR-PDCCH can be soft-combined (as described with reference to Figure 3). 
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Figure 4 – URLLC operation with NR-PDCCH feedback signalling

Proposal 3: Support feedback for NR-PDCCH in URLLC transmissions in FDD. 

3. Conclusion

In this contribution we discuss some aspects of reliable PDCCH operation for URLLC and we observe the following:

Observation 1: Increasing PDCCH aggregation level to 16 or 32 is an inefficient way to provide PDCCH reliability for URLLC.
Observation 2: Since the required DCI contents for URLLC services have not yet been identified, RAN1 cannot rely on compact DCI providing the necessary reliability for URLLC PDCCH.
We propose the following:
Proposal 1: The PDCCH in a HARQ retransmission includes a back indicator to provide information of a previous URLLC PDSCH for HARQ combining.
Proposal 2: NR supports soft combining of NR-PDCCH for URLLC services.

Proposal 3: Support feedback for NR-PDCCH in URLLC transmissions in FDD. 

4. References

[1] TR38.913, “Study on Scenarios and Requirements for Next Generation Access Technologies”, 3GPP.

[2] R1-1702726, “DCI-light/free URLLC Transmission in DL,” MediaTek, RAN1#88, Athens, Greece. 13-17 February 2017.
[3] R1-1706916 “DCI Design for URLLC”. Huawei, HiSilicon. RAN1#89, Hangzhou, China. 15-19 May 2017.
[4] R1-1706872 “LS Reply on NR minimum carrier bandwidth”. Source: RAN4. RAN1#89, Hangzhou, China. 15-19 May 2017.
1st URLLC transmission





ReTX





DTX





PDCCH failed





x





NR-PDCCH soft combining





ACK





NR-PDSCH soft combining





NR-PDSCH





NR-PDCCH





HARQ feedback





time





0





1





2





3





4





5





6





7





8





9





1st URLLC transmission





ReTX





DTX





PDCCH failed





x





ACK





NR-PDSCH





NR-PDCCH





HARQ feedback





time





0





1





2





3





4





6





5





7





8





NR-PDCCH feedback





1st URLLC transmission





ReTX





DTX





PDCCH failed





x





ACK





Timeline with NR-PDCCH feedback signalling





Baseline URLLC timeline








[image: image5.png]D Control Channel D Data Channel D HARQ Feedback

t
v URLL_C_ Back indicate
Transmissio ReTx
L L
Thara
PDCCH failéd LA !

ond_

T, T T3 Ty Ts 15 Time




[image: image6.png]


