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1 Introduction

In 3GPP RAN1 NR Ad hoc meeting [1], uplink control channel design was discussed and the followings were agreed:
· 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

Based on the previous agreements, some design principles of 1-symbol PUCCH are approved, while some possible schemes are given also. According to those design principles, this contribution will discuss the potential 1-symbol PUCCH design with small to medium payload sizes. In addition, the contribution will also discuss PUCCH design in 2-symbols duration with small to medium payload sizes.
2 Discussion
2.1 Potential schemes for 1-symbol PUCCH with small to medium payload sizes

Based on the agreements in the last meeting, we take option 1 and option 6 as candidates for discussion. In the remaining part of the contribution, we will discuss potential schemes based on the structure of option 1 and option 6 respectively. What is more, the potential schemes should strive for good performance in terms of the following aspects as agreed:
· Frequency-diversity

· Interference-diversity

· PAPR/CM and emission

· RS overhead
For the PAPR/CM aspect, a low PAPR/CM scheme can ensure more opportunity to use 1-symbol duration PUCCH transmission scheme with a certain performance requirement.. As analyzed in [2],  compare the non-low PAPR/CM scheme, a low PAPR/CM scheme will improve about 10 percent coverage distance, which means the coverage area will improve 21 percent. In other words, if users are equally distributed in the whole cell, more than 20 percent users will benefit from the faster HARQ HARQ-ACK and CSI feedback.
2.1.1 Option 1 by FDM scheme
· FDM scheme with CP-OFDM
Short PUCCH is designed for fast HARQ/CSI feedback, a low PAPR design could make the more users enjoy this benefit. Although CP-OFDM based scheme could supply sufficient flexibility of RS overhead, it is not suitable for short PUCCH with medium payload sizes by the limitation of PAPR/CM. 
· FDM scheme with low PAPR design

As our company’s contribution [3] mentioned in the last meeting, we proposed a low PAPR design based on FDM structure to support small to medium payload sizes, which is shown as following:
Firstly, Zadoff-Chu sequences or computer generated sequences can be considered for RS sequence and DFT-S-OFDM transmission scheme or low PAPR sequence(s) are used for UCI. Then, multiplexed RS signal and UCI signal streams are separately mapped to multiple orthogonal frequency resources. In addition, in order to ensure TDM in time domain, repetition and phase rotation in frequency domain is implemented.
Although the proposed scheme could keep low PAPR property of transmission signal, the RS overhead is limited and thus channel coding gain may be restrained if payload increases.
2.1.2 Option 6 by Pre-DFT scheme
We discuss 3 possibilities for Pre-DFT multiplexing of RS and UCI in this section:

· Possibility 1: {CP + Pilot} + {CP + Data} to avoid MPI b/w pilot and data

· Possibility 2: CP + {Pilot + Data} as current DFT-s-OFDM
· (newly proposed)Possibility 3: Pre-DFT with guard period filled by UCI to avoid MPI as well as enhance energy efficiency
In the last meeting, Pre-DFT multiplexing of reference signal and data in one OFDM symbol is discussed, which is used to support medium payload sizes. As shown in Figure 1, UCI and RS are multiplexed in a TDM manner before DFT (Possibility 2). Going through N point DFT, M point extension and M point IFFT, the transmission signals will still keep the low PAPR in time domain.
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Figure 1. Possibility 2 – without any guard period
Compared to the FDM scheme, the Pre-DFT scheme can not only keep the low PAPR property, but also support flexible RS overhead. This will help Pre-DFT scheme balance performance of channel estimation and channel coding gain. But, Pre-DFT scheme also has its drawback to be overcome. As mentioned in the agreements of last meeting, Multipath Interference (MPI) will impact the demodulation performance in the receiver side.
To handle MPI, a filling Cyclic Prefix (CP) method (Possibility 1) has been proposed in [4]. As shown in Figure 2, when RS and UCI are multiplexed in time domain, two parts of guard period (longer than the maximum delay spread) are inserted, and Cyclic Prefixes (CP) are filled in each guard period. By this way, when the signal go through the multipath channel, the aliasing between UCI and RS will not happen, which will guarantee the channel estimation to be accurate.
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Figure 2. Possibility 1 - filling CP in guard period

Obviously, the filled CP can keep the RS out of the interference from aliasing effect, but energy on guard period to be wasted. To enhance the efficiency of energy utilization, another method to utilize guard period (Possibility 3) can be considered.
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Figure 3. Possibility 3 - filling UCI in guard period
As shown in the Figure 3, RS is splitting into two parts (RSA & RSB), while four parts of guard period are reserved. Different with filling CP, these four parts of guard period are filled by UCI (UCIB, UCIC, UCID and UCIE). To avoid aliasing effect between UCI & RS in the receiver side, some special multiplexing rules on RS & UCI are needed, which is shown as following:
1. RSB is repetition by RSA, such as RSB = RSA;

