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1. Introduction
Downlink high-order MIMO has been discussed in many contributions as an important technology to increase downlink spectrum efficiency in LTE-A. To support high-order MIMO, 8 ports CSI-RS and UE specific DMRS are introduced for UE to get channel state information and demodulate. Based on full CSI in UE, common framework for feedback is expected to support all downlink MIMO transmission in LTE-A, including single-cell SU-MIMO, MU-MIMO as well as multi-cell CoMP. In RAN1 #58bis meeting, some decisions about feedback in LTE-A are made as follows:
· Feedback (CSI) enhancement for MU-MIMO

· enhancements to feedback codebooks

· other…

· Rel-8 CQI/PMI/RI could provide a good baseline for simple extensions, e.g. 

· to add spatial dimension to ICIC

· to improve support for single-cell MU-MIMO

· Also consider possible addition of simple explicit feedback scheme

· Overhead is a key consideration
· UE transmission of SRS can be used for CSI estimation at multiple cells exploiting channel reciprocity. 

· Enhanced SRS schemes may be considered
In this contribution, feedback mechanisms are discussed for LTE-A downlink transmission. As a basic principle, the feedback mechanisms in Rel-8 and Rel-9 should be considered, and enhancements should be studied to support high-order transmission in LTE-A. The possible extensions to multi-cell CoMP are also discussed.
2. Feedback enhancements based on Rel-8 and Rel-9 feedback modes 
2.1. BCI feedback for MU-MIMO

In [2], an enhancement for MU-MIMO is proposed based on BCI (Best Companion Index) feedback. The PMI with a BCI is reported by UE for eNB to schedule UEs with maximal SINR, along with a delta-CQI in case the BCI is used by paired UE. At the cost of additional PMI and CQI feedback, the performance of MU-MIMO can be improved.

However, more restrictions are imposed on codebooks and number of scheduling UEs to obtain the BCI gains from scheduling and link adaptation. If the codebook size is large, or there are no enough scheduling UEs, the possibility of using BCI would be rather small. As additional algorithm such as Zero-Forcing or other non-codebook based precoding may be implemented in eNB, the reported BCI is hard to match the actual precoding in eNB. Furthermore, if dynamic SU-MU switching is allowed in a relatively transparent way, UE is incapable of deciding whether to report BCI without information about transmission mode. In case of enhanced users/rank adaptation for MU-MIMO, by which different number of UEs or UEs with different ranks can be co-scheduled, BCI feedback can’t provide benefits any more. 
Observations:

· Performance of BCI greatly relies on codebook size and system load
· BCI feedback is hard to support dynamic SU-MU switching and rank adaptation
· BCI feedback suffers from the uncertain co-scheduled users and unknown precoding algorithm in eNB.
Proposal:
· It needs more study on performance gain to judge whether it is beneficial to introduce BCI feedback in LTE-A.
2.2. Enhanced PMI+SRS based feedback
Considering that in LTE-A the demodulation in downlink relies on DMRS rather than CRS as in LTE Rel-8, the precoding vectors are not necessarily codebook-based. Limitation in the application of PMI feedback especially in MU-MIMO and CoMP can be overcome by combining PMI feedback and long term channel state information. Though full downlink CSI is available in UE from CSI-RS, it’s unreasonable to report the long term CSI from UE introducing considerable complexity and feedback overhead. The downlink channel correlation matrix is easy to be obtained from uplink SRS in a standard-transparent way since the long term channel reciprocity is valid regardless of non-ideal issues even in FDD system [4].
Adaptive codebook

In [3], a hybrid precoding mode called adaptive codebook is introduced, which makes use of long term channel correlation information to improve codebook performance. By quantizing channel H in UE according to:
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The adaptive codebook can work by changing the basic codebook based on the long-term channel correlation matrix R as follows
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By reporting more accurate channel information to eNB, the adaptive codebook based precoding can provide better performance than Rel-8 PMI based precoding at least for MU-MIMO[3][6]. Link adaptation can be based on CQI feedback directly without any adjustment. However, it needs additional change in specification to restrict UE to estimate PMI and CQI as equation (1).
Transparent PMI+SRS transmission

Considering that it is hard to constrain UE how to estimate PMI and CQI, we can simply exploit long term CSI to enhance PMI feedback in eNB to operate more accurate precoding. For example, equation (2) can be used separately from (1) based on Rel-8 PMI feedback. Though there will be slight performance loss due to mismatched PMI/CQI feedback, the information from long term channel correlation can also be effectively exploited.

