


[bookmark: _GoBack]
3GPP TSG RAN WG1 Meeting#90bis			R1-1718632
Prague, Czech Republic, 9th – 13th, October 2017

Agenda Item:	7.3.2.1.1
Source: 	Ericsson
[bookmark: Title]Title:	On the Design of 1-Symbol PUCCH for up to 2 bits
[bookmark: DocumentFor]Document for:	Discussion and Decision
Introduction
The following agreements were made for the design purpose of 1-symbol PUCCH [1][2][3]:
Agreements [1]:
· Working assumption:
· For short-PUCCH with UCI of up to 2 bits (with/without SR), option 4 is supported.
· No more short-PUCCH format is supported for short-PUCCH in the WID scope.

Agreements [2]:
· For 1-symbol short-PUCCH for UCI of up to 2 bits,
· The sequence length of 12 REs with consecutive mapping within a PRB is at least supported.
· Further study 24 or 48 REs.
· Further study for multiplexing b/w sequence-based short-PUCCH and other sequences using CDM or FDM (DMRS for PUSCH/PUCCH, SRS, long-PUCCH).
· Including comb-structure
· For the sequence length of 12 REs,
· The supported number of base sequences is 30
· The number of cyclic shifts available for one base sequence is 12
· 
Agreements [3]:
· 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.)
· Confirm the following working assumption:
· For short-PUCCH with UCI of up to 2 bits (with/without SR), option 4 is supported.
· Note: option 4 is sequence selection
Conclusions [3]:
· Study further the following alternatives:
· Alt 1: The same set of sequences is used in short PUCCH and long PUCCH when each is used for transmission of up to 2 UCI bits on one PRB.
· Alt 2: The different set of sequences can be used in short PUCCH and long PUCCH when each is used for transmission of up to 2 UCI bits on one PRB.
Agreements [3]:
· 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

With respect to the design of short-PUCCH supporting up to 2 bits, couple of issues are remained to be resolved which are addressed in this contribution.
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Short PUCCH sequence type
The design of short PUCCH is based on sequence selection aiming at improved coverage and low PAPR and CM. CAZAC sequences can be considered due to their low PAPR/CM performances and good cross-correlation properties. The computer-generated-sequences (CGS) of length 12 sequences specified for LTE, can be considered as promising candidates. In the same category, new CGS are proposed which show improvement in PAPR and/or CM with comparable cross-correlation properties as compared to the LTE sequences [4]. A framework was agreed in the previous meeting such that the performance of the proposed new sequences can be compared with each other as well as with LTE sequences. From our point of view, if there are new sequences that vastly outperform LTE sequences with respect to for example PAPR/CM and cross correlation properties, they can be considered for PUCCH transmissions in NR. However, this is conditioned that the investigation is finalized in a timely manner considering the limited time left for completion of Rel-15 NR.
Short PUCCH sequence length and PRB mapping
In the previous meetings, it has been agreed that for the short PUCCH, the length 12 sequences which are mapped to consecutive REs in a PRB are supported. The options for using longer sequences of length 24 or 48 were remained for further studies. The longer sequences were claimed to be beneficial for providing more cyclic shifts and hence enabling larger multiplexing capacity. From our perspective, length 12 sequences are sufficient and the introduction of longer sequences is not necessary. If there is a need for increasing the multiplexing capacity, different users can be assigned to different PRBs while keeping the short PUCCH confined within a PRB to avoid introducing unnecessary extra overhead. The increased number of cyclic shifts due to the longer sequences, decreases the robustness of these sequences in time dispersive channels. 
Figure 1 shows the simulation results of short PUCCH performance using sequences of 12, 24 and 48 contiguous REs based on the simulation assumptions given in Appendix. The results clearly show that increasing the sequence length degrades the performance of the short PUCCH. Additional simulation results are shown in the Appendix.
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[bookmark: _Ref492960558]Figure 1: BLER vs SNR for 1-symbol PUCCH with 2 A/N bits and a single user at 3km/h. The results compare the PUCCH sequence length (i.e. 12, 24 or 48 contiguous REs) for TDL-C channel model with various delay spread (i.e. 300ns and 1000ns) and different sub-carrier spacing (i.e. 15 and 60 kHz).
There have also been proposals to consider non-contiguous REs mapping for the short PUCCH sequences to enable IFDM with SRS using comb structure or CDM with DMRS of short PUCCH for more than 2 bits [5]. It is important to note that firstly, spanning the sequence on a larger number of PRBs with non-contiguous REs not only decreases the robustness to frequency errors, it also increases the resource utilization with respect to the increased number of PRBs. It is important to keep in mind that the low PAPR and better coverage were the deciding factors for adopting the sequence selection for the short PUCCH. These properties should not be compromised in the process of completion of the design.
Figure 2 shows the simulation results of short PUCCH performance using sequences of length 12 which are mapped to contiguous or non-contiguous (comb based) REs based on the simulation assumptions given in Appendix. The results clearly show that the comb mapping degrades the performance of the short PUCCH as described above. Additional simulation results are shown in the Appendix.
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[bookmark: _Ref493178109]Figure 2: BLER vs SNR for 1-symbol PUCCH with 2 A/N bits and a single user at 3km/h. The results compare the PUCCH sequence of length 12 with contiguous and comb mapping for TDL-C channel model with various delay spread (i.e. 300ns and 1000ns) and different sub-carrier spacing (i.e. 15 and 60 kHz).
Also, considering the limited time left, from our point of view it is of high importance to spend the remaining time wisely with the proper prioritization and aim to complete the design based on the length 12 sequences for short PUCCH. Therefore, we propose the following:
Proposal 1:
· For short-PUCCH with up to 2 HARQ-ACK bits with/without SR
· Only the sequence length of 12 REs with consecutive mapping within a PRB is supported in Rel-15.
Moreover, it was proposed in [5] to consider CDM of short PUCCH for 1-2 bits with long PUCCH of 1-2 bits. From our perspective, this can be beneficial as long as the short and long PUCCH are transmitted by different UEs. In this case, whether a short PUCCH is CDM with a long PUCCH from another UE is transparent to the UE and it is up to the gNB decision for PUCCH resource configurations. The only impact on the design would be to use the same sequences for long PUCCH for up to 2 bits as the short PUCCH discussed here. Moreover, reusing the same sequences simplifies the implementations. This design choice has other properties which is discussed in more details in our companion contribution [6]. Therefore, our preferred alternative form the conclusion reached in the last meeting is alternative one and hence we propose:
Proposal 2:
· The same set of sequences are used in short PUCCH and long PUCCH when each is used for transmission of up to 2 UCI bits on one PRB.

