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1. Introduction
At the RAN1#82 meeting, introduction of new PUCCH format(s) was discussed and the following agreements were achieved [1].
	Agreements:
· New PUCCH format(s) for HARQ-ACK feedback should be introduced in Rel-13 CA
· Specify at least one new PUCCH format:
· PUSCH-like PUCCH structure (without CDM for data/control symbols)
· Working assumption: One DMRS per slot
· FFS: Two DMRS per slot (normal CP)
· Frequency hopping between slots
· FFS: Whether /when FH is applicable
· With at least one PRB per slot
· FFS: Coded bits-to-RE mapping 
· FFS: A new PUCCH format including CDM
· FFS:PUSCH-like or PUCCH format 3(PF3) based structure
· FFS
· Multi-PRB PF3 using a single DFT-precoder
· Other format is not excluded
· Spreading factor 
· Spreading within or between SC-FDMA symbols
· Number of DMRS symbols
Agreement:
· The number of CRC for more than 22 HARQ-ACK/SR bits is 8 bits


In this contribution, we discuss the necessity of a new PUCCH format including CDM (called new PF with CDM hereafter for convenience), and propose a physical layer design of the PF.
2. Necessity of the new PF with CDM
It was agreed in RAN1#82 that at least one PUCCH format (PF) having PUSCH-like structure. For the PUSCH-like PF, CDM for control symbols is not supported. This could raise a serious concern on UL overhead increase in the actual operations, especially in the following scenarios.
Scenario 1: Shared PUCCH Cell for many small cells in different locations (i.e., CA scenario 4)

CA scenario 4 is one of the most efficient ways to boost throughput/capacity on hot-spot areas and is attractive from operator’s viewpoint. In order to keep the connectivity/mobility robust, it is desirable to keep the macro cell as the primary cell, while secondary cells should be located to local areas as much as possible so that the number of UEs scheduled in the secondary cells becomes smaller. If the UE supports PUCCH on SCell, the UCIs of the UE can be offloaded to local area. However, it was already agreed that the UE is allowed to support 32 DL-CA without UL-CA, which requires transmitting PUCCH only on the primary cell. Looking at the LAA WI, LAA scenario 1 does not assume licensed carriers on small cells and hence, UEs need to transmit PUCCH on a licensed macro cell. For these cases, if the PUSCH-like PF is the only solution, UL overhead becomes further serious problem. In order to save the UL overhead as much as possible, another new PF supporting CDM is necessary. 
Scenario 2: Shared PUCCH Cell for many UEs having different carriers as SCells

eNB can configure arbitral number of CCs to a UE based on, e.g., data traffic demand. It would not always be true that the UE is configured/activated/scheduled with many CCs such as 32. For example, eNB may configure part of the configurable carriers to each UE so that each carrier is dedicated to a UE as in Fig. 1. Similar to scenario 1 above, the PUCCH Cell may be shared between UEs. Under this assumption, it is questionable to specify only PUSCH-like PF, which has large payload such as 288 bits per PRB and consumes large amount of UL resource. It is preferable to use more reasonable PUCCH format as long as it is sufficient for the UE.
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Fig. 1.
Application scenarios of another new PUCCH format supporting CDM.
Proposal 1:

· Support another new PUCCH format including CDM.

Below, physical layer design of the new PF with CDM is discussed.
3. Physical layer design of the new PF with CDM
3.1. Design candidates of the new PF with CDM
As another new PUCCH format including CDM (new PF with CDM), two candidate designs are considered below.

Candidate 1: PUCCH format 3 with multiple PRB extension

PUCCH format 3 is extended to be multiple PRBs. This can be easily realized by exploiting DFT-S-OFDM nature. Maximum payload is in proportional to the number of PRBs per PUCCH. In order to keep the single-carrier property, DMRS should be generated by using the base sequences for multiple PRBs. The main advantage of this design is to support multiplexing with legacy PUCCH format 3 based on its block spreading nature. In order to keep the orthogonality with legacy PUCCH format 3, spreading method, spreading factor, and the number/position of DMRS per slot need to be kept same as in legacy PUCCH format 3. Thus, the maximum payload per PRB is determined accordingly. For DMRS, OCC shall be applied within each slot so that it can be multiplexed with legacy PUCCH format 3. Due to the OCC limitation on DMRS, more than 2 PUCCHs having different PRBs cannot be multiplexed on the same PRB. Therefore, if there are UEs using candidate 1 with different number of PRBs, eNB needs to carefully allocate PUCCH resources to the UEs such that orthogonality is kept while UL overhead can be saved.
Candidate 2: PUCCH format with OCC whose spreading factor is less than 5

