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1. Introduction

This contribution is an extension of our earlier contribution [1], in which we proposed the following:

RAN1 should adopt the CoMP CFF of per CSI-RS-resource feedback with inter-CSI-RS-resource feedback (Option 2) as the baseline.
In RAN1#66Bis a working assumption (WA) of standardizing a common feedback framework (CFF) for CoMP operations was generally agreed upon [2]. In RAN1#67 a preliminary way forward [3] was delivered in a timely fashion trying to narrow down the CFF candidates. In Dresden, a follow-up way forward [4] was proposed that CoMP CSI feedback should support reporting inter-CSI-RS-resource relative phase (co-phase) in addition to per-CSI-RS-resource PMI. Regarding this way forward proposal, many concerns were raised on the performance gain of inter-CSI-RS-resource co-phase compared with aggregated CQI and the corresponding overhead costs [5]. Thereby, no agreement was reached during the Dresden meeting.
2. Discussions on inter-CSI-RS co-phase vs. aggregated CQI
In our previous contribution [1], we pointed out that the CoMP CFF schemes discussed up to now can be classified into 4 categories summarized in a 2×2 matrix shown in Table 1. The two dimensions of this CFF option matrix respectively indicate whether inter-CSI-RS feedback is required and whether aggregated feedback should be operated, which is in line with the current WA [2]. 
Table 1: CoMP CFF options

	
	With aggregated CQI feedback
	Without aggregated CQI feedback

	With inter-CSI-RS-resource feedback
	Option 1
	Option 2

	Without inter-CSI-RS-resource feedback
	Option 3
	Option 4


In Option 2, each UE needs to feed back not only a PMI for each CSI-RS resource in the CoMP cooperating set, but also the co-phase information and possibly amplitude difference among multiple CSI-RS-resources. The serving transmission point (TP) then sends the per-TP PMI(s) and co-phase information to non-serving TP(s) in the cooperating set to generate distributed precoding matrix(es) for JT operations. Suppose the number of non-serving TPs is 
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where 
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 generates the CQI of the interested effective channel according to the 4-bit CQI table defined in [15]. Considering coherent transmission, the estimated aggregated CQI derived at the serving TP can be roughly written as 
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where 
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 is the per-CSI-RS CQI for the 
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where 
[image: image24.wmf]n

 is the number of quantization bits for co-phase. 
If the co-phase information is used to facilitate the CQI computation in non-coherent transmission, then an alternative formulation for the estimated aggregated CQI is [7], [9]
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It should be noted that although 
(4)

 are totally different. The expectation of (2)

 and (4)

 exhibit similar mathematical forms, the transmission schemes represented by (2)

 and  GOTOBUTTON ZEqnNum665655  \* MERGEFORMAT  can be as high as 
[image: image27.wmf]1

001

2

BBB

iik

iiki

CQICQICQI

-

===+

+´

ååå

 if 
[image: image28.wmf]n

 approaches infinite, which achieves the full array gain of coherent JT, while the expectation of 
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, which suffers from considerable SINR loss caused by non-coherent operations. In order to make full use of the reported co-phase information in coherent joint transmission, we propose to evaluate the performance of co-phase feedback (Option 2) based on equation [7](4)

 proposed in (2)

, and not based on equation  GOTOBUTTON ZEqnNum665655  \* MERGEFORMAT , [9].
Observation 1: the performance of co-phase feedback (Option 2) should be evaluated based on the estimated aggregated CQI 
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Furthermore, in Option 1, the aggregated CQI resulted from 
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Observation 2: the performance of co-phase feedback together with aggregated CQI feedback (Option 1) should be evaluated based on the reported aggregated CQI 
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 shown in (5)

.
In Option 3, co-phase feedback is usually not required, but the aggregated CQI of the non-coherent JT scheme is fed back and it is readily expressed as
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Observation 3: the performance of aggregated CQI feedback (Option 3) should be evaluated based on the reported aggregated CQI 
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 shown in (6)

