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1. Introduction
In RAN1 #82 meeting, following agreements were made:
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
In this contribution, we discuss the remaining issues about the new PUCCH formats design. 
2. PUSCH-like structure without CDM
In the last meeting, PUSCH-like structure without CDM for data/control symbols was agreed as the one of new PUCCH formats. There are some remaining issues left FFS, including the number of DMRS, frequency hopping, number of PRBs and coded bits-to-RE mapping. The following sections address those remaining issues.
2.1. One DMRS Vs Two DMRS
The two structures with one DRMS per slot and two DMRS per slot are evaluated. Simulation results are shown in Table-1 and Figure-1. The simulation assumptions are listed in Annex-A.  From the simulation results, it can be seen that the performance with one DMRS structure is better than that of two DMRS structure at most of the HARQ-ACK payloads for the new PUCCH format to be used. More than 1dB gain is observed for larger HARQ-ACK payload. Therefore, one DMRS per slot is more preferred and the working assumption made in last meeting should be confirmed.
Table 1: Performance comparison of different number of DMRS in EPA and ETU

	Required SNR to satisfy BLER = 0.01
	Number of HARQ-ACK bits (not including CRC)

	
	32
	40
	50
	64
	72
	80
	96
	128

	EPA-3
	1 DMRS
	0
	0.85
	1.4
	2.3
	2.75
	3.56
	4.22
	5.88

	
	2 DMRS
	-0.2
	0.84
	1.7
	2.62
	3.38
	3.84
	4.94
	7.05

	ETU-3
	1 DMRS
	0.5
	0.85
	1.63
	2.6
	3.2
	3.75
	4.28
	6.47

	
	2DMRS
	-0.1
	0.88
	1.54
	2.96
	3.4
	4.15
	5.33
	7.87
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Figure-1: Performance comparison of two DMRS structures

Proposal 1: The working assumption of one DMRS per slot for the PUSCH-like structure should be confirmed.

2.2. FH ON Vs FH OFF
For the current PUCCH format, frequency hopping is always enabled. This frequency diversity should also be applied to the new PUCCH format. We evaluate the performance of PUSCH-like structure with and without FH. One DMRS per slot is evaluated in this comparison.  Simulation results are shown in Figure 2. It shows that new PUCCH format with frequency hopping is much better than that without frequency hopping. The performance gap is at least 3dB for the HARQ-ACK payload simulated in EPA and more than 2dB in ETU.  One of the main concerns for always FH ON of the new PUCCH format is the resource fragmentation for data transmission. If only one PRB for the new PUCCH format is assumed (see section 2.3), the problem of resource fragmentation is not serious.  Another argument is that if the FH for the new PUCCH format can be configured OFF, PRB(s) with good channel condition can be allocated for the new PUCCH format to achieve better frequency selective scheduling gain. But the benefit from frequency selective scheduling is based on the accurate channel state information, which also complicates the eNB scheduling.  Therefore, frequency hopping should always be enabled for the new PUCCH format.  It can be done by reusing slot based hopping. 
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Figure-2: Performance comparison of FH ON vs FH OFF

Proposal 2: Frequency hopping is always enabled for the new PUCCH format..
2.3. Number of PRBs per slot

The number of PRBs per slot needed for the new PUCCH format is related to the number of HARQ-ACK bits needed to be supported.  For small to medium HARQ-ACK payload, using more than one PRB is not necessary, because it does not bring significant performance improvement comparing to only use one PRB. Figure-3 gives the performance comparison of new PUCCH format with 1PRB and 2PRBs for different HARQ-ACK payloads. Equal transmit power is assume for both cases. From Figure-3, it shows that the performance difference between 1RB and 2RBs is small for HARQ-ACK payloads up to 128 bits. This is because the performance loss due to worse channel estimation with lower power density may offset the performance improvement bringing by lower code rate. 
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Figure-3: Performance comparison of One PRB Vs Two PRBs

On the other hand, the number of PRB needed for the new PUCCH format is related to the number of HARQ-ACK bits to be transmitted. The agreement about the scope of codebook size was reached:

Agreements:

· The maximum HARQ-ACK codebook size in the uplink by one UE in one subframe for DL CA of up to 32 CCs is at least 128 bits
· In case of FDD PUCCH cell, the maximum HARQ-ACK codebook size is 64 bits
The maximum HARQ-ACK codebook size for TDD PUCCH cell is to be down selected from {128,256,319,638}. For the most extreme case, e.g TDD-FDD CA with TDD PCell, UL/DL configuration 5 and no bundling, up to 638 HARQ-ACK bits are needed. However, this extreme case should be the design target.  In that case, PUCCH resource will be too high. A UE’s power cannot transmit that much bits of UL control in one subframe with decent coverage. In Rel-12 for CA with up to 5CCs, maximum 20 HARQ-ACK bits are supported using PUCCH format 3 assuming the case of 5 TDD serving cells aggregated with TDD UL/DL configuration 2 or 4 and with spatial bundling applied.  For CA with TDD UL/DL configuration 5, up to 2 serving cells can be supported for this case. Similar design principle should also be applied in Rel-13 for the new PUCCH format when determining the maximum HARQ-ACK codebook size. UL PUCCH overhead, UL geometry should also be taken into account. 

As shown in Table-1, the required SNR for 128 HARQ-ACK bits with the PUSCH-like structure is about 6dB. And from the UL geometry in Annex-B, it is shown that about 70% UEs can satisfy such SINR requirement in typical scenario of aggregating up to 32 CCs (Case 2, Small cell UEs). From the UL overhead point of view, one PRB may be enough for such HARQ-ACK payload size when considering the code rate not larger than 0.5. 128 HARQ-ACK bits are suitable to the case of TDD CA with configuration 2 or 4 and spatial bundling. 
Therefore, if the maximum number of HARQ-ACK bits is restricted to 128, one PRB for the new PUCCH format may be enough. More PRBs allocated for the new PUCCH format cannot bring sufficient performance enhancement to justify the increased UL resource overhead.
Proposal 3: The maximum HARQ-ACK codebook size in the uplink by one UE in one subframe for DL CA of up to 32 CCs is at most 128 bits
Proposal 4: One PRB for the PUSCH-like structure.
2.4. Coded bits-to-RE mapping

The procedures after channel coding for the new PUCCH format are still under discussion. Two options are considered. 

· Option 1: follow the procedure as defined for legacy PUCCH.

· Option 2: follow the procedure as defined for UCI on PUSCH without UL-SCH data.

The main difference between these two options is whether channel interleaver is applied or not. The channel interleaver results in a time-first mapping within the PUCCH time-frequency resource. And if channel interleaver is not applied, the output of the channel coding will follow a frequency-first mapping as defined in [3]. Figure-4 shows the performance comparison of these two options assuming only HARQ-ACK is transmitted. From the simulation results, we can find that Option 1 is slightly better than Option 2 in all the cases simulated. Performance difference is not significant and decreasing as the number of HARQ-ACK increases. Considering the multiplexing of HARQ-ACK/SR and CSI on the new PUCCH format, further considerations should be taken into account. More details are in accompanying contribution [5].  
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Figure-4: performance comparison of Option 1 and Option 2 for coded bits-to-RE mapping
3. New PUCCH format with CDM
Whether to introduce more than one new PUCCH format in Rel-13 is still FFS. The motivation of introducing additional new PUCCH format with CDM is to increase the multiplexing capacity for the new PUCCH format to reduce the overhead. Among all the candidates mentioned in the agreement, Multi-PRB PUCCH Format 3 using a single DFT-precoder shows more benefits. It can be viewed as a frequency extension from PUCCH format 3, very small standard and test effort are needed. Multi-PRB PUCCH format 3 can be multiplexed with the legacy PUCCH format 3. The multiplexing capacity is comparable to other candidates. The multiplexing capacity for multi-PRB PUCCH format 3 is 
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, where N is the number of PRBs PUCCH format 3 occupied. Since the multi-PRB PUCCH format 3 is mainly used for small to medium payload, the value of N is usually not very large. For example, N=2 may be enough.  For the other candidates [7]

 REF _Ref429586832 \r \h 
[8], much more standard and testing efforts are needed while the performance gain is limited. There is also no significant multiplexing capacity advantage over multi-PRB PUCCH format 3. To support better multiplexing capacity, multi-PRB PUCCH format 3 is a good candidate for medium payload size. For larger HARQ-ACK payload, PUSCH-like structure is the preferable choice.
Proposal 5: New PUCCH format with CDM should be considered for medium HARQ-ACK payload.

