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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 1-symbol short duration PUCCH structure [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

Agreements:
· At least for 1 symbol short-PUCCH with more than 2 bits, the following is supported.

·  RS and UCI are multiplexed in FDM manner in the OFDM symbol where RS and UCI are mapped on different subcarriers and coherent demodulation are supported.
· FFS: Details on RS

· FFS: whether to support option 6 (pre-DFT)
· FFS: for 1 and 2 bits
Agreements:
· For 1-symbol short PUCCH with > 2 UCI bits, the following is supported for the agreed Option 1:

· QPSK for UCI

· X1 to X2 PRBs can be configured to support various UCI payload sizes

· Both localized (contiguous) and distributed (non-contiguous) allocations are supported 

· FFS: detailed PRB allocations and signaling of the configuration

· FFS: values of X1, X2

· DMRS overhead: down-select among the following options:

· Option 1: one value (e.g., 1/2, 1/3, 1/4, 1/5, …)
· Option 2: multiple values depending on, e.g. UCI payload size etc.
In this contribution, we discuss the detailed design of 1-symbol short duration PUCCH format.
2 Comparison of short duration PUCCH schemes
Performance evaluation of 1-symbol short duration PUCCH schemes for 1~2 bits UCI
As it was agreed in RAN1#88bis, Option 1 and Option 4 are to be further evaluated for 1 – 2 UCI bits, whereas Option 1 is already agreed for more than 2 UCI bits. For convenience we summarize each scheme below,
· Option 1: RS and UCI of one UE are multiplexed by FDM manner in each symbol.
· Option 4: Sequence based design without RS only for small (1~2) payload size case
· Information is delivered by which sequence/code is transmitted
· Sequence is mapped over contiguous or non-contiguous REs
· UCI sequence can be CDM'ed with DMRS sequence of other UEs
As Option 4 is somewhat similar to LTE PUCCH it also has the merit of low PAPR, which can be advantageous for coverage-limited UEs. However, the short PUCCH structure, in our view, does not target coverage limited scenarios. Rather, the long PUCCH structure should be used since more energy can be accumulated at the receiver. Option 1 on the other hand compensates for the higher PAPR by allowing more flexible resource allocations. Hence we consider two distributed mapping schemes to demonstrate the frequency diversity gains that are possible with Option 1: 

· Distributed mapping 1: the allocated RBs are divided into two parts and each is transmitted at each end of the bandwidth;

· Distributed mapping 2: the allocated RBs are evenly distributed across the bandwidth with 2 RBs as a bundling unit;

Preliminary comparisons between Options 1 and 4 were shown in a previous contribution [2]. Here, we further evaluate the link-level performance of Options 1 and 4 for 2 UCI bits considering distributed mapping schemes for Option 1. The performance metric is the SINR requirement to achieve a target BER = 10-3. Several bandwidth allocations are evaluated for EPA and ETU channels. Other simulation assumptions are described in the Appendix. Figure 1 shows the SINR requirement for these options.
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Figure 1: SNR results for different options for 1-symbol duration PUCCH with 2 bits UCI
It can be seen from Figure 1 that for the EPA channel, Option 4 outperforms Option 1 with localized mapping. 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 a highly frequency selective channel such as ETU and for larger bandwidth allocations. It can be seen in Figure 1 that Option 1 has the best performance in ETU channel as the allocated bandwidth increases. Option 1 with distributed mapping outperforms option 4 for both EPA and ETU channels due to frequency diversity gain.
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. In addition, multiplexing capacity in Option 4 is greatly reduced since 2 or 4 cyclic shifts of a base sequence are occupied by one UE for 1 or 2 HARQ-ACK bits respectively. 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.
Observations for 1-symbol short duration PUCCH schemes for 1~2 bits UCI
·  Option 4 outperforms Option 1 with localized mapping for EPA, while Option 1 is better for ETU channel given the larger delay spread. Option 1 with distributed mapping outperforms Option 4 in all cases with 2~4 dB gain in EPA and 2~8dB gains in ETU for different number of RBs respectively
· It can be seen that the gain of Option 4 over Option 1 diminishes for larger bandwidth allocations even for the low delay spread channel.
· Option 4 can achieve low PAPR but the cost is it greatly reduces multiplexing capacity compared to Option 1. Moreover, it increases complexity in both specification and implementation by defining different structures for 1-symbols short duration PUCCH for small and large payload size separately. The gains of distributed mapping for Option 1 compensate the PAPR loss of CP-OFDM.
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.
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. 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 2: 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, the LTE mechanism of transmitting on different resources can be reused, i.e., if there is a positive SR, 1~2HARQ-ACK bits can be transmitted on the SR resource using Option 1 structure. Otherwise, 1~2 HARQ-ACK bits can be transmitted on the HARQ-ACK resource using the Option 1 structure.
Proposal 3: For multiplexing of 1~2 HARQ-ACK bits and SR the LTE mechanism of transmitting on different resources can be reused:

· If there is a positive SR, HARQ-ACK can be transmitted on the SR resource using Option 1 structure;
· Otherwise, for negative SR, HARQ-ACK can be transmitted on the HARQ-ACK resource using Option 1 structure.
Performance evaluation of 1-symbol short duration PUCCH schemes for more than 2 UCI bits
Since it was agreed to use FDM of RS and UCI for 1-symbol short duration PUCCH schemes for more than 2 UCI bits, UCI may be encoded, rate-matched and mapped to the available REs following the same principles as LTE PUCCH format 4. This would enable support of variable payload sizes. In addition, the short duration PUCCH format should be capable of multiplexing UCI from different users. To support UCI multiplexing from multiple UEs, frequency domain OCC can be considered similarly to LTE PUCCH format 5. The OCC length should be designed with a nested structure in order to dynamically tradeoff spreading gain with multiplexing capacity.
Proposal 4: The 1-symbol short duration PUCCH format for more than 2 bits UCI may follow similar design principles governing LTE PUCCH formats 4/5 structure targeting multi-user multiplexing and flexible resource allocation.  

It should be further studied the RS overhead for different payload sizes. We evaluate the link-level performance of Options 1 with different RS overheads and different payload sizes. The performance metric is the SINR requirement to achieve a target BER = 10-3. Several bandwidth allocations are evaluated for EPA and ETU channels. Other simulation assumptions are described in the Appendix. Since it was agreed that for 3~ 11 bits UCI, LTE RM coding is used, we evaluate the performance with different RS overheads using the LTE (32, O) RM encoder.

For larger UCI payloads we evaluate RS overhead using TBCC code with 8-bit CRC. Performance results for 20 and 30 UCI bits are shown in Figures 3 and 4 respectively.
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Figure 2: SNR results for different RS overheads with 10 bits UCI
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Figure 3: SNR results for different RS overheads with 20 bits UCI
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Figure 4: SNR results for different RS overheads with 30 bits UCI
It can be seen from Figures 2~4 that as the DMRS overhead decreases the coding gain increases since there are more channel REs for data transmission. However, there is a sweet spot since there is a tradeoff between coding gain and degraded channel estimation. It can be seen that 50% overhead is not the best one. Thus, reducing the DMRS overhead is acceptable especially when the frequency selectivity is low as shown for EPA. But for higher frequency selectivity the channel estimation degradation is more pronounced. For TBCC and 30 bits, the performance depends on the coding rate. For example 30 bits and 8bit CRC, the payload is 38 bits. Then for 4 RBs (96 total bits) with 50% RS overhead, we have 48 channel bits which gives a too high coding rate. So naturally the performance is better with lower RS overhead but again the tradeoff would happen with channel estimation and degree of frequency selectivity as can be seen when comparing EPA and ETU.
Observations for 1-symbol short duration PUCCH for more than 2 bits UCI
· As the DMRS overhead decreases the coding gain increases but with a sweet spot since there is a tradeoff between coding gain and degraded channel estimation.

· Reducing the DMRS overhead is acceptable when the frequency selectivity is low as shown for EPA.
· For higher frequency selectivity the channel estimation degradation is more pronounced.

