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1 Introduction

In RAN1#89, simulation assumptions for 1-symbol NR-PUCCH with 1 or 2 bits were agreed [1]: 
Agreements:
· All proponents are recommended to have evaluations for 1-symbol NR-PUCCH until the next meeting
· Simulation assumptions for 1-symbol NR-PUCCH with 1 or 2 bit(s) UCI payload

· System bandwidth = 20Mhz

· Subcarrier spacing =  {15Khz, 60Khz}

· TDL-A or TDL-C channel with delay spread = {30nS, 300nS, 1000nS}

· # UE Tx =1, # eNB Rx =2

· # UCI bits = {1,2}

· Number of RB = {1 RB, 2 contiguous RBs, 2 dis-contiguous RBs} 

· Carrier frequency = 4Ghz

· Number of UEs = {1}

· For option 1: evaluate both UCI based on repetition coding and UCI with modulated sequence.  

· Practical channel estimation and ideal noise estimation

· Note: design target for 1-symbol PUCCH with 1 or 2 bits is a separate discussion.
· Design of 1-symbol short-PUCCH for UCI of 1 or 2 bits should consider tradeoff among PAPR, A-to-N, N-to-A, and DTX-to-ACK performances, and UE multiplexing capacity.
Additionally, in RAN1#89, design options for 2-symbol NR-PUCCH were discussed and the following were agreed [1]:

Agreements:
· 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.
In this contribution, we first consider remaining aspects on short PUCCH in NR and subsequently analyze tradeoffs of the above design options for 1-symbol PUCCH with 1 or 2 bits. Finally, we compare respective BLERs and PAPRs.
2 Remaining Design Aspects on Short PUCCH in NR
Transmission structure
It was agreed that a PRB (or multiple PRBs) is the minimum resource unit size for PUCCH. As for the DL control channel, it is preferred for a UE to transmit its short PUCCH in “PUCCH sub-band” in order to avoid unnecessary retuning. Clearly, for 1-symbol PUCCH, retuning is not applicable and, in case of CP-OFDM and transmission in non-contiguous RBs, the RBs need to be within the UE transmission BW capability (also, the minimum BW of NR UEs is sufficiently large to achieve frequency diversity). The same applies for short PUCCH transmission over 2 symbols with frequency hopping as the retuning delay can be in the order of several symbols or even a slot for the higher SCS.
Proposal 1: Short PUCCH transmission from a UE is within a BW part and is not larger than the maximum UE transmission BW.
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Figure 1: Short PUCCH format

3 Discussion on Each Option
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 modulation (Option 1b). In Option 1a, one BPSK or QPSK modulated symbol is repeated over the REs. In Option 1b, one BPSK or QPSK modulated symbol is spread with a sequence over the REs. Option 4 exploits two sequences to transmit 1-bit UCI and four sequences to transmit 2-bit UCI.
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. It is expected that Option 1b has same BLER performance as Options 1a because minimum Euclidean distance is same for both options. From PAPR performance perspective, it is not clear whether/how Option 1b can achieve better PAPR performance than Option 1a because both options use CP-OFDM. Our evaluation results subsequently show that Options 1a and 1b have same performance for both the BLER and the PAPR. Also, considering that use case of Option 1b is only limited to 1 bit or 2 bits UCI payload, there is no apparent need for Option 1b.