Short PUCCH Resource Assignment
[bookmark: _Hlk494358006]On transmission time within the slot
We discussed in details in our companion contribution [7], the benefits of enabling transmission of short PUCCH not only at the end of the slot, but in earlier occasions within the slot. Some use cases are the delay sensitive applications where it is not only important to transmit quickly but also to obtain HARQ feedback quickly. Another use case is to enable more frequent opportunities for SR, being especially useful for UE-triggered low-latency transmissions.  Another case is relevant to the carrier aggregation scenario where high-band and low-band are used for DL and UL transmissions, respectively.  Without additional short PUCCH resources, the HARQ feedback is transmitted at the end of the low-band slot interval occurring several high-band slot intervals later. This results in a longer HARQ RTT and potentially larger soft-buffer requirements (depending on details of soft-buffer handling). Considering all these scenario, it is beneficial to support additional transmission opportunities for short PUCCH within a slot. Therefore, we propose the following which is applicable to the transmission of short PUCCH both for up to 2 or more than 2 bits [8]:
Proposal 3:
· In addition to the already agreed short PUCCH resources in the last and second last symbol, additional short PUCCH resources can be configured in other symbols of a slot.
On UE specific cyclic shift and PRB allocation:
As agreed the number of available cyclic shifts for a base sequence within a PRB is 12. A user can be assigned with some of these cyclic shifts to form the sequences that are used for transmission of HARQ-ACK bits. For example, for one bit HARQ-ACK, 2 cyclic shifts and for 2 bits HARQ-ACK, 4 cyclic shifts among the 12 available ones are needed. 
In the previous meetings, it has been extensively discussed how to assign the cyclic shifts to the UE. 1) One approach was to assign the cyclic shifts such that the distance among them in terms of the number of shifts, is maximized. 2) The other approach was to have an adjustable distance between the different cyclic shifts. 
It was also discussed how to have PUCCH resources for simultaneous transmission of HARQ-ACK and SR. 1) One approach was to use different PRBs whether the SR is present or not and then within each PRB utilize equally distance resources in terms of the cyclic shifts for addressing the HARQ-ACK bits. 2) The other approach was to utilize all the resources in terms of the cyclic shifts within a PRB including bundling of HARQ-ACK bits if necessary. 
All the proposed approaches have their corresponding pros and cons. In the following we explain the design principles that are important to be considered for a proper design and propose a solution accordingly.
First of all, the PUCCH resources including cyclic shifts and allocated PRBs should be utilized efficiently. This implies that in some scenarios for example with good channel conditions, one can benefit on smaller distance between cyclic shifts and hence supporting more users while in some other scenarios the channel conditions are such that it is more efficient to increase the cyclic shift distance among the assigned sequences. Secondly, the SR by its nature can be present or not. This implies that allocating resources that would be unused if the SR is not present, creates unnecessary overhead. 
Considering all these aspects, we propose in the following a design based on LTE with improvements necessary for NR such that that an efficient and flexible operation is ensured.
To address different use cases, a UE can be configured with different cyclic shifts. To limit the corresponding signaling, the configuration includes the starting cyclic shift in a PRB, i.e. n where n=0, ...,11 and the incremental shift between two consecutive sequences within a PRB, denoted by Δ. The starting cyclic shift can be different for sequences with SR as compared to the sequences without SR. The UE starts with the first PRB for allocating resources for the HARQ-ACK bits and no SR. It continues with resource allocation with HARQ-ACK bits and the presence of the SR with their corresponding starting cyclic shift. In that sense, the additional PRBs are used by UE if needed. The total allocated PRBs are assumed to be contiguous for ease of operation and efficiency. One can also consider bundling of the HARQ-ACK bits when SR is present to reduce number of sequences. SR resources are typically frequently configured to enable low latency but only few are used, HARQ-ACK bundling only when SR is present has a negligible effect on DL performance. This general frame work provides the flexibility and efficiency that is needed for NR. Some examples are shown in Figure 3 that demonstrate the flexibility of this scheme.
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[bookmark: _Ref493249093]Figure 3: Examples of CS associations to UEs in different scenarios

