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1 Introduction

During RAN4#93, a list of features relating to URLLC that should be the target of demodulation requirements was created [1]. It is not feasible to test URLLC features using ultra-reliability or low latency criteria, since it is not feasible to measure extremely low BLER with high confidence level, or latency. Instead, the features will be tested with higher target BLER and/or lower confidence level. An additional single test demonstrating that equipment is capable to achieve low BLER will be discussed separately.

Within the list, PUCCH was captured, however it was tentative as further study is needed as to what the target ACK/NACK error rates should be for PUCCH and whether an additional requirement covering PUCCH is needed. This paper considers further the factors that drive the PUCCH target error probability and the potential need for a new requirement. In addition, test feasibility is considered.
2 Discussion

2.1 On the relationship between PUCCH performance and protocol performance

The PUCCH carries HARQ ACK/NACK signaling and CSI. There are several error criteria applicable for PUCCH:

HARQ DTX->ACK: This error occurs if an ACK is detected by the base station when nothing was transmitted by the UE. For eMBB, the target error rate for DTX-ACK is 1%.
HARQ ACK missed detection: This error occurs if an ACK is transmitted by the UE, but the BS erroneously detects a NACK or DTX. For eMBB, the target error rate for ACK missed detection is 1%.

HARQ NACK->ACK: This error occurs if a NACK is transmitted by the UE, but the BS erroneously detects an ACK. For eMBB; the target error rate for NACK-ACK is 0.1%.

Where HARQ information only is transmitted using PUCCH format 0 or 1, achieving the three error criteria for HARQ operation requires careful design of detection thresholds in the receiver that trade off the performance for each of the criteria. If the relationship between the three types of HARQ error rate requirements changes then it could be argued that a different receiver optimization is needed and thus a further performance requirement could be justified.

Observation 1: If the relationship between the error rates for the 3 types of HARQ error changes then for PUCCH format 0/1 the receiver optimization of the detection thresholds needs to be adapted and it could be argued that an additional URLLC related demodulation requirement is necessary.
For PUCCH format 2/3, the HARQ and/or CSI bits are encoded. For the UCI, BLER is defined for eMBB. For the HARQ signaling, eMBB requirements for missed ACK are 1%. Due to the coding, the probability of NACK->ACK will be very low. It is not clear to what extent URLLC connections can follow CSI, since in any case CSI is only a measurement of past interference and not future interference, and the measurement error on CSI may be significant; thus, an SINR margin, above the SINR that the CQI report implies is needed to achieve the low BLER for the MCS, may anyhow be needed for operating ultra-reliable connections. It is not clear what BLER would be needed for CSI reporting. In any case, similarly to the other demodulation features for URLLC, it could be argued that the demodulation requirement would need to be at fairly high BLER. Thus, the existing eMBB PUCCH CSI BLER requirement is sufficient.

Observation 2: For PUCCH formats 2/3, the existing eMBB BLER requirement is sufficient for both HARQ and CSI signalling.

To consider the URLLC PUCCH requirement for HARQ, it is useful to consider the impacts and combined probabilities of the different types of error.

A DTX->ACK error causes a problem if (i) a PDCCH and PDSCH are transmitted to the UE, (ii) the UE fails to detect the PDCCH and thus does not realize that it has been scheduled with DL data (hence the UE will not transmit any ACK/NACK on PUCCH) and finally (iii) the BS detects an ACK instead of DTX. If this combination of events occurs then the error event is serious, as the BS will assume that the PDSCH payload was successfully received and will not retransmit it, hence a block error will occur.
For eMBB, the PDCCH error rate target is 1%. If eMBB requirements are met, then the probability of a block error occurring due to DTX-ACK mis detection is p(PDCCH not detected)*p(DTX-ACK) = 1% * 1% = 10^-4. Thus, if eMBB requirements are just met then this type of error will dominate the DL BLER if ultra-low BLER is targeted.

There are two mechanisms to reduce the probability of DTX-ACK errors causing block errors; one is to transmit the PDCCH with more DL resources to increase PDCCH reliability and the second is to reduce the DTX-ACK probability for PUCCH (by means of e.g. increasing the PUCCH TX power & RX SINR). Since PDSCH is transmitted with very low BLER, it may be feasible to increase the PDCCH reliability, although the total available link budget needs to be considered.

The second major type of error is NACK->ACK. This error is significant when the UE has been scheduled, has detected PDCCH but has failed to correctly decode PDSCH. If the BS detects an ACK instead of a NACK, it will assume that the PDSCH was received successfully and will not retransmit, leading to a PDSCH block error. If the NACK-ACK error rate is 0.1% (as in eMBB) then the PDSCH first transmission error rate needs to also be in the order of 0.1% or less to avoid this type of HARQ protocol error dominating the PDSCH BLER.
In case the PDSCH performance is primarily achieved using slot aggregation and HARQ is only used as an emergency mechanism to recover block errors (i.e. the first transmission BLER is less than 0.1%) then the eMBB PUCCH requirement is sufficient because the probability of a protocol error becomes 0.1% (PUCCH NACK->ACK error) * 0.1% (Probability NACK transmission) = 10^-6.  Thus, if HARQ is operated in this manner no new requirement is needed. In case however the URLLC connection would aim to operate with frequent HARQ retransmissions (and hence high probability of NACK on first transmission) then the PUCCH NACK-ACK requirement would need to be tightened to avoid HARQ protocol errors dominating the total BLER.

