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Introduction
Work Item ”LTE Carrier Aggregation Enhancement Beyond 5 Carriers”  targets at as the second objective on enhancing carrier aggregation framework to support up to 32 component carriers.  Enhancements to support UCI feedback on PUCCH for up to 32 DL carriers was identified in the WID [1] as one of the items for the second WI objective. In RAN1#80 [2], it was agreed that RAN1 supports following two mechanisms for UCI feedback to support Rel.13 CA configurations:
· Enhancements to support UCI feedback on PUCCH on Pcell for up to 32 DL carriers and enhancements to support UCI feedback on PUSCH on one cell for up to 32 DL carriers
· Applicable to both cases when UL CA is configured or UL CA is not configured for UL CA capable UEs
· Applicable to non-UL CA capable UEs

· FFS: Multiple PUCCHs on Pcell
· Two PUCCH cell groups are configured for up to 32 DL carriers
· Applicable only when UL CA is configured
· FFS: how many PUCCH cell groups are supported

· FFS: more than two PUCCH cell groups case
Further, it was observed in RAN1#80 that one or more new PUCCH format for increasing PUCCH payload capacity including considerations on UL overhead could be considered as an enhancements to PUCCH feedback format.  In RAN1#80bis, link level simulation assumptions for HARQ-ACK on PUCCH were agreed [3]. 
In this contribution, we present performance analysis of various PUCCH format structure options by following the evaluation methodology presented in [4]. 
2
Evaluated PUCCH Format Design Options
Current PUCCH Formats utilize CDMA by using sequence cyclic shifts and/or orthogonal cover codes to multiplex UEs on the same PRB. One design option is to extend a current PUCCH format while maintaining support for CDMA. PUCCH Format 3 is natural candidate for such extension. PUCCH Format 3 payload can be extended by reducing the spreading factor and/or by extending the format in frequency domain to cover multiple PRBs. Given the large payload for the new PUCCH format, new format structure can also be based on PUSCH structure. Potentially also other format structure options may be identified. 
We have evaluated four alternatives for new PUCCH format to support larger HARQ payload:

· Option 1 is based on the PUCCH format 3, but extended to cover multiple PRBs in frequency. The channel coding is TBCC with 1/3 coding rate. Rest of the transmission structure is same as PUCCH format 3 that includes scrambling of coded bits, QPSK modulation, spreading and two DMRS symbols per slot. 
· Option 2 applies OCC spreading with OCC length of 3. There is only one DMRS symbol per slot, so each slot contains two SC-FDMA symbols spread with length-3 OCC [5]. Reduced OCC length allows for a larger number of coded symbols. 48 QPSK symbols are transmitted using 1 PRB over 1 subframe in comparison to 24 QPSK symbols in option 1. The channel coding is TBCC with 1/3 coding rate. 
· Option 3 is different from option 1 only in terms of spreading. The QPSK modulated symbols are not spread and thus it allows having a larger number of coded symbols. With this option, 120 QPSK symbols are transmitted using 1 PRB over 1 subframe.
· Option 4 utilizes PUSCH like slot structure with only one DMRS symbol/slot that allows for 144 QPSK symbols. The rest of the transmission structure is same as in option 3. Option 4 was evaluated both with CRC and without CRC. 
Table 1 summarizes the key differences between the evaluated PUCCH format options.

Table 1: Key Features of considered PUCCH options
	Features
	Option 1
	Option 2
	Option 3
	Option 4

