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1 Introduction
At the RAN1#89 meeting, the short PUCCH for moderate and large UCI payload was discussed and the following agreements were made [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.
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
At the RAN1 Ad-Hoc #2 meeting [2], the sequence-based method is agreed as the structure of short PUCCH with up to 2bits UCI.

Agreements:
· Working assumption:
· For short-PUCCH with UCI of up to 2 bits (with/without SR), option 4 is supported.

· No more short-PUCCH format is supported for short-PUCCH in the WID scope.
In this contribution, we discuss the detailed design of 2-symbol PUCCH.
2 Discussion of 2-symbol PUCCH with up to 2bits UCI
It was agreed to consider the following two options for a 2-symbol short PUCCH format:

· Option 1-1: Same UCI is repeated across the symbols using repetition of a 1-symbol NR-PUCCH.

· Option 1-2: UCI is encoded and the encoded UCI bits are distributed across the symbols.
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 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 [3], 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. The detailed evaluation results for impact of transient period could be found in [4].

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 configured by the gNB. Moreover, if CSI at the gNB allows for frequency selective scheduling of the PUCCH region, it may be better not to hop across frequency regions.
Proposal 1: A UE may be semi-statically configured for frequency hopping for 2-symbol PUCCH at least for contiguous PRB allocation in each symbol.

For 2-symbol PUCCH with up to 2bits UCI, whether use distributed PRBs allocations should be considered with frequency hopping. Since the frequency hopping could also get the diversity gain, configuring distributed PRB allocation and frequency hopping simultaneously is not necessary.

Proposal 2: For 2-sybmol PUCCH with up to 2bits, the distributed PRB allocation is not necessary when frequency hopping is configured.
When frequency hopping is configured and multiple UEs are scheduled for PUCCH in the same symbols, these UEs may have different bandwidth capability. Thus an issue may occur that some UEs couldn’t be multiplexed in the same PUCCH resource as shown in Figure 1. In Figure 1, the UE on BW1 and the UE on BW2 are only multiplexed in the same PUCCH resource of the high frequency part due to the different frequency hopping band, which causes asymmetric multiplexing capacity and reduce the resource efficiency.
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Figure 1: The multiplexing of UEs with different BW capability

Some optional solutions are proposed to this issue as the following:

· Option 1: The PUCCH frequency hopping band of UEs on larger BW is restricted to frequency hopping band in a smaller BW which could be the smallest BW within BW1, or doesn’t contain other smaller BWs. An example is shown in Figure 2(a) where a UE operating in the wide bandwidth (BW1) is configured for frequency hopping in BW2 so that the UE on BW1 and UE on BW2 can be multiplexed in the same PUCCH resource. This option may impact the diversity performance for UE on larger BW1 when there is a big difference between BW1 and BW2.

· Option 2: The PUCCH frequency hopping band of UEs on smaller BW is restricted to reserve sufficient PUCCH resource for UEs on larger BW. An example is shown in Figure 2(b), where the UE on BW2 and the UE on BW3 are configured with restricted hopping bandwidths to reserve some PUCCH resource for UE on BW1. This method avoids the PUCCH multiplexing of UEs with different BW capability. 

· Option 3: The PUCCH frequency hopping band of UEs on larger BW is restricted to reserve sufficient PUCCH resource for UEs on smaller BW. An example is shown in Figure 2(c) that UE on BW1 adjusts its frequency hopping band to reserve some PUCCH resource for UE on BW2 and UE on BW3. Similar to option 2, this method avoids the PUCCH multiplexing of UEs with different BW capability.

Proposal 3: The frequency hopping band is semi-statically configured for a given UE to support multiplexing of UEs of different BW capability. 
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Figure 2: the optional solutions for multiplexing of UEs with different BW capability on PUCCH
3 Design of 2-symbol PUCCH with more than 2bits UCI
Comparison between the same DMRS position and interlace DMRS position of two symbols
A natural design for DMRS pattern of 2-symbol PUCCH is that both symbols use the same DMRS pattern. Alternatively, it could be considered to use an interlaced pattern which is somewhat similar to CRS design in LTE. An example of RS overhead of 1/6 is shown in Figure 3, for interlaced DMRS position, where the DMRS of the second symbol has a vertical shift 3 subcarriers with respect to the first symbol.

