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Introduction
In RAN1#89 meeting, the following agreements regarding the structure of 1-symbol short-PUCCH with 1 or 2 bit(s) were achieved [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 trade-off among PAPR, A-to-N, N-to-A, and DTX-to-ACK performances, and UE multiplexing capacity.

In this contribution, we evaluate the PUCCH structures, RS & UCI are multiplexed by FDM manner (i.e., Option 1) for UCI payload up to 2 bits and sequence-based design (i.e., Option 4) considering their different flavours.
Short PUCCH Structures
· Option 1a: FDMed RS and UCI - UCI based on repetition coding. 
· DMRS and UCI ratio is 1/1. UCI is repetition of a BPSK symbol. DMRS is derived by puncturing ZC sequence.
· Option 1b: FDMed RS and UCI - UCI with modulated sequence
· DMRS and UCI ratio is 1/1. BPSK symbol for 1 bit UCI modulates a ZC-based sequence. DMRS is also derived by puncturing ZC sequence.
· Option 4a: Sequences-based design with ZC sequences. 
· Option 4b: Sequences-based design with computer-generated sequences (CGSs)
· CGSs are provided in Appendix.

Link Level Evaluation
DTX-to-ACK
In the simulations, we set the DTX-to-ACK probability for the Short PUCCH options to 1e-2, as shown in Figure 1. For Option1a/b, the desired DTX-to-ACK probability is achieved by comparing the energy on the RBs with a noise variance-dependent threshold. For Option4a/b, the received signal is first correlated with ACK sequences and NACK sequences. The correlation results are compared with a noise variance-dependent threshold which yields DTX-to-ACK probability of 1e-2. 
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a) TDL-A 30ns                 b) TDL-A 300ns
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c) TDL-A 1000ns
[bookmark: _Ref485304705]Figure 1 DTX-to-ACK performance for the Short PUCCH methods


A-to-N (Missed ACK) 
Option 1 introduces two detrimental factors as compared to Option 4: 
1) UCI and DMRS share the energy of the OFDM symbol. In our simulations,  (assuming that DMRS and UCI has the same amount of energy) for Option 1 while  for Option 4 for the sake of fair comparison. 
2) The symbol detection degrades due to channel estimation error for 1-bit UCI. 

On the other hand, the amplitude of the received sequence varies randomly depending on the multipath channel for Option 4, which is a detrimental factor for non-coherent reception. Hence, while option 4 is superior to Option 1 under AWGN (as  for Option 4 and  for Option 1), the performance of Option 1 degrades faster than Option 1 under fading channel. As a result, both schemes achieve comparable error rate.
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a) TDL-A 30ns                              b) TDL-A 300ns                
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c) TDL-A 1000ns
[bookmark: _Ref485304685]Figure 2 A-to-N and N-to-A performances for the Short PUCCH methods

In Figure 2, we evaluate the A-to-N and N-to-A performance of Option 1 and Option 4 under the same DTX-to-ACK probability of 1e-2. We should note that in general the operating point of all options is dictated by the A-to-N performance given that it requires higher SNR accordingly we make our observations only based on the A-to-N performance. Figure 2 shows that
1) A-to-N performance: Under all scenarios Option 1 and Option 4 have similar performance.
2) Impact of multipath channel: For both Option 1 and Option 4 the error rate increases with RMS delay spread, as a function of the allocation. When only 1 RB is utilized, the performance does not change significantly for different RMS delay spread. On the other hand, the 2 dB degradation is observed for TDL-A 1000ns when 2 contiguous RBs is allocated. For the case of 2 dis-contiguous RBs allocation, the error rate does not change as each RB is processed separately.
3) Frequency Diversity: The frequency diversity helps to error rate performances for both Option 1 and Option 4. While Option 1 achieves better Es/N0 with MRC, Option 4 collects more samples to determine if it is DTX or not. The obtained gain is around 3 dB at A-to-N probability of 1e-3.
Observation 1: Under all scenarios Option 1 and Option 4 have similar performance.
Observation 2: Frequency diversity offers 3 dB gain in A-to-N probability for both Option 1 and Option 4.
Observation 3: The degradation due to high RMS delay spread for Option 1 and Option 4 are similar.


