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1 Introduction

In 3GPP RAN1#87, RAN1 NR Ad hoc and RAN1#88bis meeting [1] [2] [3], uplink control channel design was discussed and the followings were agreed:
RAN1#87
· For UL control channel with long duration, TDM between RS and UCI is supported at least for DFT-S-OFDM

· FFS on location of RS symbol(s) (e.g., front-loaded RS, fixed-location RS)

RAN1_AH
· For PUCCH in long-duration, 

· Long UL-part of a slot can be used for transmission of PUCCH in long-duration.

· i.e., PUCCH in long-duration is supported for both UL-only slot and a slot with the number of uplink symbols greater than X (X >= 2).
· FFS exact value of X
· In addition to simultaneous PUCCH-PUSCH transmission, UCI on PUSCH is supported.
· Intra-slot frequency-hopping is supported

RAN1#88b

· For long duration NR-PUCCH in a given slot, FFS the detailed NR PUCCH formats. Companies are encouraged to provide the corresponding details. 

· Some examples as a starting point:

· For small UCI payload with 1 or 2 bit(s), LTE PUCCH 1a/1b especially in light of # of symbols available for NR-PUCCH

· FFS: Time domain OCC is applied over allocated multiple symbols.

· For large UCI payload with X bits, LTE PUCCH format 4, or PUSCH

· FFS on applicability of (virtual) frequency domain OCC

· FFS for the value of X

· FFS for medium UCI payload with less than X bits

· Scalability of NR-PUCCH for different number of symbols available for NR-PUCCH

· The set of the number of symbols for long duration NR-PUCCH in a slot includes {4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14}

· FFS whether or not it depends on the slot type, # of symbols per slot, etc.

Based on the previous agreements, some common design principles of different long PUCCH formats are analysed. According to those design principles, the structures of all long PUCCH formats will be discussed, which includes DMRS position, time domain OCC (if needed) and frequency hopping. In addition, structure of NR long PUCCH in multiple slots has also been discussed.
2 Discussion
In [4], three NR long PUCCH formats and the potential starting point of all formats are proposed, which are shown in the Table 1. 
Table 1. Starting point of different long PUCCH formats

	NR Long PUCCH format
	Payload size
	Starting point

	NR Long PUCCH format 1
	1-2 bits
	Refer to LTE PUCCH format 1;

	NR Long PUCCH format 2
	Dozens of bits
	Refer to LTE PUCCH format 3;

	NR Long PUCCH format 3
	Hundreds of bits
	Refer to LTE PUCCH format 4.


2.1 Common design for different formats
· DMRS positions
For the DMRS positions, they should locate at the fixed position(s) in the 7-symbol slot and 14-symbol slot. Firstly, as analyzed in [5], it will reduce the complexity of channel estimation. In addition, if the neighbor cells use the long PUCCH with different symbol length, fixed DMRS position will keep DMRS out of the interference of UCI.
· Frequency hopping
As agreed in RAN1 NR Ad hoc [2], intra-slot needs to be supported. To maximize the frequency diversity gain, the frequency hopping point should locate at the middle of long PUCCH. By this way, the frequency hopping point will be determined by the starting point and the symbol length of long PUCCH simultaneously.
Proposal 1: For structures of all NR long PUCCH formats,
· DMRS positions: DMRS should locate at the fixed position(s) in the 7-symbol slot and 14-symbol slot.
· Frequency hopping: the frequency hopping point should locate at the middle of long PUCCH.
2.2 Supported number of symbols on different slot types
Based on the agreements in the last meeting, long PUCCH design should consider a set of symbol number (4-symbol to 14-symbol). Firstly, to keep the short PUCCH & SRS in the UL-only & UL-centric slot aligned with DL-centric slot, the UL symbols to transmit short PUCCH & SRS should be located at the end of the slot. Further, considering symbol number of DL control (“D” in Figure 1), Guard Period (“G” in Figure 1), short PUCCH and SRS (“U” in Figure 1), we will discuss the potential locations of 4-symbol to 14-symbol long PUCCH for 7-symbol slot and 14-symbol slot respectively.
For slot with 7-symbol, load of DL control will not be as much as the slot with 14-symbol, 1-symbol DL control channel is enough to satisfy the requirement of scheduling.  What is more, in UL-dominant slot, DL-control channel cannot be dynamically reused by data, 2-symbol DL control channel may lead to waste of resource in 7-symbol slot. According to the previous analysis, the preferred locations of 4-symbol to 7-symbol long PUCCH are shown in Figure 1(a). 
For slot with 14-symbol, 1-symbol and 2-symbol DL control channel are both considered, and the preferred locations of 8-symbol to 14-symbol long PUCCH are shown in Figure 1(b).
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Figure 1. Locations of long PUCCH in 7-symbol slot and 14-symbol slot
Proposal 2: The supported number of symbols should relate to the slot type:

· For the UL-centric slot in 7-symbol slot, the supported number of symbols are {4,5};
· For the UL-only slot in 7-symbol slot, the supported number of symbols are {5,6,7};

· For the UL-centric slot in 14-symbol slot, the supported number of symbols are {8,9,10,11,12};

· For the UL-only slot in 14-symbol slot, the supported numbers of symbols are {12, 13, 14}.
2.3 Structures of NR long PUCCH format 1&2&3
· NR Long PUCCH format 1
As analyzed in [6], to achieve the same/similar UE multiplexing capacity of LTE PUCCH 1 in one RB, both cyclic shift in frequency domain and OCC in time domain must be supported, and symbol number of DMRS should be approximately same to symbol number of UCI. 
For the 4-length to 7-length long PUCCH, frequency hopping can be set to a configurable function in 7-symbol slot case to enhance multiplexing capability. gNB can enable frequency hopping or time domain spread according to the actual requirement. If time domain spread is disabled, each frequency hopping part will include one DMRS symbol. Otherwise, two DMRS symbols on each part are needed.
For the 8-length to 14-length long PUCCH, the structure of long PUCCH can be classified into two sets. From 8-length to 11-length, each frequency hopping part will include two DMRS symbols, which can support up to two-time spread in time domain. From 12-length to 14-length, each frequency hopping part will include three DMRS symbols, which can support up to three-time spread in time domain.
Based on the common design principles and the location of NR long PUCCH, An example of NR long PUCCH format 1 is shown in Figure 2 & Figure 3.
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       (a) With frequency hopping                          (b) Without frequency hopping
Figure 2. NR Long PUCCH format 1 with 4-7 symbols
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       (a) 2 DMRSs on each hopping part                          (b) 3 DMRSs on each hopping part
Figure 3. NR Long PUCCH format 1 with 8-14 symbols
· NR Long PUCCH format 2
For the 4-length to 7-length long PUCCH, if frequency hopping is enabled, each frequency hopping part will include one DMRS symbol. Otherwise, two DMRS symbols on each part can be considered to improve the performance of channel estimation, and time domain OCC can be considered to improve the multiplexing capacity.

For the 8-length to 14-length long PUCCH, two DMRS symbols on each part can be considered.
Based on the common design principles and the location of NR long PUCCH, An example of NR long PUCCH format 2 is shown in Figure 4 & Figure 5.
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       (a) With frequency hopping                          (b) Without frequency hopping
Figure 4. NR Long PUCCH format 2 with 4-7 symbols
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Figure 5. NR Long PUCCH format 2 with 8-14 symbols
Proposal 3: At least for some NR long PUCCH format(s), time domain OCC should be supported; FFS formats definitions.
· NR Long PUCCH format 3 
Since NR long PUCCH format 3 needs to carry a mass of information, DMRS overhead should not be large. Considering LTE’s design, one DMRS symbol on each frequency hopping part can be considered.