We evaluate the link-level performance to compare these two DMRS mapping methods. Both option 1-1 and option 1-2 with different RS overhead is considered, the UCI payload size is 10bits with RM coding, the channel model is TDL-C channels with 30ns and 1000ns delay spread. The performance metric is the SINR requirement to achieve a target BER = 10-3. Other detailed simulation assumptions are given in the Appendix. Figures 4 and 5 are the performance comparisons of option 1-1 and option 1-2 respectively.
From the results of option 1-1 in Figure 4 , for 30ns delay spread channel, the same DMRS position and interlace DMRS position have a similar performance. For 1000ns delay spread channel, the interlace DMRS position outperform than same DMRS position in case of RS overhead 1/4 and 1/6. 
From Figure 5 of option 1-2, there is no difference in 30ns delay spread channel. For 1000ns delay spread channel, the interlace DMRS position is better in case of RS overhead 1/6.
Overall, the interlace DMRS position could reach better performance in case of large delay spread with lower RS overhead. Although the interlace DMRS position is better in some cases, if frequency hopping is used, it would have no gain than the same DMRS position.
Observation 1:For 2-symbol PUCCH with more than 2bits UCI, the interlace DMRS position could reach better performance than same DMRS position in case of large delay spread with lower RS overhead when frequency hopping is not used.
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Figure 3: same DMRS position and interlace DMRS position
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Figure 4: comparison between the same DMRS position and interlace DMRS position for option 1-1
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Figure 5: comparison between the same DMRS position and interlace DMRS position for option 1-2

Comparison between the option 1-1 and option 1-2 for UCI with more than 2bits
For UCI with up to 2bits, option 1-1 is supported. For UCI with more than 2bits, we evaluate the link-level performance of Option 1-1 and Option 1-2. The performance metric is the SINR requirement to achieve a target BER = 10-3. Several bandwidth allocations are evaluated for TDL-C channel with 30ns and 1000ns delay spread and different DMRS resource overheads (RO) are evaluated, both same DMRS position and interlace DMRS position are considered. Other simulation assumptions are described in the Appendix. Figures 6 and 7 are the results of the same DMRS position and interlace DMRS position respectively.
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Figure 6: comparison between the option 1-1 and option 1-2 for same DMRS position
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Figure 7: comparison between the option 1-1 and option 1-2 for interlace DMRS position
From the results, for 30ns delay spread, option 1-2 is a little better than option 1-1 in case of lower RS overhead. For 1000ns delay spread, two options have similar performance in case of RS overhead 1/3, for lower RS overhead , the option 1-2 is obviously better. Overall, at least for RS overhead 1/3, the option 1-1 and option 1-2 has similar performance. For RS over head 1/4 and 1/6, the option 1-2 could reach better performance than option 1-1 in most of cases.
Observation 2: For 2-symbol PUCCH with more than 2bits UCI, the option 1-2 could reach better performance than option 1-1.
Proposal 4: For 2-symbol PUCCH with more than 2bits UCI, option 1-2 is supported.
4 Conclusions
Based on the simulation results and analysis we have the following proposals:
Observation 1:For 2-symbol PUCCH with more than 2bits UCI, the interlace DMRS position could reach better performance than same DMRS position in case of large delay spread with lower RS overhead when frequency hopping is not used.

Observation 2: For 2-symbol PUCCH with more than 2bits UCI, the option 1-2 could reach better performance than option 1-1.

Proposal 1: A UE may be semi-statically configured for frequency hopping for 2-symbol PUCCH at least for contiguous PRB allocation in each symbol.

Proposal 2: For 2-sybmol PUCCH with up to 2bits, the distributed PRB allocation is not necessary when the frequency hopping is configured.
Proposal 3: The frequency hopping band is semi-statically configured for a given UE to support multiplexing of UEs of different BW capability. 
Proposal 4: For 2-symbol PUCCH with more than 2bits UCI, option 1-2 is supported.
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6 Appendix

Table 1: 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
	2

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

	Spreading of UCI 
	For 2-symbol duration PUCCH:
Option1-1: Same UCI is repeated across the symbols using repetition of a 1-symbol NR-PUCCH.
Option1-2: UCI is encoded and the encoded UCI bits are distributed across the symbols.

	Modulation 
	QPSK

	Target BER 
	0.1% 

	Antenna port
	1Tx, 2Rx

	UCI payload size
	10bits for 2-symbol PUCCH 

	Coding for large payload size
	RM(32,O) for 10 bits

	Channel estimation 
	2D-MMSE
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