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1
Introduction
In RAN1#62 several important decisions were made regarding the CSI feedback for LTE Release 10.  In this contribution, we discuss our views on PUCCH design and present a detailed proposal regarding the agreed extension of Mode 2-1 [1], which targets both subband PMI and CQI feedback and is aimed at facilitating improved MU-MIMO operation. As part of our discussion, we address the open question of whether this mode should perform UE-selected subband feedback or deterministic cycling.
In companion contributions, we present details on the PUSCH feedback design [2] as well as a unified feedback proposal for enhanced PMI/CQI feedback [3]. 

2
Details of the LTE-A PUCCH design
The introduction of a new reporting mode in Release 10 is primarily triggered by the support of up to 8x8 MIMO as well as dynamic SU-/MU-MIMO operation.  Specifically, it has been agreed that an extension of Mode 2-1 will be supported which supports subband PMI/CQI reporting and primarily benefits SU-/MU-MIMO operation.  The remaining modes reuse Rel-8 operation to a large extent, subject to the extensions necessary to support 8x8 configurations. 

Based on the fact that subband PMI/CQI reporting primarily benefits MU-MIMO, it is our view that the extended Mode 2-1 (hereafter simply referred to as Rel-10 Mode 2-1) should be designed with such operation in mind.  A key property of the newly supported feedback mode is whether to perform subband PMI/CQI feedback in a deterministic or UE-selected fashion.  Since Rel-10 Mode 2-1 will show most of its benefits in MU-MIMO operation, the principle of UE-selection needs to be revisited since it was tailored to SU-MIMO transmission.  In MU-MIMO operation, however, different UEs will generally report different subbands, therefore complicating UE pairing at the eNodeB. The avoidance of UE-selection also has the benefit that subband indication in the feedback report becomes unnecessary and frees up several bits which can thus be spent on the more important PMI/CQI payload.  

In Table 1, it is illustrated how this feedback mode can fit into the framework of the existing feedback modes (note that the second column has been edited to reflect that no UE-based subband selection should be performed for Rel-10 Mode 2-1 in our view).  If UE-selection is indeed not supported for Rel-10, a better name for the new Rel-10 Mode 2-1 might be “Mode 3-2,” to be more consistent with the corresponding table for the PUSCH case.  
2.1 
PUCCH Reporting Types and Payload Sizes

Changes to the existing PUCCH reporting types and payload sizes are shown in Table 2.  In addition to the changes required to support Rel-10 Mode 2-1, several additions to the table in [2] are shown which capture 8Tx feedback operation.  
Table 1: Proposed changes to current CQI/PMI feedback types (cf. Table 7.2.2-1 in [4])

	
	
	No PMI
	Single PMI

	PUCCH CQI                 Feedback Type
	
	
	

	
	Wideband
	Mode 1-0
	Mode 1-1

	
	(wideband CQI)
	
	

	
	
	
	

	
	UE Selected or Higher Layer configured
	Mode 2-0
	Mode 2-1

	
	(subband CQI)
	
	


Table 2: Proposed PUCCH Report Type Payload size per Reporting Mode (cf. Table 7.2.2-3 in [4])
	PUCCH Report Type
	Reported
	Mode State
	PUCCH Reporting Modes

	
	
	
	Mode 1-1
	Mode 2-1
	Mode 1-0
	Mode 2-0

	
	
	
	(bits/BP)
	(bits/BP)
	(bits/BP)
	(bits/BP)

	1
	Sub-band

CQI
	RI = 1
	NA
	NA
	NA
	4+L

	
	
	RI > 1
	NA
	NA
	NA
	4+L

	2
	Wideband CQI/PMI
	2 TX Antennas RI = 1
	6
	6
	NA
	NA

	
	
	4 TX Antennas RI = 1
	8
	8
	NA
	NA

	
	
	8TX Antennas RI = 1
	8
	8
	8
	NA

	
	
	2 TX Antennas RI > 1
	8
	8
	NA
	NA

	
	
	4 TX Antennas RI > 1
	11
	11
	NA
	NA

	
	
	8TX Antennas RI > 1
	11
	11
	11
	NA

	3
	RI
	2-layer spatial multiplexing
	1
	1
	1
	1

	
	
	4-layer spatial multiplexing
	2
	2
	2
	2

	
	
	8-layer spatial multiplexing
	3
	3
	NA
	NA

	4
	Wideband CQI
	RI = 1 or RI>1
	NA
	NA
	4
	4

	5
	RI/PMI
	2TX Antennas RI = 1
	NA
	NA
	NA
	NA

	
	
	4TX Antennas RI > 1
	NA
	NA
	NA
	NA

	
	
	8TX Antennas RI > 1
	7
	7
	NA
	NA

	6
	RI/PTI
	2-layer spatial multiplexing
	NA
	2
	NA
	NA

	
	
	4-layer spatial multiplexing
	NA
	3
	NA
	NA

	
	
	8-layer spatial multiplexing
	NA
	4
	NA
	NA

	7
	Sub-band CQI/PMI
	2TX Antennas RI = 1
	NA
	6
	NA
	NA

	
	
	4TX Antennas RI = 1
	NA
	8
	NA
	NA

	
	
	8TX Antennas RI = 1
	NA
	8
	NA
	NA

	
	
	2TX Antennas RI > 1
	NA
	8
	NA
	NA

	
	
	4TX Antennas RI > 1
	NA
	11
	NA
	NA

	
	