A PUCCH ACK missed detection error causes a problem when the UE has been scheduled with PDSCH and has correctly decoded the PDSCH, but the BS misinterprets the resulting ACK as a NACK or DTX. This will lead to the BS unnecessarily re-sending the PDSCH transmission, which will waste resources. If the HARQ protocol is operated such that a large proportion of first transmissions are correctly received, then the probability of making unnecessary transmissions will be 1%. A 1% resource wastage seems reasonable considering the circumstances.
From the above argumentation, it can be seen that it is possible to operate a URLLC link in a manner that would be compatible with existing PUCCH requirements and decision thresholds. Specifically:

· PDCCH resources allocated so that the error rate is around 10^-4

· HARQ retransmission rate targeting around 10^-3 error rate on first transmission (possibly using slot aggregation to improve link budget)

· Or alternatively, not operating HARQ (either only first transmissions, or always assume retransmissions)

If on the other hand the HARQ would be operated targeting a higher retransmission rate or a higher PDCCH BLER then for the reasons described above the PUCCH error targets would need to be adjusted, implying different optimization of the receiver thresholds.

Observation 3: PUCCH performance defined for eMBB is acceptable for URLLC provided that the resources allocated to PDCCH are increased (such that the PDCCH error rate is in the order of 10^-4).
2.2 Other considerations for a new PUCCH requirement
As is discussed above, a new PUCCH requirement may be needed in case the DL does not support a low PDCCH BLER or in case a very low retransmission rate for PDSCH is not feasible. Alternatively, the eMBB PUCCH performance can be assumed and instead the PDCCH and PDSCH performance targets adjusted. Before designing a new PUCCH requirement, though it is worth to consider the feasibility of both the requirement and testing.
For the requirement itself, if the 1% PDCCH performance of eMBB is applied, then the PUCCH DTX-ACK error rate would need to be in the order of 10^-4. If the PDSCH retransmission target would involve significant amounts of retransmission (i.e. high probability of NACK), then the NACK-ACK error rate may need to be as low as 10^-6.

Achieving such low PUCCH error rates would potentially imply significantly increased SINR, which would imply higher UE transmit power. For the UL, this could lead to link budget limitations.
Observation 4: Decreasing PUCCH error rates could lead to UL link budget limitations.
As an alternative or complement to increased SINR, the receiver thresholds could be adjusted. Unfortunately, for a given SINR the NACK->ACK and DTX->ACK error rates cannot be designed independently of the ACK missed detection error rate. The detection threshold trades off ACK errors and NACK errors. It is possible that targeting a much lower rate of errors for NACK/DTX->ACK could lead to a ACK missed detection error rates becoming so high that significant DL resource wastage may begin to occur (due to ACK being wrongly interpreted as ACKs). 

This paper does not further investigate the feasibility of targeting low DTX/NACK misdetection rates but notes that it is not fully obvious that achieving such low error rates at reasonable SINR is feasible without causing unacceptable side effects.

Observation 5: Even if desired, achieving low ACK misdetection rates may not be achievable without unacceptable side effects.
A further issue with PUCCH requirements with much lower ACK misdetection rates would be testability. Establishing that requirements of 10^-4 to 10^-6 misdetection rate are achieved with a reasonable confidence level would require long test durations, potentially impacting the feasibility of testing.
Observation 6: Testability of PUCCH at low mis-detection rates would need further investigation and would involve long test durations.
3 Conclusion

In this paper, we have described how, with careful operation of the HARQ protocol (or with HARQ deactivated) the existing PUCCH performance may be acceptable for ultra-low BLER connections.

It seems reasonable to target a low BLER for PDCCH considering that the PDSCH link is operating with ultra-low BLER. However, since aggregation and retransmission for PDCCH is not possible, the link budget and resource needs for PUCCH in such circumstances should be checked.
For PDSCH, using slot aggregation as an alternative to HARQ can improve the link budget without the need for targeting a significant number of retransmissions. If further link budget improvements would be needed even with slot aggregation activated, then HARQ could be operated but with an assumption that retransmissions must always be made (i.e. ACK/NACK assumed to always be NACK).
Testing of advanced PUCCH requirements with lower BLER with high confidence may need excessive test time. Furthermore, it may be that targeting much lower NACK-ACK and DTX-ACK error rates at reasonable SINR may lead to an unacceptable high ACK-NACK error rate and significant resource wastage. Even if targeting such error rates is feasible, the UL link budget may be a limiting factor.

With these considerations in mind, our conclusion is that it is not worth to create new requirements for PUCCH for URLLC. Instead, it should be assumed that the PDCCH and PDSCH HARQ operation will differ for URLLC compared to eMBB. Some further investigation on the resource and link budget implications of low PDCCH BLER and almost no PDSCH retransmissions may be prudent to settle the decision, however.

Proposal 1: Do not create new PUCCH requirements for URLLC
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