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1 Introduction

In RAN1#88bis, the following were agreed [1]: 
Agreements:
· For 1-symbol PUCCH without SR with 1 or 2 bit(s) UCI payload size, RAN1 will select one from the following options.

· Option 1: RS and UCI are multiplexed by FDM manner in the OFDM symbol
· UCI can be sequence
· FFS: low PAPR design is applied
· Option 4: Sequence selection with low PAPR
· ….
This contribution first considers remaining aspects on short PUCCH in NR and subsequently analyzes tradeoffs of the above design options and compares respective BLERs
2 Designs for Short PUCCH in NR
This section discusses remaining aspects for design of short PUCCH in NR.

Transmission structure
It was agreed that a PRB (or multiple PRBs) is the minimum resource unit size for PUCCH. However, it is FFS whether UE multiplexing applies within a PRB for the short UL control channel duration. As for the DL control channel, it is preferred for a UE to transmit its short PUCCH in “PUCCH sub-band” that consists of multiple PRBs as shown in Figure 1. In order to avoid unnecessary retuning, as the minimum BW of NR UEs is sufficiently large to achieve frequency diversity, the PUCCH sub-band should not be greater than the maximum UE transmission BW and it can be configured by the network. The PRBs of the PUCCH sub-band should be distributed, particularly when UE multiplexing on same PRBs is supported, in order to achieve frequency diversity gain. However, at least for larger UCI payloads, multiplexing of short PUCCH transmissions from different UEs on same PRBs would not be desirable and in that case, frequency-contiguous PRBs for PUCCH sub-band can be considered in order to enable selection of PRBs where the UE experiences high SINR for the enhancement of coverage/BLER performance.

Proposal 1: PRBs for short PUCCH should not be separated by more than the maximum UE transmission BW.
Multiplexing with UL data (PUSCH)
In an UL centric slot as shown in Figure 1, as well as TDM of PUSCH and PUCCH, FDM of PUSCH and PUCCH can benefit resource utilization. In this case, a PUSCH can span from the 1st OFDM symbol allocated for UL transmissions (e.g., 3rd OFDM symbol of a slot) to the last OFDM symbol of a slot. A starting symbol for the PUSCH can be implicitly derived from the 1st OFDM symbol in the UL part of a slot and a number of symbols for the PUSCH to apply rate matching can be indicated by L1 signaling, such as UL DCI or UE-group common control channel, depending on whether or not the PUSCH resource collides with “PUCCH sub-band” or a frequency resource for a SRS transmission [2]. 
Proposal 2: For multiplexing of short PUCCH and PUSCH, the number of symbols for the PUSCH to apply rate matching is indicated by L1 signaling.
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Figure 1: Short PUCCH format

Multiplexing of different UEs
It was agreed that the PUCCH resource is indicated by a combination of semi-static configuration and (at least for some types of UCI information) dynamic signaling. For the PUCCH resource indication, explicit indication (e.g. as for PUCCH Format 3/4/5 in LTE), implicit indication (e.g. as for PUCCH format 1a/1b in LTE) and also, the ARO-based mechanism (e.g. as for resolving PUCCH resource collisions in LTE EPDCCH) can be considered. Further details are discussed in [3]. 
Proposal 3: Consider explicit/implicit/ARO-based resource indication for short PUCCH in NR.
3 1-symbol Short PUCCH with 1 or 2 Bits
Option 1 can be further divided into two sub-options depending on whether UCI is transmitted by using a repetition (Option 1a) or a sequence (Option 1b). In Option 1a, one BPSK or QPSK modulated symbol is repeated over the REs. In Option 1b, two orthogonal sequences are used for 1-bit UCI transmission and four orthogonal sequences are used for 2-bit UCI transmission. 
This section discusses tradeoffs of Options 1a, 1b and 4.
Option 1a is the most flexible approach among the possible options because all UCI payloads from 1 or 2 bits to a few tens of bits can be supported and coding rate can be adjusted depending on different UCI payload size and DMRS overhead in a given PUCCH resource. Due to this flexibility, which is limited in other options, Option 1a is sufficient in general and in particular when a UCI payload size is larger than 2 bits.

Similar to Option 1a, Option 1b takes a benefit from coherent demodulation and it will not suffer from an error floor in a channel environment with larger RMS delay spread. However, due to DMRS, Option 1b has to use shorter length of sequence than Option 4. This will result in degrading BLER performance of Option 1b because less power is used for UCI transmission. On the other hand, one can argue that there is a possibility for Option 1b to achieve lower PAPR than Option 1a. This may be true if the sequences used for DMRS and UCI are jointly designed. However, this joint optimization should be performed not only for PAPR performance but also for BLER performance. Generally, optimizing multiple parameters with different metrics will be more challenging than single parameter optimization, e.g., only DMRS optimization. Considering that use case of Option 1b is only limited to 1 bit or 2 bits UCI payload, it is highly doubtful to concentrate our standardization effort on optimization of Option 1b.