Option 4 does not require channel estimation at the receiver (although with proper sequence selection, channel estimation can be possible) and can achieve lower PAPR than Options 1a and 1b using a Zadoff-Chu or computer generated sequence. However, UCI payloads that can be supported with Option 4 are limited to 1 or 2 bits and Option 4 can be viewed as an optimization for this particular case. 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. Option 4 can offer higher UE multiplexing capacity on same PRBs but even modest UE multiplexing on same PRBs will be limited in practice for short PUCCH because it will further degrade coverage. 
Further, it is unclear whether the PAPR gains from Option 4 will be meaningful in practice as, even for the smallest data TBS, the PUSCH is expected to be the coverage limiting channel (there is a 7-8 dB coverage gap between PUSCH and PUCCH in LTE - if the PUSCH uses CP-OFDM and the PUCCH uses Option 4, this gap will further increase). It is not likely that UEs requiring PUSCH coverage enhancements (i.e. multi-slot repetitions for a data TB) will materially benefit from HARQ-ACK transmission in only one symbol or be capable of operating at peak DL data rates. Additionally, for a CSI target BLER of 1% and CSI payloads of ~10 bits and without considering PUSCH coverage, it will be the CSI that limits coverage. If multi-symbol PUCCH transmission is used for the CSI, it can also be used for HARQ-ACK (this will also help/simplify multiplexing of HARQ-ACK and CSI – otherwise, another ‘collision’ case is introduced in NR operation). Also, the only benefit of Option 4 is that for a few UEs (~10% of UEs for some UL geometry CDFs for a SINR difference corresponding to the PAPR difference between Option 1a and Option 4) HARQ-ACK/SR transmission can be in 1 symbol instead of 2 symbols – the rest of UEs will require the same number of symbols for Option 1a and Option 4 and there will be UEs requiring HARQ-ACK transmission over 2 symbols even if Option 4 is used for HARQ-ACK transmission in 1 symbol.

4 BLER Performance Comparison
This section provides the BLER of Options 1a and 4 with 1-RB using the TDL-C channel model with different RMS delay spread, e.g., 30ns, 300ns, and 1000ns. 
Evaluation assumptions
· 1-RB with 15 kHz and 60 kHz SCSs are evaluated. The results for 2-RB are shown in Appendix B.
· Option 1b uses length-6 pi/2 BPSK sequence for a sequence modulation and Option 4 uses length-12 sequences defined in LTE for a sequence selection. 

· DMRS overhead for both Option 1a and Option 1b is assumed to 50% where DMRS and UCI are interleaved alternatively in every RE as shown in Figure 1.
· 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 3 compares the BLER of each option using 15 kHz and 60 kHz SCSs for TDL-C with 30ns RMS delay spread. It is observed that for all cases, Option 1a and Option 1b have same performance. From Figure 3(a) and Figure 3(c), it is shown that for 1-bit UCI payload, Options 1a and 4 have same performance. Figure 3(b) and Figure 3(d) show that Option 4 outperforms both Options 1a and 1b by around 2.5dB at 10-3 BLER.

[image: image3.emf]    [image: image4.emf]
(a) 1-bit UCI payload (15 kHz SCS)                             (b) 2-bit UCI payload (15 kHz SCS)
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(c) 1-bit UCI payload (60 kHz SCS)                             (d) 2-bit UCI payload (60 kHz SCS)

Figure 3: BLER performance for TDL-C with 30 ns RMS delay spread
Observation 1: In a channel environment with 30ns RMS delay spread, 

· For all cases, Option 1a and Option 1b have same performance.
· For 1-bit UCI payload, Options 1a and 4 have same performance.
· For 2-bit UCI payload, Option 4 outperforms Option 1a by around 2.5dB at 10-3 BLER.
Figure 4 compares the BLER of each option using 15 kHz and 60 kHz SCSs for TDL-C with 300ns RMS delay spread. For all cases, Option 1a and Option 1b have exactly same performance. For 1-bit UCI payload, assuming 15 kHz SCS (Figure 4(a)), Option 1a and Option 4 have same performance but assuming 60 kHz SCS, Option 1a outperforms Option 4 (Figure 4(c)). For 2-bit UCI payload, outperforms other schemes when the SNR is less than 8dB (60 kHz SCS) or 12dB (15 kHz SCS). However, if SNR is larger than 8dB or 12 dB, Option 4 suffers from an error floor due to non-coherent demodulation (this is more clearly seen in Figure 5(b) and Figure 5(d)) and its performance is not stable.
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(a) 1-bit UCI payload (15 kHz SCS)                             (b) 2-bit UCI payload (15 kHz SCS)
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(c) 1-bit UCI payload (60 kHz SCS)                             (d) 2-bit UCI payload (60 kHz SCS)

Figure 4: BLER performance for TDL-C with 300 ns RMS delay spread
Observation 2: In a channel environment with 300ns RMS delay spread, 

· For all cases, Option 1a and Option 1b have same performance.
· For 1-bit UCI payload, 
· Assuming 15 kHz SCS, Options 1a and 4 have similar performance.
· Assuming 60 kHz SCS, Option 1a outperforms Option 4.
· For 2-bit UCI payload, Option 4 outperforms Option 1a in certain SINR values but suffers from an error floor if SINR is larger than these values.

