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1. Introduction

In RAN 1 #57 meeting, several types of feedback (e.g. explicit/implicit channel state/statistical information feedback) were discussed for DL CoMP [1]. In this contribution, we focus on feedback information related to the coordinated scheduling/beamforming schemes. There are some considerations on UE feedback information and eNB behaviors in terms of scheduling frequency. 

2. UE feedback information for beam coordination
One of main concepts for CoMP is ‘coordinated scheduling/beamforming (CS/CB)’ for which multiple eNBs collaborate to mitigate inter-cell interference (ICI). To collaborate among multiple eNBs efficiently, UE needs to measure and report feedback information such as feedback codebook matrix index (CMI) on channel status of CoMP reporting/cooperating set cells to serving cell. The vectors of codebook matrix are composed of precoding vector or quantized effective channel vector.
UE under experiencing severe interference from neighbor cells needs to report interfering beam information (e.g. CMI). The beam information can be single entity or multiple entities which represent(s) the best PMI(s) with least interference or the worst PMI(s) with largest interference or quantized effective-channel vector. In order to feed back CMI, UE first determines its receive beamforming, which is tuned according to the UE’s channel to the serving cell or is independently estimated for neighboring cells. Note that the feedback CMI is described in a form of Nt x R vector where Nt and R denote the number of neighboring cell transmit antennas and the rank of the desired signal from the serving cell, respectively. 

· additional information for beam coordination
In addition to the CMI, UE can feed back additional information such as interference level differences or best and worst SINR. 
· Interference level differences
Considering eNB scheduling operation, the reported CMI for interference avoidance may have “priority” issues so that who’s restricted/recommended CMI is more efficient in terms of interference reduction. To assist this ordering problem, UE may report additional information (such as interference level reduction or effective channel quality transition which can be achieved with the reported CMI).
· Best and worst SINR
The best case SINR and the worst case SINR mean the SINR when the interfering beam is orthogonal to the reported CMI and when that is aligned with the reported CMI, respectively. The SINR finally achieved by the coordinated beamforming can be calculated based on the best/worst case SINR and the correlation between the reported CMI and the interfering cell’s beam. Note that the worst case SINR does not need to be reported if the interfering beam is tuned to the null space of the reported CMI.
3. eNB behaviors for beam coordination
Based on the feedback information from UE, the cooperating cell/eNB can coordinate CMI/beam pattern semi-statically or dynamically to reduce dominant interference to the concerned UEs. Depending on the coordination rate and channel variation rate, the beam coordination schemes can be regarded as ’loose coordination‘ and ’tight coordination’.
· Loose coordination
Loose coordination means that the information update rate of neighbor coordination is much slow than the channel variation. Therefore, it is preferable to collect statistical information from UEs’ feedback information for beam coordination. The collected statistical information, thereafter, can be exchanged at a low exchange rate with neighboring and cooperating cells and be used for beam coordination in the collaborating cells semi-statically. 
One of transmission modes of loose coordination, for instance, is codebook subset restriction/recommendation. For this, cell-edge UEs can report desired CMI for serving cell and restricted/recommended CMI(s) for neighboring cells to mitigate the inter-cell interference level of the corresponding UEs. Before exchanging the collected feedback between eNBs, the reported CMI may be statistically processed at eNB in time, frequency and user domain so that the most efficient beam coordination can be achieved among cooperating cells.
After collecting the CMI(s) for beam coordination, serving cell/eNB exchanges the restricted/recommended CMI(s) with the interfering cells, where the ranking information is also shared if available. Note that not all the collected CMI(s) may be exchanged due to backhaul overhead by choosing a subset of most efficient CMI(s). For example, if the collected CMI(s) is meant to be used in the cooperating cells, the serving cell investigates which CMI(s) can give the smallest interference to its UEs by comparing the reduced interference levels. After this kind of decision, the serving cell sends the selected CMI(s) and the expected interference benefit (e.g. interference reduction) so that the cooperating cells may decide the usable codebook effectively.
· Tight coordination
Tight coordination means that the information update of neighbor coordination is able to catch up the channel variation. In this case, it is preferable to exchange dynamic channel information seen by UEs for more tightly coupled scheduling and beamforming among the coordinating eNBs.