Based on the common design principles and the location of NR long PUCCH, An example of NR long PUCCH format 3 is shown in Figure 6 & Figure 7.
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                                  (a) With frequency hopping                          (b) Without frequency hopping
Figure 6. NR Long PUCCH format 3 with 4-7 symbol 
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Figure 7. NR Long PUCCH format 3 with 8-14 symbols

2.4 Structures of NR long PUCCH in multiple slots

In RAN1 #87 meeting [1], it was agreed that long duration PUCCH channel at least with low PAPR design can be transmitted in multiple slots. When PUCCH is transmitted across multiple slots, either partial UCI is transmitted in each slot or same UCI is transmitted repeatedly in every slot. For the case with partial UCI is transmitted, gNB has to successfully receive each slot so as to correctly decode the whole UCI. Hence, such transmission is vulnerable to unexpected interference or channel fading. For the case with same UCI, the transmission is more robust than the prior one.
In RAN1 #88 meeting [7], it was agreed that “at least for 1 or 2 UCI bits, the UCI can be repeated within N slots (N>1)”. When transmitting across multiple slots, the number of available uplink symbols in each slot can be the same or different. When each slot has the same number of uplink symbols, the PUCCH channel design in one slot can be applied to all slots. 

Option 1: the PUCCH channel in the second slot is a direct repetition of the first slot. An example is shown in Figure 8(a). Direct repetition means the PUCCH symbols in the second slot convey the same signals as that in the first slot.

Option 2: the PUCCH channel in the second slot is a switched repetition of the first slot. An example is shown in Figure 8(b). Switched repetition means those respective PUCCH symbols in the first slot operate on the other PRBs in the second slot.
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Figure 8. An example of 10 symbols in two slots

In Option 1, the PUCCH channel of the second slot is just a simple copy of that in the first slot. However, the number of available uplink symbols are unequal for PRBs on each sides of the band. There are a total of 6 symbols operating on the upper PRB(s), but only 4 symbols operate on the lower PRB(s). The unequal number of symbols on each PRB(s) means that the diversity gain is not fully achieved. 

In Option 2, the PUCCH channel of the second slot switches the number of uplink symbols on the upper and lower PRB(s). As shown in Figure 8(b), in the first slot, the first 3 uplink symbols are allocated on the upper PRB(s) and the other uplink symbols are arranged on the lower PRB(s); in the second slot, the first 3 uplink symbols are allocated on the lower PRB(s) and the other uplink symbols are arranged on the upper PRB(s). Hence, the number of symbols operate on the upper and the lower PRB(s) are the same, meaning that full diversity gain is achieved. 

For slots with different number of uplink symbols, the PUCCH channel of the second slot similarly switches the number of uplink symbols on both upper and lower PRBs, and maximum diversity gain can also be achieved. Assuming 
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 symbols are allocated on the lower PRB(s) in the first slot, while 
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symbols are allocated on the lower PRB(s) and 
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 symbols are allocated on the upper PRB(s). An example is with 
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shown in Figure 9.
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Figure 9. An example of different number of uplink symbols in two slots
Proposal 4: For multi-slot PUCCH, switched repetition is preferred due to maximum diversity gain.

· Switched repetition means those respective PUCCH symbols in the first slot operate on the other PRBs in the second slot. 
3 Conclusion
In this contribution, three NR long PUCCH formats are given. Based on above discussions, following proposals are given. 
Proposal 1: For structures of all NR long PUCCH formats,

· DMRS positions: DMRS should locate at the fixed position(s) in the 7-symbol slot and 14-symbol slot.
· Frequency hopping: the frequency hopping point should locate at the middle of long PUCCH.

Proposal 2: The supported number of symbols should relate to the slot type:

· For the UL-centric slot in 7-symbol slot, the supported number of symbols are {4,5};

· For the UL-only slot in 7-symbol slot, the supported number of symbols are {5,6,7};

· For the UL-centric slot in 14-symbol slot, the supported number of symbols are {8,9,10,11,12};

· For the UL-only slot in 14-symbol slot, the supported numbers of symbols are {12, 13, 14}.
Proposal 3: At least for some long PUCCH format(s), time domain OCC should be supported; FFS formats definitions.
Proposal 4: For multi-slot PUCCH, switched repetition is preferred due to maximum diversity gain.

· Switched repetition means those respective PUCCH symbols in the first slot operate on the other PRBs in the second slot. 
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