Figure 5 compares the BLER of each option using 15 kHz and 60 kHz SCSs for TDL-C with 1000ns RMS delay spread. For all cases, Option 1a and Option 1b have exactly same performance. Different from previous observations, it is shown that Option 1a outperforms Option 4. As mentioned in Figure 4, Option 4 suffers from an error floor and this effect is getting more severe.
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(a) 1-bit UCI payload (15 kHz SCS)                             (b) 2-bit UCI payload (15 kHz SCS)
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(c) 1-bit UCI payload (60 kHz SCS)                             (d) 2-bit UCI payload (60 kHz SCS)

Figure 5: BLER performance for TDL-C with 1000 ns RMS delay spread
Observation 3: In a channel environment with 1000ns RMS delay spread, 

· For all cases, Option 1a and Option 1b have same performance.

· Option 1a outperforms Option 4.
· Option 4 suffers from an error floor.
5 PAPR Performance Comparison
This section discusses the PAPR of Option 1a, Option 1b and Option 4 with 1-RB. The results for 2-RB are shown in Appendix B.
Evaluation assumptions
· Evaluation assumptions for PAPR comparison are same as ones described in Section 4.
· PAPR is calculated by instantaneous-to-average power ratio (IAR) as shown in [2] because it is a more meaningful quantity to consider where nonlinear distortions are allowed.  
Evaluation results
Figure 6 compares the PAPR of each option. It is observed that Option 1a and Option 1b have similar PAPR performance and Option 4 outperforms other options.
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(c) 1-bit UCI payload                                                        (d) 2-bit UCI payload

Figure 6: PAPR performance
Observation 4: For PAPR performance,
· Options 1a and 1b have similar performance.
· Option 4 outperforms other options.

Table 2 compares the CM of each option for 1-bit and 2-bit UCI payloads. From Table 2, it is observed that Option 4 outperforms Option 1 by 2.16dB ~ 2.21dB.

Table 1: CM comparison in [dB]

	
	1 bit
	2 bit

	
	Option 1a
	Option 4
	Option 1a
	Option 4

	1-RB case
	2.92
	0.71
	2.88
	0.72


Observation 5: For CM performance, Option 4 outperforms Option 1a by 2.16dB ~ 2.21dB.
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 at low SINR rages and when the target BLER is around 1% and lower PAPR. 
6 Conclusion
This contribution discussed remaining design aspects on short PUCCH in NR and proposes the following:

Proposal 1: Short PUCCH transmission from a UE is within a BW part than is not larger than the maximum UE transmission BW.

Also, BLERs of each PUCCH design option were presented and the following are observed:
Observation 1: In a channel environment with 30ns RMS delay spread, 

· For all cases, Option 1a and Option 1b have same performance.
· For 1-bit UCI payload, Options 1a and 4 have same performance.
· For 2-bit UCI payload, Option 4 outperforms Option 1a by around 2.5dB at 10-3 BLER.
Observation 2: In a channel environment with 300ns RMS delay spread, 

· For all cases, Option 1a and Option 1b have same performance.
· For 1-bit UCI payload, 
· Assuming 15 kHz SCS, Options 1a and 4 have similar performance.
· Assuming 60 kHz SCS, Option 1a outperforms Option 4.
· For 2-bit UCI payload, Option 4 outperforms Option 1a in certain SINR values but suffers from an error floor if SINR is larger than these values.

Observation 3: In a channel environment with 1000ns RMS delay spread, 

· For all cases, Option 1a and Option 1b have same performance.

