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1. Introduction
In this contribution, we present our evaluations of CoMP scenario 3 in the downlink for FDD based on the agreed simulation assumptions [1].
We analyze the sensitivity of the CoMP scenario 3 performance to various design aspects of the CoMP scheme, including CoMP coordination area, transmission point selection, feedback issues and mode switching aspect. 

Companion Tdocs in [2, 3] provide the evaluation results for TDD downlink and FDD uplink respectively.
2. Performance evaluation results
We present evaluation results of CoMP scenario 3 in configuration 1 (25 UEs per cell) and configuration 4b (30 UEs per cell), with 4 transmit antennas and 2 receive antennas, in cross-polarized configuration. 
The baseline R10 MIMO case employs dynamic SU and MU-MIMO switching in TM9 with CSI feedback using the R10 PMI codebooks. 
The CoMP JT scheme employs dynamic switching between single-cell MIMO and CoMP JT, with enhanced codebook and feedback granularity refinement. The dynamic UE-specific clustering method is described in section 3.2, and the feedback enhancement is addressed in section 3.3. The other detailed simulation assumptions are listed in table A-1 in Appendix I, which is aligned with the assumptions agreed in [1].
Note that 0dB cell association bias is used in this evaluation, and consequently eICIC with ABS is not applied. 
Table 1 Evaluations of CoMP scenario 3 in FDD downlink
	Simulation deployment
	MIMO scheme
	Average SE per macrocell coverage area
(bps/Hz/cell)
	Cell-edge SE
(bps/Hz/UE)
	Jain index

	Configuration 1, CLA
	Baseline R10 MIMO
	13.70
	0.056
	0.47

	
	CoMP JT
	13.75
	0.075
	0.52

	
	Gains from CoMP JT
	0.4%
	34%
	/

	Configuration 4b, CLA
	Baseline R10 MIMO
	17.04
	0.084
	0.53

	
	CoMP JT
	17.08
	0.113
	0.60

	
	Gains from CoMP JT
	0.2%
	35%
	/


Observations:

· In both configuration 1 and configuration 4b with cross-polarized antennas, CoMP JT has achieved 34~35% cell edge performance gains without loss of cell average performance compared with baseline R10 MIMO scheme.
3. Analysis of the key factors affecting CoMP performance

3.1. CoMP coordination area
In CoMP scenario 3, we consider and compare three kinds of CoMP coordination area 
1. Coordination among 1 macro cell with 4 low-power pico nodes in its coverage, denoted “1M+4P”. 
2. Coordination among only 3 intra-site macro cells, without coordination with any pico nodes, denoted “3M”. 
3. Coordination among 3 intra-site macro cells with 12 pico nodes in their coverage, denoted “3M+12P”.
We present evaluation results of CoMP scenario 3 in configuration 1, as shown in table 2. For the sake of examining the effect of the different coordination sets, we employ a fixed clustering method without dynamic switching between single-cell MIMO and CoMP mode (even though this is not optimal for JT CoMP). An enhanced codebook and feedback granularity refinement is used (see section 3.3 for details).
Table 2 Evaluations of different CoMP coordination areas
	Coordination area
	Average SE per macrocell coverage area
(bps/Hz/cell)
	Cell-edge SE
(bps/Hz/UE)
	Jain index

	CoMP JT w/ 1M+4P
	10.54
	0.088
	0.66

	CoMP JT w/ 3M
	10.81
	0.082
	0.60

	CoMP JT w/ 3M+12P
	11.30
	0.109
	0.69


Observations:

· Due to the use of 0dB cell association bias for the small cells, coordination between macrocells gives more gain than coordination with the small cells. However, full coordination of 3M+12P performs best among the three coordination schemes considered here.
Recommendations:

· Full coordination among intra-site macro cells and pico cells within their coverage.

3.2. 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 first define the following transmission point sets assuming that the coordination area covers 3 intra-site macro cells with 12 pico nodes:
· Coordination set: set of 15 transmission points as defined by the 3GPP assumptions.  

