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1	Introduction
This contribution is a revision of R1-1716142.
During the NR Study Item, RAN1 has established requirements and scenarios for NR ‎[1] and has identified technology components that are needed to standardize the NR system ‎[2]. The objective of the work item phase is to specify the NR functionalities for enhanced mobile broadband (eMBB) and ultra-reliable low latency communications (URLLC) considering frequency ranges up to 52.6 GHz and considering forward compatibility and introduction of new technology components for new use cases.
In the appendix, we have listed agreements from previous meetings for long PUCCH with up to two UCI bits (PUCCH format 1).
In this contribution, we discuss the design principles of long PUCCH with up two UCI bits (PUCCH format 1) building on the agreements of the last meetings. We consider the following points:
· The starting position and duration of long PUCCH of different users in the same slot.
· OCC multiplexing capacity with and without frequency hopping.
· Frequency hop location for PUCCH format 1.
· Inter-cell randomization.
· Support of SR and HARQ-ACK/SR multiplexing for long PUCCH with up to two HARQ-ACK bits.
2 Discussion
2.1 Long PUCCH slot structure
Long PUCCH is transmitted in UL slots and bi-direction UL-centric slots as shown in Figure 1. To maximize coverage for PUCCH format 1, it is desirable to maximize its transmission duration. The transmission duration of PUCCH format 1 starts at the beginning of the UL slot or of the UL part of the bi-direction UL centric slot (after the DL control region and the gap). The start of the UL region used for the transmission of the PUCCH format 1 can be semi-static configured by higher layers, or can be dynamically configured by the physical layer.


[bookmark: _Ref489968484]Figure 1: Long PUCCH in UL Slot and Bi-directional UL slot with and without short region.

Proposal 1: PUCCH format 1, at least for users multiplexed in the same PRBs, starts on the same symbol.
Proposal 2: The first symbol of PUCCH format 1 is the first symbol of the slot for UL slots and the first symbol of the UL region after the gap for bi-directional UL centric slots. The start of the UL region is semi-statically or dynamically configured in the UE.
To maximize the duration of long PUCCH, the long PUCCH transmission duration should extend to the end of the slot. However, there are reasons to terminate the long PUCCH before the end of the slot, for example:
· There is a short region at the end of the slot for transmission of short PUCCH or short PUSCH.
· Transmission of SRS at the end of the slot.

Proposal 3: PUCCH format 1 extends to the last, second to last or third to last symbols of the slot. 
When multiple users are multiplexed in the same PRBs and on the same frequency hop, the duration of the long PUCCH transmission should be the same for all these users when time domain OCC is used. Having users with different durations multiplexed in the same slot with time domain OCC, breaks the orthogonality between these users. If time domain OCC is not used, it is possible to have users with different duration multiplexed on the same PRB.
Proposal 4: In case of time domain OCC, the signaling design should allow users multiplexed on the same PRBs and on the same frequency hop to have the same long PUCCH duration.
In RAN1-NR-AH3 ‎[3], the multiplexing capacity of OCC with and without frequency hopping was discussed. There are two open points from that meeting:
1. The OCC multiplexing capacity with frequency hopping and 7 or 11 symbol long PUCCH.
2. The OCC multiplexing capacity without frequency hopping.

For the first open point, it was argued that in case of 7 symbol slot with frequency hopping, one hop will have 4 symbols, i.e. 2 DMRS symbols and 2 UCI symbols, while the second hop has 3 symbols, i.e. 2 DMRS symbols and 1 UCI symbols. In this case, it is possible to have OCC multiplexing capacity of 2 for the DMRS symbols (there are 2 symbols in each hop), while the OCC multiplexing capacity of UCI symbols is 1 (one hop has 1 UCI symbol). To have the same overall multiplexing capacity of DMRS and UCI symbols, the cyclic shift multiplexing capacity of the UCI symbols should be double that of the DMRS symbols (i.e. DMRS symbols have a cyclic shift multiplexing capacity of 6 and UCI symbols have a cyclic shift multiplexing capacity of 12). Table 1 shows some examples of asymmetric OCC multiplexing capacity with 7 and 11-symbol PUCCH format 1.
[bookmark: _Ref494359001][bookmark: _Ref494358998]Table 1: Examples of asymmetric OCC multiplexing capacity on DMRS symbols and UCI symbols.
	