	Channel Coding
	TBCC
	TBCC
	TBCC
	TBCC

	Spreading
	OCC of length 5
	OCC of length 3
	None
	None

	DMRS symbols/slot
	2
	1
	2
	1

	QPSK Symbols/PRB
	24
	48
	120
	144


3
Performance results
Link level simulations were carried out for all four considered PUCCH format options with EPA and ETU channels and with payloads listed in Table A1 in the appendix. Also other simulation parameters are show in Table A1. Up to 3 PRBs were simulated with all options. In Figure 1 and 2, ACK missed detection and NACK-to-ACK error ratios are presented for 64-bit payload and 1 and 2 PRB allocations, respectively.  Results for 32-bit payload with 2 PRB allocation is presented in Figure 3.
In Figure 1 and 2, no results are presented for Options 1 and 2. This is due to low performance of these options with 64 payload. E.g. 64-bit payload simply exceeds Option 1 capacity with 1PRB allocation. From the results, and as illustrated in Figure 3, it was noted that options without spreading, that is, options 3 and 4, perform considerably better than options with spreading, i.e., options 1 and 2. Further, one can note that differences between options 3 and 4, that is, 2 and 1 DMRS symbols per slot, are minor for the shown payloads. Finally, it can be noted that addition of CRC increases ACK missed detection rate but on the other hand considerably decreases NACK-to-ACK error rate. When both ACK missed detection and NACK-to-ACK error ratios are considered, effectively similar performance is achieved both with and without CRC.
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Figure 1. ACK missed detection and NACK-to-ACK error ratios for 64-bit payload and 1 PRB allocation
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Figure 2. ACK missed detection and NACK-to-ACK error ratios for 64-bit payload and 2 PRB allocation
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Figure 3. ACK missed detection and NACK-to-ACK error ratios for 32-bit payload and 2 PRB allocation
Following the performance evaluation methodology presented in [4], average values for ACK missed detection and NACK-to-ACK error rates were calculated by integrating over SINR pdf weighted with link level results. SINR distributions were simulated for Rel-12 small cell deployment scenario 2a with simulation parameters as shows in Table A2 in the appendix. Two cases were considered:
· Case 1: All UEs transmit PUCCH on the macro carrier frequency
· Case 2: UEs transmit PUCCH either on the macro carrier frequency or on the small cell carrier frequency, based on RSRQ. Both 0 dB and 3 dB range extension was evaluated. 

SINR distributions are presented in Appendix B for all UEs, as well as for UEs at 10%, 50% and 90% point of DL geometry distribution. In the simulations, none of UEs transmitting at small cell carrier frequency were power limited. As a result, the same SINR cdf is observed for all UEs transmitting PUCCH on small cell carrier frequency. However, some of UE associated with macro cell are power limited.
HARQ-ACK payload for which the requirements of 1% ACK missed detection ratio and 0.1% NACK-to-ACK error ratio are satisfied were evaluated for the considered PUCCH design options. The maximum HARQ-ACK payloads are tabulated in Table 1 for 50% DL geometry in Case 1 and Case 2 / Macro cell PUCCH. In the case of Case 2 / Small cell PUCCH, results are applicable for all DL geometry percentile points. In the evaluations, a limited set of payloads (16, 22, 26, 32, 48, 64, 80, 100, 128, 140, 160, 180, 200) was used. It should be noted that the granularity in the considered payloads partially masks smaller performance differences between the PUCCH design options. On other hand, performance differences of such magnitude cannot be considered to be too significant.   
Table 1. Maximum HARQ-ACK payloads with 2 Rx antennas for 1% ACK missed detection ratio and 0.1% NACK-to-ACK error ratio requirements.
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Quite similar observation can be made from Table 1 as were made from the link level results: 

· PUCCH design options without OCC spreading, that is, options 3 and 4, perform significantly better than options with OCC spreading, i.e., options 1 and 2. 
· Differences between options 3 and 4, that is, 2 and 1 DMRS symbols per slot, are rather minor. Option 4 with 1 DMRS per slot provides better performance at high payloads. 
·  Effectively similar performance is achieved both with and without CRC. At high payloads, option 4 without CRC provides better performance.
Observation #1: With the considered HARQ-ACK payloads, the PUCCH format design options, that do not include OCC spreading perform better than options including OCC spreading.
Observation #2: Relatively small performance differences were observed in the considered scenarios between PUCCH format designs with 1 or 2 DMRS symbols per slot. 

Observation #3: Relatively small performance differences were observed in the considered scenarios between PUCCH formats with and without CRC. 