Candidate 2 aims at reducing OCC spreading factor so that larger number of UCI bits can be multiplexed on one PUCCH. The spreading factor could be 2 or 3 for example. Similar to the legacy PUCCH format 3, block spreading among SC-FDMA symbols is one approach. However, the block spreading requires different OCC designs for normal format (non-SRS subframe) and for shortened format (SRS subframe). Furthermore, the number of DMRSs per slot impacts the design of OCC. In [2], it was proposed that the spreading is carried out over QPSK symbols within a SC-FDMA symbol, before applying DFT-precoding. In this case, the spreading factor and CDM capacity are not affected by whether it is shortened format or not: maximum payload (coding rate) is just differentiated. Therefore, spreading before DFT-precoding within a SC-FDMA symbol could be a candidate if its performance is comparable with block spreading among SC-FDMA symbols.
Below, we analyze and compare these PUCCH format candidates from UL overhead and required SINR point of views.

3.2. UL overhead analysis
First, necessary UL overhead among the candidate designs is analyzed. As described in Section 3.1, it is considered that the candidate designs can be roughly categorized in two types: one is to increase the number of PRBs of PUCCH format 3, and the other is to reduce the OCC spreading factor. The benefit of candidate 1 is to be multiplexed with the legacy PUCCH format 3, while that of candidate 2 is that less number of PRBs is required for each PUCCH transmission. In this sub-section, required UL overhead for PUCCH with candidate 1 and candidate 2 is evaluated by using a following simple methodology. There are still some different design options for candidate 2, e.g., number of DMRSs per slot, spreading factor, and/or spreading method. These aspects are not taken into account in this analysis.
· Assuming a fixed number of UEs, each UE becomes legacy UE (i.e., transmitting PUCCH format 3) or Rel.13 UE (i.e., transmitting new PF with CDM) with a given probability.

· Legacy UEs transmit the legacy PUCCH format 3.

· Rel.13 UEs transmit a new PF with CDM.

· When the new PF with CDM is assumed to be candidate 1, UE transmits multi-PRB PUCCH format 3.

· The number of PRBs is a parameter and is 2 or 3.

· When the PF with CDM is assumed to be candidate 2, UE transmits 1-PRB PF with reduced OCC.

· The spreading factor is a parameter and is 2 or 3.

· The PUSCH-like PF (not supporting CDM) is also evaluated as a reference.

· PUCCH resources are allocated to UEs preliminary such that the required number of PRBs for PUCCH is minimized.

· PUCCH from different UEs are multiplexed on a same PRB as much as possible. In case of candidate 1, it is taken into account that the legacy UEs and Rel.13 UEs can be multiplexed on the same PRB.
In Fig. 2, CDF of total number of UL PRBs required for PUCCH is plotted. Total 16 UEs or 24 UEs, and probability ratios of legacy UEs and Rel.13 UEs being 80%:20% or 60%:40% are assumed. From the Fig. 2, it can be understand that a new PF with CDM can greatly reduce UL overhead compared to PUSCH-like PF, especially when the number of Rel.13 UEs is relatively large. This justifies the necessity of the new PF with CDM. Next, candidate 1 and candidate 2 are compared. It would be reasonable to compare two candidates having same/similar payload. Then, comparing between candidate 1 (2PRB, OCC=5) and candidate 2 (1PRB, OCC=3), and between candidate 1 (3PRB, OCC=5) and candidate 2 (1PRB, OCC=2), candidate 2 in both comparisons achieves same or lower UL overhead than candidate 1 in most cases.
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(a) Total 16 UEs, and the ratio = 80%:20%
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Fig. 2.
UL overhead analysis.
In Fig. 3, further extreme cases are assumed: most (80% of) UEs transmitting PUCCH use the new PF. Given the fact that the HARQ-ACK/SR feedback of more than 22 bits requires new PF, the case that the UEs using new PF with CDM instead of legacy PUCCH format 3 may not be minor, especially in the scenarios illustrated in Fig. 1. In Fig. 3, total 8 or 16 UEs is assumed. It is clearly observed that the candidate 2 is more efficient than candidate 1 in terms of UL overhead. 
[image: image6.emf]0