	DMRS Multiplexing capacity
	UCI Multiplexing capacity 
	Overall Multiplexing capacity

	Example 1 (with 7 symbol PUCCH format 1)
	OCC: 2
Cyclic Shifts: 6
	OCC: 1
Cyclic Shifts: 12
	12

	Example 2 (with 7 symbol PUCCH format 1)
	OCC: 2
Cyclic Shifts: 3
	OCC: 1
Cyclic Shifts: 6
	6

	Example 3 (with 11 symbol PUCCH format 1)
	OCC: 3
Cyclic Shifts: 6
	OCC: 2
Cyclic Shifts: 9
	18



Having asymmetric OCC multiplexing capacity leads to having asymmetric cyclic shift multiplexing capacity, to have the same overall multiplexing capacity for UCI and DMRS symbols. In our view, there is no justification to have different cyclic shift multiplexing capacity, as the maximum number of cyclic shifts that can be supported is determined by the channel characteristics which is common for the DMRS and UCI symbols. Furthermore, having different OCC and cyclic shift multiplexing capacity complicates the association between the DMRS and UCI resources. On the other hand, by having the same OCC and cyclic shift multiplexing capacity a simple association rule for DMRS and UCI resource can be found by associating the DMRS resource to the UCI resource that has the same OCC and the same cyclic shift.
Proposal 5: In case of PUCCH format and with frequency hopping enabled, DMRS symbols and UCI symbols have the same OCC and cyclic shift multiplexing capacity.
Proposal 6: For PUCCH format 1 and with frequency hopping enabled, the OCC multiplexing capacity is:
· In case of long PUCCH with duration 7 symbols: 1
· In case of long PUCCH with duration 11 symbols: 2

The second open from the last meeting, relates to whether the OCC multiplexing capacity of long PUCCH without frequency hopping should be the same or different from that with frequency hopping. In our view, constraining the OCC multiplexing capacity to be the same with and without frequency hopping is too restrictive, and leads to a loss of capacity in non-frequency hopping case
Proposal 7: OCC multiplexing capacity without frequency hopping is larger than that with frequency hopping.
According to the agreements of RAN1#NR-AH2 there is at most a single hop per slot for long PUCCH. In this case frequency hopping happens between two PRBs in frequency. Higher layer signaling configures the PRBs used for frequency hopping. Users that are multiplexed on the same PRBs whether they are multiplexed in code domain in the same frequency hop, or multiplexed on complimentary frequency hops should hop at the same symbol to avoid collision. Users multiplexed on complimentary hops collide if they don’t hop on the same symbol as shown in Figure 2.


[bookmark: _Ref489969586]Figure 2: Frequency hopping of UEs on complimentary frequency hops.
Proposal 8: Users multiplexed on the same PRBs, whether multiplexed on the same hop or complimentary hops, hop on the same symbol. 
While it is acknowledged that to maximize frequency hopping performance the frequency hopping should be at or close to the middle of the long PUCCH duration, there are cases where the users multiplexed could have different duration as shown in Figure 2, in such case if the users hop at different symbols (as a result of having different durations), the users’ symbols collide on one PRB. We propose two alternatives to handle this situation,
The first alternative, relies on the premise that PUCCH format 1 starts on the same symbol within a slot (as discussed earlier). However, it is possible that different users could end on different symbols depending on the transmission of short PUCCH/short PUSCH or SRS for each user. Users that are multiplexed on the same PRBs, are unaware if other users have a shortened long PUCCH or not. Hence, to simplify the design, we propose that the location of the hop is a function of the first symbol of long PUCCH and the duration of the slot according to the following equation:

Where,  is the first symbol of long PUCCH (first symbol of the first hop).  is the first symbol after the hop (first symbol of the second hop).
The second alternative, is to allow for more flexibility in the starting and ending position of the long PUCCH. In this case, the frequency hopping boundary is signaled by the network to guarantee that users multiplex on the same PRB hop on the same symbol.
Proposal 9: The frequency hop position can be determined based on:
· The location of the first symbol of long PUCCH, but doesn’t depend on the duration of long PUCCH.
· Signaling by the network.
2.2. Long PUCCH inter-cell randomization
Efficient inter-cell randomization is an important aspect of PUCCH design. PUCCH should provide robust performance under varying interference conditions, as the payload (HARQ ACK, scheduling request, CSI) is latency critical and cannot benefit from e.g. HARQ. Correspondingly, it was agreed in RAN1#88 ‎[6] interference randomization should be enabled for long PUCCH.
LTE supports several mechanisms that are used to randomize inter-cell interference. LTE randomization mechanisms for LTE PUCCH format 1a/1b include sequence hopping, OCC remapping, and hopping of the cyclic shift of spreading sequence. Sequence hopping and hopping of sequence cyclic shift are reasonable options also for PUCCH format 1, while further progress is needed on the details of OCC design before OCC remapping can be considered.    
Proposal 10: Support at least sequence hopping and hopping of sequence cyclic shift for PUCCH format 1.
It may be only few of the UEs on neighbouring cells that cause significant interference to the detection of PUCCH. The drawback of the mentioned randomization mechanisms is that a UE causing significant interference keeps interfering the transmission from the same victim UE throughout the transmission. In companion contribution ‎[7], we propose for short PUCCH a cell-specific pseudo-random element to the frequency hopping, randomizing interference between cells. In principle, same mechanism can be introduced also for long PUCCH. On the other hand, random offset on the frequency hopping resources may complicate the reuse of vacant PUCCH resources by dynamically scheduled PUSCH. While the associated cost in terms of less efficient RE usage is acceptable for short PUCCH due to its short duration, the cost is larger for long PUCCH. Hence, we see that this mechanism requires further considerations for long PUCCH.
2.3	SR and HARQ-ACK/SR multiplexing
PUCCH format 1 within a time-frequency resource is identified by the following code/sequence resources:
· Cyclic shift within a symbol.
· TD-OCC index within the UCI symbols and within the DMRS symbols.

When SR is carried on PUCCH format 1, it conveys a single bit of information, whether SR is present or not. i.e. a presence indicator without carrying any other information is sufficient for SR. On-off keying is used to convey the SR. In this case, it is possible to double the multiplexing capacity of SR, by having an additional OCC cover on top of the UCI symbols and DMRS symbols. This cover is in the form of [1 1] and [1 -1] (i.e. for the first sequence, the UCI symbols are multiple by one and DMRS symbols are multiple by one also. For the second sequence, the UCI symbols are multiplied by one, but the DMRS symbols are multiplied by minus one). This allows two SR resources to be conveyed by the same cyclic shift and TD-OCC index. Thus, the SR design for PUCCH format 1 is sequence based, and has similarity with the SR design for PUCCH format 0.
Proposal 11: Consider a sequence based design for conveying SR on PUCCH format 1, where the sequence is based on the cyclic shift within a symbol, the TD-OCC index within the UCI symbols and within the DMRS symbols and an OCC cover between the UCI and DMRS symbols.
In case one or two-bit HARQ-ACK is transmitted with SR in the same slot. PUCCH format 1 is used. The multiplexing scheme of SR and HARQ-ACK can follow the same scheme proposed for short PUCCH ‎[8]. The SR resource conveys one bit of information using on-off keying, while the HARQ-ACK resource can convey:
· 1 bit of information in case of 1-bit HARQ ACK using BPSK modulation of the UCI symbols of the HARQ-ACK resource.
· 2 bits of information in case of 2-bit HARQ ACK using QPSK modulation of the UCI symbols of the HARQ-ACK resource.

The proposed multiplexing rule for SR and HARQ-ACK follows the same principles as that of PUCCH format 0. This is shown in Table 1.

[bookmark: _Ref492558047]Table 2: Multiplexing rule for SR + HARQ-ACK on PUCCH format 1. This table shows the resource transmitted and the modulating value.
	
	1-bit HARQ ACK
	2-HARQ ACK

	No SR resource
	ACK: HARQ-ACK = 1
NACK: HARQ-ACK = 0
	ACK, ACK: HARQ-ACK = 1 1
ACK, NACK: HARQ-ACK = 1 0
NACK, ACK: HARQ-ACK = 0 1
NACK, NACK: HARQ-ACK = 0 0

	With SR resource
	ACK + -ve SR: HARQ-ACK = 1
ACK + +ve SR: HARQ-ACK= 0
NACK + +ve SR: SR resource
	ACK, ACK + -ve SR: HARQ-ACK = 1 1
ACK, NACK + -ve SR: HARQ-ACK = 1 0
NACK, ACK + -ve SR: HARQ-ACK = 0 1
ACK, ACK + +ve SR: HARQ-ACK = 0 0
(ACK, NACK or NACK, ACK, NACK, NACK) + +ve SR: SR resource



Proposal 12: Multiplexing of SR+HARQ-ACK is supported with following rules:
· NACK (or NACK/NACK) is not transmitted when HARQ feedback occurs simultaneously with SR opportunity and negative SR.
· HARQ-ACK bundling is applied in the cases of positive SR: 
· If the outcome of HARQ-ACK bundling is NACK, positive SR is transmitted with the PUCCH format 1 sequence semi-statically configured for SR-only transmissions
· If the outcome of HARQ-ACK bundling is ACK, positive SR and ACK are transmitted with the PUCCH format 1 sequence normally allocated for NACK (or NACK/NACK).

