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1. Introduction
Some working assumptions related to the UE feedback were made in RAN1#47bis [1]. In this contribution, we present our views on several aspects of MIMO-related UE feedback based on the agreed upon working assumptions:
1. Rank selection feedback
2. Pre-coding feedback 
3. CQI feedback
2. Rank Selection Feedback
Since the preferred rank changes at the same rate as the pre-coder matrix, fast rank adaptation is necessary to ensure competitive performance of the overall MIMO transmission. In this case, “fast” simply means that the feedback is performed at the same or comparable rate as the CQI feedback.
The current working assumption is to use a single rank feedback information over the whole bandwidth. This working assumption was arrived at based on simulation results [2] which showed negligible performance due to this restriction. More simulation results are presented in Appendix 1. Based on these results, we recommend a single transmission rank indicator per UE be signalled on the uplink and the downlink via the L1/L2 control channel.
3. Pre-coding Feedback
In RAN1#47bis, it was agreed that the frequency granularity of the pre-coding feedback information is configured by the network (chosen from a set of values where the exact set is FFS). It was also agreed that the time granularity is configured by the network and comparable to the CQI feedback. 
As outlined in Section 2, a single rank selection feedback per UE implies a single frequency granularity (=transmission bandwidth). Since the frequency granularity of pre-coding feedback information does not typically match with that of the rank selection feedback, pre-coding feedback and rank feedback should be defined separately to minimize the feedback overhead. An example of the composite (joint) definition of pre-coding + rank feedback is given in [3] where the frequency granularity of pre-coding feedback is identical to that of rank feedback. In this case, the codebook is defined as the collection of codebooks for different transmission ranks. The composite feedback indicates the selected element from the composite codebook. However, the joint feedback approach has the following potential problems:
· Joint codebook definition implies that the granularity of rank feedback and pre-coding feedback are identical. Thus, to optimize performance, the feedback granularity should be equal to the maximum of the two quantities, resulting in unnecessary feedback overhead. As discussed in Section 2, rank granularity can be significantly larger than pre-coding granularity.
· Joint codebook definitions limit Node-B flexibility, both in the granularity of feedback information available for scheduling, and in the ability to vary codebook sizes for different antenna configurations. 

Note that although pre-coding feedback and rank feedback are defined separately, it does not preclude the possibility of jointly encoding the two in the uplink control transmission. For instance, the single rank feedback and the pre-coding feedback associated with all the pre-coding sub-bands are jointly encoded as a part of one uplink control entity.
4. CQI Feedback
Figure 1 depicts the generic MIMO transmission structure. For rank-4 transmission, the fixed 2+2 codeword-to-layer mapping pattern is specified in the working assumption [1]. Hence, it seems natural to define the CQI per codeword. That is:
· For rank 1, only 1 CQI is needed.

· For rank ≥2, two CQIs are needed, each associated with 1 codeword. The two CQIs can be:

· Two full CQIs corresponding to the two CWs: 
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· One full (base) CQI and one delta CQI: 
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 can be defined either as the CQI of the first codeword. Then, 
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· The CQIs are computed from the channel, noise variance, and/or interference estimates. Once computed, the CQIs are quantized. Due to the inherent correlation between 
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· In frequency selective channels with OFDMA, the CQI can be computed per group of tones. For overhead saving, some type of CQI feedback reduction scheme can be used such as a simple downsampling approach, the DCT-based compression [4] or the best-M method [5]. 
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Figure 1. Generic MIMO block diagram

Alternatively, it is also possible to define the CQI across layers with 2 CQI feedbacks (1 base CQI and 1 delta CQI) and layer ordering as proposed in [3]. With this method, it is possible for the Node B to reconstruct all the layer CQIs from the base CQI, the delta CQI, and the layer ordering using an affine linear model. From the layer CQIs, the Node B can compute the codeword CQIs. The main advantage of this scheme is to allow some flexibility for the Node B. However, this comes at the expense of some approximation error and the necessity to feedback the layer ordering, which could be viewed as a size-24 codebook (which is clearly sub-optimal). 

