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1 Introduction
The following agreements on PUCCH in short-duration were achieved in the RAN1#88 meeting [1]. 
	· 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

· For more than 2 UCI bits, strive for scalable design with short-PUCCH 

· For 1-symbol PUCCH, consider following options
· Option 1: RS and UCI of one UE are multiplexed by FDM manner in each symbol.

· Already agreed.

· 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 CDMed 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
· Combination of above options are not precluded
· RAN1 will definitely down select above options in the next meeting
· For 2-symbol PUCCH, consider following options
· 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)

· Combination of above options are not precluded

· RAN1 will definitely down select above options in the next meeting


In this contribution, we mainly present our consideration on the UL control structure in short duration. Different PUCCH formats are discussed for a UCI payload of a 1 or 2-bit transmission and for more than 2-bit transmission.  Comparisons among different options are also given based on link-level simulation. 
2 Design principles for PUCCH in short duration

As agreed in RAN1#86bis, NR supports a DFT-S-OFDM based waveform complementary to the CP-OFDM waveform, at least for eMBB uplink and for frequency ranges up to 40GHz. Also, it has been agreed in the last meeting that a DFT-s-OFDM waveform is supported for the PUCCH in long-duration. In order to mitigate the performance loss of the PUCCH in short duration, a DFT-s-OFDM waveform with low PAPR/CM should be also supported for PUCCH in short duration.  In the following we present more discussions on PAPR/CM from different aspects. 
· Coverage
A higher PAPR/CM requires a larger back-off for the PA power. In [2] [3], the link-budget of the PUCCH channel is discussed. Based on the analysis, the cell coverage would be increased by ~100m for a 3dB lower PAPR. Although the short PUCCH is intended to be used in the centre cell scenarios, good coverage still should be ensured so that more UEs can use the service. Furthermore, when it comes to higher carrier frequencies, the absolute coverage without low PAPR techniques could become too small for practical deployments.
· PA efficiency 

A signal with high PAPR may work in the non-linear region of the PA and cause power emissions. This will reduce the PA efficiency and results in more power consumption. In other words, to ensure that signals with high PAPR work efficiently in the linear PA region, the hardware needs to be improved which results in a higher component cost.
· Resource utilization  

As a by-product of a lower coverage, the UEs cannot access to the cell by using the short PUCCH and have to transfer using the long PUCCH. This would cause some unnecessary resource waste since the short PUCCH has a lower resource granularity. In addition, the short PUCCH can provide a fast HARQ-ACK and CSI feedback to support a lower RTT and fast link adaptation, which will improve the overall system efficiency. 
Proposal 1: For PUCCH in short duration, DFT-s-OFDM waveform with a low PAPR/CM should be supported. 
In LTE, different PUCCH formats, i.e. PUCCH Format 1/1a/1b, Format 3 and Format 4/5 targeted for different UCI payloads are designed. This helps to adapt the used PUCCH format to the requirements of different scenarios. For example, the PUCCH Format 1a/1b are exclusively designed for 1/2-bit ACK/NACK transmission, which is the most frequent UCI transmission scenario. Therefore, PUCCH Format 1a/1b is designed to support a large multiplexing capacity. Correspondingly, PUCCH Format 3 and Format 4/5 are designed for a large UCI payload and the multiplexing capacity is not the top design priority. Similarly for NR PUCCH, at least two independent PUCCH formats should be supported for the UCI payload, one of 1/2-bit and another one for larger sizes.  
Proposal 2: At least two independent PUCCH formats should be supported, one for a UCI payload of 1/2-bit with higher multiplexing capacity and one for larger payload with lower priority on the multiplexing capability.
3 1/2-bit UCI transmission in short PUCCH 

