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1 Introduction

In this contribution, we present our evaluations of CoMP scenario 2 in the downlink for FDD based on the agreed simulation assumptions. 
We analyse the sensitivity of the CoMP scenario 2 performance to various design aspects of the CoMP scheme, including transmission point selection and several feedback aspects. 

Companion Tdocs in [1, 2] provide the evaluation results for TDD and the FDD uplink respectively.
2 Simulation assumptions

The evaluations used the simulation assumptions in table 7 in the Appendix, which is aligned with the assumptions agreed in [3].
3 Performance and discussion
3.1 Transmission point selection

The clustering approach for the transmission points (TPs) has an impact on the performance gain from CoMP and also on the feedback overhead. We the first define the following transmission point sets:
· Coordination set: set of 9 transmission points as defined by the 3GPP assumptions.  

· Measurement set: set of transmission points for which the measurement is carried out. It can be configured UE-specifically by higher-layer signaling to be the same set as the coordination set or a subset of it.
· Feedback set: set of transmission points for which the UE sends feedback. 
· Transmission set: set of transmission points actively participating in the transmission to a given UE in a given subframe.
We compare two clustering approaches. One is fixed clustering, which means the sizes of the coordination set, measurement set and transmission set are all equal. The other is dynamic clustering, where the size of the transmission set is UE-specific and changes dynamically for each UE according to UE’s channel condition. If the UE does not send feedback for transmission points with unsuitable channel conditions, the feedback overhead can be reduced accordingly. 
Table 1 shows the performance of CoMP Scenario 2 with different clustering approaches.
An enhanced CSI feedback codebook is used (see Section 3.2 below for details).

Table 1 CoMP Scenario 2 performance with fixed and dynamic clustering

	Tx scheme
	Cell average SE
(bps/Hz/cell)
	Cell-edge SE

(bps/Hz)
	Jain index

	fixed-clustering
	3.17
	0.114
	0.83

	dynamic-clustering 
	3.08
	0.112
	0.83

	Ratio
	-3%
	-2%
	-


Observations:

· The fixed 9-cell clustering approach achieves slightly better performance. However, it results in significant feedback overhead since per-cell PMI for up to 9-cells and inter-cell phase/amplitude information for up to 8-cells have to be fed back (for all UEs that are configured in CoMP mode).
· Dynamic clustering suffers only marginal performance loss with 3% for cell-average and 2% for cell-edge. In this example, any TP is automatically excluded from the transmission set if its downlink signal strength is 6dB worse than the best TP. The following figure shows the number of TPs for each UE:
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Figure 1 Statistics for the number of useful transmission points
· Only 20% of the UEs are seen to benefit from joint transmission. In order to minimize the feedback overhead, most of the UEs should therefore be configured for single-cell feedback. For the UEs that could benefit from JT CoMP, it can be concluded that there is little performance loss from limiting their feedback to a small subset of transmission points, not all 9. 
Observations: 

1. An appropriate UE-selection mechanism to select the UEs that would benefit from CoMP  is essential to achieving performance gains with CoMP in Scenario 2. The selection algorithm would be implementation-dependent (similar to the handover or ICIC mechanisms). The signaling to configure the UE for CoMP needs to be further studied.
2. An appropriate subset of coordinated transmission points for each UE is beneficial to minimise complexity. The subset selection would be implementation-dependent.  The signalling to configure the subset of the coordinated points needs to be further studied. 

3. For UEs configured for CoMP operation, the CSI feedback should be taken into consideration to minimize the UL control signaling overhead.  It should not be necessary to feed back CSI information for the whole coordinated set. The feedback overhead can be kept reasonable by selecting a subset of the transmission points from the coordinated set. 
a. If the feedback is limited to only the useful transmission points, we observe that the feedback overhead per CoMP UE is only 11.5% of the feedback per UE that would be required with 9-cell feedback (see Appendix A.2).
3.2 Codebook enhancement

We compare here the performance of CoMP Scenario 2 using the R10 PMI feedback codebooks with an enhanced codebook that is better suited to the uncorrelated antennas of geographically-separated transmission points. An 8-bit non-constant-modulo codebook is used in the evaluation. The results are shown in Table 2.
Table 2 CoMP Scenario 2 performance with R10 and enhanced feedback codebooks
	Tx scheme
	Cell average SE (bps/Hz/cell)
	Cell-edge SE (bps/Hz)
	Jain index

	R10 codebook based CoMP JT
	2.27
	0.086
	0.84

	Enhanced codebook based CoMP JT
	2.75
	0.100
	0.80

	Gain from enhanced codebook for CoMP
	21%
	16%
	-


Observations:

· The Rel-10 PMI feedback codebooks are not optimised for CoMP JT with geographically separated antennas. 