One of transmission modes of tight coordination is null-forming. For this, UE can use rx weights that are tuned to its serving cell to decide the above UE feedback information, then feeds back CMI. In the interfering cell side, it can be exploited to tune its transmit beam toward the null direction of the reported CMI, thereby nullifying the interference to the UE which corresponds to the best case of the coordinated beamforming. It is also possible to relax the restriction on the interfering beam selection such that the interfering cell tunes its beam toward the direction having low correlation with the reported CMI. 
The serving eNB shares the reported CMI to the interfering eNB in order to recommend the interfering eNB to set the transmit beam within the null space of (or the space having low correlation with) that. In the case where the serving eNB wants not to finalize the UE scheduling prior to the information exchange among eNBs but to maintain a plural number of UE candidates, the multiple reported CMIs corresponding to the UE candidates are delivered to the interfering cell, and then the interfering beam is tuned toward the null space of all of those.
The other transmission mode of tight coordination is PMIs restriction/recommendation when eNB exchanges scheduling information about the subframe indices which will be used for beam coordination.

4. System-level Performance Evaluation
In this section, we evaluate the system-level performance of the beam coordination schemes based on reported PMI(s). Depending on the transmission modes on eNB, we evaluate the two types of the beam coordination schemes: ‘PMI restriction per subband’ and ‘Null-forming by ZF’. After collecting the PMI(s), for ‘PMI restriction per subband’, neighboring cell does not use reported PMI(s) at reported specific subband. On the other hand, for ‘Null-forming by ZF’, neighboring cell tunes its transmit beam toward the null direction of the reported PMI at reported subband. Note that the CoMP UE feedback mechanism and the information exchange method among the CoMP coordinating cells are equivalent in both beam coordination schemes. The only difference is in the corresponding UE scheduling and PMI selection. In this evaluation, we assumed that rank-1 precoding vector is only restricted for beam coordination because the rank-1 precoding may cause most serious interference compared to higher rank precoding. More details simulation parameters are shown in Appendix A.
We compared the performance of the beam coordination with that of no coordinated scheduling (e.g. SU-MIMO with no beam coordination for mitigating ICI) in multi-cell environments in terms of spectral efficiency loss and CoMP UE throughput gain, as shown in Table 1. The CoMP UE throughput gain denotes the average throughput gain of actual CoMP UE, which is considered as cell edge UE by eNB and feedbacks bad PMI set for beam coordination. The maximum number of reported PMI per UE means that a UE can report PMI(s) discriminately up to maximum number by sorting CQI value with respect to the interfering PMI(s) of neighboring cells. This maximum number might be matched with the maximum number of CoMP set for CoMP UE. The ‘PMI restriction per subband’ and ‘Null-forming by ZF’ with bad PMI set reporting provide 31.6%, 41.7% CoMP UE throughput gain and 0.81%, 4.39% spectral efficiency loss, respectively, compared to the system without coordinating for ICI mitigation and the gain seems to be more significant in CoMP UE throughput. Also, there is a trade-off between the maximum number of reported PMI per UE and CoMP UE throughput gain. The spectral efficiency loss of ‘Null-forming by ZF’ might be due to lack of CQI compensation of neighboring cell.
Table 1  Relative throughput gain of beam avoidance
	Coordinated scheduling/beamforming
	The maximum number of reported PMI per UE
	Average sector spectral efficiency loss
	CoMP UE throughput gain

	PMI restriction per subband
	8
	0.81% 
	31.6%

	
	4
	0.78%
	25.22%

	
	2
	0.74%
	21.69%

	Null-forming by ZF
	8
	4.39%
	41.7%

	
	4
	4.33%
	35.7%

	
	2
	4.21%
	30.11%


5. Conclusion
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In this contribution, we discussed UE feedback information and eNB behaviors for beam coordination using CMI. Based on these descriptions, our considerations are followings. Also, we can consider several combinations in terms of UE feedback information and the beam coordination schemes. 
· UE feedback information

· UE feeds back CMI(s) such as the best PMI(s) with least interference, the worst PMI(s) with largest interference or quantized effective-channel vector.
· UE can feed back additional information such as interference level differences or best and worst SINR.

