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1 Introduction
NR shall support transmission of uplink control information (UCI) in a PUCCH format of short duration. At the RAN1 #88bis meeting, the following agreements were reached on the short duration PUCCH structure with 1 or 2 bits UCI [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

· FFS following cases:

· If SR only

· If with SR + other UCI;
· This does not imply the necessity of special SR design 
· FFS whether the design may or may not depend on the frequency range

These options were discussed at the RAN1 #89 meeting but it was observed that further investigation was need partly because there are different variants of each option. Thus it was agreed to further study these options taking into account detection performance, multiplexing capacity and PAPR/CM. Further details of of 2-symbol short PUCCH structure were also agreed at RAN1 #89 [2]: 
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.
· 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

In this contribution, we discuss some of these outstanding aspects of the  short duration PUCCH format with 1 or 2 bits UCI.
2 Discussion
2.1 Comparison of 1-symbol PUCCH with small UCI payload
The following design criteria are taken into account when considering the two options for the 1-symbol PUCCH structure: 
UE multiplexing capability
Since short duration PUCCH may occupy more RBs to achieve a target performance, multiplexing capacity is an important design issue to reduce the overall PUCCH overhead. For Option 4, which uses sequences to denote ACK or NACK, 2 or 4 cyclic shifts are required to transmit 1 or 2 HARQ-ACK bits respectively. For small to moderate delay spreads a cyclic shift spacing of at least 2 is required to avoid loss of frequency domain orthogonality between cyclically shifted sequences of the same base sequence. Thus, for one RB, Option 4 can support up to 3 multiplexed UEs for 1 bit UCI but only 1 UE for 2 bit UCI for a cyclic shift spacing of 2. Supporting more than 1 user for 2 bits would require cyclic shift spacing of 1. In contrast Option 1 can support multiplexing of 3 UEs for both 1 and 2 bits UCI in one RB with cyclic shift spacing of 2. Hence, Option 1 has better UE multiplexing capability than Option 4 in case of 2 bit UCI.
Performance evaluation 
As proposed in RAN1#89, Option 1 and Option 4 need to be further evaluated for small UCI payloads. Here, we further evaluate the link-level performance of Options 1 and 4 for 2 UCI bits. Several bandwidth allocations are evaluated for TDL-C channel with 30ns and 1000ns delay spreads. Other simulation assumptions are described in the Appendix. It is noted that Option 1 has more flexible resource allocations as it may employ distributed mapping when UL coverage is not an issue. In our simulations, Option 1 with two non-contiguous RBs allocated at each end of the bandwidth is also evaluated. Figure 1 shows the BER performance for these options and we mainly focus on the SINR requirement to achieve a target BER = 10-3.
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Figure 1: BER results for different options for 1-symbol duration PUCCH with 2 bits UCI
From the results in Figure 1, for 30ns delay spread case, Option 4 has about 2dB gain compared to Option 1 for l RB and 2 contiguous RBs. However, Option 1 with 2 non-contiguous RBs has about 1.5dB gain compared to Option 4 with 2 RB due to the frequency diversity gain. From our previous results as shown in [3], the gain of Option 4 over Option 1 diminishes for larger bandwidth allocations even for the low delay spread channel. For 1000ns delay spread case, Option 1 and Option 4 reach the same SINR requirement of target BER at 0.1% for 1RB. However, for contiguous 2RB case, Option 1 has 1dB gain compared to Option 4, while for 2 non-contiguous RBs, Option 1 has about 3dB gain. 
One reason is that Option 4 employing longer frequency domain orthogonal sequences basically provides much more spreading gain compared to Option 1. On the other hand the spreading gain in frequency no longer dominates for larger channel dispersion.
PAPR/CM 