Based on the above consideration, we prefer to define the CQI feedback per codeword.
5. Conclusion
We summarize our view on MIMO-related UE feedback and the associated signaling:
1. Rank selection feedback: Following the working assumption of a single rank feedback per UE, we recommend a single transmission rank indicator per UE is signaled on the downlink L1/L2 control channel. 

2. Pre-coding feedback: Due to the different frequency granularity, pre-coding feedback and rank feedback should be defined separately to minimize the feedback overhead.

3. CQI feedback: To minimize the feedback overhead, the CQI feedback is defined per codeword. Some feedback reduction mechanism is used to signal the frequency-dependent CQI to the Node-B.
Appendix 1 : Further Simulation Results On Rank Feedback

To quantify the throughput loss due to a fixed rank, we now present link-level simulation results for both 5 and 10 MHz. These results are extensions of results in [2], except that downlink signaling overhead is accounted for here. This was done as follows—each rank indicator carries one (two) bits for node-Bs with two (four) antennas. Assuming a spectral efficiency of 0.67 bps / Hz (QPSK with rate 2/3 coding), the number of tones needed for MR rank indicators is MR / 0.67. From this, the signaling overhead can easily be computed and reduced from the throughput. In general, note that rank indicators will be needed for each UE scheduled on the downlink. However, we here assume that only one UE is scheduled, which actually underestimates the signaling overhead. Furthermore, the spectral efficiency for UL feedback will be lower.
In the link-level (single-user) simulation results that follow, a TU channel profile was assumed. Antenna correlation was modeled. Independent precoding for every RB, with a 4-bit codebook was assumed. Other simulation assumptions are tabulated in Table A-1. To study the impact of rank clustering, the rank feedback from the UE is fixed over NR adjacent RBs, each of size 180 kHz. This is done as follows: For each rank, the UE computes the sum throughput across each cluster of NR adjacent RBs. The rank that maximizes the sum cluster throughput is fed back as the preferred rank for that cluster. 
	PARAMETER
	VALUES

	UE Speed
	3 kmph

	Channel profile
	TU-6

	Antenna Correlation
	0.1 / 0.5

	System Bandwidth
	5 / 10 MHz

	 Resource Block Bandwidth
	180 kHz 

	Modulation Schemes
	QPSK r = 1/5, 1/4, 1/3, 2/5, ½, 3/5, 2/3, ¾ 

16QAM r = 2/5, 9/20, ½, 11/20, 3/5, 2/3, ¾, 4/5, 5/6 

64QAM r = 3/5, 5/8, 2/3, 17/24, ¾, 4/5, 5/6   

	TTI duration
	1.0 ms (14 OFDM symbols)

	CQI feedback delay
	4 TTIs

	CQI Feedback Error
	Error-free CQI feedback assumed

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

	Max Number of HARQ Retransmissions
	3

	Precoding
	Precoder index fed back for each RB from a 4-bit codebook

	MIMO Decoder
	LMMSE 


TABLE A-1: Link Level Simulation Assumptions

A1.1. Simulations for 2 node-B, 2-UE antennas over a 5 MHz Channel TU channel

We now present results for 5 MHz deployments employing 2 X 2 MIMO. Figure 1 shows the percentage loss in spectral efficiency as the size of the rank cluster increases, relative to NR = 1. As expected, the loss is highest for medium geometries, but it at most 3.7%. 
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FIGURE 1 : Percentage Throughput Loss For 2 X 2 MIMO With 5 MHz Bandwidth, Antenna Correlations 0.1 and 0.5

A1.2. Simulations for 2 node-B, 2-UE antennas over a 10 MHz Channel TU channel

Figure 2 presents simulation results for 10 MHz. Again, it is easy to notice that even fixing the rank across the entire bandwidth results in at most 3.8% throughput loss, after accounting for the downlink signaling overhead.
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FIGURE 2 : Percentage Throughput Loss For 2 X 2 MIMO With 10 MHz Transmission, Antenna Correlations 0.1 and 0.5