3.1 1-symbol PUCCH design As agreed in RAN1 #88 meeting, four options are specified for 1-symbol PUCCH with a small (1~2-bit) payload size. Combinations of above options are also not precluded. A drawback of the option of sequence based design with RS is that half of the energy would be wasted on the RS. It would also cause a higher CM/PAPR compared to the option of sequence based design without RS. The option of pre-DFT multiplexing between RS and UCI can be considered as an equivalent implementation of symbol splitting, which can be applied for both RS-based options and sequence-based options. In this section, we mainly discuss the possible structures for the RS-based options (Option 1 and Option 6 in the agreements) and the sequence based design without RS (Option4 in the agreements).   
Option 1: RS-based design 
Three derivative options based on RS-based design are shown in Figure 1. For Option 1-1, RS and UCI of one UE are multiplexed in FDM manner in each symbol and located in one PRB in the frequency domain. To achieve frequency diversity, one possible way is to allocate two PRBs at the two edges of the system bandwidth to the PUCCH as shown in Option 1-2. However this would lead to a higher CM. A TDM design by pre-DFT/symbol splitting is given as Option 1-3. Option 1-3 and Option 1-1 are expected to have a similar performance since they have the same RS overhead and frequency resource size.  
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Figure 1 - RS-based PUCCH in one-symbol 
Option 2: Sequence-based design 

In Figure 2, two sequence-based structures with or without frequency diversity are shown. For Option 2-2, symbol splitting is applied to achieve the frequency hopping in one symbol. Cyclic shift randomization between two frequency hopping parts is enabled. An example is shown in Option 2-2 of Figure 2, if 1 bit ACK is to be transmitted, cyclic shift i is transmitted in the first splitting symbol and a random cyclic shift remapped by i is transmitted on the other splitting symbol. This process is similar to the interference randomization of LTE PUCCH Format 1/1a/1b/2 used between the two slots. 

[image: image2.emf]Cyclic shift i

send ACK send NACK

Cyclic shift j

Option 2-1 sequence based design 

without symbol splitting 

Option 2-2 sequence based design with 

symbol splitting 

Cyclic shift i

send ACK send NACK

Cyclic shift 

i_randomization 

Cyclic shift j

Cyclic shift 

j_randomization 

... ...

 
Figure 2 - Sequence-based PUCCH in one-symbol  

3.2 2-symbol PUCCH design 
To keep a unified design, the same structure as Option 2-2 shown in Figure 2 can be reused for the 2-symbol PUCCH. It is expected to achieve a 3 dB performance gain due to its extended time-domain duration.  In section 3.3, we mainly present the comparison between different options for the 1-symbol PUCCH. Similar observations can then be easily deduced for the 2-symbol PUCCH case as well. 
3.3 CM and link-level performance CM analysis 
The CMs for the sequence-based and RS-based structures are shown in Figure 3. The simulation assumption is given in Table 1 in the Appendix-A. Following observations are made:
Observation 1: Compared to the design of FDM between RS and UCI without frequency diversity (Option1-1), the CM of the sequence-based PUCCH (Option 2) is 1.8 dB lower. 
Observation 2: Compared to the design of FDM between RS and UCI with frequency diversity (Option 1-2), the CM of the sequence-based PUCCH is 4.26 dB lower. 
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Figure 3 - CM comparison of different options
Performance analysis 
The performance of 1/2-bit ACK/NACK transmission for different options with or without frequency diversity in 1-symbol PUCCH is shown in Table 1 and Table 2, respectively. In our simulation, three performance metrics with targets including ACK missing probability (1%), NACK-to-ACK probability (0.1%) and DTX-to-ACK probability (1%) are applied. Detailed results are shown in Figure B1~B4 in Appendix B.
Table 1 SNR satisfying all performance metrics for RS-based and sequence-based design without frequency diversity in 1-symbol PUCCH.  
	Bit number
	RS-based Option 1-1
	Sequence-based Option 2-1

	1-bit
	6.1 dB
	5.9 dB

	2-bit 
	8.3 dB
	6.3 dB


Table 2 SNR satisfying all performance metrics for RS-based and sequence-based design with frequency diversity in 1-symbol PUCCH.  
	Bit number
	RS-based Option 1-2
	Sequence-based Option 2-2

	1-bit
	4.2 dB
	3 dB

	2-bit 
	5.7 dB
	3.5 dB


We make the following observations, 
Observation 3: In case of structures without frequency diversity, sequence-based design (Option 2-1) has 0.2dB gain for 1-bit and 2dB gain for 2-bit ACK/NACK transmission compared to the design of FDM between RS and UCI (Option 1-1). 
Observation 4: In case of structures with frequency diversity, sequence-based design (Option 2-2) has 1.2dB gain for 1-bit and 2.2 dB gain for 2-bit ACK/NACK transmission compared to the design of FDM of RS and UCI (Option 1-2). 

