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Discussion and Decision
1
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. This is captured in the WID [1] tasks as: 
2. Specify necessary mechanisms to enable the LTE carrier aggregation of up to 32 component carriers for the DL and UL, including:
· Enhancements to DL control signalling for up to 32 component carriers including both self-scheduling and cross-carrier scheduling, if any [RAN1]
· Enhancements to UL control signalling for up to 32 component carriers [RAN1]
· Enhancements to support UCI feedback on PUCCH for up to 32 DL carriers
· Specify the necessary enhancements to UCI signalling formats to support UCI feedback for up to 32 DL carriers 
· Enhancements to support UCI feedback on PUSCH for up to 32 DL carriers

· Higher layer enhancements for a UE to aggregate up to 32 component carriers, if identified [RAN2]

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
In this contribution, we consider the enhancements to support UCI feedback for up to 32 DL carriers. We consider PUCCH format design in more detail in [3], and HARQ feedback size determination as well as PUCCH format selection in [4]. 
2
Discussion
Extending DL carrier aggregation for up to 32 DL carriers increases considerably the amount of UCI that needs to be transmitted in a single subframe:

· Number of HARQ-ACK bits to be reported in a subframe is increased significantly. In the case of FDD Pcell, up to 64 HARQ-ACK bits may need to be reported. In the case of TDD PCell, the increase is even larger. For most of the TDD UL/DL configurations, well beyond 100 HARQ-ACK bits may need to be reported. In the extreme case of UL/DL configuration #5 on TDD PCell and TDD-FDD CA, up to 638 HARQ-ACK bits should be reported in a single subframe. 

· Number of periodic CSI reports to be transmitted is increased significantly. Keeping the current periodic CSI reporting procedure, where periodic CSI can be reported for only one CC at the time, would lead to insufficient CSI reporting with considerably increased periodic CSI dropping frequency or reporting rate. Hence, multiple periodic CSI reports need to be transmitted during single subframe, as discussed in [3].
· Further, it is preferable that HARQ-ACK bits and at least part of simultaneous periodic CSI reports can be transmitted jointly on PUCCH, as in LTE Rel-12. 

Current PUCCH formats cannot support large UCI payloads. For example, with PUCCH Format 3 maximum payload is limited to 22 bits. Clearly, this is not enough to provide reasonable support for DL CA up to 32 carriers and new PUCCH format (or formats) that is significantly larger than PUCCH Format 3 is needed. An alternative to the introduction of new PUCCH format(s) would be extensive HARQ-ACK bundling and periodic CSI dropping (or extensively long CSI reporting period), which would render the Rel-13 CA enhancement operation to be highly inefficient. 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 [2].
Having a common understanding on the targeted payload is essential for specifying a new PUCCH format as it will strongly guide the actual design. The maximum number of spatially bundled HARQ-ACK feedback bits per subframe is presented in Table 1 for 32-carrier FDD, TDD and TDD-FDD CA. In the case of TDD CA, the same UL/DL configuration is assumed for all carriers to simplify the presentation. In the case of TDD-FDD CA, TDD of a certain UL/DL configuration is assumed for PCell and PUCCH SCell while other carriers are assumed to be FDD. 
One can see that UL HARQ-ACK timing following UL/DL configuration #5 can produce very large HARQ-ACK feedback sizes per subframe. On other hand, HARQ-ACK feedback sizes seen with any other configuration are considerably smaller. In our opinion it is not sensible to set these exceptionally large feedback sizes that can be seen only with a single UL/DL configuration as a design target. Further, LTE Releases 10-12 already contain significant limitations for the use of UL/DL configuration #5 with DL carrier aggregation. Hence, we see that the extreme HARQ-ACK feedback sizes that can be faced with UL/DL configuration #5 should not be used as design target for the new PUCCH format. Of course, CA support for UL/DL configuration #5 can be extended up to the capabilities of the new PUCCH format once the design is completed.
Observation #1: Support of most challenging HARQ-ACK feedback cases faced with HARQ-ACK multiplexing and TDD UL/DL configuration #5 should not be used as design target for the new PUCCH format.   

