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1. Introduction
It is very important for LTE-Advanced to support deployment scenarios of local areas with very high traffic density such as urban microcells, hotspots, and indoors. In these local areas, it is assumed that  highly spatially-correlated eNode B antenna configurations with high antenna heights, which are used in ITU-R performance evaluations, cannot always be applied, and that the environment is mainly low mobility. In order to achieve a performance gain from multi-user (MU)-MIMO and Coordinated multi-point transmission and reception (CoMP) in such areas, we consider that short-term and subband based explicit spatial channel feedback is needed [1],[2]. In this contribution, we investigate the quantization scheme for explicit spatial channel information (SCI) feedback in order to draw the performance gain from CoMP joint transmission with MU-MIMO based on a system-level simulation.
2. Assumptions for CoMP Evaluation

(1) Cell Deployment and Cooperating Set for CoMP
In this contribution, we assume a cell deployment using remote radio equipment (RRE), i.e., an optical fiber based connection is used among cells, and joint scheduling is employed throughout the cell cluster, i.e., 57 cells. In addition, we assume the antenna orientation pointing to the flat side as indicated in the requirements of the ITU-R evaluation [3].
To reduce the complexity level regarding joint scheduling, hybrid cooperating set selection is employed in this contribution, in which the network first defines multiple candidates for a cooperating set for the UE of each cell as patterns A and B as shown in Fig. 1. Each UE selects a single cooperating set from the cooperating sets belonging to pattern A or B based on long-term interference measurements. For example, as depicted in Fig. 1, for a UE with a serving cell of 9A, the network predefines multiple candidates of the cooperating set including Set#1 = {9A, 5C, 10B} in pattern A, and Set#2 = {9A, 10C, 14B} in pattern B. Then after further channel measurement at the UE, the set, which can include stronger interferers for the UE, is selected. Note that since pattern A or B is UE-specific, they are overlaid from the network perspective. 
(2) UE Measurement and Report
Two kinds of UE measurement and report are assumed in the investigation, long-term based measurement and reports to select the CoMP cooperating set, and instantaneous measurement and reports
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(a) Pattern A of cooperating set
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(b) Pattern B of cooperating set


Figure 1 – Cell cluster for joint scheduling and cooperating set for CoMP
of the channel state information (CSI) for joint transmission. Here, CSI is defined as the combination of CQI and explicit SCI. In this contribution, the CoMP measurement set is assumed to be the same as the cooperating set. 
In the selection of the cooperating set, each UE first decides its serving cell which has the strongest long-term received power. Then the UE selects the cooperating set that contains the serving cell and the second best cell out of the given pattern. In the instantaneous report of the CSI, in order to take advantage of the flexibility in scheduling, we utilize explicit SCI feedback, i.e., direct channel quantization. Furthermore, two different SCI quantization schemes are considered in this contribution.

· Case 1: Quantization of a spatial channel matrix/vector based on a codebook
Assuming that the channel matrix between a certain cell within the cooperating set and the UE is 
[image: image3.wmf]H

, we quantize each row vector of 
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, 
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, with a Grassmanian codebook [4], and the quantization result is expressed as 
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where  
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 is the pre-determined codebook for channel quantization. Since the quantized spatial channel vector does not include the absolute phase information, additional bits to indicate the phase difference between SCI from different points, i.e., inter-cell SCI, is needed in this case for joint transmission. One drawback to the scheme is that the computational complexity level in Eq. (1) becomes significantly high according to the increase in the codebook size, N.
· Case 2: Quantization of each element of a spatial channel matrix/vector
In this case, we quantize each channel element with pre-defined modulation symbols. We assume the quantization of the phase and amplitude for each channel element as shown in Fig. 2. This scheme is suitable when the number of quantization bits is relatively large. No inter-cell SCI is needed in this case.
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(a) 4-bit quantization                                         (b) 6-bit quantization
Figure 2 – Direct channel quantization methods used in evaluation
(3) Scheduling
Joint scheduling is employed throughout the cell cluster, which contains two steps, independent scheduling for each cooperating set, and scheduling between cooperating sets. In the first step, among the UEs having the same cooperating set, the UE group with the highest (weighted) total throughput is scheduled. Due to the high complexity level of an exhaustive search for the optimal UE group, here a greedy based low-complexity sub-optimal scheduling method [5] is used. In addition, greedy based scheduling is used as well in the second step to avoid collision of the RB assignment among UEs belonging to different cooperating sets within the same cell. This is needed since we employ overlaid cooperating sets of patterns A and B. 
(4) Precoding
Block diagonalization (BD)-based precoding [6] is utilized considering multiple receiver antennas and a reasonable precoding complexity level. Because of the introduced interference between UEs due to imperfect SCI feedback, signal to interference plus noise power ratio (SINR) estimation/update on the transmitter side is needed. In addition, rank adaptation is employed.
3. Simulation Results

Table 1 gives the simulation parameters used in the evaluation. We assume that two OFDM symbols are used for the PDCCH, and the overhead for the common control channel is ignored. 
Table 1 – Simulation Parameters
	Carrier frequency
	2 GHz

	Cell layout
	Hexagonal grid, 19 cell-sites, 
3 sectors per cell-site

	Antenna pattern at eNode B 
(antenna gain)
	70-deg. sectored beam with tilt 
(14 dBi, etilt = 15 deg.) 