· eNB behaviors for beam coordination

· Depending on the coordination rate and channel variation rate, the beam coordination schemes can be regarded as ’loose coordination‘ and ’tight coordination’.
According to the results of system-level performance evaluation, we show that beam-coordination schemes with reasonable reporting period and feedback overhead provide considerable CoMP UE throughput gain.
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Appendix A

Table 2  Basic simulation assumption

	Parameter
	Assumption

	System Bandwidth
	10MHz

	Center frequency 
	fc : 2.5 GHz

	Subframe length
	1.0 ms

	Frequency granularity 

for PMI and CQI feedback
	5 RB

	Channel Models
	ITU Urban Micro

	Mobile Speed (km/h)
	3 km/h

	Modulation schemes and channel coding rates
	QPSK (R=1/8, 1/6, 1/4, 1/3, 3/7 ,1/2, 5/9, 5/8, 7/10, 3/4)

16QAM (R=4/9, 1/2, 13/24, 5/8, 2/3, 3/4, 5/6)
64QAM (R = 3/5,5/8,17/25, 3/4, 5/6, 9/10, 14/15)

	Channel Code
	Turbo code Component decoder : max-log-MAP

	Codebook scheme
	4Tx (4bit)

	Antenna configuration
	4 transmitter, 2 receiver => [4Tx, 2Rx]

	Single-cell based MIMO scheme
	SU-MIMO

	Antenna mapping
	½ λ

	Receiver Type
	MMSE

	Channel Estimation
	Perfect channel estimation


Table 3  System parameter assumption

	Parameter
	Assumption

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

	Distance-dependent path loss
	PL(LOS) = 22.0log10(d) + 28.0 + 20log10(fc)

PL(LOS) = 40log10(d1) + 7.8 – 18log10(h’BS) –18log10(h’UT) + 2log10(fc)  
PL(NLOS) = 36.7log10(d) + 22.7 + 26log10(fc) 

	Total Node-B TX power
	43dBm (5MHz)

	Target block error rate
	10 %

	HARQ
	Chase combining with maximum retransmission 4

	Users per sector
	10

	Link Mapping
	Mutual information based

	Other Cell interference
	All Node-B transmitters always on at full power

	Backhaul feedback delay
	20ms

	Bad PMI set reporting period
	20ms

	Ratio of the number of CoMP UE and of total UE
	5%

	Channel Scenario
	UMi
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1. Introduction


In RAN 1 #57 meeting, several types of feedback (e.g. explicit/implicit channel state/statistical information feedback) were discussed for DL CoMP [1]. In this contribution, we focus on feedback information related to the coordinated scheduling/beamforming schemes. There are some considerations on UE feedback information and eNB behaviors in terms of scheduling frequency. 


2. UE feedback information for beam coordination

One of main concepts for CoMP is ‘coordinated scheduling/beamforming (CS/CB)’ for which multiple eNBs collaborate to mitigate inter-cell interference (ICI). To collaborate among multiple eNBs efficiently, UE needs to measure and report feedback information such as feedback codebook matrix index (CMI) on channel status of CoMP reporting/cooperating set cells to serving cell. The vectors of codebook matrix are composed of precoding vector or quantized effective channel vector.

UE under experiencing severe interference from neighbor cells needs to report interfering beam information (e.g. CMI). The beam information can be single entity or multiple entities which represent(s) the best PMI(s) with least interference or the worst PMI(s) with largest interference or quantized effective-channel vector. In order to feed back CMI, UE first determines its receive beamforming, which is tuned according to the UE’s channel to the serving cell or is independently estimated for neighboring cells. Note that the feedback CMI is described in a form of Nt x R vector where Nt and R denote the number of neighboring cell transmit antennas and the rank of the desired signal from the serving cell, respectively. 


· additional information for beam coordination

In addition to the CMI, UE can feed back additional information such as interference level differences or best and worst SINR. 

· Interference level differences

Considering eNB scheduling operation, the reported CMI for interference avoidance may have “priority” issues so that who’s restricted/recommended CMI is more efficient in terms of interference reduction. To assist this ordering problem, UE may report additional information (such as interference level reduction or effective channel quality transition which can be achieved with the reported CMI).