Observation 5: For sequence-based option, about 3dB frequency diversity gain can be achieved when symbol splitting is applied. 

Based on above observations, we propose the following:  

Proposal 3: Sequence based design with frequency diversity by symbol splitting for 1-symbol PUCCH should be adopted for 1/2-bit UCI transmission.  

Proposal 4: Sequence based design with frequency diversity for 2-symbol PUCCH should be adopted for 1/2-bit UCI transmission. 
4 More than 2-bit UCI transmission in short PUCCH

4.1 1-symbol PUCCH design For more than 2-bit UCI transmission, FDM of RS and UCI can be used. However, compared to PUCCH with a low payload size, the RS overhead should be further reduced to lower the code rate. Meanwhile, a low PAPR/CM design should be enabled to ensure the coverage to the best 
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Figure 4 - More than 2-bit UCI in 1-symbol PUCCH 
Figure 4 illustrates three options for more than 2-bit UCI transmission in 1-symbol PUCCH. For Option 1, a normal FDM design with RS and UCI interlaced in the frequency domain is given. However, it would break the single carrier property and cause a higher PAPR/CM. Another possibility is to use symbol splitting to reduce the PAPR/CM. An example for that is shown as Option 2 in Figure 4. To further reduce the 50% reference signal overhead of Option 2, half of the REs in the first splitting symbol can be used to transmit the UCI, which is shown in Option 3.,There, the DMRS and data are interlaced and repeated in the frequency domain in the first splitting symbol. Figure 5 below illustrates a more detailed signal generation process for the IFDMA symbol. With such an operation, a low CM can be kept compared to the traditional IFDMA case, as proven in the section 4.3.
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Figure 5 - Signal generation for IFDMA symbol with a low CM.
4.2 2-symbol PUCCH design For the 2-symbol PUCCH design, the same structure for Option 3 shown in Figure 5 can be used. A 3 dB performance gain is expected due to the increased duration in the time domain.  In section 4.3, we mainly present the comparison of different options for the 2-symbol PUCCH. Similar observations can then easily be deduced for the 1-symbol PUCCH case. 
4.3 CM and link-level performance 
The CM property of the three options mentioned in section 4.1 is given in Table 3.It can be seen that the CM property of the proposed scheme (Option 3) is very close to that of the DFT-s-OFDMA QPSK signal (Option 2). It is only ~0.2 dB higher for both mean CM and maximum CM. It can further be observed that there is about 1dB benefit compared to the traditional IFDMA scheme (Option 1). 
Table 3 CM property of different signal generations
	Cases
	Mean
	Max
	Medium

	Option 1
	2.4586
	3.9893
	2.4472

	Option 2
	1.1871
	2.8472
	1.1612

	Option 3 
	1.4197
	3.1171
	1.3925


Observation 6: The CM of IFDMA scheme with CM reduction is 1dB lower than the traditional IFDMA scheme without CM reduction and only ~0.2dB higher than the TDM scheme. 
For a given frequency resource size, Option 1 and Option 2 are expected to have similar performance since they have a same RS overhead. Therefore, in our simulation we only compare the performance of Option 2 with Option 3. The results are shown in Figure 6. There, the required SNR to satisfy the ACK missing probability lower than 1% for Option 2 and Option 3 is shown.  It can be seen that the Option 3 has about 1dB to 2dB gain compared to Option 1 for different HARQ-ACK payloads.
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Figure 6 - Link level performance of Option 2 and Option 3 
Observation 7: Compared to the TDM scheme without RS overhead reduction (Option 2), 1dB-2dB performance gain can be acquired with (Option 3). 