	Inter-site distance (ISD)
	500 m

	Transmission bandwidth 
	10 MHz

	Subframe (TTI) length
	1 msec

	RB bandwidth
	180 kHz (12 subcarriers)

	Subband bandwidth
	1.08 MHz (6 RBs)

	Distance-dependent path loss
	128.1 + 37.6log10(r) dB

	Penetration loss
	20 dB

	Shadowing standard deviation
	8 dB

	Shadowing correlation
	0.5 (inter-site) / 1.0 (intra-site)

	Channel model
	Pedestrian A (PA) / Typical Urban (TU) 

	Spatial correlation between antennas
	Uncorrelated

	Transmission power of eNode B
	46 dBm

	Moving speed (Max. Doppler frequency)
	3 km/h (fD = 5.55 Hz)

	Number of eNode B / UE antennas
	4 (eNode B), 2 (UE)

	Rank adaptation
	Rank adaptation, and up to 2 for one UE

	Scheduling algorithm
	Frequency-domain scheduling based on PF

	Traffic model
	Full buffer

	Control delay (scheduling, AMC)
	4 msec

	HARQ 
	Chase combining

	Round trip delay (HARQ)
	8 msec

	MCS set
	QPSK (R = 1/8 - 5/6), 16QAM (R = 1/2 - 5/6)

64QAM (R = 3/5 - 4/5) 

	Granularity of CSI feedback 
	Subband, 2 TTIs

	Granularity of scheduling
	Subband, 1 TTI

	Granularity of rank adaptation
	200 TTIs

	SCI feedback
	Case 1A/1B: 6-bit/8-bit Grassmanian codebook for 1x4 channel vector quantization, and 4-bit inter-cell SCI quantization
Case 2A/2B: 4-bit/6-bit modulation symbol for channel element quantization

	Channel estimation / CQI measurement
	Ideal

	UE receiver assumption
	MMSE with interference rejection combining for users in CoMP cooperating set


Table 2 shows a comparison of the total feedback overhead between different quantization cases evaluated in this contribution. Here the overhead is counted for feedback of one 4x2 channel matrix from single point for one subband. In Table 2, a 5-bit wideband and 2-bit differentiated feedback per subband are used for CQI feedback. In addition, we assume three RREs for coordination; therefore, a two-phase difference between SCI from different points, i.e., inter-cell SCI, must be fed back. Using 4 bits for quantization of each inter-cell SCI, the average inter-cell SCI overhead corresponding to each point is (4x2)/3.
Table 2 – Comparison of Total Feedback Overhead (bits/per subband/per 4x2 channel)
	
	CQI
	SCI
	Inter-cell SCI
	Total

	Case 1A: 6-bit codebook
	(5/8 + 2)×2
	6×2
	(4×2)/3×2
	22.6

	Case 1B: 8-bit codebook
	(5/8 + 2) ×2
	8×2
	(4×2)/3×2
	26.6

	Case 2A: 4-bit modulation
	(5/8 + 2) ×2
	4×4×2
	/
	37.3

	Case 2B: 6-bit modulation
	(5/8 + 2) ×2
	6×4×2
	/
	53.3


Figure 3 shows a comparison of the cumulative distribution function (CDF) of the user throughput in the Pedestrian A (PA) channel model, and Table 3 summarizes the cell-edge user throughput at the 5% CDF value and the average cell throughput. Figure 3 shows that with ideal CSI feedback, CoMP exhibits a large potential gain of approximately 162% for the cell-edge user throughput and approximately 60% for the average cell throughput even in the case of a full traffic load. However, with the average CSI within a subband, the performance gain is slightly reduced to approximately 153% for the cell-edge user throughput, and approximately 57% for the average cell throughput. Furthermore, the performance gain decreases greatly due to the quantization of the CSI feedback, but still yields a considerable gain. For instance, for the respective cell-edge user throughput and the average cell throughput, gains of 87% and 18% can be achieved by channel vector quantization with an 8-bit codebook (case 1B), and gains of 74% and 13% can be achieved by quantization with a 6-bit codebook (case 1A). Furthermore, when more feedback overhead is available and a 4-bit (case 2A) or 6-bit (case 2B) modulation symbol based quantization for each channel element is utilized, the gain can be increased to 32% or 38% and 117% or 126%  in terms of the average cell throughput and cell-edge user throughput, respectively. 
Due to less channel fluctuation in the frequency domain in the PA channel model, the channel quantization has a greater impact on the CoMP performance than the CSI feedback granularity in the frequency domain.
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Figure 3 – Comparison of CDF of user throughput in PA channel model
Table 3 – Comparison of 5% Cell-edge User and Average Cell Throughput in PA Channel Model
	
