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In RAN1 NR Ad-Hoc#2 Meeting [1], it was agreed that for 1-symbol PUCCH with 1 or 2 bit(s) UCI payload size “sequence selection with low PAPR” to be supported. Furthermore, in RAN1NR#3 [2], it was agreed:
Agreements:
· For short-PUCCH with UCI of up to 2 bits (with/without SR), option 4 is supported.
· Note: option 4 is sequence selection
· For simultaneous transmission of 2-bit HARQ-ACK and SR, short PUCCH for UCI of up to 2 bits is used
· Aim to conclude one solution in the next meeting (e.g., # of sequences, potential resource selection, potential spatial bundling, etc.)
· For two-symbol short-PUCCH with up to 2 UCI bits, sequence hopping between the two symbols is supported.
· FFS: The details of sequence hopping. 
In this contribution, we discuss various methods for SR and HARQ-ACK multiplexing on Short-PUCCH with UCI of up to 2 bits. We also enumerate several methods for assigning various cyclic shifts of a computer-generated sequence to indicate 1- or 2-bit HARQ-ACK with/without SR. 
1-bit HARQ-ACK & SR multiplexing in Short PUCCH 
When scheduling request (SR) is not present, the sequence assignment for a 1-bit HARQ-ACK is mostly straightforward. For instance, two consecutive cyclic shifts of a base sequence may be assigned to a UE to indicate ACK vs NACK.  
When SR is present, there are multiple choices in how to assign a set of sequences to a UE. The design trade-off is how to efficiently and robustly multiplex 1-bit HARQ-ACK with SR. Given the possibility of ACK/NACK and positive/negative SR, there are four states:
· State 1: (ACK, negative SR), 
· State 2: (NACK, negative SR), 
· State 3: (ACK, positive SR), 
· State 4: (NACK, positive SR). 

A proposal is to assign four cyclic shifts sequence resources to a UE where the UE sends one of the sequences in association to one of the above-listed states. For instance, cyclic shifts of 0, 1, 2, and 3 of a base sequence may be assigned to a UE. 
A design choice would also be which of available cyclic shifts to be assigned to which state. Given channel impairments such as frequency selectivity, a gNB instead of detecting a cyclic shift (that was actually transmitted) might detect in error an adjacent cyclic shift. And if the adjacent cyclic shift belongs to another UE such error brings two-fold damage since it carries some erroneous message for both UEs. If all the four above-listed states had uniform probability, then perhaps little could have been done to mitigate such two-fold errors. However, thanks to non-uniform probability distribution, it is possible to judiciously assign each cyclic shift of a base sequence to the four possible states such that the error detection is minimized. For instance, (ACK, negative SR) is a more probable state, given the probability of ACK is much higher than NACK and the chance of negative SR is higher than positive SR (since a UE having UL traffic is low). Using this fact, it is worthwhile to assign associated cyclic shifts of (ACK/NACK, negative SR) of a UE far apart from that of another UE. An example would be to assign eight consecutive cyclic shifts to two UEs as in Table 1 below.
Table 1: An example of sequence assignment for 1-bit HARQ-ACK with SR for two UEs.
	Cyclic shifts of a base sequence assigned to UE 1 for 1-bit HARQ-ACK with SR
	Cyclic shifts of a base sequence assigned to UE 2 for 1-bit HARQ-ACK with SR

	ACK, positive SR
	ACK, negative SR
	NACK, negative SR
	NACK, positive SR
	ACK, positive SR
	ACK, negative SR
	NACK, negative SR
	NACK, positive SR

	Cyclic shift 0
	Cyclic shift 1
	Cyclic shift 2
	Cyclic shift 3
	Cyclic shift 4
	Cyclic shift 5
	Cyclic shift 6
	Cyclic shift 7


     
An alternative approach for cyclic shift assignments is to make sure various states for signaling of SR & HARQ-ACK for a given UE are protected adequately at the gNB against any detection error irrespective of other users. In this scenario, the UE is assigned with cyclic shifts that are as most apart from each other in the code domain. An example of this assignment is shown in Table 2 below. Among the shortcomings of this approach could be the fact that UEs with different UL power transmission and/or varying timing advance (TA) may impact the gNB detection performance. 
Table 2: An example of sequence assignment for 1-bit HARQ-ACK with SR for two UEs.
	Cyclic shifts of a base sequence assigned to UE 1 for 1-bit HARQ-ACK with SR
	Cyclic shifts of a base sequence assigned to UE 2 for 1-bit HARQ-ACK with SR