· Best and worst SINR

The best case SINR and the worst case SINR mean the SINR when the interfering beam is orthogonal to the reported CMI and when that is aligned with the reported CMI, respectively. The SINR finally achieved by the coordinated beamforming can be calculated based on the best/worst case SINR and the correlation between the reported CMI and the interfering cell’s beam. Note that the worst case SINR does not need to be reported if the interfering beam is tuned to the null space of the reported CMI.

3. eNB behaviors for beam coordination

Based on the feedback information from UE, the cooperating cell/eNB can coordinate CMI/beam pattern semi-statically or dynamically to reduce dominant interference to the concerned UEs. Depending on the coordination rate and channel variation rate, the beam coordination schemes can be regarded as ’loose coordination‘ and ’tight coordination’.

· Loose coordination

Loose coordination means that the information update rate of neighbor coordination is much slow than the channel variation. Therefore, it is preferable to collect statistical information from UEs’ feedback information for beam coordination. The collected statistical information, thereafter, can be exchanged at a low exchange rate with neighboring and cooperating cells and be used for beam coordination in the collaborating cells semi-statically. 

One of transmission modes of loose coordination, for instance, is codebook subset restriction/recommendation. For this, cell-edge UEs can report desired CMI for serving cell and restricted/recommended CMI(s) for neighboring cells to mitigate the inter-cell interference level of the corresponding UEs. Before exchanging the collected feedback between eNBs, the reported CMI may be statistically processed at eNB in time, frequency and user domain so that the most efficient beam coordination can be achieved among cooperating cells.

After collecting the CMI(s) for beam coordination, serving cell/eNB exchanges the restricted/recommended CMI(s) with the interfering cells, where the ranking information is also shared if available. Note that not all the collected CMI(s) may be exchanged due to backhaul overhead by choosing a subset of most efficient CMI(s). For example, if the collected CMI(s) is meant to be used in the cooperating cells, the serving cell investigates which CMI(s) can give the smallest interference to its UEs by comparing the reduced interference levels. After this kind of decision, the serving cell sends the selected CMI(s) and the expected interference benefit (e.g. interference reduction) so that the cooperating cells may decide the usable codebook effectively.

· Tight coordination

Tight coordination means that the information update of neighbor coordination is able to catch up the channel variation. In this case, it is preferable to exchange dynamic channel information seen by UEs for more tightly coupled scheduling and beamforming among the coordinating eNBs.


One of transmission modes of tight coordination is null-forming. For this, UE can use rx weights that are tuned to its serving cell to decide the above UE feedback information, then feeds back CMI. In the interfering cell side, it can be exploited to tune its transmit beam toward the null direction of the reported CMI, thereby nullifying the interference to the UE which corresponds to the best case of the coordinated beamforming. It is also possible to relax the restriction on the interfering beam selection such that the interfering cell tunes its beam toward the direction having low correlation with the reported CMI. 

The serving eNB shares the reported CMI to the interfering eNB in order to recommend the interfering eNB to set the transmit beam within the null space of (or the space having low correlation with) that. In the case where the serving eNB wants not to finalize the UE scheduling prior to the information exchange among eNBs but to maintain a plural number of UE candidates, the multiple reported CMIs corresponding to the UE candidates are delivered to the interfering cell, and then the interfering beam is tuned toward the null space of all of those.

The other transmission mode of tight coordination is PMIs restriction/recommendation when eNB exchanges scheduling information about the subframe indices which will be used for beam coordination.

4. System-level Performance Evaluation

In this section, we evaluate the system-level performance of the beam coordination schemes based on reported PMI(s). Depending on the transmission modes on eNB, we evaluate the two types of the beam coordination schemes: ‘PMI restriction per subband’ and ‘Null-forming by ZF’. After collecting the PMI(s), for ‘PMI restriction per subband’, neighboring cell does not use reported PMI(s) at reported specific subband. On the other hand, for ‘Null-forming by ZF’, neighboring cell tunes its transmit beam toward the null direction of the reported PMI at reported subband. In this evaluation, we assumed that rank-1 precoding vector is only restricted for beam coordination because the rank-1 precoding may cause most serious interference compared to higher rank precoding. More details simulation parameters are shown in Appendix A.