Option 4 is somewhat similar to LTE PUCCH as it also has the merit of low PAPR. For Option 1 with FDM manner, the PAPR/CM could be an issue. There are already some solutions to PAPR/CM reduction for Option 1. Here, we evaluate the CM based on the proposed solutions in [4], [5]. 
One solution to PAPR/CM reduction is to design new computer generated root sequences for Option 1 and use the even/odd part of the sequence to carry UCI information, and the other part to carry RS. Assuming one RB is used, Option 1 uses the even/odd part to carry RS and UCI with new root sequence index 0 as discussed in[5], in our calculation, the CM value is 0.83636 dB. For Option 4, the CM value is 1.059 dB with LTE root sequence index u=0. It is noted that Option 4 uses cyclic shifts [0, 3, 6, 9] to transmit the 2 bits HARQ-ACK. Therefore, careful selection of the computer generated sequence could effectively reduce the PAPR/CM for Option 1.  
Another solution to PAPR/CM reduction is to choose a best pair of cyclic shift of sequence for DMRS and spreading sequence for UCI to reduce the CM for Option 1. Assume the LTE root sequence index u=0 and two contiguous RBs are used, the CM value of Option 4 is 0.81277 dB. For Option 1, following the method described in [4] to search for an optimal pair of cyclic shifts, CM values given a fixed cyclic shift for the DMRS sequence are shown in Table 1. It can be seen that the minimum CM value is 1.820 dB, which is still about 1dB higher than Option 4. In this method, Option 1 could use the best pair of cyclic shift to reduce the CM value to a certain extent. Also we calculate the CM value of two non-contiguous RBs for Option 1, giving a CM value of 3.1 dB.  As expected the CM for non-contiguous RBs increases but it can be offset to a certain extent by the frequency diversity gain obtained by distributed mapping.
Table 1: the CM value for Option 1 with cyclic shift 2 for DMRS sequence
	[UCI CS, RS CS]
	0, 2
	1, 2
	2, 2
	3, 2
	4, 2
	5, 2
	6, 2
	7, 2
	8, 2
	9, 2
	10 ,2
	11 ,2

	CM value (dB)
	2.803
	1.820
	3.610
	1.82687
	2.7437
	2.345
	2.925
	2.233
	2.483
	2.191
	2.925
	2.345


From above discussions, Option 1 has a better UE multiplexing capability and could perform better channel estimation in large delay spread scenarios or by using distributed mapping. The high PAPR/CM of Option 1 could be alleviated through other means such as careful selection of the sequence. Option 4 has low PAPR and performs a better channel estimation in case of localized mapping with small delay spread. The comparison could be described in Table 2, it seems Option 1 is a preferable choice. In addition, if Option 4 is adopted, it means there will be at least two structures for 1-symbol short duration PUCCH since Option 1 is already supported for more than 2 UCI bits. This will increase both the specification and the implementation complexity. 

Table 2: the comparison of Option 1 and Option 4

	
	Multiplexing Capability
	Channel estimation 
	PAPR/CM

	Option 1
	High 
	Better in large delay spread channel or distributed mapping
	can be reduced through sequence selection and/or distributed mapping

	Option 4
	Low
	Better in small delay spread channel
	Low 


Observations for 1-symbol short duration PUCCH schemes for 1~2 bits UCI
·  Option 4 outperforms Option 1 with localized mapping for small delay spread, while Option 1 is better for larger delay spread channel. Option 1 with distributed mapping outperforms Option 4 in all cases.
· Option 4 can achieve low PAPR but the cost is it greatly reduces multiplexing capacity compared to Option 1. The PAPR/CM of Option 1 could be reduced through other means.

· Option 4 increases complexity in both specification and implementation by defining different structures for 1-symbol short duration PUCCH for small and large payload sizes.
Based on these observations, we prefer Option 1 as a unified solution for short PUCCH format.
Proposal 1: Adopt Option 1 for 1-symbol short duration PUCCH format for all UCI payloads.
2.2 2-symbol PUCCH with small UCI payload
Option 1-1 is supported for sending UCI with up to 2bits and the sequence hopping is not precluded. Whether frequency hopping can be considered for short PUCCH format depends on the allowed number of symbols. Frequency hopping can be configured by higher layer signaling with a predefined frequency hopping pattern when the short duration PUCCH format contains 2 symbols. If frequency hopping is configured, there will be a transient period between two symbols as required by RAN4. In addition, as analyzed in [6], a general ON/OFF time mask for 2-OS TTI is defined with ramp up/down regions outside the transmission duration, which means there may be transient period before the first symbol and after the second symbol of 2-symbol NR-PUCCH transmission from the consecutive transmissions. In such transient period, there are interferences for current transmission from other consecutive transmissions from the same UE. 

