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1
Introduction
In Rel-13, the support of up to 32 CCs necessitates some enhancements for UL control channels. Good progress has been made in the past meetings relating to new PUCCH format(s) design for eCA. In this contribution, we share our views on remaining issues for new PUCCH format(s) design for eCA.      
2
Discussion
In Rel-13, a UE may be configured with up to 32 CCs. It was agreed earlier that a single UL CC may be configured with up to 32 DL CCs, which implies that a single PUCCH may need to handle HARQ feedback for up to 32 DL CCs.  Since the existing PUCCH formats are designed to handle up to 5 DL CCs. Some PUCCH enhancements are thus necessary. 

In RAN1 #81, the following was agreed:

· 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 the following, we will start with link level performance evaluations considering various PUCCH formats and multiplexing HARQ ACK with CSI in PUCCH, followed by observations and proposals.

2.1
Link Level Performance Evaluation

In order to facilitate link-level evaluations of UL control channel enhancements, a set of simulation assumptions were agreed in RAN1#80bis, which are quoted below:

	Parameter 
	Setting 

	Carrier Frequency 
	2 GHz 

	System Bandwidth 
	10 MHz 

	Channel Model 
	EPA, ETU, 3 km/h, optionally 120 kmph, AWGN interference 

	Antenna Setup 
	1Tx, 2 Rx, for TDD optionally 8 Rx, assumption on antenna correlation to be described by the proponent

	Channel coding 
	Assumption to be described by the proponent 

	DMRS Structure 
	Assumption to be described by the proponent

	Channel Estimation 
	Practical, non-ideal 

	Number of PRBs for PUCCH 
	Assumption to be described by the proponent 

	Transmit power
	Assumption to be described by the proponent

	PUCCH frequency hopping 
	Assumption to be described by the proponent 

	CRC length (if any) 
	Assumption to be described by the proponent [8, 16]

	Payload size (this is only for evaluation)
	At least 22, 32, 64, and 128 bits

	Performance Metric 
	ACK missed detection probability (1 %), NACK-to-ACK error probability (0.1%);  DTX-to-ACK probability 1%

With CRC, in case CRC check fail eNodeB considers all bits as “NACK”


In the following, we provide our evaluation results, with the following additional assumptions:

· TBCC based channel coding

· 1 RB for PUCCH

· Frequency hopping across slots
· A 16-bit CRC

The PUCCH formats considered include:

· 1-symbol or 2-symbol DM-RS structure, i.e., based on PUCCH format 3 or PUSCH, respectively [1]. 

· Spreading factor of 2 or 1 to provide tradeoff between link performance and multiplexing capability
· Alt 1: One possible way of enabling a spreading factor of 2 in time-domain within a symbol is illustrated in [1], which is copied below
· It is noted that such a spreading operation within a symbol is necessary for both PUCCH format 3 and PUSCH based new PUCCH format(s), due to the fact that there will be an orphan symbol for both cases especially considering the possibility of a SRS symbol in the second slot.

[image: image1]
Figure 1 Time-domain spreading factor of 2 for new PUCCH format(s)
· Alt 2: Another possible way of enabling a spreading factor of 2 in time-domain is across two adjacent symbols. However, it is noted that such an operation is not always possible for both PUCCH format 3 based new PUCCH format(s), and for PUSCH based new PUCCH format(s) (when the last symbol is an SRS symbol)

Note that in all simulations below, no SRS symbol is assumed.

Figure 2 shows PUCCH performance under various payload sizes (128, 80, 48, 16, before 16-bit CRC) under various assumptions. If 8-bit CRC is adopted, the payload sizes can be equivalently viewed as 136, 88, 56, and 24, respectively.
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Figure 3 New PUCCH performance under various payload sizes and assumptions
Based the above simulations, we have the following observations:
· Observation 1: At large payload sizes (144 and 96 bits, including CRC), PUSCH based new PUCCH outperforms PUCCH format 3 based new PUCCH (even at high mobility)

· This indicates that the additional channel estimation gain due to 2-symbol DM-RS in a slot can’t compensate the associated dimensional loss and coding gain loss.

