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1. Introduction
The support of multi-codeword MIMO was agreed in RAN1#46. While the maximum of 2 codewords are supported for 2x2 configuration,  the maximum number of codewords for 4x4 configuration still needs to be further studied (2 vs. 4). The main motivation to set the maximum number of codewords to 2 is to reduce the uplink and downlink overhead without impacting the throughput performance [1, 2]. The maximum number of codewords can be defined from two perspectives
:
1. UE perspective: the maximum number of codewords that can be received by a UE. In the case of per –group rate control (PGRC) [1], it is 2.
2. Node B perspective: the total number of codewords that can be transmitted from a Node B. This includes the codewords directed to different UEs in MU-MIMO. Note that PGRC does not preclude the maximum of 4 codewords from the Node B perspective in the case of MU-MIMO where four different UEs are serviced, each being assigned one codeword. 
Other than setting the maximum number of codewords per UE to 2 for rank-4 transmission, there are two other alternatives for overhead reduction with a maximum number of codewords per UE of 4:

1. Feeding back 1 or 2 largest CQIs with indicator bits (extension of [3, 4, 5]): Only 1 or 2 distinct MCSs are assigned per UE. This scheme offers the same CQI definition for both SU- and PU2RC MU-MIMO as defined in [3, 5] and hence allows dynamic (fast) switching between SU- and MU-MIMO. This scheme can have the same UL and DL overhead as PGRC.
2. Layer permutation [6]: Feed back 1 full and 1 delta CQI, and an affine linear CQI definition (CQIn = CQI1 + (n-1)) which reflects the use of 4-iteration SIC receiver. The MCS for each codeword is chosen at the Node B based on those 4 affine linear CQIs.
This contribution focuses on the first alternative from single-user MIMO point of view [3, 4, 5]. The applicability of later permutation is discussed in the companion contributions [7, 8]. In [4], it was demonstrated that the loss of feeding back the maximum LMMSE CQI with 1-bit indicator is ~5% for 2x2 SU-MIMO system. An SIC receiver that first decodes the codeword corresponding to the maximum CQI was assumed. 
In this contribution, we investigate the link- and system-level performance of feeding back the maximum CQI(s) for 2x2 and 4x4 scenarios with LMMSE and SIC receivers. The finding in [4] was confirmed: the throughput loss with SIC receiver over the baseline PARC is small. With LMMSE receiver, however, significant throughput loss occurs. Similar loss is expected with other non-SIC MIMO receivers such as near-ML. Since good performance with variety of MIMO receivers is important, the applicability of feeding back the maximum CQI(s) is quite limited for SU-MIMO although it is still suitable for MU-MIMO as defined in [3, 4, 5]. 
2. Multi-Codeword with Maximum CQI Feedback for SU-MIMO
In this section, we summarized the SU-MIMO scheme proposed in [3] for 2x2 as well as its 4x4 extension. This scheme is motivated with the preference for having the same CQI definition for SU- and MU-MIMO to enable the dynamic switching between SU- and MU-MIMO as defined in [3]. In this section, SU-MIMO transmission is assumed.
2.1. 2x2 configuration
The scheme can be summarized as follows:

· The UE feeds back the maximum LMMSE CQI with a 1-bit indicator for the strongest antenna per RB. It is assumed that SIC is used for SU-MIMO and LMMSE is used for MU-MIMO. 
· The Node B decides the number of codewords allocated to the UE. One codeword implies MU-MIMO and two codewords implies SU-MIMO. When two codewords are allocated to the UE, a single MCS is applied to both codewords and chosen based on the maximum CQI.
· Upon receiving the 2 codewords, the UE performs SIC with the strongest codeword decoded first. 
The second (weaker) codeword is compensated by the SIC receiver. Hence, selecting the MCS based on the maximum LMMSE CQI for both codewords does not result in significant throughput loss. However, when a non-SIC receiver is used (e.g. LMMSE or near-ML), the compensation for the weaker codeword does not occur. Hence, the SINR for the second stream may be too low for the selected MCS.
2.2. 4x4 configuration
While the 4x4 configuration was not covered in [3, 4, 5], the mechanism in Section 2.1 can be easily extended to feeding back 1 or 2 largest CQIs:

· 1 max CQI: The maximum LMMSE CQI is fed back with a 2-bit indicator for the strongest antenna per RB. 
· 2 max CQIs: A fixed antenna grouping is applied (e.g. {1,2} and {3,4}) and the maximum CQI per group is fed back with a total of 2-bit indicator per RB. Alternatively, if the top 2 CQIs are fed back, a 4-bit indicator is needed to cover the 12 possibilities. Hence, the scheme with fixed grouping seems to be preferred. 
Note that the additional 2-bit indicator is a form of pre-coding and analogous to the 2-bit grouping indicator feedback for PGRC [1]. 
2.3. SU-MIMO rank adaptation 

Since rank adaptation feedback is not specified in [3, 4, 5],  it is not clear if rank adaptation is UE- or Node B-initiated. In general, it can be performed at the same rate as CQI feedback or at a slower rate. Note that when the rank adaptation is Node B initiated, additional throughput loss occurs due to the potential of faulty rank selection at lower geometry. That is, the rank-2 throughput may be overestimated and hence rank 2 transmission is selected more often over rank 1 while the actual codeword SINRs are not sufficient to support rank-2 transmission. This additional loss can be avoided if rank adaptation is UE initiated since the UE has full access of the SINR for all the codewords.
3. Link-Level Simulation
In this section, we present the single-user throughput comparison for 2x2 and 4x4 configurations. The simulation assumptions are given in Appendix A.1 and follow the numerology in [9]. The average single-user throughput is plotted versus geometry.
3.1. 2x2 configuration

The maximum CQI scheme (labeled CQImax) is compared with the baseline PARC in Figures 1 and 2. The results with Node B and UE initiated rank adaptation are given. The following can be observed from the results:
· With SIC receiver, the loss experienced by CQImax is marginal when rank adaptation is UE-initiated. In fact, some small gain is observed at high SNR due to the detection ordering imposed by the antenna indicator feedback.
· When LMMSE receiver is used, CQImax incurs significant throughput loss especially with Node B initiated rank adaptation.
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Figure 1.Throughput comparison for 2x2 with SCME-C
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Figure 2.Throughput comparison for 2x2 with SCME-D

3.2. 4x4 configuration

The results for 4x4 configuration are given in Figures 3 and 4 for SCME-C and Figures 5 and 6 for SCME-D. Here, CQImax(n1,n2) indicates feeding back n1 and n2 CQIs for rank-2 and rank-4 transmission, respectively. PGRC is used as the baseline scheme for comparison. The following can be observed:

· In most cases, feeding back only 1 maximum CQI does not give satisfactory performance even with SIC receiver and UE-initiated rank adaptation.
· When 2 maximum CQIs are fed back for rank-4 transmission, there is little performance difference between feeding back 1 and 2 maximum CQIs for rank-4 transmission.  
· While the performance of feeding back 2 maximum CQIs is satisfactory with SIC receiver, the loss with LMMSE receiver is large.
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Figure 3.Throughput comparison for 4x4 with SCME-C and LMMSE receiver
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Figure 4.Throughput comparison for 4x4 with SCME-C and SIC-type receiver
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Figure 5.Throughput comparison for 4x4 with SCME-D and LMMSE receiver
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Figure 6.Throughput comparison for 4x4 with SCME-D and SIC-type receiver

4. System-Level Simulation
In this section, we present system-level simulation results for 2x2 and 4x4 configurations. The simulation assumptions are given in Appendix A.2 and follow the system level assumptions in [9]. Only LMMSE receiver is simulated since the performance with SIC receiver is available in [4]. In general, it can be inferred from [4] and the link-level results in Section 3 that feeding back 2 maximum CQIs offer satisfactory performance with SIC receiver. Rank adaptation is assumed to be UE-initiated. As assumed for the link-level simulation, rank 3 is not included in the rank adaptation set.
The results are tabulated in Tables 1 and 2.  It can be observed that the average cell throughput loss for 2x2 is approximately 30-35%. Similar loss is experienced in terms of cell-edge throughput. With 4x4, the throughput loss in feeding back 1 maximum CQI approaches 50%. This loss is reduced to approximately 20-25% when 2 maximum CQIs are fed back. The associated loss in cell-edge throughput is 25-35%.
Table 1. System-level results for SCM Urban Macro (5 MHz bandwidth)
	Config
	Scheme
	Average cell throughput
	5% user (cell edge) throughput

	
	
	Value (Mbps)
	% loss over baseline
	Value (kbps)
	% loss over baseline

	2x2
	Baseline PARC
	12.98
	--
	272
	--

	
	MaxCQI PARC
	8.8
	32.2
	184
	32.4

	4x4
	Baseline PGRC
	19.2
	--
	420
	--

	
	MaxCQI(1,1)
	10.99
	42.8
	228
	45.7

	
	MaxCQI(2,2)
	15.64
	18.5
	315
	25.0


Table 2. System-level results for SCM Urban Micro (5 MHz bandwidth)
	Config
	Scheme
	Average cell throughput
	5% user (cell edge) throughput