We evaluate the link-level performance of FDM of UCI and RS (Option 1-1 with frequency hopping) and sequence based method (Option 4 with frequency hopping) in this contribution. The performance metric is the SINR requirement to achieve a target BER = 10-3. Several bandwidth allocations are evaluated for TDL-C channels with 30ns and 1000ns delay spread. Other simulation assumptions are described in the Appendix. Figure 2 shows the SINR requirement for these options. It is noted that we also evaluate the transient period model with multiplexing 3 users. Both 0dB power difference and 3dB power difference is considered.
It can be seen from Figure 2 that the performance differences are similar with/without the impact of transient period for Option 1 and Option 4. However, when multiplexing 3 users with transient period model, the performance gap between single user case and multi-users case for Option 4 is bigger than Option 1. It shows that the transient period has greater impact on Option 4 for the multiuser scenario. 
Observations for 2-symbol short duration PUCCH schemes for 1~2 bits UCI:

· The impact of transient period with single user for Option 1 and Option 4 is similar.

· The impact of transient period with multiplexing multiple users for Option 4 is more significant.
· Although frequency hopping provides frequency diversity gain, the impact of transient period on the short duration PUCCH structure needs to be further investigated
It was agreed at RAN1 #89 that for 2-symbol short PUCCH, frequency hopping is supported at least for localized (contiguous) PRB allocation in each symbol. It is not clear from this agreement if frequency hopping is semi-statically or dynamically signaled or fixed in the specification. Given that there may be significant impact due to a transient period it is preferable that frequency hopping is signaled by the gNB. Moreover, if CSI at the gNB allows for frequency selective scheduling, it may be better not to hop across frequency regions.
Proposal 2: A UE may be semi-statically configured for frequency hopping for 2-symbol PUCCH at least for contiguous PRB allocation in each symbol.
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Figure 2: SNR results for different options for 2-symbol duration PUCCH and with transient period model
2.3 SR only and SR+ HARQ-ACK transmission for short PUCCH
For 1-symbol short duration PUCCH for 1 bit SR transmission, either Option 1 or Option 4 can achieve the same multiplexing capacity in one RB by using OOK mechanism. Option 1 with OOK is the similar mechanism in LTE, and Option 4 with OOK is configure one cyclic shift in one RB for one UE to transmit positive SR (if negative, no transmission). The gNB can decide whether there is positive SR in SR instance by performing DTX detection on the SR resource. To define a unified structure for 1~2bits HARQ-ACK and 1 bit SR, Option 1 should be used for 1-symbol short duration PUCCH for 1 bit SR.
Proposal 3: The same 1-symbol PUCCH structure should be adopted for 1~2 bits UCI without SR and for 1 bit SR.
For 1-symbol short duration PUCCH for 1~2 HARQ-ACK bits and 1 SR bit, there are several solutions.
If HARQ-ACK and SR are multiplexed on the same RB with different cyclic shifts, it means two sequences are transmitted from one UE in the same RB, which need power reduction of each sequence to ensure the total transmit power does not exceed the UE’s maximum power capability. This will degrade both the performance of SR and HARQ-ACK.
Alternatively, similar mechanism as LTE on different resources can be used for both Option 1 and Option 4.
For Option 4, by following the same rule as in LTE to transmit HARQ-ACK on HARQ-ACK resource (using cyclic shift for HARQ-ACK) when SR is negative, and to transmit HARQ-ACK on SR resource (using cyclic shift for SR) when SR is positive, 2 or 4 resources (cyclic shifts) should be configured for SR so as to distinguish different HARQ-ACK states for 1 or 2 bits HARQ-ACK respectively when HARQ-ACK is transmitted on SR resource. This results in significant PUCCH resource overhead which is not desired.
For Option 1, one cyclic shift (CS1) is configured for SR, and another cyclic shift (CS2) is configured for HARQ-ACK, different cyclic shifts means different resources. When only SR or only HARQ-ACK transmission, it is transmitted on respective resource using the corresponding CS. For positive SR+ 1 or 2 bits HARQ-ACK transmission, HARQ-ACK is transmitted with CS1. For negative SR+ 1 or 2 bits HARQ-ACK transmission, HARQ-ACK is transmitted with CS2. Then gNB can determine whether positive SR is transmitted in the SR instance by the cyclic shift used by UE. 
Therefore, for SR+ HARQ-ACK transmission, Option 1 is better since only two cyclic shifts are required while 8 cyclic shifts are required in Option 4.