A1.3. Simulations for 4 node-B, 2-UE antennas over a 5 MHz Channel TU channel

Figure 3 shows the fractional throughput loss for the case of four node-B and two UE antennas. The transmission bandwidth is 5 MHz. Here, it is seen that throughput loss due to fixing the rank across the entire 5MHz band is at most 2.2%. Indeed, at higher geometries, there is a loss of nearly 1% because of the additional signalling overhead.
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FIGURE 3 : Percentage Throughput Loss For 4 X 2 MIMO With 5 MHz Bandwidth, Antenna Correlation 0.5

A1.4. Simulations for 4 node-B, 2-UE antennas over a 10 MHz Channel TU channel

Figure 4 shows the fractional throughput loss for the case of four node-B and two UE antennas. The transmission bandwidth is 10 MHz. Again, losses due to fixing the rank across the entire bandwidth are small. 
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FIGURE 4 : Percentage Throughput Loss For 4 X 2 MIMO With 10 MHz Bandwidth, Antenna Correlation 0.5

A1.5. System Level Simulation Results Over 5 MHz Bandwidth

In the previous sections, link level simulation results were presented to study the effect of fixing transmission rank across RBs. At the system level, we compare the throughput of two scenarios:

· Rank feedback per RB: This corresponds to the case of NR = 1described earlier. Each UE feeds back the rank which maximizes the throughput for each RB.

· Single-rank feedback across the band: Each UE feeds back one preferred rank across the band. This rank is calculated as follows—For each possible rank, the UE sorts the RBs in decreasing order of throughput, and calculates the sum throughput across the top 30% RBs. The rank with the maximum partial sum throughput is chosen to be the feedback rank. This method of choosing the rank accounts for the fact that each UE is likely to get scheduled only on the RBs where its expected throughput is high.
The simulation assumptions are listed in Tables A-2. 
	PARAMETER
	VALUES

	Number of UEs per cell
	15 UEs. 

	Number of sectors per cell
	3 sectors, with either two or four 120-degree antennas per sector

	Traffic Model
	Full-buffer

	Channel scenario
	1. Urban Macro

2. Urban Micro

	Scheduling Criterion
	Proportional Fair

	Scheduling
	Single-user MIMO (one user per chunk). Same MCS used for one codeword across chunks

	MIMO Decoder
	LMMSE and SIC decoder


TABLE A-2: System Level Simulation Assumptions

The throughput for the above rank-feedback schemes is compared in Table A-3, where system level simulation results are presented for 2 and 4 Node-B antennas.   Both linear MMSE and successive interference cancellation (SIC) are simulated. Table 1 lists the average sector throughput for complete and single-rank feedback. 
	Number of Node-B, UE Antennas
	Simulation Scenario
	MIMO Decoder
	Average Sector Throughput (Mbps)
	% loss in throughput for single-rank over complete rank

	
	
	
	Rank Feedback Per RB
	Single rank
	

	1
	URBAN MACRO
	n/a
	12.66
	12.66
	0%

	
	URBAN MICRO
	n/a
	14.22
	14.22
	0%

	2
	URBAN MACRO
	LMMSE
	14.54
	14.49
	0.33%

	
	
	SIC
	14.92
	15.01
	−0.63%

	
	URBAN MICRO
	LMMSE
	16.57
	16.69
	−0.72%

	
	
	SIC
	17.57
	17.69
	−0.56%

	4
	URBAN MACRO
	LMMSE
	22.98
	23.11
	−1.23%

	
	
	SIC
	23.82
	24.11
	−1.78%

	
	URBAN MICRO
	LMMSE
	26.60
	27.08
	−1.71%

	
	
	SIC
	28.13
	28.61
	−1.71%


TABLE A-3: Average Downlink Sector Throughput For 5 MHz E-UTRA With Rank-Feedback per RB and per-Band

As seen from the table, fixing the feedback rank across the band reduces the average sector throughput by at most 0.33%. Indeed, in most cases, it actually gains in system level throughput because of the lower signaling overhead, with the gains being as high as 1.7% for the 4-antenna case. 
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