	5% cell-edge user throughput 
	Average cell throughput 

	Single cell transmission
	0.725 Mbps 
	27.78 Mbps 

	CoMP (feedback case 1A)
	1.259 Mbps (73.7%)
	31.37 Mbps (12.9%)

	CoMP (feedback case 1B)
	1.354 Mbps (86.8%)
	32.75 Mbps (17.9%)

	CoMP (feedback case 2A)
	1.571 Mbps (116.7%)
	36.59 Mbps (31.7%)

	CoMP (feedback case 2B)
	1.635 Mbps (125.5%)
	38.37 Mbps (38.1%)

	CoMP (subband based 
ideal CSI feedback)
	1.836 Mbps (153.3%) 
	43.57 Mbps (56.9%) 

	CoMP (subcarrier based 
ideal CSI feedback)
	1.901 Mbps (162.2%) 
	44.39 Mbps (59.8%) 


Figure 4 shows a comparison of the CDF of the user throughput in the Typical Urban (TU) channel model, and Table 4 summarizes the corresponding cell-edge user throughput and average cell throughput. Figure 4 shows that with ideal CSI feedback, CoMP yields a large gain of approximately 141% for the cell-edge user throughput and approximately 67% for the average cell throughput. However, with the average CSI within a subband, the performance gain is decreased significantly to approximately 87% for the cell-edge user throughput, and approximately 28% for the average cell throughput. Furthermore, the performance gain decreases due to the quantization of the CSI feedback. For instance, for the respective cell-edge user throughput and average cell throughput, gains of 53% and 5% can be achieved by channel vector quantization with an 8-bit codebook (case 1B), and gains of 43% and 2% can be achieved by quantization with a 6-bit codebook (case 1A). Furthermore, when more feedback overhead is available and a 4-bit (case 2A) or 6-bit (case 2B) modulation symbol based quantization for each channel element is utilized, the gain can be increased to 10% or 14% and 79% or 85%  in terms of average cell throughput and cell-edge user throughput, respectively.
In the TU channel model as opposed to the PA channel model, the reduced CSI feedback granularity in the frequency domain has a greater impact on the CoMP performance than the channel quantization.
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Figure 4 – Comparison of CDF of user throughput in TU channel model
Table 4 – Comparison of 5% Cell-edge User and Average Cell Throughput in TU Channel Model
	
	5% cell-edge user throughput 
	Average cell throughput 

	Single cell transmission
	0.683 Mbps
	24.89 Mbps 

	CoMP (feedback case 1A)
	0.979 Mbps (43.3%)
	25.45 Mbps (2.2%)

	CoMP (feedback case 1B)
	1.043 Mbps (52.7%)
	26.06 Mbps (4.7%)

	CoMP (feedback case 2A)
	1.223 Mbps (79.1%)
	27.42 Mbps (10.2%)

	CoMP (feedback case 2B)
	1.266 Mbps (85.4%)
	28.44 Mbps (14.3%)

	CoMP (subband based 
ideal CSI feedback)
	1.282 Mbps (87.6%) 
	31.90 Mbps (28.2%) 

	CoMP (subcarrier based 
ideal CSI feedback)
	1.648 Mbps (141.3%)
	41.63Mbps (67.3%)


4. Conclusion
In this contribution, we investigated the quantization scheme for explicit SCI feedback in order to draw the performance gain of CoMP joint transmission with MU-MIMO based on a system-level simulation. The simulation results show the following.
· By using the quantization of spatial channel matrix based on codebook (22.6-26.6 bits/per subband/per 4x2 channel), we obtained approximately 43-87% gain for the cell-edge user throughput, and 2-18% gain for the average cell throughput. 
· By using the quantization of each element of spatial channel matrix (37.3-53.3 bits/per subband/per 4x2 channel), we obtained approximately 79-126% gain for the cell-edge user throughput, and 10-38% gain for the average cell throughput. 

Regarding what kind of feedback signaling should be specified for Rel. 10 and beyond, we should carefully consider such tradeoff relationships between the performance gain and feedback signaling overhead.
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