Proposal 4: For multiplexing of 1~2 HARQ-ACK bits and SR，the LTE mechanism of transmitting on different resources can be reused by using Option 1 structure:

· For positive SR and 1 or 2 HARQ-ACK bits, HARQ-ACK is transmitted on the SR resource. 
· For negative SR and 1or 2 HARQ-ACK bits, HARQ-ACK is transmitted on the HARQ-ACK resource.
3 Conclusions
This contribution we mainly discuss the short PUCCH with small payload, we have the following observation and proposals:
Observations for 1-symbol short duration PUCCH schemes for 1~2 bits UCI
·  Option 4 outperforms Option 1 with localized mapping for small delay spread, while Option 1 is better for larger delay spread channel. Option 1 with distributed mapping outperforms Option 4 in all cases.

· Option 4 can achieve low PAPR but the cost is it greatly reduces multiplexing capacity compared to Option 1. The PAPR/CM of Option 1 could be reduced through other means.

· Option 4 increases complexity in both specification and implementation by defining different structures for 1-symbol short duration PUCCH for small and large payload sizes.
Observations for 2-symbol short duration PUCCH schemes for 1~2 bits UCI:

· The impact of transient period with single user for Option 1 and Option 4 is similar.

· The impact of transient period with multiplexing multiple users for Option 4 is more significant.
· Although frequency hopping provides frequency diversity gain, the impact of transient period on the short duration PUCCH structure needs to be further investigated
Proposal 1: Adopt Option 1 for 1-symbol short duration PUCCH format for all UCI payloads.
Proposal 2: A UE may be semi-statically configured for frequency hopping for 2-symbol PUCCH at least for contiguous PRB allocation in each symbol.

Proposal 3: The same 1-symbol PUCCH structure should be adopted for 1~2 bits UCI without SR and for 1 bit SR.
Proposal 4: For multiplexing of 1~2 HARQ-ACK bits and SR，the LTE mechanism of transmitting on different resources can be reused by using Option 1 structure:

· For positive SR and 1 or 2 HARQ-ACK bits, HARQ-ACK is transmitted on the SR resource. 
· For negative SR and 1or 2 HARQ-ACK bits, HARQ-ACK is transmitted on the HARQ-ACK resource.
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5 Appendix

Table 3: Simulation assumptions
	Parameter 
	Value 

	Carrier freq (GHz) 
	4 

	Channel model 
	TDL-C with delay spread ={30ns, 1000ns}

	Subcarrier spacing (KHz) 
	15 

	UE speed (km/h) 
	3

	Number of RBs
	1, 2 for 1-symbol PUCCH

2,8,16 for 2-symbol PUCCH

	RS sequence 
	ZC or low PAPR computer generated sequence for small allocations 

	Spreading of UCI 
	For simulation in Figure 2:

For Option1: 1 modulation symbol carried on one ZC sequence for Option1;

· For single UE, with cyclic shift of 0

For multi-UE, with cyclic shift of 0 for target UE, cyclic shift of 3 for second UE and cyclic shift of 6 for third UE
For Option4:

· For single UE, with cyclic shift of 0/3/6/9

· For multi-UE, with cyclic shift of 0/3/6/9 for target UE, cyclic shift of 1/4/7/10 for second UE and cyclic shift of 2/5/8/11 for third UE



	Multiplexing
	1 or 3 UEs

For 3 UEs, first is target UE and the others are allocated 0 or 3 dB power boosting with respect to the target UE

	Modulation 
	QPSK,

	Target BER 
	0.1% 

	Antenna port
	1Tx, 2Rx

	UCI payload size
	2 bit UCI
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