Considering both the above analysis on CM and link-level performance, we propose that: 
Proposal 5: A low PAPR/CM design should be considered for the IFDMA symbol.  
Proposal 6: For 1-symbol PUCCH carrying a large payload size of UCI, symbol splitting is supported. The RS and UCI are multiplexed in FDM manner in the first splitting symbol and only UCI is carried on the second splitting symbol without RS.

Proposal 7: For 2-symbol PUCCH carrying a large payload size of UCI, RS and UCI are multiplexed in FDM manner in the first symbol and only UCI is carried on the second symbol without RS.

5 Conclusion

This contribution provides the following observations and proposals:
Observation 1: Compared to the design of FDM of RS and UCI without frequency diversity (Option1-1), the CM of sequence-based PUCCH (Option 2) is 1.8 dB lower. 
Observation 2: Compared to the design of FDM of RS and UCI with frequency diversity (Option 1-2), the CM of sequence-based PUCCH is 4.26 dB lower. 
Observation 3: In case of structures without frequency diversity, sequence-based design (Option 2-1) has 0.2dB and 2dB gain for 1-bit and 2-bit ACK/NACK transmission compared to the design of FDM of RS and UCI (Option 1-1) respectively. 
Observation 4: In case of structures with frequency diversity, sequence-based design (Option 2-2) has 1.2dB and 2.2 dB gain for 1-bit and 2-bit ACK/NACK transmission compared to the design of FDM of RS and UCI (Option 1-2) respectively. 

Observation 5: For sequence-based option, about 3dB frequency diversity gain can be achieved when symbol splitting is applied. 
Observation 6: The CM of IFDMA scheme with CM reduction is 1dB lower than the traditional IFDMA scheme without CM reduction and only ~0.2dB higher than the TDM scheme. 
Observation 7: Compared to the TDM scheme without RS overhead reduction (Option 2), 1dB to 2dB performance gain can be acquired for (Option 3). 
Proposal 1: For PUCCH in short duration, DFT-s-OFDM waveform with a low PAPR/CM should be supported. 

Proposal 2: At least two independent PUCCH formats should be supported, one for a UCI payload of 1/2-bit with higher multiplexing capacity and one for larger payload with lower priority on the multiplexing capability.
Proposal 3: Sequence based design with frequency diversity by symbol splitting for 1-symbol PUCCH should be adopted for 1/2-bit UCI transmission.  

Proposal 4: Sequence based design with frequency diversity for 2-symbol PUCCH should be adopted for 1/2-bit UCI transmission. 
Proposal 5: A low PAPR/CM design should be considered for the IFDMA symbol.  
Proposal 6: For 1-symbol PUCCH carrying a large payload size of UCI, symbol splitting is supported. The RS and UCI are multiplexed in FDM manner in the first splitting symbol and only UCI is carried on the second splitting symbol without RS.

Proposal 7: For 2-symbol PUCCH carrying a large payload size of UCI, RS and UCI are multiplexed in FDM manner in the first symbol and only UCI is carried on the second symbol without RS.
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Appendix-A
Table A-1 Simulation parameters for CM 
	Parameters
	Structure 

	
	Sequence-based
	RS-based Option 1-1
	RS-based Option 1-2

	FFT size
	128
	128
	128

	Subcarrier number
	12
	12
	24

	Sequence type
	30 length-12 root CGS
	30 length-6 root CGS
	30 length-6 root CGS

	Iteration number
	-
	100000
	100000

	Calculation 
	Based on the method in [4]


Table A-2 Simulation parameters for link-level simulation 
	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	TTI length
	1/2 symbols

	Channel model
	TDL-A, DS=100ns.

	UE speed
	3km/h

	Antenna configuration
	1Tx(UE), 2 Rx(eNB)

	CP length
	Normal

	Modulation mode
	RS-based with BPSK/QPSK, Sequence-based

	Shortened PUCCH design
	As shown in Section 3/4

	Channel estimation
	Practical channel estimation

	Number of HARQ-ACK
	1/2/12/16/20/24/32/36/40

	CRC length
	8

	Performance metrics
	For HARQ-ACK: ACK missed detection probability (1%), NACK-to-ACK error probability (0.1%);  DTX-to-ACK probability (1% ).


Appendix-B
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Figure B2                                                                       Figure B2
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