0. PAPR
In Figure 3, we compare the PAPR results for Option 1a/1b/4a/4b. 
1) Option 1a repeats the BPSK symbol in frequency and consider addition sequence as DMRS. Due to the repetition in frequency, time-domain response of the PUCCH signal may be peaky for Option 1a. As a result, the PAPR for Option 1a is significantly higher than other options.  
2) Option 1b suggests a modulated sequence along with a separate DMRS sequence. Unless some techniques for PAPR reduction are used [2], this option may not yield low PAPR.
3) Option 4a uses ZC sequences which are suboptimal in terms of PAPR as they do not maintain their properties for  where  is IDFT size and  is the sequence length. In addition, L is an even number due the RB size while the length of a ZC sequence are prime number. Truncating and padding also destroy the properties of ZC sequences. In Figure 3, we show the performance for 6 and 12 best ZC sequences (i.e., best roots) in terms of PAPR for 1 RB and 2 RB cases. The maximum PAPR is 2.9 dB and 4.3 dB for ZC sequences for 1 RB and 2 RB cases. When 2 dis-contiguous RBs are considered, the maximum PAPR increases to 5.8 dB.
4) Option 4b uses computed-generated sequences (CGSs) where the amplitude of elements of each CGS re is 1 and minimizes the PAPR (Different roots of CGSs are provided in Appendix, ACK and NACK is the time domain cyclic shift of the CGSs, the sequences are obtained based on iterative optimization). For 1 RB and 2 contiguous RBs, the maximum PAPR is 2 dB.
a. For 1 RB, the improvement in maximum PAPR is 0.9 dB as compared to Option 4a.
b. For 2 contiguous RBs, the improvement in maximum PAPR is 2.3 dB as compared to Option 4a.
c. For 1 dis-contiguous RBs, the improvement in maximum PAPR is 2.3 dB as compared to Option 4a.
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a) TDL-A 30ns                              b) TDL-A 300ns                
[bookmark: _Ref485369589]Figure 3 PAPR performance for the Short PUCCH methods

In Table 1, we compare the PAPR of each CGSs given in Appendix and best  ZC sequences for 1 RB and 2 RB cases. As shown, CGSs are significantly improves the PAPR performance.
Observation 4: Compared to Option 4, Option 1 has significantly higher PAPR.
Observation 5: Option 4 with ZC sequences are suboptimal solutions for PAPR as they do not maintain their properties for  where  is IDFT size and  is the sequence length.
Observation 6: Truncating and padding also destroy the properties of ZC sequences in terms of the PAPR.
Observation 7: Computed-generated sequences significantly reduce the PAPR.


[bookmark: _Ref485372605][bookmark: _Ref485372584]Table 1. PAPR of CGSs and Best ZC sequences (IDFT size is 2048)
	Scenario
	PAPR (dB)

	1 RB - 6 CGSs    
	2.0366    2.0246    1.9766    2.0202    1.9886    2.0268

	1 RB - 6 Best ZC  
	2.7884    2.7884    2.8510    2.8510    2.9325    2.9326

	2 cont. RBs - 12 CGSs
	2.0296    1.9957    2.0506    2.0632    2.0141    2.0648    1.9757    2.0339    1.9997    2.0136    1.9909    2.0725

	2 cont. RBs - 12 Best ZC  
	2.9919    2.9918    2.9426    2.9429    3.4016    3.4016    3.6146    3.6149    3.5995    3.5994    4.3394    4.3395