· Measurement set: set of transmission points for which the CSI feedback measurements are 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 [4]. One is fixed clustering, which means the sizes of the coordination set, feedback set and transmission set are all equal. The other is dynamic clustering, where the size of the feedback set is UE-specific and changes dynamically for each UE according to the 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 3 shows the performance of CoMP Scenario 3 with these different clustering approaches in configuration 1. There is no dynamic switching with between CoMP JT and SU-MIMO. An enhanced codebook and feedback granularity refinement is used (see section 3.3 for details).
Table 3 Evaluations of fixed and dynamic clustering approach for CoMP JT
	Clustering approach
	Average SE per macrocell coverage area
(bps/Hz/cell)
	Cell-edge SE
(bps/Hz/UE)
	Jain index

	CoMP JT w/ fixed clustering
	11.30
	0.109
	0.69

	CoMP JT w/ dynamic clustering
	11.02
	0.112
	0.68

	Relative gains
	-2%
	3%
	-


Observations:

· The fixed 15-TP clustering approach achieves quite similar performance to UE specific dynamic clustering. However, it results in significant feedback overhead since per-cell PMI for 15 TPs and inter-cell phase/amplitude information for 14 TPs have to be fed back (for all UEs that are configured in CoMP mode).
· Dynamic clustering suffers only marginal performance loss for cell-average spectral efficiency (-2%), while it gives small cell-edge gains (3%). In this example, any TP is automatically excluded from the feedback set if its downlink signal strength is 6dB worse than the best TP. The following figure shows the number of TPs recommended by each UE:
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Figure 1 Statistics for the number of useful transmission points
· Only 30% of UEs seem to benefit from joint transmission. In order to minimize the feedback overhead, most of the UEs should therefore be configured for single-cell feedback. 
· If the feedback set is limited to the useful transmission points for each UE, we observe that the average feedback overhead per UE is only 7% of feedback requirement of the full 15-TP coordination (see Appendix II, table A-2).
Recommendations:
· An appropriate UE-selection mechanism to select the UEs that would benefit from CoMP is essential to achieving performance gains with CoMP in Scenario 3. The selection algorithm would be implementation-dependent (similar to the handover or ICIC mechanisms). The signalling to configure the UE for CoMP needs to be further studied.
· An appropriate subset of coordinated transmission points for each UE is beneficial to minimise complexity. The subset selection would be implementation-dependent.  The signalling between transmission points to configure the subset of the coordinated points needs to be further studied. 

· For UEs configured for CoMP operation, the CSI feedback overhead should be minimized. It should not be necessary to feed back CSI for the whole coordination set. 

3.3. Codebook enhancement for per-cell feedback
The per-cell PMI feedback is a very important component of the CSI feedback for CoMP. An 8-bit non-constant-modulo codebook described in [5] is used for per-cell PMI feedback enhancement in CoMP scenario 3 evaluations here, and compared with per-cell R10 codebook feedback. Table 4 shows the performance comparison in configuration 1 with 2-PRB feedback granularity. There is no dynamic switching between CoMP JT and SU-MIMO. 
Table 4 Evaluations of R10 and enhanced codebook feedback for CoMP JT
	Feedback scheme
	Cell average SE
(bps/Hz/cell)
	Cell-edge SE
(bps/Hz/UE)
	Jain index

	R10 codebook based CoMP JT
	9.83
	0.096
	0.65

	Enhanced codebook based CoMP JT
	11.02
	0.112
	0.68

	Gains from enhanced codebook
	12%
	17%
	/


Observations:

· The Rel-10 codebook is not optimized for per-cell PMI feedback in CoMP JT with geographically separated antennas. 

· An enhanced codebook can bring significant gains for CoMP.

Recommendations:

· In order to optimize CoMP performance in R11, an enhanced codebook should be considered for per-cell PMI feedback, for example by increasing the codebook size.

3.4. Concatenated codebook feedback requirements
Coherent transmission is the basis by which CoMP JT could give performance gains. 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 serving TP and each of the other TPs. At least the serving TP can then reconstruct the complete channel from multiple TPs to multiple UEs by concatenating the received PMIs and phase/amplitudes. A concatenated codebook [6, 7] is one attractive approach for achieving this.