	8TX Antennas RI > 1
	NA
	11
	NA
	NA


2.2 
UE-selection vs. deterministic cycling for Rel-10 Mode 2-1
An important design aspect that needs to be decided for Rel-10 Mode 2-1, is whether to perform feedback in a UE-selected or deterministic fashion.  As pointed out earlier in this contribution, UE-selection may face challenges in MU-MIMO operation since different UEs will likely report different subbands, therefore complicating the task of UE pairing at the scheduler.  As an alternate approach we suggest deterministic cycling, which follows a deterministic pattern and ensures that all subbands are reported with equal periodicity. 
The details of deterministic cycling and UE-selection are illustrated in Figures 1 and 2, respectively.  Both schemes send one subband PMI/CQI report in every interval and cycle over the bandwidth parts.  After iterating over the bandwidth parts once, a wideband PMI/CQI report is sent in both schemes.  The difference between the scheme lies in how the subband to be reported is chosen within a bandwidth part.  In the UE-selected scheme, this choice is performed by the UE, for example, based on maximization of SU-MIMO capacity.  In the deterministic cycling scheme proposed in this contribution, subbands are selected one after the other, thereby reporting each of them with the same periodicity (see Figure 1 for an example). 
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	Figure 1: Illustration of deterministic cycling
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	Figure 2: Illustration of the UE-based subband selection


3 
Performance Evaluation
Performance evaluations have been conducted to compare the deterministic cycling scheme with the UE-based subband selection method for Rel-10 Mode 2-1.  Simulations assumptions are provided in Section 3.1 and results are discussed in Section 3.2. 
3.1
Simulation Assumptions

The simulation assumptions are consistent with the agreed framework in [5]. Other simulation assumptions are listed in Table 3 below. 
Table 3: Simulation assumptions

	Parameter
	Value

	Transmission Bandwidth
	10 MHz

	Channel Model
	3GPP Case 1, SCM-E High Spread

	Antenna configuration
	ULA, 0.5λ, vertically polarized

	Number of UEs per cell
	10

	Number of Tx antennas
	4

	Number of Rx antennas
	2

	Receiver Type
	Linear MMSE modeled

	Channel estimation
	Non-ideal

	Allocation Size 
	Adaptive

	Rank selection
	Adaptive

	CQI/Precoding feedback period
	2 or 5 ms

	Feedback subband size
	6 RBs

	Number of bandwidth parts
	3

	Feedback error
	Not modeled

	Frequency sensitive scheduling
	Yes

	Scheduling fairness
	Proportional fair

	Interference Estimation
	No interference covariance knowledge is assumed

	HARQ target
	10% BLER after 1st transmission

	Maximum number of retransmissions
	4


3.2 
Simulation Results

Simulation results are provided in Table 4 and compare the deterministic cycling scheme and UE-based subband-selection method with a reference scheme that feeds back full subband PMI/CQI information in every reporting interval.  Please note that this scheme is not proposed to be adopted in practice but is merely intended to serve as a baseline to put the performance of the other schemes in perspective. 
As can be seen in the table, the proposed deterministic cycling method leads to modest performance loss for SU-MIMO operation, which is in the order of 4-5% on average.  This is not surprising given that the UE-selection concept was designed with SU-MIMO operation in mind.  For MU-MIMO operation, however, we see that both schemes perform almost identical with differences between both schemes in the order of 1-2% or less.  
A notable advantage of the deterministic cycling scheme, which is not captured in the performance results, is that it frees up bits that would otherwise be required to indicate which subband per bandwidth part is being reported.  This avoids any need for subsampling the subband PMI codebook and allows to fit the subband PMI/CQI feedback payload into a PUCCH report with 11 bits (refer to Table 2 for details).  

Table 4: Performance comparison of UE-based subband selection and deterministic cycling
	Reporting method
	Reporting period [ms]
	SU-MIMO
	MU-MIMO

	
	
	Average cell spectral efficiency [bps/Hz]
	Cell-edge UE spectral efficiency [bps/Hz]
	Average cell spectral efficiency [bps/Hz]
	Cell-edge UE spectral efficiency [bps/Hz]

	Full PMI/CQI feedback 
	2
	2.876
	0.1177
	3.076
	0.1145

	Deterministic cycling
	
	2.622
	-9%
	0.1070
	-9%
	2.847
	-7%
	0.1018
	-11%

	UE selection based feedback
	
	2.757
	-4%
	0.1127
	-4%
	2.904
	-6%
	0.1074
	-6%

	Full PMI/CQI feedback 
	5
	2.811
	0.1152
	3.003
	0.1111

	Deterministic cycling
	
	2.402
	-15%
	0.0966
	-16%
	2.651
	-12%
	0.0935
	-16%

	UE selection based feedback
	
	2.532
	-10%
	0.1047
	-9%
	2.698
	-10%
	0.0986
	-11%


4 
Conclusions

This contribution provides our views on the PUCCH feedback design and in particular compares deterministic cycling with UE-based subband selection for the Rel-10 Mode 2-1 that was agreed in RAN1#62 [1].  
System performance evaluations have shown that the deterministic cycling scheme achieves almost identical performance as UE-based subband selection for MU-MIMO operation while freeing up bits that otherwise would have to be spent on signaling which subband per bandwidth part is being reported.  
Based on these performance results we propose that deterministic cycling be supported for Rel-10 Mode 2-1. 
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