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1 Introduction
During discussion of 3GPP RAN1#89 [1], simulation assumptions are agreed for further evaluation/comparison regarding to short-PUCCH for 1 or 2 bits UCI. This contribution compares Option 1 (CP-OFDM based channel structure; UCI based on repetition coding or modulated sequence) and Option 4 (Sequence selection with low PAPR) for 1 or 2 bits UCI.
2 Option 1 and Option 4 for 1 or 2 bits UCI for one-symbol PUCCH
Three potential structures of one-symbol PUCCH are discussed during RAN1#89, as the below :

· Option 1a : FDM of RS and UCI, where UCI based on repetition coding

· Option 1b : FDM of RS and UCI, where UCI carried by sequence

· Option 4 : Sequence selection
Figure 1 shows the possible implementation of the three options.

Since only one or two bits transmitted in the scenario, only one or two PRBs is necessary. In case of two PRBs, it is possible to assign continuous or discontinuous PRB allocation, where continuous PRB allocation may benefit from potential low PAPR design and discontinuous PRB allocation may enjoy frequency diversity. Based on two PRBs allocation, this contribution compare Option 1a, Option 1b, and Option 4. Table 1 shows the potential sequences usage for these three options.
· Option 1a : Although UCI is based on repetition coding without sequence modulation, it is still nature for RS to be implemented by some sequences for inter-cell interference mitigation. Same implementation can be applied to both continuous and discontinuous RE allocation.
· Option 1b : In case of two continuous PRB allocation, RS may use LTE CAZAC sequence with length 12, and UCI may be carried by the same or another LTE CAZAC sequence with length 12. However, in case of two discontinuous PRB allocation, it is not clear yet how Option 1b is implemented.
· Option 4 : UCI is represented by selection of different sequences. In case of two continuous PRB allocation, LTE CAZAC sequences with length 24 can be applied for low PAPR and inter-cell interference mitigation. In case of two discontinuous PRB allocation, two LTE CAZAC sequences with length 12 can be applied.
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Figure 1. Option 1a/1b and Option 4 for UCI with 1 or 2 bits
Table 1. Sequences usage for options
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3 Performance Evaluation

This section compares BER, PAPR, and multiplexing capacity among Option 1a/1b/4. Please refer to Appendix (Section 6.1) for simulation assumptions.
3.1 BER Performance

Required SNR is targeted to meet (1% ACK-to-NACK (A-to-N)), (1% NACK-to-ACK (N-to-A)), and (1% DTX-to-ACK). Figure 2 shows the ACK BER performance (probability of A-to-N = probability of N-to-A) for 2bits UCI in scenario {15kHz & 300ns} (Note : subcarrier spacing as 15kHz & scaling factor of TDL-C as 300ns). ACK FAR (false alarm rate, i.e., DTX-to-ACK) is also shown in Figure 3. By adjusting receiver parameters, for example : detection threshold for DTX, we balance performance of A-to-N and DTX-to-ACK so that (1% A-to-N) and (1% DTX-to-ACK) are achieved in similar SNR. It is found that in case of continuous PRB allocation, Option 4 is better than Option 1a/1b. Even for discontinuous PRB allocation, Option 4 is still better than Option 1a/1b.