· Observation 2: At small and medium payload sizes (32 and 64 bits, including CRC), PUCCH format 3 based PUCCH outperforms PUSCH based new PUCCH 

· Observation 3: Comparing with no spreading factor (SF=1), new PUCCH with SF =2 has small link performance loss at low payload size (32 bits including CRC), and reasonable performance loss at medium payload size (64 bits including CRC)

· Observation 4: SF=2 using spreading within a symbol achieves roughly the same performance as SF=2 across two adjacent symbols

· Observation 5: At 1% and 4% BLER, the required SNR can differ roughly by 2dB. Generally, the slope of the new PUCCH performance is not steep, indicating that the performance target of the information carried in PUCCH plays an important role in determining the required SNR operation point of the new PUCCH format(s).

Figure 3 shows the performance of the new PUCCH using 16QAM assuming a payload size of 144 bits (including CRC). Comparing with Figure 2, it can be observed that the required SNR for 1% BLER is roughly 6.5dB for 16QAM vs. 5.5dB for QPSK. 
· Observation 6: 16QAM based new PUCCH does not provide improved performance compared with QPSK.
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Figure 3 New PUCCH performance under 16QAM
Next, we compared two alternatives of multiplexing HARQ ACK and CSI in the new PUCCH format(s) for eCA. The one-RB PUSCH-like structure with one DM-RS symbol per slot is assumed. The two alternatives are: 
· Alt 1: Joint coding and mapping for HARQ ACK and CSI

· Alt 2: Separate coding and mapping for HARQ-ACK and CSI

The total payload size for HARQ-ACK and CSI is fixed at 128 (before CRC), while the ratio between HARQ-ACK payload and CSI payload varies. Accordingly, for the case of separate coding and resource mapping, the resources for HARQ-ACK and the resources for CSI also vary. In particular, as shown in the following figures, the ratio, defined as the amount of resources allocated to HARQ-ACK with respect to the total available resources, varies in order to investigate the respective performance of HARQ-ACK and CSI in light of different performance targets for them. In addition, it is an open issue of whether CRC should be additionally applied to CSI under separate coding and resource mapped – we investigate both options, i.e., CSI without 8-bit CRC vs. CSI with 8-bit CRC (hence increased total payload size compared with joint coding). 
Figure 4 shows the case for 24-bit HARQ ACK and 104-bit CSI. As can be observed, the ratio of 0.27 in the case of separate coding and resource mapping provides roughly 1dB gain over joint coding when there is no CRC for CSI, while ~0.5dB gain is observed when 8-bit CRC is also applied to CSI (with a ratio of 0.25), assuming 1% BLER for HARQ-CQI and 4% BLER for CSI .
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Figure 4 Joint vs. Separate coding for HARQ-ACK and CSI in PUCCH, 24-bit HARQ-ACK and 104-bit CSI (before CRC)
Figure 5 shows the case for 56-bit HARQ ACK and 64-bit CSI (before CRC)b. As can be observed, the ratio of 0.52 in the case of separate coding and resource mapping provides roughly 1dB gain over joint coding when there is no CRC for CSI, while ~0.5dB gain is observed when 8-bit CRC is also applied to CSI (with a ratio of 0.48), assuming 1% HARQ-ACK BLER and 4% CSI BLER.
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Figure 5 Joint vs. Separate coding for HARQ-ACK and CSI in PUCCH, 24-bit HARQ-ACK and 104-bit CSI (before CRC)

Therefore, we have:
· Observation 7: Separate coding and resource mapping for HARQ-ACK and CSI in the new PUCCH format(s) bring about 1dB gain when CSI is without CRC and about 0.5dB gain when CSI is with CRC, compared with joint coding.
2.2 New PUCCH Formats
One pending issue is the number of new PUCCH formats. Based on observations 1, 2, 3 and 4, we propose the following:

· Proposal 1: Beside PUSCH-like structure with one symbol/per slot, support at least one more new PUCCH format for eCA

· PUCCH format 4: Based on PUCCH format 3, with SF=2 within a symbol as discussed in [1]

· PUCCH format 5: Based on PUSCH with SF=1
Note that at low payload sizes, PUCCH format 4 and PUCCH format 5 offer similar performance, while PUCCH format 4 provides better multiplexing capability. At medium payload sizes, PUCCH format 4 has noticeable link performance loss compared with PUCCH format 5. Such link performance is important for UEs who are close to be or already power limited. However, from system perspective, an eNB may in some cases see a strong need to possibly multiplex more PUCCH channels in the cell, at the expense of minimal or reasonable link performance loss for some UEs, especially for the UEs who are far from being power limited. Such trade-off can be controlled by an eNB on a per UE basis based on the actual scheduling need. 
In the Rel10-12 design, the PUCCH format can depend on whether PCell only is scheduled or SCell is scheduled; however, the format doesn’t depend on how many SCells are scheduled. This solution becomes increasingly inefficient as the number of aggregated DL CCs is increased.  It is inefficient to use a format that supports dozens of HARQ ACK bits when only a few DL SCells were scheduled. 

