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1. Introduction

In RAN1 #89 meeting [1], following agreements were made for short duration UL control channel in NR.
	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.
Agreements:
· For 1-symbol NR-PUCCH with more than 2 bits based on the agreed Option 1,

· DM-RS overhead of 1/3 is supported

· FFS on other values for DM-RS overhead, if necessary

· FFS on detailed DM-RS pattern

Agreements:
· 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:
· 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.


In this contribution, we discuss and provide our views on the design of short duration UL control channel (denoted as “NR-PUCCH” hereafter) for up to 2 UCI bits.
2. Evaluation results
In this section, we provide evaluation results of the following two options for 1-symbol NR-PUCCH for up to 2 bits based on the evaluation assumptions agreed in RAN1 #89.
· Option 1: RS and UCI are multiplexed by FDM manner in the OFDM symbol
· Option 4: Sequence selection with low PAPR
Figure 1 depicts examples of Option 1 and Option 4 for the evaluation where RS/UCI ratio for Option 1 is set to 1:1 and the number of PRB is set to 2 (i.e., 24 RE). More detailed simulation parameters are provided in Table 2 [Annex A].
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Figure 1: Evaluated 1-symbol NR-PUCCH structures

2.1. BER performance comparison
In order to verify the impact on performance of 1-symbol NR-PUCCH according to RS/UCI multiplexing structure in terms of error probability (i.e., ACK-to-NACK, NACK-to-ACK), Option 1 where RS and UCI are multiplexed by FDM manner, and Option 4 where UCI is expressed by CS (cyclic shift) of a sequence, are compared. For Option 1, RS and UCI are mapped as comb type (for example, even subcarrier index for RS, odd subcarrier index for UCI). And UCI is encoded as the product of sequence and modulated symbol (e.g., BPSK or QPSK) similar to LTE PUCCH format 1a/1b as shown in Figure 1. The total frequency resource size is set to 2 RBs (with 15 kHz SCS) and the size of UCI payload is set to 1~2 bit(s). For sequence details, length-12 and length-24 CGSs in LTE are used for Option 1 and Option 4, respectively. The ratio of RS REs to UCI REs is assumed to be 1:1.
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(1-a) 1 bit UCI; 15 kHz; Delay spread = 30ns
(2-a) 2 bit UCI; 15 kHz; Delay spread = 30ns
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(1-b) 1 bit UCI; 15 kHz; Delay spread = 300ns
(2-b) 2 bit UCI; 15 kHz; Delay spread = 300ns
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(1-c) 1 bit UCI; 15 kHz; Delay spread = 1000ns
(2-c) 2 bit UCI; 15 kHz; Delay spread = 1000ns
Figure 2: BER performance of 1-symbol NR-PUCCH (15 kHz SCS)
As shown in Figure 2, Option 1 and Option 4 have comparable BER performance for the case where UCI payload size is 1 bit regardless of delay spread. This is because Option 1 with 1 bit UCI can be also seen as another form of Option 4 with two orthogonal sequences. It can be also shown that Option 4 has better ACK-to-NACK and NACK-to-ACK error performance than Option 1 for 2 bits UCI. More specifically, required SINR achieving 1% ACK-to-NACK error probability and 0.1% NACK-to-ACK error probability for Option 4 is about 2 dB less than that of Option 1. This is because Option 1 uses four non-orthogonal sequences to represent 2 bit UCI while Option 4 uses four orthogonal sequences to represent 2 bit UCI. In addition, for 15 kHz subcarrier spacing with 2 RB allocation, it was observed that impact on BER performance due to delay spread is relatively marginal.
Observation #1: For 1 bit UCI, Option 1 and Option 4 has almost same ACK-to-NACK and NACK-to-ACK error performance.
Observation #2: For 2 bits UCI, Option 4 provides better ACK-to-NACK and NACK-to-ACK error performance compared to Option 1 (e.g., about 2 dB gain in terms of required SINR).
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(1-a) 1 bit UCI; 60 kHz; Delay spread = 300ns
(2-a) 2 bit UCI; 60 kHz; Delay spread = 300ns
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(1-b) 1 bit UCI; 60 kHz; Delay spread = 1000ns
(2-b) 2 bit UCI; 60 kHz; Delay spread = 1000ns
Figure 3: BER performance of 1-symbol NR-PUCCH (60 kHz SCS)