.
Finally, we briefly discuss Option 4 to complete the analysis of all CFF Options. In Option 4, neither co-phase nor aggregated CQI is reported from the UE side. A simple way for the serving TP to compute the aggregated CQI for JT is to blindly assume 
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, which gives
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Observation 4: the performance of CFF Option 4 should be evaluated based on the blindly estimated aggregated CQI 
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 shown in (7)

.
In Dresden meeting, most companies that have presented negative views on co-phase feedback [7], [9], [6], [8], [10] argued that the performance gain offered by CFF Option 1 over CFF Option 3 cannot justify the additional feedback of co-phase. However, we’d like to kindly point out that the true value of co-phase should be discussed based on the comparison between CFF Option 2 and CFF Option 3, not between CFF Option 1 and CFF Option 3, because we are concerned with co-phase information, not additional co-phase information on top of aggregated CQI feedback. 
Besides, another issue should be covered is the feedback overhead. As we’ve shown in our previous contribution [1] that large periodicity of co-phase reporting, e.g., 20 ms or 30 ms, has a marginal impact on the performance of SU JT, and hence the overhead of co-phase feedback can be kept very low by decreasing the period of reporting. However, in practice aggregated CQI may not be robust to delay and need to be updated more frequently than the co-phase, which in turn reporting aggregated CQI may require more feedback overhead. 
Observation 5: the performance comparison between CFF Option 2 and CFF Option 3 is necessary, and it should be studied with considerations of feedback overhead.
Among others, another potential issue of inter-CSI-RS-resource co-phase feedback was that coherent JT performance degrades in the presence of frequency error due to the unreliability of the co-phase information [13]. In fact this issue is not as severe as it may seem. According to [14], a frequency offset of 30Hz was assumed between bands in CA cases, and hence similar value can be assumed for CoMP cases. Obviously, a frequency offset of 30Hz will not pose a serious problem for the validity of co-phase information from the simulation results in [13]. In addition, we observe
Observation 6: the issue of inter-CSI-RS-resource frequency offset will not pose a serious problem for the validity of co-phase information.
Based on the above observations and discussions, we investigate the JT CoMP with inter-CSI-RS co-phase feedback and/or aggregated CQI in the following section.
3. Simulations and results 

Simulations are conducted to compare the performance in terms of spectral efficiency (bps/Hz) for 6 schemes:
· Baseline scheme: SU single cell processing scheme (SU-SCP)

Overhead in addition to per-TP CSI feedback: 0 bits per subband
· Scheme (a): non-coherent SU JT: estimated aggregated CQI based on per-CSI-RS CQI as in Equation (7)

 [Option 4]
Overhead in addition to per-TP CSI feedback: 0 bits per subband
· Scheme (b): non-coherent SU JT: reported aggregated CQI based on Equation 
(6)

 with the feedback periodicity of aggregated CQI  GOTOBUTTON ZEqnNum790130  \* MERGEFORMAT =10 ms [Option 3]
Overhead in addition to per-TP CSI feedback: 4 bits per subband
· Scheme (c): non-coherent SU JT: estimated aggregated CQI based on Equation 
(4)

 with the feedback periodicity of co-phase  GOTOBUTTON ZEqnNum904864  \* MERGEFORMAT =10 ms [Option 2, lower bound (LB)]
Overhead in addition to per-TP CSI feedback: 2 (2-TP JT) or 4 (3-TP JT) bits of co-phase information per subband
· Scheme (d): coherent SU JT: estimated aggregated CQI based on Equation 
(2)

 with the feedback periodicity of co-phase  GOTOBUTTON ZEqnNum665655  \* MERGEFORMAT =10 ms [Option 2]
Overhead in addition to per-TP CSI feedback: 2 (2-TP JT) or 4 (3-TP JT) bits of co-phase information per subband
· Scheme (e): coherent SU JT: reported aggregated CQI based on Equation 
(5)

