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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 NR ad-hoc meeting, the following agreements were reached on the short duration PUCCH structure [1]:
· For PUCCH in short-duration,

· At least following is supported for PUCCH in 1-symbol duration:

· UCI and RS are multiplexed in the given OFDM symbol in FDM manner if RS is multiplexed.
· Same SCS between DL/UL data and PUCCH in short-duration in the same slot.
· At least a PUCCH in short-duration spanning 2-symbol duration of a slot is supported.

· FFS actual structure and waveform.

· Same SCS between DL/UL data and PUCCH in short-duration in the same slot.

· At least semi-static configuration for the following is supported.

· A PUCCH resource of a given UE within a slot.

· i.e., short-PUCCHs of different UEs can be TDM’ed within the given duration in a slot.

· The PUCCH resource includes time, frequency and, when applicable, code domains.

· FFS details e.g., if the time in the PUCCH resource includes both slot and symbol, or only symbol in a slot
· FFS: Support of dynamic indication
· PUCCH in short-duration can span until the end of a slot from UE perspective
· No explicit gap symbol is necessary after the PUCCH in short-duration.

· For a slot having short UL-part (i.e., DL-centric slot):

· ‘Short UCI’ and data can be FDMed by one UE if a data is scheduled on the short UL-part.

· For a slot having long UL-part (i.e., UL-centric slot or UL-only slot), following are FFS:

· Whether/how a UL data in the long UL-part can be extended until the end of the slots.

· Whether/how a UL data can be scheduled on the short-duration.

· For further discussion of PUCCH in short-duration, UCI payload of 1 – at least a few tens of bits (or SR) is assumed.
· For PUCCH in long-duration, transmit antenna diversity is supported.
· FFS: PUCCH in short-duration
At the RAN1 #88 meeting, further agreements were reached on the short duration PUCCH structure including design criteria to properly compare several proposed schemes for 1-symbol and 2-symbol duration PUCCH formats [2]
Agreements:
· For a given UCI payload, short-PUCCH is designed such that:

· UE multiplexing capacity can be less than that of long-PUCCH

· Performance including at least the following:

· Frequency-diversity

· Interference-diversity

· PAPR/CM and emission

· RS overhead

· Interference randomization should be enabled

In this contribution, we provide a preliminary performance comparison of several proposed short duration PUCCH formats.
2 Comparison of short duration PUCCH schemes
Performance evaluation of 1-symbol short PUCCH schemes
The following options were agreed for further study for the 1-symbol duration PUCCH at the RAN1 #88 meeting [2], where Option 1 is already agreed.
· 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
· Option 5: Sequence based design with RS only for small (1~2) payload size case
· Information is delivered by which/what sequence/code is transmitted
· RS and UCI are multiplexed by CDM manner
· Option 6: Pre-DFT multiplexing of RS and UCI
· Consider for both small and large UCI payload size cases
· Possibility 1: {CP + Pilot} + {CP + Data} to avoid MPI b/w pilot and data
· Possibility 2: CP + {Pilot + Data} as current DFT-s-OFDM
· Other possibilities are not precluded
Considering the supported payloads, only Option 1 and Option 6 potentially offer can support a wide range of UCI bits. The main advantage offered by Option 6 is the ability to maintain a low CM/PAPR while supporting a range of small and large payload sizes. The drawbacks include increased complexity in channel estimation as the channel needs to be estimated in the time domain and transformed back to frequency domain for 1-tap frequency domain equalization. Alternatively, time-domain equalization can be done using a multi-tap equalization filter. Furthermore, additional CP overhead may be required to prevent mutual interference between pilots and data, although at the SNR regime and modulation of interest this is not expected to have a significant impact on performance.