As shown in Figure 3, even with 60 kHz subcarrier spacing, Option 1 and Option 4 have similar performance for 1 bit UCI while Option 4 still has better BER performance (e.g., ACK-to-NACK, NACK-to-ACK) for 2 bits UCI. Note that BER performance of both Option 1 and Option 4 can be significantly degraded with large subcarrier spacing and high delay spread (e.g., 1000ns).
Observation #3: For large subcarrier spacing (e.g., 60 kHz), BER performance (e.g., ACK-to-NACK, NACK-to-ACK) of both Option 1 and Option 4 can be significantly degraded with high channel delay spread (e.g., 1000ns).

In order to verify the impact on BER performance of 1-symbol NR-PUCCH according to RB allocation, Option 1 and Option 4 with 1 RB, contiguous 2 RB (denoted as “2 RB (a)”), non-contiguous 2 RB (denoted as “2 RB (b)”) are evaluated. For the non-contiguous 2 RB allocation, two 1 RB 1-symbol NR-PUCCHs are simultaneously transmitted. For Option 1 and Option 4 with 1 RB, length-6 and length 12 CGS in LTE are used. The two 1 RB 1-symbol NR-PUCCHs are distributed to the both ends of system bandwidth in a same symbol. Figure 4 depicts three RB allocations (i.e., 1 RB, 2 RB (a), 2 RB (b)). 
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Figure 4: Evaluated RB allocations
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(1) 1 bit UCI; 15 kHz; Delay spread = 300ns
(2) 2 bit UCI; 15 kHz; Delay spread = 300ns
Figure 5: ACK-to-NACK performance of 1-symbol NR-PUCCH according to RB allocation
As shown in Figure 5, if contiguous RBs are allocated for 1-symbol NR-PUCCH, regarding that 1-symbol NR-PUCCH with 2 RB has 3 dB power gain compared to 1-symbol NR-PUCCH with 1 RB, the number of allocated RBs does not affect the BER performance of 1-symbol NR-PUCCH with small UCI bits. However, for the same number of allocated RBs, it was shown that distributed mapping (e.g., 2 RB (b)) can highly improve BER performance compared to localized mapping (e.g., 2 RB (a)). It can provide performance gain about 3 dB in terms of required SINR for 1% ACK-to-NACK error probability.
Observation #4: With contiguous PRB allocation, the number of allocated RBs does not affect BER performance of 1-symbol NR-PUCCH with 1 or 2 bits UCI.

Observation #5: For the same number of allocated RBs, frequency diversity can highly improve BER performance.
2.2. Multiplexing capacity and PAPR/CM comparison
Firstly, in the aspect of UE multiplexing capacity, Option 1 and Option 4 have same UE multiplexing capacity for 1 bit UCI payload size while Option 1 has (twice) better UE multiplexing capacity than Option 4 for 2 bits UCI payload size. Table 1 shows multiplexing capacity of Option 1 and Option 4 when the number of allocated RBs for 1-symbol NR-PUCCH is 2 (i.e., 24 REs).
Table 1: Multiplexing capacity
	
	1 bit UCI
	2 bits UCI

	Option 1
	12
	12

	Option 4
	12 (= 24/2)
	6 (= 24/4)


Observation #6: Option 1 and Option 4 provide same multiplexing capacity for 1 bit UCI while Option 1 provides double multiplexing capacity compared to Option 4.
Secondly, Table 2 provides evaluated PAPR/CM values for Option 1 and Option 4 when the number of allocated RBs for 1-symbol NR-PUCCH is 2 (i.e., 24 REs). For PAPR/CM comparison, length-12 CGSs and one length-24 CGS in LTE system are used for Option 1 and Option 4, respectively. In Table 2, “Index” means sequence group index for LTE CGS. It can be seen in Table 2 that Option 4 has about 2.5 dB lower PAPR/CM values than Option 1.
Table 2: PAPR/CM
	Index
	PAPR [dB]
	CM [dB]
	Index
	PAPR [dB]
	CM [dB]