	ACK, positive SR
	ACK, negative SR
	NACK, negative SR
	NACK, positive SR
	ACK, positive SR
	ACK, negative SR
	NACK, negative SR
	NACK, positive SR

	Cyclic shift 0
	Cyclic shift 3
	Cyclic shift 6
	Cyclic shift 9
	Cyclic shift 1
	Cyclic shift 4
	Cyclic shift 7
	Cyclic shift 10


Proposal 1: Mapping between four possible states of HARQ-ACK and SR and the cyclic shifts of a base sequence should be such that possible erroneous detection at gNB is minimized. 
Instead of assigning four sequences, an alternative proposal is to assign two cyclic shift sequences to a UE where the UE sends either of one of the sequences to indicate the HARQ-ACK. However, the UE uses one of the two assigned RBs to send the sequences, hence implicitly indicating negative/positive SR as shown in Figure 1. An example of such assignment is shown in Table 3.
Table 3: An example of sequence assignment for 1-bit HARQ-ACK with SR (using 2 RBs as in Figure 1).
	Cyclic shifts sequences assigned to a UE for 1-bit HARQ-ACK with SR

	ACK, negative SR
	NACK, negative SR
	ACK, positive SR
	NACK, positive SR

	Cyclic shift 0 at RB1
	Cyclic shift 1 at RB1
	Cyclic shift 0 at RB2
	Cyclic shift 1 at RB2


While only two cyclic shift sequences are assigned to each UE, the gNB assigns two RBs for such (set of) UE, hence in terms of total assigned resources it is equivalent with the previous proposal. One of the key advantages of this approach is that the 2 cyclic shift sequences within an RB can be assigned with higher separation in frequency domain compared with the case where there are 4 sequences assigned to a UE within an RB. Accordingly, in high frequency selective channels, this approach could potentially have a better performance compared to the previous scheme.  
Observation 1: In highly frequency selective channels, assigning 2 cyclic shifts per RB could potentially be more robust to erroneous detection at gNB compared to the scheme where 4 cyclic shifts per RB are assigned to a give UE.


Figure 1: Short PUCCH resources in the frequency domain where each UE transmits its sequence on either of RBs depending on whether it has scheduling request or not

A proposal in [3] suggests to assign three cyclic shift sequences to a UE where each sequence is assigned to one of the following states: (ACK, negative SR), (ACK, positive SR), (NACK, positive SR). In this proposal, no sequence is assigned to (NACK, negative SR) and the UE cannot indicate such state to the gNB.
Table 3: Sequence assignment for 1-bit HARQ-ACK with SR [3]
	ACK, positive SR
	ACK, negative SR
	NACK, positive SR

	Sequence #1
	Sequence #2
	Sequence #3



An advantage of this solution is using only three sequences. However, a disadvantage is that the UE cannot indicate NACK to the gNB (when it has no scheduling request), hence the gNB would not be able to differentiate between DTX and NACK. This causes the gNB to retransmit the transport block without any modifications to the parities such as RV.
Observation 2: If the gNB cannot distinguish between DTX and NACK, the gNB retransmits the transport block with the same RV affecting the HARQ performance.
Trade-off between the proposals
The trade-off among the proposals discussed above for 1-bit HARQ-ACK with SR are as follows: 
· The first proposal requires assignment of four sequences to a UE. There is a design choice to be exercised when mapping cyclic shifts to the four states such that the gNB error detection is minimized among two UEs as well as among the states for a given UE.
· The second proposal requires assignment of two sequences to a UE and assignment of two RBs for each short PUCCH which may impact the scheduling flexibility. Therefore, in terms of total assigned resources it is equivalent with the previous proposal; however, in high frequency selective channels, this approach could potentially have a better performance compared to the previous scheme.
· The third proposal by [3] is more efficient since it only employs three sequences. However, it has a shortcoming since the gNB could not distinguish between DTX and NACK and would retransmit the transport block without modifying the parities and affecting the HARQ performance.
 
