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1 Introduction

In the previous RAN1 NR AdHoc#1 meeting, the aspects of control channel reliability for URLLC were discussed. The following agreements were reached:
Agreements:
	RAN1 NR AdHoc#1

· Blocking probability of DL control channel should be taken into account in NR-PDCCH design

· 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 


In this contribution, we analyze design aspects affecting reliability of URLLC services. In particular, both DL and UL control and shared channel aspects are considered. Other aspects related to NR URLLC are discussed in our companion contributions [1]-[3].
2 DL Reliability Aspects

In this section we discuss the main aspects of downlink reliability for URLLC services. In the next sub-sections we separately discuss control and shared channel design aspects. Note, that the physical channels are discussed regardless of their usage during UL or DL data transfer (e.g. ACK/NACK for downlink shared channel transmitted in uplink is discussed within UL section).
2.1 DL Control Channel

Depending on the available time budget for potential retransmissions, the target reliability of DL control channel may vary depending on how many control channel transmissions can fit the latency. The case when the control channel may need to reach the target reliability from one shot is more envisioned in case of uplink grant-based allocation. In this case, due to SR transmission and processing delays, there may be no time for transmission of an additional grant if the DTX is detected. Therefore, it is important to provide a possibility for very low error rate for control channels including very low blockage probability.
2.1.1 Blockage Minimization

The problem of control channel blockage was discussed in the last meeting. Depending on control channel design, control channel capacity and number of active UEs, it may happen that particular UE cannot be scheduled in a mini-slot due to overlapping of its search space with other UEs to be co-scheduled in the same mini-slot. However, for URLLC the problem was not carefully studied yet. Considering the URLLC specifics, the following difference with eMBB can be identified regarding the blockage issue:
Aspects increasing blockage issue:

· Control channel blockage for URLLC should be resolved in a few mini-slots in order to fit the low latency budget. That is much stricter than the eMBB operation, where the blockage may be resolved in time without a strict requirement on latency.

· In order to hit the reliability target and extract more diversity and energy, high aggregation levels are more likely to be used for URLLC. High aggregation levels essentially have larger blockage probability.
Aspects decreasing blockage issue:

· Overall number of served UEs is expected to be much smaller than for eMBB due to the strict requirements which cannot be fulfilled when serving many UEs. In that sense, the blockage probability may be naturally smaller than for eMBB.

· Scheduling of URLLC UEs is spread over the slot by using mini-slots. The blockage and potential control channel capacity issue are reduced further in this case (see Figure 1), especially in case the mini-slot specific hashing function is applied to USS as it is discussed in [4].
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Figure 1. Blockage probability of LTE-like USS for control channel allocated every 100 us.

As it can be seen, the potential blockage issue may or may not appear in realistic URLLC service deployment depending on multiple factors. However, mechanisms to reduce or resolve the blockage may be considered at this stage.
We note, that there is a tradeoff between blockage issue and UE complexity to monitor for different candidates. In other words, the blockage probability is naturally reduced when a UE is configured with either common search space with multiple search candidates or with multiple UE-specific search spaces or both. That would lead a UE to always check multiple hypotheses every control channel monitoring occasion (i.e. every mini-slot) that would cause high complexity and increased power consumption.
In order to optimize the tradeoff between complexity and blockage probability, a level of control and configurability should be supported in NR. The following principles could be used for resolving the blockage issue:
· gNB may configure orthogonal UE-specific search spaces to active UEs thus eliminating the blockage probability.

· gNB may select a UE-specific search space from a set of search spaces configured to a UE in order to resolve the blockage.