 with the feedback periodicity of co-phase and aggregated CQI  GOTOBUTTON ZEqnNum128939  \* MERGEFORMAT =10 ms [Option 1]
Overhead in addition to per-TP CSI feedback: 2 (2-TP JT) or 4 (3-TP JT) bits of co-phase information per subband + 4 bits of aggregated CQI per subband
The detailed simulation parameters and CoMP scenario are described in Annex A.1, and the detailed throughput CDF results are shown in Figure 2, the edge UE throughput segment of which is magnified in Figure 3 for observation purpose. 
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Figure 2: Comparison of different schemes (full CDF)
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Figure 3: Comparison of different schemes (CDF segment: 0~0.12)
The comparison of numerical results for different schemes is listed in Table 2. 

Table 2: Numerical results of different schemes

	Scheme

Description
	Average Spectral Efficiency 
[bps/Hz]
	5-percentile UE Spectral Efficiency
[bps/Hz]
	Average Spectral Efficiency Gain by using JT
	5-percentile UE Spectral Efficiency Gain by using JT

	Baseline scheme
(SU-SCP)
	1.7391
	0.0550
	-
	-

	Scheme (a) [Option 4]

	1.7213
	0.0614
	-1.03%
	11.64%

	Scheme (b) [Option 3]
[
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=10 ms]
	1.7597
	0.0700
	1.18%
	27.27%

	Scheme (c) [Option 2, LB]
[
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=10 ms]
	1.7151
	0.0646
	-1.38%
	17.45%

	Scheme (d) [Option 2]
[
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=10 ms]
	1.7238
	0.0686
	-0.88%
	24.73%

	Scheme (e) [Option 1]
[
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TT

=

=10 ms]
	1.7634
	0.0736
	1.39%
	33.82%


Based on the results in Figure 2, 3 and Table 2, we observe:

· CFF Option 1, 2 and 3 can achieve around or more than 25% edge throughput performance gain compared with the baseline SCP

· CFF Option 1 has the best performance and the highest overhead compared with CFF Option 2 and 3

· CFF Option 2 shows comparable performance with CFF Option 3 with a lower overhead
· The suboptimal scheme of Option 2 (Scheme (c)) shows less improvement in terms of the edge throughput in comparison to the other scheme of Option 2 (Scheme (d)). Nevertheless, the availability of Scheme (c) is still useful since it provides the flexibility for the eNB to decide how to use the co-phase information, i.e., employing coherent JT (Scheme (d)) or non-coherent JT (Scheme (c)). Therefore, with co-phase fed back from the UE, coherent or non-coherent JT transmission can be made transparent to the UE whereas non-coherent JT based on the aggregated CQI (Scheme (b)) does not have this merit
· Hence, we propose that RAN1 should be adopted a CoMP CFF that can support at least one of the options 1, 2, or 3.
Another pertinent concern is about the performance degradation due to outdated co-phase or aggregated CQI information. To investigate the delay issue of the JT CSI reporting, especially for Option 2 and Option 3, we present simulation results to compare the performance in terms of spectral efficiency (bps/Hz) for another 9 schemes:
· Baseline scheme: SU single cell processing scheme (SU-SCP)

· Scheme (b-0): non-coherent SU JT: reported aggregated CQI based on 
(6)

 with  GOTOBUTTON ZEqnNum790130  \* MERGEFORMAT =10 ms [Option 3]
· Scheme (b-1): non-coherent SU JT: reported aggregated CQI based on 
(6)

 with  GOTOBUTTON ZEqnNum790130  \* MERGEFORMAT =20 ms [Option 3]
· Scheme (b-2): non-coherent SU JT: reported aggregated CQI based on 
(6)

 with  GOTOBUTTON ZEqnNum790130  \* MERGEFORMAT =30 ms [Option 3]
· Scheme (b-3): non-coherent SU JT: reported aggregated CQI based on 
(6)