· Option 1a outperforms Option 4.
· Option 4 suffers from an error floor.
Also, we have discussed the PAPRs/CMs of each option and have observed the following:

Observation 4: For PAPR performance,
· Options 1a and 1b have similar performance.
· Option 4 outperforms other options.

Observation 5: For CM performance, Option 4 outperforms Option 1a by 2.16dB ~ 2.21dB.
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Appendix A: Evaluation Parameters
	Parameters
	CP-OFDM

	PUCCH resources
	2 RBs (24 REs) and 1 RB (12 REs)

	UCI payload size
	1 bit or 2 bits

	DMRS overhead
	50% for Option 1a and Option 1b

	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)


Appendix B: Additional Results (2-RB Case)

This section provides the BLER and the PAPR of Option 1a and Option 4 using 2 RBs for the TDL-C with different RMS delay spread, e.g., 30ns, 300ns, and 1000ns. 

Evaluation assumptions
· 2 RBs with 15 kHz and 60 kHz subcarrier spacing are evaluated and four different cases are taken into account depending on RB allocation methods; i) 2 contiguous RBs, ii) 2 dis-contiguous RBs with 1-RB gap, iii) 2 dis-contiguous RBs with 2-RB gap, and iv) 2 dis-contiguous RBs with 98-RB gap. For the case IV, each RB is located towards the edges of the bandwidth as in LTE (20 MHz is assumed as the bandwidth). 
· Option 1b uses length-12 sequences defined in LTE for a sequence modulation. Option 4 uses length-24 sequences in [2] for a sequence selection. 
· Other evaluation parameters are shown in Appendix A.
BLER performance
All figures shown in this section include multiple curves and each curve stands for the following:

· Blue curves are Option 1a and red curves are Option 4.
· Round-shape lines are the case I (2 contiguous RBs).

· X-shape lines are the case II (2 non-contiguous RBs with 1-RB gap).
· Square-shape lines are the case III (2 non-contiguous RBs with 2-RB gap).

· Triangle-shape lines are the case IV (2 non-contiguous RBs with 98-RB gap).

Figure 7 compares the BLER of each option using 15 kHz and 60 kHz SCSs for TDL-C with 30ns RMS delay spread. From Figure 7(a) and Figure 7(c), it is observed that for 1-bit UCI payload, Option 4 has similar performance to Option 1a except for the case of 98-RB separation for 2 non-contiguous RBs. Also, it is shown that 1-RB or 2-RB separation for 2 dis-contiguous RBs does not much improve BLER performance of Option 1a. From Figures 7(b) and 7(d), it is found that for 2-bit UCI payload, Option 4 outperforms Option 1a except for the case of 98-RB separation for 2 non-contiguous RBs. Option 1a with 98-RB separation outperforms Option 4 by 2.5dB and 4dB at 10-3 BLER for 1-bit and 2-bit UCI payloads, respectively. 
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(a) 1-bit UCI payload (15 kHz SCS)                             (b) 2-bit UCI payload (15 kHz SCS)
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(c) 1-bit UCI payload (60 kHz SCS)                             (d) 2-bit UCI payload (60 kHz SCS)

Figure 7: BLER performance for TDL-C with 30 ns RMS delay spread
Observation B1: In a channel environment with 30ns RMS delay spread, 

· For 1-bit UCI payload, Option 4 has similar performance to Option 1aexcept for the case of 98-RB separation for 2 non-contiguous RBs.
· For 2-bit UCI payload, Option 4 outperforms Option 1a except for the case of 98-RB separation for 2 non-contiguous RBs.