	
	
	Value (Mbps)
	% loss over baseline
	Value (kbps)
	% loss over baseline

	2x2
	Baseline PARC
	15.21
	--
	420
	--

	
	MaxCQI PARC
	10
	34.3
	254
	39.5

	4x4
	Baseline PGRC
	22.9
	--
	613
	--

	
	MaxCQI(1,1)
	11.88
	48.1
	324
	47.1

	
	MaxCQI(2,2)
	17.43
	23.9
	412
	32.8


5. Conclusions
In this contribution, we investigate the link- and system-level performance of feeding back the maximum CQI(s) for 2x2 and 4x4 scenarios with LMMSE and SIC receivers. The following conclusions can be drawn: 

· The finding in [4] was confirmed: the throughput loss with SIC receiver over the baseline PARC is small for 2x2. For 4x4, as long as 2 maximum CQIs are fed back and rank adaptation is UE-initiated, satisfactory performance can be attained relative to per-group rate control (PGRC).

· With LMMSE receiver, significant throughput loss occurs for 2x2 and 4x4 configurations relative to the baseline 2x2 PARC and 4x4 PGRC. The degradation comes from choosing the MCS(s) using the maximum CQI(s) and hence the SINR associated with the weaker antennas are too low to support the chosen MCS(s). In terms of average cell throughput, the loss is approximately 30-35% for 2x2. For 4x4, it is 20-25% when 2 maximum CQIs are fed back.
· The performance loss with LMMSE receiver is increased if Node B initiated rank adaptation is used in place of UE-initiated rank adaptation. This is due to additional throughput loss in faulty rank selection. 
Similar loss is expected with other non-SIC MIMO receivers such as near-ML. Since good performance with variety of MIMO receivers is important for SU-MIMO, the applicability of feeding back the maximum CQI(s) is quite limited for SU-MIMO although it is still suitable for MU-MIMO scheme defined in [3, 4, 5]. 
Appendix

	Parameter
	Assumption

	Bandwidth
	5 MHz

	TTI size
	1.0 ms

	Resource block size
	180 kHz

	Channel model
	SCME-C and D 

	UE speed
	3 kmph

	MCS 
	QPSK r = 1/4, ½, ¾ ; 16QAM r = ½, 5/8, ¾ ; 64QAM r = 5/8, ¾   

3GPP Turbo code

	MCS selection in frequency domain
	- Common across all RBs

- Per RB

	CQI feedback delay
	2 TTIs

	CQI quantization
	None

	MIMO configuration
	2x2: baseline PARC and max-CQI PARC

4x4: PGRC and max-CQI PARC
Antenna selection is performed for the baseline PARC. 

	Rank adaptation 
	2x2: {1, 2}

4x4: {1, 2, 4} 

Common rank across all RBs

	MIMO receiver
	LMMSE and SIC 

PGRC uses GSIC (2-iteration SIC) 

	Maximum number of transmissions
	4 (including the first transmission) with Chase combining


Table 3. Link Level Simulation Assumptions for Section 3
Table 4. System Level Simulation Assumptions for Section 4
	PARAMETER
	VALUES

	Number of UEs per sector
	15 UEs 

	UE Speed
	3 kmph

	Traffic Model
	Full-buffer

	Channel scenario
	1. Urban Macro [10]

2. Urban Micro [10]

	System Bandwidth
	5 MHz

	Resource Block Bandwidth
	375 kHz (12 resource blocks in 5 MHz)

	MCS
	QPSK Rate ¼, ½, ¾ ; 16QAM Rate ½,  ¾; 64QAM Rate 5/8, ¾

	TTI duration
	0.5 ms 

	CQI feedback delay
	2 TTIs

	CQI Quantization
	None. Error-free CQI feedback assumed

	Scheduling Criterion
	Proportional Fair

	HARQ Feedback Delay
	8 TTIs. Error-free ACK/NACK assumed

	Maximum number of transmissions
	4 (including the first transmission) with Chase combining

	Scheduling
	Same MCS used for one stream across RBs
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� Note: The number of codewords is not the same as the number of streams (rank). For example, PGRC [1] is a rank-4 transmission scheme with 2 codewords.
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