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1 Introduction
A typical problem that is encountered in conventional systems is the dynamic multi-cell interference that significantly impacts the performance of cell edge users. Since conventionally an eNB receives the preferred index only from those terminals that are associated with it, it cannot prevent creating strong interference to cell-edge users of another eNB, when the same vector or matrix index also maximizes the signal strength received from the same base station by another terminal in another cell. In this case, the interference created by beamforming is so strong that it will prevent successful communication. Moreover, the interference created by beamforming is not easily predictable by statistical measures of interference background level, due to the dynamic and spatial nature of the interference. Therefore, some specific mechanism is required to deal with this scenario. This scenario is illustrated in the Figure 1. 
Conventionally, in the reporting phase, each UE reports a preferred beam index to its serving eNB. UEab belongs to serving base station a and is labelled as the b-th UE in the cell served by base station a. It reports the preferred beam index sab. In the transmission phase, we assumed that each eNB has scheduled one UE in its serving sector for transmission with the requested beam index. When the signal received by UE11 from eNB2 is strong due to the use of the beam with index s21, then UE11 may lose the signal transmitted from eNB1. Since there was no coordination in the use of the codebook vectors between the two base stations, this situation can occur frequently. 
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Figure 1. Conventional operation of codebook-based beamforming at a base station
To cope with inter-cell interference, a popular and practical scheme consists in PMI coordination (e.g. restriction/recommendation) [1]
For a UE associated with the serving eNB, this UE transmits its preferred index to that eNB, where the preferred index refers to the codebook entry that maximizes the SNR or a measure of quality of the channel between the serving eNB and the UE. Multiple preferred indexes can also be sent to the serving eNB, to allow for more flexibility in scheduling. The same UE also transmits to the serving eNB the index or indexes of codebook entries that minimize (or maximize) the SNR of the signal received from adjacent cells. This evaluation is performed at the UE, provided that this UE can monitor the control signals sent by adjacent eNBs. Multiple UEs report the same type of information to their respective serving eNB, by monitoring the signal quality from multiple adjacent eNB. Then the neighbouring eNBs exchange all the collected information, or some statistically meaningful information, in order to coordinate their use of the codebook vectors in a way that maximizes the SINR of the terminals. That information can alternatively be sent to a common controller or coordinator that will perform the operations of scheduling, load-balancing, or handover among multiple eNBs. 
Advantages of this method are to avoid critical interference situations, and to allow multiple eNBs to use the same or different codebooks at the edge of adjacent cells without requiring frequency partitioning, while simultaneously increasing the effective signal-to-interference-and-noise ratio (SINR) of cell-edge users, and preserving the frequency resources for all eNBs. 
2 Rank restriction and recommendation 
2.1 Analogy with PMI restriction/recommendation
Rank coordination (e.g. rank restriction and recommendation) is an analogy with PMI coordination (e.g. PMI restriction/recommendation). The difference being that the restriction and recommendation are not applied to PMI but to rank (RI). Hence the UE feeds back the interfering rank that is the most harmful/beneficial to him. 
For a UE associated with the serving eNB, this terminal transmits its preferred rank indicator (denoted as the serving cell RI) to that eNB. The same UE also transmits to the serving eNB the rank of the interfering signal (denoted as the interference RI or interfering eNB RI) that minimize or maximize its performance. If the interfering eNB RI minimizes the performance, the UE requests the interfering eNBs to restrict the use of such transmission rank. If the interference RI maximizes the performance, the UE recommends the interfering eNBs to transmit a number of layers corresponding to the interference RI. The determination of the interference rank is determined by the UE. 
One interference RI could be feedback per interfering eNB or a single interference RI can be feedback to indicate that the aggregate rank of the interference of the dominant interferers of that user should be restricted or recommended to the interference RI.
Based on the report from multiple UEs of the same type of information, the neighbouring eNBs exchange all the collected rank information, in order to coordinate their restriction/recommendation of the interference RIs from all UEs. 
Advantages of this method are to avoid critical interference situations by reducing the flashlight effect of the interference and being able to benefit from accurate link adaptation while incurring very small feedback overhead.
2.2 Motivation to restrict or recommend ranks of the interference
The motivation behind such approach is the following. CL MIMO is impacted by dynamic interference (also called flashlight effect) and comes from the fact that the assumptions about the interference rank and precoder at the time of CQI calculation are different from the actual interference at the time of demodulation. It severely impacts the accuracy of the link adaptation.