In order to further reduce feedback overhead, two-stage concatenated codebook design and feedback method is worth exploration for geographically-separated antennas. The long-term and short-term channel characteristics should be seperately considered in CoMP feedback. 
For example, the polarization direction of each TP and power imbalance between TPs can be characterized by long-term and/or wideband channel information. Amplitude and phase adjustment between different polarizations or different TPs can be characterized by short-term and/or subband channel information. Further details can be found in [8] and in Appendix III.
In this contribution we still use one-stage concatenated codebook feedback in CoMP scenario 3 evaluations.
Recommendations:

· Coherent channel information (phase/amplitude) between transmission points is needed for coherent CoMP schemes.
· A two-stage concatenated codebook design and feedback method is worth considering for geographically-separated antennas in order to further reduce feedback overhead (see [8]).
3.5. Switching between single-cell MIMO and CoMP JT

We note that in CoMP scenario 3 with cross-polarized antennas, the spatial correlation of the channels from each TP is very low, and even weaker than CoMP scenario 2 with the 3GPP case 1 channel model. Therefore it is expected that appropriate switching between single-cell SU-MIMO, single-cell MU-MIMO and CoMP JT can significantly increase CoMP performance in CoMP scenario 3.
Here we compare two kinds of switching mechanism between single-cell MIMO and CoMP JT. 
One is semi-static switching, where UEs are separated into non-CoMP UEs and CoMP UEs according to an RSRP threshold, and different frequency sub-bands are used for scheduling each CoMP and non-CoMP UEs. This kind of scheme greatly simplifies the scheduling process by separating single-cell MIMO mode and CoMP mode into different RBs. UL feedback overhead and backhaul information exchange can also be greatly reduced as a result.
The other mechanism we consider is dynamic switching with no predetermined sub-division of RBs between CoMP and non-CoMP UEs; the scheduling for each UE is performed by comparing the weighted capacity of both modes. This kind of switching scheme takes full advantage of frequency selectivity scheduling gains and user diversity gains to further improve CoMP performance.

Table 5 shows the performance of CoMP Scenario 3 with these different switching approaches, using configuration 1. A per-cell enhanced codebook and feedback granularity refinement is used as described in section 3.3. The baseline is all users being scheduled for CoMP JT (no single-cell MIMO transmission).
Table 5 Evaluations of different switching approaches for CoMP JT
	Switching approach
	Average SE per macrocell coverage area
(bps/Hz/cell)
	Cell-edge SE
(bps/Hz/UE)
	Jain index

	CoMP JT w/o switching
	11.02
	0.112
	0.68

	CoMP JT w/ semi-static switching
	12.46
	0.083
	0.49

	CoMP JT w/ dynamic switching
	13.75
	0.075
	0.52


Observations:

· Semi-static switching is a simple scheme, which can leverage advantages of SU-MIMO and CoMP as well as potentially reduce the signalling overheads
· Dynamic switching between single-cell MIMO and CoMP improves CoMP performance gains by enabling frequency-selective scheduling to be taken into account when determining whether a particular UE would benefit from CoMP. 
Recommendations:

· Dynamic switching between single-cell MIMO and CoMP can be performed for each UE.
4. Summary

The performance of CoMP Scenario 3 has been analysed, together with some key factors affecting CoMP performance. In summary, we draw the following conclusions:
· Coordination among intra-site macro cells and all the pico cells within their coverage is needed in order to achieve CoMP gains in Scenario 3.

· An appropriate UE-selection mechanism to select the UEs that would benefit from CoMP is essential to achieving performance gains with CoMP in Scenario 3. 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.
· 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. 

· For UEs configured for CoMP operation, the CSI feedback should be minimized. It should not be necessary to feed back CSI information for the whole coordination set. 

· In order to optimize CoMP performance in R11, an enhanced codebook should be considered for per-cell PMI feedback, for example by increasing the codebook size.

· Coherent channel information (phase/amplitude) between transmission points is needed for coherent CoMP schemes.
· A two-stage concatenated codebook design and feedback method is worth considering for geographically-separated antennas in order to further reduce feedback overhead (see [8]).

· Dynamic switching between single-cell MIMO and CoMP should be performed for each UE.
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Appendix I. Simulation assumptions and parameters
Table A-1 Simulation assumptions for CoMP scenario 3 evaluations
	Parameter
	Assumptions used for evaluation

	Deployment scenarios
	Scenario 3: Heterogeneous network with low power RRHs within the macrocell coverage
· transmission/reception points created by the RRHs have different cell IDs as the macro cell
· Coordination area includes:
- 3 intra-site cells with 3*N low-power nodes
· Benchmark is Rel. 10 MU-MIMO with dynamic switching between SU-MIMO, w/o eICIC
Association bias value of 0 dB RSRP is applied for both non-CoMP and CoMP simulations (This means that there is no benefit from using ABS, therefore ABS is not used in this baseline)

	Simulation case
	ITU UMa for Macro, UMi for low power node (details refer to [1])