· Option 1a outperforms Option 4 by 2.5dB and 4dB at 10-3 BLER for 1-bit and 2-bit UCI payloads, respectively, when 98-RB separation for 2 non-contiguous RBs is taken into account.
Figure 8 compares the BLER of each option using 15 kHz and 60 kHz SCSs for the TDL-C channel with 300ns RMS delay spread. For 1-bit UCI payload, Option 1a outperforms Option 4 as shown in Figure 8(a) and Figure 8(c). For 2-bit UCI payload, Option 4 outperforms Option 1a in most cases but Option 4 suffers from an error floor due to non-coherent demodulation if SNR is higher than 8 dB (not clearly seen in Figure 8 but is evident in Figure 9).
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(a) 1-bit UCI payload (15 kHz SCS)                             (b) 2-bit UCI payload (15 kHz SCS)
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(c) 1-bit UCI payload (60 kHz SCS)                             (d) 2-bit UCI payload (60 kHz SCS)

Figure 8: BLER performance for TDL-C with 300 ns RMS delay spread
Observation B2: In a channel environment with 300ns RMS delay spread, 

· For 1-bit UCI payload, Option 1a outperforms Option 4 in all cases.
· For 2-bit UCI payload, Option 4 outperforms Option 1a in most cases.
Figure 9 compares the BLER of each option using 15 kHz and 60 kHz SCSs for the TDL-C channel with 1000ns RMS delay spread. Same observations as Figure 8 apply for Figure 9. 
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(a) 1-bit UCI payload (15 kHz SCS)                             (b) 2-bit UCI payload (15 kHz SCS)
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(c) 1-bit UCI payload (60 kHz SCS)                             (d) 2-bit UCI payload (60 kHz SCS)

Figure 9: BLER performance for TDL-C with 1000 ns RMS delay spread
Observation B3: In a channel environment with 1000ns RMS delay spread, 

· For 1-bit UCI payload, Option 1a outperforms Option 4 in all cases.

· For 2-bit UCI payload, Option 1a outperforms Option 4 in most cases.
PAPR performance
All figures shown in this section include multiple curves and each curve stands for the following:

· Blue curves for Option 1a, orange curves for Option 1b, and red curves for Option 4
· Solid lines are the case I (2 contiguous RBs).

· Dotted lines are the case II (2 non-contiguous RBs with 1-RB gap).
· Dashed lines are the case III (2 non-contiguous RBs with 2-RB gap).

· Dash-dotted lines are the case IV (2 non-contiguous RBs with 98-RB gap).

Figure 10 compares the PAPR of each option. It is observed that Option 1a and Option 1b have similar PAPR performance and their performances are not related to RB allocation methods. It is shown that the PAPR of Option 4 is related to RB allocation methods and it is mainly affected by the continuity of allocated RBs. So, as long as the continuity does not hold, the PAPR of Option 4 degrades irrespective of how much gap exists between 2 dis-contiguous RBs. 
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(c) 1-bit UCI payload                                                        (d) 2-bit UCI payload

Figure 10: PAPR performance
Observation B4: From PAPR performance perspective,
· Options 1a and 1b have same performance.
· The PAPRs of Options 1a and 1b are not affected by RB allocation methods.

· The PAPR of Option 4 is mainly affected by the continuity of allocated RBs

· Option 4 outperforms other options.

Table 2 compares the CM of each option for 1-bit and 2-bit UCI payloads. From Table 1, it is observed that Option 4 outperforms Option 1 by 1.79dB ~ 2.51dB.

Table 2: CM comparison in [dB] depending on different RB allocation methods
	
	1 bit
	2 bit

	
	Option 1
	Option 4
	Option 1
	Option 4

	2 contiguous RBs
	3.3
	0.8
	3.3
	0.79

	2 non-contiguous RBs (1-RB gap)
	3.51
	1.74
	3.54
	1.74

	2 non-contiguous RBs (2-RB gap)
	3.51
	1.75
	3.54
	1.75

	2 non-contiguous RBs (98-RB gap)
	3.53
	1.75
	3.54
	1.75


Observation B5: For CM performance, Option 4 outperforms Option 1 by 1.79dB ~ 2.51dB.
Appendix C: Additional Results (TDL-A Case)

Figure 11 compares the BLER of each option for TDL-A and TDL-C channel models. It is observed that the results obtained from different channel models are similar.
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(c) Option 1a                                                                     (d) Option 4

Figure 11: BLER performance for different channel models
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