2-bit HARQ-ACK & SR multiplexing in Short PUCCH 
When SR is not present, the sequence assignment for 2-bit HARQ-ACK may be as follows: four consecutive cyclic shifts of a base sequence may be assigned to a UE to indicate the four states that 2-bit HARQ-ACK has. One design choice that can be exercised is how to map the four states to the set of cyclic shifts. Table 4 shows an instance of such assignment, which is based principle of Gray mapping that ensures an error among adjacent cyclic shifts (which is a more likely event among possible error events in frequency selective channels) would cause only one error within the 2-bit HARQ-ACK. For example, a detection error between cyclic shift 0 and 1 causes HARQ-ACK for the first transport block to be in error, but not for the second one.
Table 4: An example of sequence assignment for 2-bit HARQ-ACK with SR.  
	Cyclic shifts sequences assigned to a UE for 2-bit HARQ-ACK

	NACK, ACK
	ACK, ACK
	ACK, NACK
	NACK, NACK

	Cyclic shift 0
	Cyclic shift 1
	Cyclic shift 2
	Cyclic shift 3



When SR is present, there are multiple choices in how to assign a set of sequences to a UE and the design trade-off is how to efficiently and robustly multiplex 2-bit HARQ-ACK with SR. Given the possibility of ACK/NACK and positive/negative SR, there are eight states:
· (ACK, ACK, negative SR), 
· (ACK, ACK, positive SR), 
· (ACK, NACK, negative SR), 
· (ACK, NACK, positive SR), 
· (NACK, ACK, negative SR), 
· (NACK, ACK, positive SR), 
· (NACK, NACK, negative SR), 
· (NACK, NACK, positive SR).

One simple approach could be to assign 8 sequences to the UE to signal one of the above 8 states. However, assigning 8 sequences within a RB to a UE would be challenging in frequency selective channels wherein only 4 or 6 sequences out of 12 sequences within an RB are available. 
Observation 3: In highly frequency selective channels, assigning 8 cyclic shifts per RB to a given UE is not feasible.

An alternative approach is to assign four cyclic shift sequence resources within an RB to a UE where the UE sends one of the sequences to indicate 2-bit HARQ-ACK for two transport blocks. However, the UE may use one of two assigned RBs to send the sequences, hence implicitly indicating negative/positive SR. An example of such assignment is shown in below table.
Table 5: An example of sequence assignment for 2-bit HARQ-ACK with SR (using 2 RBs as in Figure 1).
	Cyclic shifts of a base sequence assigned to a UE for 2-bit HARQ-ACK with SR

	ACK, NACK, negative SR
	ACK, ACK negative SR
	NACK, ACK negative SR
	NACK, NACK negative SR
	ACK, NACK positive SR
	ACK, ACK positive SR
	NACK, ACK positive SR
	NACK, NACK positive SR

	Cyclic shift 0, at RB1
	Cyclic shift 1, at RB1
	Cyclic shift 2, at RB1
	Cyclic shift 3, at RB1
	Cyclic shift 0, at RB2
	Cyclic shift 1, at RB2
	Cyclic shift 2, at RB2
	Cyclic shift 3, at RB2



Another proposal [3] is to assign five cyclic shift sequences to a UE where four of the sequences are assigned to one of the following states: (ACK, ACK, negative SR), (ACK, ACK, positive SR), (ACK, NACK, negative SR), and (NACK, ACK, negative SR) and the one remaining sequence is assigned to the aggregate of the states (ACK, NACK, positive SR), (NACK, ACK, positive SR) and (NACK, NACK, positive SR). For clarity, this assignment is shown in below table.
Table 6: Sequence assignment for 2-bit HARQ-ACK with SR [3].
	ACK, ACK + negative SR
	ACK, NACK + negative SR
	NACK, ACK + negative SR
	ACK, ACK + positive SR
	NACK, NACK + positive SR, ACK, NACK + positive SR, NACK, ACK + positive SR

	Sequence #1
	Sequence #2
	Sequence #3
	Sequence #4
	Sequence #5



In this proposal [3], no sequence is assigned to (NACK, NACK, negative SR) and the UE cannot indicate such state to gNB. The gNB would retransmit the transport blocks without knowing whether the UE has decoded the transport block erroneously or has not been able to decode it. Also, in this proposal, one sequence is assigned to the aggregate of three states, hence the gNB cannot distinguish which of the transport blocks truly requires a retransmission. The gNB would need to retransmit both transport blocks. 
An advantage of this solution is using less number of sequence resources. However, a disadvantage is that the gNB would not differentiate between DTX and NACK since no sequence is assigned to (NACK, NACK, negative SR). Another shortcoming is that the gNB cannot distinguish these states apart: (ACK, NACK, positive SR), (NACK, ACK, positive SR) and (NACK, NACK, positive SR). Hence, the gNB may end up transmitting both transport blocks and sacrificing downlink throughput. In [3] it is claimed that when the UE is not power limited, sequence 2 or 3 can be transmitted in parallel with sequence 5 to let the gNB differentiate among the aggregated or bundled states. However, we believe transmission of an aggregate of two sequences, while is possible, would destroy the properties of the sequences, such as low PAPR.
Finally, spatial bundling can be applied on the 2 bits of HARQ-ACK first and then multiplex the 1-bit bundled HARQ-ACK with SR similar to one of the methods described in Section 2.