· gNB may dynamically reconfigure UE-specific search spaces in order to resolve the blockage.
· It may be done by using for example the two-stage DCI concept where the first-stage DCI may carry the information about dynamically changed search space of the second-stage DCI. Another alternative is to use MAC CE message to carry the reconfiguration indication.
Based on the analysis and discussion in this section, we have the following proposal:

Proposal 1

· NR supports dynamic gNB-based (re)configurability of UE-specific search spaces.
2.1.2 Link Budget Maximization

The following approaches can be considered for achieving the target URLLC reliability, assuming the blockage issue is resolved.
Diversity
In our view, the common considerations on MIMO transmission diversity and frequency diversity are enough for URLLC in current study phase. However, additional considerations on multi-point control channel transmission and duplication can be discussed in order to further improve the reliability.
High aggregation levels
As it was agreed last meeting, the high aggregation levels could be considered for URLLC (e.g. up to 16, 32). In our view this is a reasonable approach, however, for mini-slot based scheduling the control channel capacity in one mini-slot may not be enough for such high aggregations. For example, one symbol CCH in a 60 kHz mini-slot in 20 MHz bandwidth can provide capacity to only a few candidates with aggregation level 8 assuming LTE-like search space definitions. In order to extend the control channel, multiple mini-slots may be aggregated. In such configuration, the control channel may span several first symbols and the shared channel may span the rest symbols of the aggregated transmission.
Note, that in case of DTX is detected at gNB, it can schedule another DCI with higher aggregation level. This is essentially possible by configuring the UE with at least two aggregation levels to monitor.

Proposal 2
· Consider support of high aggregation levels along with mini-slot aggregation.
2.1.3 DL PHICH Channel

A special case of control channel is the DL PHICH which may carry ACK/NACK for UL shared channel transmissions. This channel is required for non-adaptive type of synchronous HARQ operation where the retransmissions are scheduled just by sending a NACK.

There are multiple options on the table whether and when to transmit ACK/NACK/DCI depending on grant-based or grant-free scheme of operation. In one option, for grant-free UL it is proposed to signal only ACK in order to stop automatic retransmissions. In another option, instead of NACK, it is proposed to signal a DCI grant in order to adapt the transmission parameters and resources. In case if PHICH channel is going to be supported, then the design considerations should be similar to the considerations made regarding the UCI format which carries DL ACK/NACKs discussed in section 3.1.
2.2 DL Shared Channel

The basic agreements regarding HARQ usage for DL URLLC transmissions were reached. The HARQ is well known mechanism to provide reliable and in the same time spectrum efficient operation if there is a latency budget that allows to accommodate at least one retransmission. However, as it was pointed out in section 2.1, there are cases when HARQ mechanism is not possible due to time budget constraints and only single-shot transmission is available. Therefore, other general schemes to improve the reliability need to be considered.
MIMO Diversity

At least transmission diversity based on two antenna ports should be supported. The SFBC/STBC schemes are known to provide the highest diversity in such scenario, therefore it is natural to support at least one of them. Some can argue that the SFBC/STBC interference is hard to reject using a simple receiver, however for URLLC the typical operation is assumed to be in noise limited environment rather than interference limited environment.
The time-domain based diversity schemes such as STBC or precoder cycling may not work assuming only a few symbols are scheduled in mini-slots. At the same time, the high SCS considered for URLLC (e.g. 60 kHz) may suffer from channel variation between adjacent resource elements that may degrade SFBC performance (i.e. 4 times larger spacing comparing to 15 kHz). In that case, time + frequency diversity schemes may need to be studied in order to cover multiple URLLC scenarios.
Proposal 3

· NR supports transmission diversity schemes for mini-slot based transmissions.

· Frequency-domain transmission diversity is supported at least for one-symbol shared channel configuration.

· FFS time-domain transmission diversity for shared channel spanning at least two symbols.

Link Adaptation

In our contribution [5], we highlight the issue of link adaptation for URLLC services. In this section we just refer to the detailed discussion in that contribution and outline the important aspects that should be considered.
The typical LTE operation may assume that it achieves 90% reliability within 4 ms latency and higher reliability with higher latency. Obviously, the link adaptation for NR URLLC should have another requirement on target BLER in order to be able to provide the required reliability within the required latency. In the next sub-sections, we discuss the benefits of configuring different BLER target for link adaptation as well as different interference measurement hypothesis.