2. UCID is repetition by UCIB, while UCIE is repetition by UCIC. What is more, a phase rotation is added onto UCID & UCIE, such as UCID = Minus (UCIB), UCIE = Minus (UCIC).
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Figure 4. By repetition and phase rotation, RS & UCI are orthogonal in frequency domain after DFT
As shown in the Figure 4, by repetition and phase rotation, UCI filled in the guard period and RS will be orthogonal in frequency domain after DFT. After the whole signal go through multi-path channel and arrive the receiver side, RS will not be aliasing with UCI, because:
1. For UCI not filled in guard period, since the guard period between UCIA and RS is longer than the maximum delay spread, it will not interfere RS;

2. For UCI filled in guard period, as this part of UCI is orthogonal with RS in frequency domain, the receiver can obtain the jam-free RS by some special handling: First, transform receive signal into frequency domain; Second, acquire info on even subcarriers and transform the info into time domain, the output signal will include RS and some part of UCIA, which is shown in Figure 5; Third, truncate the RS part in time domain to get the RS without MPI.
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Figure 5. Transform even subcarriers into time domain
Compared to filling CP in guard period, the proposed scheme can obtain the same channel coding gain (two parts of UCI filled in guard period will take part into channel coding, others will be used to do repetition). Then the energy of repetition part of UCI can be utilized to enhance the demodulation performance of UCI. To compare the performance of proposed scheme and filling CP scheme, link level simulations are implemented. From the simulation results, it can be seen that the BLER of proposed scheme is better than the filling CP scheme. The detailed simulation assumption can be found in the appendix.
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Figure 6. Link level simulation results of different Pre-DFT schemes
2.1.3 Summary for 1-symbol PUCCH with small to medium payload size
By the previous analysis, we can summarize the advantage and disadvantages of all candidates in the following Table 1.

Table 1. Summary for the candidates of 1-symbol PUCCH with small to medium payload size
	
	Low PAPR/CM
	RS overhead
	MPI issue
	Energy efficient

	Option 1 with CP-OFDM
	X
	O
	O
	-

	Option 1 with low PAPR
	O
	X
	O
	-

	Pre-DFT without GP
	O
	O
	X
	-

	Pre-DFT with GP (filling CP)
	O
	O
	O
	X

	Pre-DFT with GP (filling UCI)
	O
	O
	O
	O


Based on the above summary of candidates for 1-symbol PUCCH with small to medium payload size, we have the following proposals:   

Proposal 1: For 1-symbol PUCCH with small to medium payload sizes, pre-DFT multiplexing scheme should be selected.

Proposal 2: Pre-DFT multiplexing scheme should study how to avoid interference between RS and UCI, for which two options can be considered:

· Option 1: filling UCI with repetition and different phase rotation on RS in guard period
· Option 2: filling Cyclic Prefix (CP) in guard period
2.2 2-symbols duration PUCCH with small to medium payload sizes  

To enable frequency diversity for 2-symbol PUCCH, based on this structure as shown in Figure 7(a) for Option 1, 4, 5 and 6, frequency hopping in two symbols can be supported to get the frequency diversity gain. Or, if the gNB want to enhance the multiplexing capability among different UEs, disabling frequency hopping and enabling orthogonal code on each symbol can double the multiplexing capability, which is shown in Figure 7(b).  Further, for 2-symbol duration PUCCH used to carry small to medium payload sizes, reusing Pre-DFT scheme of 1-symbol duration PUCCH (option 6) will be better according to the analysis in section 2.1. Option 2 and 3 cannot support frequency hopping in these two adjacent OFDM symbols, which do not satisfy the design principle agreed in the RAN1#88 meeting.
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Figure 7. 2-symbol duration PUCCH reuse 1-symbol PUCCH structure

We have the following proposal:
Proposal 3: For 2-symbol PUCCH with small to medium payload sizes, reusing Pre-DFT scheme of 1-symbol PUCCH should be supported.
3 Conclusion
In this contribution, one OFDM symbol PUCCH design is given. Based on above discussions, following observations and proposals are given. 
Proposal 1: For 1-symbol PUCCH with small to medium payload sizes, pre-DFT multiplexing scheme should be selected.
Proposal 2: Pre-DFT multiplexing scheme should study how to avoid interference between RS and UCI, for which two options can be considered:

· Option 1: filling UCI with repetition and different phase rotation on RS in guard period
· Option 2: filling Cyclic Prefix (CP) in guard period
Proposal 3: For 2-symbol PUCCH with small to medium payload sizes, reusing Pre-DFT scheme of 1-symbol PUCCH should be supported.
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Appendix
Table 2. Simulation parameters

	Parameter
	Value

	Scheme
	Possibility 2
	Possibility 1
	Possibility 3

	Channel mode
Delay value
speed
	TDL_C

1000ns
3 km/h
	TDL_C

1000ns
3 km/h
	TDL_C

1000ns
3 km/h

	Channel coding
	Polar coding
	Polar coding
	Polar coding

	Occupied subcarriers
	24 REs
	24 REs
	24 REs

	GP overhead
	0
	1/12
	1/6

	RS overhead
	1/4
	1/4
	1/4

	Payload size
	9bits
	9bits
	9bits

	Bandwidth
	20MHz
	20MHz
	20MHz

	Tx*Rx
	1*2
	1*2
	1*2

	TTI
	50000
	50000
	50000
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