UE Multiplexing Capacity
In Table 2, we summarize the theoretical UE multiplexing capacities for Option1a/b and Option 4a/b. Since half of the REs are allocated by DMRS for Option 1, the UE multiplexing capacity for Option 1a/b is also equal to the half of the available REs for Short PUCCH. Therefore, the UE multiplexing capacity for Option 1a with 1 RB and 2 contiguous RBs is 6 UE/RB. If the 2 discontinuous RBs are considered for the sake of frequency diversity, the multiplexing capacity reduces to 6UE/2RB= 3UE/RB. For 2-bit UCI, the multiplexing capacity does not change, but the Euclidian distance between the data-symbol for UCI decreases and the error rate increases as compared to the case with 1-bit UCI.
As two different sequences are used for ACK and NACK for Option 4, the multiplexing capacity is identical to that of Option 1 for 1-bit UCI. On the other hand, the UE multiplexing capacity degrades for 2-bit UCI, as it requires 4 sequences (or 4 cyclic shift in time). As opposed to Option 1, the Euclidian distance between the UCI symbol do not change under narrow-band assumption and Option 4 provides more immunity against noise as compared to Option 1.
Observation 8: UE multiplexing capacity for Option 1 and Option 4 is identical for 1-bit UCI.
Observation 9: UE multiplexing capacity for Option 1 is superior to Option 4 for 2-bit UCI at the expense of decreasing the Euclidian distance between UCI symbols.
As a results of our evaluations, we propose the following items:
Proposal 1: Option 4 should be adopted for NR Short PUCCH for 1-2 bit(s) UCI.
Proposal 2: Different cyclic-shifts of sequences in time should be considered for orthogonality between UCI symbols.
[bookmark: _GoBack]Proposal 3: The constant amplitude sequences that minimize the PAPR should be studied.





[bookmark: _Ref473991828]Table 2. Theoretical UE Multiplexing Capacity
	
	Allocations
	UE Multiplexing Capacity 
(1 bit)
	UE Multiplexing Capacity 
(2 bits)
	Comments

	Option 1a/1b
	1 RB
	6 
	6 
	· Half of the REs are utilized for DMRS
· Euclidian distance between UCI symbols decreases for 2-bits UCI


	
	2 contiguous RBs
	12
	12
	

	
	2 dis-contiguous RBs
	6 (for freq. diversity)
	6 (for freq. diversity)
	

	Option 4a/4b
	1 RB
	6
	3
	· ACK/NACK requires two/four sequences for 1bit/2bits UCI
· Euclidian distance between UCI symbols do not change for 2-bits UCI



	
	2 contiguous RBs
	12
	6
	

	
	2 dis-contiguous RBs
	6 (for freq. diversity)
	3 (for freq. diversity)
	




Conclusions
In this contribution, we evaluate Option 1 and Option for short PUCCH for UCI payload up to 2 bits. Based on our link-level analysis, we made the following observations and proposal:
Observations:
Observation 1: Under all scenarios Option 1 and Option 4 have similar performance.
Observation 2: Frequency diversity offers 3 dB gain in A-to-N probability for both Option 1 and Option 4.
Observation 3: The degradation due to high RMS delay spread for Option 1 and Option 4 are similar.
Observation 4: Compared to Option 4, Option 1 has significantly higher PAPR.
Observation 5: Option 4 with ZC sequences are suboptimal solutions for PAPR as they do not maintain their properties for  where  is IDFT size and  is the sequence length.
Observation 6: Truncating and padding also destroy the properties of ZC sequences in terms of the PAPR.
Observation 7: Computed-generated sequences significantly reduce the PAPR.
Observation 8: UE multiplexing capacity for Option 1 and Option 4 is identical for 1-bit UCI.
Observation 9: UE multiplexing capacity for Option 1 is superior to Option 4 for 2-bit UCI at the expense of decreasing the Euclidian distance between UCI symbols.
Proposals:
Proposal 1: Option 4 should be adopted for NR Short PUCCH for 1-2 bit(s) UCI.
Proposal 2: Different cyclic-shifts of sequences in time should be considered for orthogonality between UCI symbols.
Proposal 3: The constant amplitude sequences that minimize the PAPR should be studied.
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Appendix
[bookmark: _Ref481776077]Table 3: Simulation parameters
	Channel Estimation
	Matched filter

	Equalization/Combination
	MMSE/MRC

	Number of OFDM symbols for ‘Short PUCCH’
	1

	Channel bandwidth
	10 MHz

	Subcarrier spacing
	15 kHz

	Number of UCI bits
	1 (ACK or NACK)