	
	Opt. 1
	Opt. 4
	Opt. 1
	Opt. 4
	
	Opt. 1
	Opt. 4
	Opt. 1
	Opt. 4

	0
	5.9511
	3.4665
	3.264
	0.711
	15
	5.9279
	3.7776
	2.782
	0.551

	1
	5.445
	3.7758
	2.577
	0.883
	16
	6.5355
	4.0866
	3.103
	0.719

	2
	5.8461
	3.6031
	2.69
	0.971
	17
	6.4093
	4.1322
	3.213
	0.686

	3
	6.5268
	3.6689
	3.076
	0.862
	18
	9.9993
	3.0824
	4.999
	0.356

	4
	5.5078
	3.7337
	2.847
	0.85
	19
	6.9482
	3.4528
	3.298
	0.443

	5
	5.2433
	3.6258
	2.795
	0.894
	20
	5.8257
	4.0303
	3.135
	0.789

	6
	6.5758
	4.0097
	3.116
	0.718
	21
	6.3604
	4.2789
	2.949
	0.953

	7
	5.6425
	3.9173
	3.093
	0.943
	22
	5.8911
	4.1954
	2.816
	0.983

	8
	5.2576
	4.3369
	2.607
	0.768
	23
	5.639
	3.5841
	2.747
	0.732

	9
	6.2629
	3.297
	3.049
	0.415
	24
	5.9345
	2.9215
	2.863
	0.279

	10
	6.898
	4.1789
	3.403
	0.896
	25
	5.8416
	2.6893
	2.619
	0.307

	11
	5.9234
	2.9853
	3.058
	0.361
	26
	5.5733
	3.3636
	2.847
	0.687

	12
	5.2225
	3.3496
	2.684
	0.472
	27
	6.8381
	3.889
	3.471
	0.655

	13
	6.3834
	4.1456
	3.137
	0.907
	28
	6.3624
	3.9208
	3.06
	0.761

	14
	6.4968
	3.7484
	3.289
	0.822
	29
	6.234
	3.7994
	3.055
	0.565


Observation #7: Option 4 has about 2.5 dB lower PAPR/CM compared to Option 1.
3. Discussion
3.1. 1-symbol NR-PUCCH for up to 2 UCI bits
Based on the evaluation results, it was shown that Option 1 is beneficial in terms of UE multiplexing capacity while Option 4 is beneficial in terms of BER performance (e.g., ACK-to-NACK, NACK-to-ACK) and low PAPR/CM property. Considering that Option 4 has definitely better BER performance compared to Option 1 while needs for high multiplexing capacity of 1-symbol NR-PUCCH is still controversial, it would be reasonable to down-select Option 4 in Rel-15 NR.

Proposal #1: For 1-symbol NR-PUCCH with 1 or 2 bit(s) UCI, Option 4 is supported.

· 1 or 2 bit UCI is transmitted by selecting one of 2 or 4 sequences configured by higher layer.

If Option 4 is supported as 1-symbol NR-PUCCH structure for up to 2 UCI bits, sequence (group) hopping can be considered for interference randomization. Then, since the number of slots in a radio frame can be different according to numerology (e.g., subcarrier spacing), it should be further studied how to set the time periodicity of sequence (group) hopping with different numerologies. In addition, it can be further studied whether to apply same or different sequence (group) hopping for short PUCCH and (sequence based) long PUCCH.
3.2. PUCCH transmission for SR (and other UCI)
Similar to scheduling request (SR) transmission in LTE, it can be considered for NR UE to use UL control channel resource for request of UL data scheduling (grant) to the network. Considering that SR may need relatively fast transmission for low latency UL data scheduling, it would be reasonable to use short NR-PUCCH for SR transmission. In addition to this, since SR may require large amount of reserved resources to support all connected UEs in a cell, short NR-PUCCH for SR is required to provide large UE multiplexing capacity. In this sense, it can be considered to use a sequence as NR-PUCCH for 1-state SR (i.e., positive SR) transmission. UE can transmit one sequence configured for SR or not (by ON/OFF keying) according to the SR state (i.e., whether the SR is positive or negative). As the sequence for the SR, CAZAC sequence can be used to achieve low PAPR property.
Proposal #2: For SR-only transmission, sequence-based short NR-PUCCH can be used.