· Multi-PRB PUCCH format 3 should be adopted.

4. CRC related issues
It was agreed that CRC is included for HARQ-ACK/SR bits larger than 22, but it is left FFS for the case when HARQ-ACK/SR bits is smaller than 23.  When the HARQ-ACK/SR bits are less than 23, it is straight forward to use PUCCH format3 as it is already supported for the current specifications. Table 2 give the performance comparison with and without CRC. Although the PUSCH-like structure may give better link performance for relative large HARQ-ACK payload size, but it also results in more PUCCH overhead. On the other hand, dynamic HARQ-ACK codebook size determination as well as PUCCH format adaptation are proposed in accompany contribution [2]. If the number of HARQ-ACK bits is smaller than 23, PUCCH format 3 should be used instead. Therefore, CRC should not be included. Plus, 8 bits CRC is more significant to the less than 23 bits payload.  
Table-2 Performance comparison of HARQ-ACK with/without CRC

	
	BER = 0.001 with no CRC
	BLER = 0.01 with CRC

	Number of HARQ-ACK bits
	12bits
	16bits
	20bits
	22bits
	12bits
	16bis
	20bits
	22bits

	PUCCH format3 with Dual RM
	-2.7
	-0.7
	0.25
	1.2
	-
	-
	-
	-

	PUSCH with TBCC
	-0.8
	-0.5
	-0.15
	0
	-2.1
	-2
	-1.2
	-1


With the inclusion of CRC, the eNB can know whether there are some errors in the HARQ-ACK transmission. If CRC is failed, what the eNB should behave may need further consideration. If all the PDSCH transmissions are retransmitted, the DL throughput performance may degrade accordingly. One alternative is that the UE retransmit the HARQ-ACK in case CRC is failed. Details about the mechanisms to support HARQ-ACK retransmission from the UE can be FFS. 
Proposal 6:

· PUCCH format3 is used for HARQ-ACK/SR bits smaller than 23.

· CRC is not included for HARQ-ACK/SR bits smaller than 23.

· HARQ-ACK retransmission can be considered for the case CRC is included.
5. Conclusion

In this contribution, we focus on the remaining issues of the new PUCCH format design. Simulation results are shown for evaluating on different options. Based on those results and observations, further considerations on the new PUCCH formats design are presented. In summary, the followings are proposed to support enhanced CA.
Proposal 1: The working assumption of one DMRS per slot for the PUSCH-like structure should be confirmed.

Proposal 2: Frequency hopping is always ON for the new PUCCH format.

Proposal 3: The maximum HARQ-ACK codebook size in the uplink by one UE in one subframe for DL CA of up to 32 CCs is at most 128 bits
Proposal 4: One PRB for the PUSCH-like structure.

Proposal 5: New PUCCH format with CDM should be considered for medium HARQ-ACK payload.

· Multi-PRB PUCCH format 3 should be adopted.

Proposal 6:

· PUCCH format 3 is used for HARQ-ACK/SR bits smaller than 23.

· CRC is not included for HARQ-ACK/SR bits smaller than 23.

· HARQ-ACK retransmission can be considered for the case CRC is included.
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Annex-A
Simulation parameters

	Parameter
	Setting

	Carrier Frequency
	2GHz

	System Bandwidth
	10MHz

	Channel Model
	EPA, ETU

	UE Velocity
	3km/h

	Antenna Setup
	1Tx,2Rx

	Channel coding
	TBCC with CRC,RM without CRC

	DM RS
	PUSCH-like:1 DM RS, 2DM RS
PUCCH format3-like:2 DM RS

	Channel estimation
	practical

	Number of PRBs for PUCCH
	PUSCH-like:1,2
PUCCH format3-like:1,2,3

	PUCCH frequency hopping
	Enabled, disable

	Payload size
	32,40,50,64,72,80,96,128,136,150,188

	Performance Metric
	BLER in case CRC is included


Annex-B
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