In order to reduce the “dynamicity” of the interference, we have to render the interference more stable. Optimally that requires to keep the rank and the precoder constant in interfering cells in order to keep accurate link adaptation. In order to reduce the level of interference, we should be able to suppress it or at least mitigate it. Hence appropriate interference mitigation techniques should enable to suppress the interference while guaranteeing accurate link adaptation.

The goal of the proposed rank recommendation and restriction is to help reducing the “dynamicity” of the interference while keeping the number of degrees of freedom in the system such that UE receiver interference suppression techniques based on multiple receive antennas can be beneficial.
2.3 Sensitivity of the performance to the rank of the interference

In order to illustrate the importance of dynamic interference and its impact on the performance, system level evaluation of 4x2 and 4x4 SU-MIMO in spatially uncorrelated channels has been conducted. Performance is depicted in Figure 2 and 3. Assumptions of the simulations are provided in the appendix.
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Figure 2. Average spectral efficiency of a 4x2 CL SU MIMO in spatially uncorrelated channels as a function of the rank of the interference
In Figure 2, 3 and 4, x-axis represents the rank of each interfering cell. [1000] denotes 100% of the time rank 1 is performed in all interfering eNBs. [0100] denotes 100% of the time rank 2 is performed in all interfering eNBs. [0010] denotes 100% of the time rank 3 is performed in all interfering eNBs. [0001] denotes 100% of the time rank 4 is performed in all interfering eNBs. 

The label “Interf. Precoder considered” denotes the fact that the user specific reference signals (i.e. DM RS) of the interfering cells are measured at the time of demodulation in order to build the MMSE receiver. The label “Interf. Precoder NOT considered” refers to the fact that the DM RS of the outer-cell interference are not measured at the time of demodulation. The MMSE receiver is therefore unaware of the actual beamformed interference.

As we can see in Figure 2, performance evolves between 3 regions: a region where interference suppression is done at the UE and there is gain of outer loop control and link adaptation, a region where the interference is very dynamic and performance therefore quite bad and a region where there is no dynamic interference. 
In figure 3, the same behaviour is observed but in bigger scale in Figure 4 as a 4x4 MIMO system is considered.
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Figure 3. Average spectral efficiency of a 4x4 CL SU MIMO in spatially uncorrelated channels as a function of the rank of the interference
3 Operations to report restricted/recommended ranks

As explained in section 2.1, the UE is responsible for computing the appropriate restricted/recommended rank and for reporting to the eNB. As an example, we provide more details on the report for rank recommendation. Rank restriction can be operated in a similar way. We assume two eNBs and refer to Figure 4 for illustration. Note that two eNBs are assumed for the sake of clarity but the scheme is not limited to two eNBs. It can accommodate any number of eNBs.
In the reporting phase, each UE reports a preferred rank indicator to its serving eNB. UEab belongs to serving eNB a and is labelled as the b-th MS in the cell served by that eNB. It reports the preferred rank indicator sab that maximizes the downlink throughput from the serving eNB, and the recommended rank indicator iab that minimizes the impact of the interference from the interfering eNB. After collecting all the feedback from the UEs, the two eNBs exchange their information. In the transmission phase, we assumed that the eNBs have scheduled one UE in their respective serving sector for transmission with the recommended rank, using a cooperative scheduling algorithm (a common controller may have performed that scheduling). The algorithm determines that i11 = s22, and instead of scheduling UE21 from eNB2, it schedules UE22 from eNB2, such that when UE11 receives its signal from its serving eNB1, the interfering signal it receives from eNB2 arrives with the recommended rank. 