· For TBCC and 30 bits, the performance depends on the coding rate. 
· Overall the best tradeoff seems to be a resource overhead of 1/3 for both RM and TBCC.
Based on the observations, we have the following proposals.

Proposal 5: 1/3 RS overhead can be adopted for 1-symbol short duration PUCCH format for more than 2 bits UCI.

3 Conclusions
This contribution provided a preliminary evaluation of the proposed schemes for the 1-symbol short PUCCH structure. Based on the simulation results we have the following observations:
Observations for 1-symbol short duration PUCCH schemes for 1~2 bits UCI
· Option 4 outperforms Option 1 with localized mapping for EPA, while Option 1 is better for ETU channel given the larger delay spread. Option 1 with distributed mapping outperforms Option 4 in all cases with 2~4 dB gain in EPA and 2~8dB gains in ETU for different number of RBs respectively

· It can be seen that the gain of Option 4 over Option 1 diminishes for larger bandwidth allocations even for the low delay spread channel.
· Option 4 can achieve low PAPR but the cost is it greatly reduces multiplexing capacity compared to Option 1. Moreover, it increases complexity in both specification and implementation by defining different structures for 1-symbols short duration PUCCH for small and large payload size separately. The gains of distributed mapping for Option 1 compensate the PAPR loss of CP-OFDM.
Observations for 1-symbol short duration PUCCH for more than 2 bits UCI
· As the DMRS overhead decreases the coding gain increases but with a sweet spot since there is a tradeoff between coding gain and degraded channel estimation.

· Reducing the DMRS overhead is acceptable when the frequency selectivity is low as shown for EPA.
· For higher frequency selectivity the channel estimation degradation is more pronounced.

· For TBCC and 30 bits, the performance depends on the coding rate. 
· Overall the best tradeoff seems to be a resource overhead of 1/3 for both RM and TBCC.
In addition we have the following proposals regarding other aspects of the 1-symbol short PUCCH format:
Proposal 1: Adopt Option 1 for 1-symbol short duration PUCCH format for all UCI payloads.
Proposal 2: The same 1-symbol PUCCH structure should be adopted for 1~2 bits UCI without SR and for 1 bit SR.
Proposal 3: For multiplexing of 1~2 HARQ-ACK bits and SR the LTE mechanism of transmitting on different resources can be reused:
· If there is a positive SR, HARQ-ACK can be transmitted on the SR resource using Option 1 structure;
· Otherwise, for negative SR, HARQ-ACK can be transmitted on the HARQ-ACK resource using Option 1 structure.
Proposal 4: The 1-symbol short duration PUCCH format for more than 2 bits UCI may follow similar design principles governing LTE PUCCH formats 4/5 structure targeting multi-user multiplexing and flexible resource allocation.  

Proposal 5: 1/3 RS overhead can be adopted for 1-symbol short duration PUCCH format for more than 2 bits UCI.
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5 Appendix

Table 1: Simulation assumptions
	Parameter 
	Value 

	Carrier freq (GHz) 
	4 

	Channel model 
	LTE-EPA /ETU

	Subcarrier spacing (KHz) 
	15 

	UE speed (km/h) 
	3

	Number of RBs
	2,4,8,16

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

	Spreading of UCI 
	1 modulation symbol carried on one ZC sequence for option1;

 Cyclic shif 0/3/6/9 is used for option 4;

	Modulation 
	QPSK,

	Target BER 
	0.1% 

	Antenna port
	1Tx, 2Rx

	RB Mapping
	Localized and two distributed mapping for option 1:

Distributed mapping 1: the allocated RBs are divided into two parts and each is transmitted at one side of the whole bandwidth;

Distributed mapping 2: the allocated RBs are evenly distributed in the whole bandwidth with 2 RBs as a unit;

Localized for option 4;

	UCI payload size
	2 bit for small payload size;

10/20/30 bits for large payload size;

	Coding for large payload size
	RM(20,A) and RM(32,O) for 10 bits

TBB+8 bits CRC for 20 and 30 bits
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