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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 assess diversity techniques for SR and HARQ A/N based on agreements for the PUCCH format and the discussion in our companion contribution [3].
[bookmark: _Ref178064866]Discussion
In our companion contribution [3], we elaborate on techniques to enhance the PUCCH reliability, namely repetition, frequency hopping and variable length PUCCH. In this paper, we evaluate the performance of certain PUCCH formats, which are based on sequence selection, to assess their suitability for URLLC targets. In particular, we check the performance of sequence selection formats for SR and HARQ. 
	Carrier frequency
	4 GHz

	Bandwidth
	20 MHz

	PHY resources
	1 PRB

	Channel model
	TDL-A  with delay spread 30ns, 300ns, 1000ns

	UE speed:	
	3 km/h 	

	Antennas
	1 Tx and 2,4,8 Rx

	SCS
	15 kHz

	Channel estimation
	practical

	Noise estimation
	ideal



HARQ A/N
For 1-bit HARQ A/N, we consider PUCCH performance in terms of ACK error and NACK-to-ACK error for TDLA 30, 300, and 1000 ns channel models. Due to high reliability requirement for URLLC data transmission, reliability of the A/N feedback needs to be high, especially when NACK is sent to the gNB to trigger a retransmission. If one retransmission is possible within the latency bound, we can see that the probability of a NACK to ACK error should be kept below the order of 10-4. This is generally an order of magnitude lower than what is required in LTE. As for ACK error, the event leads to unnecessary retransmission and inefficient resource utilization, thus it is reasonable to require that Pr(ACK error) is at most 10-2 (same as LTE). Below we show the short PUCCH performance with different receive antenna configurations, PUCCH lengths (one or two symbols), and with/without frequency hopping. Note that the 2 symbols PUCCH is the repeated version of 1-symbol PUCCH as per agreement.
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[bookmark: _Ref484613053]Figure 1: ACK error rate for TDL-A channel model with delay spread 300ns
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Figure 2: BLER for TDL-A channel model with delay spread 300ns
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[bookmark: _Ref484613056]Figure 3: NACK-to-ACK error rate for TDL-A channel model with delay spread 300ns
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Figure 4: NACK-to-ACK error rate for TDL-A channel model with delay spread 30ns
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[bookmark: _Ref484614366]Figure 5: NACK-to-ACK error rate for TDL-A channel model with delay spread 1000ns
In Figures Figure 1-Figure 3, we see the HARQ error events for various setups. We see that the gain, when going from a 1-symbol to a 2-symbol PUCCH with repetition, is 3dB. This is in accordance with expectations at low mobility since the channel is essentially unchanged, hence the extra copy contributes with extra power giving 3dB gain. This trend is observed on all metrics, namely BLER, ACK miss detection and NACK-to-ACK error, respectively. We also observe that we need N=8 RX antennas in order to achieve an error rate of the order of 10-4 or less at an SNR of -4dB (this statement holds for all metrics). For the considered setups, with 1 or 2 symbols and usage/absence of frequency hopping (FH), less than 8 antennas are not sufficient for meeting this target. 



It is interesting to observe that FH outperforms repetition after a cross-over SNR value, which depends on other parameters. This is expected since for the lowest SNR range, the diversity effects are not observable but rather start to kick-in after a threshold value that varies depending on the setup, e.g., number of receive antennas. From Figures Figure 3-Figure 5, we can conclude that for delay spread values up to 300nsec the system performs the same in terms on NACK-to-ACK error rate. This also implies that using the edge bands for PUCCH transmission provides sufficient separation even at low delay spreads, such as 30ns, to get some diversity benefits.
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Figure 6: ACK error rate for multiple UEs and TDL-A channel with 30ns delay spread. 
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Figure 7: ACK error rate for multiple UEs and TDL-A channel with 1000ns delay spread.
[bookmark: _Toc488696352]In the above two figures, we see the impact of users multiplexing on the performance. For a channel with delay spread of 30ns, the presence of interference among multiple transmissions does not degrade the performance (same conclusions hold for 300ns channel delay spread). However, when the delay spread becomes 1000ns then the system performance is sustained for up to 3 UEs, whereas when the number of users is increased to 6 UEs, then we observe some penalty, where its magnitude depends on the number of antennas. 
[bookmark: _Toc488696353]The number of UEs impacts PUCCH reliability at highly dispersive channels.
Using 2-symbol short PUCCH with FH and multiple receive antennas can provide high reliability for HARQ transmission.

Table 1: Minimum SNR required to achieve different ACK error rate targets, for single UE transmission, with different RX antenna configuration for TDLA 300 ns (cf. Figure 1 with FH=1).
	Error rate target/nRX
	2
	4
	8

	1e-3
	3dB
	-2dB
	-5.7dB

	1e-4
	>4dB
	-0.5dB
	-4.5dB

	1e-5
	>4dB
	1.3dB
	<-2dB



Table 2 : Minimum SNR required to achieve different NACK-to-ACK error rate targets, for single UE transmission, with different RX antenna configuration for TDLA 300 ns (cf. Figure 3 with FH=1).
	Error rate target/nRX
	2
	4
	8

	1e-3
	-3.5dB
	-6dB
	-8.8dB

	1e-4
	0.8dB
	-3.2dB
	-6.8dB

	1e-5
	4.2dB
	-1.5dB
	-5.2dB


[bookmark: _Toc488696355][image: ]
[bookmark: _Ref485219499]Figure 8: NACK-to-ACK error rate for 4-symbol PUCCH and TDL-A channel with 300ns delay spread.
To enhance reliability even further, extending the signal in time is possible by using long PUCCH. As we see in Figure 8, with longer PUCCH and 4-symbol format the system can achieve a NACK-to-ACK error rate of 10-4 at an SNR value of around -6dB (10-5 N2A error rate at around -4.5dB with frequency hopping), with 4 receive antennas, thereby significantly outperforming the previous setups, where such performance was attainable with 8 receive antennas. Therefore, long PUCCH format should be a candidate for high reliability.
[bookmark: _Toc488696356]Long PUCCH format provides high reliability PUCCH transmission
Scheduling request (SR)
For SR, we evaluate performance in terms of SR missed detection. If an UL packet should be delivered with a total error rate of Pe, the SR missed detection rate should be well below this level. Repetitions or increased length can be used to reduce the missed detection rate. Similarly, as for HARQ A/N, we consider the 2-symbol short PUCCH format as a candidate for providing high reliability for SR. Simulation assumptions remain the same as stated in the beginning. Here we set Pr(DTX to SR) =10-2 which then determines the threshold for false alarm probability. Figure 9 shows the SR performance with 2-symbol short PUCCH with/without frequency hopping based on sequence selection.
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[bookmark: _Ref485214233]Figure 9: SR missed detection rate for TDL-A channel model with delay spread 300ns
[bookmark: _Toc488696357]Like HARQ A/N, using 2-symbol short PUCCH with FH together with multiple receive antennas can provide high reliability for SR transmission. 

Conclusion
In this contribution, we have provided simulation results for the PUCCH performance for high reliable transmission using different techniques. Based on the investigations, we have made the following observations:
1. [bookmark: _Toc488696361]The number of UEs impacts PUCCH reliability at highly dispersive channels.
Using 2-symbol short PUCCH with FH and multiple receive antennas can provide high reliability for HARQ transmission.
Long PUCCH format provides high reliability PUCCH transmission
Like HARQ A/N, using 2-symbol short PUCCH with FH together with multiple receive antennas can provide high reliability for SR transmission. 
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