[image: image4]
Figure 4. Operation of coordinated (restriction/recommendation) rank-based beamforming at several eNBs.
The feedback of the restricted/recommended rank can be done in a dynamic way using signaling at the Physical layer  or in a static way where higher layer signaling is used to report the information. If it is reported in a static way, the restricted/recommended rank provide some information on the UE capability to perform interference suppression.
4 UE algorithm to compute restricted/recommended rank
From Figure 2 and 3, such restricted/recommended rank can be function of many parameters:

· Type of receiver (MMSE, MRC, ML, …)

· CQI calculation method (i.e. assumption on the rank and covariance matrix on interference, assumption on the measurement of long term power or actual channel of the interferers based on CSI-RS)

· Presence or not of user specific reference signals (DM RS) and measurement or not of outer-cell DM RS

· Reported rank (RI) for serving eNB

· Number of Rx antennas
The exact algorithm to perform at the UE to identify the optimal restricted or recommended rank is not provided in this DOI. However as a rule of thumb, we can identify the following rank selection procedure at the UE side.
Assume a UE with a MMSE receiver and its CQI calculated based on CSI-RS assuming an identity matrix precoder for all interferers, then the rule of thumb for selection of the coordinated rank (i.e. rank restriction/recommendation) at the UE is 
· If measurement of DM RS are possible and done at the UE to build up the MMSE receiver
· Rely on interference suppression at the receiver and guarantee that the number of degrees of freedom, i.e. the performance is improved if the sum of the transmission ranks in the dominant interfering cells + the rank of the co-scheduled users in the serving cell is minimized. If possible, the sum of the serving cell rank and the ranks of the dominant interferers is smaller than the number of receive antennas Nr. Choose the restricted rank or recommended rank to feedback depending on the mode of operation (restriction or recommendation) and such that interference suppression is efficiently performed at the receiver.
· Choose first the rank of the serving cell and then 
· the aggregated rank that is supportable if a single coordinated rank is feedback. Given the supportable aggregated rank information, feedback a restricted rank or recommended rank depending on the mode of operation (restriction or recommendation)
· the rank of each dominant interferer such that its sum is supportable if a rank indicator can be feedback for each dominant interferer. Given the supportable  rank information of each interferer, feedback a restricted rank or recommended rank depending on the mode of operation (restriction or recommendation) for each interferer.
· If MMSE is possible but there is no measurement of DM-RS
· Rely on accurate link adaptation and make sure that the interfering ranks are as large as possible. Feedback a rank restriction information to restrict the interfering rank to be too small or feedback a rank recommendation information to recommend the interfering ranks to be large.
5 Conclusions
In this contribution, we introduce an interference mitigation scheme based on rank (RI) coordination. Such coordination can be operated based on rank restriction and recommendation, similarly to PMI restriction and recommendation. A UE reports the rank of the interference that is the most beneficial/harmful to its performance. 

The proposed cooperation scheme reduces the occurrence of critical interference situations by reducing the flashlight effect and enables to benefit from accurate link adaptation and interference suppression techniques at the UE receiver while incurring a very small feedback overhead.
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7 Appendix
	Parameter
	Value

	General
	Parameters and assumptions not explicitly stated here according to 3GPP specifications

	Duplex method
	FDD

	Bandwidth
	10 MHz

	Network synchronization
	Synchronized

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

	Users per sector
	10

	Handover margin
	1dB

	Downlink transmission scheme
	4x2 SU-MIMO with rank adaptation

	Downlink scheduler
	Proportional Fair scheduling in the frequency and time domain

	Downlink link adaptation

	CQI and PMI 5ms feedback period

	
	1 PMI and 1 CQI feedback per subband (=4 consecutive RBs)

	
	6ms delay total (measurement in subframe n is used in subframe n+6)