It is important to note that since 2-sybmols PUCCH is an extension of the 1-symbol PUCCH, the frame work for resource assignment of 1-symbol PUCCH should be such that it can be extended to 2-symbol PUCCH. One approach is to indicate an additional parameter for PRB allocation of the second symbol where in case of 1-symbol, that parameter would be not applicable.
Based on the above discussion we propose the following:
Proposal 4:
· For short-PUCCH with up to 2 HARQ-ACK bits with/without SR, the UE is configured with the following parameters in the corresponding PUCCH resource:
· An incremental cyclic shift between two consecutive sequences with the same SR state (denoted by “Δ”)
· Initial cyclic shift value(s) corresponding to different states of SR (denoted by “n0” and “n1” corresponding to negative and positive SR, respectively)
· The starting PRB index for the first PUCCH symbol within the slot (denoted by “p0”)
· The starting PRB index for the second PUCCH symbol within the slot (denoted by “p1”)
· Note: This field is only applicable for 2-symbol short PUCCH
· The starting symbol within the slot (denoted by “t0”)
On UE procedure to determine the PUCCH resource:
Based on the above discussion the corresponding UE procedures to determine the PUCCH resources based on the configured parameters mentioned above, is determined as the following:
Proposal 5:
· For short-PUCCH with up to 2 HARQ-ACK bits with/without SR, the UE determines the corresponding PUCCH resources for transmission of “m” HARQ-ACK bits with/without SR as the following:
· The UE starts the CS to sequence association for HARQ-ACK bits without SR and continues with HARQ-ACK bits with SR. 
· For the “k:th” sequence where k=0, …, 2(m+1)-1, 
· The cyclic shift is given by CS(k) = mod(n+mod(k,2m)×Δ,N); AND 
· The associated PRB index is given by p=p0 + floor[n/N]; where
· n=n0 for k=0, …, 2m-1 and n=n1 for k=2m…, 2(m+1)-1; AND
· n0, n1≥0, and N=12
· FFS on the bundling of HARQ-ACK bits when the SR is assumed to be present.
On CSI reporting and simultaneous transmission of HARQ-ACK and SR:
It is important to note that for the case that the UE is configured with multiple SR configurations, simultaneous transmission of multiple SRs with and without A/N complicates the design and the benefits of that is not clear. From our point of view, it is preferred that the UE prioritizes to request for SR for one of the SR configurations in that case. Moreover, due to the limited number of resources, the short PUCCH for up to 2 bits is not practically useful for transmission of CSI feedback. In case of the need for CSI reporting, PUCCH formats supporting more than 2 bits UCI bits should be configured to be used. Therefore, we propose the following:
Proposal 6:
· Maximum one positive SR corresponding to a single SR configuration can be simultaneously transmitted with HARQ-ACK bits when the short PUCCH for up to 2 bits is used. 
· Transmission of CSI feedback with/without HARQ-ACK bits and/or SR by short PUCCH for up to 2 bits is not supported. 
Conclusion
In this contribution, we discussed the remaining design issue for the short-PUCCH for up to 2 bits. Based on the analysis and performance evaluation we proposed the following:
Proposal 1:
· For short-PUCCH with up to 2 HARQ-ACK bits with/without SR
· Only the sequence length of 12 REs with consecutive mapping within a PRB is supported in Rel-15
Proposal 2:
· The same set of sequences are used in short PUCCH and long PUCCH when each is used for transmission of up to 2 UCI bits on one PRB.