	Antenna configuration
	# UE Tx =1, # eNB Rx =2

	OFDM symbol energy
	 for all Short PUCCH Options 

	Case: 1 RB - 6 CGSs, Length of 12
1.0000 + 0.0000i   1.0000 + 0.0000i   1.0000 + 0.0000i   1.0000 + 0.0000i   1.0000 + 0.0000i   1.0000 + 0.0000i
0.9662 - 0.2577i   0.6671 - 0.7449i   0.2730 + 0.9620i   0.6219 - 0.7831i   0.9740 + 0.2266i   0.2311 + 0.9729i
0.7344 + 0.6788i   0.8677 - 0.4971i  -0.9615 + 0.2748i  -0.7419 - 0.6705i  -0.0181 - 0.9998i  -0.9927 - 0.1205i
-0.0007 + 1.0000i   0.7263 - 0.6874i   0.9903 + 0.1387i  -0.9224 + 0.3862i  -0.2272 - 0.9738i  -0.4067 + 0.9136i
0.6581 + 0.7529i   0.1092 - 0.9940i   0.8991 + 0.4378i  -0.2409 - 0.9706i  -0.9239 - 0.3825i  -0.3871 - 0.9221i
0.9645 + 0.2642i  -0.3597 + 0.9331i   0.2081 + 0.9781i  -0.8273 - 0.5618i  -0.3668 - 0.9303i   0.9319 - 0.3628i
-0.4204 - 0.9073i   0.9413 - 0.3377i   0.5351 + 0.8448i   0.8273 - 0.5617i   0.9339 - 0.3576i  -0.9950 - 0.1002i
0.5665 - 0.8240i  -0.9849 + 0.1732i   0.2429 - 0.9700i  -0.0690 - 0.9976i   0.8990 + 0.4380i  -0.2233 + 0.9748i
-0.0068 + 1.0000i  -0.1681 - 0.9858i  -0.9892 - 0.1464i   0.8218 + 0.5698i  -0.8816 - 0.4721i   0.9837 - 0.1797i
-0.5121 - 0.8589i   0.8784 + 0.4778i  -0.3357 - 0.9420i  -0.9990 - 0.0449i   0.5497 + 0.8353i   0.5091 + 0.8607i
-0.7823 + 0.6229i   0.3891 + 0.9212i  -0.6605 + 0.7508i   0.6564 - 0.7544i   0.3740 - 0.9274i   0.9565 + 0.2916i
0.9883 - 0.1527i  -0.8023 - 0.5969i   0.9439 - 0.3304i   0.7362 + 0.6767i  -0.1586 + 0.9873i   0.7455 - 0.6666i