	
	CQI measurement error: None

	
	PMI feedback error: 0% 

	
	MCSs based on LTE transport formats [36.213]

	
	Unquantized CQI

	codebook
	Rel. 8 4 bit

	Allocation
	localized

	Total number of RB in one subframe
	52

	scheduling unit
	1 subband=4 consecutive RBs

	Downlink HARQ
	Maximum 3 re-transmissions,

	
	Chase combining, non-adaptive, synchronous.

	
	no error on ACK/NACK

	
	8 ms delay between re-transmissions

	Downlink receiver type
	2 cases: 

- MMSE based on DM RS of serving cell and DM-RS of the 8 dominant interferers

- MMSE based on DM RS of serving cell only and assuming full rank interference for interfering cells (similarly as at the time of CQI feedback)

	Data Channel Estimation
	Perfect channel estimation on CSI RS and DM RS

	PAPR
	No constraint on per-antenna power imbalance 

	Antenna configuration
	Vertically polarized antennas

	
	0.5 wavelength separation at UE

	
	Uncorrelated channel: 4 wavelength separation  at base station (uniform linear array)

	
	ideal antenna calibration

	Control Channel overhead, Acknowledgements etc.
	LTE: L=3 symbols for DL CCHs

	
	Overhead of DM RS: RANK 1,2: 12 REs/RB/subframe

	
	Overhead of CSI RS: 4-ports CSI RS every 5 ms and 1RE/port/RB

	BS antenna downtilt
	Case 1 3GPP 3D: 15 deg

	Feeder loss
	0dB

	Channel model
	SCM urban macro high spread for 3GPP case 1, 3km/h

	
	Uncorrelated channel: 15 degrees angle spread

	Link error prediction technique
	MIESM (RBIR)

	Intercell interference modeling
	rank 1 to 4 transmission in interfering cells

	
	CQI calculated based on MMSE receiver assuming identity covariance matrix for the interferers


Table 1. System Level Simulation assumptions
eNB1





UE22





UE21





UE11





� EMBED Unknown  ���





UE12





Cell 1





UEs report their preferred beam index to the serving eNB





Cell 2





� EMBED Unknown  ���





eNB2





� EMBED Unknown  ���





� EMBED Unknown  ���





Cell 2





Cell edge UEs receive codebook-based beamforming transmissions from both cells





Cell 1





UE12





UE11





UE21





UE22





eNB1





eNB2





1. Reporting Phase





1. Transmission Phase





s11





s12





s21





s22





s21





s11





� EMBED Unknown  ���





� EMBED Unknown  ���





Cell 2





UEs report their preferred rank indicator and recommended/restricted rank to the serving eNB, and eNBs exchange the information over the backhaul





Cell 1





UE12





UE11





UE21





UE22





eNB1





eNB2





� EMBED Unknown  ���





� EMBED Unknown  ���





Cell 2





Cell edge UEs receive codebook-based beamforming transmissions from both cells with appropriate recommended rank in the case of recommendation and with a rank different from the restricted rank in the case of restriction





Cell 1





UE12





UE11





UE21





UE22





eNB1





eNB2





1. Reporting Phase





2. Transmission Phase





s11 , i11





s22





s11





s12 , i12





s21 , i21





s22 , i22





s22





backhaul








PAGE  
1

[image: image1][image: image5.wmf][image: image6.wmf][image: image7.wmf][image: image8.wmf][image: image9.wmf][image: image10.wmf][image: image11.wmf][image: image12.wmf][image: image13.wmf][image: image14.png]


_1223201705.vsd
通信タワー



_1223201728.vsd
通信タワー



_1223201729.vsd
通信タワー



_1223201730.vsd
通信タワー



_1223201727.vsd
通信タワー



_1223201703.vsd
通信タワー



_1223201704.vsd
通信タワー



_1223201702.vsd
通信タワー