0.2

0.4

0.6

0.8

1

2 3 4 5 6 7 8 9 10 11 12

CDF

Number of PRBs used for PUCCH

2PRB, OCC=5

1PRB, OCC=3

3PRB, OCC=5

1PRB, OCC=2

PUSCH-like

Total 8 UEs

Legacy : Rel.13

= 20% : 80%

   [image: image7.emf]0

0.2

0.4

0.6

0.8

1

4 5 6 7 8 9 10 11 12 13 14

CDF

Number of PRBs used for PUCCH

2PRB, OCC=5

1PRB, OCC=3

3PRB, OCC=5

1PRB, OCC=2

PUSCH-like

Total 16 UEs

Legacy : Rel.13

= 20% : 80%
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Fig. 3.
UL overhead analysis assuming most UEs transmit HARQ-ACK using new PF.
In case of shortened PUCCH format, spreading factor of PUCCH format 3 becomes 4, which should also be true for candidate 1. However, as will be discussed in section 3.3, spreading factor of candidate 2 could be kept unchanged regardless of whether it is normal or shortened format by spreading within a SC-FDMA symbol. In Fig. 4, the UL overhead is compared assuming shortened PUCCH format. The advantage of candidate 2 over candidate 1 is clearer in these cases.
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(a) Total 16 UEs, and the ratio = 20%:80%
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Fig. 4.
UL overhead analysis assuming most UEs transmit HARQ-ACK using new PF for shortened format.
3.3. Required SINR analysis
Next, required SINR of the candidate designs is analyzed. Before comparing candidate 1 and candidate 2, in order to narrow down the possible design options of the candidate 2, we first compare the required SINR for the candidate 2 with different spreading methods, i.e., spreading across SC-FDMA symbols, and spreading within SC-FDMA symbols [2]. In Fig. 5, required SINR of the two spreading methods for achieving performance requirement of HARQ-ACK on PUCCH is plotted as a function of the number of HARQ-ACK bits. The HARQ-ACK bits are followed by 8-bit CRC, and the resulting sequence is encoded by Rel. 8 TBCC. The encoded bit sequence is punctured or repeated such that the bit length fits with the PUCCH payload. The QPSK modulated sequence is mapped according to the frequency-first mapping, i.e., within a SC-FDMA symbol first, and then across SC-FDMA symbols. 1 DMRS per slot, spreading factor of 2, and normal PUCCH format are assumed, so that different spreading methods can be fairly compared. As a result, maximum payload per PRB for both cases is 144 bits. EPA5 and ETU70 are evaluated. From Fig. 5, it can be said that both spreading methods offers almost same performance. In case of spreading across SC-FDMA symbols, different OCC designs/spreading factors need to be defined for normal and shortened PUCCH formats. Considering the fact that the spreading within a SC-FDMA symbol realizes unified design for both normal and shortened PUCCH format, and it does not reduce CDM capacity in shortened format case, spreading within a SC-FDMA symbol is preferable spreading method for the candidate 2.

[image: image11.emf]-2

-1

0

1

2

3

4

5

6

16 32 64

Required SINR [dB]

No. of UCI bits

Spreading across SC-FDMA symbols

Spreading within a SC-FDMA symbol

EPA5

1Tx/2Rx

1 DMRS/slot

SF=2

Non-SRS subframe

Real ch. Est.

   [image: image12.emf]-2

-1

0

1

2

3

4

5

6

16 32 64

Required SINR [dB]

No. of UCI bits

Spreading across SC-FDMA symbols

Spreading within a SC-FDMA symbol

ETU70

1Tx/2Rx

1 DMRS/slot

SF=2

Non-SRS subframe

Real ch. Est.