3	Conclusion
In this contribution, we discussed the design principle of long PUCCH with up to two UCI bits (PUCCH format 1). The following proposals were made:
Proposal 1: PUCCH format 1, at least for users multiplexed in the same PRBs, starts on the same symbol.
Proposal 2: The first symbol of PUCCH format 1 is the first symbol of the slot for UL slots and the first symbol of the UL region after the gap for bi-directional UL centric slots. The start of the UL region is semi-statically or dynamically configured in the UE.
Proposal 3: PUCCH format 1 extends to the last, second to last or third to last symbols of the slot. 
Proposal 4: In case of time domain OCC, the signaling design should allow users multiplexed on the same PRBs and on the same frequency hop to have the same long PUCCH duration.
Proposal 5: In case of PUCCH format 1 and with frequency hopping enabled, DMRS symbols and UCI symbols have the same OCC and cyclic shift multiplexing capacity.
Proposal 6: For PUCCH format 1 and with frequency hopping enabled, the OCC multiplexing capacity is:
· In case of long PUCCH with duration 7 symbols: 1
· In case of long PUCCH with duration 11 symbols: 2

Proposal 7: OCC multiplexing capacity without frequency hopping is larger than that with frequency hopping.
Proposal 8: Users multiplexed on the same PRBs, whether multiplexed on the same hops or complimentary hops, hop on the same symbol. 
Proposal 9: The frequency hop position can be determined based on:
· The location of the first symbol of long PUCCH, but doesn’t depend on the duration of long PUCCH.
· Signaling by the network.

Proposal 10: Support at least sequence hopping and hopping of sequence cyclic shift for PUCCH format 1.
[bookmark: _GoBack]Proposal 11: Consider a sequence based design for conveying SR on PUCCH format 1, where the sequence is based on the cyclic shift within a symbol, the TD-OCC index within the UCI symbols and within the DMRS symbols and an OCC cover between the UCI and DMRS symbols.
Proposal 12: Multiplexing of SR+HARQ-ACK is supported with following rules:
· NACK (or NACK/NACK) is not transmitted when HARQ feedback occurs simultaneously with SR opportunity and negative SR.
· HARQ-ACK bundling is applied in the cases of positive SR: 
· If the outcome of HARQ-ACK bundling is NACK, positive SR is transmitted with the PUCCH format 1 sequence semi-statically configured for SR-only transmissions
· If the outcome of HARQ-ACK bundling is ACK, positive SR and ACK are transmitted with the PUCCH format 1 sequence normally allocated for NACK (or NACK/NACK).
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Appendix 1: Previous meetings agreements
In RAN1#NR-AH3 7‎[3], the following agreements were made:
Agreements:
· For long PUCCH for UCI of up to 2 bits, DM-RS is located in all the even symbols, where the symbol is indexed from the start of the long PUCCH of value 0

Conclusion:
· Study further frequency hopping boundary for long PUCCH of up to 2 bits with N symbols focusing on the following options:
· Floor (N/2) 
· Ceiling (N/2) 
· N/2-1 where mod(N,4)=2; floor(N/2) otherwise
· Floor(Ceiling (N/2)/2) × 2
· Starting symbol driven frequency hopping boundary
· Companies are encouraged to perform further evaluations and analysis, also considering alignment (if necessary) of PUCCH of different durations

Agreements:
· For long-PUCCH for UCI up to 2 bits, up to 3 OCC multiplexing capacity are supported with frequency hopping
· FFS: OCC multiplexing capacity values without frequency hopping.
· FFS: whether to have the same multiplexing capacity w/ and w/o frequency hopping for a given duration of long PUCCH.
· OCC multiplexing capacity for each long PUCCH duration (including FFS values) as listed in the following table 
· FFS on OCC length
· Note: It doesn’t imply that the OCC multiplexing capacity for DMRS and UCI are the same

