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Introduction
In previous RAN1 meetings, the following agreements related to PUCCH structure in general were made:
Agreements [1]:
•        For 2-symbol NR-PUCCH
–       option 1-1 is supported for sending UCI with up to 2 bits.
•        Note that sequence hopping is not precluded for option 1-1
–       FFS method for sending UCI with more than 2 bits
–       option 2 is not supported.
•        Note: The functionality of option 2 can be achieved by two 1-symbol short PUCCHs transmitted on one slot in TDM manner (as already agreed in RAN1 #88bis meeting) and therefore it is considered as not necessary to introduce option 2. 
Agreements [1]:
· For 2-symbol NR-PUCCH, frequency hopping is supported at least for localized (contiguous) PRB allocation in each symbol
· FFS for distributed (non-contiguous) PRB allocation

Agreements [2]:
· Working assumption:
· For short-PUCCH with UCI of up to 2 bits (with/without SR), option 4 is supported.
· No more short-PUCCH format is supported for short-PUCCH in the WID scope.

Agreements [2]:
· For a long PUCCH with up to 2 bits UCI:
· Working assumption:
· DMRS always occurs in every other symbols in the long PUCCH
· FFS: even or odd symbols
· The working assumption can be revisited if an issue is found in terms of transient period.
Agreements [2]:
· The DMRS symbol(s) are formed as follows:
· DMRS for a PUCCH is a sequence (e.g. a cyclic shift of a CAZAC or computer generated sequence) in frequency domain with Orthogonal Cover Code (OCC) in time.
· Note: The data symbols are formed as the following:
· The modulated UCI bit(s) is multiplied with a sequence (e.g. a cyclic shift of a CAZAC or computer generated sequence) in frequency domain with Orthogonal Cover Code (OCC) in time.
· BPSK and QPSK modulations for 1 and 2 UCI bits, respectively.
· Note: The usage of OCC for DMRS and UCI symbols is effectively disabled for differentiation of the users that are assigned with the same OCC.

Agreements [2]:
· For a long PUCCH in a slot,
· At most one hop for the long PUCCH is supported.
· FFS: details

In this paper, we discuss high reliability aspects of PUCCH for URLLC especially when PUCCH is used for transmissions of SR and HARQ A/N.
[bookmark: _Ref178064866]Discussion
In LTE, the PUCCH resources granted to the UE enable the UE to transmit scheduling request, HARQ A/N feedback for DL transmission as well as CSI information. For instance, when new data arrives in the transmit buffer and the UE has no valid UL grant, it will issue an SR to the eNB and wait for an UL grant to be sent by the eNB. However, it may happen that the eNB side fails to detect the SR, which can occur when the UE is experiencing poor coverage conditions or when its transmission is interfered by transmissions from a neighbouring cell. If this “SR-miss detection” event occurs, the UE will detect it from the missing UL grant, and it will issue a new SR in the next possible occasion. The time to wait until the detection introduces extra delay, which in turn induces undesired latency for UL data transmission.
[bookmark: _Hlk484168035]According to URLLC target put forth by TR38.913, a packet should be delivered with BLER 10-5 within a one-way latency bound of 1ms. It is therefore important that SR should be transmitted with sufficient high reliability from start and one has to look into configurations that satisfy these performance levels.
For DL payload data transmission, the UE sends HARQ feedback in the UL to acknowledge the correct or erroneous reception of the payload. If the DL data packet was not received, the UE sends a NACK and expects a retransmission. However, if the NACK is not received correctly, e.g., received wrongly as ACK, a retransmission will not be triggered and the data will be lost. Therefore, for URLLC, when a retransmission is required, HARQ A/N feedback should be transmitted with sufficiently high reliability.
Due to strict latency constraint of URLLC, short PUCCH format with 1-2 symbols are expected to be of high relevance. However, if more time resources are available, it is also beneficial to consider a long PUCCH format which can have a duration of 4 to 14 symbols. With the repetition and use of longer time resources, it is possible to enhance PUCCH reliability by means of
i. Processing gain: When the channel is slow-fading and repetitions of UL control information are received within the coherence time, which means that the channel has not changed, then they can be used in an additive manner to yield a 3dB processing gain per repetition.
ii. Diversity gain: When the channel is fast-fading, i.e., it changes rapidly, then the gNB can rely on time diversity. In the simple case of two repetitions, the SR is missed if either of the transmissions is lost. In fast fading, repeated or longer transmission can experience independent channel conditions hence the probability of failure falls drastically, compared to a single short transmission.
Between the two abovementioned aspects, diversity is mostly pursued in a system design because it yields significant performance improvement for each SNR increment that the system experiences. To exploit potential diversity gains in a quasi-static environment we can utilize frequency selectivity. In other words, we can place parts of the transmission on different PRBs. If the two PRBs are sufficiently separated then, due to channel dispersion, the fading conditions will be independent.
So far, we argued that repetition and frequency hopping are key elements for achieving highly reliable PUCCH. This is in line with the agreement for the general design of NR for two-symbol short PUCCH which is composed of repeated and frequency hopped one-symbol short PUCCH. In this sense, two-symbol short PUCCH can be considered as a baseline for achieving high reliability for PUCCH. For further reliability enhancement, alternative long PUCCH format with at least four-symbols can be considered.
All these features that have been mentioned above, namely repetition, frequency hopping and long PUCCH, are available in existing designs and can be utilized to meet the requirements for high reliability.  
1. High reliability PUCCH can be provided by existing designs
In order to improve reliability even further one may consider techniques such as SORTD can be used. For long/short PUCCH formats carrying small payloads (i.e. 1-2 UCI bits), the physical structures of the PUCCH signals are designed to allow multiplexing multiple PUCCH on the same radio resources [3]. This is achieved by creating orthogonal sequences via cyclic shifts of specific sequences or via orthogonal cover codes. The SORTD approach is built directly on top of these orthogonal resources by allocating two such orthogonal resources for the two transmit antennas of a UE. It has been shown to be very effective and was adopted for LTE format 1b with channel selection in Rel-11. Such transmit diversity further allows the gNB to implement parallel/pipelined processing to further reduce latency, which is beneficial for URLLC application cases. Therefore, based on high performance and potential for low latency processing, SORTD is recommended for PUCCH transmit diversity for small payloads as we discuss in our companion contribution [3] if it is determined that transmit diversity is needed.
Based on high performance and potential for low latency processing, SORTD can be considered for PUCCH reliability enhancement
Conclusion
In section 2 we made the following observations: 
1. High reliability PUCCH can be provided by existing designs
1. Based on high performance and potential for low latency processing, SORTD is recommended for PUCCH reliability enhancement
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