· An enhanced codebook can bring significant gains for CoMP.

Observation: In order to optimise CoMP performance in R11, enhanced codebooks should be considered that are better suited to uncorrelated antennas, for example either by increasing the codebook size or by introducing a new codebook structure.

3.3 Feedback requirements
Coherent transmission is critical for performance gain to be achieved by CoMP JT. In order to achieve this, each UE needs to feed back a PMI for each TP in the coordination set as well as the phase/amplitude difference between the TP in the serving cell and each of the other TPs. At least the TP in the serving cell can then reconstruct the complete channel from multiple TPs to multiple UEs by concatenating the received PMIs and phase/amplitudes. A concatenated codebook [4,5] is one attractive approach for achieving this.

Note that the feedback overhead for the inter-TP phase/amplitude signalling is generally less than the feedback due to the individual PMI for each transmission point.

Observation: Coherent channel information like phase/amplitude between transmission points is needed for coherent CoMP schemes.
3.4 Feedback granularity

With uncorrelated antennas, it is useful to consider the optimal PMI feedback granularity in the frequency domain, which may be different from the optimal granularity with correlated antennas. Table 3 shows the CoMP Scenario 2 performance with different levels of feedback granularity.

Table 3 CoMP Scenario 2 performance with different feedback granularities
	Feedback scheme
	Cell average SE

(bps/Hz/cell)
	Cell-edge SE

(bps/Hz)
	Jain index

	Per 5 PRBs, R10 codebook
	2.27
	0.086
	0.82

	Per two PRBs, R10 feedback
	2.43
	0.095
	0.84

	Gain from smaller feedback granularity for CoMP
	7%
	10%
	-

	Per two PRBs, enhanced codebook
	3.08
	0.112
	0.82

	Combined gain from enhanced codebook codebook and smaller feedback granularity for CoMP
	36%
	30%
	-


We note that frequency-domain feedback granularity does not affect the performance of CoMP Scenario 2 as much as the codebook. However, the frequency-domain granularity does have a significant impact with uncorrelated antennas.

Observation: Frequency-domain feedback granularity should be reconsidered for CoMP.
3.5 3-cell coordination vs. 9-cell coordination

Table 4 Performance of CoMP Scenario 2 with 3-cell and 9-cell coordination

	Tx scheme
	Feedback assumptions
	Cell average SE

(bps/Hz/cell)
	Cell-edge SE

(bps/Hz)
	Jain index

	3-cell
	Per 5 PRBs, R10 codebook
	2.26
	0.078
	0.82

	
	Per 5 PRBs, the enhanced codebook
	2.75
	0.090
	0.80

	
	Per two PRBs, the enhanced codebook
	3.05
	0.098
	0.82

	9-cell
	Per 5 PRBs, R10 codebook
	2.27
	0.086
	0.82

	
	Relative gain over 3-cell
	0%
	10%
	-

	
	Per 5 PRBs, the enhanced codebook
	2.75
	0.100
	0.80

	
	Relative gain over 3-cell
	0%
	11%
	-

	
	Per two PRBs, the enhanced codebook
	3.08
	0.112
	0.83

	
	Relative gain over 3-cell
	1%
	14%
	-


Observation:

· The gain from 9-cell coordination over 3-cell coordination is relatively small and depends on the feedback accuracy.