We compared the performance of the beam coordination with that of no coordinated scheduling (e.g. no beam coordination for mitigating ICI) in multi-cell environments in terms of spectral efficiency loss and edge-UE throughput gain. The table 1 shows spectral efficiency loss and edge-UE throughput gain where the edge-UE throughput gain denotes the average throughput gain of actual cell edge UE, which is considered as cell edge UE by eNB and feedbacks bad PMI set for beam coordination. As shown in the table 1, the ‘PMI restriction per subband’ and ‘Null-forming by ZF’ with bad PMI set reporting provide 31.6%, 41.7% edge user throughput gain and 0.81%, 4.39% spectral efficiency loss, respectively, compared to the system without coordinating for ICI mitigation and the gain seems to be more significant in edge user throughput. Also, there is a trade-off between the maximum number of reported PMI per UE and edge user throughput gain. The spectral efficiency loss of ‘Null-forming by ZF’ might be due to lack of CQI compensation of neighboring cell.

Table 1  Relative throughput gain of beam avoidance

		Coordinated scheduling/beamforming

		The maximum number of reported PMI per UE

		Spectral efficiency loss

		Edge user throughput gain



		PMI restriction per subband

		8

		0.81% 

		31.6%



		

		4

		0.78%

		25.22%



		

		2

		0.74%

		21.69%



		Null-forming by ZF

		8

		4.39%

		41.7%



		

		4

		4.33%

		35.7%



		

		2

		4.21%

		30.11%



		

		



		

		



		

		



		

		



		

		



		

		





5. Conclusion


In this contribution, we discussed UE feedback information and eNB behaviors for beam coordination using CMI. Based on these descriptions, our considerations are followings. Also, we can consider several combinations in terms of UE feedback information and the beam coordination schemes. 

· UE feedback information


· UE feeds back CMI(s) such as the best PMI(s) with least interference, the worst PMI(s) with largest interference or quantized effective-channel vector.

· UE can feed back additional information such as interference level differences or best and worst SINR.


· eNB behaviors for beam coordination


· Depending on the coordination rate and channel variation rate, the beam coordination schemes can be regarded as ’loose coordination‘ and ’tight coordination’.

According to the results of system-level performance evaluation, we show that beam-coordination with long-term reporting period and low feedback overhead provides considerable edge user throughput gain.
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Appendix A


Table 2  Basic simulation assumption

		Parameter

		Assumption



		System Bandwidth

		10MHz



		Center frequency 

		fc : 2.5 GHz



		Subframe length

		1.0 ms



		Frequency granularity 


for PMI and CQI feedback

		5 RB



		Channel Models

		ITU Urban Micro



		Mobile Speed (km/h)

		3 km/h



		Modulation schemes and channel coding rates

		QPSK (R=1/8, 1/6, 1/4, 1/3, 3/7 ,1/2, 5/9, 5/8, 7/10, 3/4)


16QAM (R=4/9, 1/2, 13/24, 5/8, 2/3, 3/4, 5/6)

64QAM (R = 3/5,5/8,17/25, 3/4, 5/6, 9/10, 14/15)



		Channel Code

		Turbo code Component decoder : max-log-MAP



		Codebook scheme

		4Tx (4bit)



		Antenna configuration

		4 transmitter, 2 receiver => [4Tx, 2Rx]



		Antenna mapping

		½ λ



		Receiver Type

		MMSE



		Channel Estimation

		Perfect channel estimation





Table 3  System parameter assumption


		Parameter

		Assumption



		Cellular Layout

		Hexagonal grid, 19 cell sites, 3 sectors per site



		Distance-dependent path loss

		PL(LOS) = 22.0log10(d) + 28.0 + 20log10(fc)


PL(LOS) = 40log10(d1) + 7.8 – 18log10(h’BS) –18log10(h’UT) + 2log10(fc)  

PL(NLOS) = 36.7log10(d) + 22.7 + 26log10(fc) 



		Total Node-B TX power

		43dBm (5MHz)



		Target block error rate

		10 %



		HARQ

		Chase combining with maximum retransmission 4



		Users per sector

		10



		Link Mapping

		Mutual information based



		Other Cell interference

		All Node-B transmitters always on at full power



		Backhaul feedback delay

		20ms



		Bad PMI set reporting period

		20ms



		Ratio of the number of cell-edge UE and of total UE

		5%



		Channel Scenario

		UMi