We evaluate the link-level performance of Options 1, 4 and 5 in this contribution. 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
It can be seen from Figure 1 that for the EPA channel, Option 4 outperforms Option 1. 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 5 is the worst one in both EPA and ETU channel due to the reduced power for each transmitted signal (UCI and RS) due to the resulting power normalization when UCI and RS are multiplexed on the same symbol. 
If Option 4 or Option 5 is adopted, it means that other short duration PUCCH structures should be supported for larger payloads as these two options are payload size. In addition, multiplexing capacity in both Option 4 and Option 5 are reduced since 2 or 4 cyclic shifts of a base sequence are occupied by one UE to support the combination states of 1 or 2 HARQ-ACK bits ACK/NACK in Option 4, whereas 2 cyclic shifts are occupied by one UE to support the multiplexing of UCI and RS in the same symbol in Option 5. 
Observations for 1-symbol short PUCCH schemes

·  Option 1 gives the best performance on average for small and large delay spreads.
· Option 4 shows performance gain compared to Option 1 for low delay spread channels but performance is not as good for high delay spread channels and large bandwidth allocations.
· Sequence based design of Option 4 can be considered for small payload sizes given the performance and low CM property but at least an additional PUCCH structure is needed to support larger UCI payloads. Option 5 should be not considered from both the performance and the multiplexing capacity.
Performance evaluation of 2-symbol short PUCCH formats
The following options were agreed for further study for the 2-symbol duration PUCCH at the RAN1 #88 meeting [2]:

· Option 1: RS and UCI are multiplexed by FDM manner in each symbol.
· Option 2: RS and UCI are multiplexed by TDM manner.

· Option 3: RS and UCI are multiplexed by FDM manner in one symbol and only UCI is carried on another symbol without RS
· Option 4: Sequence based design without RS only for small payload size case

· Option 5: Sequence based design with RS only for small payload size case

· Option 6: Pre-DFT multiplexing in one or both symbol(s)
We compare the link level simulation for options 1 – 5 with the simulation assumptions listed in Table 2 of the appendix. The SNR requirements at 10-3 BER for each option with different number of RBs are shown in Figure 2 for EPA and ETU channel separately. It can be seen from Figure 2 that for EPA, Options 1/4/5 with frequency hopping are better than Options 2/3 without frequency hopping given the frequency diversity gain of hopping. Similarly to the 1-symbol case in Figure 1, Option 4 outperforms Option 1 for the same reason as in Figure 1 (larger spreading gain), and Option 5 is worse than Option 1 for the same reason as in Figure 1 (power normalization). In ETU channel, there is a transition for the performance of different options at larger number of RBs. With small number of RBs, the trend of different options is similar as in EPA channel, but with large number of RBs, Option 1 with frequency hopping outperforms other options as it is not as susceptible to frequency selectivity of the channel given that coherent reception is used for frequency domain equalization. For similar reasons Options 2 and 3 outperform Options 4 and 5. Option 5 is the worst one in ETU channel due to the power normalization between UCI and RS and the sensitivity to frequency selectivity.
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Figure 2: SNR results for different options for 2-symbol duration PUCCH
Further comparison of the 2-symbol schemes with respect to other design is shown in Table 1. Generally, reduced RS overhead should be further considered for the short duration PUCCH format. For Option 1, it is possible to reduce the RS overhead in each symbol compared to the 1-symbol duration PUCCH format. To reduce RS overhead if TDM of short duration PUCCH formats from different UEs are transmitted in the same slot, a comb-based DMRS transmission method can be considered such that neighboring short duration PUCCH formats may share DMRS in the same symbol. Simulations may be needed to evaluate the tradeoff between coding rate and channel estimation.
Table 1: Comparisons for different options

	
	Waveform
	Frequency hopping
	Multiplexing capacity for 1~2bits
	Support range of bits

	Option 1
	CP-OFDM only

High PAPR
	Yes
	High
	All

	Option 2
	Both

Low PAPR
	No
	No
	All

	Option 3
	CP-OFDM only

High PAPR
	Yes
	High
	All

	Option 4
	Both

Low PAPR
	Yes
	Low
	1~2bits

	Option 5
	Both

Low PAPR
	Yes
	Medium
	1~2bits

	Option 6
	Both

Low PAPR
	Yes
	Medium
	All


Observations for 2-symbol short PUCCH schemes

· At least for supporting frequency hopping, Options 2 and 3 do not seem to be needed for 2-symbol duration PUCCH.
· Option1 gives the best performance on average for small and large delay spreads
· Option 4 can be further considered for small payload sizes given its added advantage of low CM
· Option 5 should be not considered from both the performance and the multiplexing capacity.
Proposal 1: A comb-based DMRS transmission method can be considered for the short duration PUCCH format.
3 Other design aspects
For short duration PUCCH format with more than 2 bits UCI, UCI may be coded, 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 2: The 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.  