3.6 Feedback period

At low mobility, it is not necessary to feed back the PMI/CQI so frequently, especially if the feedback accuracy itself is not optimised. Table 5 compares the impact of feedback period on performance gains, for a UE mobility of 3km/h.
Table 5 Performances of CoMP with different feedback update rates
	Tx scheme
	Cell average SE

(bps/Hz/cell)
	Cell-edge SE

(bps/Hz)
	Jain index

	R10 MIMO
	2.88
	0.060
	0.67

	CoMP (5ms feedback)
	3.08
	0.112
	0.82

	Relative gain over R10 MIMO
	7%
	87%
	-

	CoMP (10ms feedback)
	3.04
	0.110
	0.82

	Relative gain over R10 MIMO
	6%
	83%
	-

	CoMP (20ms feedback)
	2.91 
	0.103 
	0.82

	Relative gain over R10 MIMO
	1%
	72%
	-


Note that the performance shown here for the Rel-10 SU/MU-MIMO switching is signficantly higher than that shown for the Rel-10 codebook-based CoMP in tables 2, 3 and 4. This is because, as shown in Figure 1, most users do not benefit from CoMP transmission. 

4 Conclusions
The performance of CoMP Scenario 2 has been analysed, together with its sensitivities to several feedback-related factors.

The results are summarized below:

	Tx scheme
	Feedback assumptions
	Cell average SE

(bps/Hz/cell)
	Cell-edge SE

(bps/Hz)
	Jain index
	Feedback rate [kbps]

	Single-cell MIMO
	R10 MIMO
	2.88
	0.060
	0.67
	16

	CoMP Scenario 1
	with codebook and feedback granularity enhancements
	3.05
	0.098
	0.82
	-

	
	Gain over R10 MIMO
	6%
	63%
	-
	

	CoMP Scenario 2
	with codebook and feedback granularity enhancements with 5ms feedback period
	3.08
	0.112
	0.83
	83

	
	Gain over R10 MIMO
	7%
	87%
	-
	

	CoMP Scenario 2
	with codebook and feedback granularity enhancements and 10ms feedback period
	3.04
	0.110
	0.82
	41.5

	
	Gain over R10 MIMO
	6%
	83%
	-
	

	CoMP Scenario 2
	with codebook and feedback granularity enhancements and 20ms feedback period
	2.91 
	0.103 
	0.82
	20.75

	
	Gain over R10 MIMO
	1%
	72%
	-
	


We draw the following conclusions:

1. For most (approximately 80%) of the UEs in the homogeneous Scenario 2, downlink CoMP JT is not beneficial. These users should be configured for single-cell SU-/MU-MIMO. Therefore:

a. An appropriate UE-selection mechanism to select the UEs that would benefit from CoMP is essential to achieving performance gains with CoMP in Scenario 2.  The UE-selection mechanism for CoMP is an implementation issue.  

i. The signalling mechanism to configure UEs to operate using CoMP needs to be further studied. 

2. For the UEs configured for CoMP operation, most of the performance benefit of CoMP is achieved with a  subset of transmission points in the coordinated points (not more than 3, selected from the coordinated set of 9 transmission points) performing the cooperative transmissions in each subframe. Therefore:

a. An appropriate transmission point selection mechanism for each UE is beneficial to reduce the UL control signaling overhead of CSI feedback and to minimise complexity. 

i. How dynamic this mechanism needs to be requires further study.  
. 

b. For UEs configured for CoMP operation, the CSI feedback should be taken into consideration to minimize the UL control signaling overhead.  It should not be necessary to feed back CSI information for the whole coordinated set. The feedback overhead can be kept reasonable by limiting the feedback to a selected subset of transmission points that are likely to be useful for cooperative transmission. 

3. Coherent inter-transmission-point CSI feedback information (phase/amplitude) is needed for downlink JT CoMP.
4. Without any feedback enhancements (apart from multi-cell feedback), downlink CoMP JT in the homogeneous Scenario 2 does not bring significant performance gains compared to Rel-10 dynamic SU/MU-MIMO switching. 

5. CSI feedback enhancements can enable some useful gains in cell-edge user throughput (up to 72%) using downlink CoMP JT in Scenario 2, with similar cell average throughput and feedback overhead as in Rel-10. Therefore:

a. Enhanced CSI feedback codebooks should be considered that are better suited to uncorrelated antennas, for example either by increasing the codebook resolution or by introducing a new codebook structure.
b. The Frequency-domain granularity of the CSI feedback should be reconsidered for CoMP.
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Appendix
A.1 System simulation assumptions

	Parameter
	Values used for evaluation

	Performance metrics
	· Full buffer traffic: Cell capacity, Cell-edge user throughput

· Jain Index 

	Deployment scenarios
	Homogeneous network with high Tx power RRHs 

· The central entity coordinates 9 cells 

	Simulation case
	3GPP-Case1 (large angle spread of 15deg)