· FFS: SR transmission on long NR-PUCCH
Moreover, it is necessary to consider that short NR-PUCCH for SR (SR-PUCCH) and short NR-PUCCH for other UCI (e.g., HARQ-ACK and/or CSI) (UCI-PUCCH) are configured/scheduled to be transmitted in the same slot. Then, the two short NR-PUCCHs can be multiplexed by TDM manner (i.e., in different symbols) or FDM manner (i.e., in a same symbol). For the former case, SR-PUCCH and UCI-PUCCH can be simultaneously transmitted in the same slot without multiplexing between SR and the UCI. For the latter case, however, it should be carefully considered whether to support simultaneous transmission of SR-PUCCH and UCI-PUCCH in the same symbol since it can cause power limitation problem at UE side. Simply, dropping one of the two short NR-PUCCHs or combining (and transmitting) SR and UCI on one of the two short NR-PUCCHs can be considered in this case.

Proposal #3: It is necessary to consider NR-PUCCH transmission for both SR and other UCI (e.g., HARQ-ACK and/or CSI) in a same slot.

3.3. 2-symbol NR-PUCCH for up to 2 UCI bit
In RAN1 #89 meeting [1], it was agreed not to support Option 1-1 for 2-symbol NR-PUCCH up to 2 bits. For the Option 1-1, detailed parameters for each of two 1-symbol NR-PUCCHs composing 2-symbol NR-PUCCH can be different. For example, if Option 4 (e.g., sequence selection) is adopted for 1-symbol NR-PUCCH up to 2 UCI bits, two 1-symbol NR-PUCCHs composing 2-symbol NR-PUCCH can have different root sequence indices and/or CS offset values.
Proposal #4: For 2-symbol NR-PUCCH for up to 2 UCI bits, Option 1-1 with different base sequences and/or cyclic shift values between 2 symbols is supported.

4. Conclusion
In this contribution, we provided evaluation results and discussed the design of 1-symbol NR-PUCCH for up to 2 UCI bits. The observations and proposals of this contribution are summarized as follows.
Observation #1: For 1 bit UCI, Option 1 and Option 4 has almost same ACK-to-NACK and NACK-to-ACK error performance.
Observation #2: For 2 bits UCI, Option 4 provides better ACK-to-NACK and NACK-to-ACK error performance compared to Option 1 (e.g., about 2 dB gain in terms of required SINR).

Observation #3: For large subcarrier spacing (e.g., 60 kHz), BER performance (e.g., ACK-to-NACK, NACK-to-ACK) of both Option 1 and Option 4 can be significantly degraded with high channel delay spread (e.g., 1000ns).

Observation #4: With contiguous PRB allocation, the number of allocated RBs does not affect BER performance of 1-symbol NR-PUCCH with 1 or 2 bits UCI.

Observation #5: For the same number of allocated RBs, frequency diversity can highly improve BER performance.
Observation #6: Option 1 and Option 4 provide same multiplexing capacity for 1 bit UCI while Option 1 provides double multiplexing capacity compared to Option 4.
Observation #7: Option 4 has about 2.5 dB lower PAPR/CM compared to Option 1.
Proposal #1: For 1-symbol NR-PUCCH with 1 or 2 bit(s) UCI, Option 4 is supported.

· 1 or 2 bit UCI is transmitted by selecting one of 2 or 4 sequences configured by higher layer.

Proposal #2: For SR-only transmission, sequence-based short NR-PUCCH can be used.

· FFS: SR transmission on long NR-PUCCH
Proposal #3: It is necessary to consider NR-PUCCH transmission for both SR and other UCI (e.g., HARQ-ACK and/or CSI) in a same slot.

Proposal #4: For 2-symbol NR-PUCCH for up to 2 UCI bits, Option 1-1 with different base sequences and/or cyclic shift values between 2 symbols is supported.

5. Reference

[1] RAN1 chairman’s notes, RAN1#89
6. Annex A
Table 3: Simulation Parameters

	Parameter
	Value

	Carrier Frequency
	4 GHz

	System Bandwidth
	20MHz

	Subcarrier spacing
	[15, 60] kHz

	FFT size
	2048

	CP length
	144∙TS

	Number of subcarriers per PRB
	12

	BS antenna configuration
	2 Rx

	UE antenna configuration
	1 Tx

	Channel model
	TDL-C

	Delay spread
	[30, 300, 1000] ns

	Payload size
	1 - 2 bit

	Channel estimation
	ML

	Modulation
	BPSK, QPSK, CS selection

	Performance metric
	ACK-to-NACK, NACK-to-ACK

	DTX-to-ACK threshold
	1 %
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