	Case: 2 cont. RBs - 12 CGSs, Length of 24
1.0000 + 0.0000i   1.0000 + 0.0000i   1.0000 + 0.0000i   1.0000 + 0.0000i   1.0000 + 0.0000i   1.0000 + 0.0000i   1.0000 + 0.0000i   1.0000 + 0.0000i   1.0000 + 0.0000i   1.0000 + 0.0000i   1.0000 + 0.0000i   1.0000 + 0.0000i
-0.9997 - 0.0225i  -0.5324 + 0.8465i   0.8300 + 0.5578i  -0.0427 - 0.9991i   0.8377 - 0.5461i   0.6419 - 0.7667i   0.7335 - 0.6797i   0.7260 + 0.6877i  -0.6422 + 0.7665i   0.2327 - 0.9725i   0.8303 + 0.5573i  -0.9435 + 0.3314i
0.2730 - 0.9620i  -0.7881 - 0.6156i   0.6381 - 0.7700i  -0.6388 - 0.7694i  -0.0182 - 0.9998i  -0.9999 - 0.0136i   0.9345 - 0.3559i  -0.9267 - 0.3757i  -0.2947 - 0.9556i   0.7950 - 0.6066i   0.2162 + 0.9763i   0.4236 + 0.9059i
0.9993 + 0.0365i   0.0388 + 0.9992i   0.9482 + 0.3178i  -0.0324 + 0.9995i   0.7650 - 0.6440i  -0.8929 + 0.4502i   0.9951 - 0.0985i  -0.6450 - 0.7642i   0.8352 - 0.5499i  -0.3468 + 0.9379i  -0.2522 + 0.9677i   0.8790 - 0.4767i
0.2373 - 0.9714i  -0.9545 + 0.2981i   0.1646 - 0.9864i   0.2643 + 0.9644i   0.3493 - 0.9370i  -0.1325 + 0.9912i   0.9521 + 0.3058i  -0.0275 + 0.9996i  -0.6543 + 0.7563i   0.4754 - 0.8798i  -0.9226 - 0.3858i   0.2250 + 0.9744i
0.9641 + 0.2654i  -0.0669 - 0.9978i   0.8152 + 0.5791i   0.7158 - 0.6983i  -0.5715 - 0.8206i  -0.0526 - 0.9986i   0.2134 + 0.9770i   0.8339 + 0.5519i  -0.2851 + 0.9585i   0.8540 + 0.5203i  -0.8059 + 0.5920i   0.9830 + 0.1837i
-0.0289 - 0.9996i   0.8552 - 0.5183i   0.0252 - 0.9997i   0.8005 + 0.5994i  -0.1972 + 0.9804i  -0.0744 + 0.9972i  -0.1279 + 0.9918i   0.1583 - 0.9874i   0.7704 - 0.6376i  -0.6127 - 0.7903i  -0.1564 - 0.9877i  -0.7042 - 0.7100i
0.8176 - 0.5758i   0.2184 - 0.9759i   0.9715 + 0.2369i  -0.8846 + 0.4664i   0.4559 - 0.8900i   0.7283 + 0.6853i   0.4099 - 0.9121i  -0.2046 - 0.9788i  -0.0871 - 0.9962i   0.4074 - 0.9132i  -0.0613 + 0.9981i  -0.3354 + 0.9421i
0.4677 + 0.8839i   0.9702 + 0.2423i  -0.9513 - 0.3082i   0.6301 - 0.7765i   0.9694 + 0.2454i   0.7980 - 0.6026i  -0.1430 - 0.9897i   0.6337 + 0.7736i  -0.9988 + 0.0500i  -0.7110 - 0.7032i  -0.7219 + 0.6920i   0.6376 + 0.7703i
0.6890 + 0.7248i   0.0445 - 0.9990i  -0.9990 + 0.0452i  -0.9781 + 0.2081i  -0.7219 + 0.6919i   0.1933 - 0.9811i   0.5706 - 0.8212i  -0.9677 - 0.2521i   0.5701 + 0.8216i  -0.7642 - 0.6450i   0.5299 - 0.8480i   0.4683 - 0.8836i
0.2477 - 0.9688i  -0.4703 + 0.8825i   0.6812 + 0.7321i  -0.4863 + 0.8738i   0.9593 - 0.2824i   0.6273 + 0.7788i  -0.1710 + 0.9853i  -0.9340 + 0.3571i  -0.5312 - 0.8473i  -0.9782 - 0.2077i  -0.7654 + 0.6435i  -0.1770 - 0.9842i
0.9850 - 0.1724i   0.5103 + 0.8600i  -0.5169 + 0.8561i  -0.3879 - 0.9217i  -0.9725 - 0.2330i  -0.9477 + 0.3193i  -0.8918 - 0.4525i  -0.6485 + 0.7612i   0.8502 + 0.5264i   0.7848 + 0.6198i   0.5553 - 0.8316i  -0.9385 + 0.3452i