	High power RRH Tx power (Ptotal)
	46 in a 10MHz carrier

	Number of UEs per cell
	10 for Homogeneous networks

	System bandwidth
	10 MHz 

	Possible transmission schemes in DL
	· Single-cell MIMO
· CoMP JT

	Network synchronization
	Synchronized

	Number of antennas at transmission point
	4

	Number of antennas at UE
	2

	Antenna configuration
	2 columns, cross-polarized on each column, closely-spaced: X X

	Antenna pattern
	3D

	eNB Antenna tilt
	15deg

	Feedback scheme (e.g. CQI/PMI/RI/SRS)
	· Rel-10 feedback: PMI/CQI with the granularity of 5PRBs, the period of 5ms, and the delay of 6ms

· CoMP:

1. PMI: with the granularity of 2 PRBs, 8bits per-cell, 5bits for inter-cell phase and 5bits for amplitude

2. CQI: CoMP specific CQI with the granularity of 2PRBs


	Channel estimation
	Non-ideal
- Channel estimation error based on CSI-RS 

	UE receiver
	MMSE receiver model option 1 in R1-110586

	DL overhead assumption
	Have been clarified for each transmission scheme, taking into account CSI-RS and PDSCH muting overhead, as well as PDCCH overhead corresponding to scheduling

	Placing of UEs
	Uniform distribution for homogeneous networks

	Traffic model
	Full buffer 

	Backhaul assumptions
	point-to-point fibre, zero latency and infinite capacity

	Link adaptation
	Non-ideal, with outer-loop control 

	Clustering approach for CoMP
	Dynamic


A.2 Overhead calculation

DL overhead considers the following: 

· 288 REs SSCH per radio frame, 240 REs PBCH per radio frame,

· PDCCH: 3 symbols for both single-cell MIMO and CoMP.

· RS: 

· 24 REs for 4 DM-RS for both single-cell MIMO and CoMP; 

· 4 port CSI-RS with 5ms period for single-cell MIMO and CoMP; 

· 4 port x 8 muting with 5ms period for 4Tx CoMP.

In this document, the same fixed DL overhead of 0.3063 is applicable to both single-cell MIMO and CoMP.

Feedback overhead considers the following: 

· 4bit subband CQI.

· Single-cell MIMO is based on R10 4-bit 4Tx codebook, CoMP JT is based on a concatenated codebook. 

· Single-cell CSI feedback overhead: serving cell rank-1 PMI

· 4 bits sub-band PMI with 5ms period

· CoMP JT CSI feedback overhead: serving cell rank-1 PMI
· 8 bits per 2PRBs with 5ms period for per-cell PMI
· 5bits amplitude and 5bits phase for each cooperative cell in the CoMP coordination cluster
Feedback overhead per UE is calculated as:

Feedback overhead per UE = (BCQI+Bserving_cel_PMI*Ncoordinated_cell+Binter_cell_info*(Ncoordinated_cell-1))*Nsubband/Tfeedback_period
- BCQI is the size of CQI, BCQI = 4bits;

- Bserving_cel_PMI is the size of serving cell’s PMI, Bserving_cel_PMI = 8 bits for 4Tx;

- Binter_cell_info is the size of inter cell information, Binter_cell_info = 10 bits;

- Ncoordinated_cell is the average number of coordinated cells, Ncoordinated_cell = 1 for single-cell MIMO, Ncoordinated_cell  dynamically changed for CoMP (namely for 9-cell coordination and 6dB threshold based dynamic clustering, Ncoordinated_cell = 1 for 79.6% UEs, Ncoordinated_cell = 2 for 15.5% UEs, Ncoordinated_cell = 3 for 5.1% UEs);
- Nsubband is the number ubbands used in DL depending on granularity;

- Tfeedback_period is the feedback period, Tfeedback_period =5ms for single-cell MIMO and CoMP .

Detailed feedback overhead per UE is shown as following:
	Tx schemes
	Feedback [kbps]

	R10 dynamic SU-/MU-MIMO switching
	16

	Scenario 1 with codebook and feedback granularity enhancements and fixed 3-cell clustering
	240

	Scenario 2 with codebook and feedback granularity enhancements and 5ms feedback period
	83
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