Observation 4: Any form of bundling of the 2-bit HARQ-ACK and SR states causes gNB to be unable to distinguish within the bundled states and this causes unnecessary retransmission leading to sacrificing downlink throughput. 

Trade-off between the proposals 
The trade-off among the proposals discussed above for 2-bit HARQ-ACK with SR are as follows: 
· The first approach requires assignment of eight sequences to a UE; However, this approach may not be feasible in frequency selective channels wherein only 4 or 6 cyclic shifts out of 12 cyclic shift sequences are available within an RB. 
· The approach requires assignment of four sequences to a UE and also requires assignment of two RBs for each short PUCCH. This scheme is much more robust to frequency selective channels given that in the worst-case scenario, the UE only needs 4 sequences within the RB for feedback. 
· The third proposal by [3] employs only five sequences per UE. Even though this approach seems to be more resource efficient compared to the first two approaches, a disadvantage is that the gNB cannot distinguish among an aggregate of states and could cause unnecessary retransmission of transport blocks, sacrificing downlink throughput. Another shortcoming is that the gNB could not distinguish between DTX and NACK and would retransmit the transport block without modifying the parities and affecting the HARQ performance.
· The fourth approach based on the spatial bundling has the same shortcoming as the third proposal leading to sacrificing downlink throughput. 

HARQ-ACK & SR multiplexing on 2-symbol Short PUCCH 
When short PUCCH sent on two symbols, the opportunity to mitigate frequency selectivity and randomizing co-channel interference becomes available. 

Sequence hopping helps in interference randomization among co-channel cells. In RAN1 NR Ad-Hoc#2 Meeting, it was agreed that for two-symbol short-PUCCH with up to 2 UCI bits, sequence hopping between the two symbols to be supported. 
· The sequence hopping pattern from one gNB to another gNB should be different so that interference randomization is achieved. 
· The sequence hopping pattern from one UE to another UE, where both use the same RB, should be different so that interference randomization is achieved.

Frequency selectivity can also be mitigated by assigning different RBs for the first and second symbol of the short PUCCH, as long as the two RBs are farther apart than coherence bandwidth of the channel. 

All the schemes discussed in the previous sections for SR & HARQ-ACK multiplexing could potentially be extended to 2-symbol short PUCCH assuming simple repetition across the two symbols. However, sequence hopping pattern across two symbols should be carefully designed such that the possible erroneous detection at gNB is further minimized.
Conclusions
In this contribution, we discuss various methods for SR and HARQ-ACK multiplexing on Short-PUCCH. Based on the discussions we had the following observations and proposals:
Observation 1: In highly frequency selective channels, assigning 2 cyclic shifts per RB could potentially be more robust to erroneous detection at gNB compared to the scheme where 4 cyclic shifts per RB are assigned to a give UE.
Observation 2: If the gNB cannot distinguish between DTX and NACK, the gNB retransmits the transport block with the same RV affecting the HARQ performance. 
Observation 3: In highly frequency selective channels, assigning 8 cyclic shifts per RB to a given UE is not feasible.
Observation 4: Any form of bundling of the 2-bit HARQ-ACK and SR states causes gNB to be unable to distinguish within the bundled states and this causes unnecessary retransmission leading to scarifying downlink throughput.  
Proposal 1: Mapping between four possible states of HARQ-ACK and SR and the cyclic shifts of a base sequence should be such that possible erroneous detection at gNB is minimized. 
References
[bookmark: _Ref492892370][bookmark: _Ref492760749]RAN1 NR Ad-Hoc#2, Chairman’s Notes, Qingdao, P.R. China, 27th – 30th June 2017
[bookmark: _Ref492892410]RAN1NR#3 Chairman’s Notes, Nagoya, Japan, 18th – 21th September 2017
R1-1716139, “Remaining details of short PUCCH for UCI up to 2 bits”, Nokia, Nokia Shanghai Bell



	2/6	
Microsoft_Visio_Drawing.vsdx
RB 1
The UE transmits one of it’s assigned cyclic shift sequences at RB 1 if the UE has no secluding request.
RB 2
The UE transmits one of it’s assigned cyclic shift sequences at RB 2 if the UE has secluding request.
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