Observation #1: In scenario {15kHz & 300ns}, Option 4 has better BER performance compared to Option 1a/1b for both continuous and discontinuous PRB allocation
It is also noted that Option 1a and Option 1b have quite similar performance since their difference is only that Option 1a uses repetition for BPSK/QPSK and Option 1b uses given sequence carrying BPSK/QPSK, where their performance shall be similar theoretically. When channel becomes quite frequency-selective, BER performance of Option 4 may become worse and Option 1a/1b may become better. Figure 4 shows the BER performance of different scenarios “{15kHz & 300ns}, {15kHz & 1000ns}, {60kHz & 300ns}, and {60kHz & 1000ns}”, and Table 2 summarizes the results of required SNR. Only in scenario {60kHz & 1000ns}, {Option 4 & Discontinuous} is worse than {Option 1a & Discontinuous}. However, the scenario {60kHz & 1000ns} is a corner case since it suffers serious inter-symbol-interference. As analysed in Figure 5, there is no ISI for scenario {15kHz & 300ns} since the max delay spread is smaller than the CP length (i.e., 2.6us < 4.69us). There is some ISI for scenario {15kHz & 1000ns} and {60kHz & 300ns}. Regarding to the scenario {60kHz & 1000ns}, there is serious ISI since max delay spread is much larger than the CP length (i.e., 8.65us >> 1.17us). In such scenario, it is quite hard for data transmission, which means this is a corner case.
Observation #2: For discontinuous PRB allocation, Option 4 has better BER performance compared to Option 1a/1b in typical scenarios “{15kHz & 300ns}, {15kHz & 1000ns}, and {60kHz & 300ns}”. Option 4 is little worse compared to Option 1a/1b for corner scenario {60kHz & 1000ns}.

For 1bit ACK transmission, similar phenomenon is observed. One may refer to Figure 6 and Table 8 in Appendix (Section 6.2) for ACK BER performance comparison and summary table of required SNR. 
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Figure 2. ACK BER performance of Option 1a/1b/4 for 2bits UCI in scenario {15kHz & 300ns}
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Figure 3. ACK FAR performance of Option 1a/1b/4 for 2bits UCI in scenario {15kHz & 300ns}
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Figure 4. ACK BER performance of Option 1a/1b/4 for 2bits UCI in four scenario “{15kHz & 300ns}, {15kHz & 1000ns}, {60kHz & 300ns}, and {60kHz & 1000ns}”
Table 2. Summary table of required SNR for 2bits UCI
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Figure 5. Analysis on ISI in different scenario
3.2 PAPR Performance

One advantage of Option 4 is its potential low PAPR due to adoption of low PAPR sequence as sequences pool. However, frequency-diversity does improve BER performance in some scenarios. Option 1a may use discontinuous PRB allocation to gain frequency-diversity. Option 4 may also use discontinuous PRB allocation to gain frequency-diversity, and it may still have fine PAPR. At least one simple mechanism (as specified in Table 1) can be applied in Option 4 so that it can gain frequency-diversity and suffer only 2dB increase of PAPR. As shown in Table 3, Option 1a has 1% PAPR around 9dB regardless of continuous or discontinuous PRB allocation. Option 4 has quite small PAPR as 3.4 dB for continuous PRB allocation. Even for discontinuous PRB allocation, Option 4 has also much smaller PAPR (5.6dB) compared to that of Option 1a.
Observation #3: Option 4 with continuous PRB allocation has the smallest PAPR. Even with discontinuous PRB allocation, Option 4 still has much better PAPR compared to Option 1a.

Table 3. PAPR performance comparison (refer to Figure 7 in Appendix (Section 6.2) for more details)
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Considering both “required SNR” and “PAPR” performance, supported MCL for different Options can be compared. As shown in Table 4 (for 2bits UCI), for typical scenarios ({15k & 300ns}, {15k & 1000ns}, and {60k & 300ns}), Option 4 has the best supported MCL, no matter continuous or discontinuous PRB allocation is applied. 
Observation #4: For typical scenarios ({15k & 300ns}, {15k & 1000ns}, and {60k & 300ns}), Option 4 has the best supported MCL, no matter continuous or discontinuous PRB allocation is applied.
Table 4. MCL comparison for 2bits UCI
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3.3 Multiplexing capacity