The precoding matrix can also be obtained as follows:
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 is the codeword feedback from UE, F is the maximal L (L is the RI feedback from UE) eigenvectors of effective correlation channel:
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is the statistical CSI. 
​By this way, no specification impact on Rel-8 feedback is needed to enhance PMI by channel reciprocity. To further overcome the drawback of PMI feedback when dynamic SU-MU switching and rank adaptation is allowed for downlink MIMO, the precoding can be sometimes more robust by relying fully on channel reciprocity without considering the PMI feedback from UE. Correspondingly, the Rel-8 CQI feedback from UE should be adjusted according to actual precoding in eNB for link adaptation. 
Observations:

· Rel-8 PMI feedback can be enhanced by channel reciprocity in transparent or non-transparent way.
Proposal:
· PMI+SRS transmission can be introduced as a feedback enhancement scheme for Rel-10.
· Whether transparent or not needs further study. 
2.3. Enhanced SRS based feedback
As a useful feature widely applied for beamforming in Rel-8 and Rel-9, channel reciprocity can be further exploited to obtain desirable performance in Rel-10. As discussed in contribution on channel reciprocity [4], channel reciprocity is valid in many scenarios of LTE-A TDD system as well as FDD system [4]. Especially for MU-MIMO, more channel information can be exploited for scheduling and interference cancellation and the performance can be further enhanced. SRS based CSI feedback also allows transparency in feedback for SU-MIMO, MU-MIMO and CoMP, and then dynamic SU-MU mode switching and corresponding rank adaptation as well as dynamic joint transmission among cells can be supported. As a feedback mode already applied in Rel-8 and Rel-9, no PMI based feedback design can also reuse that of Rel-8 and Rel-9, that is, no RI/PMI feedback is needed and TXD based CQI feedback can be reused. 
With DMRS for downlink demodulation in LTE-A, SRS based downlink transmission is applicable in various channel environments and antenna configurations, for example, large spaced antennas array. However, enough SRS resource in uplink, with less delay and viable transmit antennas, is still a bottleneck to ensure channel reciprocity in some scenarios.
More detail can be found in [7].
Observations:

· Channel reciprocity can be further exploited to obtain desirable performance in Rel-10.
· Transparent feedback and dynamic transmit modes switching are possible based on channel reciprocity.
Proposal:
· No PMI based feedback in Rel-8 and Rel-9 should be reused in Rel-10.
2.4. Performance

In this section, we provide the performance of MU-MIMO with different enhanced feedback schemes. Performance of MU-MIMO with Rel-8 PMI feedback is also given as a reference. From Table 1 and Table 2, we can see that:
· BCI feedback can’t provide significant gain over Rel-8 feedback with ideal link adaptation.
· With help of channel reciprocity, PMI+SRS based hybrid precoding (according to equation (2)) can provide 7%-15% gain in cell average SE, and slight gain in cell edge SE.

· If channel reciprocity is available, significant gain over Rel-8 PMI feedback can be obtained from SRS based precoding, which is 22%-40% for cell average SE and 20%-26% for cell edge SE in TDD system. Even in FDD system, there is still some performance gain by long term channel reciprocity.
Table1 performance of different feedback for MU-MIMO with MRC receiver

	Transmission Mode
	Cell average SE (bits/s/Hz) 
	Gain
	5% Cell edge SE (bits/s/Hz) 
	Gain

	PMI based SU/MU 
	2.261
	0%
	0.0818
	0%

	PMI+BCI based SU/MU
	2.298
	2%
	0.0829
	1%

	PMI+SRS based SU/MU in TDD
	2.601
	15%
	0.0859
	5%

	SRS based SU/MU in TDD
	3.168
	40%
	0.103
	26%

	PMI+SRS based SU/MU in FDD
	2.489
	10%
	0.083
	2%

	SRS based SU/MU in FDD
	2.394
	6%
	0.086
	5%


  Table2 performance of different feedback for MU-MIMO with MMSE receiver

	Transmission Mode
	Cell average SE (bits/s/Hz) 
	Gain
	5% Cell edge SE (bits/s/Hz) 
	Gain

	PMI based SU/MU 
	2.694
	0%
	0.085
	0%

	PMI+BCI based SU/MU
	2.723
	1%
	0.0848
	0%

	PMI+SRS based SU/MU in TDD
	2.962
	10%
	0.086
	1%

	SRS based SU/MU in TDD
	3.291
	22%
	0.102
	20%

	PMI+SRS based SU/MU in FDD
	2.864
	7%
	0.087
	2%

	SRS based SU/MU in FDD
	2.820
	5%
	0.090
	6%


From the results above, we can conclude that channel reciprocity instead of BCI feedback will be a reasonable enhancement to Rel-8 and Re-9 feedback.
3. Extension to Multi-cell CoMP

Comparing with single-cell MIMO, in multi-cell CoMP, network side needs to know not only the channel state information between UE and its serving cell, but also the channel state information between UE and other coordinating cells. How to obtain the channel state information between serving cell and UE is discussed in above sections. In this section, we will discuss the acquisition of channel state information between UE and its coordinating cells. Based on section 2 discussion, we believe that channel reciprocity application can be extended to multiple cells scenarios. In the following discussion, we use A + B to denote the feedback scheme, where A is the feedback scheme for serving cell, and B is the feedback scheme for coordinating cells.