 with  GOTOBUTTON ZEqnNum790130  \* MERGEFORMAT =40 ms [Option 3]
For Scheme (b-0), (b-1), (b-2) and (b-3), overhead in addition to per-TP CSI feedback: 4 bits per sub-band
· Scheme (d-0): coherent SU JT: estimated aggregated CQI based on 
(2)

 with  GOTOBUTTON ZEqnNum665655  \* MERGEFORMAT =10 ms [Option 2]
· Scheme (d-1): coherent SU JT: estimated aggregated CQI based on 
(2)

 with  GOTOBUTTON ZEqnNum665655  \* MERGEFORMAT =20 ms [Option 2]
· Scheme (d-2): coherent SU JT: estimated aggregated CQI based on 
(2)

 with  GOTOBUTTON ZEqnNum665655  \* MERGEFORMAT =30 ms [Option 2]
· Scheme (d-3): coherent SU JT: estimated aggregated CQI based on 
(2)

 with  GOTOBUTTON ZEqnNum665655  \* MERGEFORMAT =40 ms [Option 2]
For Scheme (d-0), (d-1), (d-2) and (d-3), overhead in addition to per-TP CSI feedback: 2 (2-TP JT) or 4 (3-TP JT) bits of co-phase information per sub-band
The detailed simulation parameters and CoMP scenario are described in Annex A.1, and the detailed throughput CDF results are shown in Figure 4, the edge UE throughput segment of which is magnified in Figure 5. 
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Figure 4: Comparison of SU JT schemes with different 
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Figure 5: Comparison of SU JT schemes with different 
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The comparison of numerical results is listed in Table 3. 

Table 3: Numerical results of SU JT schemes with different 
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	Scheme

Description
	Average Spectral Efficiency 
[bps/Hz]
	5-percentile UE Spectral Efficiency
[bps/Hz]
	Average Spectral Efficiency Gain by using JT
	5-percentile UE Spectral Efficiency Gain by using JT

	Baseline scheme
(SU-SCP)
	1.7391
	0.0550
	
	

	Scheme (b-0) [Option 3]
[
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=10 ms]
	1.7597
	0.0700
	1.18%
	27.27%

	Scheme (b-1) [Option 3]
[
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T

=20 ms]
	1.7536
	0.0698
	0.83%
	26.91%

	Scheme (b-2) [Option 3]
[
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=30 ms]
	1.7465
	0.0694
	0.42%
	26.18%

	Scheme (b-3) [Option 3]
[
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=40 ms]
	1.7422
	0.0694
	0.18%
	26.18%

	Scheme (d-0) [Option 2]
[
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=10 ms]
	1.7238
	0.0686
	-0.88%
	24.73%

	Scheme (d-1) [Option 2]
[
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=20 ms]
	1.7174
	0.0678
	-1.25%
	23.27%

	Scheme (d-2) [Option 2]
[
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=30 ms]
	1.7103
	0.0676
	-1.66%
	22.91%

	Scheme (d-3) [Option 2]
[
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=40 ms]
	1.7060
	0.0678
	-1.91%
	23.27%


Based on the results in Figure 4, 5 and Table 3, we observe:
· The performance gap between Option 2 and Option 3 remains small when the feedback periodicity of co-phase or aggregated CQI reporting becomes large, e.g., 30 ms or 40 ms 
4. Proposal

In this contribution we presented our views and simulation results on issues related to CSI measurement and feedback, in particular we draw the following conclusions:

· CFF Option 1, 2 and 3 can achieve around or more than 25% edge throughput performance gain compared with the baseline SCP

· CFF Option 1 hast the highest overhead and best performance gain compared with CFF Option 2 and 3

· CFF Option 2 shows comparable performance with CFF Option 3 with a lower overhead, which remains true when the feedback periodicity of co-phase or aggregated CQI reporting becomes large, e.g., 30 ms or 40 ms
· With co-phase fed back from the UE (Option 2), coherent or non-coherent JT transmission can be made transparent to the UE whereas non-coherent JT based on the aggregated CQI (Option 3) does not have this merit
Based on the above conclusions, we propose:

Proposal: RAN1 should adopt the CoMP CFF of per CSI-RS-resource feedback with inter-CSI-RS-resource feedback and/or aggregated feedback.
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Appendix A1:

Table 4: Simulation assumptions
	Parameter
	Assumption

	CoMP scenario
	Scenario 2,
CoMP cluster of 9 cells (3 cell sites/ 3 cells per a cell site)

	Cellular Model and Layout
	Hexagonal grid, 19 cell sites, 1 eNB per a cell site wrap-around

	# of UEs, # of cells
	(570, 57)

	Carrier Frequency / System bandwidth
	2GHz / 5MHz

	Number of subcarriers
	300

	Number of resource blocks (RB)
	24

	Number of subcarriers per RB
	12

	Size of subband
	4 RBs

	Inter-site distance
	500m (3GPP case1)

	Distance-dependent path loss
	L = 128.1 + 37.6log10(R), R in kilometres

	Lognormal Shadowing
	Similar to UMTS 30.03, B 1.4.1.4

	Shadowing standard deviation
	8 dB

	Correlation distance of Shadowing
	10 m

	Shadowing correlation
	Between eNBs
	0.5

	
	Between cells
	1.0

	Penetration Loss
	20 dB

	Antenna pattern
	As in 36.814 (below)

	Antenna pattern (horizontal)

(For 3-sector cell sites with fixed antenna patterns)
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	Antenna pattern (vertical)

(For 3-sector cell sites with fixed antenna patterns)
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	Combining method in 3D antenna pattern
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	Thermal noise density
	-174 dBm/Hz

	Minimum distance between UE and cell
	35 meters

	Channel model
	SCME defined in 25.814

	UE speeds of interest
	3km/h (Doppler freq.=5.56Hz)

	eNB power class
	43 dBm

	Number of UE antennas
	2, co-polarized

	Number of cell antennas
	4, co-polarized

	Multi-layer transmission (SCP)
	Rank adaptive (up to 2 layers)

	Multi-layer transmission (JT)
	Minimum of all per-CSI-resource ranks

	HARQ
	Dynamic

	Per-TP precoding scheme
	LTE Rel. 8 precoding scheme

	Maximum number of JT measurement set
	3

	TP selection RSRP threshold
	6 dB

	Outer loop for target FER control
	10% FER for 1st HARQ transmission

	link adaptation
	MCSs based on LTE transport formats according to [15]

	Maximum number of Retransmissions
	4

	Feedback & Control channel errors
	No Error

	Scheduler
	Greedy search algorithm based on PF metric
Dynamic switch between SCP and JT

	Scheduling granularity
	Per subband

	Traffic load
	Full buffer

	DL overhead
	30% of total REs

	Maximum rank of SCP
	2

	Maximum rank of JT
	1

	Receiver type
	MMSE (option 1 of R1-110586)

	Channel estimation (DM-RS)
	Ideal

	Channel estimation (CSI-RS)
	Ideal

	Per-TP CSI feedback periodicity in TTI for SCP UEs
	10 ms

	Per-TP CSI feedback periodicity in TTI for JT UEs
	10 ms

	CSI report delay for SCP UEs 
[image: image82.wmf]SCP
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	5 ms

	CSI report delay for JT UEs 
[image: image83.wmf]JT
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	10 ms

	Co-phasing feedback periodicity for JT UEs 
[image: image84.wmf]coph
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	10, 20, 30 ms

	Aggregated CQI feedback periodicity in TTI for JT UEs 
[image: image85.wmf]aggCQI

T


	10, 20, 30 ms

	CQI & PMI feedback granularity
	per sub-band; feedback mode 3-2

	Codebook for PMI feedback
	LTE codebook

	Co-phase codebook for JT TPs
	0 or 2 bits (uniform sample of [0 2pi])


5-percentile





5-percentile
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