The number of component carriers that can be supported with different PUCCH format sizes, assuming HARQ-ACK multiplexing with spatial bundling, is presented also in Table 1 for the cases of PUCCH on PCell only and two PUCCH cell groups. DL CA for up to 32 carriers can be supported with 100-bit PUCCH format and two PUCCH cell groups except for the extreme TDD UL/DL configuration #5 cases. Further, DL CA for at least up to 20 carriers can be supported even for UL HARQ-ACK timing following TDD UL/DL configuration #5. Hence, it is hard to see any motivation to consider PUCCH formats beyond 100 bits, especially from the point of view of two PUCCH cell groups.

On the other hand, when PUCCH format size is reduced to 70 bits or below, support for 32 carriers even with two PUCCH cell groups starts to become limited with respect to several of the TDD UL/DL configurations. Additionally, the number of carriers that can be supported with HARQ-ACK multiplexing is decreased considerably especially for the case of single PUCCH cell.  60-bit PUCCH format with a single PUCCH can support full 32 carriers only for FDD CA and TDD CA with UL/DL configuration #0 or #6. We see that new PUCCH format should preferably support at least 70-bit payload.
The trade-off between PUCCH format size and UL coverage is illustrated in Figure 1. In the link simulations, UMi channel, 3 km/h UE velocity and 2 Rx antennas at eNB were assumed. In Figure 2, SINR cdf is presented for Small Cell Scenario 2a. Simulation assumptions for both link and system simulations are tabulated in Appendix. Small scale fading is included in the link simulations but not on the system simulations. As there is constantly 1 UE in each cell, small cell layer is severely interference limited and difference to macro cell SINR cdf remains relatively small. Although a PUCCH format size in the range of 70 to 100 bits requires already relatively high SINR, as seen from Figure 1, it can be still seen as practically feasible especially for small cells. One can note that over 80% and 90% of small cell UEs can support 100-bit and 70-bit PUCCH payload, respectively, with a 2 PRB resource allocation. One can also expect based on the figures that the targeted maximum PUCCH payload can be supported by a reasonable portion of macro cell UEs, although UMa results are not presented in Figure 1. Results also show that practical feasibility of even larger payloads degrades rapidly with increasing payload.  

Proposal #1: Target payload of up to 70-100 bits is taken as working assumption for the design of the new PUCCH format. 
Table 1. Maximum number of HARQ-ACK feedback bits per subframe and number of carriers supported with 100-bit PUCCH format for HARQ-ACK multiplexing. 
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Figure 1. SNR required for 1% ACK Missed Detection Probability and 0.1% NACK-to-ACK Error Probability for varying HARQ-ACK feedback sizes.
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Figure 2. SINR cdf for Small Cell Scenario 2a
In Table 1, limitations on the number of supported carriers were noted for the considered PUCCH format sizes, especially in the case of single PUCCH cell. To get further insight on these limitations, a theoretical ratio of schedulable subframes to the total number of DL subframes available on 32 carriers is presented against PUCCH format size in Figures 2 and 3 for TDD CA and TDD-FDD CA, respectively. In the figures, it is assumed that one HARQ-ACK feedback bit is transmitted per carrier and per scheduled subframe. Further, such a scheduling restriction is assumed that the amount of HARQ-ACK feedback bits does not exceed PUCCH format size. In other words, the number of schedulable subframes is determined based on the PUCCH format payload size. In the case of TDD CA, as was the case in Table 1, the same UL/DL configuration is assumed for all carriers, and in the case of TDD-FDD CA, TDD is assumed for PCell while other carriers are assumed to be FDD. Excluding UL/DL configuration #5, one can see that most of the available subframes can be scheduled in the case of 100-bit PUCCH format. This implies that the number of supported carriers can be effectively extended, if seen as necessary, already with a reasonable amount of time domain bundling of HARQ-ACK bits. Further, PUCCH format should, in addition to HARQ-ACK feedback, support transmission of multiple periodic CSI reports in the same subframe.  We see partial time domain bundling of HARQ-ACK bits as an attractive alternative to a very large PUCCH format to further increase the multiplexing capabilities of HARQ-ACK feedback and periodic CSI reports as well as the number of carriers that can be supported with DL heavy TDD UL/DL configurations, if deemed necessary. Of course, the use of partial time domain HARQ-ACK bundling should be configurable by the network. Further, the error cases related to partial time domain bundling need to be carefully considered.
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Figure 2. Ratio of schedulable subframes to the number of DL subframes available on 32 carriers for TDD CA. Single PUCCH cell and HARQ-ACK multiplexing assumed.
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Figure 3. Ratio of schedulable subframes to the number of DL subframes available on 32 carriers for TDD-FDD CA. Single PUCCH cell and HARQ-ACK multiplexing assumed. 