-0.7337 - 0.6794i   0.0299 - 0.9996i   0.8875 - 0.4608i  -0.7955 + 0.6060i   0.9947 + 0.1025i  -0.9006 + 0.4347i   0.0732 + 0.9973i  -0.1294 - 0.9916i  -0.0293 - 0.9996i   0.5864 - 0.8100i  -0.9942 + 0.1077i  -0.9096 + 0.4155i
-0.9285 - 0.3712i   0.5416 + 0.8406i   0.8885 - 0.4588i   0.9115 - 0.4113i  -0.7149 + 0.6992i  -0.1616 - 0.9869i   0.8783 - 0.4781i   0.8616 + 0.5075i   0.3940 + 0.9191i   0.3953 - 0.9186i  -0.7702 + 0.6378i  -0.9945 + 0.1052i
-0.9097 + 0.4152i   0.9609 - 0.2770i  -0.6458 + 0.7635i  -0.9351 + 0.3545i  -0.0021 + 1.0000i   0.9540 - 0.3000i   0.9638 + 0.2666i   0.9832 + 0.1823i  -0.4463 + 0.8949i   0.3942 + 0.9190i  -0.9749 - 0.2226i  -0.9096 + 0.4154i
0.8003 + 0.5996i  -0.9045 + 0.4265i  -0.9909 - 0.1349i   0.1201 - 0.9928i   0.5127 - 0.8586i  -1.0000 + 0.0042i  -0.9720 - 0.2350i   0.9983 - 0.0581i  -0.8638 + 0.5039i   0.9971 + 0.0758i   0.5270 + 0.8499i  -0.9583 - 0.2859i
-0.1664 - 0.9861i  -0.9559 - 0.2938i  -0.9471 - 0.3211i   0.7908 - 0.6120i   0.1932 + 0.9812i   0.9983 - 0.0582i   0.9900 + 0.1412i   0.6985 + 0.7156i  -0.7535 + 0.6575i  -0.4978 - 0.8673i  -0.2167 + 0.9762i   0.6980 - 0.7161i
0.4577 + 0.8891i  -0.1455 + 0.9894i   0.7060 - 0.7083i   0.7491 - 0.6625i  -0.9828 + 0.1844i   0.0398 + 0.9992i   0.9602 - 0.2792i   0.7163 - 0.6978i  -0.3471 - 0.9378i   0.6731 + 0.7395i   0.9740 + 0.2266i   0.9913 - 0.1313i
0.4351 + 0.9004i   0.9916 + 0.1295i   0.5960 - 0.8030i   0.5967 + 0.8025i  -0.9781 - 0.2082i  -0.0532 + 0.9986i  -0.9749 - 0.2226i   0.7408 + 0.6717i   0.3148 - 0.9492i  -0.9353 - 0.3540i   0.3027 - 0.9531i  -0.2807 + 0.9598i
-0.5412 + 0.8409i  -0.1974 + 0.9803i  -0.0868 + 0.9962i  -0.8641 - 0.5033i   0.9793 - 0.2023i   0.9487 - 0.3162i   0.2071 - 0.9783i   0.9975 - 0.0708i  -0.0582 - 0.9983i  -0.9063 + 0.4227i  -0.1136 + 0.9935i  -0.6131 - 0.7900i
 0.3238 - 0.9461i  -0.9071 + 0.4210i   0.9137 + 0.4063i  -0.6061 - 0.7954i   0.3865 - 0.9223i  -0.2783 + 0.9605i  -0.8091 + 0.5877i  -0.5268 + 0.8500i  -0.1009 - 0.9949i   0.7416 - 0.6709i   0.2373 + 0.9714i   0.2726 + 0.9621i
-0.8776 - 0.4794i  -0.0331 + 0.9995i   0.3828 - 0.9238i  -0.6039 - 0.7970i   0.6990 - 0.7151i   0.8696 + 0.4937i  -0.1425 + 0.9898i   1.0000 + 0.0021i  -0.9520 - 0.3061i   0.8485 + 0.5292i   0.8224 - 0.5689i  -0.9013 - 0.4332i
0.9761 + 0.2172i   0.9687 + 0.2484i  -0.7764 + 0.6302i   0.1573 - 0.9876i   0.4518 + 0.8921i  -0.2099 + 0.9777i   0.2299 - 0.9732i  -0.8828 + 0.4698i  -0.7227 - 0.6912i   0.2823 + 0.9593i   0.5045 - 0.8634i   0.3664 + 0.9305i
0.7331 - 0.6801i   0.7907 + 0.6122i  -0.0301 + 0.9995i  -0.8593 - 0.5116i  -0.3872 + 0.9220i   0.3717 + 0.9283i  -0.6119 + 0.7910i   0.8160 - 0.5781i  -1.0000 - 0.0082i  -0.8661 + 0.4999i  -0.7689 + 0.6393i  -0.9493 + 0.3143i


	CGS generation method: The optimization produce for the CGSs is given as below:
[image: ]
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