The HARQ may substantially relax the required BLER for the initial shared channel transmission under conditions of reliable control channels and feedbacks. However, in some cases there may be no sense to rely on HARQ due to HARQ RTT values supported by current network configuration or due to link budget limitation. Therefore, in some cases the target BLER for CSI reporting may be set to meet the target reliability from one-shot transmission, although in case the HARQ is available, the BLER target may be relaxed assuming the retransmission can recover the transport blocks within the target latency.

Based on these considerations, in order to enable spectrum efficient URLLC, the target BLER for CSI reporting should be flexibly configured contrary to the fixed BLER target in LTE. It may be argued, that BS may recalculate the CQI for a given target reliability, however such behavior may be dangerous in terms of both spectrum efficiency and reliability due to generally unknown BLER slope of the UE and deviation in prediction of CQI for the lower BLER values.

In order to allow spectrum efficient URLLC operation, the multi-CQI reporting for different BLER targets may be configured to a UE based on the requested service reliability and latency requirement. The first BLER target (e.g. B1) may be set for CSI1 reporting which will provide spectrum efficient initial transmission and another BLER target (B2) may be set to calculate CSI2 and corresponding SE for the target reliability. Similarly to LTE, in this case the initial transmission may success in most of the cases using less spectrum while the retransmission may be sent with SE needed to achieve the target reliability within the latency.
Proposal 4

· NR supports enhanced CQI reports which provide information about different target error rates.
2.2.1 Multi-connectivity and Multi-carrier

In RAN2 discussions it was agreed to support duplication at PDCP layer of both control plane and user plane. There is no action from RAN1 regarding this aspect. However, the duplication below PDCP layer in Carrier Aggregation and Dual Connectivity scenarios was also agreed to be studied, which have implications on physical layer procedures.
The main question is whether and how to organize L1 combining of transport blocks received from multiple paths which are controlled by single gNB. We think that for this case, the HARQ procedure may be generalized and the duplications with same or different redundancy versions may be combined if the receiver is instructed to do so.
In general, the redundant transmissions may be scheduled by single DCI in one component carrier or by DCIs in each CC. From that perspective, an indication of multiple resource allocations scheduling and/or indication of duplicated transport blocks may be needed in DCI.
From the considerations above we can conclude that enabling of soft combining of duplicated transmissions from multiple paths requires additional signaling, however it should be studied whether the additional overhead is acceptable.
Proposal 5

· Study the benefits of soft combining of duplicated transmissions received from multiple paths/carriers considering the additional signaling overhead needed to link the duplications.
3 UL Reliability Aspects
In this section we discuss reliability aspects of basic channels transmitted in uplink direction. In general, the uplink direction has substantially lower coverage than DL (up to 20 dB) in cellular systems due to different maximum transmission power and noise figure assumptions. In that sense, the UL channels may be a bottleneck for closed-loop URLLC operation in both DL heavy and UL heavy traffic services. Therefore, it is crucial to optimize all UL channels in terms of reliability.
3.1 Control Channel

The control channel in UL, referred as UCI, will have at least two physical structure types, i.e. short and long, and several formats, at least HARQ feedback, SR, CSI.
Scheduling Request
For the grant-based UL, the scheduling request (SR) transmission may become a bottleneck if no enhancements to improve its reliability are considered. The main mechanisms to improve its reliability could be extraction of diversity and possible enabling of repetitions.
For the repetitions, the following scheme could be considered. A UE transmits SR on SR resources until it receives a DCI or the maximum number of SR transmission is achieved. The SR resources for continuous transmission may be allocated each mini-slot or with some periodicity, as it is illustrated in Figure 2.
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Figure 2. Continuous SR transmission until grant reception.