	Long-PUCCH duration N
	OCC Multiplexing capacity M

	
	with hopping
	without hopping FFS

	4
	1
	FFS [2]

	5
	1
	FFS[2]

	6
	1
	FFS[2]

	7
	FFS [1 or 2]  
	FFS[2]

	8
	2
	FFS[3-4]

	9
	2
	FFS[3-4]

	10
	2
	FFS[3-5]

	11
	FFS [2 or 3]  
	FFS[3-5]

	12
	3
	FFS[3-6]

	13
	3
	FFS[3-6]

	14
	3
	FFS[3-7]




Agreements:
· NR studies a new set of sequences for short PUCCH and long PUCCH for UCI bits up to 2
· For a fair comparison of at least length 12 NR CGS designs for PUCCH, the companies are encouraged to provide/re-evaluate their proposed sequences based on the following all or a subset of performance metrics
· Maximum PAPR/CM, minimum PAPR/CM, mean PAPR/CM (assuming at least 8x oversampling)  
· Maximum cross-correlation
· Between the base sequences for new NR sequences by applying all CS values
· Between the base sequences for new NR and LTE sequences by applying all CS values (LTE CGS for 1 and 2 PRBs ,and ZC sequences for >2PRBs up to 100MHz bandwidth) considering all partial overlapping
· Other examples for metrics can be but not limited to
· Statistics of cross-correlation (mean/max/std dev/95% tile)
· with both Method 1 (with NFFT=12*32) and Method 5 (Based on R1-163437)
· Note: Timing miss-alignment with other values for oversampling can also be realized with Method 5.
· And/or with aperiodic cross-correlation for different timing arrivals
· Modulation type, EVM
· Receiver complexity
· LTE CGS are used as the reference for performance comparison

In RAN1#90, the following agreement was made:
Agreements:
· For a long-PUCCH for UCI of up to 2 bits,
· Confirm the WA:
· DMRS always occurs in every other symbol in the long PUCCH
· FFS: even or odd symbols
· For a long-PUCCH,
· Frequency-hopping is enabled/disabled by RRC signaling.
· FFS: if frequency-hopping is always enabled for a long-PUCCH with larger than a certain duration

In RAN1#NR-AH2 ‎[4], the following agreements were made:
Agreements:
· The DMRS symbol(s) are formed as follows:
· DMRS for a PUCCH is a sequence (e.g. a cyclic shift of a CAZAC or computer generated sequence) in frequency domain with Orthogonal Cover Code (OCC) in time.
· Note: The data symbols are formed as the following:
· The modulated UCI bit(s) is multiplied with a sequence (e.g. a cyclic shift of a CAZAC or computer generated sequence) in frequency domain with Orthogonal Cover Code (OCC) in time.
· BPSK and QPSK modulations for 1 and 2 UCI bits, respectively.
· Note: The usage of OCC for DMRS and UCI symbols is effectively disabled for differentiation of the users that are assigned with the same OCC.
Agreements:
· For a long PUCCH in a slot,
· At most one hop for the long PUCCH is supported.
· FFS: details


image1.emf
0 1 2 3 4 5 6 7 8 9 1011 1213

14-Symbol Slot

Long PUCCH

Short 

Region

Short 

Region

UL Slot with short 

region

Bi-directional UL Slot 

with short region

Gp DL Clt Long PUCCH

Long PUCCH

UL Slot without short 

region

DL CltGp Long PUCCH

Bi-directional UL Slot 

without short region


oleObject1.bin
0


1


2


3


4


5


6


7


8


9


10


11


12


13


14-Symbol Slot


Long PUCCH


UL Slot without short region


Long PUCCH


Short Region


Short Region


UL Slot with short region


Bi-directional UL Slot with short region


Gp


DL Clt


DL Clt


Long PUCCH


Gp


Long PUCCH


Bi-directional UL Slot without short region



image2.emf
UE1 Hop1 UE2 Hop2

UE2 Hop1

UE1 and UE2 hop on different 

symbols and collide

UE1 Hop1

UE2 Hop1

UE2 Hop2

UE1 Hop2

UE1 and UE2 hop on the 

same symbol no collision

UE1 Hop2


oleObject2.bin
UE1 Hop1


UE1 Hop2


UE2 Hop2


UE2 Hop1


UE1 Hop1


UE1 and UE2 hop on different symbols and collide


UE2 Hop1


UE2 Hop2


UE1 Hop2


UE1 and UE2 hop on the same symbol no collision