	Number of low power node per macro-cell
	N = 4

	High power RRH Tx power (Ptotal)
	46dBm

	Low power node TX power (Ptotal)
	30 dBm

	Number of UEs per cell
	25 for configuration 1 and 30 for configuration 4b

	System bandwidth
	10 MHz 

	Transmission schemes in DL
	· Single-cell MU-MIMO with dynamic switching between SU-MIMO and MU-MIMO
· JT-CoMP with dynamic switching between single-cell MU-MIMO and JT-CoMP

	Impairments modelling
	Timing error is 0us

	Number of antennas at transmission point
	4 for both Macro eNB and low power node

	Number of antennas at UE
	2

	Antenna configuration
	For both Macro eNB and lower power node:
· 2 columns, cross-polarized on each column, closely-spaced: X X

	Antenna pattern
	Macro eNB: 3D
Low-power node: 2D

	eNB Antenna tilt
	Macro eNB: 12degrees
Low-power node: 10 degrees

	Antenna gain + connector loss
	Macro eNB: 17 dBi
Low power node: 5 dBi

	Feedback scheme (e.g. CQI/PMI/RI/SRS)
	Baseline single-cell MU-MIMO

· R10 4-bit codebook, 5-PRB feedback granularity
CoMP JT

Concatenated codebook in [4] with 8-bit codebook per transmission point, and additional 5-bit amplitude and 5-bit phase for each of the transmit point pairs

	Channel estimation
	Non-ideal, based on CSI-RS for channel measurement and DMRS for demodulation

	UE receiver
	Generic MMSE w/o IRC

	DL overhead assumption
	Fixed 0.3063

	Placing of UEs
	Placement according to the configuration.

	Traffic model
	Full buffer

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

	Link adaptation
	Non-ideal

	Clustering approach
	6dB threshold based UE specific clustering (referring to [4])

	Coordination set
	3Macro+12Pico


Appendix II. Feedback overhead comparison with fixed clustering and dynamic clustering
Feedback overhead of M-cell coordination CoMP is composed of the following items: 

· 4bit subband CQI.

· Concatenated codebook feedback overhead:
· 8 bits per 2PRBs with 5-subframe period for per-cell PMI

· 5bits amplitude and 5bits phase for each cooperative cell in the CoMP cluster
Feedback overhead per subframe per UE is calculated as:
(8xMx25 + 5x(M-1)x25 + 5x(M-1)x25 + 4x25)/5 = 90M-30                                           (A-1)
For fixed clustering scheme, M=15, while the dynamic clustering scheme has a variable number of useful transmission points according to figure 1. The feedback overhead calculation and comparison is given in table A-2.
Table A-2 Feedback overhead comparison with fixed and dynamic clustering approach
	Clustering approach
	Total overhead

(bits per subframe per UE)

	Fixed clustering
	90M-30 = 1320

	UE specific dynamci clustering

(6dB threshold)
	∑{(90xN-30)xM%} = (90*1-30)*0.71+ (90*2-30)*0.23 +(90*3-30)*0.05 + (90*4-30)*0.01+ (90*5-30)*0.001 = 92.8

	Overhead reduction
	93%


Appendix III. Two-stage concatenated codebook feedback
Two-stage concatenated codebook design considers the long-term and short-term channel characteristic in CoMP feedback. 

Feedback overhead of M-cell coordination CoMP is composed of the following items: 

· 4bit subband CQI.

· The first stage feedback overhead in long-term/wideband:

· 4 bits with wideband 100-subframe period for per-cell polarization direction
· 5 bits with wideband 100-subframe period for inter-cell power imbalance

· The second stage feedback overhead in short-term/subband:
· 2 bits with 2-PRB 5-subframe period for amplitude adjustment between different polarizations

· 2 bits with 2-PRB 5-subframe period for phase adjustment between different polarizations or different transmission points

The feedback overhead per subframe per UE is then calculated as:
 (4xM+5x(M-1))/100+(2xMx25 + 2x(2M-1)x25 + 4x25)/5 = 30.09M+9.95                               (A-2)
Table A-3 shows the feedback overhead calculation and comparison according to equations (1) and (2), taking 3-cell coordination as an example (M=3).
Table A-3 Feedback overhead comparison with different concatenated codebook approaches
	Feedback scheme
	Feedback overhead (bits per subframe per UE)

	One-stage concatenated codebook
	240

	Two-stage concatenated codebook
	100.22

	Overhead reduction
	58%
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