SRS + SRS

Both the serving cell and coordinating cells can be configured to receive SRS signal transmitted by a certain UE. By this way, short term channel state information can be obtained. As discussed in the above sections, serving cell can use this information to implement SU/MU-MIMO. The other coordinating cells can use the obtained channel state information to participate in CoMP joint transmission, coordinated scheduling/beamforming, etc. For that, configuration information of SRS transmission should be available at coordinating cells. The signalling flow is shown in Figure 1:

· The serving cell sends SRS configuration parameters to intended UE, including period, offset, frequency band, cyclic shift, etc. 

· The SRS configuration parameters is sent to coordinating cells over inter-cell interface such as X2 interface. According to LTE Rel-8, SRS configuration parameters are divided into cell-specific and UE-specific parameters. The cell-specific parameter is common to all UEs, hence its update rate is very low and its overhead is negligible. The UE-specific parameter is associated with each UE, and should be conveyed on per UE basis. The added backhaul overhead  is low due to two reasons:  Firstly, UE-specific parameter is configured semi-statically, i.e., it will not change often; Secondly, only a small part of UEs (CoMP UE) need to sound multiple cells. 

· UE sends SRS signal as indicated by serving cell.

· Both serving cell and coordinating cell receive SRS signal and carry out channel estimation. 
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Figure 1: Signal flow of multi-cell SRS transmission

PMI/CSI feedback + SRS

For some cases, short term channel reciprocity may be unreliable. As pointed out above, long term channel reciprocity is rather robust against non-ideal factors. Therefore, coordinating cells can make use of SRS to obtain long term channel state information. Based on the long term information, inter-cell coordination can be implemented. To guarantee the performance of single cell SU/MU MIMO, channel state information of serving cell can be fed back in the forms of PMI/CSI. In addition, serving cell can also use long term channel state information to modify the reported PMI/CSI, as shown in section 2.2.
4. Summary
This contribution presented some solutions for feedback enhancement in LTE-A downlink transmission. It is desirable from perspectives of standardization and backward compatibility to reuse the feedback modes in LTE Rel-8 and Rel-9 as much as possible, but new feature and application scenarios of LTE-A should also be considered.  We propose that,

· For single cell,

· Feedback mode in Rel-8 and Rel-9 can be reused as baseline in LTE-A.

· It needs more study whether it is beneficial to introduce BCI feedback in LTE-A.
· No PMI based feedback in Rel-8 and Rel-9 should be reused in Rel-10 for single-cell transmission.

· PMI+SRS transmission can be introduced as a feedback enhancement scheme for Rel-10.

· For multi-cell COMP,

· SRS based feedback mode for multiple cells is a nature extension of single cell No PMI scheme.

· PMI/CSI+SRS can be considered as a competitive scheme exploiting long term channel reciprocity.
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6. Simulation parameters
Table 3 : System level simulation parameters
	Parameter
	Assumption

	Cellular Layout
	Hexagonal grid, 19 sites, 3 sectors per site

	Inter-site distance
	500m

	Load
	10 UE per sector

	Bandwidth
	10MHz

	Total eNB TX power 
	46dBm – 10MHz carrier

	eNB antenna gain plus cable loss
	14 dBi 

	UE antenna gain
	0 dBi

	Noise figure at UE
	9dB

	Distance-dependent path loss
	L=I+37.6log10(.R), R in kilometers, I=128.1 for 2GHz

	Minimum distance between UE and cell
	>= 35 meters

	Lognormal Shadowing with shadowing standard deviation
	8 dB for macro cell

	Penetration Loss  
	20dB

	Channel model
	UrbanMacro 15 

	UE speeds of interest
	3km/h

	Number of antenna elements (eNB, UE)
	(4, 2)

	Antenna separation (eNB, UE) 
	(0.5λ, 0.5λ)

	Duplex scheme
	TDD and
  FDD with 100M frequency distance between uplink and downlink

	Overhead 
	3 OSs DL control/ 4 CRS ports/ 12 REs DRS per PRB

	Scheduler
	Proportional fair and frequency selective scheduling 
PMI：based on CQI and PMI feedback in each Subband
SRS：based on CQI feedback and short term/long term CSI from uplink SRS
PMI+SRS：based on PMI/CQI feedback and long term CSI from SRS
PMI+PMI：based on PMI/BCI/CQI feedback

	Sounding
	Instantaneous  CSI with 5ms delay for SRS based MU in TDD 

Statistical/Subband CSI in 400ms for other scenarios

	Feedback
	Refer to Rel-8 feedback scheme except BCI feedback[2]

	Link adaption
	Ideal

	Channel estimation
	Ideal 

	PMI Feedback
	Subband (4 RB) Feedback

Reporting period: 5 ms 

	MCS
	Refer to 36.213

	Receiver
	MMSE/MRC

	Precoding granularity
	1RB for SRS based feedback in TDD system; 

4RBs for other scenarios
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