Proposal 3:
· In addition to the already agreed short PUCCH resources in the last and second last symbol, additional short PUCCH resources can be configured in other symbols of a slot.
Proposal 4:
· For short-PUCCH with up to 2 HARQ-ACK bits with/without SR, the UE is configured with the following parameters in the corresponding PUCCH resource:
· An incremental cyclic shift between two consecutive sequences with the same SR state (denoted by “Δ”)
· Initial cyclic shift value(s) corresponding to different states of SR (denoted by “n0” and “n1” corresponding to negative and positive SR, respectively)
· The starting PRB index for the first PUCCH symbol within the slot (denoted by “p0”)
· The starting PRB index for the second PUCCH symbol within the slot (denoted by “p1”)
· Note: This field is only applicable for 2-symbols short PUCCH
· The starting symbol within the slot (denoted by “t0”)
Proposal 5:
· For short-PUCCH with up to 2 HARQ-ACK bits with/without SR, the UE determines the corresponding PUCCH resources for transmission of “m” HARQ-ACK bits with/without SR as the following:
· The UE starts the CS to sequence association for HARQ-ACK bits without SR and continues with HARQ-ACK bits with SR. 
· For the “k:th” sequence where k=0, …, 2(m+1)-1, 
· The cyclic shift is given by CS(k) = mod(n+mod(k,2m)×Δ,N); AND 
· The associated PRB index is given by p=p0 + floor[n/N]; where
· n=n0 for k=0, …, 2m-1 and n=n1 for k=2m…, 2(m+1)-1; AND
· n0, n1≥0, and N=12
· FFS on the bundling of HARQ-ACK bits when the SR is assumed to be present.
Proposal 6:
· Maximum one positive SR corresponding to a single SR configuration can be simultaneously transmitted with HARQ-ACK bits when the short PUCCH for up to 2 bits is used. 
· Transmission of CSI feedback with/without HARQ-ACK bits and/or SR by short PUCCH for up to 2 bits is not supported.
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Appendix
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	Parameter
	Value

	Performance metric
	NACK-to-ACK error probability ≤ 0.1%
ACK-miss detection probability ≤ 1%
DTX-to-ACK probability ≤ 1%

	Carrier frequency
	4 GHz

	System bandwidth
	20 MHz

	Channel model
	TDL-C 300ns, TDL-C 1000ns,

	Number of PRBs
	1

	UE speed
	3 km/h

	Subcarrier spacing
	15 kHz, 60 kHz

	BS antenna configuration
	2 RX, uncorrelated

	UE antenna configuration
	1 TX

	Disturbance
	AWGN (no inter-cell interference)

	Channel estimation
	Realistic

	Noise estimation
	Ideal

	Number of UEs
	1

	Number of cyclic shifts for 2 A/N bits
	· 12 REs sequence (1 PRB for contiguous allocation, 2 PRB for comb allocation) with CS={0,3,6,9}
· 24 REs sequence (2 PRB for contiguous allocation) with CS={0,6,12,18}
· 48 REs sequence (4 PRB for contiguous allocation) with CS={0,12,24,36}



Additional simulation results
Performance results assuming contiguous mapping of sequences to PRBs and 15 kHz sub-carrier spacing (SCS):
· NACK-to-ACK error probability (N->A), ACK-miss detection probability (Miss A) for DTX-to-ACK probability ~ 1% for different channel models and 2 bits A/N
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Performance results assuming contiguous mapping of sequences to PRBs and 60 kHz sub-carrier spacing (SCS):
· NACK-to-ACK error probability (N->A), ACK-miss detection probability (Miss A) for DTX-to-ACK probability ~ 1% for different channel models and 2 bits A/N
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Performance results assuming comb mapping of sequences to PRBs and 15 and 60 kHz sub-carrier spacing (SCS):
· NACK-to-ACK error probability (N->A), ACK-miss detection probability (Miss A) for DTX-to-ACK probability ~ 1% for different channel models and 2 bits A/N
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