Option 4 does not require channel estimation at the receiver and can easily achieve lower PAPR than Options 1a and 1b using a Zadoff-Chu or computer generated sequence. However, same as Option 1b, UCI payloads that can be supported with Option 4 are limited to 1 or 2 bits. Moreover, this scheme suffers from an error floor effect in a channel with large delay spread due to non-coherent demodulation and its BLER is not stable in that environment. This makes Option 4 problematic for URLLC-type applications. Sequence-based transmissions can offer higher UE multiplexing capacity on same PRBs but even modest UE multiplexing on same PRBs will be limited in practice for 1-symbol PUCCH because it will further degrade coverage. 
4 Performance Comparison
This section provides the BLER of Options 1a, 1b and 4 using the TDL-C channel model with different RMS delay spread, e.g., 30ns, 300ns, and 1000ns. DMRS overhead for both Options 1a and 1b is assumed to 50% and DMRS and UCI are interleaved alternatively in every RE as shown in Figure 2. Other evaluation parameters are shown in Appendix A.
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Figure 2: Illustration of each option assuming 1 PRB and 1/2 DMRS overhead
Evaluation results
Figure 1 compares the BLER of each option for TDL-C with 30ns RMS delay spread. From Figure 1(a) for 1-bit UCI payload, Options 1a and 4 have same performance and both of them outperform Option 1b by 3dB at 10-2 BLER. This can be explained by the fact that sequence length used for UCI transmission in Option 1b is a half of the sequence length used for UCI transmission in Option 4. Figure 1(b) shows the BLER for the case of 2-bit UCI payload. It is observed that Option 4 outperforms both Options 1a and 1b by 2dB ~ 2.5dB at 10-2 BLER. 
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(a) 1-bit UCI payload                                                          (b) 2-bit UCI payload

Figure 1: BLER performance for TDL-C with 30 ns RMS delay spread
Observation 1: In a channel environment with 30ns RMS delay spread, 

· For 1-bit UCI payload, Options 1a and 4 have same performance.
· For 2-bit UCI payload, Option 4 outperforms other options by 2dB ~ 2.5dB.
· For both 1-bit and 2-bit UCI payloads, Option 1b has worst performance.

Figure 2 compares the BLER of each option for the TDL-C channel with 300ns RMS delay spread. For 1-bit UCI payload as shown in Figure 2(a), Options 1a and 4 have similar performance and both of them outperform Option 1b by around 3dB at 10-2 BLER. Figure 2(b) shows that Option 4 outperforms other schemes when the SNR is less than 12dB. However, if SNR is larger than 12 dB, Option 4 suffers from an error floor due to non-coherent demodulation (this is more clearly seen in Figure 3(b)) and its performance is not stable.
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(a) 1-bit UCI payload                                                         (b) 2-bit UCI payload
Figure 2: BLER performance for TDL-C with 300 ns RMS delay spread
Observation 2: In a channel environment with 300ns RMS delay spread, 

· For 1-bit UCI payload, Options 1a and 4 have similar performance in low and medium SINR range.
· For 2-bit UCI payload, Option 4 outperforms other schemes in low and medium SINR range but suffers from an error floor in high SINR range.

· For both 1-bit and 2-bit UCI payloads, Option 1b has worst performance.
Figure 3 compares the BLER of each option for the TDL-C channel with 1000ns RMS delay spread. Different from previous observations, it is shown that Option 1a outperforms other schemes. As mentioned earlier, Option 4 suffers from an error floor and this effect is getting more severe in case of 2-bit UCI payload than 1-bit UCI payload.  
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(a) 1-bit UCI payload                                                         (b) 2-bit UCI payload

Figure 3: BLER performance for TDL-C with 1000 ns RMS delay spread
Observation 3: In a channel environment with 1000ns RMS delay spread, 

· Option 1 outperforms other schemes.
· Option 4 suffers from an error floor.
In conclusion, no material benefit is identified for Option 1b over Options 1a and 4 and Option 4 can be considered primarily due to its performance gains in case of 1-symbol short PUCCH with 1 or 2 bits, at low SINR rages and when the target BLER is around 1%. 
Proposal 4: Further consider Option 1 and Option 4 subject to the total number of PUCCH formats to be defined for short PUCCH in NR for both 1 symbol duration and 2 symbols duration
5 Conclusion
This contribution has discussed remaining design aspects on short PUCCH in NR and we have proposed the following:

Proposal 1: PRBs for short PUCCH should not be separated by more than the maximum UE transmission BW.

Proposal 2: For multiplexing of short PUCCH and PUSCH, the number of symbols for the PUSCH to apply rate matching is indicated by L1 signaling
Proposal 3: Consider explicit/implicit/ARO-based resource indication for short PUCCH in NR.
Also, we have discussed the BLERs of Option 1 and Option 4 and we have observed the following:
Observation 1: In a channel environment with 30ns RMS delay spread, 

· For 1-bit UCI payload, Options 1a and 4 have same performance.
· For 2-bit UCI payload, Option 4 outperforms other options by 2dB ~ 2.5dB.
· For both 1-bit and 2-bit UCI payloads, Option 1b has worst performance.

Observation 2: In a channel environment with 300ns RMS delay spread, 

· For 1-bit UCI payload, Options 1a and 4 have similar performance in low and medium SINR range.
· For 2-bit UCI payload, Option 4 outperforms other schemes in low and medium SINR range but suffers from an error floor in high SINR range.

· For both 1-bit and 2-bit UCI payloads, Option 1b has worst performance.
Observation 3: In a channel environment with 1000ns RMS delay spread, 

· Option 1 outperforms other schemes.
· Option 4 suffers from an error floor.
Based on the above observations, the following is proposed.
Proposal 4: Further consider Option 1 and Option 4 subject to the total number of PUCCH formats to be defined for short PUCCH in NR for both 1 symbol duration and 2 symbols duration
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Appendix A
Table 1: Evaluation parameters

	Parameters
	CP-OFDM

	PUCCH resources
	1 RB (12 REs)

	UCI payload size
	1 bit or 2 bits

	DMRS overhead
	50%

	Channel estimation
	MMSE for Option 1a and Option 1b

	FFT size
	2048

	CP length
	144∙TS 

	Modulation
	BPSK for 1-bit UCI and QPSK for 2-bit UCI

	Antenna Configuration
	1 Tx – 2 Rx (MRC)
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