Payload size
If short duration PUCCH format is only used for self-contained HARQ-ACK feedback, for slot based DL transmission, there will be only one PDSCH transmissions in one slot for one UE, which means at most 2 bits of HARQ-ACK are needed to be fed back in short duration PUCCH assuming at most 2 TBs for one PDSCH and 1 bit HARQ-ACK for each TB. For mini-slot based DL transmission, there will be multiple DL transmissions in one slot which require to feed back HARQ-ACK in short duration PUCCH format in the same slot, which means multiple bits of HARQ-ACK should be supported in short duration PUCCH format for such case. The number of HARQ-ACK depends on the number of mini-slots in one slot for DL transmission. 

If short duration PUCCH format can be used to carry HARQ-ACK of DL transmission in previous slots, then multiple bits of HARQ-ACK should be supported in short duration PUCCH format for such case. The number of HARQ-ACK depends on the number of slot for slot based DL transmission and the number of slot and mini-slot for mini-slot based DL transmission required to be fed back HARQ-ACK in the same time.

When short duration PUCCH format is used for carrying P-CSI, the max number of P-CSI bits depends on the number of CCs or CSI processes that may be configured for reporting in the same time instance. It is envisaged that more P-CSI reports may be needed in NR to support multi-beam operation. 
Proposal 3: The short duration PUCCH format should be designed to support transmission of HARQ-ACK, CSI feedback, or both.

Frequency-diversity
Whether frequency-diversity can be considered for short PUCCH format depends on the allowed number of symbols. Frequency-diversity can be configured by higher layer signaling with a predefined frequency hopping pattern when the short duration PUCCH format contains 2 symbols. For a 1-symbol PUCCH, frequency diversity may be obtained by distributed PUCCH RB allocation across the system bandwidth. However, such a distributed resource allocation increases the inter-modulation distortion and would need further investigation.
Proposal 4: Frequency hopping should be supported for 2-symbol duration PUCCH format.

4 Conclusions
This contribution provided a preliminary evaluation of the proposed schemes for the short PUCCH structure. Based on the simulation results we have the following observations:
· Observations for 1-symbol short PUCCH schemes

· Option 1 gives the best performance on average for small and large delay spreads.
· Options 4 shows performance gain compared to Option 1 for low delay spread channels but performance is not as good for high delay spread channels and large bandwidth allocations. It can be considered for small payload sizes given its low CM property but an additional PUCCH structure would be needed to support larger UCI payloads.
· Option 5 should not be considered from both the performance and the multiplexing capacity.
· Observations for 2-symbol short PUCCH schemes

· At least for supporting frequency hopping, Options 2 and 3 do not seem to be needed for 2-symbol duration PUCCH.
· Option1 gives the best performance on average for small and large delay spreads
· Option 4 can be further considered for small payload sizes given their added advantage of low CM
· Option 5 should be not considered from both the performance and the multiplexing capacity.
In addition we have the following proposals regarding other aspects of the short PUCCH format:
Proposal 1: A comb-based DMRS transmission method can be considered for the short duration PUCCH format.

Proposal 2: The 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 3: The short duration PUCCH format should be designed to support transmission of HARQ-ACK, CSI feedback, or both.

Proposal 4: Frequency hopping should be supported for 2-symbol duration PUCCH format.
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6 Appendix

Table 2: 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 all options except Option 4;

	Modulation 
	QPSK,

	Target BER 
	0.1% 

	Antenna port
	1Tx, 2Rx

	RB Mapping
	Localized for 1-symbol duration;

Localized for 2-symbol duration for Options 2 and 3;

Frequency hopping to edges of the system bandwidth for 2-symbol duration for Options 1, 4 and 5
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