Note, that in order to further improve the performance, combining on SR resources may be applied. Additionally, the repeated transmissions may apply frequency hopping between occasions in order to extract additional diversity.
Proposal 6

· NR supports repeated SR transmission until reception of grant.
DL ACK/NACK

Another UCI format that is important for URLLC is the acknowledgement of DL transmissions. Previously in [6] we analyzed the overall URLLC transaction probability assuming at least one retransmission. From the analysis, it was concluded that the reliability of HARQ feedback may substantially impact the spectrum efficiency assuming the initial transmission needs to be much more robust in case of unreliable feedbacks.
Regarding the types of errors in the feedback channel, we consider the following:

· DTX detection instead of ACK (ACK-to-DTX error): This is the case of the failure to decode/detect the transmitted ACK and consider that the UE successfully decoded downlink control channel. This situation may trigger scheduling of another DL transmission which will consume additional spectrum while already be successfully decoded.

· DTX detection instead of NACK (NACK-to-DTX error): This is the case of the failure to decode/detect the transmitted NACK and consider that the UE failed to decode downlink control channel. This situation may trigger scheduling of another DL transmission with usage of another transmission parameters for both control and shared channel to ensure the reliability is met after this second transmission.

· NACK detection instead of ACK (ACK-to-NACK error): In this case, the gNB will schedule a retransmission which will consume additional spectrum while the packet is already successfully decoded.

· ACK detection instead of NACK (NACK-to-ACK error): The case of detection of ACK instead of indicated NACK will lead to failure of the URLLC transmission since there will be no time for RLC level recovery. This is one of the most dangerous effects that should be avoided as much as possible.

· ACK detection instead of DTX (DTX-to-ACK error): The cases similar to the NACK-to->ACK error.

From the discussion above, the focus of the ACK/NACK reliability improvement should be to maximize link budget of the HARQ feedback in a given latency budget as well as provide the minimum probability of ACK detection instead of NACK or DTX.

Proposal 7

· Study techniques of minimizing NACK-to-ACK and DTX-to-ACK misdetection events for DL HARQ.

3.2 Shared Channel

The UL shared channel reliability is dependent on the scheduling approach. For the grant-based uplink, the adaptive HARQ retransmissions scheduled by gNB according to predicted channel conditions and possibly interference coordination may be applied. Additionally, the number of mini-slots in a bundle (i.e. the K value) may be adapted by gNB for initial transmissions and retransmissions.
For the grant-free schemes, the reliability maximization mainly refers to interference randomization and redundant transmissions with extraction of frequency diversity. More considerations could be found in our companion contribution [3].
Since the OFDM waveform was agreed for uplink, then it is possible to organize frequency distributed transmissions in UL in order to extract frequency diversity. Along with the frequency diversity, the MIMO transmission diversity schemes for UL could be applied. Please see more details in our companion contribution [7].
4 Conclusions

In this contribution, we discussed NR design aspects affecting reliability for URLLC services. Based on the discussion and analysis, we have the following proposals:
Proposal 1

· NR supports dynamic gNB-based (re)configurability of UE-specific search spaces.

Proposal 2

· Consider support of high aggregation levels along with mini-slot aggregation.

Proposal 3

· NR supports transmission diversity schemes for mini-slot based transmissions.

· Frequency-domain transmission diversity is supported at least for one-symbol shared channel configuration.

· FFS time-domain transmission diversity for shared channel spanning at least two symbols.

Proposal 4

· NR supports enhanced CQI reports which provide information about different target error rates.

Proposal 5

· Study the benefits of soft combining of duplicated transmissions received from multiple paths/carriers considering the additional signaling overhead needed to link the duplications.

Proposal 6

· NR supports repeated SR transmission until reception of grant.

Proposal 7

· Study techniques of minimizing NACK-to-ACK and DTX-to-ACK misdetection events for DL HARQ.
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