(a) EPA5



(b) ETU70

Fig. 5.
Required SINR of the candidate 2 with different spreading methods.
Assuming that the spreading method for the candidate 2 is within a SC-FDMA symbol, required SINR of the candidate 1 and candidate 2 with different number of HARQ-ACK bits is compared in Figs. 6 and 7, where normal format and shortened format are assumed, respectively. Same transmit power among candidates having different number of PRBs is assumed. Three different designs are compared:

Candidate 1: 3PRB PUCCH format 3 (3PRB, OCC=5 or 4, 2DMRS/slot) with max payload 144 bits

Candidate 2A: 1PRB reduced OCC PUCCH format (1PRB, OCC=2, 1DMRS/slot) with max payload 144 bits

Candidate 2B: 1PRB reduced OCC PUCCH format (1PRB, OCC=2, 2DMRS/slot) with max payload 120 bits

It can be seen from Fig. 6 that candidate 1 achieves about 1 dB lower required SINR compared to the candidate 2A in EPA5 case over the whole regions. This is because the same coding rate with different channel estimation accuracy between candidate 1 and candidate 2A. Same tendency is observed in shortened format case in Fig. 7. Between candidate 2A and 2B, due to the different number of DMRSs and different coding rates, optimal design is different depending on the number of HARQ-ACK bits as it was already observed in the evaluation results for PUSCH-like new PUCCH format. The performance difference between candidate 1 and candidate 2A/2B is smaller in case of ETU70 channel.
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Fig. 6.
Required SINR analysis for normal format.
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Fig. 7.
Required SINR analysis for shortened format.
3.4. Discussion on the physical layer design
From section 3.2, candidate 2 would have an advantage over candidate 1 from UL overhead point of view. On the other hand, from section 3.3, candidate 1 would have an advantage over candidate 2 from required SINR point of view. Considering that another new PF, i.e., PUSCH-like new PF, will be supported in Rel. 13, if the required SINR is a concern, the PUSCH-like PF can be used instead, which achieves much lower coding rate than the new PF with CDM. Considering the fact that the most important feature required for the new PF with CDM is the UL overhead saving for up to middle payload, candidate 2 could still be a reasonable choice.
Between candidate 2A and 2B, its UL overhead is exactly same. Since performance difference is not so significant, one of the two designs should simply be selected. Considering the specification impact of DMRS design, same number of DMRS as in PUSCH-like new PUCCH format can be selected, i.e., candidate 2A (1 DMRS/slot). In this case, the DMRS design for the PUSCH-like PF described in [3] can be re-used for the new PF with CDM. Unlike PUSCH-like new PF, CDM of spreading factor 2 is necessary for the DMRS of the new PF with CDM. This can be realized by using ARI to indicate cyclic shift value of the DMRS as it is already supported for PUCCH format 3.
Proposal 2:

· The new PUCCH format supporting CDM has the following features.

· Spreading within SC-FDMA symbols.

· Spreading factor is 2.

· Number of DMRS per slot is 1.
· Unless concern is identified, DMRS design for PUSCH-like PUCCH format is re-used.

The above new PF with CDM has different physical layer design from the PUSCH-like new PF. However, the new PF with CDM has sufficiently large payload to contain multi-cell P-CSIs and/or HARQ-ACK(s)/SR + multi-cell P-CSIs. Therefore, as long as there is no specific concern, same UE procedures for HARQ-ACK(s)/SR, P-CSI(s), and/or HARQ-ACK(s)/SR + P-CSI(s) transmissions should be supported with both new PUCCH formats; the necessary difference between the two new PF could be maximum number of supportable HARQ-ACK bits and/or maximum P-CSI payload.
Proposal 3:

· Specify unified UE behavior for HARQ-ACK(s)/SR, P-CSI(s), or HARQ-ACK(s)/SR + P-CSI(s) feedback on both new PUCCH formats.
· Due to the difference on the maximum payloads, following differences will appear.

· Maximum number of supportable HARQ-ACK bits.
· Maximum supportable P-CSI number/payload.

One remaining open issue is whether to support dynamic PUCCH format adaptation between different new PUCCH formats. Detailed discussion on this is described in [4]. 
4. Conclusion
In this contribution we provide our views on the physical layer design of the new PUCCH format including CMD and propose the following.
Proposal 1:

· Support another new PUCCH format including CDM.

Proposal 2:

· The new PUCCH format supporting CDM has the following features.

· Spreading within SC-FDMA symbols.

· Spreading factor is 2.

· Number of DMRS per slot is 1.

· Unless concern is identified, DMRS design for PUSCH-like PUCCH format is re-used.

Proposal 3:

· Specify unified UE behavior for HARQ-ACK(s)/SR, P-CSI(s), or HARQ-ACK(s)/SR + P-CSI(s) feedback on both new PUCCH formats.

· Due to the difference on the maximum payloads, following differences will appear.

· Maximum number of supportable HARQ-ACK bits.

· Maximum supportable P-CSI number/payload.
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