As a result, we propose:
· Proposal 2: In eCA, the determination of a PUCCH format to use for a UE in a subframe can be dynamic and UE-specific. 
2.4
Higher order modulation, MIMO and TxDiv support for PUCCH

Given the potential large increase in PUCCH payload, the support of higher order modulation and/or MIMO can be considered. There is no significant standards change required for either. However, based on observation 6, we propose:
· Proposal 3: No support of 16QAM for the new PUCCH format(s) in eCA.

For the support of MIMO, multiple orthogonal DM-RS per UE needs to be supported. This can be achieved relatively easily since PUCCH format 3 already supports multiplexing 5 DM-RS signals per RB. 

For the support of TxDiv, SBTC can be considered, with or without special handling of the orphan symbol.  
2.5
PUCCH resource selection

In Rel10-12, the PUCCH resource can be selected dynamically with ARI among semi-statically configured resources. A similar mechanism should be used for PUCCH supporting up to 32 DL CCs.  
A possible enhancement is that the resources may be allocated on different UL CCs. Certain values of ARI may select a PUCCH resource on a different CC relative to other values. 

· Proposal 4: Use ARI based resource selection where different values may be configured to select resources on different UL CCs. 
2.7 ACK/NAK vs. CSI

In RAN1#81, the following was agreed:
· For a PUCCH CG, at least the following enhancements to Periodic CSI reporting on PUCCH are specified in order to reduce periodic CSI report dropping probability

· Multiplexing of periodic CSI reports corresponding to multiple serving cells in a subframe 

· Multiplexing of periodic CSI reports corresponding to multiple serving cells with HARQ-ACK feedback in a subframe 

Generally speaking, HARQ-ACK and CSI have different performance targets. CSI typically aims for a less-aggressive performance target, e.g.., 4% error probability. Based on observation 7, we propose. 

· Proposal 5: Separate coding and resource mapping should be considered for HARQ-ACK and CSI multiplexed on the new PUCCH format(s). 
3
Conclusions 
In this paper, we provided link-level performance evaluation of the new PUCCH for eCA under large various payload sizes and assumptions, resulting in the following observations:

· Observation 1: At large payload sizes (144 and 96 bits, including CRC), PUSCH based new PUCCH outperforms PUCCH format 3 based new PUCCH (even at high mobility)

· Observation 2: At small and medium payload sizes (32 and 64 bits, including CRC), PUCCH format 3 based PUCCH outperforms PUSCH based new PUCCH 

· Observation 3: Comparing with no spreading factor (SF=1), new PUCCH with SF =2 has small link performance loss at low payload size (32 bits including CRC), and reasonable performance loss at medium payload size (64 bits including CRC)

· Observation 4: SF=2 using spreading within a symbol achieves roughly the same performance as SF=2 across two adjacent symbols

· Observation 5: At 1% and 4% BLER, the required SNR can differ roughly by 2dB. Generally, the slope of the new PUCCH performance is not steep, indicating that the performance target of the information carried in PUCCH plays an important role in determining the required SNR operation point of the new PUCCH format(s).

· Observation 6: 16QAM based new PUCCH does not provide improved performance compared with QPSK.
· Observation 7: Separate coding and resource mapping for HARQ-ACK and CSI in the new PUCCH format(s) bring about 1dB gain when CSI is without CRC and about 0.5dB gain when CSI is with CRC, compared with joint coding.

Based on which, the following is proposed:
· Proposal 1: Beside PUSCH-like structure with one symbol/per slot, support at least one more new PUCCH format for eCA

· PUCCH format 4: Based on PUCCH format 3, with SF=2 within a symbol as discussed in [1]

· PUCCH format 5: Based on PUSCH with SF=1
· Proposal 2: In eCA, the determination of a PUCCH format to use for a UE in a subframe can be dynamic and UE-specific. 
· Proposal 3: No support of 16QAM for the new PUCCH format(s) in eCA.

· Proposal 4: Use ARI based resource selection where different values may be configured to select resources on different UL CCs. 
· Proposal 5:  Separate coding and resource mapping should be considered for HARQ-ACK and CSI multiplexed on the new PUCCH format(s).
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