Proposal #2: Partial HARQ-ACK bundling in time domain is to be investigated to extend the multiplexing capabilities of HARQ-ACK feedback and periodic CSI reports as well as the number of supported carriers for TDD PCell PUCCH.
The use of PUCCH Format 3 can be considerably extended for periodic CSI reporting as well as for FDD PUCCH cells with rather simple specification changes. Simply by allowing the use of 22 bit payload and by introducing spatial bundling of HARQ-ACK feedback on FDD PUCCH cell, PUCCH Format 3 can be extended to support HARQ-ACK feedback up to 21 carriers on a FDD PUCCH cell. Of course, the use of these mechanisms on FDD PUCCH cell should be configurable by the network.
Proposal #3: PUCCH Format 3 use is extended on HARQ-ACK reporting on FDD PUCCH cell as well as on periodic CSI reporting.
Proposal #4: Spatial bundling of HARQ-ACK feedback, enabled/disabled by higher layer signalling, is supported in HARQ-ACK reporting on FDD PUCCH cell.

Previous discussions and proposals show that the capabilities of PUCCH format 3 as well as reasonably sized new PUCCH format can be flexibly extended, if seen necessary, to provide sufficient support for CA enhancement up to 32 DL carriers. Based on these proposals as well as mechanisms aiming for efficient PUCCH resource usage, discussed in [4], we see that single new PUCCH format is sufficient to support UCI feedback for up to 32 DL carriers.
Observation #2: It is sufficient to introduce single new PUCCH format to support UCI feedback for up to 32 DL component carriers.
3
Conclusion
In this contribution, we discuss necessary PUCCH enhancements to support UCI feedback for up to 32 DL component carriers. Based on the discussions, the following proposals and observations can be summarized: 
Observation #1: Support of most challenging HARQ-ACK feedback cases faced with HARQ-ACK multiplexing and TDD UL/DL configuration #5 should not be used as design target for the new PUCCH format.  
Observation #2: It is sufficient to introduce single new PUCCH format to support UCI feedback for up to 32 DL component carriers. 
Proposal #1: Target payload of up to 70-100 bits is taken as working assumption for the design of the new PUCCH format. 
Proposal #2: Partial HARQ-ACK bundling in time domain is to be investigated to extend the multiplexing capabilities of HARQ-ACK feedback and periodic CSI reports as well as the number of supported carriers for TDD PCell PUCCH.
Proposal #3: PUCCH Format 3 use is extended on HARQ-ACK reporting on FDD PUCCH cell as well as on periodic CSI reporting.
Proposal #4: Spatial bundling of HARQ-ACK feedback, enabled/disabled by higher layer signalling, is supported in HARQ-ACK reporting on FDD PUCCH cell.
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Appendix: Simulation Assumptions

A. 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 
	ITU Urban Micro

	Frequency hopping 
	At slot boundary 

	Antenna Setup
	1Tx, 2 Rx

	Channel coding
	1/3 TBCC

	Channel Estimation
	Practical

	Noise Estimation
	Ideal

	Number of PRBs for PUCCH
	1, 2, and 3

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


B. System simulation assumptions
The simulated scenarios follow the settings in [1] and [2]. 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) 

	Number of clusters per macro 
	1

	Number of small cells per cluster 
	4

	CRE (Cell Range Extension)
	0dB (no ICIC)

	Open loop power control
	Macro/Pico: P0(-100 dB, -94 dB) alpha(1.0)