The section discusses the multiplexing capacity among Option 1a/1b/4. As shown in Table 5, Option 1a has the worst mux capability, since Option 1a proponent particularly addresses that no sequence is applied. When no sequence is applied, Option 1a has not only the smallest mux capability, but also has more serious inter-cell interference. For Option 1b, since there are 6 REs for RS and 6 REs for UCI per PRB, at most 6 UEs can be CDM multiplexed. For Option 4, due to on/off keying of SR, 12 UEs can be CDM multiplexed per PRB. Because of two sequences are required for 1 bit information based on sequence selection, at most 6 UEs can be CDM (may be implemented by cyclic shift as in LTE) multiplexed per PRB. Similarly, 3 UEs can be CDM multiplexed for 2 bits ACK. When comparing mux capability between Option 1b and Option 4, Option 4 is better in case of SR transmission but worse in 2bits ACK transmission. Since SR is dedicated periodical system overhead, mux capacity for SR is more important than that of ACK.
Observation #5: Option 1a has the worst mux capability and inter-cell interference.

Observation #6: Option 4 has comparable or even better mux capacity against Option 1b.

Table 5. Comparison of mux capability
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3.4 Summary

BER, PAPR, and multiplexing capacity are examined in previous sections. The difference of supported MCL can be derived from BER and PAPR performance. Table 6 summarizes the comparison, which suggests that Option 4 is the best solution since Option 4 provide the largest supported MCL in typical scenario and best mux capacity for dedicated system overhead of SR. Therefore it is proposed that 

Proposal #1: Option 4 (Sequence selection with low PAPR) is adopted for short-PUCCH up to 2 bits UCI.

Table 6. Summary of comparison among Option 1a/1b/4
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4 Conclusion
This contribution compares Option 1 (CP-OFDM based channel structure) and Option 4 (Sequence selection with low PAPR) for 1 or 2 bits UCI, and we have the below observations.

Observation #1: In scenario {15kHz & 300ns}, Option 4 has better BER performance compared to Option 1a/1b for both continuous and discontinuous PRB allocation.

Observation #2: For discontinuous PRB allocation, Option 4 has better BER performance compared to Option 1a/1b in typical scenarios “{15kHz & 300ns}, {15kHz & 1000ns}, and {60kHz & 300ns}”. Option 4 is little worse compared to Option 1a/1b for corner scenario {60kHz & 1000ns}.

Observation #3: Option 4 with continuous PRB allocation has the smallest PAPR. Even with discontinuous PRB allocation, Option 4 still has much better PAPR compared to Option 1a.

Observation #4: For typical scenarios ({15k & 300ns}, {15k & 1000ns}, and {60k & 300ns}), Option 4 has the best supported MCL, no matter continuous or discontinuous PRB allocation is applied.
Observation #5: Option 1a has the worst mux capability and inter-cell interference.

Observation #6: Option 4 has comparable or even better mux capacity against Option 1b.

Due to Option 4’s advantages, Option 4 shall be introduced in NR short PUCCH.
Proposal #1: Option 4 (Sequence selection with low PAPR) is adopted for short-PUCCH up to 2 bits UCI.

5 Reference
[1] 3GPP, “Chairman's Notes RAN1#89”
6 Appendix

6.1 Simulation assumptions
Table 7 lists the simulation assumptions for evaluation in this contribution.
Table 7. Simulation assumptions under evaluation
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6.2 Detailed simulation results
The below Figure 6 shows the ACK BER performance of Option 1a/1b/4 for 1bit UCI in different scenario
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Figure 6. ACK BER performance of Option 1a/1b/4 for 1bit UCI in four scenario “{15kHz & 300ns}, {15kHz & 1000ns}, {60kHz & 300ns}, and {60kHz & 1000ns}”

The below Table 8 summarizes the required SNR for 1 bit UCI in different scenario.

Table 8. Summary table of required SNR for 1bit UCI
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The below Table 9 compares the difference of supported MCL for 1 bit UCI in different scenario.

Table 9. MCL comparison for 1bit UCI
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The below Figure 7 shows the PAPR performance of different options. Different existing LTE CAZAC sequences are tested. Two PRBs are assumed. For continuous PRB allocation, randomly two continuous PRBs are scheduled and for discontinuous PRB allocation, randomly two discontinuous PRBs are scheduled for PAPR test.
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Figure 7. PAPR performance
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