Finally, maximum HARQ-ACK payloads meeting 1% ACK missed detection ratio and 0.1% NACK-to-ACK error ratio requirements were evaluated with 8 Rx antennas for the PUCCH design option 4. It was noted that option 4 can support up to 160-bit payload on macro cell PUCCH in Case 2 and 50% DL geometry, and up to 180-bit payload on small cell PUCCH with only 1 PRB resource allocation.
Observation #4: Rather large HARQ-ACK payloads can be supported with 8 Rx antennas. 
4
Conclusion
In this contribution, we presented performance analysis for various PUCCH design options following the evaluation methodology in [4]. Based on the performance analysis, following observations were made: 
Observation #1: With the considered HARQ-ACK payloads, the PUCCH format design options, that do not include OCC spreading perform better than options including OCC spreading.

Observation #2: Relatively small performance differences were observed in the considered scenarios between PUCCH format designs with 1 or 2 DMRS symbols per slot. 

Observation #3: Relatively small performance differences were observed in the considered scenarios between PUCCH formats with and without CRC. 
Observation #4: Rather large HARQ-ACK payloads can be supported with 8 Rx antennas. 
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Appendix A Simulation assumptions
Link simulation assumptions
Some of the relevant parameters in the link simulations are shown in the Table A-1. 

Table A-1. Link simulation assumptions
	Parameter 
	Setting 

	Carrier Frequency 
	2 GHz 

	System Bandwidth 
	10 MHz

	Channel Model 
	EPA, ETU

	Velocity
	3 km/h

	Frequency hopping 
	At slot boundary 

	Antenna Setup
	1Tx, 2 Rx and 8 Rx

	Channel coding
	1/3 TBCC

	Channel Estimation
	Practical

	Noise Estimation
	Ideal

	Number of PRBs for PUCCH
	1, 2, and 3

	Payload 
	16, 22, 26, 32, 48, 64, 80, 100, 128, 140, 160, 180, 200

	Performance Metric 
	ACK missed detection probability, NACK-to-ACK error probability 


System simulation assumptions
The simulated scenarios follow the settings of Rel12 Small cell Scenario 2a. Quasi-static system level simulator is used for this study. Some of the relevant parameters in the simulations are shown in the Table A-2. 
Table A-2. System simulation assumptions
	Parameter 
	Setting 

	Network Layout 
	500m macro-layer inter-site distance 

	Cell layout 
	7 macro-sites (21 macro-cells), wrap around 

	Interference model 
	One UE per cell and PRB, random UE selection per PRB 

	UE placement 
	2/3 UEs inside the cluster; the remaining UEs are uniformly distributed within the macro-cell area; 80% users indoors 

	Transmit power 
	Macro-eNB: 46dBm; pico-eNB: 30dBm, UE: 23dBm

	Bandwidth 
	Macro: 10MHz at 2GHz; Small cell: 10MHz at 3.5GHz

	Antenna system 
	1x1 (AWGN channel) 

	Antenna gain 
	Macro: 17 dBi; pico: 5 dBi; UE: 0 dBi 

	Antenna pattern 
	Macro: 3D; Pico and UE: Omni 

	Path loss 
	Macro-eNB to UE: ITU UMa; Pico-eNB to UE: ITU UMi 

	Shadow fading 
	Macro-eNB to UE: ITU UMa; Pico-eNB to UE: ITU UMi 

	eNB packet scheduling 
	Proportional Fair (PF)

	Cell selection criteria 
	RSRQ (scenario 2a, Case 2) 

	Number of clusters per macro 
	1

	Number of small cells per cluster 
	4

	CRE (Cell Range Extension)
	0dB, 3dB

	Open loop power control
	 P0: -101.5 dB, alpha:1


Appendix B SINR distributions
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Figure B-1 SINR cdfs for macro cell PUCCH in Rel-12 Small Cell Scenario 2a / Case 1 
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Figure B-2 SINR cdfs for macro and small cell PUCCH in Rel-12 Small Cell Scenario 2a / Case 2, without range extension
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Figure B-3 SINR cdfs for macro and small cell PUCCH in Rel-12 Small Cell Scenario 2a / Case 2, with 3 dB range extension
